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FOREWORD

The International Symposium on Technologies for the Management of Radioactive
Waste from Nuclear Power Plants and Back End Nuclear Fuel Cycle Activities, organized in
co-operation with the International Union of Producers and Distributors of Electrical Energy,
the Nuclear Energy Institute and the OECD Nuclear Energy Agency, was held in Taejon,
Republic of Korea, from 30 August to 3 September 1999.

The symposium was attended by 312 participants from 32 countries and four
international organizations, to review experience gained worldwide in implementing
technologies to manage radioactive waste from nuclear power plants (NPPs) and the back end
of the nuclear fuel cycle in ways that are safe, cost-effective and protective of the
environment, thereby fostering sustainable development. The symposium was organized into
an opening session, seven technical sessions for oral presentations, a two day poster session,
and a concluding panel discussion. In all, 46 oral presentations and 30 poster presentations
were made. The technical sessions covered the following topics:

Requirements, options and strategies for waste management
Supporting infrastructural needs
Waste arisings and waste minimization at sources
Treatment, conditioning and interim storage of low and intermediate level waste from
operation of facilities
Treatment, conditioning and interim storage of spent fuel and high level waste
Disposal of radioactive waste
Decommissioning waste management.

The concluding session of the symposium was a panel discussion of whether proven
technologies exist for managing radioactive wastes, and if not, what steps needed to be taken
to get them. The consensus of the panel was that proven technologies exist for all areas of
waste management, except disposal of high level and long lived radioactive wastes, and that
the symposium confirmed this. Disposal is the only gap, and countries are making progress to
address it. The opening of the Waste Isolation Pilot Plant in the United States of America for
disposal of long lived transuranic waste was cited as a sign of such progress.

Two criteria were cited as demonstration of the existence of proven waste management
technologies: substantial safe and successful operating experience of many technologies for
waste treatment and conditioning; and rigorous regulatory review and approval, particularly
of disposal technologies, since proof of isolation for centuries can only be demonstrated in
hindsight. Demonstration projects were seen as beneficial to public and political acceptance of
waste management projects and their implementation was supported by the panel.
International demonstration projects organized by international organizations were seen as
particularly efficient and effective.

While waste management technologies were seen as mature, sustainable and safe,
several factors were seen as driving technological improvements. Economics was one factor
cited as driving volume reduction, particularly in western countries, where economic
competition has led utilities to reduce costs of all aspects of electrical power generation. A
second factor cited was extension of life of disposal sites for low and intermediate level
wastes. Disposal sites were seen as valuable resources, which require long times to site,
develop, obtain regulatory approval and public acceptance. Waste minimization was seen as
increasing the lifetime of disposal sites and maximizing their utility.



An area that was identified as needing additional attention, as a number of operating
reactors and fuel cycle facilities age, is implementing an integrated approach to planning for
decommissioning. Four organizations were identified as having an important role in
decommissioning: the designer, who needs to consider decontamination and decommissioning
in the design of the facility; the operator, who needs to minimize the spread of contamination
and implement measures to facilitate decommissioning during plant operations; the
decommissioning organization, who needs to minimize waste arisings while carrying out the
decommissioning process; and the regulator, who needs to set sound criteria, particularly
regarding clearance levels. The need for internationally agreed clearance levels for
radionuclides in waste was identified as an area where the IAEA could play an important role.

Public communication was identified as an area needing increased attention, and one in
which International Organizations could play an important role. Public information was seen
as needed on topics such as comparative risks of radiation in ways that are not promotional of
nuclear energy, but that objectively explain radiation and its risks. It was stated that the
scientific community does not do a good job in taking public perception into account in its
planning, and later, when it involves the public, is not effective in explaining risks in ways
that are understandable. A role that was identified for international organizations is to provide
an objective source of information on waste management issues that can be used by the
scientific community to communicate with the public in the correct way.

It is hoped that these proceedings will constitute an important source of information to the
community of scientists, decision makers, and representatives of government and industrial
organizations dealing with management of radioactive wastes from nuclear power and the fuel
cycle back end (spent fuel storage, reprocessing, treatment and conditioning of high level
wastes and disposal). The IAEA and co-operating organizations wish to express their
gratitude to the government of the Republic of Korea, and in particular, to the Korean Atomic
Energy Research Institute (KAERI), for their assistance and support in organizing this
symposium.

The IAEA staff member responsible for this CD-ROM was M. Bell of the Division of Nuclear
Fuel Cycle and Waste Technology.
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TECHNICAL AND COST ASPECTS OF RADIOACTIVE
WASTES FROM DECOMMISSIONING

J. CLAES
OECD/NEA Co-operative Programme on Decommissioning,
Belgoprocess, Dessel, Belgium

S. MENON
Menon Consulting AB,
Nykoping, Sweden

Abstract

The OECD Nuclear Energy Agency's Co-operative Programme on Decommissioning was established in
1985 to share the experience and information emerging from on-going decommssioning projects within member
countries. The main aim of the Programme is to gather and collate such data, which can then provide the basis for
planning the future industrial phase of decommissioning of commercial nuclear plants. Starting with 10
decommissioning projects in 1985, today the programme has 35 participating projects from 12 countries. Apart
from exchanging valuable information, task groups have been set up for in-depth analysis and studies of areas of
common interest, among which the recycling of material from decommissioning projects and decommissioning
costs. This paper will describe the structure and mode of operation of the Programme. Some of the results of the
work in the task groups will be presented, with particular emphasis on the management of materials from
decommisssioning and on decommissioning costs.

1. THE OECD/NEA CO-OPERATIVE PROGRAMME ON DECOMMISSIONING

Following an initial programme of the Nuclear Energy Agency of the OECD, aiming at the
organisation of international meetings of experts and the preparation of surveys-of-practice and state
of the art reports, and in response to the growing interest in the decommissioning of nuclear facilities,
the Organization for Economic Co-operation and Development/Nuclear Energy Agency
(OECD/NEA) set up in 1985 the International Co-operative Programme for the Exchange of Scientific
and Technical Information concerning Nuclear Installation Decommissioning Projects.

This concept of working together among a number of decommissioning projects exchanging
information, experience and possibly personnel, and carrying out other forms of co-operation as
appropriate, obtained strong support from all OECD countries having one or more important
decommissioning projects either underway or in the planning process. Ten decommissioning projects
from seven countries (Canada, France, Germany, Italy, Japan, the United Kingdom and the United
States) were the first to join the programme.

The first five years of this programme (from 1985 until 1989) represented a watershed in the
evolution of decommissioning as a mature technical discipline. In its own right, each of the
participating projects made a significant contribution not only towards developing various
decommissioning technologies, but also in demonstrating them in the field. During this period, six
additional projects, including two from Belgium, joined the programme, bringing the total
participation to 16 projects from 8 countries.

During the second five-year period (1990 until 1994) the primary objective was to contribute to
the maturing of the decommissioning process towards full industrialisation, by facilitating the
exchange of information and of related experience between participating projects. Based on the
continued increase in participating organisations during this period, with additional 13 projects
joining the programme, some success in this objective was achieved. This period brought the total
participation to 30 projects from 10 countries, including the present Slovak Republic as the first non-
NEA member country.



The third five-year period, which will last from 1995 until 1999, the programme is focusing on
taking the programme one step further from industrialisation, to begin looking at broader, generic
issues, and to contribute to discussions of the various regulatory aspects of the decommissioning
process. So far, additional 5 projects have joined the Programme, bringing the total to 35 projects
from 12 countries, including Estonia and Korea.

2. PROGRAMME PARTICIPATION AND ORGANISATION

The countries and the respective organisations presently participating in the programme are
listed in Table 1. As will be noted, the membership represents a wide range of types of nuclear
organisations, such as research institutions, power companies, governmental departments, waste
management companies and power plant suppliers. The Commission of the European Union is a
member of the programme, while the International Atomic Energy Agency and UNTPEDE participate
as observers, providing a reciprocal exchange of information.

The liaison committee (LC) implements the programme agreement where all the participating
organisations are represented. The LC oversees the programme's operations and administration, and
sets programme priorities, goals and objectives. Sweden has undertaken the responsibilities of co-
ordinating the programme. The technical advisory group (TAG), made up of technical representatives
from the participating projects, reports to the LC and is the programme's main forum for the exchange
of technical information. The programme co-ordinator functions as the secretary of the TAG. Task
groups perform most of the programme's in-depth studies of specific topics of interest, assigned by
the LC or proposed by the TAG and approved by the LC.

Within the organisation of the OECD/NEA, the programme is administered by the Radioactive
Waste Management Committee, thus providing valuable interactions between decommissioning
implementers and national waste management agencies or organisations as well as regulatory
authorities.

3. PARTICIPATING PROJECTS

As can be seen in Table 1, the 35 projects currently in the programme include the
decommissioning of 25 reactors, ranging from experimental or demonstration nuclear reactors to
commercial scale power plants, 7 reprocessing and 2 fuel fabrication plants at pilot scale or industrial
size, and 1 isotope handling facility.

Apart from the differences that can be expected due to the type of nuclear plant, the major
factors influencing any decommissioning project depend on the organisation, and on the economic,
regulatory and other circumstances prevailing in each country and on each nuclear site specifically.
Therefore the type of information produced and reported is quite diverse. In order to facilitate the
exchange of this information, the projects are encouraged to focus in their technical progress reports
on the following headings:
• Assessment of activity inventories,
• Cutting techniques,
• Remote operation,
• Decontamination,
• Melting,
• Radioactive waste management, and
• Health and safety.



TABLE 1. PROJECTS IN THE CO-OPERATIVE PROGRAMME

Facility

Eurochemic
Reprocessing Plant,
Dessel, Belgium

BR-3, Mol, Belgium

Gentilly-1, Canada

NPD, Canada

Tunney's Pasture
Facility, Ottawa,
Canada

204A/204B Bays,
Canada

Paldiski, Estonia

Rapsodie,
Cadarache, France

Type

Reprocessing of
fuel

PWR

Heavy water
moderated/
boiling light
water cooled
prototype

PHWR CANDU
prototype

Isotope handling
facility

Storage pools
for the AECL
NRX reactor

Two Submarine
training
Reactors

Experimental
sodium cooled
fast breeder
reactor

Operation

1966-74

1962 87

1967-82

1967-87

1952 83

1957 94

1968 89

1967-82

Decommis
sioning

Stage 3

Stage 3
(partial)

Variant of
Stage 1

Variant of
Stage 1

Stage 3

Stage 2

Power or
throughput

300 kg/d

41 MW(t)

250
MW(e)

25 MW(e)

70 MW and

90 MW

20 MW(t)

Project
time-scale

1989-2004

1989 2010

1984-1986

1987-1988

1990-1994

1995-03

1996-03

1983-1994

Cost estimate

MBEF 5750
(1987)

MCAD25
(1986)

MCAD25.3

MCAD 13
(1991)

Entry into
Programme

1988

1988

1985

1988

1990

MCAN$ 15

MFRF 131.7
(1989)

1997

1996

1985

Remarks

Execution by in-
house staff

EC pilot project

In dormancy

In dormancy

Stage 3 achieved

In dormancy



TABLE l.(cont)

Facility

G2/G3,
Marcoule, France

AT-1,
La Hague, France

EL4, France

Building 211,
Marcoule, France

KKN, Niederaichbach,
Germany

MZFR, Karlsruhe,
Germany

KWL, Lingen,
Germany

Type

GCR, Electricity
and nuclear
materials
production

Pilot
reprocessing
plant for FBR

Gas
cooled/heavy-
water moderated

Reprocessing
workshop

Gas
cooled/heavy
water moderated

PHWR

BWR (with
superheater)

Operation

1958-80

1969-79

1966-85

1963-94

1972-74

1965-84

1968-77

Decommis
sioning

Stage 2

Stage 3

Stage 2

Stage 3

Stage 3

Stage 3

Stage 1

Power or
throughput

250 MW(t)
each

2kg/d

70 MW(e)

5t/a

106
MW(e)

50 MW(e)

520 MW(t)

Project
time-scale

1982-1993

1982-1998

1989-1999

1995-2010

-1994

1984-2001

1985-1988

Cost estimate

MFRF 150
(1990)

MFRF 220
(1989)

MFRF 550
(1995)

MFRF 1000
(1994)

MDEM 190

MDEM 370

Entry into
Programme

1985

1985

1993

1993

1985

1989

1985

Remarks

Stage 2 achieved

Stage 3 achieved,
EC pilot project

Including
shutdown
operations

Fixed price
contract,
Stage 3 achieved

In dormancy

Greifswald
Decommissioning
project, Germany

VVER 1973-90 Stage 3 8x440
MW(e)

1992

HDR, Germany BWR, nuclear
superheat

1969-71 Stage 3 1993



TABLE l.(cont)

Facility Type Operation Decommis
sioning

Power or
throughput

Project
time-scale

Cost estimate Entry into
Programme

Remarks

WAK, Germany Prototype
reprocessing
plant

1971-90 Stage 3 1993

AVR, Germany Pebble bed
HTGR

1967-88 Stage 1 15 MW(e) 1994 Stage 3 being
planned

KNK, Germany Compact
sodium cooled
Reactor

1971-91 Stage 3 20 MW 1997

Garigliano, Italy BWR (dual
cycle)

1964-78 Stage 1 for
main
containme
nt

160MW(e) 1985-1995 MITL 65 000 1985

JPDR, Tokai, Japan

JRTF, Tokai, Japan

Two KAERI research
reactors, Korea

Bohunice Al project,
Slovak Republic

Vandellos 1, Spain

WAGR, Sellafield,
United Kingdom

BWR

Reprocessing
test facility

Triga Mark U
and Mark IE

Gas cooled,
heavy water
moderated

GCR

AGR

1963-76

1968 70

1962 95

1972 79

1972-89

1962-81

Stage 3

Stage 3

Stage 1

Stage 2

Stage 3

90 MW(t)

250 kW and
2MW

150MW(e)

500 MW(e)

100MW(t)

1986-1996

1991 2004

1997 10

1992-2000

1983-1998

MJPY22

MJPY8

MESP 10

MGBP

500

600

000

58

1985

1991

1997

1992

1993

1985

1981-1986
Stage 3 achieved

Decommissioni
ng after fuel
accident

EC Pilot
project



TABLE l.(cont)

Facility Type Operation Decommis
sioning

Power or
throughput

Project
time-scale

Cost estimate Entry into
Programme

Remarks

BNFL, Co-
precipitation Plant,
Sellafield, United
Kingdom

Production of
mixed
plutonium and
UO2 fuel

1969-76 Stage 3 50kg/d 1986-1990 KGBP 2 245
(1990)

1987 Stage 3
achieved

BNFL B204 Primary
Separation Plant,
Sellafield, United
Kingdom

Reprocessing
facility

1952-73 Stage 2 metal = 500
t/a oxide =
140 t/a

1990-2010 MGBP 90 1990

PFR, United Kingdom

Shippingport, United
States

West Valley
Demonstration
Project, United States

EBWR, United States

Fort St Vrain, United
States

FEMP,United States

Prototype Fast
Reactor,
Dounreay

PWR

Reprocessing
plant for LWR
fuel

BWR

HTGR

Hexafluoride
reduction plant

1967 94

1957-82

1966 72

1956-67

1976-89

1954-56

Stage 1

Stage 3

Stage 3

Stage 3

Stage 3

Stage 3

600 MW(t)h

72 MW(e)

100 t/a

100MW(t)

330 MW(e)

1994-05

1985-1989

1982 2024

1986 1996

1972-1995

MUSD91.3
(1990)

MUSD 1 400

MUSD 19.4

MUSD 174

1997

1985

1986

1990

1993

1993

Fixed price
contract Stage
3 achieved

Fixed price
contract

Notes: 1. The decommissioning options are defined according to the IAEA classification.

2. The cost data given in this table are not directly comparable owing to the fact that they refer to plants of different types, sizes and characteristics, to different
decommissioning stages and to different time schedules for the execution of the projects.



These topics are discussed during the semi-annual TAG meetings, held at the nuclear site of
one of the participating projects. In addition more detailed investigations and in-depth analyses were
carried out on topical issues, requiring the work and contributions of specialists. Task groups were
therefore established for making studies on:

• Decommissioning costs,
• Recycling and reuse,
• Decontamination in connection with decommissioning.

The progress of these projects and relevant information from the task groups is detailed in two reports
of the co-operative programme covering the first five years, and the first ten years of the programme
respectively [1-2].

To date, the programme has been very successful in its exchange of technical knowledge and
experience in decommissioning. Starting from this vast platform of international co-operation, the
programme now intends to put greather emphasis on the dissemination of their achievements to a
wider audience, with the objectives to ensure that:

- Best internationally accepted practices are employed,
- The knowledge and practical experience gained is brought to the attention of decision

makers, influencing the regulatory climate in which decommissioning projects are
undertaken,

- The achievements of the programme are taken into account when regulations or standards
are discussed and/or established at both national and international levels.

For the purpose of the present International Symposium on "Technologies for the Management
of Radioactive Waste from Nuclear Power Plants and Back End Nuclear Fuel Cycle Activities", two
specific aspects of radioactive waste from decommissioning are highlighted: management of materials
from decommissioning and decommissioning costs.

4. MANAGEMENT OF MATERIALS FROM DECOMMISSIONING

When comparing to operational activities during the active lifetime, significant volumes of
materials are generated from decommissioning nuclear facilities. Existing regulations throughout the
world currently require most of these materials to be classified as "low level radioactive waste" and
be removed to licensed disposal sites.

Such types of disposal sites mostly have limited capacity and are insufficient to accomodate the
large volumes of decommissioning waste. Public opposition to the siting and licensing of new
radioactive waste facilities makes the expansion of availiable capacity difficult and serves to increase
already high disposal costs.

Steel, concrete and other valuable materials comprise a large portion of the waste generated by
decommissioning activities. The inherent value of these materials and the need to reduce waste
directed to radioactive disposal facilities justify waste minimisation as a necessary management
strategy in decommissioning operations. Furthermore, recyclable materials sent to waste disposal
facilities must ultimately be replaced with new materials. Adverse health and environmental impacts
from mining and milling processes associated with the replacement of these materials are significant
considerations which should not be ignored by those who intend to adequately assess the merits of
recycling metal, concrete and other recoverable materials.

Consequently, the minimisation of radioactive waste is a high priority goal for
decommissioners. The recycling of such material (or its reuse or disposal) without radiological
restrictions is seen as a significant means of achieving this aim. However, the absence of consistent,



internationally accepted criteria to regulate the release of recyclable material significantly restricts the
utilisation in decommissioning of these material management practices.

The OECD/NEA's Task Group on Recycling and Reuse made a survey of the current practices
and national regulations in this area, studied the technologies associated with recycling and analysed
the recent international recommendations and proposals for release criteria. A report of the work of
the task group was published in 1996 [3].The viewpoints of the decommissioning implementers have
been presented at several international conferences and workshops [4-6] and are summarized
hereafter, with emphasis on the latest developments in the field of 'exemption' and 'clearance'.

4.1. Release criteria: recommendations of international organisations

The international discussions on release of materials for reuse or recycling are taking place
mainly at:

• The International Commission on Radiological Protection (ICRP), which has supplied the basic
recommendations regarding principles for protection from ionising radiation [7];

• The International Atomic Energy Agency (IAEA), which has tried to translate these general
principles into recommendations on nuclide specific release levels;

• The European Commission (EC), who are preparing their own recommendations for member
states of the European Union;

• The Task Group on Recycling and Reuse within the OECD/NEA's Co-operative Programme on
Decommissioning, representing an important fraction of potential users of these
recommendations and criteria.

In 1988, the IAEA and the OECD/NEA, in co-operation, issued Safety Series No. 89 [8] to
recommend a policy for exemptions (i.e. clearance) from the basic safety system of notification,
registration and licensing that form the basis of regulatory control. To determine whether the material
can be cleared unconditionally from regulatory control or whether other options should be examined,
Safety Series No. 89 suggests:

A maximum individual dose/practice of about 10 (iSv/year,
A maximum collective dose/practice of 1 manSievert/year.

The IAEA process of establishing unconditional release levels for solid materials resulted in
TECDOC 855 [9] was issued in January 1996 on an interim basis. It will be revised after about three
years to react to comments received and to experience gained in its application. This document
presents recommended nuclide specific clearance levels for solid materials.

Earlier, a revised "International Basic Safety Standards for Protection against Ionising
Radiation and the Safety of Radiation Sources (BSS)" had been published in 1994. It was based on
the recommendations of ICRP 60 [7] and jointly sponsored by the Food and Agricultural Organisation
(FAO), the IAEA, the International Labour Organisation (ILO), the OECD/NEA, the World Health
Organisation (WHO) and the Pan American Health Organisation (PAHO).

The International BSS gives a list of nuclide specific exemption values (both quantities and
concentrations).

The EC issued, in May 1996, a Council Directive laying down its BSS for radiation protection
[10], with nuclide specific exemption values very similar to those in the International BSS. However,
the EC BSS makes a difference between "practices", covering the processes of the nuclear industry,
and "work activities" where radioactivity is incidental, although it can lead to significant exposure of
workers or the public. Draft proposals have also been prepared for the clearance of metals from the



dismantling of nuclear installations. The proposals cover steel, aluminium, copper and alloys of these
metals. The EC approach provides two options for releasing material:

Direct release based only on surface contamination,
Melting at a commercial foundry followed by recycle and reuse. Mass specific and surface

specific levels are provided.

4.2. Proposals of the task group of the OECD/NEA co-operative programme

Both the IAEA and EC recommendations are for nuclide-specific risk-related clearance levels,
the individual risk corresponding to that resulting from exposure to about 10 (iSv/year. Both
organisations consider only the radiological risks associated with the release of material. The task
group of the NEA co-operative programme has attempted to view recycling in a broader context,
evaluating both radiological and non-radiological detriments as well as social, economic and
environmental aspects. This is seen to be fully in harmony with the ICRP concept that the justification
of a practice should take into account the total detriment and not only the radiation detriment.

In its assessment of the health risks, the task group compared the recycling of 50,000 t of scrap
metal, utilised so that the individual radiological exposure was limited to 10 (iSv/a, to the disposal and
replacement of the same amount of material in the USA. The results of this comparison are given in
Table 2, showing that:

The radiological risks associated with both alternatives are very small in comparison with the
non-radiological industrial safety risks;
These non-radiological risks are much lower for recycling because product manufacture starts
from scrap metal. The risks associated with mining and refining of metal are avoided.

This recycling approach has led to the consideration of a tiered system of clearance levels,
allowing a more rational material management, where release levels would depend on whether the
materials were being released directly, sent for melting, melted in controlled facilities before release
for remelting, reused for specific purposes or recycled within the nuclear industry.

4.3. Naturally occurring radioactive materials (NORM)

Radiation protection and the management of radioactive material have hitherto been concerned
mainly with artificial nuclides arising within the nuclear fuel cycle. In the last few years, there has
been an increasing awareness of naturally occurring radioactive material (NORM) and the
enhancement of its concentration due to various non-nuclear industrial (NNI) processes. This
technologically enhanced NORM can be of the same activity levels as low level waste and is very
similar to the candidate material for exemption and clearance in the nuclear industry (NI), in
particular in decommissioning activities, but occurs in quantities that are huge in comparison.

Both in the United States and in Europe, the radiological regulation of such NORM is under
way. In the US, a draft has been published of Suggested State Regulations on Naturally Occurring
Radioactive Material (NORM). The Directive [10] with revised basic safety standards (BSS) for the
radiation protection of both workers and the general public, as approved by the Council of the
European Union in May 1996, covers radioactivity in both nuclear and non-nuclear industries and will
have to be ratified by member states within 4 years.

It is important that, for public acceptance, that all radioactivity is regulated in a perceivably
consistent fashion. This is a fundamental concern for decommissioning implementers. In the recently
published US Nuclear Regulatory Commission (USNRC) regulation for the release of nuclear sites for
unrestricted use, a criterion of 250 (iSv/a dose to average member of critical group of the public has
been used. The level of 250 (iSv/a is also suggested in the draft regulations on NORM.



TABLE 2. SUMMARY OF HEALTH RISKS FROM RADIOACTIVE SCRAP METAL
MANAGEMENT ALTERNATIVES

Impact categories

Radiological risk*

Non-radiological risks
• Accidents (workplace)

• Accidents
transportation)

• Chemical exposure
from smelting * *

• Chemical exposure
from coke production

Recycle/reuse

• 10"7to 10"6 fatal cancer
risk to metal workers and
public

• 10"2to 10"' population
risk per year of practice

• About 7 fatalities or
serious injuries to workers

• 10" fatality risk to
workers and public

• 10"3 fatal cancer risk to
workers; 10"4 to public

• None

Dispose and replace

• Potential elevated cancer
risk to miners

• About 14 fatalities or
serious injuries to workers

• 10"2 fatality risk to workers
and public

• 10" fatal cancer risk to
workers; 10"4 to public

• 1 fatal cancer risk to
workers; 10" to public

* Risk estimates represent maximum individual lifetime risk associated with a 50 000-t throughput, operated
so that individual dose does not exceed 10 (iSv/a.
** Maximum individual lifetime risk of cancer fatality resulting from one year of exposure at the maximum
permissible concentration in the United States.

In the European Commission's BSS, industries are divided into "practices" (where
radionuclides are, or have been, processed in view of their fissile or fertile properties) and "work
activities" (where the presence of radioactivity is incidental). Broadly speaking, "practices" refer to
the nuclear industries, while "work activities" to the non-nuclear ones i.e. industries like oil and gas or
phosphate industries, where naturally occurring radioactivity is incidental but is technologically
enhanced.

The current management of NORM materials is very inconsistent with that of similar materials
arising in the nuclear industry, as is illustrated by the following examples, showing that the difference
in release levels is very difficult to explain from the point of view of radiation protection.

(1) The currently operative EC Directive 84/467/Euratom of 1984 exempts (from reporting and prior
authorisation) activity concentrations lower than 100 Bq/g or, for "solid natural material",
500 Bq/g. This rule is interpreted differently in different countries:

• In the Netherlands, NORM wastes from the oil and gas industry are exempted on the 100
Bq/g basis, including the short lived decay products assumed to be in equilibrium with
the long lived parent nuclides. Scales from the decontamination of tubulars, under this
activity level, are considered to be not radioactive, but chemical waste and is returned to
the customer for disposal under his responsibility.

• In Germany, the same type of material is exempted at the 500 Bq/g level, without taking
into account the short lived decay nuclides.
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(2) At offshore installations in several countries, the scales from tubulars (with activity
concentrations of up to several hundreds of Bq/g) are ground into a powder ("macerated"),
mixed with seawater and discharged into the sea.

(3) Recently a German company was authorised to use 100 t/a of the slag, arising from the melting
of scrap from the oil and gas industry, as road building material, provided that the 226Ra activity
concentration in the slag was below 65 Bq/g and the slag was diluted by a factor of at least four
with other material. This means effectively a release level of 16 Bq/g. Concrete from the
demolition of certain buildings at the MZFR Reactor Decommissioning Project, Karlsruhe,
Germany, was released at the level of 0.5 Bq/g (beta-gamma nuclides) and 0.05 Bq/g (alpha
nuclides). Some of this concrete was used for road surfacing in the neighbourhood of the
Forschungszentrum, Karlsruhe.

5. DECOMMISSIONING COSTS

As part of the exchange mechanism within the co-operative programme, cost estimates and cost
data from participating decommissioning projects were progressively reported and discussed, showing
large variations in both cost figures and decommissioning activities considered. A Task Group on
Decommissioning Costs was established in 1989 to identify the reasons for these variations and to
develop a transparent cost matrix, including all tasks that may be considered in a decommissioning
project, starting from the termination of the active operations of a nuclear facility up to achieving
green field conditions on site. The task group gathered cost data from 12 projects in the co-operative
programme, established a basis for comparison of decommissioning tasks adopted in all projects,
prepared a matrix of cost groups and cost items with a cost breakdown in "labour costs", "capital
equipment and material" and "expenses", and incorporated the project cost data into this matrix [11].

Three broad categories emerged from the cost analysis as factors having significant effect on
project costs. These are political/geographical, technical and economic/financial. Waste management
is an important factor from the first category. Regulations and requirements for the classification,
conditioning, transport and disposal of radioactive waste vary widely in different countries. This is
equally true regarding the costs for such activities, specially disposal. Disposal sites are in use in
some but by no means in all countries, and where not available increased on-site storage charges are
incurred. Clearance levels are not available in most countries and the case-by-case values for release
differ from country to country, resulting in significant effects on waste volumes and management
costs.

Elimination of the general discrepancies and those specific to projects analysed resulted in a
pattern of cost distribution for hypothetical mean projects with distinct characteristics: a reactor
decommissioning project, a fuel cycle facility decommissioning project and an overall mean
decommissioning project. The calculated mean values are summarized in TABLE 4 [12] for 11 cost
groups.

Recently, the activities of this task group were resumed considering the information from an
increased number of projects and taking into account the industrial size of new projects now
participating in the Co-operative Programme. This work is now in progress.

In co-operation with the EC and the IAEA, a standardised list of cost items for
decommissioning activities was prepared, representing a new, uniform and more complete approach
to decommissioning costs. This co-ordinated action could largely benefit from the experience gained
in the task group. It is agreed to publish an interim technical document containing the standardised list
of cost items and their definitions in the first half of 1999. Although it is hoped that the standardised
list will be widely accepted and used, it is recognised that at this stage the list has achieved approval
in theory only and should be further evaluated in practice. It might be renewed after a period of three
years when additional experience may be obtained.
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TABLE 3: DECOMMISSIONING COSTS - RESULTS OF SECOND ORDER ANALYSIS FOR PROJECT GROUPS MODELS 1, 3 AND 4

Range of Total Costs (% Tentative Overall Mean Values
for Project Groups Models 1, 2 and 4

COST GROUPS Model 1 Model 3 Model 4 Reactors Fuel All
Stage 3 Facilities Projects

Model 1 Model 3 Model 4

1 Pre-Decommissioning Operations

2 Facility Shutdown Activities

3 Procurement of Equipment and Material

4 Dismantling Activities

5 Waste Management and Disposal

6 Security, Surveillance and Maintenance

7 Site Clean-up and Landscaping

8 Project Management, Engineering and Site Support

9 Research and Development

10 Fuel

11 Other Costs

TOTAL

1.1-6.3

3.1-14.2

2.1-24.9

15.7-41.8

5.9-13.7

2.8-7.2

0.5-4.6

4.9-18.8

0.8-10.5

0.0-0.0

0.7-15.1

3.0-6.8

5.3-6.6

0.0-21.8

15.0-29.3

2.7-16.2

0.7-22.7

1.6-2.7

16.0-22.2

1.1-9.8

0.0-0.0

8.6-13.8

1.1-14.0

3.1-14.3

0.0-24.3

12.5-42.9

1.6-16.0

0.7-30.6

0.5-5.3

4.5-22.0

0.8-10.3

0.0-0.0

0.2-15.2

3.0

7.0

11.0

33.0

9.5

5.0

2.5

13.5

7.0

0.0

8.5

5.0

6.0

10.0

19.0

10.5

10.5

2.0

19.0

6.0

0.0

12.0

5.0

8.0

9.0

25.5

9.5

10.0

2.5

15.0

5.0

0.0

10.5

100.0 100.0 100.0
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6. CONCLUSIONS

As the world's fleet of nuclear power plants ages, increasing numbers of these plants will begin
decommissioning operations. In order to perform this work in the most efficient manner, in terms of
worker safety, waste generation, desired end results, and cost effectiveness, the experience gained
today must be effectively shared. For the past fourteen years the OECD/NEA's Co-operative
Programme in Decommissioning has served as a very useful forum for the exchange of information in
this very important area. This presentation at the International Symposium in Taejon, the Republic of
Korea, intends to contribute to the promulgation of this valuable information and experience to a
wider audience than the participating projects.
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Abstract

The management of wastes from decommissioning is described for the on-going dismantling of the BR3
PWR small reactor. The incentive is put on the radionuclides characterization, the description of the various
waste streams, the conditioning techniques for low radioactive waste (LAW) to high radioactive waste (HAW),
the alternative evacuation routes (recycling in the nuclear, free release by decontamination) and the minimization
of secondary wastes during dismantling. Finally, some considerations are given on the overall dismantling cost
and on the relative costs of the various evacuation routes.

1. INTRODUCTION

BR3 is a small 10 MW(e) PWR shutdown in 1987 after 25 years of operation. It was selected as
one of the four pilot projects of the EU for its R&D programme on decommissioning of nuclear
installations. The decommissioning project started in 1989. In 1991, a full system decontamination of
the primary loop reduced the dose rate in the vicinity of the primary loop by a factor 10. The same
year, a first high active internal, the 5.4 t thermal shield was dismantled underwater by 3 different
dismantling techniques, the EDM cutting, the milling cutter and the plasma arc torch. Mechanical
cutting, essentially milling cutter and band saw, was selected for the further dismantling of the two
sets of internals; the original Westinghouse internals ("33 years decay") and the Vulcain internals
("7 years decay"). This allowed to compare deferred dismantling with immediate dismantling. No
significant radiological, technical or economical profit was gained by dismantling the old internals
because due to the still high dose rate of 2 to 3 Sv/h at mid plane, remote underwater cutting is still
required. The next important step is the cutting of the 28 t reactor pressure vessel. All the preparatory
work is finished and the real cutting operations are foreseen from mid 99. Dismantling of some
contaminated circuits was also performed using mostly hands on cutting techniques. Minimizing the
amount of radioactive waste and free release of the dismantled materials have always been our main
objectives. Recycling of slightly radioactive metallic materials could be performed thanks to an
agreement with a nuclear foundry. For concrete, an R&D programme has been started to recycle
radioactive concrete in the radioactive waste conditioning sector. Progress was also made on the
establishment of free release limits and procedures and on the development of decontamination
techniques for metals and concrete.

2. CHARACTERISTICS OF MATERIALS ARISING FROM DECOMMISSIONING ACTIVITIES

Two aspects are important during decommissioning of a nuclear reactor. The first one is the dose
rate aspect which in the case of a PWR is dominated by the y radiation from Co-60. The second one is
the contamination aspect for which not only the y emitting nuclides such as Cs-137 and Co-60 are
important but also the presence of a contamination can present a particular issue.

For waste management, it is also important to determine the so-called critical nuclides i.e. the
nuclides which are difficult to measure (the pure p nuclides such as Ni-63 and Ni-59, Sr-90, Nb-94,
C-14, H-3, etc., and the a nuclides such as the Am-241 and the Pu and U isotopes) and which are an
issue during long term disposal due to their long lives and their specific radiotoxicity.



The determination of these critical nuclides in waste packages is a difficult task. Several
approaches are followed to satisfy the disposal requirements. Estimations on the basis of neutronic
activation calculations, materials composition and irradiation history allow to determine rather
precisely the activation levels for the major components of the irradiated materials such as the Ni and
iron isotopes for metals and Ca isotopes for the concrete. For elements present at trace levels such as
Nb, C, Tritium, Eu, etc.,0 the accuracy of the estimation depends strongly on the exact original
content of these trace elements which is generally not known precisely.

Radiochemical measurements are the best way to determine the exact radiochemical
composition of the activated materials. For BR3, during the dismantling of the high active internals,
we systematically took samples during the cutting operations. Some swarf material was collected
during the cutting operation and subjected to detailed radiochemical characterization. The
radiochemical determination implies a complex analytical work with a series of separations to
eliminate the strong y nuclides which are present in activity levels several orders of magnitudes higher
than the investigated isotopes.

A still more difficult task is to estimate the critical nuclides which are fission products such as
Sr-90 and Cs-137 or which are a isotopes coming from fuel leakages. This is quite impossible to
model so that only radiochemical determinations can solve the problem. This requires the estimation
of a mean

Table I gives an overview of the radiochemical isotope vectors we derived for different waste
streams. (Reference date: 1998-07-01 i.e. 11 years after shutdown)

TABLE I. OVERVIEW OF THE RADIOCHEMICAL VECTORS DERIVED FOR DIFFERENT
WASTE STREAMS

Correlation
factors

^Ni/^Co
5W3Ni
^Fe/^Co
9W°Co

l4C/60Co
3H/60Co

-M/̂ Co
l 2 5Sb/ 6 0Co
" T c / 6 0 C o
9 0 Sr/ l 3 7 Cs
24lAm/oc to t
238Pu/octot

239+240Pu/oc tot
24OPu/239Pu
2 4 2Pu/2 3 9Pu
2 4 4Cm/a t o t

2 4 l Pu / 2 4 l Am

Utot atot

Thermal
shield
1.36

2.8 E-3
1.18

4.4 E-5
1.1 E-4
1.3 E-4
4.6 E-6

"Vulcain"
internals

3.6
1.9 E-3

3.8
1.3 E-4
4.3 E-4
5.2 E-5
1.3 E-5

"Westinghouse"
internals

7.1
3.6 E-2
4.8 E-2
2.3 E-4
7.2 E-4
3.2 E-4
2.7 E-5

Contamination
vector

1.1
2 E-3
1.83

4 E-3
4.2 E-3
3.2 E-4
3.7 E-6
1.9 E-3
5.9 E-6

4.3
0.456
0.35
0.15
1.8

3.4 E-3
0.04
43.3
0.004

surface contamination level in a p y emitters and the determination of specific contamination isotopes
such as the Cs-137 y emitter, the correlated Sr-90 p emitter, the determination of the a spectroscopic
composition including the Am-241, the long lived Pu, U and Cm isotopes as well as the p Pu-241
emitter. For BR3, we determined the composition of two mean surface contamination levels: the first



one, the high contaminated level composition, is representative of the primary pieces which were
never decontaminated; the second one is representative of the pieces which were decontaminated
during the Full System Decontamination of the primary loop which was the first step in the
dismantling strategy.

3. OVERVIEW OF D&D RADIOACTIVE MATERIAL STREAMS

For most of the waste arisings from D&D operations, the conditioning techniques used are the
same as for the operation and maintenance wastes. Only high active materials or specific materials
must be dealt with different or adapted conditioning techniques.

For Belgium, the management of the radioactive waste is under the responsibility of
ONDRAF/NIRAS which is the governmental national agency for waste conditioning and disposal.
This agency establishes the specifications and requirements for the waste packages in view of their
future disposal. They are also responsible for the intermediate storage of the conditioned waste
packages and of the selection and management of the disposal sites. For the moment, there are no
disposal sites available in Belgium. Shallow land burial and geological disposal are still under study.
Currently, all the conditioned wastes are temporarily stored at the Belgoprocess site in dedicated
buildings.

Belgoprocess, which is a subsidiary of ONDRAF/NIRAS, operates a centralized conditioning
and storage facility which is located at Dessel only some 500 m far from the SCK.CEN Nuclear
Research Centre site; the two sites are only separated by a water canal.

3.1. Gaseous wastes

Two main gaseous waste streams are produced by the D&D operations.

• Classical general ventilation. The only secondary wastes produced are prefilters and absolute
filters used in the ventilation of the buildings. The annual amount produced lies between 30
and 50 units. This not significantly different from the O&M quantities produced during the
reactor operation.

• Specific D&D air purification needs. Dismantling operations such as on site cutting
operations, size reduction in ventilated workshops, removal of isolation materials with or
without asbestos and Decontamination units such as the ZOE sand blasting and MEDOC
chemical decontamination units require specific ventilation systems with prefilters and
absolute filters. Some particular operations produce large amounts of airborne contamination
and need adequate and optimized filtration systems. Such operations are for example:

• Underwater plasma cutting which produces aerosols and some H2 gas; for this effluent a
prefiltration with electrostatic precipitation followed by absolute filters was used
during the cutting in segments of the high active thermal shield,

• Dry cutting techniques in a ventilated workshop using a variety of dust and aerosol
producing techniques such as plasma or oxy-acetylene cutting, grinding, circular saws.
The ventilated workshop is now equipped with regenerative cartridge filters followed
by absolute filters. The regeneration is performed by counter-current compressed air
flow allowing to dislodge the accumulated dust and to recover it in 200 1 drums. Since
the installation of this system, the HEPA filters which had previously to be removed
monthly are now still there after more than 15 months of operation,

• On site removal of contaminated asbestos required the installation of mobile filtration
systems with pre-filters and absolute filters. The pre-filters had to be removed several
times during the operation or periodically manually regenerated due to the very high
quantity of dust produced during the isolation removal,



• The wet abrasive unit ZOE produces some wet aerosols; the filtration comprises a
heating unit followed by an electrostatic precipitator followed by absolute filters,

• The chemical MEDOC unit produces air contaminated potentially with some acid
vapours, acid aerosols and ozone eventually not completely destroyed. The filtration
unit is built with PVC pipes and classical pre and absolute filters.

The conditioning of the prefilters and of the absolute filters is performed either by incineration
for the burnable filters or by super-compaction for the non-burnable filters. The super-compacted
disks are further embedded by cement grouting in 400 1 drums.

3.2. Liquid wastes

Two main liquid waste streams are produced by the D&D operations.

• Classical cleaning water contaminated by some Cs-137 and Co-60 as main p, y emitters. These
effluents arise from normal O&M operations as well as from cleaning operations of slightly
contaminated pieces, from rinsing water used in the ZOE Wet Abrasive Decontamination unit
and in the MEDOC Chemical decontamination unit, from water used in some dismantling
operations (e.g. supernatant water collected during cable sawing of concrete). These low level
effluents (<400 MBq/m3) are collected in three 50 m3 volume existing plant reservoirs. They are
sent to the nearby liquid conditioning installation of Belgoprocess by an underground pipe. The
conditioning at Belgoprocess is a combination of flocculation and embedding of the produced
sludge in bitumen. The annual volume produced varies between 50 and 100 m3.

• Chemical effluents: the only chemical effluent is the effluent arising from the MEDOC
installation. This effluent contains a high concentration of sulfuric acid (about 1M), some nitric
acid (about 10"2M), a high salt content with Fe, Ni and Cr concentration up to 15 g/1. The
MEDOC installation will start operation during the second semester of 1999 so that no
chemical waste has so far been sent to BP. However, in collaboration with Belgoprocess, a
management route for this special waste has been established. Due to the low annual volumes
produced (<10m/a), this chemical waste is stored on site in a 2 m capacity storage tank
internally protected by an enamel coating. The chemical aggressiveness of this liquid effluent is
first reduced by reduction of the Ce4+ still present to Ce3+ by reaction with HiO2; some nitric
acid is also added to allow the storage of this acidic effluent in the Stainless Steel BP transport
and storage tanks. The liquid waste is transported batchwise using a 2 m stainless steel
transport container. The conditioning method developed by BP comprises a
neutralization/flocullation step followed by the bituminization of the obtained sludge. The 400 1
drums produced will be stored in the BP storage facilities.

3.3. Solid wastes

The primary and secondary solid waste is the most important part of the radioactive waste
stream from D&D operations.

The major primary waste streams are:

• Burnable wastes such as protective clothing, wood from ventilated hoods, laboratory furniture,
etc.,

• Low to High level massive metallic wastes such as reactor internals, reactor pressure vessel,
primary pumps, reservoirs, valves, structural materials, etc.,

• Low to High level super-compactable metallic wastes from the same sources as above plus e.g.
electric cables, light supports, contaminated instrumentation, etc.,

• Massive concrete wastes from slightly activated or contaminated slabs, floors, shielding walls,
room walls, etc.,



• Concrete and bricks super-compactable rubble from demolition activities of activated or
contaminated materials,

• Sludges from deposits in reservoirs and liquid sumps,
• Various light non metallic super-compactable materials such as isolation, asbestos, etc.,
• Special waste such as contaminated lead bricks and shielding.

The major secondary solid waste streams are:

• Ion exchange resins from the water cleaning systems of the storage well pool (which still
contains about 2 tons of MOX and experimental irradiated fuels ) and of the refuelling pool
which is used for the underwater cutting of all the high active pieces. These IEX are always
Medium Active waste. The annual production is less than 100 1,

• Ion exchange resins from special operations such as the Full system decontamination of the
primary system which produced 1.4 m of Medium to High Active resins or the plasma cutting
operation of the thermal shield which produced 150 1 of MAW IEX,

• Cartridge filters from the purification of the storage pools (about 2 to 400 I/a), from the local
systems installed for the purification of the water during the underwater cutting operations such
as the plasma cutting (350 1 of MAW gross and fine filters), the EDM cutting of the thermal
shield (224 1 of MAW 1 \im filter cartridges), for the 10 îm filters used in the ZOE installation,
for the filters used in the MEDOC unit,

• Swarfs, dross, chips from the underwater cutting operations are collected either directly in
strainers or in baskets of water filtration systems. These systems use generally a local suction
device to collect the particles at the source, a prefiltration device (sedimentation strainer or
hydrocyclone), a pumping system and eventually a fine filtration system with cartridges,

• Sludges produced during the cutting by diamond cable, saw or coring using water as cooling
medium for the diamond tips. These sludges are collected; the supernate clear water is
evacuated as liquid effluent and the sludge is electrically heated directly in 200 1 drums to
obtain a dry waste which can be treated as solid waste.

4. CONDITIONING PROCESSES FOR RADIOACTIVE WASTE STREAMS

The radioactive wastes from the D&D operations at BR3 are conditioned mainly by
BELGOPROCESS, a subsidiary of ONDRAF/NIRAS [1]. Some wastes were also conditioned at the
WAB installation of the Doel power plant in a conditioning unit approved by ONDRAF/NIRAS.

4.1. Conditioning of low active wastes (LAW)

The LAW wastes are defined by a maximum dose rate (<2 mSv/h on the waste package
surface) and a maximum specific activity (<40 GBq/m5 p y and <40 MBq/m3 a activity).

The solid wastes are conditioned essentially in a new facility, called the CILVA installation, which
comprises:

• An incineration facility of a capacity of 10 t/week solids and 1 to 3 m /week burnable liquids
based on a weekly operation time of 100 h. The ashes are supercompacted in 200 1 drums,

• A pretreatment facility in which the solid wastes are sorted, cut and eventually pre-compacted
at 140 t,

• A super-compaction facility for 200 1 drums with a 2000 t hydraulic press of 6000 drums/a
capacity,

• A conditioning unit for immobilisation and embedding: A cement matrix is used to fill 400 1
drums in which supercompacted pellets or non compactible wastes are stacked. This installation
also includes an active mixer for embedding of wet wastes like ion exchange resins and sludge,



• After solidification, inspection and measurements, the drums are transferred in an intermediate
storage building.

Up to now, about 68 t were evacuated as super-compactible waste and 12 t as non-compactable
waste.

The liquid wastes from the D&D operations have an activity <0.4 GBq/m p y and
<0.8 MBq/m a and are generally conditioned in the Mummy plant of Belgoprocess. The process
comprises precipitation and flocculation followed by bituminization of the sludges in 400 1 drums.

4.2. Conditioning of medium and high Active Wastes (MAW & HAW)

The two main MAW and HAW produced up to now by the D&D activities are ion exchange
resins from the full system decontamination (FSD) operation of the primary circuit in 1991 and the
medium to high active pieces from the dismantling of two sets of internals.

4.2.1. Conditioning of MAW and HAW ion exchange resins

The FSD produced 520 1 of HAW and 850 1 of MAW Ion exchange resins containing in total
about 2 TBq of 60Co and 2 GBq of alpha activity. The HAW IEX were transported in a special
transport container to the WAB installation in Doel and conditioned by cement embedding. The
MAW resins were transported in plastic drums with 400 1 overpacks to the Belgoprocess cementation
unit. The final volume of conditioned waste amounted to 7.6 m i.e. 5 times the volume of the primary
waste.

4.2.2. Conditioning of MAW and HAW internal pieces. [2] [3]

The underwater cutting operations performed between 91 and 95 led to the production of about
13 t of M&HAW and 11 t of LAW primary metallic wastes. The secondary waste, mainly swarfs
(37 1), dross and filters (2150 1) were collected in strainers and filter bottles. All these wastes, stored
in BR3 underwater in perforated baskets, were transferred in a 400 1 overpack and transported in a
special transport container. The loading at the BR3 site (see Figure 1) was done underwater but the
unloading at Belgoprocess was done in a dry shielded cell. The basket with the pieces put in dedicated
racks was loaded in a 400 1 drum and cement mix was added to obtain a final solid waste package. In
total, 40 transports were needed. For the massive solid wastes, the mean capacity was only
350 kg/drum with variations between 88 (core baffle) and 672 (thermal shield in function of the
geometry of the pieces. In 1999, the reactor pressure vessel weighting 28 t will be mechanically cut
and evacuated following the same route.

5. ALTERNATIVE EVACUATION ROUTES

5. 1. Recycling of metallic radioactive materials

Low level radioactive materials can be recycled in the nuclear world. The melted materials can be
used for the fabrication of shield blocks or for the fabrication of radioactive waste containers. SCK»
CEN has an agreement with GTS-Duratek in the USA; the recycled materials are used as shielding for
the DOE facilities. The materials must respect composition and radiochemical criteria. The secondary
wastes are conditioned and disposed off by Duratek. Up to now, we have sent, in agreement with all
the competent authorities, 26 t of mild and stainless steel arising from the dismantling of very low
contaminated or activated pieces.



Figure 1: View of the underwater loading of the transport container.

5.2. Recycling of concrete radioactive materials

The dismantling of the activated bioshield around the Reactor Pressure Vessel and in the
refuelling pool will lead to the production of about 650 t of slightly activated concrete. The activation
products present are mainly 133Ba, l52'l54Eu and 60Co with activation levels lower than lOOBq/g. A
R&D programme has been started with a specialized center in the building industry (CSTC/WTCB
Scientific Center for the Building Industry) to study the possibility to reuse the concrete as raw
materials for the conditioning of radioactive wastes. Crushing and sieving tests have been performed
on real but inactive heavy barytine concrete from the BR3 reactor. The fine fraction and the
aggregates were separated. Tests are underway to optimize the composition of mortar and concrete
fabricated using new cement and recycled concrete either as aggregate or sand. The quality of the
recycled mortar or concrete must follow strict specifications among which compression strength and
the workability are the most important. The first orientative results are very encouraging and a
demonstration with active concrete is foreseen end of 1999.

5.3. Free release of radioactive materials

The steadily increase of the conditioning and disposal costs as well as environmental concern
and public perception are pushing the nuclear sector to decrease the amount of radioactive waste and
hence is a strong incentive to the development of thorough decontamination processes and procedures
for the free release of obsolete radioactive materials and their reuse in the industrial sector or their
evacuation as industrial waste. The free release of radioactive materials requires a combination of
factors to be successful:

• Procedures and well defined free release criteria: a consensus is not yet achieved on
international level and generally a case by case management is still applied. IAEA, EU, OECD
are progressively converging towards some harmonisation. In our case, procedures and limits
are being set by the health physics department under supervision of the competent authority.
This procedure is still a "case by case" practice and is applied currently for the free release of
materials from the BR3 dismantling,

• A strict follow-up of the dismantled materials comprising origin of the materials, treatment
performed, characterization results,



• The traceability of the materials must be guaranteed at each step: this can only be achieved with
a strong quality assurance programme.

5.3.1. Free release by melting.

Some dismantled materials are either very low contaminated, very difficult to measure or not
homogeneously contaminated. For these materials, it can be advantageous to sent them to a nuclear
foundry. Melting offers several advantages:

• It decontaminates the metals by volatilization of some nuclides (e.g. l37Cs) or by transfer to the
slag (e.g. heavy nuclides such as alpha emitters),

• It allows an accurate determination of the radionuclides content thanks to the homogeinity of
the metal melt,

• The amount of secondary waste (dust, slag) is rather low.

This practice has already been used in Belgium for dismantled waste. SCK»CEN is actually
preparing a transport of very low radioactive materials comprising secondary reheaters with copper
tubes, a carbon steel massive plinth and a variety of CS and SS small pieces stored in 200 and 400 1
drums. About 18 t with an average activity of 0.26 Bq/g of l37Cs and 0.15 Bq/g of 60Co are considered
for the first transport.

5.3.2. Free release of materials without specific treatment.

A certain amount of materials can be free released immediately either on the basis of its origin
(e.g. tertiary systems) eventually combined by radiochemical measurements (e.g. secondary
equipment considered as suspect material). Up to now, 94 t could so be unconditionally free released
and sent for recycling to the metal scrap industry (50 t) or to the construction industry for the concrete
(44 t). No materials have been sent up to now as industrial waste. It must be noted that during the
dismantling of the secondary circuit, some unexpected small contamination has been discovered. The
main contaminant in that case is always l37Cs which seems to be preferentially fixed on rusted pieces.
In any case, for each batch of materials, a strict documentation is required and the free release must be
approved by the Health Physics even for materials situated outside the controlled area.

5.3.3. Free release of materials after manual decontamination by washing

Materials which are slightly contaminated on the external surface by some contaminated dust
can be free released by simple decontamination by washing manually either before dismantling or
after size reduction. The washing of the dismantled pieces is done in a reservoir using some
detergents. The decontaminated materials are then free released either by direct surface measurement
of 100% of the surface (double measurement; the second one is performed after 3 months) or by mass
measurement using the Canberra Q2 200 1 drum gamma spectrometer at the condition that the material
can be considered as homogeneous.

Up to now, 60 t have been so free released: 15 t of metals sent to the scrap industry and 45 t of
concrete sent to the construction industry.

5.3.4. Free release of materials after decontamination in Wet Abrasive Decontamination unit.

Painted, rusted or stainless steel pieces which are contaminated at a higher level e.g. up to
1000 Bq/cm2 and which can not be cleaned by simple washing can be treated by abrasion to remove
the contaminated layer. This technique is however limited to pieces of simple geometry because all
the treated surface must be accessible for the abrasive jet. A wet abrasive unit ZOE has been built at
BR3 and allows to treat pieces up to 3 t and 3 m long. The abrasives and the water are continuously
recycled to minimize the amount of secondary waste (see Figure 2).



Figure 2: View of the ZOE unit in operation.

Up to now, 21 t of materials were treated in the ZOE unit: 10 t were immediately free released,
6.3 t are still slightly activated (the decontamination was performed to reduce the dose rate and to
eliminate the loose contamination), a massive plinth of 2.8 t was partially decontaminated to remove
most of the alpha contamination present and allow its free release after melting. In general about
10 to 20% of the materials could not be free released either due to difficult to remove contamination
or to difficult to measure locations. The materials not free released are normally sufficiently low to be
sent to a nuclear foundry for free release by melting.

It is interesting to note that contaminated lead bricks could be easily decontaminated by wet
abrasion. Lead is a special waste which is quite difficult to evacuate as radioactive waste.

5.3.5. Free release of materials after decontamination in a Chemical decontamination unit. [4]

Carbon steel or stainless steel pieces heavily contaminated e.g. up to 20,000 Bq/cm Py can be
treated by thorough chemical decontamination processes. For stainless steel, a process called MEDOC
(Metal Decontamination by Oxidation with Cerium) has been developed at SCK.CEN and an
industrial installation has recently been built (see Figure 3). The process is based on the strong
oxidation potential of Ce4+ in sulfuric acid medium at 80°C. The oxide layer (the so-called crud layer)
and the base metal as well are removed. Pilot tests with real active pieces have shown that the removal
of 10 to 20 \im allows to completely remove the contamination layer even for strong contaminated
pieces from the primary loop. During the process, the Ce4+ is reduced to Ce3+; in order to recover the
process efficiency it is necessary to regenerate the Ce3+ to Ce4+. In our process, this is realized by
reaction with ozone gas in a special gas-liquid contactor (static mixer). The installation comprises also
a rinsing unit with ultrasonics and an effluent storage tank.

Figure 3: View of apart of the MEDOC unit.



5.3.6. Free release of concrete. [5]

In BR3, 28 anti-missile heavy concrete slabs were installed in the refuelling pool above the
reactor pressure vessel. The characterization studies have shown that all the slabs were contaminated
and that some were activated. Decontamination of 22 slabs representing 247 t was performed using
mainly scabblers, shavers and jackhammer. After treatment, 205 t could be unconditionally free
released and sent for recycling in the construction industry and 42 t still slightly activated are kept for
further conditioning (see Figure 4).

Figure 4: Scabbling of concrete slabs.

For dismantling of massive concrete blocks we use several techniques:

• For dismantling of suspect or surface contaminated concrete, we use a combination of diamond
cable sawing and diamond saw. The water and the sludge are collected; the water is evacuated
as low radioactive waste and the sludge is dried in 200 1 drums. The dried drums are
characterized by the Q2 Canberra system and either free released or evacuated as super-
compactable waste,

• For dismantling of activated concrete, we selected, after cold and active tests, the remotely
operated hydraulic jackhammer. The dismantling must be done in a ventilated containment with
high ventilation flow and efficient filtration systems.

6. MINIMIZATION OF SECONDARY WASTES DURING DISMANTLING OPERATIONS

For high active pieces, the choice of the dismantling technique is not only governed by the
technical aspects (thickness to cut, type of materials) and by the ALARA aspect (cutting underwater
for HA pieces) but also by the amount and type of secondary waste produced. A comparison made
during the cutting of the thermal shield of the reactor allowed to quantify all these aspects for
3 underwater cutting techniques: the plasma arc torch, the Electro Discharge Machining and the
milling cutter. It appeared that mechanical cutting was the best compromise and was then selected for
the further cutting of two sets of internals and for the cutting of the reactor pressure vessel. The
produced chips are easily collected, packaged and conditioned. This is not the case for the thermal
techniques. EDM produces very fine particles which must be collected on 1 îm filter cartridges and
the suction device must be placed at the source term to avoid visibility problems in the pool. Plasma
arc torch produces dross which settles down in the cutting chamber, particles smaller than 1 mm
which are filtered on gross filter and fine particles which require fine 1 ̂ im filters. Moreover plasma
arc torch must be done blindly due to the high turbidity and if possible in a closed chamber to avoid
contamination spreading. Aerosols, hydrogen and noxious gases are also produced which requires a
local air ventilation and filtration system. For mechanical cutting, the band saw produces a kerf of
2 mm whereas the milling cutter produces a kerf of 6 mm; the secondary waste volume is hence 3
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times larger with the milling cutter. Other techniques were also used: hydraulic shears with no
production of secondary wastes, EDM for some localized surgery operations, reciprocating saw with
kerf of 2 mm.

For the dismantling of low active pieces, one important aspect is to minimise the contamination
spreading during on site dismantling of the equipment; this is realised by selecting mainly mechanical
cutting such as reciprocating saw, nibbler, hydraulic shear which do not produce airborne
contamination. The large dismantled pieces can further be reduced inside a ventilated containment in
which thermal techniques (oxy-acetylene burner, plasma arc torch) or dust producing techniques
(grinder, circular saw) can be used. The filtration is performed using regenerable filters to protect the
HEPA filters and avoid their frequent replacement. It must be noted that thermal techniques are not
recommended for size reduction when the material is foreseen for decontamination. Thermal cutting
can result in contamination trapping in molten/resolidified metal along the cut.

For equipment of complex geometry or for moderately thick equipment, we have tested
underwater cutting with an abrasive water jet technique. We foresee to use this technique for the
dismantling of the neutron shield tank (complex activated geometry) and for several vessels (steam
generator, pressurizer, large vessels, etc.,). In the last years, industrial developments have been made
with a trend to the use of high pressure up to 2000 bars and a lowering of the abrasives consumption
down to 1 kg/min for the high pressure suspension water jet; for the high pressure injection jet,
pressures up to 4000 bars are used with abrasives consumption down to 0.25 kg/min.

7. SOME CONSIDERATIONS ON COST [6]

An estimation of the overall decommissioning cost has been made for immediate or deferred
dismantling. For deferred dismantling, two scenarios were considered: 65 or 80 years safestore
allowing in the longest option to dismantle the reactor pressure vessel hands on. The overall cost lies
around 4 billion BEF (1995 value: 1 $ = 38BEF) ± 20% for the different options. The high
uncertainties on the safe enclosure costs, on the economic evolution and on the waste costs led us to
select the immediate dismantling option. The overall cost for the evacuation of dismantled materials
as radioactive waste represent about 30% of the overall decommissioning cost. In the last years, the
radioactive waste costs have increased much more than the inflation so that the relative importance of
the waste costs in the overall cost increases too.

The waste costs vary also considerably in function of the waste type and category. For the low
active waste, it is interesting to reduce the volume of the final waste package: incineration and super-
compaction are therefore applied intensively. The medium active wastes are about 3 to 5 times more
expensive than the LAW so that decontamination to change the waste from category can be
interesting. The evacuation of HAW can be 30% more expensive than MAW; it is therefore
imperative to optimize the cutting of the pieces and the packaging of the waste drum.

The best choice is to avoid sending dismantled materials as radioactive waste. Therefore
decontamination, recycling and free release are extensively used. These routes are 2 to 4 times
cheaper than the evacuation as low radioactive waste. Among these routes, melting for recycling and
decontamination with abrasives are of the same order of magnitude. Due to the high investment cost,
chemical decontamination is still more expensive than physical decontamination.

8. CONCLUSIONS

The management of the waste from dismantling operations does not fundamentally differ from
the management for operating plants. However, due to the strong importance of the waste cost in the
overall decommissioning cost, the incentive is put on the minimization of the volumes of primary and
secondary radioactive costs and on the development of alternative evacuation routes for dismantled
materials. Recycling in the nuclear world or free release for recycling in the industrial world are
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therefore developed and encouraged for economic and also for ethic reasons. This choice however
implies the set-up of a strong QA programme to ensure the traceability of the materials and pushes
also the industry to develop more cost effective decontamination techniques.
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Abstract

Since the very beginning of the nuclear activities in Belgium, the incineration of radioactive waste was
chosen as a suitable technique for achieving an optimal volume reduction of the produced waste quantities;
several R&D projects were realised in this specific field and different facilities were erected and operated. An
experimental furnace "Evence Coppee" has been built in 1960 for treatment of LLW produced by the Belgian
Research Centre (SCKCEN). Regularly this furnace has been modified, improved and equipped with additional
installations to obtain better combustion conditions and a more efficient gas cleaning system. Based on the
35 years experience gained by the operation of the "Evence Coppee", a completely new industrial incineration
installation has been designed in the nineties and commissioned in May 1995, in the frame of the erection of the
Belgian Centralised Treatment/Conditioning Facility CILVA. At the end of 1998, the new furnace has burnt
455 tons of solid waste and 246 tons of liquid waste. Beside the conventional incineration process, a High
Temperature Slagging Incinerator (HTSI) has been developed, constructed and operated for 10 years in the past.
This installation was the combination of an incinerator and a melter producing melted granulated material instead
of ashes, and provided experience in the incineration of hazardous waste, such as chlorinated organic compounds
and waste with PCB content. The paper presents "the Belgian Experience" accumulated year after year with the
design and the operation of the above mentioned facilities and demonstrates how the needs required today for a
modern installation are met. The paper covers the following aspects; design particularities and description of the
systems, operational results for different solid waste categories (bulk waste, precompacted waste, ion exchange
resins) and for different liquid waste categories (organic, aqueous, oil), required pretreatment of the waste, ashes
conditioning: R&D activities performed in this field, improvements made to solve specific problems, public
acceptance of incineration.

1. INTRODUCTION

Belgium has started its nuclear R&D-programme in 1955 within the Belgian Nuclear
Research Centre. From the very first beginning special focus was given to the problem of radioactive
waste treatment. Incineration of wastes was chosen as a promising technique for reaching optimal
volume reduction. An experimental furnace has been built in 1960 for treatment of LLW produced by
the research centre.

Regularly this furnace has been modified and equipped with supplementary installations to
obtain better combustion conditions and a more efficient gas cleaning system.

Aiming to obtain a better final combustion product suitable for disposal without further
conditioning, a new incinerator concept was developed based on a common melting technique. The
HTSI (high temperature slagging incinerator) is the combination of an incinerator and a melter
producing melted granulate material instead of ashes. In 1974 the first prototype was constructed,
upgraded in 1980 to a semi-industrial plant, used for the incineration of low level alpha bearing
wastes. This plant was shut down in 1988.



Test campaigns for the incineration of hazardous waste were performed in the HTSI plant.
Highly chlorinated organic compounds and PCB-containing wastes have been efficiently incinerated
with very low noxious gases emission levels.

In 1989, ONDRAF/NTRAS decided to build on the BELGOPROCESS site, a new centralised
facility, the CILVA facility, for p and y low level and a-suspect waste produced in Belgium. This
facility is based on a 2000 ton supercompaction installation and a 120 kg/h incineration plant for solid
and liquid radioactive waste. It also comprises a reception, storage and distribution unit for the waste
packages, a routing installation, a pre-treatment installation, a decontamination station and a
conditioning unit. The latter is meant to immobilise supercompacted pellets or special incombustible
and incompressible waste prepared in the pre-treatment installation. Furthermore an active mixer is
installed for embedding, should the need arise, of wet waste like ion exchange resins or sludge.

BELGATOM performed the Architect Engineering activities for the whole facility.
BELGOPROCESS started the plant operation in June 1994 (first radioactive waste supercompaction)
and May 1995 (first radioactive waste incineration).

2. DESIGN PARTICULARITIES AND DESCRIPTION OF THE SYSTEMS

2.1. Evence Coppee furnace initial design

The Evence Coppee furnace, built in 1960, consisted of a first chamber for the incineration of
lignite (material used for ion exchange treatment for low level liquid effluents) and ion exchange
resins, a second chamber for ordinary wastes followed by a post-combustion chamber.

The combustion gases were cooled down by air dilution and then filtered through a battery of
heat resistant prefilters and absolute filters.

Combustion of PVC, polyethylene and rubber gave rise to carbon black which rapidly blocked
the filters.

The use of a coke-bed on a horizontal grid in the second combustion chamber as an in-furnace
carbon black filter was one of the novel pioneer ideas for a better control. Alternative flue gas
cleaning systems were later on tested:

Use of movable prefilter to protect fixed prefilters,
Application of electro-filtration after wet conditioning of the flue gas resulting in clustering of
submicron soot particles.

2.2. Evence Coppee adapted design

After a few years of operation, the waste feeding and the off-gas treatment systems were
modified in order to allow the incineration of higher contaminated waste, i.e. for P-y wastes packages
with a contact exposure rate up to 2 m Gy/h. The maximum quantity of P-y emitters was limited to 37
GBq/m3 and for the a-emitters, other than 226Ra and transuranics, to 37 MBq/m3.

The waste included bulk waste packed in 15 litre bags precompacted to a specific weight of
maximum 300 kg/m , powder and granular resins, burnable prefilters and HEPA filters, animal
carcasses and small vials with residual quantities of organic liquids.

The pre-sorted waste packages were conveyed to the furnace inlet by a set of belts. Feeding
both primary combustion chambers was done in parallel through a set of air locks. The incinerator
was kept at an underpressure of 5 to 10 mm WG by two extraction fans. Both combustion chambers
were equipped with an inclined cast metal grid with upstream combustion air throughput. The thermal



capacity of the furnace amounted to 580 kW. The wastes were burned out at a temperature of 900 to
1000°C. Underneath the grids, slightly preheated combustion air was injected in both chambers. In
both combustion chambers an automatic supporting propane burner with a power of 300 kW was
installed to maintain the preset operating temperature.

In order to allow the combustion of liquid waste, an injection system was installed. It consisted
of a pressure drum, a feeding line and an injection lance. Collection bottles were emptied and fed
under nitrogen pressure.

After modification of the LLW furnace in 1990, the furnace has again been equipped with an
installation, licensed in 1992, for the injection of liquid wastes. Small aliquots of organic liquids or
mixtures of aqueous and organic liquids, collected in 30 L bottles were being injected into the primary
combustion chambers by nitrogen pressure. In-line filters prevented the transfer line from blockage.
The liquid was atomised in the head of the injection lance by compressed air. The lance itself was
heat protected by cooling with water. Oil collected in higher volume containers was pumped to
separate lances in the post combustion chamber. The total operating capacity was about 30 L/h for
organic liquids from bottles and about 10 L/h for oil.

2.3. Development of the HTSI-technology

In the beginning of the seventies SCK/CEN began the development of the high temperature
slagging incinerator (HTSI). The HTSI was meant to be an integrated system which directly converts
mixtures of combustible and non-combustible radioactive wastes as well as sludges into a stable
leach-resistant residue suitable for safe disposal.

In the HTSI-plant the shredded solid waste mixture was introduced into the ring chamber of the
primary combustion chamber by means of a set of screw conveyors. In this chamber a rotary
distributor pushed the waste into the lower part of the combustion chamber where it formed an
inverted cone. The upper part of the combustion chamber had a bell shape. It was lined with ceramic
material and contained the main burner which initiated and controlled the combustion. The lower
layer of the waste inverted cone was heated up to its melting point (about 1500°C) by thermal
radiation reflected by the walls of the bell chamber from the burner and the burning waste. Droplets of
the molten slag layer flowed down the cone to the slag outlet nozzle. Combustion air was injected into
the bell and through the waste cone. Since the combustion gas could only be discharged through the
slag outlet nozzle, it first passed through the slag layer which acted as a liquid filter and retained most
of the dust. It then entered the combustion chamber and finally flowed through the outlet nozzle. After
passage through the outlet nozzle, the molten slag droplets were separated from the combustion gas
and dropped into the granulator located underneath the nozzle. The combustion gas was channelled
into the horizontal post-combustion chamber. An auxiliary burner, installed opposite the post-
combustion chamber, maintained the temperature of the outlet chamber at about 1300°C in order to
keep the slag liquid and to allow full combustion of the gas.

The process objective of the HTSI off-gas treatment line was the removal of semi-volatile and
volatile radioactive components and other noxious gases, such as SO2 and HC1. The off-gases left the
post-combustion chamber at 1000°C and were cooled down to 800°C by addition of fresh air.

The gases were further cooled to 200°C by direct atomising of water in a cooling tower. This
allowed the cooled gases to be filtered through bag filters, in order to reduce their dust content to less
than 2 mg/Nm3. The dust collected on the filter elements was removed by pulses of compressed air,
and collected in hoppers. The filtered off-gases were further scrubbed with alkaline solution in a
venturi scrubber and a wash tower. After re-heating to a temperature of 80°C, the purified gases
passed through three batteries of HEPA filters. The off-gas ventilator kept the overall system in under
pressure and extracted the off-gases.



2.4. The CILVA incineration system

2.4.1. Waste characteristics

The CILVA incinerator has been designed to treat the following types of radioactive waste:

Uncompacted and shredded/compacted solid waste such as clothing, gloves, rags, cotton,

rubber and plastics (PVC quantity 3% average, caloric value of about 25 MJ/kg),
Frozen animal carcasses,
Ion exchange resins (caloric value of about 20 MJ/kg),
Organic liquid waste such as scintillation liquids and organic solvents (caloric value of about
35 MJ/kg),
Aqueous liquid waste whether or not containing organic components and solid particles,
Spent oil (caloric value of about 40 MJ/kg).

Based on a weekly operation time of 100 h the designed capacity is 10 ton/week of solid waste,
besides 1 to 3 ton of liquid wastes. The required burnout of the ashes is min. 95%. The radioactivity
limit of the waste is 40 GBq/m for beta-gamma emitters and 40 MBq/m for alpha emitters, with a
maximum dose rate at the surface of each package of 2 mSv/h.

2.4.2. Primary combustion chamber (PCC)

The radioactive waste undergoes a combined process of combustion and pyrolysis. The PCC
operates at a specific temperature range of 900°C to 950°C.

An automatic water spray is used to limit high temperature excursions of the combustion
gases. The primary burner operates with gas oil and is sized to accommodate the thermal load during
weekly startup. During the combustion cycle the burner can run from low to high fire. With the
typical high energetic waste the burner is normally shut off.

In the ash bed of the PCC two augers are turning forward and backward to obtain high
combustion burnout residues through sufficient residence time and good contact with combustion air.
Cold air is forced through the hollow shaft of the augers to cool them and to protect them from over-
temperature. The heated air is mixed with the off gases at the entrance of the boiler. At the bottom of
the PCC the ash, with a temperature of about 70°C, falls into a hopper from where it is discharged via
two sliding doors into a 200 litre drum. Fly-ash from the boiler and the bag filter is transferred by
means of a vibrating tube to the same drum.

2.4.3. Secondary combustion chamber (SCC)

The unburned gases and soot particles entering the SCC are mixed with excess air to complete
oxidation of primary components such as CO2, SO2, HC1.

The excess air supply is regulated by an oxygen analyser-regulator at the outlet of the SCC.
The set point is 8% O2. Due to the special shape of the SCC there is an intense mixing between
unburned gases and excess air creating high turbulence. This process gives a combustion efficiency
higher than 99,9%.

The SCC is sized to provide a minimum of two seconds residence time at the design waste
feed rate and at a temperature of 1050°C.

The secondary burner operates with gas oil and modulates between high and low fire as
function of the outlet temperature of the SCC.



2.4.4. Waste heat boiler

The combustion gases leaving the SCC are cooled down to 200°C into the three-pass hot water
boiler. The hot water is circulating in a closed circuit and the waste heat is transferred to the exhaust
ventilation air of the CILVA facility via cooling batteries.

Before the winter of 1996, a heat recuperation system was installed, recuperating 500 kW for
heating the CILVA building. In the recuperation circuit an intermediate heat exchanger has been built
in between the controlled area and non-controlled area.

2.4.5. Flue gas purification

The bag house consists of 3 compartments with 45 filter bags per compartment. Two
compartments are in service while one is in stand-by. This provides an approximate air-to-cloth design
ratio of 0.9 m/min.

The capture of particulate matter is done by surface filtration of membrane filter bags
consisting of a microporous expanded PTFE membrane laminated to a PTFE fiberglass fabric. The
bags can withstand operating temperatures of 260°C. The cleaning of the filter media is done on line
by means of pulsed jets of compressed air triggered by a differential pressure switch. The collected
particulates are shaken off the surface of the bags.

The hopper at the bottom of the bag house receives the released particulate matter and
emptying is accomplished through a rotary discharge valve to the vibrating tube.

After the fabric filters the gases enter the HEPA filters consisting of two parallel compartments.
One compartment is in standby. The outlet temperature is 170°C.

The wet gas scrubbing assembly consists of a quench tower for cooling down the gases to about
50°C, a counter-current scrubbing tower with caustic liquid for removal of HC1 and SO2 and a
demister. The flue gases are heated up with 5°C to decrease the relative humidity and to avoid
condensation.

Two extraction fans in parallel ensure the evacuation of the flue gases to the atmosphere. The
negative pressure is controlled through a motor-driven valve placed at the suction end of each
extraction fan.

3. OPERATIONAL RESULTS

3.1. Evence Coppee furnace (1960-1995)

Up to 1990 the operational results were as follows. The operation regime of the furnace was
100 hours a week, from Monday till Friday. After each two week period, an extra intervention was
carried out in view of removing the not routinely eliminated ashes from the incinerator. The feeding
rate was about 90 kg/h. The mass reduction factor for normal burnable waste was about 10, for resins
30 to 35. The bulk density of the ashes was 360 to 400 kg/m . The volume reduction factor therefore
reached from 10 to 70. The carbon content of the ashes amounted to > 3% for resins, and to a few%
with a maximum of 35% for other waste types. In the gas purification line a specific quantity of soot
of 0.025 to 0.035 kg/kg burnable waste was obtained. This secondary waste was conditioned with
bitumen.

The LLW furnace has been operated under these conditions for more than 15 years treating a
yearly waste quantity of about 300 tons.



After modification in 1990 the overall combustion performance was much better. The mass
reduction factor mounted up to 20 for ordinary waste and up to 35 for resins. The mean volume
reduction factor for a mixture of waste was 55. The carbon content of the ashes was < 1%.

3.2. HTSI (1974-1988)

The history of the HTSI developing experiments is as follows:

1974-1977: non active preliminary tests,
1978-1979: tests on P-wastes,
1980-1988:tests on a-wastes; treatment of p and oc-wastes; treatment of liquid wastes,
1988: shutdown of the installation.

The main advantage of the HTSI-technology compared to low temperature incineration was the
production of stable granulate material instead of ashes.

Although suitable for direct final disposal, R&D work has been performed to further increase
the volume reduction by densification of granules by hot-pressing at about 800°C and 320 MPa.
Under these conditions, monolithic solids with outstanding compressive strength (445 MPa) were
produced with an additional volume reduction factor of 1.9. A final density of 3.6 and a micro-
hardness of 5.9 to 6.3 GPa is obtained. Resistance to leaching was increased by the densification step
and was comparable with that of bitumen and some glass products.

3.3. Incineration of liquid hazardous wastes

In 1996, the HTSI plant was licensed for the incineration of liquid hazardous non-radioactive
waste.

A wide range of liquid wastes from the chemical process industry has been incinerated. High
viscous, highly chlorinated liquids, containing residues of heavy metals have been incinerated. The
maximum chlorine concentration in the feed was about 60%. At regular intervals the efficiency of the
incineration and off-gas cleaning process has been evaluated. The process was controlled by
measuring residual off-gas concentrations of typical unburned constituents of the feed steam,
concentration of PCDD and PCDF in the off-gases, concentration of combustion products (NOx, SO2,
HC1), and by measuring or calculating overall process parameters (02-content in the off-gases,
temperatures, flow rates, underpressure, residence times).

Typical combustion efficiency values were > 99.5 to 99.99% at temperatures between 800°C to
1200°C, residence times of 0.5 to 2 seconds, and lambda values of 1.5 to 3. Under normal operating
conditions total PCDD and PCDF-concentrations were below detection limits. When detected PCDD
and PCDF values at the outlet of the combustion chamber reached up to a few hundred mg PCDD and
a few ten mg PCDF per litre of waste incinerated. Especially H7CDD, OCDD, H7CDF and OCDF
were detected with minor concentrations of H6CDD, H6CDF, PCDD and PCDF. Including the high
efficient flue gas treatment line (combined cooling, filtration and wet scrubbing) the overall process
efficiency was always higher than 99.99%.

From the active startup in May 1995 to the end of 1998, the incineration plant has been
operated during some 6873 hours and treated 455.6 ton of solid waste, 246.3 tons of liquid waste
leading to an average incineration throughput of 102 kg/h. The average incineration throughput for
1997 and for 1998 was respectively 127 kg/h and 118.5 kg/h.



3.4. CILVA

Table I illustrates the average emissions of a typical campaign burning 3% PVC, 20% resins,
polyethylene, polypropylene and cellulose.

All results show lower achieved emissions values compared to those allowed. Observe the low
particulate matter content due to the high filtration efficiency of the bag filters. The HEPA filters have
been changed once only since the startup.

TABLE I. CHEMICAL EMISSIONS

Particulates

CO

NOX

SO2

HC1

HF

TOCC

Allowablea

100 mg/Nm3

100 mg/Nm3

400 mg/Nm3

300 mg/Nm3

100 mg/Nm3

4 mg/Nnr

20 mg/Nm3

Typical off-gas composition
< 1 mg/Nm3 b

5 mg/Nm3

88 mg/Nm3

25 mg/Nm3

18 mg/Nm3

<0,l mg/Nm3 b

0,2 mg/Nnr
Values corrected to 11% oxygen and dry gas.
a Local region-incinerators with capacity of less than 3 ton/h.
b < detection limit.
*" Total Organic Carbon.

4. CILVA INCINERATOR ASH CONDITIONING

4.1. Conditioning method

Ashes and dust from the boiler and the baghouse filters are collected in 200 litre drums for
further supercompaction in the supercompaction unit of the CILVA facility. Corresponding
supercompacted drums are placed in 400 litre overpacks and transferred to the Conditioning Unit
where they are immobilised by means of a cement matrix.

This conditioning method was selected after Research studies and experiments were conducted
in the frame of the CILVA Facility Basic Design Phase.

4.2. Mass and volume reduction factors

Table II gives the quantities of all radioactive waste incinerated, as well as the quantity of
produced ash.



TABLE II. AMOUNTS OF INCINERATED RAD WASTE AND ASH PRODUCTION

Year

1995
1996
1997
1998

TOTAL

Incinerated radwaste (k
Solid

68 771
139 591
133 134
114 104
455 600

Liquid

14 583
89 049
86 872
55 807

246 311

g)
Total

83 354
228 640
220 006
169911
701 911

Ash
(kg)

3 734
8 652
8 468
5 797

26 651

Weight
Reduction

Factor
22
26
26
29
26

A global volume reduction factor (volume of raw solid and liquid waste/volume of conditioned
waste) amounts to around 100.

5. IMPROVEMENTS MADE TO SOLVE SPECIFIC PROBLEMS IN CILVA

5.1. Functional problems

5.1.1. Auger damages

The augers have a length of about 4 meters and are made of heat resistant stainless steel. After
eight weeks of operation one of the screws broke into two pieces. The place of the rupture was at
about 1,2 m from the burner wall. After investigation, the main reason for the breakage was inter-
granular corrosion near the welds. Therefore we decided to install two new augers made of Inconel-
625 that has a higher corrosion resistance and a higher limit temperature. A the same time the support
structure of the drive transmission and main bearing, at the outside of the incinerator, was rebuilt to
simplify the mounting, demounting of the assembly and alignment of the augers.

At the end of 1996 one of the augers broke again. The reason was combination of erosion and
presence of metal pieces. The erosion caused by the ashes creates a thinner pipe thickness of the
augers resulting in a lower resistance against rotating forces. The erosion was important over a length
of about one meter before the furnace bridge. The last two meters were still in good shape. So it was
decided to cut out the bad piece and to weld in a new one of about 1,5 m. After alignment the auger
was mounted again into the incinerator.

After the first operation period the following evaluation can be made: the advantage of augers
is that ashes are automatically mixed up and transferred to the ash drum without manual operations.

On the other hand following disadvantages can be noted:

The augers are sensitive for metal pieces. This means that into the waste feed subsystem every
package has to be checked and sorted out if metal pieces are present. Sorting out of the
radioactive waste is done manually with protective clothes and masks. Sensibility campaigns
have to be carried out convincing the waste producers to follow the waste specifications and to
do a better separation of metal pieces in the burnable solid waste.
A set of augers has to be on site as capital spare parts to limit operational down time after
failure.
Due to erosion caused by the ash, each year one set is replaced.

Taking into account this evaluation, the small capacity of the incinerator and the low ash
content of the waste, the operator recommendation for new plant is to install an alternative, for
example a well designed manual poker device. One manual intervention per shift is sufficient for
raking up the ashes and transferring them to the ash drum. Additional advantages are the burnout of



the ash can be controlled easily, manual intervention for sorting out the waste and repairs of the
augers are not necessary anymore.

5.1.2. Fabric filter collector

A certain period after startup the differential pressure over the fabric filter became all the time
1700 Pa which caused a lot of automatically stops of the incinerator. Even after continuous pulsed jet
cleaning cycles the situation did not improve.

After laboratory analyses of the fly-ash, collected from the surface of the bag filters,
phosphorus was found as one of the main components. At operation temperature the phosphorus
oxides stick up to the bag filters and clogged them up.

Further investigation showed that the phosphorus oxides mainly come from the phosphates,
which are present in small concentrations into organic and aqueous liquid waste.

As corrective actions a lime injection system was installed. Before taking into operation the
new bag filters, a precoat of lime (calcium carbonate) is applied. During operation the aim is to add as
less as possible lime because at the end it is transferred to the ash drum and decreases mass reduction
factor. Due to the lime injection the differential pressure goes down after a cleaning cycle to the
normal operation value of about 1000 Pa. Every 24 hours one or two cleaning cycles are necessary
and during one week about 50 kg of lime is injected.

5.1.3. Underpressure regulation

The normal underpressure in the PCC during operation is about 200 Pa and the controlling
system has to compensate for variations in the flow of the flue gasses. These variations are due to
adjustment of combustion air as function of the O2 content, start up of a burner, begin of a loading
cycle.

The underpressure adjustment was initially carried out by the motor-driven valve, located
upstream of the exhaust fan, which received pulse signals from the main PLC.
Most of the time, the underpressure was too high but sometimes, especially during a loading cycle,
overpressure occurred and lasted for a few seconds. Adaptations into the PLC program have avoided
the overpressure occurrence but smooth normal operating conditions were not reached.

Frequency regulators, for varying the motor speed of the extraction fans, were installed and
allowed to succeed stabilising of the underpressure in the PCC.
5.1.4. Programme logic controller (PLC) system

The incineration system is controlled by a main PLC coupled with an emergency PLC. Twice
there was a loss of PLC control resulting in a complete black out of the system, even the emergency
PLC has not taken over the vital components. The operators have reacted promptly by resetting the
main PLC by using the key of the control panel. The system returned to normal situation and vital
parts started again. Possible reason was a communication error between the two PLC systems. Such
events are unacceptable and parts of the main PLC programme were reprogrammed. The emergency
PLC was completely reprogrammed and additionally a relay cabinet, with switches and indication
lamps, was added to take over vital functions such as extraction fans, boiler pumps, auger fans and
scrubber pump in case of failure of both PLC systems.

After the modification all alarms and emergency systems were tested again. Since that time no
failures occurred on the PLC systems anymore.



5.1.5. Liquid waste capacity improvement

In the original design injection of spent oil into the PCC and the organic and aqueous liquid
wastes into the SCC was foreseen. Because a lot of water was to be injected into the PCC for limiting
the temperature increase, we decided to redesign the process. A higher capacity transfer pump for
aqueous waste was installed and a new piping layout for the liquid waste feed lines around the
incinerator was carried out. The PLC program was reprogrammed for additional process control. In
function of the caloric value of the solid waste, the aqueous liquid waste and spent oil can now be
injected as well into the PCC as into the SCC.

This modification has improved the flexibility in waste treatment strategy and has more than
doubled the liquid waste capacity in normal process conditions.

5.2. Incineration capacity improvement

The improvements around the fabric filter collector, mainly, and the redesign of the liquid
waste injection system, have led to increase, respectively, the solid and the liquid waste incineration
capacity as shown on following table.

TABLE IE. CAPACITY AND BURNOUT

Before changes After changes
May '95 —> end of Feb. '96 June '96 —> end of Dec. '96

Net capacity solid waste 59 kg/h 79 kg/h

Net capacity liquid waste 35 kg/h 61 kg/h

Burnout of ash 85% 85%
Net capacity = total weight/(total available time — time start/stop — time for maintenance)

6. PUBLIC ACCEPTANCE OF INCINERATION OF RADIOACTIVE WASTE

Incineration of radioactive waste is applied in Belgium since 1960. In those pioneering years,
public involvement did not exist. Emphasis was put on technological development and improvements
by technicians and engineers. The public was not aware of incineration being applied or didn't
express any criticism. Since then 40 years have passed. At present the general public is rather well
aware of social and technological issues. Environmental protection has become a key issue and a
requirement for acceptance of technologies and processes. Incineration of waste in general has been
characterised by emission of dioxins, soft and heavy metals. Causes of several diseases have been
linked with waste incinerators. This trend is internationally perceived.

Incineration and thermal destruction of radioactive waste at Belgoprocess can still be applied
and opposition is not very expressed.

This is caused by:

The long term positive experience of applying incineration processes for radioactive waste
treatment,
The use of modern up to date technology characterised by high destruction efficiency,
The very low even negligible environmental impact of incineration practices,
The Belgoprocess company communication strategy towards public and stakeholders
characterised by transparency and active information campaign.
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Abstract
The growing awareness of the existence of waste generated by human activities and it environmental

impact is one of the critical events of the late twentieth century. All industrial activities produce waste and
nuclear industry is no exception. But nuclear power plants produce smaller amount of waste that makes it
possible to treat it with particular care. This paper describes the reduction in the amount of waste, the
consequences this has had on the associated costs and the action taken to control the development of both
objectives.

1. INTRODUCTION

Electrabel, a private company, is Belgium's biggest generator, accounting for 86% of
electrical generation. It manages two nuclear power plants. One is in Doel on the Scheldt river near
Antwerp with a total capacity of 2800 MW(e). It comprises four PWR units. The second plant is at
Tihange on the Meuse, between Namur and Liege and has three PWR units also with a capacity of
2900 MW(e). The total electricity generated up to the end of last year was 43 958 GW-h of 55% of
the total electricity generated in Belgium.

2. MANAGEMENT OF SOLID AND LIQUID WASTE

2.1. Process and technological waste

To determine its disposal mode, waste is classified according to two criteria:

• Its level of activity and the content of critical isotopes for final disposal, i.e. low level waste;
• The "half-live" of the radioactive isotopes present in the waste, high level waste and products of

nuclear fission obtained from the reprocessing of spent fuel, the fuel itself and alpha waste.

In addition to spent fuel, waste produced by nuclear power are essentially low level waste,
which can be split into two subcategories: process waste and technological waste.

Process waste is the result of liquid waste treatment carried out to reduce the radioactivity
released into the river, which runs alongside the power plants. Liquid waste falls into four categories:
process drains, caused by circuit emptying; chemical drains, service or floor drains and primary
effluent produced by diluting the boron. Primary effluent is treated in the same way as at other nuclear
power plants: treatment on resin, degassing and evaporation. The collected boron is recycled, but the
tritiated water (evaporation condensate) is not. Other liquid effluents are treated by evaporation that
yields evaporator concentrates, a process waste. Other forms of process waste are the resins and filters
used. They are conditioned into cement, concrete or polymer at the plant, using facilities licensed and
certified by ONDRAF/NTRAS.



Technological waste is the common waste generated when power plant equipment is serviced
and maintained. This waste can be identified, sorted, classified, characterised and transported to a
centralised treatment conditioning facility. It is low level technological waste, which can be either
incinerated or compacted.

2.2. ONDRAF/NIRAS: The waste manager

Radioactive waste management in Belgium was assigned by Royal Decree in 1981 to a federal
body, ONDRAF/NIRAS. This body is charged with the liability of the storage and final disposal of all
radioactive waste. The federal government has created an industrial subsidiary for ONDRAF/NIRAS,
BelgoProcess, which performs low level waste processing and conditioning on the behalf of those
waste producers that do not have the necessary facilities. The same goes for the low level waste
produced by "small" producers such as universities and research laboratories, as well as for "major"
producers like the Research Centre in Mol and nuclear power plants.

Waste management therefore includes processing and conditioning, transport, storage and
final disposal either near surface or in geological formations depending on the category of waste
concerned.

It is important to remember the situation of European countries and especially Belgium with
regard to the final disposal of radioactive waste. Up to 1983 Belgium used sea dumping for disposing
its low level radioactive waste (5000 metres down to the bottom of the Bay of Biscay), as did several
other countries. There were six such sea dumping operations performed for low level waste between
1976 and 1982, a volume of 10 034 m3 or 29 475 tonnes in the form of concrete shells and 200-litre
drums.

In 1983, with the signing of the London Convention, this dumping was stopped temporarily.
The decision became permanent in 1993. From 1983 onwards, ONDRAF/NIRAS took charge of
storing low level waste and created interim storage depots pending the opening of the final disposal
site.

With this obligation in mind, ONDRAF/NIRAS decided to take steps, in close association
with the waste producers, to significantly reduce the amount of waste it would be called upon to store.
At that time it was estimated that 150 000 m3 of low level waste would have to be stored at a surface
site.

2.3. Reducing amounts of waste generated

The reduction of waste was a response to various criteria and objectives. Firstly there is the
ALARA principle: any reduction in amounts accompanied by a reduction in the radioactivity
complies with this principle both for the workers and for the local population. The second criterion is
not to output in liquid effluent any radioactivity that should have been contained in the waste resulting
from the effluent's processing. This means that the amount of concentrate, resin and filter waste
cannot be reduced simply by not processing the liquid effluent and simply releasing this radioactivity
into the environment. Reducing one type of waste cannot therefore result in an increase in another
type.

The protection of the environment and the population through a responsible environmental
policy, both in the short and long term, means reducing the amount of waste produced.

2.3.1. Steps taken by ONDRAF/NIRAS

In order to achieve this target, ONDRAF/NIRAS has decided to use a different kind of
unshielded drum. It opted for the 400-litre metallic drum. ONDRAF/NIRAS also decided to up the
acceptable dose rate.



Consequently, some modifications were necessary in the plant in order to accept the new
concept as well as for the transportation of the drum as for it radiological control. The choice of a
400-litre metallic drum and the new maximum allowable dose rate had a significant impact on the
global volume of waste ready for disposal.

2.3.2. Steps taken by the operator

Where the operator was concerned, it seemed essential, if the reduction targets were to be
achieved, for us to create a special team to deal solely with solid and liquid waste management.

The organisational analysis was performed in association with the workforce concerned and
resulted in the structural hierarchy being modified at the functional, organisational and operational
levels. A special effluent manager is charged with taking a global approach to the problem of liquid
effluent and solid waste and serves as an interface between the various power station managers of the
site.

Analyses of several years' production figures highlighted the fact that a highly selective
collection of liquid effluent significantly reduced the volumes to be treated. Indeed, it is this effluent
that is responsible for the production of evaporator concentrates.

2.3.3. Results of the reduction campaign

Unconditioned waste, i.e. the technological waste, has a low level of radioactivity and a dose
rate not exceeding 2 mSv/h. They are treated and conditioned in the CILVA facility, started in 1995
and operated by 'BelgoProcess'. This installation has a 100 kg/h-capacity incinerator and a
supercompacting press for 220-litre casks containing so-called compatible waste and the ash from the
incinerator. The compacted cakes are stored in the 400-litre drums. Since 1983 the amount of
burnable waste produced has been cut by a factor of 3 and processing efficiency has been multiplied
by a factor of 4. The overall results for this type of waste is reflected in the figures for the final
volumes of conditioned waste, i.e. waste ready for final disposal, which has been cut by a factor of
more than 12. Figure 1 clearly reflects the performance of the producer and BelgoProcess.
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FIG. 1.

The efforts made by the power stations to reduce their waste production is clearly illustrated
in Figure 2 representing the volume of waste conditioned at the plant and that handled by
BelgoProcess and Figure 3 shows the evolution of the quantity of conditioned boron. A table



illustrating waste production according to category does not speak for itself and, anyway, it does not
show the results of the efforts made by a plant operator to reduce waste production as much as
possible. Therefore, it is more meaningful to present three years average balances and to refer to the
annual production of electric energy. Figure 4 shows the evolution of the production of electric
energy, of radioactive releases in GBq/TWh and of waste production in mVTWh both on average over
three years. This figure clearly underscores a reduction of waste production, all origins combined,
without any change in released activities. It also shows that the reduction in waste does not result in
an increase to the radioactivity of the liquid effluent released into the environment.
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2.3.4. Means used to reach the reduction volume target

Is the radioactive waste volume reduction a reality or a myth?

It seems to be very interesting to describe a few principles the operator has applied in order to
be able to reduce the radioactive waste production. An in depth analysis has been performed with a
view to reduce the waste. It is obvious that the radioactive waste volume reduction must be
undertaken at its source. Several actions have be taken after the in depth analysis.

As far as the liquid waste is concerned, we recommend:

• A better co-ordination of maintenance works during the outage period in order to avoid, for
example, successive emptying of circuits which could draw along a reduction of the liquid
effluent to be treated and consequently the amount of boron concentrate;

• A selective collection of liquid effluents in order to avoid the mixing of them: by that, we
mean to avoid the mixing of a very low radioactive but non reusable liquid effluent due to its
chemical content and a little volume of medium radioactive liquid waste; mixing that the
operator has to treat to produce the concentrate;

• Increasing of the number of filters to be conditioned in the same drum;

• Increasing of the incorporation of the level of solid waste by using the radioactive waste half-
lives.

As far as technological radioactive wastes are concerned, the actions taken by the operator are
easier to be applied but more complex to be controlled in reality. The operator must:

• Forbid the introducing of empty boxes into the controlled area;

• Suppress the use of cardboard to protect the floors and recommend to clean it with
demineralized water at the end of the works;

• Use decontaminate and reusable protection panels in place of using paper or plastic;

• Use air drier in place of paper to dry the hands at the outlet of the controlled area, etc.



Before and during the outage period, dedicated people dispense formation to own workers and
to external workers in order to sensitise all the participants to the radioactive waste volume reduction,
its impact of the environment and its financial impact and assume a co-ordination of all the jobs in
order to avoid and to control the number of working places in the controlled area.

All the deployed efforts have permitted this reduction of the radioactive waste. What should
have been the results if ONDRAF and the producer have not taken any actions in this aim?

Actual production has been 18 670 m3 of which 8640m3 are stored at Mol awaiting final
disposal. Without the use of metallic drum in place of the concrete drum in Tihange, without the
increasing of the maximum allowable dose rate of the drum, and without our waste management
policy, the cumulated volume of conditioned waste would have been 54 000 m3 (Figure 5).
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To summarise, the objective of volume reduction can be achieved through several means;
implementing objectives with regard to waste production, looking for other and better treatment
processes of liquid effluent, better conditioning processes of solid waste, and good communication
ensuring a constructive co-operation between all the workers of the plant.

However, the management by objectives does create some difficulties. On the one hand, the
slightest incident during a shut down operation period can compromise the efforts of month of normal
operation. On the other hand, owing to the fact that the manager of the waste team could be
considered as a "secret agent", if you are looking for assigning responsibility, you do not find the
solution. Communication and feedback are not necessarily easy.

After a few years of experience, we are able to confirm that the reduction of the radioactive
waste did not have any consequence on the volume of the classic technological waste.

Figure 6 shows the evolution of the radioactive waste production and the production of the
non-radioactive waste for the Doel site. We have observed a decrease in the radioactive waste
production volume by 42% between 1990 and 1998 and a tendency to a slight decrease in the volume
of the classic technological waste.

The decreasing of the radioactive waste without any negative impact on the radioactive
releases into the river and on the volume of the classic technological waste shows that the waste
volume reduction is well a reality and not a myth.
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2.3.5. Impact on tariffs

Unfortunately this ideal way of viewing generation is countered by another, not insignificant
factor, namely the cost of waste management. Management by ONDRAF/NIRAS includes the
operations of processing and conditioning outside of the plant, when necessary, as well as the
transportation, storage and final disposal of the conditioned waste. The total cost of management by
ONDRAF/NIRAS compared with the amount of waste produced evolves as shown in Figure 7.

For example, Figure 8 shows the changing proportion of combustible waste as a percentage of
the cost of processing and conditioning since 1983.

This cost appears to be inversely proportional to the reduction of waste production. This is
misleading, however. In fact what we should be looking at is how the "turnover" associated with this
production has changed. If we do that we see that the product of quantity x cost is not constant.

The proposed cost of processing and conditioning combustible waste also takes into account
the cost of all the various installations used for this purpose. The cost of each operation depends not
only on those costs but also on the amounts of waste processed in this way. The constant fall in the
amount of waste to be processed brings about an increasing of the fee for the processing/conditioning
of future waste. That means that the tariff is changing constantly. This situation therefore confronts
ONDRAF/NIRAS and the producers with management problems.

ONDRAF/NIRAS and the waste producers were therefore forced to find a solution that would
meet the requirements of both sides, namely keeping ONDRAF/NIRAS's and BelgoProcess' books
balanced while ensuring the producers paid as stable a price as possible for a given period. In light of
this situation caused by steadily falling volumes of low level radioactive waste produced by and
processed in Belgium, BelgoProcess was forced to restructure its workforce and shed around 20% of
jobs.

The reduction of the radioactive waste does not correspond with a reduction of the associated
costs: the technical reality is not an economical one.
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3. NEW CONTRACTUAL RELATIONS FOR WASTE PROCESSING/CONDITIONNING

The producers' aims will be achieved when a processing and conditioning contract can be
introduced on the basis of the principle of committing to a reserved capacity for the waste processing
and conditioning installations. The main lines of this approach are as follows.



ONDRAF/NIRAS and BelgoProcess determine their respective fixed costs for the duration of
the contract. ONDRAF/NTRAS's fixed costs are essentially financial charges relating to the
investments made for the construction of the waste processing installations. BelgoProcess' fixed costs
represent the costs of maintaining and operating these installations, i.e. keeping the facilities on
operational standby, plus the associated fixed costs. That leaves the costs that are only incurred when
there is waste to be processed — in short, the variable part of the cost of processing operations.

The producers' commitment consists of covering the fixed costs for the duration of the
contractual period using a objective distribution key, it means: a reservation capacity. The same
procedure is then applied when the contract is renewed, i.e. five years later. Through this commitment
on the part of the producers to cover the fixed costs, ONDRAF/NIRAS and BelgoProcess can offer a
guaranteed tariff for the contractual period and, as the financial risk diminishes, can begin to operate
along more industrial lines.

There are several advantages to this approach.

For the local managers, i.e. the Doel and Tihange sites, the less waste they produce, the less
they pay. Their company is, moreover, committed to covering the fixed costs of the waste processing
and conditioning plants. In this the local manager also finds a motivation to continue with the waste
reduction campaign.

For the contract managers, Electrabel and ONDRAF/NIRAS, the alternative solutions and
new techniques capable of improving processing/conditioning operations are easier to analyse
economically: not only do they know the financial commitment they are making with the contract but,
all things being equal, they can also calculate the impact on the reservation of capacity applied in the
next contract.

Overall, the management of fixed cost operations for a given length of time is considerably
simplified and this agreement has indeed made it possible to stabilise tariffs.

The same problem could come to light with regard to covering and meeting the costs
associated with final waste disposal, and a similar approach is foreseen.

4. CONCLUSIONS

There are a number of underlying considerations that have to be expressed on this subject.

While, percentage-wise, Belgium has one of the highest nuclear energy generating capacities,
it is still a very minor player with regard to radioactive waste processing and conditioning and final
disposal sites. BelgoProcess' CILVA facilities for the processing and conditioning of technological
waste are equipped with a 100 kg/h incinerator — the lowest capacity incinerator currently on the
market. Moreover, the Belgian surface disposal site will be less than 1/1 Oth the size of the Soulaines
site in France. Both these considerations lead us to believe that where radioactive waste is concerned,
Belgium, thanks to its waste reduction policy, is operating at less than the critical threshold for an
economic use of its processing installations capacities.

This situation has led to the need for special contracts between ONDRAF/NIRAS and the
generators as a way of controlling tariffs.

Costs could also have been kept under control, not by adjusting installation capacity but by
bringing the amount of waste in line with installation capacity: by that, we mean the processing of
foreign waste, but until now, there is no agreement and this solution is not authorised by the Federal
Authorities. In every country, which operate nuclear power plants, waste volume reduction is a
common and a real target: the waste volume production is far from the volume predicted in the years



80. In some countries, the volume of low level radioactive waste is so small that it is below the critical
volume to allow their economic and profitable management. The volume reduction is well a reality
but the associated cost reduction is well a myth. In order to avoid a scattering of final surface disposal
in Europe, would it be possible to dream up the positive aspect of the European market to make use of
the excess capacities of the existing installations from the point of view of processing, conditioning
and last but not least final disposal? The amounts of low level waste produced by the smaller
countries are equivalent to those that the larger countries have not produced as a result of the waste
reduction measures they have implemented.
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Abstract

The nuclear power plants (NPPs) managed by ELECTRABEL are located at the Doel (4 units) and the
Tihange (3 units) sites and have a total capacity of 5700 MW(e). All the units are of the PWR type. Taking into
account the need for retrievability and reliability of all requested waste data, the operator ELECTRABEL has
subcontracted a complete study to the engineering company TRACTEBEL ENERGY ENGINEERING (TEE) in
order to elaborate a computer code for the determination of critical nuclides in the different waste streams. This
program should guarantee retrievability and reliability of all information related to the waste packages produced
at the NPP. Two computer codes, LLWAA and DECL, have therefore been developed by TEE. The first code
(LLWAA: low level waste activity assessment code), enables to predict the global inventories and/or the scaling
factors of the critical nuclides in the conditioned and in the non-conditioned waste generated by the operation of
a PWR. This code is site-specific as it takes into account the plant design characteristics and operating
conditions. A version for BWR plants is under development. The second code 'DECL', deals mainly with the
complete database management of each waste package produced in order to guarantee full retrievability.
LLWAA and DECL are implemented as an integrated software package called 'DECLARE' at the sites of Doel
and Tihange. Furthermore, the LLWAA-code has been extended for the determination of the critical nuclides
activities in ashes produced by incineration (LLWAA-Ashes) and for the assessment of the critical nuclides
activities deposited on equipment of the nuclear auxiliary systems (LLWAA-Decom).
1. LLWAA-CODE

LLWAA (low level waste activity assessment) is a full featured user friendly computer
program, enabling the waste producer to determine the so-called critical nuclides inventories in
Nuclear Power Plant radwaste streams and to declare the isotopic content of each waste package.

1.1. Program functions

The LLWAA code calculates the radionuclides inventories in the process and technological
NPP waste on the basis of characteristics and operating conditions of the nuclear power plant.

LLWAA output deals with :

• the activities of the so-called critical nuclides in the Reactor Coolant and the Auxiliary Systems,

• the activity inventories of those nuclides in the on-site conditioned process waste streams,

• the activity inventories of those nuclides in the non-conditioned technological waste streams,

• the scaling factors 1 in the non-conditioned and on-site conditioned waste streams

1 Scale factor: ratio between the activity inventory of a specific nuclide and the activity inventory of a critical
nuclide.



This code is site-specific as it takes into account the design characteristics and operating
conditions of the different units of the site with a centralized waste treatment facility. The calculation
of the activity inventories for each waste package requires the proper modeling of the reactor coolant
system (RCS), the nuclear auxiliary systems (NAS) and the liquid waste processing system (LWPS).

LOW LEVEL WASTE ACTIVITY ASSESSMENT
CODE FOR PWR NPP'S

-Input data file

c:\users\llwaa\llwa-chi\1996.chi
Change File

Save Changes

Co GO specific activity in the primary coolant
Cs 137 specific activity in the primary coolant
1 131 specific activity in the primary coolant
I 133 specific activity in the primary coolant
1 134 specific activity in the primary coolant
Chlorides concentration in the primary coolant
Number of refuelling operation

Llniti

8,4
1,4
7,5
118,2
482,6
5
1

Unit 2

6,4
.8
5,6
25,6
76,4
10,6
1

MBq/t
MBq/t
MBq/t
MBq/t
MBq/t
ppb

Exit Load Output File | Change Value | Execute J
Figure 1. Input window for the plant operating conditions.

TABLE I. TYPICAL ACTIVITY INVENTORY GIVEN BY THE CODE FOR
A MIX OF SPENT ION-EXCHANGE RESINS (IER)

IER MIX

—

C 14
CI3G
Mn54
Fe55
Co 58
Ni59
Co GO
NiG3
Nb94
Sr90
Tc99
I 129
Cs134
Cs135
Cs137
U 234
U 235
Np237
U 238
Pu238
Pu239
Pu240
Pu241
Am241
Pu242
Am243
Cm244

MIX

1,13e+03
4,67e+00
2,19e+05
7,53e+06
1,25e+06
1,41 e+07
4,40e+06
7,20e+06
6,99e+03
1,20e+04
3,30e+02
4,91 e+00
5,13e+05
3,54e+00
8,07e+05
7,81 e-02
2,61 e-03
7,G0e-03
1,46e-02
3,72e+01
1,29e+01
1,18e+01
2,49e+03
1,40e+01
2,28e-02
1,80e+00
2,24e+01



1.2. Code parameters and code output

Basically, the code parameters are classified into three categories :

• category 1 : all parameters related to the operating conditions which can change or be modified
from one "plant operation" on "core" cycle to another. The values of these parameters are the
main input data of the code and are based on the routine reactor coolant measurement results
(6OC0, 134Cs, 137Cs, 1311, 1331, 1341 activities and Cl- concentration). The type of fuel (MOX
or U235 enriched fuel), fuel cycle length or rated plant power are additional input values.

• category 2 : parameters pertaining to the plant basic characteristics and operating procedures;
among those we find RCS, NAS and LWPS flowrates, boron content in the RCS and evaporators.

• category 3 : core activity inventories (calculated by means of the 0RIGEN2 Code), chemistry of the
primary coolant, equipment materials and surface areas, equipment corrosion rates, DF-factors of
the ion-exchange resins and filters, physical-chemical forms of the activity in the RCS (fraction of
activity present in soluble and in insoluble forms) during normal operation and refueling outage,
diffusion coefficients through fuel cladding defects.

The code output consists of:

• the specific activities (or activity inventories) of the critical nuclides in the RCS, ion-exchange
resins, filters, evaporator concentrates and miscellaneous non-conditioned waste (combustible
waste, non combustible waste, compactible waste, ventilation filters, ...) ;

• the scaling factors of the critical nuclides in the same waste streams and waste packages; table I
gives an example of the code output.

1.3. Code validation

The predicted values were compared to the values derived from specific measurements
performed by the Nuclear Research Centre of Mol (SCK/CEN). There is a good agreement between
predicted and measured values for most of the critical nuclides.

The code is qualified and accepted by ONDRAF/NIRAS, the Belgian National Agency for
Radioactive Waste Management.

2. OTHER FEATURES

2.1. Declare

The LLWAA-code (Figure 2) can be coupled with the DECLARE software (cfr. Figure 3); this
latter :

• deals with the complete database of the waste package (physical form, weight, volume, specific
weight, contact dose rate, specific activities of the key nuclides, i.e. 60Co/l37Cs),

• issues the declaration form requested for the waste evacuation (evacuation campaign number,
identification number of the waste package, conditioner, installation used, type of waste treated, all
characteristics on the waste package : dose rate, list of critical nuclides, results of y-spectrometric
analyses, residual surface contamination, ...).

2.2. Methodology

Apart from the physical data of the waste packages which can be considered as being constant, the
inventories to be mentioned on the official forms required by the Belgian Authorities for the transfer
to the Belgoprocess site are based upon:



• the on-site conditioned waste : gammaspectrometric measurements of 60Co and/or l37Cs in the
waste packages (since Co60 and Cs137 are considered as the key-nuclides). These measurements,
together with the scaling factors automatically computed by the LLWAA-code, are entered in the

6(VDECL-code which calculates the absolute inventories of the critical nuclides. Should the Co and/or
l37Cs activity not be detectable in the conditioned waste, the DECL-code uses the LLWAA computed
activities of these nuclides. Dose rate measurements are also indicated;

• the non-conditioned waste forms : the nuclide inventories are calculated by the LLWAA-code on
basis of dose rate measurements.

C ore inventories

UO2-fuel
M OX-fuel

Cs-134: Cs-137

in RCS

C orrosion rates of
in-core and
out-of-core

com ponents in
contact with the

rimary

chem ical additive
activation products

H-3: C-14

Activities inventories in :

ion-exchange resins
filter cartridges
evaporator concentrates

combustible and com pactable waste
non-combustible compactable waste
non-combustible non-com pactable
waste
oils and organic liquids
ventilation filters
secondary ion-exchange resins

Corre la t ion (scal ing) factors

Figure 2. Structure of the LLWAA- code.

3. OTHER DEVELOPMENTS

These other developments are all based on the LLWAA-code calculating the required specific activities
as an input for following codes : LLWAA-Ashes and LLWAA-Decom.



The interrelationship of these codes is given in Figure 3.

CALCULATED
SPECTRA

1

INVENTORIES NON CCWDITKfJED WASTE
PACKAGES:

Combusti ble waste
Non-combustible

waste

INVENTORIES
CCNDIT1CNED

WASTE PACKAGES
INVENTORIES

LLWAA
Ashes

Inventories a id
scaling factors

INPUT:
Nun*>er of Core Cydes, Cycle length
Particle properties
Piping properties
Thermal hydraulic condHions

MEASUREMENTS:
- gamma spedrometry
Co-SO^Cs-137
- contact dose rates

Figure 3. Interrelationship between the different codes.

3.1. LLWAA-ASHES-code

3.1.1. Objectives of the code

The LLWAA-ASHES code calculates the specific activities and the scaling factors of the
critical nuclides in the ashes produced by the incineration of the combustible waste generated by a
given nuclear installation. This code has been validated against measurements for the major critical
nuclides (I4C, 54Mn, 58Co, 60Co, 59Ni, 63Ni, 94Nb, 3H, 90Sr, l34Cs, l37Cs, U- and Pu-isotopes). The
structure of the code is given in figure 3.

3.1.2. Code parameters

This code takes into account

• the characteristics of the combustible waste : basic materials, specific weight and specific activities
of the critical nuclides (calculated by the LLWAA-code)

• the operating conditions of the incinerator : temperature, waste mass reduction factors and critical
nuclides volatility.

3.1.3. Code output

The code output consists in :

• the specific activities (or inventories) of the critical nuclides in the ashes and fly-ashes;

• the scaling factors of the critical nuclides in the ashes and fly-ashes.

3.1.4. Methodology

The code takes into account all related incineration process parameters; for each type of waste
to be incinerated a mass balance has to be established. The solid or liquid waste entering the
incinerator will leave the equipment under different chemical and/or physical forms i.e. a solid part
(ashes and fly-ashes) and a gaseous part (flue gas).



The activity of each isotope, present in the final product (ash) is related to :

- the corresponding activity of the isotope in the combustible waste, entering the incinerator (this
activity can be calculated by the LLWAA-code or be a measured value)

- the mass reduction factor, which is dependent on the type of waste to be incinerated and the
operating conditions of the incinerator (the most important parameter is the combustion temperature )

- the activity partitioning factor between the ash and volatile materials ; for a given type of waste this
factor depends on the considered isotope.

Concerning volatility, the codes takes into account the different specific behavior mechanisms
of certain isotopes during incineration : four main volatility groups are considered (very volatile: Cs,
Te, I, C; medium : Co, Mn, Nb, Ni, Tc; low : Sr, Ba and very low volatility : U, TRU).

Scaling (correlation) factors should address only isotopes having the same generation
mechanism and behaviour in the RCS. Therefore the reference isotope in the ashes for fission
products is l37Cs, for activation products 60Co.

The values of these calculated scaling factors and of the gammaspectrometric measurements of
60Co and/or l37Cs made on the waste packages containing the ashes, are used to calculate the absolute
inventories of the critical nuclides. Should the 60Co and/or l37Cs activity not be detectable in the
incinerated waste, the code uses the LLWAA-values.

3.1.5. Code validation

The code has been validated against measurements, performed by Belgoprocess, for the major
critical nuclides (C14, Mn54 , Co58 , Ni59 , Ni63 , Nb94 , Sr90 , C s ' H , Cs137 , U and Pu-isotopes).
Generally there is a good agreement between the calculated and measured values.

Table II compares the scaling factors of the critical nuclides in the non-conditioned
combustible waste and in the ashes.

TABLE II. COMPARISON OF THE SCALING FACTORS IN THE NON-CONDITIONED WASTE
AND IN THE ASHES

Cl4/Co60

Cl36/Co60

Mn54/Co60

Fe55/Co60

Co58/Co60

Ni59/Co60

Ni63/Co60

Nb94/Co60

Sr90/Cs137

Tc"/Cs137

Il29/Cs137

Csl34/Cs137

Combustible
waste

7.06E-03

5.14E-05

8.05E-01

1.56E+00

5.93E-01

8.01E-03

8.74E-01

1.04E-03

6.76E-03

3.89E-04

3.34E-06

9.05E-01

Ashes

1.31E-04

1.44E-07

4.39E-02

1.08E+00

5.93E-01

8.01E-03

8.74E-01

2.52E-04

4.26E+00

1.52E-01

3.34E-06

9.05E-01

Csl35/Cs137

U234/Cs137

U235/Cs137

Np237/Cs137

U238/Cs137

Pu238/Cs137

Pu239+240/Cs137

Pu24l/Cs137

Am24l/Cs137

Pu242/Cs137

Am243/Cs137

Cm244/Cs137

Combusti
ble waste

3.46E-06

4.62E-06

1.36E-07

5.02E-09

1.07E-06

2.85E-05

1.78E-05

1.92E-03

1.23E-05

2.03E-08

1.84E-06

1.97E-05

Ashes

3.46E-06

2.96E-05

8.71E-07

3.21E-06

6.84E-06

1.82E-02

1.14E-02

1.23E+00

7.87E-03

1.30E-05

1.18E-03

1.26E-02



3.2. LLWAA-DECOM-code

The costs of the future decommissioning of the NPP's appears to be highly dependent on the
equipment contamination (pipework, valves, heat exchangers,...). Therefore a new software has been
developed to assess the critical nuclide activities deposited on the components of the nuclear
auxiliary circuits. This software takes into account the contamination in the streams of the systems
(calculated by LLWAA), the operating conditions (fluid velocity, pH, temperature), the corrosion
product characteristics (particulate diameter distribution) and the nuclides deposition/release rates on
the component. The main structure of this code is given below.

The main goal of the program is to estimate, by using correlation factors, the deposited activity
on the piping to be dismantled. Scaling (correlation factors) should address only isotopes having the
same generation mechanism and behaviour in the reactor coolant system. For fission products the

6(Vreference isotope is Cs, for activation products Co.

3.2.1. Code input

A number of parameters are considered :

- characteristics of the equipment to be dismantled (piping diameter, pipe rugosity,..)

- operating conditions (temperature, average fluid velocity, pH, number of fuel cycles, cycle life,...)

- the corrosion products characteristics (particle density, particle diameter distribution;...)

- physical and chemical characteristics of the isotopes (decay rate, decay energy, photon conversion
factors, ...)

- specific activities of the considered isotopes (calculated by the LLWAA-code for the considered
nuclear auxiliary circuit).

Table HI shows an example of the input table of the code.

TABLE IE.

NPP'S informations

Number of operation cycles 5

Cycle life (months] 16

Isotope dala

Cv|Tot.] frspr Lambda i ht
|Bq,'m3l 11^1 |mSv/h|,'[Bq/c:m2|

Particle properties

Particle density |kg/m3] 2000

Piping properties

Pipe diameter (m) 0.1023
Pipe rugosity |mm) 0.0015
Detector - pipe (mm] 3

Thermal hydraulics! conditions

Absolute temperature (1 ) 313.1

Aveiage fluid velocity (m/s)0.7GG

pHfl l ?

AUUiI[!l!Hil!l3fl!$£12<^^H
1.01E7
1.05E7
1.24E8
4.68E4
6.40E6
5.1 GEG
G.02E3
7.81 E3
3.05E2
2.68E0
1.14E6
3.71 ED
8.00E5
1.27E-1
4.34E-3
1.03E-2
2.75E-2
1.GGE-2
4.28E1
5.17E1
1.15E4
1.04E2
9.95E-2
8.01 EO
1.17E1

0.8
0.8
0.0
0.8
0.8
0.8
0.8
0.9995
0.9995
0.9995
0.9995
0.9995
0.9995
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

2.57E-8
8.1GE-9
1.13E-7
2.93E-13
4.16E-9
2.20E-10
1.08E-12
7.68E-10
1.03E-13
1.40E-15
1.07E-8
9.5GE-15
7.30E-10
9.02E-14
3.13E-17
1.03E-14
4.92E-18
2.51E-18
9.11E-13
3.37E-12
1.53E-9
5.08E-11
5.85E-14
2.98E-12
1.22E-9

1.74E-5
0
1.94E-5
0
2.32E-5
0
2.72E-5
0
0
1.18E-5
2.70E-5
0
1.3GE-5
0
3.79E-B
5.82E-6
0
0
0
0
0
5.82E-6
0
2.G5E-G
0



3.2.2. Code output

The code output consists in :

- Reynolds number,

- friction factor

- particle deposition and release rate

- particle velocity due to Brownian movement

- particle velocity due to the fluid movement

- correlation or scaling factors

Table IV shows an example of output data of the DECOM-code

TABLE IV.

Correlation Factors

r Reynolds num.
1.22E+05

r friction fact. 1
4.34E-03

-Gamma
9.01 E-05

-Vb (m/s)—
3.64E-03

-Vf (m/s)
2.17E-05

Results
Box1

Hew Input

Print

Exit

Fe 59/Co 60

Mn-54;Co-G0

Fe 55/Co 60

Co-58JCo-60

Mi 59/Co 60

Mi-63JCo-60

Mb 94/Co 60

Sr-90ICs-137

Tc-99JCs-137

I-129JCS-137

Cs-134;Cs-137

Cs-135;Cs-137

O-234/CI-137

O 235JCs 137

Mp-237/Cs-137

O 238JCs 137

Pu-238JCj-137

Fu-239JCs-137

Pu-240JCj-137

Pu 241/Cs 137

Am-241JCs-137

Fu-242JCs-137

Am-243JCs-137

Cm 244/Cs 137

Cs

9 48E 02

6.47E-01

13 IE.00

2.28E-00

9 62E 03

1.04E.0D

1 24E 03

9.73E-03

4 02E-04

3.53E-06

8 03E-01

4.88E 06

1.00E-04

3.42E 06

8.13E-06

2 17E 05

1.28E-05

3 38E 02

4.08E-02

8 15E.00

8.18E-02

7 86E 05

6.33E-03

8 48E 03

3.2.3. Methodology

The program calculates, using different modelisation equations, the Brownian diffusion
velocity, the entrainment velocity, the deposition and the release coefficient. The latter coefficients
are also based on probabilistic settling of particles and transport phenomena.

The evolution of the deposition rate depends mainly on the :

- cycle life time and the number of "operation" "core" cycles,

- initial activity of the deposited materials at the start-up of the cycle,

- specific activity of the considered isotope in the component (depends on the circuit considered); the
value taken into account is the average value based on the cycle length.

In order to validate this code, a dose rate model has been developed and is coupled with the
calculation of the deposition based on the principle of consistency between calculated and measured
dose rates values because direct measurements of deposited activities presents a number of practical
difficulties.



Factors affecting the deposition rate are mainly the particle diameter distribution, the
temperature of the fluid and the flow pattern (turbulent, laminar,..).

The predicted values of the scaling factors are compared to the values derived from specific
dose rate measurements performed during NPP shutdown .

3.2.4. Code validation

There is a general good agreement between predicted and measured contact dose rates. The
LLWAA-DECOM code calculates the scaling factors within the range excellent to good, depending
on the considered isotope and the type of component. There is also a good consistency between the
measured and predicted values of the deposited activities (measurement taken during steam generator
replacement outages, mainly on the nuclear auxiliary circuits directly connected to the primary
system.

Some precautions have to be taken in order to obtain valid measurements namely:

- the measuring point should be representative for the component to be considered;

-'dead' zones or drain tie-ins should be avoided (risk of 'hot spots')

- back-scattering effects of other components in the neighbourhood of the equipment to be measured
must also be avoided

- exact definition of the distance between component and detector is required.

4. MAIN FIELD OF INTEREST

The above mentioned codes are written using the Microsoft Visual Basic language as well as
full featured computer programs for use in radiological characterisation of materials, packages and
shipments. These programs operate under Windows™ environment. They were developed to provide
a practice oriented and easy to operate system for retrieval of all information related to the waste
packages.

The software packages LLWAA and DECL have been integrated in the existing computer
networks of both NPP sites in Belgium.

The LLWAA-DECOM code is being used for the decommissioning studies of the Belgian
NPP's and the LLWAA-ASHES code is used for the characterisation of incinerator ashes.
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Abstract

The Brazilian Nuclear Programme comprehends several nuclear and radioactive facilities including
Angra I Nuclear Power Plant, in operation since 1981 and Angra II, scheduled to start its operation by the end of
1999. Among the other ones there are uranium mining and milling facilities, four research reactors and one
industrial facility of monazite sands processing. That already existing waste generation and near future ones
claims to a solution regarding waste disposal. Although site selection criteria for waste repository in Brazil have
already been defined, political and psychosocial aspects have strong impact. Trauma generated by Goiania's
radiological accident has led to difficulties when decisions about this matter have to be taken. As a consequence,
the waste generated by Angra I is still in provisory facility at the plant's site. Wastes from the medical sources are
stored in research institutes while waste generated from monazite sands is kept in a dam system. In order to
overpack non-qualified packages containing waste of Angra I NPP, 70 lost concrete shielding packagings had to
be provided. Based on successfully designed and tested prototype, packagings and respective lids specifications
were written, approved and released for serial production. As part of packaging certification process, Brazilian
Competent Authority performed a regulatory inspection and audit. Various findings such as weaknesses in quality
control and quality assurance records, unacceptable test results as well as failure in modify the concrete
composition during a testified packaging manufacturing, led Competent Authority to refuse the packagings as
containers until complementary tests could be performed. Further tests and evaluations led the Competent
Authority to conclude that manufacturer failed to both comply with requirements established in packaging
specification and fulfill quality control/quality assurance requirements. As responsible by federal law for the
reception and final disposal of radioactive wastes, Brazilian Competent Authority specifies minimum
performance requirements for operations that give wastes a suitable form for storage, transport and disposal.
Taking into account the difficulties to demonstrate that the packagings were in compliance with such
requirements, the packagings were refused.

1. INTRODUCTION

The first Brazilian Nuclear Power Plant, Angra I, a PWR-Westinghouse design, 2 loops-
626 MW(e) reactor in operation since 1981, has produced, among other, an average of 27,3 (200-liter)
drums of spent resin per year during the first 10 years [1] (Table 1). The second Brazilian NPP, a
PWR-Siemens/KWU design, 1260 MW(e) reactor, is scheduled to start its operation by the end of
1999. The already existing and near future waste generation will increase either the demand for a final
solution regarding the waste disposal or a hurry up for actions to guarantee safe interim storage
method and measures.

According to Federal Law, Brazilian Nuclear Energy Commission-CNEN is the governmental
body responsible for the reception and final disposal of radioactive wastes in the whole country as
well as for the adoption of regulations concerning waste management and disposal.

Political and psychosocial aspects related to the subject of radioactive waste disposal (e.g. not
in my backyard syndrome) have led Brazilian authorities to difficulties when decisions on waste
management are to be taken. As a result of such situation, site selection criteria for repository have
already been established while a final repository site has not been defined until now. One of the
immediate consequences is that radioactive waste generated by Angra I NPP is still in a provisory



facility at the plant's site, although the experience acquired during the construction of a near surface
repository, necessary to accommodate 3500 tons of waste, generated by Goiania's accident, could be
used to design and build a final repository in Brazil.

As the waste volume of Angra I increases a solution has to be found for storage of such waste
until a final route can be defined.

TABLE I. INVENTORY OF RADIOACTIVE WASTES GENERATED BY ANGRA I NPP/10
YEARS OPERATION (EXPRESSED IN NUMBER OF 200-LITER DRUMS)

YEAR CARTRIDGE EVAPORATOR NON SPENT COMPRESSIBLE
FILTER CONCENTRATE COMPRESSIBLE RESIN

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991

3TAL

14
17
08
10
22
11
12
08
13
03

118

41
14
-
23
52
129
155
116
179
68

777

-
06
26
32
63
111
120
31
24
09

422

-
-
73
60
02
-
109
01
-
28

273

74
272
135
116
341
138
345
203
113
86

182:

2. BRAZILIAN REGULATIONS AND WASTE ACCEPTANCE CRITERIA

IAEA recommends that the waste acceptance criteria (WAC) should be established in close
connection with the development of the disposal route for the waste. WAC should be derived from
both operational considerations and those contained in the safety assessment. Since the decision for a
Brazilian final repository site has not been taken, the WAC development as recommended by IAEA
cannot be adequately done. Nevertheless, IAEA-TECDOC Nos.560 [2] and 864 [3] provide guidance
on the establishment of general WAC and packaging specifications and suggest a method by which
demonstration on how compliance with the criteria will be achieved.

On the other hand, either as the future waste "owner" or as competent authority, CNEN must
specify the minimum level of performance for operations that give the waste a suitable form for
storage, transport and disposal. Such performance requirements include acceptance criteria that the
waste producer(s) must comply with.

To discharge its responsibility, Brazilian Competent Authority has issued a set of standards on
waste management and transport of radioactive materials. Specifically regarding waste packagings,
CNEN's Standard 6.07 [4] establishes requirements for (1) Structural Stability; (2) Resistance to
Corrosion; (3) Packaging Identification. CNEN's Standard 6.07 also requires that any structure,
systems, component, equipment or part shall be designed, manufactured, mounted and tested
according to internationally accepted methods and standards. Regarding transport of radioactive
materials, CNEN's Standard 5.01 [5] requires a Quality Assurance System which is capable of clearly
demonstrate that the packagings has been manufactured strictly in accordance with specification
prescribed by the designer.



3. PACKAGING PRODUCTION AND CERTIFICATION

From preliminary evaluation of Angra I 'Final Safety Analysis Report' and performed
inspections, potential problems regarding the final product were identified on waste treatment system.
Uncertainties related to solidified waste characteristics are among above mentioned problems. As a
condition to issue the operation permission, a set of tests was required. Test results led to conclusions
about final product. That is: (1) strong vermiculite segregation; (2) non-solidified portions of cement-
vermiculite, mainly at recipients' upper parts; and (3) cracks on evaporator concentrates.

A second relevant aspect concerns the drums used to encapsulate the waste. Tests performed
to verify their capacity to withstand transport conditions led to conclusions that used packagings dos
not comply with CNEN's standard. Taking into account such results, it was decided to overpack all
drums in lost concrete shielding containers. According to CNEN's requirements, containers should be
designed, constructed and tested in compliance with applicable standards. Test results should be
submitted for evaluation of its acceptability. In order to estimate the work to be performed, it was
proposed to classify the existing packages (drums) into 3 categories, as shown in Table II.

TABLE II. CATEGORIZATION OF DRUMS TO BE OVERPACKED IN
LOST CONCRETE SHIELDING

Drum Contents condition Action

Approved Non satisfactory To be overpacked at final
repository

Not approved Non satisfactory To be overpacked at provisory
storage facility

Approved Satisfactory To be overpacked at final
repository

In a first step, 70 lost concrete shielding packagings had to be provided. The packagings
would serve as container for 200-liter metallic drums for storage of intermediate level waste (ILW),
mainly spent resins, evaporator concentrates and from chemical drains. Based on a successfully
designed and tested prototype, specifications were written, approved and released for serial
production.

Packagings are concrete made cylindrical form and provided with lifting devices. They are
destined to receive 0.2 cubic meter drums. Packagings' approximate dimensions are 1.5 m height,
outside diameter 1.07 m. Total packaging mass (including lid) is approximately 3.0 tons. The main
characteristics of concrete are average compression resistance at 28 days equal to 55 MPa. Cement
must comply with the minimum compression resistance of 32 MPa at 28 day. Steel shall be CA-25 or
higher category. Concrete must be applied in such a way to keep its consistency, compatible handling
capability and efficient vibration. Cylindrical form (15x30 cm) samples should be collected, for each
packaging manufactured, to serve as specimens to be tested. Packagings shall be marked in a visible
way, including serial number and time of manufacturing.

As part of the packaging acceptance process, a regulatory inspection as well as an audit were
performed by CNEN. Inspection and audit focused mainly on aspects as: a) mechanical resistance, b)
packagings identification, c) quality assurance/control activities, and d) general compliance with
codes, standards and specifications. At the time of regulatory inspection and audit 20 packagings have
already been manufactured. 8 out of them had been transported to Angra I site and 8 others were to be
transported.



To verify the compliance of the packagings' documentation, the unit #7 was chosen as a
sample. Results from document verification follows.

Quality assurance records — resistance to compression

According to a data sheet (quality control procedure — resistance to compression) packaging
#7 was released in March 18, 1997, while the 28-day test could only be performed on April 15.
Moreover, such a test show that the specimens failed to the compression pressure of 41,5 MPa, while
55 MPa pressure is required by specification. The data sheet also shows same signature in production
and quality control blanks. Inspection team concluded for the following findings:

(a) Packaging released for use before accomplishment of required tests;
(b) Packaging released for use with compression resistance (28-day test) below than the specified

value (55 MPa);
(c) Packaging production and quality control performed by the same section/personnel.

Quality assurance records — concrete particulate composition

According to specification, a maximum of 0.5 (point five percent) of soft particulate is
allowed in concrete composition. Data sheet 3.6 (quality control procedure — determination of soft
particulate) shows value 1,6 % (one point six percent), which is higher than specified. Findings were:

(a) Packaging released for use, in spite of values higher than specified;
(b) Production and quality control performed by the same section/personnel.

Quality assurance records — water quality control

Forms were found incomplete while units were omitted. Some tests results weren't recorded.
Inspection team concluded for the following finding:

(a) Disregard to form contents.

Quality assurance records —packaging identification

Specification requires that packagings identifications be made in a clear and permanent way.
Identification of already produced packagings was found to be made by a plastic plate (not in
permanent way) and attached by wire. No other specified information was found during verification.
Findings were:

(a) Poor identification, which makes capacity for data retrieve doubtful;
(b) Packaging released for use without required identification;
(c) Packaging production and quality control performed by same section/personnel.

4. PRELIMINARY EVALUATION AND DECISONS

One relevant point identified during inspection/audit concerns the packaging resistance to
compression. According to specifications, packagings shall withstand to a pressure of 55 MPa (550

2 2

kg/cm ). Tests results show resistance no higher than 41,5 MPa (415 Kg/cm ). In spite of such results,
16 packagings had been released for use. Identified weaknesses were considered as an indicator of
failure to fulfilling QC/QA requirements.

Taking into consideration the results of quality control/quality assurance records, the
inspection team decided to expand the sample, including documentation of all packagings already
released for use as well as testify the next packaging's production. Examination of documentation



related to packagings released for use ended up with similar results, that is, resistance below 55MPa
and production and quality control done by same section/personnel.

The manufacturer asked for a brief before the next packaging construction could be initiated,
when it was stated that last minute calculations revealed that a higher than 90 days deadline would be
necessary to reach the specified resistance to compression (55 MPa). Manufacturer also stated that it
would be feasible to obtain such resistance in 28 days if a chemical additive could be added to the
concrete composition. As a drawback, the additive could change some characteristics, since one of its
properties is to speed up the concrete's drying process, which could reduce strongly its handling
capability and lead to difficulty to keep uniformity. The formation of failed points in packaging's
body was one of foreseen consequences. The inspection team's evaluation and opinion for the
proposed change was informally requested. Inspection team stated that any change in specification
should be evaluated in a detailed report and such an additive use would be seen as a design change.
Manufacturer decided to make use of the additive.

It was noticed that during the first slump test a failure occurred on reaching the specified
values, Table III shows tests' results. After 3 trials the values were reached and production of package
#21 initiated. In few minutes, workers got to the conclusion that concrete conditions would lead to the
impossibility to meet the specifications. Taking into account such results, the manufacturer decided to
abandon that packaging. Figure 1 shows the abandoned packaging.

TABLE III. CONCRETE
NO. 21 (MAY 12, 1997,

Test

# 1
#2
#3
#4

PACKAGING
13:00-13:40H)

Time
(hh:mm)

13:06
13:11
13:20
13:40

FOR RAD WASTE SLUMP

Measured value
(cm)

22,00
15,00
4,5
~1

TESTS — PACKAGING

Result

Unacceptable
Unacceptable
Acceptable

*

• This value represents low capability in terms of "handling" the concrete mass which, in turn, makes
difficult to keep its uniformity.

t;
• * *

FIG. 1. Abandoned packaging.
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5. FINAL EVALUATION AND CONCLUSION

Manufacturer failed in demonstrate packaging capacity to withstand conditions prescribed in
transport regulations, not only in the 28-day tests but also in tests performed 90 days after its
production. As the number of available specimens to be tested reduces, the capacity to demonstrate
compliance with regulations becomes difficult.

Weaknesses identified in documentation of packaging #7 and the extension to all other
packagings released for use revealed a lack of indoctrination and culture regarding to quality
control/quality assurance and made doubtful packagings qualification to perform their functions and
objectives. CNEN, considering the identified weaknesses, concluded that the waste handling, storage
and transport operations could not be carried out in a quality manner as prescribed in nationally and
internationally codes and standards.

Taking into account that waste packages integrity shall be preserved until its emplacement in
a final disposal facility, as the future owner of such packages and as a the Competent Authority,
CNEN decided to refuse the 20 produced packagings.
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Abstract

Bulgaria uses nuclear power for electricity generation and for a variety of nuclear applications in industry,
research and medicine. Six WWER type Nuclear Power Plants (NPPs) went into operation at Kozloduy between
1974 and 1991. Until 1988 spent fuel was transported back to the Former Soviet Union, but since then has been
stored on site. Operational low level waste is stored on site, but since 1993 a volume reduction strategy using
supercompaction has been employed, which has reduced stored waste volumes by a factor of four. Institutional
radioactive wastes are disposed at the Novi han near surface repository, located 35 km from Sofia. It was
commissioned in 1964 and is now about half full. Siting studies have begun for a new near surface repository that
would accept both institutional and NPP waste. A legislative and regulatory framework, as well as organizational
and institutional arrangements, are in place. A national strategy that includes provisions for compiling a national
inventory of spent fuel and radioactive waste and provisions for funding spent fuel and radioactive waste
management, has been developed. The paper elaborates on the current situation regarding radioactive waste
management in Bulgaria.

1. INTRODUCTION

Bulgaria has been using nuclear power for electricity generation since the beginning of the 70's
by operating the Kozloduy nuclear power plant (NPP) with four WWER-440 and two WWER-1000
reactors.

The commissioned and operating nuclear facilities in the Republic of Bulgaria are situated on
the Kozloduy NPP site as follows:

Nuclear Facility
Unit 1
Unit 2
Unit 3
Unit 4
Unit 5
Unit 6

Storage for spent fuel

Nuclear Facility Type
WWER-440/V230
WWER-440/V230
WWER-440/V230
WWER-440/V230
WWER-1000/V320
WWER-1000/V320
Pool type

Commissioned
startup 1974
startup 1975
startup 1980
startup 1982
startup 1987
startup 1991
1990

There is also a research reactor (IRT-2000) with thermal power of 2 MW. It is a pool type
reactor using light water as moderator, coolant and up-ward protection. It was designed in the former
Soviet Union and commissioned in 1961. It was shut down and a final solution on its future has to be
decided until the end of this year.

The total number of sites in Bulgaria using sources of ionising radiation, which were registered
and under control by the regulatory body up to the end of 1998 is 2467.

The spent nuclear fuel (SNF) and radioactive waste (RAW) generated in Bulgaria as a result of
the use of atomic energy in the country, and their safe and effective management are considered of great
importance. During the last one year constructive measures were implemented on the development of a
comprehensive national SNF and RAW management system.



2. STATUS OF THE RADIOACTIVE WASTE MANAGEMENT SYSTEM

2.1. Sources

1.I.I. Spent nuclear fuel

From the start of the operation of the Kozloduy NPP until 1988 the spent fuel was transported
to the former Soviet Union. Since 1989 the SNF has not been shipped back to Russia.

In 1990 the construction of a pool type spent fuel storage facility (SFSF) on the site of the
Kozloduy NPP was accomplished. The SFSF facilities comprised of 168 baskets with 30 assemblies in
each basket. It was initially designed for a 10 year period of operation, although later on it was justified
that the operational period could be prolonged to 30 years and a licence was issued by the Bulgarian
Nuclear Safety Authority (BNSA). The state of the SFSF does not comply with the current requirements
for safety and the re-evaluated seismic characteristics of the site. In 1991 a programme for enhancement
of the SFSF safety was elaborated. In 1997 it was up-dated and amended with additional measures, and
it is envisaged that the programme will be accomplished in general in 2000. At present the activities in
this field are concentrated on the seismic strengthening of the facility.

Since 1988 until now the generated SNF has been stored in the spent fuel pools at the reactors
(SFP) and SFSF. In September 1998, 240 fuel assemblies were shipped back to Russia. By June 1999
there were 185 assemblies at the spent fuel pool of unit 1; 208 at unit 2; 296 at unit 3; 371 at unit 4; 430
at unit 5, and 326 at unit 6. In addition 3134 spent fuel assemblies in 107 baskets are stored at the SFSF
of the Kozloduy NPP.

The IRT-2000 nuclear spent fuel assemblies, altogether 73 (some of them are not fully burned),
are stored under water in the spent fuel pool situated at the reactor.

2.1.2. NPP radioactive waste

The main source of the RAW in terms of volume is the Kozloduy NPP. It produces about 90%
of the RAW by volume in Bulgaria. The rest of the RAW is produced by the utilization of sources of
ionising radiation in the medicine, science, industry, agriculture, etc.

The RAW generated from the Kozloduy NPP operation are stored in the on-site auxiliary
buildings (AB) — one for two units.

By the end of June 1999, in the storage facilities of the Kozloduy NPP, there were about
6517 m of low and intermediate level solid RAW and about 7573 m of liquid RAW. The total
radioactivity in the stored low and intermediate level RAW is about 370 TBq.

The high level RAW (elements contaminated in the core) are stored in the disposal areas of
units 5 and 6, as foreseen in the design. Half of the available volume of about 200 m for units 1-4 is
already filled. In the storage for high level radioactive RAW of units 5 and 6, with a volume capacity of
86 m , about 5 m waste are stored.

The quantities expected after the decommissioning of the Kozloduy NPP units 1-6 are
estimated at about 100, 000 m treated low and intermediate waste.

2.1.3. Institutional radioactive waste

The waste produced from the operation of the research reactor, as well as the institutional RAW
have been disposed of at the Novi han repository that was built for that purpose at the end of the 1950's.
The repository was commissioned in 1964 (about 35 km from Sofia) and operated by the Bulgarian
Academy of Science (BAS). The Novi han RAW facility consists of several separate facilities for solid
RAW, liquid RAW, spent sealed sources, biological RAW, and a trench for accidental RAW. The total



volume of the solid RAW facility is 237 m3 (half filled up), the trench — 200 m3 (half filled up), the
liquid RAW facility — 48 m3 (25% filled up), biological RAW facility — 80 m3 (30% filled up), and
spent sealed sources facility — 1 m3(100% filled up).

Since 1994 the operation of the facility has been temporarily stopped as it is under a upgrading
process at present. Since the beginning of 1998 the facility is under reconstruction. The main issue of
great importance in this area to be resolved is the temporary storage of spent sealed sources generated in
the country until a national RAW disposal facility is constructed. In this connection, an above ground
storage facility is planned to be built and commissioned by the year 2001.

2.2. Legislative basis

Constitutionally ratified, promulgated, international instruments that have entered into force are
incorporated in internal national legislation (Constitution of the Republic of Bulgaria, Article 5,
Paragraph 4). They have priority over the non-complying internal legislation.

The main international agreements signed by the Republic of Bulgaria related to the SNF and
RAW management are:

Non-Proliferation Treaty (NPT, ratified by the Presidium of the National Assembly's Order No.
668, 10 August 1969, put into force for the Republic of Bulgaria on 5 of March 1970,
Promulgated DV No. 39, 1971);

Agreement between the Republic of Bulgaria and the International Atomic Energy Agency on the
Non-Proliferation Treaty Safeguards (ratified by Presidium of the National Assembly's Order No.
668, 1 August 1968, put into force for the Republic of Bulgaria on 5 of March 1970);

Additional Protocol to the Agreement between the Republic of Bulgaria and the IAEA on
Implementation of the Safeguards related to the Non-Proliferation Treaty (signed 24th September
1998);

Joint Convention on the Safety of Spent Fuel Management and on the Safety on Radioactive
Waste Management (signed September 1998).

At the end of 1998 Bulgaria developed a plan with specific measures aiming at compliance with
the obligations following the ratification of this Convention.

The legislative framework in the field of RAW management is established by the Act on the Use
of Atomic Energy for Peaceful Purposes (AUAEPP) and the relevant regulations and normative acts.
The act defines the control and licensing provisions on the use of atomic energy, including the
ownership and management obligations of every physical and legal entity that produces SNF and RAW.

In addition to this Act there are several main normative acts in force, namely:

(a) Regulation No. 2 on the Cases and the Procedure of Notification of the Committee on the Use of
Atomic Energy for Peaceful Purposes on Operational Changes, Events and Emergency Situations
Related to the Nuclear and Radiation Protection (CUAEPP, 1988). This Regulation sets the cases
requiring notification of the regulatory body by the entities that manage or use nuclear material;

(b) Regulation No. 4 on Accounting for, Storage and Transport of Nuclear Material (CUAEPP,
Ministry of Internal Affairs, 1993). This normative act establishes the order of accounting,
storage and transport of nuclear material;

(c) Regulation No. 5 on the Issuance of License on the Use of Atomic Energy (CUAEPP,
1993). This Regulation defines the licensing procedure and the licensing application and
enclosed documentation necessary for submission to the Inspectorate on the Safe Use of
Atomic Energy (ISUAE) to the CUAEPP;



(d) Regulation No. 7 on Collection, Handling, Treatment, Storage, Transport and Disposal of
Radioactive Waste on the Territory of the Republic of Bulgaria (CUAEPP, 1992). This
Regulation establishes the requirements and conditions on safe collection, treatment, storage,
transport and disposal of RAW, as well as the RAW classification (three categories according to
the exposure rate and specific activity);

(e) Regulation No. 8 on Physical Protection of the Nuclear facilities and Nuclear Material (CUAEPP,
Ministry of Internal Affairs, 1993);

(f) Basic Standards on Radiation Protection — 92 (CUAEPP, 1992). The Basic Safety Standards-92
sets the categories of exposed people and the dose limits for the population and workers,
apprentices, pregnant women, etc.

2.3. Organizational structure

The CUAEPP performs the state policy in the field of the use of atomic energy in the country
and defines the requirements on the safe use of atomic energy, and the order of accounting for storage
and transport of nuclear material. It carries out the control over the use of atomic energy through the
Inspectorate on the Safe Use of Atomic Energy (ISUAE), together with the other national competent
authorities (Ministry of Health, Ministry of Environment and Water, Ministry of Internal Affairs, etc.).

According to the AUAEPP all legal and physical entities are responsible for the safe RAW
management until the waste is transferred to the state. This covers ensuring financial means, human
resources, etc. At present the NPP waste and SNF are temporarily stored at the NPP site and the
National Electric Company (NEC)-PLC as an operator of the plant is responsible for the
implementation of all necessary measures aiming at safe storage until the final National RAW disposal
facility is constructed.

3. ACHIEVEMENTS

3.1. Reduction of NPP RAW volume

As a result of the policy of control in the field of safe management of NPP RAW the quantities
of the generated radioactive waste for the period 1993-1998 were reduced by about a factor of four
(Figure 1). The generated solid waste has been treated since 1994. Since 1997 removal and treatment of
solid RAW from the stored quantities has begun.

In recent years, the NPP generates annually on an average about 400 m of liquid RAW, 360 m
of solid RAW, and 20 m of low and intermediate ion-exchange resins.

3.2. RAW treatment facility

In 1991 a programme for treatment of low and intermediate level NPP RAW and a storage
facility for 20-30 years were developed, and a technical project was elaborated. The construction is
continuing at present. The main equipment and technology were delivered by Westinghouse and the
equipment of the auxiliary systems and construction works were ensured through a PHARE project.

The design technology envisages the following phases:

Removing of the liquid RAW from the tanks in the relevant auxiliary building (AB) by a system
for dissolving the crystallized solids in the tanks;

Transporting of the dissolved solids by a special tank-truck from the AB-1 and AB-2 and by
pipelines from AB-3 to the plant;

Concentrating the dissolved solids by film evaporator;
Preparation of cement mixture with a capacity of 12 m per day.
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FIG. 1 Produced solid RAW at the Kozloduy NPP.

The solid RAW are to be delivered in containers and sorted out by definite criteria. They would
then be put into 200 1 barrels and pressed by a mobile compactor with a compressive force of 980 t.
Every barrel would be marked and scanned for defining its radioactivity and isotope content. The
pressed barrels would be put into a reinforced concrete container with a net volume of 5 m and covered
with the cement mixture, containing the liquid RAW. The radioactivity and the total weight of the
container are to be controlled and the content of each one documented. The control of all processes is
automated.

After the container is filled, it would be left for 24 hours for setting of the concrete mixture and
then transported to storage.

This facility is planned for treatment of low and intermediate level waste (liquid and solid) and
will be extremely useful for the future operation of the NPP as the capacity for storage facilities for
RAW is nearly exhausted. Due to organisational and financial reasons the facility is to be commissioned
during the year 2000.

The interim storage of low and intermediate level waste at the Kozloduy NPP site is designed to
be 72 m long and 37 m wide. A drainage system for control and collection of leaks is foreseen.
Transport is planned to be carried out by cranes manipulated by remote control. The containers are
designed to be placed 4 rows in height, 8 rows in width and 30 rows in length in each of the two halls. It
is foreseen that the interim storage facility for conditioned RAW will be completed and commissioned
by 2000 as well.

3.3. National SNF and RAW inventory

Since the end of 1998 the CUAEPP has been working on the development of a national
inventory of SNF and RAW. The purpose of the activity is to obtain comprehensive information on the
generated RAW and SNF at the nuclear facilities and non-nuclear facilities. The plans of the BNSA are
to establish the National inventory by the end of 1999, then revise the data until July 2000 and finally
accomplish it in the second half of 2000. The inventory is planned to be periodically updated, which



will enable the development of a more realistic overview of the trends and the RAW and SNF arising
and volumes expected to be disposed of.

At the same time the upgrading of the ISUAE database is planned to be accomplished by the
end of 1999. This will cover improvement of the existing ionising sources' database and elaboration of
a new RAW database. This measure aims at strengthening the control over the use of ionising sources,
production of RAW, and the subsequent steps of the SNF and RAW management (collection, transport,
etc.).

3.4. Financial schemes

The AUAEPP (amended in 1995) establishes two funds related to the SNF and RAW
management activities — Safety and Storage of RAW Fund and the Decommissioning of Nuclear
Facilities Fund.

The national financial schemes for safe storage and disposal of RAW and decommissioning of
nuclear facilities were defined by the new Regulations on the Management of the Safety and Storage of
RAW Fund and the Decommissioning of Nuclear Facilities Fund. The Government in February 1999
approved these normative acts. According to the regulation concerning RAW management, the taxes
were defined and a fund's executive body (board) was established. This board is chaired by the Head of
the Committee of Energy and consists of representatives of the Ministry of Finance, Ministry of
Environment and Water, Ministry of Industry, CUAEPP, BAS-Institute on Nuclear Research and
Nuclear Energy, Committee of Energy, NEC-PLC and Kozloduy NPP. The contributions to the fund has
to be made by:

Legal and physical entities pay according to the tarrifs, defined in the Annex of the Regulation;

Trade companies — the operator of a nuclear power plant — pay according to the electricity
levy. For the Kozloduy NPP it means 3% of the gross electricity production price.

Additional contributions to the Fund are subsidy for the safe management of RAW from the
Republic budget, voluntary contributions, assistance, interests on the Fund accounts, income from sale
of scientific developments, know-how, and other sources.

The estimated amount of the Fund for 1999 is about 30 million-DM.

4. AREAS OF IMPORTANCE

4.1. National SNF and RAW strategy

An important aspect in the field of SNF and RAW management is the National Strategy on Safe
Management of Spent Nuclear Fuel and Radioactive Waste that has been developed and is currently
under discussion by all competent authorities. This document envisages the establishment of a new,
independent state radioactive waste management organization, responsible for the transport, treatment,
storage and disposal of the RAW generated in the country.

This organization is expected to manage RAW which are state property, after they are
transferred to the state by their producers. The RAW management organization is foreseen to operate
the disposal facilities, propose waste acceptance criteria, transport RAW from the producer to the
disposal sites, be responsible for the national RAW inventory, for the safety assessment of the
repositories, environmental impact assessment, development and implementation of a programme on
construction of a National RAW disposal facility, etc.

On establishing this state organization, separation of the responsibilities between producers, the
body responsible for RAW management and regulatory authorities is expected to be achieved.

The other important tasks to be resolved are as follows:

Medium term and long term management of the SNF;



Management of HLW generated as a result of the decommissioning of the nuclear power units
and the reprocessing of the SNF in Russia;

Management of HLW generated in the industry, medicine, etc.

Development of financial plans for the siting, design, and construction of the National RAW
disposal facility;

Transformation of the Committee on the Use of Atomic Energy for Peaceful Purposes,
Committee of Energy and the National Electric Company.

Periodical updating of the national strategy is envisaged as it covers short term and medium term
measures in this field (up to 2010).

4.2. Legislative basis

The amendment and supplement of the national legislative programme is underway. The
AUAEPP is amended and supplemented aiming at transfer of the CUAEPP to a State Atomic Energy
Agency. The draft Act is currently revised by all competent authorities and is expected to be approved
by the Council of Ministers until the end of 1999.

At the same time the CUAEPP has elaborated a comprehensive legislative programme on the
safety of the RAW and SNF management. This programme includes the development of an Act on
Ratification of the IAEA Joint Convention on the Safety of Spent Fuel Management and on the Safety
of Radioactive Waste Management. The Joint Convention is expected to be approved by the Council of
Ministers in November 1999. As part of the programme the CUAEPP plans elaboration of an Act on
Ratification of the Additional Protocol to the Agreement between the Republic of Bulgaria and the
IAEA on Implementation of the Safeguards related to the Non-Proliferation Treaty. The Act is
envisaged to be approved by the Council of Ministers in March 2000. The development of a new Act on
Safe Use of Nuclear Energy, a Regulation on Safety of SNF and RAW Facilities, as well as the
amendment and supplement of the CUAEPP Regulation No.4, Regulation No.5, Regulation No. 7 and
Basic Safety Standards-92 in compliance with the EU legislation and the IAEA recommendations are
planned to be achieved by 2001.

4.3. Site selection process

The siting process aiming at construction of a National RAW repository in Bulgaria continued
in 1998. The National Concept developed in 1993 was considered as a starting point, defining 20
potential sites for disposal of RAW in the country.

The Institute of Geology to the BAS has recently elaborated a methodology and defined site
selection criteria with the main objective to reduce the number of the potential sites. In July this year
the Institute accomplished a site investigation project on selection of potential sites in the Kozloduy
NPP region for near surface disposal of low and intermediate level waste. The planned facility is
envisaged to dispose of LILW from the NPP, as well as institutional waste after the closure of the Novi
han repository. The project resulted in selection of four potential sites for disposal of low and
intermediate level waste. The program will continue with additional investigations in the rest of the
country until a final solution is found.

Parallel investigations are taking place on siting of potential sites on the territory of Bulgaria for
disposal of high level waste, as a possibility exists of return of HLW generated during the SNF
treatment in Russia and the decommissioning process.

5. AREAS OF FURTHER DEVELOPMENT

The main areas for further development in the field of RAW and SNF management could be
defined as strengthening the regulatory activities, SNF and HLW produced from its treatment, and
planning and elaboration of the relevant documentation on the NPP decommissioning.



5.1. Regulatory activities

The most important measures aiming at strengthening the regulatory activities are legislative ones
and cover the following:

Transformation of the CUAEPP into a State Atomic Energy Agency and establishment of an
effective administrative structure of the regulatory body;

Legal definition of the financing of the regulatory body through a planned complex financial
mechanism (state budget and taxes) and increase of the salaries of the CUAEPP personnel;

Reduction of the regulatory body's functions to those related to the regulation and control over
nuclear safety and radiation protection and coordination of the international cooperation in this
field;

Increase of the number of the CUAEPP personnel by 14 people.

The CUAEPP is working on the development of safety criteria for RAW and SNF facilities. It also
envisages the establishment of requirements on the safety analysis report by the end of 1999. Based on
the legally set safety criteria, reassessment of the existing facilities is planned.

5.2. SNF and HLW

The safe long term management of the spent nuclear fuel is one of the tasks to be solved. Since 1989
the SNF has not been shipped back to Russia. Last year the NEC signed a contract and sent 240 fuel
assemblies to Russia. According to the Russian legislation, the high level waste produced as a result of
the treatment have to be sent back to Bulgaria. In 1998 a Policy on Management of Nuclear Fuel Cycle
and Radioactive Waste of the NEC-PLC was developed. It envisages the following main measures on
the safe management of SNF generated from the Kozloduy NPP:

Shipment back of SNF to the state of origin — Russia;

Modernisation of the SFSF and its compliance with the current safety requirements by 2001;

Investigation of the possibilities for increasing the capacity of the SFSF and the SFP by compact
storing of the assemblies;

Construction of a new dry storage for SNF for a period of not less than 50 years or storing in
containers by 2005.

At the same time the NEC efforts aim at negotiation with Russia on the conditions of SNF
shipment. It includes the shipment of those assemblies delivered to Bulgaria up to 1989 and afterwards.
The emphasis of the undergoing negotiations is manly on the costs for SNF treatment and the future
storage and handling of the produced HLW as a result of the treatment process.

In case the SNF will not be able to be sent back to Russia an alternative has to be found. Taking
into account the conditions (geological, etc.) of the Balkan region the policy of the Republic of Bulgaria
aims at regional solution of this problem. In this relation Bulgaria will increase its efforts on finding a
solution at the international level or through bilateral agreements. Therefore, the international co-
operation will play a key role in this field.

The question related to the management of HLW produced as a result of the SNF treatment in
Russia is also under discussion. As there is a possibility that HLW is to be returned to Bulgaria the long
term storage of these wastes in Russia before their transport back to Bulgaria is preferred.

The long term management of the SNF of the IRT-200 research reactor is being discussed at
present. The BAS is investigating the possibilities and negotiating the conditions with Russia for the
shipment of the assemblies back to Russia.



5.3. Decommissioning activities

The CUAEPP is taking the necessary measures for the preparation of the legislative basis and
specific requirements on the future decommissioning of the WWER-440 units 1 and 2. In this relation
the following aspects related to the safe RAW management are taken into account - waste
minimization, adequate waste storage and disposal facility, suitable waste management technology, as
well as discharge levels. Emphasis is put also on the quality assurance system and the record keeping of
the relevant data (radioactive and toxic waste).

The management of the HLW generated as a result of the decommissioning process is one of
the important aspects considered at the moment.

6. CONCLUSIONS

The implementation of the measures taken and planned by the Republic of Bulgaria in the field
of SNF and RAW management through development of a National Strategy on RAW and SNF
Management, improvement of the current legislative framework, strengthening the regulatory regime,
establishment of financial schemes aims at elaboration of a comprehensive national system in this field
in compliance with the internationally agreed standards and recommendations, and the EU
requirements.
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Abstract

Kozloduy NPP is the biggest power plant in the Republic of Bulgaria. It is in operation since 1974 and for
the past 25 years it has generated over 263 billion kWh electric power. The NPP share in the total electric
production in 1998 was about 50%. It has six units in operation — four WWER 440 B-230 and two WWER
1000 B-320. In the nuclear reactor operation the generation of radioactive waste (RAW) is an inevitable process.
The waste must be conditioned, stored and disposed of in a safe manner. There are no national radioactive waste
disposal facilities, for waste generated by an NPP, in Bulgaria to the moment. This situation necessitates the
storage of operational RAW to be carried out on site for a long period of time (30 to 50 years). Following the
principle for protection of human health and environment now and in the future [1], Kozloduy NPP adopted the
concept for conditioning the RAW to a stable solid form and placing the waste in a package which should keep
its features for a sufficiently long term so that the package can be safely transported to the disposal site.

1. TREATMENT METHOD

The treatment method comprises:

- Compaction of solid RAW,
- Solidification of liquid RAW,
- Packaging of compacted and cemented RAW in a reinforced concrete container.

It is expected the compacted RAW to be poured with a cemented mixture; also it is assumed
that their immobilizing in a cemented matrix is an additional barrier.

2. METHOD OF STORAGE

The safe storage of RAW is achieved by combination of several barriers between the
radionuclides and the environment. Kozloduy NPP has chosen the following combination:

(a) Natural barriers
engineering construction site with suitable geological, hydra-geological, morphology and
other characteristics;

(b) Engineering barriers
matrix with average physical and mechanical indices;
package (container) with very high strength indices and shielding level; storage facility of
high resistance level against ambient impacts and a lifetime term of over 30 years.

Appropriate operational procedures and constant site and environmental monitoring supplement
the design safety measures.

3. SITE CHARACTERISTICS

The place for storage facility construction is located on the guarded site of the NPP.



3.1. Main geologic characteristics

The facility site is located on the second non flooding terrace of the Danube river having
altitude of 35 m, 4 km to the south of the Danube river midstream [2].

The geologic structure is of Pliocene and Quaternary materials. The total depth of the Pliocene
is 100 m.

The maximum level of the underground water is at level 29 m [3].

3.2. Main climatic and meteorological data

The site region is of continental climate. The average annual air temperature is +15°C.
The absolute maximum air temperature is +43.3°C. The absolute minimum air temperature is 6.6°C.
The average wind speed is 1.9 to 2.0 m/s.

3.3. Experimental natural phenomena

The probability for tornado is estimated to 9.177 x 10"6

The current analysis define specified for the site earthquake of 0.2 g intensity.

The latest studies [4] specify that if dam wall breakage occurs ("Zelezni Vrata" dam) would
appear a wave which will not be dangerous for the site. The maximum river level in this case would
be 31.4 m, which is lower than the maximum river level in natural conditions.

3.4. Human activities

The general conclusion following several studies [5, 6] is that there are no sites and objects in
30 km range that are a potential danger.

3.5. Evaluation of the radionuclides migration with the underground water

The main pathway of the radionuclides existence at the conditioned low level RAW for storage
is through the surface and underground water. The only method of limiting the environment
contamination, if having leaks of radioactive liquid from the engineering facility, is the choosing of
geologic structures, ensuring low speed of radionuclides spreading.

The data from the study [7] specifies that the horizontal spreading would be performed by the
alluvial water level. The spreading is performed in two phases:

- Spreading from the surface to the water level;
- Horizontal spreading to the water level.

The average speed of a vertical spreading of 90Sr (which is 3 to 30 times more movable from
Cs) is 0.3 to 1.8 cm/y for the geologic site structure. The radionuclides would have reached the level
of underground water after 350 H- 400 years and more from the moment of their release. The
conservative evaluation of the horizontal spreading indicates that a circular area of 1000 m radius
contaminated with 90Sr would have appeared after about 150 years, the concentration would have
been 2.6%, compared to the initial one. The contaminated area radius, if it is of 137Cs, would have
been by the factor of 2 smaller, and the concentration not higher than 0.1%, compared to the initial
one.



4. MATRIX CHARACTERISTICS

The cemented matrix meets the requirements of OH 0185871-92:

- Compression strength — not less than 3.5 Mpa,
- Resistance to thermal cycles,
- Microbiology resistance,
- Absence of free water,
- Radionuclides' leachability — less than 1.0 x 10"3 g/cm2/day,
- Homogeneity.

It is considered that this ensures the matrix integrity and the decaying of some organic materials
in the matrix would lead to forming calcium salts, which are not soluble and would exercise favorable
influence.

The compacted solid RAW meet the OH 0285869-92 requirements. According to the carried
out analysis of the compacted drums mass in the container, about 60 g gases can be generated
annually. The cement matrix and the concrete have sufficient gas permeability, thus the gases shall
pass into the atmosphere without breaking mechanically the matrix and the container.

5. CONTAINER

The container is a reinforced concrete structure with cubic form. Its net volume is 5 m3 and the
gross volume is 7.41 m3. The wall thickness is 14 cm at the base and 10 cm at the top. The container
closes with a lid of 8 cm thickness. The mass of an empty container is 6 t and full is 20 t.

The container allows storage of 0.1 TBq (2.7 Ci) activity. The requirements to the container are
specified in the OH 0185755-92 regulation. To be proved the requirements to the container at
licensing the container has passed a test program for corrosion resistance, concrete resistance to
thermal cycles, reagents and microorganisms, water tightness, compression resistance, seismic
resistance, drop test, fire resistance test, and determination of radiation protection level.

The container meets the requirements for transport package type IP-HI, according to IAEA
SafetySeriesNo6[8].

6. STORAGE FACILITY DESCRIPTION

The storage facility is a premise of 72 m length and 37 m width. Adjacent to the storage facility
is located the premise for control and management. The floor and the walls are of epoxy coating. The
foundation slab is of 1 m thickness and is calculated to bear load of four rows containers by height.

Special attention is paid to the roof and foundation slab waterproof. Bridge cranes using remote
control stack the containers. The exact positioning of cranes is performed by bench marks and TV
system. The containers are stacked in two areas. Each can take 960 containers.

Drainage system for collection water in the storage facility is provided. The floor of the facility
is above the site level and the access of surface and underground water is eliminated. Feedwater is not
foreseen for the storage facility. Any water on the floor is collected by the drainage system and is led
to an underground tank that is dug into the floor of the facility. Then it is pumped in a tanker-trailer
and is transported to the treatment facility. This avoids the falling of water from the storage facility
into the ground.

The storage facility ventilation is performed by a natural aeration. Heating and conditioning is
not provided. Considering extreme environmental conditions emergency roof fans are provided.



Analysis of the burnable load is carried out. The conditioned RAW are non-burnable. Fire
detection in the premises for remote control and supervision is provided.

The storage facility is located in the guarded NPP site to which trained personnel have access
only. In addition, installation of signal-security system that avoids the access to the radioactive
materials by people without special permission, is envisaged.

7. PERSONNEL HEALTH PHYSICS PROTECTION

During normal operation the outer and inner radiation exposure of the personnel is limited to a
reasonably achievable level due to the remote control of the operations on the container stacking in
the treatment facility.

The individual radiation control of the people working in the storage facility is performed by
individual dosimeters and monitor for radioactive contamination of arms, feet and clothes. The
gamma dose rate emission, the surface contamination and the radioactive aerosols are controlled in
the storage facility.

Having the analysis of the possible aerosol and radioactive gases emissions the conclusion that
they can be ignored because of the long term stay of the liquid RAW before treatment and the
repeated thermal treatment in the process of conditioning can be made.

7. CONTROL AND MONITORING

The control of the stored RAW includes visual control for the absence of liquids in the storage
facility and air analysis for absence of dangerous concentrations of poisonous gases and radioactive
aerosols.

The environment radiation control personnel perform the monitoring of the storage facilities on
routine basis. The concentration of artificial radionuclides in the underground water, air deposits,
plants and soil is controlled.

The construction of six additional boreholes to control the underground water around the
storage facility is envisaged.
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Storage Facility for Containers with RAW - chart
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IAEA Disposal Facility Concept, adapted for Kozloduy NPP
(TECDOC-776/1994)
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nKozloduy NPP is in operation since 1974
n It has generated over 263 billion kW-h by now
n 6 units in operation - 4 WWER 440 & 2 WWER 1000
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nNo national RAW disposal facility for NPP generated
waste

nSite storage necessity of generated RAW for 30-50
years period

nKNPP - adopted concept for RAW conditioning to stable
form and package
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Abstract

CANDU reactor operators have benefited from several advantages of the CANDU system and
from AECL's experience, with regard to spent fuel handling, storage and disposal. AECL has over
20 yeOars experience in development and application of medium-term storage and research and
development on the disposal of used fuel. As a result of AECL's experience, short-term and medium-
term storage and the associated handling of spent CANDU fuel are well proven, and economic with
an extremely high degree of public and environmental protection. In fact, both short-term (water-pool)
and medium-term (dry canister) storage of CANDU fuel are comparable or lower in cost per unit of
energy, than for PWRs. Both pool storage and dry spent fuel storage are fully proven, with many
years of successful, safe operating experience. AECL's extensive R&D on the permanent disposal of
spent-fuel has resulted in a defined concept for Canadian fuel disposal in crystalline rock. This
concept was recently confirmed as "technically acceptable" by an independent environmental review
panel. Thus, the Canadian program represents an international demonstration of the feasibility and
safety of geological disposal of nuclear fuel waste. Much of the technology behind the Canadian
concept can be adapted to permanent land-based disposal strategies chosen by other countries. In
addition, the Canadian development has established a baseline for CANDU fuel permanent disposal
costs. Canadian and international work has shown that the cost of permanent CANDU fuel disposal is
similar to the cost of LWR fuel disposal, per unit of electricity produced.

1. POOL STORAGE OF SPENT CANDU FUEL

When a CANDU natural uranium fuel bundle is discharged from the reactor, after
12-18 months of irradiation, it is removed to a pool system for interim storage Ref. [1]. The water in
the pool removes the residual heat produced by the spent fuel and provides radiation shielding for
workers. The compact design of the CANDU fuel bundle, and the impossibility of criticality for
CANDU natural uranium spent fuel bundles in water pool storage, make for extremely simple and
hence economical pool storage. Packing density is determined by heat transfer considerations and not
by criticality concerns.

To prevent leakage, and hence potential releases to the environment, the spent fuel pool has
double concrete walls, designed such that any leakage through the inner wall would enter drains
between the walls and flow to a cleanup system. The water shields the radiation emitted by the spent
fuel, and the heat generated by the radioactive decay is transferred to the water. The water is cooled
by circulating it through heat exchangers and is purified by filters and ion exchange systems that
remove any dissolved and suspended radionuclides. The spent fuel bays are designed to meet
applicable seismic requirements.

For its latest designs, the spent fuel bay proposed by AECL is designed to store irradiated fuel
bundles in stainless steel baskets. The hexagonal baskets store 60 fuel bundles with the bundle axes



vertical. The baskets can be stacked six-high. This storage arrangement provides the ability to store
fuel from up to 20 years of operation. It also simplifies fuel handling operations, because the
hexagonal baskets are designed for direct transfer to dry spent fuel storage, with no change of carrier
required. Fuel handling operations are straightforward because, as mentioned above, criticality
accidents are not a concern.

2. DRY STORAGE OF SPENT CANDU FUEL

After spent CANDU fuel has been out of the reactor for about six years, its activity and rate of
heat generation have decreased sufficiently to allow the fuel to be transferred to dry storage if desired.
Compared with wet storage, dry storage is considered to have the advantages of:

• Reduced amounts of radioactive waste, such as filters;
• Less potential for contamination of the storage facility;
• Little or no corrosion of fuel sheaths;
• Less radiation exposure to operating personnel;
• Minimal maintenance; and
• Low operating costs.

Dry storage is simple to implement and modules can be added as needed. Furthermore, there is
low exposure of operating personnel, triple containment of the spent fuel radioactivity and little or no
radioactive waste such as the used filters from pool storage water cleanup systems.

AECL started to study dry storage for spent nuclear fuel in the early 1970s. Silo-like structures
called concrete canisters were first developed for the storage of research reactor enriched uranium
fuel and then perfected for spent CANDU natural uranium fuel. By 1987, concrete canisters were
being used for safe and economical storage of all spent fuel accumulated during the operation of
AECL's decommissioned prototype reactors (Table I). Each canister contains a stack of spent fuel
baskets, illustrated in Fig. 1.

The same basic technology was then applied to on-site dry storage of spent fuel generated by
operating CANDU nuclear power generating plants. New Brunswick Power and Korea Electric Power
Company selected AECL's concrete canister technology for their CANDU-6 nuclear generating
stations at Point Lepreau (1989) and Wolsung-1 (1990) (Table I).

In 1989, AECL began development (in cooperation with Transnuclear, Inc.) of a monolithic,
air-cooled, concrete structure for dry storage called MACSTOR (see Figs 2&3). MACSTOR modules
require less land area than concrete canisters for the same amount of spent fuel and are suitable for
storage of spent fuel assemblies from other reactor types (PWR, BWR, VVER) as well as CANDU. In
1995, Hydro-Quebec built the first such system for dry storage at the Gentilly-2 CANDU-6 nuclear
generating station (Fig. 2) [2].

Dry storage costs for spent fuel from a CANDU reactor design have been compared to those for
a typical pressurized light water reactor both normalized to a gross power of 1000 MW(e) [3]. The
results indicated that the dry storage costs for the CANDU system were about 30% lower than the
LWR system.



TABLE I CANDU SPENT FUEL CURRENTLY IN DRY STORAGE

Reactor Unit

Whiteshell Research
Gentilly-1
Douglas Point
Nuclear Power Demonstration
Pt. Lepreau
Wolsong-1
Gentilly-2

Fuel

17MgU
67MgU
298 MgU
75MgU
2790 MgU (lifetime)
2790 MgU (lifetime)
2790 MgU (lifetime)

Number of Canisters

11
11
47
11
275 (lifetime)
275 (lifetime)
275 (lifetime)

FIG. 2. MACSTOR Dry Storage Module - Gentilly 2 FIG. 3. MACSTOR Dry Storage Module - LWR
Configuration



3. DISPOSAL OF CANDU NUCLEAR FUEL WASTE

Current storage practices have an excellent safety record at CANDU sites, permit easy
monitoring and retrieval, and could be continued for many years. But storage, while an extremely
effective interim measure, is not considered to be a permanent measure. Thus, the objective for
permanent disposal is to manage nuclear fuel waste in a way that does not require further intervention,
even in the long term, and that, ideally, does not depend on institutional controls to maintain safety.
This does not mean that society would not use long-term institutional controls as a management tool,
but rather that, even if such controls should fail, human health and the natural environment would still
be protected and it does not mean that intervention is precluded but rather that it is not required.

Canada and other countries with mature nuclear power programs have for many years been
developing the technology for the permanent disposal of nuclear fuel waste. There is
international consensus among waste management experts that the preferred method for long-
term management of nuclear fuel waste is land-based geological disposal [4].

Land-based geological disposal would involve placing containers of waste in sediment or rock
hundreds of meters deep with access from the land surface. Advantages of land-based geological
disposal are that most nations have within their borders rock types potentially suitable for disposal,
and land-based disposal concepts can be based on existing mining and engineering technology.
Research has concentrated on disposal media (rock types) having one or more of the characteristics
commonly considered favorable for disposal. The decision to focus on a particular rock type or types
is made in each country on the basis of the geological conditions within that country and a variety of
other relevant factors. International research on land-based geological disposal of radioactive waste
has concentrated on five disposal media: crystalline rock, salt, clay (or shale), tuff, and basalt.

Canada, like other countries, is basing its plans for disposal of nuclear fuel waste on deep
geological disposal, in the Canadian case, in stable crystalline rock of the Canadian Shield. In
common with the approach adopted in other countries, the disposal concept developed by AECL,
entails isolating the waste from the biosphere by a series of engineered and natural barriers [5].
These barriers include: the waste form itself (either spent fuel or the solidified high level waste
from reprocessing); long-lived containers in which the waste is sealed; buffer materials to
separate the containers from the surrounding rock and to control the movement of water to, and
corrosion products away from, the container; the use of seals and backfill materials to close the
various openings, tunnels, shafts, and boreholes; and the rock mass in which the repository is
located (the geosphere). The biosphere, although not a barrier per se, is an important part of the
overall system. Because it contains the pathways through which direct exposure of humans and
other organisms to contaminants could occur, it must be studied as part of any waste management
program.

In the Canadian concept, as in most countries, waste would be emplaced in a repository
excavated in stable rock below the water table. Hence, the principal concern from the point of
view of long-term safety is that groundwater could eventually become contaminated with
radioactive or other hazardous materials, and ultimately make its way to the surface and pose a
risk to future human health or the environment. The multibarrier system developed for the
Canadian concept will prevent this by the combined effects of radioactive decay and the
containment, retardation, dispersion and dilution that will take place as contaminants try to move
through the disposal system (from the waste form, through the container, buffer, backfill, and
geosphere) to the surface such that humans and other organisms will not be exposed to an undue
risk. Thus, human health and the environment will be protected.

Considerable efforts have been made internationally to evaluate the behaviour of deep
geological repositories with time and their long-term safety. There is an international consensus
among waste management experts that "appropriate use of safety assessment methods, coupled



with sufficient information from proposed disposal sites, can provide the technical basis to
decide whether specific disposal systems would offer to society a satisfactory level of safety for
both current and future generations" [6].

Several countries [7, 8, 9, 10, 11, 12], including Canada [5, 13] have carried out quantitative
assessments of the risk associated with disposal. These analyses indicate that the amount of
contaminants moving from a repository to the surface would be very small and that the radiological
impact would be many orders of magnitude less than that from naturally occurring radioactivity in the
surface environment.

4. TECHNICAL AND ECONOMIC ISSUES ASSOCIATED WITH THE DIRECT DISPOSAL OF
SPENT CANDU FUEL

A key consideration in assessing the long-term performance of a disposal system is the stability
of the waste form, since the waste form contains the radioactive species of concern and it represents
the source term for safety and performance assessments. Spent uranium dioxide fuel is an excellent
waste form under the reducing groundwater conditions expected at depth in saturated rock. The long-
term stability of spent fuel has been assessed in studies of natural analogues such as the Cigar Lake
uranium ore deposit [14]. This ore deposit, formed 1.3 billion years ago, has been in contact with
groundwater since its formation. Yet the uranium has remained stable and very little dissolution has
occurred under the reducing groundwater conditions prevailing in the deposit. Solidified waste from
reprocessing is also an excellent waste form, so both spent CANDU fuel and the solidified waste from
reprocessing the spent fuel can be safely disposed.

Although the reprocessing of spent fuel to extract useful material for recycling is possible, it is
not currently done in Canada, and there are no plans to do so. If spent fuel were reprocessed, almost
all the radioactive material that remained (the high-level waste) would be solidified. Reprocessing
does not change the quantities of the radionuclides in spent fuel, nor are the total activity and heat
generated by the radionuclides. Thus reprocessing in itself would not reduce the amount of fission
products, per unit of electricity generated, to be disposed. For the first few hundred years, when the
activity is dominated by fission products, the total activity per unit of electricity generated would be
roughly the same for vitrified high-level waste as for the spent fuel from which it was derived.
Similarly, for the first few hundred years, the rate of heat production would be nearly the same for
both types of waste. To meet the thermal constraints for underground disposal, the size of repository
required for disposal of the vitrified high-level waste alone would be about the same as for the spent
fuel from which it was derived. Therefore, both options-direct disposal of fuel bundles, or disposal of
reprocessed, vitrified waste, have similar costs.

For example, Canadian studies of the direct disposal in granite of spent natural uranium
CANDU fuel indicate a repository requirement of about 400 to 700 m2 per TW»h of electricity (Table
II) [15, 16]. Swiss studies on the disposal of vitrified reprocessing waste, also in granite, indicate a
comparable or somewhat larger repository requirement of about 600-1200 m2/TW»h [11]. Finnish and
Swedish studies for the disposal of used BWR and PWR fuel indicate a similar requirement of about
500-1000 m2/TW-h [17, 18].



TABLE II. COMPARISON OF SPACE REQUIREMENTS FOR THE DISPOSAL OF HIGH
LEVEL WASTE

Country

Canada

Canada

Sweden

Finland

Switzerland

Waste Form

usedNU
CANDU fuel
usedNU
CANDU fuel
used BWR and
PWR fuel
used BWR fuel

vitrified waste
from
reprocessing

Burnup of fuel
MW-d/Mg(U)

7900

8300

35 000 BWR
39 000 PWR
35 000

Storage
Period
Before
Disposal (a)

10

10

-40

20 to 40

Waste
Emplacement
Method

in boreholes
from rooms
in-room

in boreholes
from rooms
in boreholes
from rooms
in-room

Planf

Area of
Repository
(m2/TW-h)

400

660

500

500-900

600-1200

This figure assumes an ideal geometry. The actual plan area will be larger because rooms will be laid out
to avoid important geological features such as fracture zones and faults.

This result comes about because the quantity of heat-generating waste per unit volume of a
repository is limited by the maximum acceptable heat load from the waste on the waste container, the
repository sealing systems such as clay-based buffer materials, and the surrounding host geological
formation. With spent fuel that has been out of the reactor for a given time, the amount of heat the
fuel generates depends on the fuel burnup, which normally corresponds to the amount of electricity
that was generated by the fuel. Thus, the size of a repository is not a strong function of the volume of
the heat generating waste but to a first approximation depends only on the amount of electricity that
was generated to produce the waste.

Reprocessing operations also produce streams of low- and intermediate-level waste that contain
long-lived radionuclides. Efforts are under way to reduce the volumes of these wastes [19], but
nonetheless they represent a waste stream that will need to be disposed of and many countries are
basing their plans on using deep geological disposal to isolate these wastes from the biosphere. Direct
disposal of CANDU fuel bundles eliminates this need.

The overall cost of deep geological disposal depends not only on the size of the repository, but
also on the costs associated with site characterization, the construction of shielded waste handling
facilities, supporting research and development, safety assessments, etc., all of which represent more
or less fixed costs. These costs do not depend so much on waste volumes and waste forms as on
factors such as geological setting, the scale of the nuclear program and details of the system design
such as design of the waste container.

These factors, together with the fact that the size of a repository is more a function of the
radioactivity and heat produced by the waste rather than its volume means that the costs of disposal
(not including the cost of reprocessing) per unit of electricity produced, are comparable for the direct
disposal of spent fuel and for the disposal of the long-lived waste that arise from reprocessing.

This broad conclusion is supported by Canadian studies looking at the impact of using
enrichment to increase the burnup of CANDU natural uranium (NU) fuel and hence to reduce the
volume of spent fuel to be disposed [20].



It is estimated that increasing the burnup by up to a factor of four, and hence reducing the
volume of spent fuel for a given total production of electricity by about a factor of four, would, for a
given design of repository, not change the total cost of disposal by more than 5 or 10%. The higher
heat load from the spent slightly enriched uranium (SEU) fuel offsets the cost reductions that might be
expected to occur from the smaller volume of spent fuel. In fact, as enrichment and hence the heat
load increase, costs of disposal eventually begin to rise, unless the spent fuel is first stored for an
extended period before disposal (Fig. 4).

1.05

0.80

0.75

(1.7%).

(NU)

Cost, 10 year storage

0.9% SEU) (1.5% SEU

(1.2% SEU

Cost, 50 year storage

7 000 12 000 17 000 22 000 27 000
Burnup (MWd/Mg U)

32 000

FIG. 4. Relative (Total disposal) Costs as a Function of Burnup (Enrichment) for the Direct Disposal
of Spent CANDU Fuel Using Borehole Emplacement of Waste Containers in a Repository Excavated
in Crystalline rock of the Canadian shield for a Fixed Generation of4300 TW.h of Electricity.

If the spent enriched fuel is stored for a period of say 50 years before disposal, compared with a
reference time used in most studies of 10 years, total disposal costs could be reduced up to 20% or so,
compared with disposal of 10-year old spent natural uranium fuel, for a fixed amount of electricity
generated. The direct cost component for disposal reduces by up to -30% or so when the fixed costs
of siting and R&D are removed.

The estimated costs for disposing of different forms of high-level waste - direct disposal of
spent CANDU and spent LWR fuels and the disposal of reprocessing wastes (not including the costs
of reprocessing) - have been compared [17]. This comparison shows that the estimated costs for the
direct disposal of spent CANDU fuel, for a given production of electricity are comparable or less than
for the direct disposal of other waste forms (both spent LWR fuel and reprocessing wastes).
Differences in estimated costs are more related to factors other than the waste form, factors such as
the host geology, whether or not an overpack is used and the size of the national nuclear program.
Typical results are shown in Fig. 5.
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FIG. 5. Costs of Packaging and Disposing of Nuclear Fuel as a Function of Generated Electricity.

(Costs do not include the costs of site screening, site evaluations, and supporting R&D. Data are taken
from Ref. [17] supplemented with additional results from Canada Ref. [20] for disposal of used SEU CANDU
fuel. Except for France and the U.S.A., costs are for disposal in crystalline rock. No host rock is specified for
France because different geological media have been considered in the estimates.)

5. CONCLUSIONS

In summary, the CANDU 6 design is backed by well-established, safe and economical means of
short- and medium-term storage, and by more than 20 years' experience at AECL in defining and
proving concepts for permanent disposal. Natural uranium CANDU fuel has the advantage that
concerns about fuel criticality are eliminated in both wet and dry storage. Further, CANDU spent fuel
storage baskets can be moved directly from pool storage to dry storage facilities. CANDU spent-fuel
dry storage costs are estimated to be lower than for PWRs based on current studies, partly as a
consequence of the more easily-handled CANDU fuel bundles. For permanent disposal, the Canadian
program to develop a technically acceptable disposal concept provides an international demonstration
of feasibility. It also establishes well-supported cost benchmarks, showing that permanent disposal
costs for CANDU fuel would be comparable with costs for PWRs.

REFERENCES

[1] FROST, C.R., Current Interim Used Fuel Storage Practice in Canada, Ontario Hydro Nuclear
Report, N-03710-940052, Toronto (1994).

[2] PARE, F., Dry spent fuel storage with the MACSTOR system, Proceedings of the 10th Pacific
Basin Nuclear Conference, Vol.2, Kobe, Japan, (20-25 October 1996) 1081pp.

[3] BEAUDOIN, R.R., PATTANTYUS, P., Comparison of dry fuel storage costs and required land
area for CANDU 9 and Light Water Reactors (LWRs) in South Korea, Appendix B in Atomic
Energy of Canada Limited Report, AECL-11892, Ottawa (1997) 41-48 pp.

[4] ORGANIZATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT (OECD),
The Environmental and Ethical Basis of Geological Disposal of Long-lived Radioactive



Wastes- A Collective Opinion of the Radioactive Waste Management Committee of the OECD
Nuclear Energy Agency, Paris (1995).

[5] ATOMIC ENERGY OF CANDA LIMITED, Environmental Impact Statement (EIS) on the
Concept for Disposal of Canada's Nuclear Fuel Waste, Atomic Energy of Canada Limited
Report, AECL-10711, COG-93-1, Ottawa (1994).

[6] ORGANIZATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT (OECD),
Disposal of Radioactive Waste: Can Long-Term Safety be Evaluated? An International
Collective Opinion, OECD/NEA, Paris (1991).

[7] NUCLEAR FUEL SAFETY PROJECT- KBS, Final Storage of Spent Fuel-KBS-3, SKBF/KBS
Report, ISSN 0349-6015, Stockholm (1983).

[8] NATIONAL COOPERATIVE FOR THE DIPOSAL OF RADIOACTIVE WASTE (NAGRA),
Project Gewahr, Nuclear Waste Management in Switzerland: Feasibility Studies and Safety
Assessment, Nagra Project Report, NGB-85-09E, Wettingen, Switzerland (1985).

[9] NUCLEAR FUEL AND WASTE COMPANY (SKB) '91, Final Disposal of Spent Nuclear
Fuel: Importance of the Bedrock for Safety, SKB Technical Report 92-20, Stockholm (1992).

[10] VIENO, T., HAUTOJARVI, A., KOSKINEN, L., NORDMAN, H., TVO-92 Safety Analysis of
Spent Fuel Disposal- YJT Technical Report, YJT-92-33E, Finland (1992).

[11] NATIONAL COOPERATIVE FOR THE DISPOSAL OF RADIOACTIVE WASTE
(NAGRA), Kristallin-I Safety Assessment Report, Nagra Technical Report, NTB 93-22,
Wettingen, Switzerland (1994).

[12] POWER REACTOR AND NUCLEAR FUEL DEVELOPMENT CORPORATION (PNC),
"Research and Development on Geological Disposal of High-Level Radioactive Waste, First
Progress Report," PNC Report, PNC TN1410 93-059, Chapter 4, Japan (1992).

[13] WIKJORD, A.G., BAUMGARTNER, P., JOHNSON, L.H., STANCHELL, F.W., ZACH, R,
GOODWIN, B.W., "The Disposal of Canada's Nuclear Fuel Waste: A Study of Postclosure
Safety of In-Room Emplacement of Used CANDU Fuel in Copper Containers in Permeable
Plutonic Rock, Volume 1: Summary," Atomic Energy of Canada Limited, Report AECL-
11494-1, COG-95-522-1, Ottawa (1996).

[14] CRAMER, J., "The Cigar Lake Uranium Deposit: Analog Information for Canada's Nuclear
Fuel Waste Disposal Concept," Atomic Energy of Canada Limited, Report AECL-11204, COG-
94-524, Ottawa (1995).

[15] SIMMONS, G.R., BAUMGARTNER, P., The Disposal of Canada's Nuclear Fuel Waste:
Engineering for a Disposal Facility, Atomic Energy of Canada Limited, Report AECL-10715,
COG-93-5, Ottawa (1994).

[16] BAUMGARTNER, P., et al., Engineering for a Disposal Facility Using the In-Room
Emplacement Method, Atomic Energy of Canada Limited, Report AECL-11595, COG-96 223,
Ottawa (1996).

[17] ORGANIZATION FOR ECONOMIC DEVELOPMENT AND CO-OPERATION/NUCLEAR
ENERGY AGENCY (OECD/NEA), The Cost of High-Level Waste Disposal in Geological
Repositories. An Analysis of Factors Affecting Cost Estimates, OECD/NEA, Paris, 1993.

[18] AGESKOG, L., SJODIN, K., Tentative Outline and Siting of a Repository for Spent Nuclear
Fuel at the Finnsjon Site, SKB Technical Report, SKB 91-36,Stockholm (1991).

[19] "Not A Lot of Waste," Nuclear Issues, 16(4), 4,1994. (INCOMPLETE)
[20] ALLAN,C.J., BAUMGARTNER, P., "Back-end of the Nuclear Fuel Cycle: A Comparison of

the Direct Disposal and Reprocessing Options," Proceedings of the 10th Pacific Basin Nuclear
Conference, Vol. 1, Kobe, Japan (20-25 October 1996) 51pp.



IAEA-SM-357/11

WASTE MANAGEMENT IN CHILE

A. SANHUEZA-MIR
Unidad Gestion Desechos Radiactivos,
Departamento Seguridad Nuclear y Radiologica,
Comision Chilena de Energia Nuclear(CCHEN),
Santiago, Chile

Abstract

The main radioactive waste management issues to be faced by the Chilean Nuclear Energy Commission
(CCHEN) are discussed herein. Research reactor spent fuel management is the most outstanding challenge at the
beginning of the 21st century. Interim storage appears to be the most promising alternative, allowing fuel
safekeeping until a definitive step is taken. The situation regarding radioactive waste resulting from radioisotope
applications in Chile will not undergo considerable change in the near future. Low and intermediate level
radioactive waste management is being safely performed followed by interim storage of conditioned wastes. The
strategy in the radioactive waste management plan, to be described as well, is meant to ensure the safe storage of
radioactive wastes produced in Chile.

1. INTRODUCTION

The Chilean nuclear energy program, which is solely for peaceful purposes, has been widely
applied in the fields of industry, health, and research in several universities and in nuclear research
centres. There are two nuclear research centres: CEN La Reina (CEN LR) and CEN Lo Aguirre (CEN
LA). They produce various kinds of low and intermediate level radioactive waste. Since RECH-1
research reactor started to operate under the control of the Chilean Nuclear Energy Commission
(CCHEN) some twenty five years ago, these nuclear applications have gradually increased, with
corresponding increase in the resulting waste.

CCHEN's goals are established in the Nuclear Safety Law No. 18.302. They include
proposing to the Supreme Government the necessary laws regulating a wide scope of activities so as
to keep the environment free from radiological damages and risks derived from nuclear energy
applications and radiation use, as well as ensuring public safety. With time the radioactive waste
generation issues undertaken by the commission have been increasing.

To achieve the basic waste management objectives, a national radioactive waste management
plan (RWMP) for the near future is being developed for discussion. This plan covers the spent fuel
from research reactors and is one of the main tasks that CCHEN, the regulatory authority on nuclear
and radioactive matters, has assigned to the radioactive waste management unit (UGDR).

2. RESEARCH REACTORS AND NUCLEAR FUEL

Chile has two research reactors. One of them, the operating RECH-1, is located at CEN LR (8
km east of Santiago, at the foot of Los Andes range of mountains). The other one, RECH-2, is located
at CEN LA (28 km west of Santiago, Chile's capital city). RECH-1 is a 5 MW nominal power pool-
type reactor that uses light water as coolant and moderator, and Beryllium as reflector [1]. The
maximum thermal neutron flux is 6.8 x 10E03 n/cm2s. It has facilities for physics beam experiments,
in-core experiments, neutron irradiation, radioisotope production and activation analysis.

CEN LR research activities are based on RECH-1 radioisotope production. Radioactive
wastes containing short lived radionuclides are typically generated at this nuclear research centre.
These wastes are stored for decay and released after being monitored to certify that radioactivity
levels are as low as the background levels.



RECH-2 is not operating at present. It is a 10 MW nominal power pool-type reactor [2]
already licensed for operation. Some interest in the boron neutron capture therapy (BNCT)
application was expressed in the last few years, but no definite conclusion has been reached yet.

Radioactive wastes generated at CEN LA are those produced from uranium mining activities
and uranium recovery as by-product from other domestic minerals (i.e. copper). Research work done
at bench scale in the 80's decade did not produce large quantities of wastes. The main waste arisings
from that research were wastes from hydrometallurgy of uranium. They are composed of a very acid
solutions bearing uranium at PPM levels. As an option, they could be managed as lixiviation solution
if more minerals were going to be studied; but these acid solutions were delivered to UGDR as
radioactive waste. An ion-exchange resin plant to reduce liquid waste volume and precipitate acid
effluents (free of radioactivity) constitutes the treatment for liquid waste from uranium
hydrometallurgy work. There is no research going on at present on uranium recovery from minerals.

The manufacturing of fuel elements with nuclear fuel bought from Russia is another activity
developed at CEN LA. The fuel elements plant (PEC) fabricatess the fuel elements for RECH-1
operation. A total amount of 50 low enriched uranium (LEU) fuel elements is programmed to be
fabricated. They are expected to be ready by the year 2000. After being used in the RECH-1, they will
become spent fuel to be managed in the country.

Nuclear fuel has been acquired from different countries: one charge was bought from United
Kingdom (employing fuel from USA); another charge made of British fuel which is being used now,
was acquired from the United Kingdom; and yet another charge made from French fuel, was bought
from Spain to operate RECH-2. As mentioned earlier, Chile is manufacturing its own fuel elements
with nuclear fuel bought from Russia. Table I summarizes the MTR type nuclear fuel elements to be
used in research reactors in Chile and their situation.

TABLE I. INVENTORY OF NUCLEAR FUEL FOR CHILEAN RESEARCH REACTORS

Nuclear fuel
originally
from
United
States of
America

United
Kingdom

Russia

France

Reactor

RECH-1

RECH-1

RECH-1

RECH-2

Acquired
through

United
Kingdom

United
Kingdom

Russia

Spain

Enrichmen
t level

HEU
80%

MEU
45%

LEU
<20%

HEU
90%

Fuel
Elements
made in
United
Kingdom

United
Kingdom

Chile

France

Qty.

58

40

40

31

Current status

28: returned back to
USA
30: to be returned
back to USA
30: at CEN LR
4: certain spent
6: fresh in storage
4: at CEN LR

Q

1: experimental
45:to be
manufactured
29: at CEN LA
2: fresh in storage

c: experimental element which has only 1 nuclear fuel plate (Source: Reactors Unit/Nuclear Application
Department)

Current operation of RECH-1 gives rise to 4 spent fuel elements per year (50% burnup), which
should be managed in the country. This accumulating spent fuel will change the radioactive waste
management concept in Chile, since it is classified as high level radioactive waste. Different available
options for temporary storage are being considered due to the need from the very beginning to
establish a safe place to store and manage the spent fuel elements.



3. RADIOACTIVE WASTE CURRENT SITUATION

3.1. Low and intermediate activity waste

An average of 20 to 25 m of radioactive waste, whose characteristics are shown in Table II, is
processed annually by UGDR in its facilities of CEN LA. The wastes are principally comprised of
spent sealed sources, compactible material, heterogeneous solid waste, which includes ion exchange
resins (from research reactor RECH-1), and a minor quantity of liquid radioactive waste in both
aqueous and organic phases. As a result of the treatment and conditioning, an average rate of 2
m /year of conditioned waste is temporarily stored, awaiting final disposal.

All these steps have been developed through technical assistance from the International Atomic
Energy Agency (IAEA) which has played an important role in providing technical support for the
acquisition of human and material resources necessary to develop a minimum infrastructure for
radioactive waste management. This infrastructure currently includes the technical facilities to
manage the different kinds of radioactive waste produced in the whole country, namely facilities for
storage and decay, a waste treatment and conditioning plant, and an interim storage facility for the
subsequent storage of the conditioned wastes that belong to and operate under the responsibility of the
UGDR, in CCHEN.

TABLE II. AVERAGE QUANTITY PER YEAR OF LOW AND MEDIUM ACTIVITY WASTE
ARISING IN CHILE

Radioactive waste
production source
Nuclear Research
Centers

Nuclear
Applications

Type of facility

CEN La Reina

CEN Lo Aguirre

Hospitals

Industries

Universities

Volume
(m3)
12

5

lu a

25 ub

2

Radioisotope

3 5 S l 2 5 I l 3 l I 9 9 Mo
5 3Sm3 2P6 0Co5 9Fe
90Sr l37Cs

238U l37Cs

60Co

l 3 7Cs6 0Co2 4 lAm2 2 6Ra
90Sr85Kr
3 H l 4 C 2 2 N a 3 2 P l 2 5 I

Composition

Heterogeneous
Non-compactible
Ion exchange resin,
Compactible,
Aq. & Org. liquid

Spent radiation sealed
sources (SSS)
Comrjactible &

Decontamination Research
& Closure laboratories

238U l37Cs

Scintillation liquids

Heterogeneous NC,
Compactible solids,
Aq. & Org. liquids

ua: Cobalt therapy unit
u : Industrial sealed radiation sources

As mentioned above, the management of the radioactive waste arising from nuclear
applications in the country ends with the interim storage of conditioned waste. UGDR has been
operating these facilities since the year 1990. A good performance level has been reached, which has
been recognized by the IAEA, by considering the facility as a 'Demonstration Center for Latin
America and El Caribe for the procedures and methods before disposal [3]. Within the country,
radioactive waste management has become a service to the national radioactive waste producers.

3.2. High level waste (HLW)

At present, the spent fuel elements from research reactor RECH-1 are the only waste in the
country that could be classified as HLW. The spent fuel elements from the material testing reactor



RECH-1, are not being addressed by UGDR, as the pool has a capacity to store them for at least 20
years. The fact that the nuclear fuel was originally from the USA is an additional consideration, so
that up to now, radioactive waste management was focussed mainly on those wastes arising from the
radioisotope applications.

3.3. Spent fuel

The spent fuel that RECH-1 has discharged until now is being returned to the USA. A total of
28 high enrichment uranium (HEU) fuel elements fabricated by the United Kingdom Atomic Energy
Authority (UKAEA) at Dounreay, Scotland, using uranium enriched in the USA, have already been
transferred to Savannah River Site in South Carolina [4] in accordance with the Research Reactor
Spent Fuel Acceptance Program of the US. Another charge of 30 HEU spent fuel elements is planned
to be returned to the USA in the year 2001.

A charge of 40 fuel element units were bought from the UKAEA, and they are being used
now. These fuel elements are of medium enrichment in 5U (45%) and their management as
radioactive waste or final destination is not yet defined.

Since 1995, the Fuel Elements Plant (PEC) of CCHEN, that is located in CEN LA, supplies
the nuclear fuel elements to be used in RECH-1. PEC manufactures the fuel elements with a low
enrichment uranium (LEU) acquired from Russia. Their final storage will be in Chile as there will not
be any reprocessing of spent fuel in Chile.

3 RADIOACTIVE WASTE MANAGEMENT PLAN

An important milestone for 1999 in CCHEN was to have a 'plan' for radioactive waste
management in which the projected inventory of waste is one of the most significant items to be
considered. Based on its own experience, UGDR works in collaboration with radioactive waste
producers in the country to develop the needs for the near future. In answer to a questionnaire, waste
producers have indicated that the characteristics and projections for the next 15 years will be the
same as in Table II, with minor changes in waste to be produced due to the introduction of some
research. The spent fuel from research reactors can be kept at the reactor pool for the next 20 years.
Looking at the international experience, [5, 6, 7] a storage facility for spent fuel will provide a
solution, unless the nuclear plan for the country changes considerably.

Another important item to be considered for the radioactive waste management plan is that in a
country where hydroelectricity is the main source of energy, difficulties arise when natural waters are
reduced due to weather changes. Further, when fossil resources are almost spent, the energy plan for
the country calls for nuclear generated electrical energy, which needs to be planned. Since nuclear
power generation of electricity has not been introduced as a matter for political discussion in the
country, this item will remain open in the radioactive waste management plan.

The items to be developed for the radioactive waste management plan (RWMP) in Chile are:

• Legal framework;
• Domestic inventory of radioactive wastes;
• Infrastructure;
• Social and public aspects.

4.1. Legal framework

The legal framework for radioactive materials is determined by the safety law and its
associated regulations to control matters related to radioactive materials. These regulations have been
proposed by CCHEN and approved by the Supreme Government. They are:



• Transport of radioactive materials,
• Authorization for facilities and operators to manage radioactive materials,
• Radiological protection, and
• The physical protection for nuclear facilities.

Radioactive waste management is associated with legislation in force for radiation and
environmental matters. CCHEN is working to propose specific regulations for radioactive waste
management that will serve to complement the environmental framework related to dangerous waste.

In meeting the objective of the radioactive waste management regulation, earliest tasks of the
national plan, are directed to:

• Determine responsibilities with regard to waste producers, waste managers, regulatory body
and the government,

• Define concepts and terminology in a manner which can be understood by all the radioactive
waste producers and the regulatory body in the country and abroad,

• Promote waste minimization by controlling the steps from the initiation of a project involving
radioisotopes and by defining clearance levels.

4.2. Domestic inventory of radioactive waste

One of the most relevant process of information for planning of the RWMP is the inventory of
radioactive waste to be generated in the next 15 years. The development of this item is undertaken by
UGDR which has made a questionnaire for users. The first results indicate that radioactive waste that
will arise from radioisotopes users are not so different from those that we have now, and for which
CCHEN already has the main management infrastructure.

According to the data obtained until now, the only different waste that will be generated is the
spent fuel from research reactors for which CCHEN has the management responsibility within the
country.

4.3. Infrastructure

For the wastes that are currently produced now, Chile has the technical infrastructure to
manage them. With regard to human resources, the main concerns are to provide satisfactory training
and to develop the capacities for meeting the needs for operators. Some improvements in the facilities
have to be made, which are covered in the CCHEN's budget.

The storage requirements that ensure the maintenance of spent fuel in a safe stable state until
a final decision is adopted is one of the most important items in the RWMP. Characterization and
storage of spent fuel are the main new tasks to be introduced in this plan. Resources and effort have to
be focussed on these items to achieve the infrastructure consistent with the national economy and
competing demands on resources.

For the time being, waste management in Chile ends with the interim storage of conditioned
waste for low and intermediate activity. The actual surface storage building, with a sixty cubic meters
capacity for this kind of waste, can be improved to provide another sixty cubic meters, which will
cover storage requirements for at least the next two decades, according to the actual development
level. In the meantime, while spent fuel is stored at the reactor pool, temporary away from reactor
(AFR) storage should be considered and defined.

The temporary AFR storage should be an independent interim storage facility at the reactor
site. Financial and safety studies should be done to converge to support a final decision on whether
the storage should continue to be at the reactor site (the preferred option from the technical, safety and



social points of view), or off the reactor site. This last option should be very carefully examined in
depth, due to the existence of 2 research reactors in different locations.

4.4. Social aspects and public information

Social aspects and public information in the nuclear field have been very significant items
developed in CCHEN and considerable resources have been invested. These efforts have been
sustained over a long period of time. For CCHEN, the social aspects include, in addition to discussion
and incentives at young students level, activities involving radiotransmitted and newspaper
interviews, and TV discussion programs showing the benefits of nuclear applications and their
development in Chile.

With regard to radioactive waste management, information discussion addresses the
correlation between environmental protection and waste management. The RWMP will take this into
consideration within the CCHEN public information program as is being done now. According to
development level achieved in the technical issues, the social aspects and public information will also
be considered, so that the public will be informed of the benefits accruing as a consequence of such
achievements.

5. CONCLUSIONS

The radioactive waste management projections in Chile will change in the future due to the
accumulation of spent nuclear fuel from research reactors.

To temporarily store the spent fuel waste safely until a final decision is adopted is the
objective. Characterization and storage of spent fuel are the main new tasks to be introduced in the
national radioactive waste management plan (RWMP). Resources and efforts have to be focussed on
these items to establish and maintain the waste management infrastructure consistent with the national
economy and competing priorities.

With regard to radioactive waste arising from nuclear applications, small changes are
expected: small increases in the quantities of waste, but not very much in the radioactivity, which is
an advantage since technological infrastructure for this kind of waste is available.

Though radioactive waste management has been carried out in a safe way, an elaboration of
the legal framework should be done in the aspects involving responsibilities, authority and definition
of exempted wastes.

Finally, spent fuel from research reactors is the most relevant radioactive waste to be
considered in the future in the RWMP. The RWMP should periodically be opened for discussion and
subjected to review of those aspects where external situations or new nuclear developments occur.
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Abstract

China has a forty-year history of nuclear industry and nuclear technology application. Safety management
of radioactive wastes has been the great concern of related regulatory authorities. After the national policy on
regional disposal for low and intermediate level radioactive waste was enacted in 1992, the management of
radioactive wastes gradually focused on disposal. Currently, the strategies for radioactive waste management in
China are: (a) storing high level radioactive wastes temporarily and launching the study of vitrification and deep
geological disposal of high level liquid waste, treating spent fuels from PWR by reprocessing; (b) implementing
regional disposal policy for low and intermediate level wastes, implementing cement solidification for low and
intermediate level liquid waste before disposal, carrying out bulk casting shallow land disposal technology and
hydraulic-fractured cement solidification for deep geological disposal in some special regions under specific
conditions, treating low and intermediate level solid radioactive wastes by cement solidification after incineration
or by compressing before final disposal; (c) stabilizing the tailing repository by reinforcing embankment,
constructing flood dam and overlaying plantation; and (d) developing and formulating laws, regulations, and
standards to ensure safe management of radioactive wastes. When establishing standards, other than to follow the
generic principles and requirements, emphasis should be placed on the following principles: safety the first,
economy, disposal of radioactive wastes as focus, and introduction of international advanced standards as
possible.

1. INTRODUCTION

Peaceful use of nuclear energy and technology plays an important role in changing the energy

structure in the world and improving the level of human life and health. While greatly benefiting

mankind, the expansion of nuclear energy and technology also leads the generation of lots of

radioactive wastes. Therefore, successful solution to management of radioactive wastes in a safe and

economic way not only concerns the health and safety of future generations, but also poses a direct

impact upon the development of nuclear energy.

2. STATUS

Since the beginning of nuclear industry, the China government and nuclear community have been

greatly concerned about the safety of management of radioactive wastes. Especially in recent 10 years

with the implementation of the nuclear power plan, the legal system for the safety management of

radioactive wastes has been established gradually. In 1979, "The Law on Environmental Protection of

the People's Republic of China" was enacted, in which radioactive wastes are classified as a major

factor of environmental contamination. In 1982, the National Environmental Protection Agency

(NEPA)1 was established with responsibilities for the nationwide management of radioactive wastes.

Subsequently, the National Nuclear Safety Administration (NNSA) was established with the

responsibility for nuclear safety. At present, NEPA and NNSA, in collaboration with the national

nuclear industry regulatory authorities, have organized and developed a series of policies, regulations,

and technical standards, and are updating and improving some relevant work.

Present name: National Environmental Protection General Bureau (NEPGB)



In the early stage of the nuclear industry development, the problem of low and intermediate

level radioactive wastes (LILWs) disposal was not solved timely due to the absence of disposal

concepts with the result it is hard to retrieve and transport a majority of solid wastes stored in interim

storage. In 1992, a national policy on disposal of LILWs from nuclear facilities was set forth. Based

on the national requirements, the Everclean Environmental Engineering/Technical Company was

established under the Chinese National Nuclear Corporation (CCNC), responsible for the siting,

construction and operation of a regional repository for LILWs. By joint efforts of the CNNC and

other agencies, the Northwestern regional repository was constructed. The Daya Bay repository is

expected to be completed in the near future and will accept wastes soon. The siting and planning of

an Eastern regional repository are being carried out. The construction and operation of both these

repositories will provide final and safe disposal of LILWs, greatly improving the radioactive waste

management level and effectively preventing radioactive waste from entering the environment.

3. STRATEGY

Based on the types and characterization of the wastes, various treatment and disposal measures

are adopted. Learning from the experience of, and lessons learned by, developed nuclear countries

and summarizing the experience, we set forth different treatment and disposal strategies for various

wastes.

3.1. Management of high level radioactive wastes

According to the current national policy, high level radioactive wastes (HLWs), including

spent fuels, have to be stored temporarily. At present, we have imported vitrification experimental

equipment for high level radioactive liquid wastes. We will strengthen and accelerate the studies of

vitrification technology and solidification formula so as to provide preparation for execution of

vitrification engineering. For PWR spent fuels, the reprocessing route is employed to reuse the

uranium and plutonium sources, and a pilot plant for spent fuel reprocessing is being constructed.

Tracing the foreign advanced treatment and disposal technology and conducting studies on deep

geological disposal will provide useful data for the future deep geological disposal of HLW.

3.2. Management of low and intermediate level wastes (LILWs) from nuclear facilities

The policy for regional disposal of LILWs was formulated based on national interest rather
than local interest. Therefore the regional repositories are constructed near the nuclear facilities in
order to minimize the number of permanent contamination sources, to save costs and to ensure safety.

3.2.1. Management of Intermediate Level Radioactive Liquid Wastes

Based on its management status and interim storage condition, intermediate level radioactive

liquid wastes are disposed using the following two technological processes:

(a) Deep geological disposal of hydraulic fractured cement-solidified form (it is applied in some
special regions with particular geological conditions) or bulk cement casting shallow land burial
technology; and

(b) Disposal in a repository after cement solidification. This measure can provide many advantages

such as a wide treatment range, easy handing for solidified wastes and obtaining solidification

materials. Currently, most radioactive liquid wastes are treated using cement solidification

technology.



3.2.2. Management of low level radioactive liquid wastes

Management of low level radioactive liquid wastes, including disposal manner and disposal

technology, varies depending upon their history and site conditions such as:

- Cement solidification: the solidified wastes are sent to repository,
- Bitumen solidification for very low level radioactive liquid wastes; the solidified

wastes are stored in permanent storage,
- Evaporation for low level radioactive liquid wastes in evaporation pool and eventual

decommissioning of evaporation pool.

3.2.3. Management of low and intermediate level solid wastes

The methods adopted are:

Incineration and volume reduction then cement solidification and disposal for

combustible low and intermediate level solid wastes,
Compression and volume reduction, immobilization, package then final disposal for
incombustible solid wastes.

3.3. Management of uranium mining and tailings

3.3.1. Management of Uranium Tailings

At present, most uranium tailings are stored in tailing repositories with related safety

measures. The main measures to reinforce safety management are to consolidate tailing banks,

especially tailing dam, and to overlay them with soil and plantation.

3.3.2. Management of mine wastes rock and geological survey residues

Lots of embankments and barrel drains are built around waste stone piles for the purpose of

stabilization. The soil and plantation are also overlaid to recover the nature landscape and prevent

radon exhalation from the stone pile surface.

3.4. Principles of formulating management standards

To ensure safe management of radioactive wastes, the following principles should be

considered while drafting regulatory standards other than following the generic principles and

requirements.

3.4.1 Principle of safety the first

The basic safety objectives for radioactive waste management are:

- Appropriate and optimized management to ensure the safety of human and
environment,

- Meeting the requirement of radiation protection and environmental protection for any
radioactive waste management facilities, system and practice,

- Protection for the future generations.



3.4.2. Economic principle

This principle requires to:

Consider the feasibility of associated technology and economic cost when drafting

radioactive waste management standards and establishing the specific goals and

requirements for each link,
Consider not only the economic reasonability of standardization of each link but also
comprehensive economic reasonability of related links when formulating the standards.
Ensure individual and collective doses below specified limits and follow the ALARA
principle.

3.4.3. Final disposal as focus of waste management

One focus in radioactive waste management is the final and safe disposal of the wastes. Hence,

it is very important to conform to the standards for final disposal, including disposal manner, siting,

design, operation, safety analysis, environmental impact assessment, monitoring and quality

assurance. Safe disposal and associated management standardization will greatly benefit the safety of

the management of radioactive wastes.

3.4.4. Adopting or endorsing the international advanced standards

Depending on the current national situation, it is very significant to employ international

advanced safety management standards. Firstly, the international advanced standards reflect the latest

summarization of the experiences and will accelerate the formulation of corresponding domestic

standards to be employed. Secondly, the introduction of international advanced standards can easily

make the domestic standards acceptable to the public. Thirdly, the implementation of such standards

will greatly benefit international cooperation.

4. CONCLUSION

To sum up, the management of radioactive wastes is a systematic, professional and

technological engineering. The China government is laying out a long-term programme in radioactive

waste management according to the development of nuclear industry and decommissioning of nuclear

facilities. When drafting the programme, we must comply with the laws and regulations for

environmental protection, nuclear safety, radiation protection, and other relevant subjects. The

programme must refer to the international advanced experience and associate it with the specific

domestic situation. In addition, the formulation of programme should also consider the requirements

of long term development such as, feasibility of technology implementation, reasonability of

economy, environmental protection and social benefits.



IAEA-SM-357/13

NATIONAL STRATEGY AND PRACTICE FOR DISPOSAL
OF RADIOACTIVE WASTE IN CHINA

WANG XIANDE
Beijing Institute of Nuclear Engineering,
Beijing, China

Abstract

The R & D program for deep geological disposal of high level waste (HLW) in China (SDC programme) is
presented in the paper. Host rock investigations, site selection and study of the scientific basis are being
conducted in the programme. The national policy regarding regional disposal of low level waste (LLW) and
intermediate level waste (ILW) is also described. Two repositories will be operated at the northwest and south
areas of China by the end of the 1990s.

1. INTRODUCTION

In China, HLW from spent fuel reprocessing is planned to be immobilized in a borosilicate glass
matrix and encapsulated in stainless steel canisters. After 30 to 50 years storage, it is planned the
emplace the canisters in a geologic repository. Hence the SDC program was established in 1985
through the China National Nuclear Corporation (CNNC), the former Ministry of Nuclear Industry.
The first phase of the programme is being implemented and the final objective is to build a repository
by the middle of the 21st century.

Near surface disposal is adopted for LLW and ILW. The policy for regional disposal was issued
by the National Environmental Protection Agency (NEPA) in 1992. Four or five repositories will be
constructed in order to dispose of the accumulated waste from the nuclear industry, the waste
generated from decommissioning of nuclear facilities, or the operation of nuclear power plants in
accordance with the national programme.

2. HLW DISPOSAL

2.1. SDC program

The SDC program consists of four phases: (1) the technical preparation phase, (2) the geologic
study phase, (3) the field test phase, and (4) the repository construction phase. The SDC program is
shown in Fig. 1.

The Research Co-ordination Group (RCG) under CNNC takes the responsibility for the
implementation of the SDC program. Four institutes and several universities have participated in the
research activities since the program was initiated.

2.2. Host rocks investigation

For the host rock of the geologic repository, its composition, physical-chemistry, mechanical,
hydrodynamic, and thermodynamic properties should be considered. As a country with vast territory,
China has a variety of geological formations such as granite, tuff, basalt, salt and clay, which could be
considered as host rocks for a repository. The investigation of host rocks was initiated in 1985. Since
then, the distribution of host rocks has been surveyed. Granite and tuff are two kinds of formations
which are studied most and can be used as host rocks for a repository based on the conditions of
geology, natural resources, economy and waste generation. Tuff is distributed widely in the east of
China. More than 400 exposed granite formations with surface of 25 Km are mainly located in the
northwest and south of China. The rest of the formations are not available for use as host rock either
due to their thickness or due to their disadvantageous properties.
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FIG. R & D program for deep geologic disposal of HLW (SDC program).

2.3. Site selection

Site selection covers three steps i.e. general survey, regional screening and area screening. The
area screening has almost been completed. Two candidate areas named Beishan and Second-
Northwest in Gansu province, northwest of country are being investigated in detail. The main studies
include evaluation of methodology for crust stability, properties of groundwater and activities of fault
zone in those areas. The methods of isotopic age dating and stress field of recent tectonics are applied
to the evaluation of crust stability. Interpretation of remote sensing images, electromagnetic with very
low frequency (VLF) survey, and surface geological investigation are used for the study of fractured
zone. The result of the study shows that the candidate areas belong to the stable zone of crust and
without active fracture. Both candidate areas are very dry and lacks surface or ground water and are
without any residents existing there. The average annual precipitation is only 60 to 80 mm and the
atmospheric temperature is about 40°C in the summer.

2.4 Scientific basis study

Bentonite is considered as an ideal repository buffer material due to its strong adsorption for
nuclei, stabilities on physical-chemistry, lower permeability, and expansion with water. The studies
are now focused on the sorption of 237Np, 99Tc in bentonites. The bentonites which are obtained from
Gansu province divide into three types; Ca, Mg, and Mixed. The mineral and oxide compositions of
bentonite are given in TABLE I and TABLE II respectively.



TABLE I. MINERAL COMPOSITION OF BENTONITE

Mineral

composition

Content wt %

Montmorillonite

45.0

Quartz

8.0

Kaolin

5.0

Feldspar

5.0

Biotite

5.0

Carbonate

2.0

Others

30.0

TABLE H. OXIDE COMPOSITION OF BENTONITE

Type of
bentonite

Mixed-

Ca-

Mg-

Lost
amount

of
burning

8.05

7.66

7.41

SiO2

63.30

64.90

64.20

A12O3

19.84

18.40

21.80

Content

Fe2O3

4.44

4.44

4.54

of oxide

TiO

0.34

0.32

0.31

w t %

CaO

1.38

1.54

0.43

MgO

1.57

1.81

2.40

K2O

0.61

0.38

0.25

Na2O

0.93

0.85

1.06

99nSorption studies of bentonite for Np and Tc have been carried out at the conditions of normal
atmosphere and argon atmosphere with 5xlO"6 oxygen content. The main results of the study are
shown as follows:

(1) Experimental conditions
adsorbent: bentonite
solution: distilled water containing Np or Tc (water pretreated with bentonite)
adsorbent (g): solution (ml) = 1:20
temperature: 25 °C

(2) K d = Co-Ct . V
Ct m

Kd - distribution coefficient
Co - initial concentration of nuclide in solution
Ct - balanced concentration of nuclide in solution
V - volume of solution (ml)
M - weight of adsorbent (g)

.237 Np
Mixed-
Mixed-

47.3 ml/g (at atmosphere)
89.3 ml/g (at argon atmosphere with 5x10',-6

(3) Main results
• Kd values of three types of bentonite for

Ca- 42.4 ml/g, Na- 52.0 ml/g,
Ca- 29.0 ml/g, Mg- 38.8 ml/g,
oxygen content)
For Mixed- type bentonite, its Kd value increases with pH value of liquid when pH<9.2
For the same bentonite, its Kd value will decrease with increase of concentration of CO5 " in
liquid when the concentration of Np is lower than the solubility of NaNpO2CO5

• Kd value of three types' bentonite for 99Tc
Ca- 80.10 ml/g, Na- 9.14 ml/g, Mixed- 5.83 ml/g (at atmosphere)
Ca- 18.82 ml/g,
oxygen content)

Mg- 11.31 ml/g, Mixed- 12.72 ml/g (at argon atmosphere with 5x10',-6



3. LLW & ILW DISPOSAL

3.1. National policy

Regional disposal was determined as the national policy for LLW and ILW because the nuclear
facilities and radwaste origin are distributed centrally in several regions of China. Solidification is
required for existing liquid waste as early as possible and the duration of interim storage is not to be
longer than five years for newly produced waste. Waste should be delivered to the repositories for the
final disposal.

The fund for construction of repositories is supported by national investment and operations of
nuclear power plants, but the operational expense is partly disposal charges from customers.

CNNC is responsible for the siting, construction and operation of repositories but the approval of
environmental impact assessments for the issuance of a license, and inspection of disposal activities
are performed by NEPA and its branches.

3.2 Waste characteristics

Wastes are divided into two kinds namely wastes of nuclear industry and nuclear power plant
wastes. Wastes of the nuclear industry include abandoned equipment, components, instruments,
filters, valves, piping and clothing. The wastes of nuclear power plant cover used clothing, solidified
waste, resins and filters immobilized with cement.

The specific activity of wastes are 4xlO6 Bq/kg for LLW, and 4xlO6 Bq/kg with heat release rates
of 2 kw/m3 for ILW, based on the national standard for classification of radioactive waste.
Radionuclides contained in the waste are l37Cs, 90Sr, 60Co, 63Ni, I4C, I29I, 99Tc for nuclear industry and
60Co, l37Cs, 63Ni, I4C, 90Sr for nuclear power plants.

Carbon steel drums of 200 liters value are used for the LLW packages, but ILW is placed in
reinforced concrete containers of different volume. Single waste package which contains nuclei of a-
emitter and with half-life of more than thirty years is not allowed to be disposed in the near surface
repository if its specific activity is more than 4x 106 Bq/kg. The average specific activity for multi-
waste packages is not permitted to exceed 4xlO5 Bq/kg in the near surface repository in accordance
with the national regulation.

3.3 Facility description

Two repositories, Northwest and Beilong, have been selected in China. Northwest repository is
located in a dry and sparsely populated area. The average annual precipitation and depth to water
table are 61.5 mm and 28 to 30 meters respectively. The distance between the nearest stream and the
site is 2 kilometers. Beilong repository is situated in a coastal area which is wet and rainy. The
average annual precipitation is 1900 mm and its water table depth is 19 to 31 meters. The site is 5
kilometers from Da Ya Bay nuclear power plant.

Underground and partial underground disposal are used for Northwest and Beilong repositories,
based on their natural environment. In disposal units, multibarriers are used to isolate and prevent
human, animals or plants from inadvertent access to the waste.

The repository is divided into controlled and non-controlled areas. The controlled area consists
of operational, disposal and buffer zones. The operational zone is the place where the waste packages
will be inspected and received. The disposal zone is for the emplacement of waste. A buffer zone
isolates the part between the disposal zone and the adjacent field. The widths of buffer zones are 25 or
100 meters for both the repositories. The non-controlled area mainly covers ancillary buildings, water
and power supplies.



The disposal capacity of the Northwest repository is 200 000 m of waste. During the first phase
20 000 m5 of the capacity will be used. Beilong repository can dispose 240 000 m3 of waste; the
capacity of its first phase is 14 500 m\ Northwest and Beilong repositories will receive wastes from
nuclear industry, institutes or nuclear power plants respectively.

In the Northwest repository, disposal units consists of several concrete vaults without bottom
slabs. The bottom of the vaults is on compacted soil which supports the loading of waste. The vault
cover is 2 meters thick and is comprised of five layers (soil, clay, grit, soil and gravel, from bottom to
top). The cover has a slope of 0.5 % from top to sides to drain off rainwater.

In Beilong repository, the vault has a concrete bottom slab and it is sloped from sides to center. A
drain pipe is set at the lowest spot of the slab. The cover of 5 meters includes several layers of soil,
sand, clay, gravel, soil and vegetation. A channel is arranged around the top of the cover to discharge
rainwater.

The procedure of waste disposal includes inspection, reception, registration, emplacement of
waste package, backfill, casting of concrete blocks, and covering of the top. After filling up the vaults
with wastes, they will be covered in order to form topography for draining of rainwater.

4. CONCLUSION

Waste management in China is now focused on the disposal of waste. Preliminary results of the
study on HLW disposal have been obtained from the implementation of the SDC program. Near
surface is the main manner for the disposal of LLW and ILW. Cavern disposal is also considered
based on the special conditions of the site. Although the experience originated from the Northwest
and Beilong repositories will be beneficial to the construction of other repositories, the knowledge of
operation should be developed further.
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Abstract

This paper presents the background and progress made in the study of China's high level radioactive waste,
including site screening, site evaluation, the study on radionuclide migration, bentonite, natural analogue studies,
and performance assessment, etc. The study on Beishan area, the potential area for China's geological repository,
is also presented in this paper.

1. INTRODUCTION

China is now facing the challenge of how to safely dispose of nuclear waste. The low and
intermediate level waste will be isolated by near surface disposal method or underground disposal
method, but the spent fuel in China will be reprocessed first, followed by vitrification and final
geological disposal.

On the Chinese mainland, there are 2 nuclear power plants (NPPs) in operation: the Qinshan NPP
in east China's Zhejiang province and the Daya Bay NPP in south China's Guangdong province, with a
total capacity of 2100 MW(e). In the next 5 years 4 more NPPs will be built, their estimated capacity
will be 6600 MW(e). According to Chinese plan, the total electricity capacity produced by NPPs will
reach up to 20 000 MW(e) by the year of 2010.

It is deduced from the Chinese nuclear power plan that the accumulated spent fuel will be 1000
tons by 2010, while 2000 tons by 2015. Later than 2020, about 1000 tons of spent fuel will be produced
each year.

In China, the work related to radioactive waste disposal is managed by the China National
Nuclear Corporation (CNNC), which is responsible for the transport of high level waste (HLW) and
spent fuels, reprocessing of spent fuels, vitrification and final disposal of liquid HLW. The Everclean
Environment Engineering Corporation, attached to CNNC, is responsible for site selection and
evaluation, construction, operation, closure and monitoring of repositories for low and intermediate
level and high level radioactive waste.

A coordination expert group was organized for the geological disposal of HLW in 1986. The
group is composed of experts from Beijing Research Institute of Uranium Geology (BRIUG), Beijing
Institute of Nuclear Engineering (BINE), China Institute of Atomic Energy (CIAE) and China Institute
for Radiation Protection (CIRP). The group is responsible for R & D program, research work related to
site selection, site characterization, repository design, environmental assessment, safety analysis and
performance assessment.

2. THE DEEP GEOLOGICAL DISPOSAL PROGRAM FOR HIGH LEVEL WASTE

In 1985, CNNC proposed an R&D program called DGD program for the Deep Geological
Disposal of HLW (Yang, 1992). The Program is divided into 4 phases: 1) technical preparation phase; 2)
geological study phase; 3) in situ test phase; and 4) repository construction phase. The objective of the
program is to build a granite-hosted national geological repository in 2040, which can dispose of
vitrified waste, transuranic waste and a small amount of CANDU spent fuel.



During the technical preparation phase (1986-1995), the main activities include planning, site
screening, feasibility study and R&D. The goal of this phase is to select candidate areas and to prepare
technical basis for final disposal. A preliminary pre-feasibility report was planned to be completed at the
end of this stage.

During the geological study phase (1996-2010), systematic studies of site screening, site
characterization, performance assessment of disposal system, methodology of environmental impact
assessment, models development and buffer/backfill materials will be conducted. The goal of this phase
is to determine the final disposal area for high level waste and to provide technical basis for the disposal.

During the in situ test phase (2011-2025), an underground research laboratory will be built, and
detailed site evaluation, in situ heater test, tracer test and demonstration of disposal technology will be
carried out. Combining with the experiences in western countries, the Chinese deep geological disposal
technology will be much improved then. At the end of this stage, performance assessment of the total
disposal system and feasibility study report will be completed. Licensing application for the
construction of a HLW repository will be submitted to the National Nuclear Safety Administration.

In the repository construction phase (2025-2040), the designing and construction of the
repository will be conducted. The goal of this stage is to have the repository operated.

The DGD program is a preliminary one, it will be revised with the development of China's
Nuclear Power Industry. It is believed that the investment in radioactive waste disposal will be increased
to ensure the safe disposal of the waste.

2.1. Progress in R&D of geological disposal

Since 1985, the following work related with high level radioactive waste disposal has been
conducted:

- Site screening and site characterization for HLW repository;
- Site screening and prefeasibility study of underground research laboratory site;
- Laboratory experiment on radionuclide migration;
- Study on natural analogies;
- Study on buffer /backfill materials;
- Study on speciation of transuranic elements in solutions;
- Study on models for safety and environmental assessments;
- Study on methodology of performance assessment.

In the past two years, the R&D of high level radioactive waste disposal in China are concentrated
in the following fields: preliminary site screening and siting evaluation, radionuclide migration study,
buffer/backfill material study, natural analog study and performance assessment of geological disposal
system.

Site screening and site evaluation has been the key activity of China's HLW disposal. On the basis
of previous nationwide screening, the Beishan area, located in northwest China's Gansu province, is
considered as the most potential candidate area for China's geological repository. With rare inhabitants,
barren low hills, little precipitation and large evaporation, the Gobi desert Beishan area is of no
economic development prospect. The candidate rock is granite in which a geological repository will be
built at a depth about 500—1000 meters. The potential granite bodies include Jiujin, Xingchang and
Qianhongquan et al. Geological mapping (1: 200 000 scale) and hydrogeological investigation are
carrying out in the area. Preliminary results show that the Beishan area is of stable crust structure
without active faults, and the groundwater system of the area is of low permeability and low velocity.
Satellite image processing, Geographical Information System (GIS) technology and ground geophysical
surveys are also used to evaluate the suitability of the Beishan area. The candidate host rock
investigation in China reveals that granite is the most suitable rock for China's geological repository. In
the period of 1999-2000, an International Atomic Energy Agency's Technical Cooperation Project



entitled "Siting and site characterization study for China's high level radioactive waste" will be carried
out, 1:50 000 scale surface geological, geophysical and hrdrogeological investigation will be conducted,
and 2 deep boreholes (600 meters deep for each) will be drilled in order to understand the deep
geological environment in the saturated zone.

Radionuclide migration studies will help us understand how the nuclides transport through
engineering barriers (waste canister and buffer materials) and natural barriers (geological formation
such as granite and shale). The absorption and dispersion experiments of 239Pu, 24lAm, 9 Tc and 90Sr on
bentonite and the Beishan granite samples are going on. A low oxygen glove box has been installed, and
it can provide low oxygen environment (with oxygen concentration less than 5 ppm) for experiment.
Experiments under repository conditions have been given particular attention. An installation, named as
RADMIG, simulating the repository conditions has been constructed, in which experiment under T= °C,
P=5 MPa, Eh< -200mV can be carried out. Actinide geochemistry and colloidal-actinide reactions are
also studied.

Bentonite is considered as the best buffer and backfill material for deep geological repositories,
while China is rich in bentonite resources. After a nationwide investigation and screening of bentonite
deposits in China, the Gaomiaozi bentonite deposits in Xinhe county, Inner Mongolia Autonomous
Region is considered as the best deposit which can provide enough high quality bentonite for the
potential repository. The Gaomiaozi deposit has a bentonite reserve of 127 million tons, the
montmorillonite content can reach as much as 63.77% to 80.92%. A systematic test on the bentonite is
under way, including mineralogy, physical and mechanical properties, thermal properties, geochemical
properties and radiation stability.

A hydrothermal granite-type uranium deposit in south China's Hunan province is used for natural
analogue studies. Chemical composition, stable isotopes and uranium-series radionuclides of
groundwater samples were analyzed. The results indicated that the diffusion of uranium, thorium and
rare earth elements resulting from water-rock interaction is very limited.

Performance assessment (PA) of geological disposal system is at a very beginning stage. Only
some western literature about performance assessment has been investigated and a plan for Chinese PA
is under discussion.

2.2. BEISHAN AREA, GANSU PROVINCE, NW CHINA-The potential area for China's
geological repository

The Beishan area, Gansu province, is the preselected area for China's high level radioactive waste
repository, and is located in the Erdaojin-Hongqishan compound anticline of the Tianshan-Beishan
folded belt in western China. The candidate host rock for the repository is granite. The regional brittle
faults, including Erduanjinnan Fault, Zhongqiujin-Jinmiaogou Fault and Erdaojin-Hongqisham Fault,
are nearly EW-striking, shallow and non-active faults. The crust in the area is of block structure, with the
crust thickness of 47 through 50 km. The depth contour of the crust is nearly EW striking, with very little

variation. The gravity anomaly is -150*10~5m/s2-225*10"5 m / s . The gravity gradient is less than 0.6
mGal/km. On the gravity anomaly map, the gravity anomaly contour is distributed very sparse without
obvious step zones, indicating that there are no great faults extending to the depth of the crust. The
seismic intensity of the area is less than 6, and no earthquakes with Ms>4 % have occurred. The land
form of the area is characterized by flatter Gobi and small hills with elevations above sea level ranging
between 1000m and 2000m. The height deviation is usually several ten meters. Since Tertiary it is a
slowly uplifting area without obvious differential movement. The uplifting velocity of the crust in the
area is about 0.6 mm/a-8 mm/a, much lower than that of the Qilian region (1.5 mm/a-1.8 mm/a).
Comprehensive analysis of structural deformation of the Cenozoic faults and folds indicate that the area
is undergone horizontal compression at present, and the principal compression stress is between 30 and
60 . The data provided by the mechanism at the source of earthquakes show that the direction of the
principal compress stress is about 40 , and the superimposed fault angles, suggesting that the main
faults be stable and will not have strike-slip displacement. The geological characteristics of the Beishan



area shows that the crust in the area is stable, and it has a great potential for the construction of a high
level radioactive waste repository.

The geological work on the Beishan area is at a very early stage, and the above mentioned are
only preliminary results. In the future, a systematic site characterization work will be conducted year by
year, to see the suitability of the Beishan area and to select the final site for the HLW repository.

The safe disposal of high level radioactive waste is a worldwide challenging task. Although China
has made some progress in this field, there is still a long way to go. For example, a policy act related to
nuclear waste disposal should be established, a more effective organization should be formed to promote
the related work, and a way should be explored to raise enough money for the safe disposal of nuclear
waste.

Information exchange is very important for the disposal of radwaste. China is willing to learn the
successful experiences of other countries and to strengthen international cooperation. China is also
willing to share its own experiences and achievements with other countries, for the purpose of protecting
the living environment of the human beings and protecting the Earth.
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Abstract

Croatia has a responsibility of developing radioactive waste management program partly due to co-
ownership of Krsko nuclear power plant (Slovenia) and partly because of its own medical and industrial
radioactive waste. The total amount of generated radioactive waste in Croatia is stored in temporary storages
located at two national research institutes, while radioactive waste from Krsko remains in temporary storage on
site. National power utility Hrvatska Elektroprivreda (HEP) and Hazardous Waste Management Agency (APO)
coordinate the work regarding decommissioning, spent fuel management and low and intermediate level
radioactive waste (LILRW) management in Croatia. Since the majority of work has been done in developing
LILRW management program, the paper focuses on this part of radioactive waste management. Issues of site
selection, repository design, safety assessment and public acceptance are being discussed. Short description of
national radioactive waste management infrastructure has also been presented.

1. INTRODUCTION

Without any nuclear power plant in its territory nor any other nuclear fuel cycle facility, Croatia
definitely cannot be described as a typical nuclear country. But, as once part of the same country,
Croatia financed the construction of the Krsko nuclear power plant (NPP) in neighboring Slovenia,
thus becoming a joint owner of the plant which has been operating under a special agreement between
the two states ever since. Co-ownership of a nuclear power plant and its own radioactive waste give
Croatia an obligation of establishing radioactive waste management program. Whether or not this
program becomes effective and in what extent will probably depend on future agreements with
Slovenia, but still the radioactive waste stored at interim storage facilities in Croatia should somehow
be dealt with.

Croatia has been working on the low and intermediate level radioactive waste repository project
for several years now, preparing preliminary proceedings and background materials required for
repository construction. First steps have been taken in all the main fields of activity, from siting
procedure and repository design to the very important issue of public acceptance.

2. LOW AND INTERMEDIATE LEVEL RADIOACTIVE WASTE DISPOSAL PROJECT

2.1. Radioactive waste — sources, quantities and types

It is assumed that the majority of low and intermediate level radioactive waste to be disposed in
future repository will consist of waste from the Krsko NPP. The quantities of waste generated during
the plant's lifetime together with the waste from decommissioning and dismantling process are
estimated to be about 18.000 m3. At the present moment, waste from normal operation of the plant is
being processed and stored in temporary storage on site. By the end of 1998 there were approx. 2070
m3 of stored waste with total activity of 2,63 x 1013 Bq, containing drums with evaporator bottoms
(73%), spent resins (10%), supercompacted waste (7.5%), compatible waste (7%), other wastes
(1.5%) and spent filters (1%). Figure 1 shows low level solid radioactive waste production in Krsko
NPP. The trend of reducing the volume of low level waste production started with the completion of
supercompacting campaign in 1995 and continued as new waste processing procedures were
implemented.



FIG. 1. Volume of low level solid radioactive waste (m) produced in Krsko NPP.

All activities concerning low and intermediate level waste from the Krsko NPP are carried out
at the NPP site. Waste is not subjected to any external activity and all the processes and procedures
are within the scope of responsibility of the NPP and of Slovenian governmental bodies.

Radioactive waste in Croatia is generated in various nuclear applications, mainly in medicine,
industry and research activities. The total amount of that waste is about 80 m3 with annual growth rate
not exceeding 6 m3. Gross activity measures 2.3xlO12 Bq. The waste consists of radionuclides b2'l54Eu
from lightning rods, 241Am from smoke detectors, 192Ir, 90Sr and 83Kr from measurement and
processing in industry, and 137Cs, ̂ Co and226Ra from medical applications. There are 31 users of open
radiation sources in medical institutions producing liquid waste, in which only 3H and 14C cause
disposal problems.

There are some 500 institutions authorized to handle radiation sources in Croatia. The main
requirements for handling, storage and waste management responsibilities have been defined by
regulations regarding protection from radiation exposure and handling of radioactive materials and
supervised by the Ministry of Health, Sanitary Inspectorate Section. Presently, there are three ways of
covering the waste storage process. Short lived waste is stored at the place of origin until its activity
falls to background level after which it is considered nonradioactive waste. Spent radiation sources
are returned to the producer or, as other long lived waste, transferred and stored at one of two
temporary storage facilities located at two national research institutes in Zagreb.

2.2. Site selection and characterization

Actual radioactive waste repository siting process began in 1988 with the task to (a) establish
methodological concept of the siting procedure, (b) define site selection criteria, (c) perform a survey
of the entire territory, and (d) identify a few candidate sites. Methodology and site selection criteria
have been prepared by a group of experts and confirmed by IAEA Waste Management Advisory
Programme experts, then verified by the Croatian Government, passed through the necessary



parliamentary procedure and presented to the public in 1992. Site selection criteria involved 10
exclusionary and 28 comparative criteria. Exclusionary criteria referred to hydrology (risk of
flooding), seismotectonics (earthquake capability), neotectonics (distance to active faults), litology
and geomorphology (type of rocks, slope dynamics), hydrogeology (circulation of groundwater),
demography (population density), mining and ore exploitation, nature preservation, cultural heritage
protection and special use. Comparative (weighted) criteria were classified into six subject groups -
radioactive waste transport, meteorology and hydrology, geology and seismology, demography, land
use and environmental protection issues.

As a result of an exclusionary survey of the territory, seven potential regions meeting the
selection criteria were selected. Each of these regions was screened applying the comparative criteria
and 34 potential sites were identified. Further comparison of the sites promoted 4 potential sites into
preferred locations shown on Fig. 2. Two preferred sites were abandoned due to political and public
pressure while the remaining sites are waiting for governmental approval prior to actual
characterization. Table I shows siting process and planned activities in a chronological order, while
Table II gives some details of selected sites.

Governmental approval of proposed candidate sites formally ends the Site Selection Project and
marks the beginning of Site Characterization Plan. Specific data collected from the preferred
microlocations will be needed to (a) perform an environmental impact statement required to proceed
with construction, (b) assist in the facility design and (c) support long-term safety assessment. In order
to achieve these objectives Characterization Plan has been divided in two successive phases:
preliminary characterization of the selected zones and detailed characterization at the local scale of
the finally selected site.

Preliminary characterization activities are estimated to cover an area of 20-30 km with an
approximate duration of 2 years and result in (a) final selection of one or more sites, (b) support for
the preliminary safety assessment based primarily on a regional model of groundwater flow, and (c)
support of the repository design and the feasibility of its construction. Detailed characterization,
covering an area of 5-7 km with an approximate duration of 3 years is expected to result in (a)
support for the repository post-operational safety assessment studies, based on a local transport model
for radionuclides dissolved in the groundwater, (b) support for final design of the repository, and (c)
verification of the seismotectonics, geomorphological and geotechnical characteristics supporting the
feasibility of constructing the repository, at site scale.

2.3. Facility design

Regarding the characteristics of selected sites and radioactive waste (activities, quantities,
forms), two options are being considered for final repository design. One of them is near surface
engineered burial (similar to El Cabril, Spain) and the other subsurface disposal in horizontal tunnel
structures. Conceptual and/or preliminary designs for both repository types have been prepared,
waiting to be evaluated at the selected sites once they are accepted.

All the requirements, criteria and recommendations of the IAEA for the facility designs were
respected along with the local regulations. The essential requests were the maximum public and
repository staff safety, the minimum personnel exposure in all the radioactive waste handling
procedures and design flexibility, namely modular approach.

The repository is conceived to be a complex process plant for receival, treatment and final
disposal of radioactive waste, including all the main and auxiliary systems, facilities and areas
providing for safe and independent operation of the repository. Therefore, it is planned that, in
addition to the final disposal unit and main building for receival, treatment and intermediate storage,
the repository site includes a number of auxiliary and safety facilities such as the reinforced concrete
(RC) containers fabrication and storage plant, workshops, electrical building, infrastructural facilities
— roads, water supply, sewerage system, fire protection building, offices etc.



TABLE I. MAIN EVENTS DURING SITE SELECTION PROCESS

Year Event

1988-91 SITE SELECTION METHODOLOGY AND SCREENING CRITERIA

DEFINED/APPROVED

(CROATIA 56.538 km2)

1993 7 POTENTIAL REGIONS (100-600 km2) SELECTED

1993 -94 POTENTIAL REGION SCREENING PROCESS FINISHED

1994 34 POTENTIAL SITES (2 -20 km2) CHOSEN

1995-96 SELECTED SITES COMPARISON

1997 4 PREFERRED SITES ( 2 - 1 0 km2) SELECTED FOR SITE

CHARACTERIZATION

2 SITES ABANDONED DUE TO POLITICAL AND PUBLIC PRESSURE

1998 REMAINING 2 SITES WAITING FOR GOVERNMENT APPROVAL PRIOR TO

ACTUAL CHARACTERIZATION

1999 DETAILED SITE CHARACTERIZATION

2002 FINAL DISPOSAL SITE ( 1 5 - 2 0 ha) SELECTED

2023 CLOSURE OF K R S K O NPP —ca . 18000 m3 OF LILRW AND

DECOMMISSION WASTE

Q Macrolocation
o Microlocation

FIG. 2. Preferred sites selected for final LILRW repository



TABLE II. SOME COLLECTED DATA DESCRIBING THE SELECTED SITES

Parameter Trgovska gora Moslavacka gora

surface area

no. of microlocations

type of rock

rock permeability

rock porosity

slope inclination

max. expected earthquake intensity

max. expected ground acceleration

distance to active faults

annual precipitation

Discharge

Evapotranspiration

Infiltration

Minimum

Maximum

population density r=5 km

population density r=20 km

land use

preferred design type

8 km2

2

sandstone, shale

7,8xl0-21-6,0xl0-19ms-1

2,9-10,2 %

15-50°

VII-VIE MCS Scale

0,14 g

1-2 km

977 mm

35-40 %

55%

5-10%

August

October

10 km"2

67 km"2

unused

subsurface in tunnels

20 km2

3

gneiss, granite

lO^'-lO^ms-1

0,74-6,5 %

35-40°

VII-VIE MCS Scale

0,14 g

1-5 km

910 mm

35-40 %

55%

5-10%

August

June

6 km"2

52 km"2

forestry, hunting

subsurface in tunnels,
near surface disposal

The auxiliary facilities are separated from the main building in which the waste is handled and the
final disposal units are separated from other facilities.

The disposal principle consists of setting up a system of successive - natural and engineered -
barriers preventing the migration of radionuclides from radioactive waste into the environment. The
low level radioactive waste isolation degree depends upon a disposal system which consists of
reinforced concrete containers, above-ground units for final disposal of containers (or horizontal
tunnels, in subsurface repository) and geology of the surrounding area. The system of successive
barriers includes three different cement-based materials used in radioactive waste preparation for the
final disposal - material for the waste drum sealing and waste immobilization, concrete for filling the
space between the drums and the RC container walls, and concrete for containers. These three sorts of
material with entirely different composition and function constitute, together with the radioactive
waste, a technological entity.

Although the designed projects prevent any release of radioactivity into the environment
(system of successive barriers), special attention will be paid to the repository monitoring as well,
along with the long-term monitoring after closure.



2.4. Safety assessment

The objective of conducting the safety assessment is to establish reasonable assurance that
radioactive waste can be safely disposed of in Croatia, meaning that the regulatory requirements can
be met. It is quite possible to assign such a general purpose to the preliminary safety assessment, due
to the circumstances that not a single key feature of the disposal facility (including location and waste
content) has yet been definitely determined. Bearing those facts on mind, safety assessment is being
conceived as an iterative process improving as more specific data become available.

A preliminary safety assessment study has been made on the basis of preliminary project
designs and generic disposal site parameters. Analysis of the different case scenarios using
conservative assumptions where specific data not available showed that the risk levels from some
radionuclides that might have a significant impact on human health (3H, 137Cs, 90Sr, 60Co, 129I, 39Ni
being analyzed) were estimated between 10"4 and 10"6 per year. The relevant regulatory limits in actual
Croatian legislation differ in terms and concepts, but the level of required safety and protection is
essentially in agreement with the present IAEA recommendations. According to the IAEA for likely
events at the repository in the post-closure period "projections of doses or risks to members of the
public" should not exceed "an appropriate fraction of the dose limit, 1 mSv/y or its risk equivalent
(5x10° per year - fatal cancer risk).

At the present stage, because of site-specific data being unavailable and framework for safety
assessment not clearly defined (including defining the exposure scenario, treatment of uncertainties
and inadvertent intruders), the analysis can only be preliminary in nature, therefore unable to give any
defensible support to future performance of the proposed repositories.

Experience of other countries having an operating repository point out hydrogeology to be the
most important site acceptability related issue that will have an extraordinary importance in
subsequent performance of safety analysis. Since the groundwater flow is the only foreseeable
mechanism for the transfer of radioactivity to the environment in the case of engineered barrier
failure, collecting the hydrogeological data and constructing the hydrogeological model of the zone(s)
have been included as the first priority in planned activities.

2.5. Public acceptance

Public acceptance of radioactive waste disposal, especially site selection process has been
proven a sensitive issue. Even though a considerable effort has been put into the creation of a positive
public climate in terms of acceptance and understanding of the problem, the result was removal of two
potential disposal sites from further investigations and, at best, neutral opinion towards the remaining
ones. It seems that the general public can theoretically accept radioactive waste disposal activities as
environmental protection related, but practically "not in my back yard" effect obviously prevails. This
has mainly been derived from both lack of information and doubts about available given information.
Therefore, continuous dialogue with the media, providing full, complete and honest information
remains one of the main ways of reaching the general public.

Contacting the media helps in providing general information to the public, but in that way it is
not always possible to go into many details. In order to give some detailed information a number of
activities have been taken. Among them are:

- Issuing publications, brochures and regular bulletin "APO-News",

- Updating APO web pages on Internet,

- Recording video tapes for public information and education,

- Organizing conferences, round tables and lectures,

- Organizing tours for particular groups (experts, journalists) to facilities of interest in Croatia and
abroad,



- Building trust with environmental groups,

- Establishing an information (visitor) center.

Communicating with the public in a form of an information center is not as such a new
approach as it is not a common practice in Croatia. The project of establishing such a center is among
the first of that kind currently under way. One of the main purposes of the project is to inform and/or
educate the public about related radioactive waste issues in a way of creating, supporting or changing
opinions of different target groups. Target groups can generally be divided into two basic groups of
school children/students and adults resulting in different strategies of presenting the relevant
information. Depending on a target group, the purpose is to identify the Center either as a
professional, responsible, objective, scientific-based institution or, in a case of younger groups, a
place with a modern, attractive and interesting approach. The project is in the phase of selecting an
adequate location for the Center.

3. RADIOACTIVE WASTE MANAGEMENT LEGISLATION AND REGULATORY BODIES

Radioactive waste management strategy was drafted in 1992 and updated in 1994, but has not
yet passed through the necessary Parliamentary procedure. Radioactive waste management is
regulated by the 1984 Law on Protection from Ionizing Radiation and Special Safety Actions in
Nuclear Energy Implementation. Seventeen regulations and codes of practice had been based on this
law. Waste categories, activity limits, the definition of a repository as a nuclear facility, and other
basic definitions and management requirements are set out in these regulations. Several other laws
and regulations, e.g. the Law on Health Protection and the Law on the Transport of Dangerous Goods,
are also relevant for radioactive waste management.

The national radioactive waste regulatory framework in Croatia is rather complicated. The
Ministry of Health, Sanitary Inspectorate Section, is the competent national authority for radiation
protection issues, including many aspects of radioactive waste management. The ministry is the
responsible body for issuing all types of licenses and permits for use, handling, transport, export-
import of radioactive materials and radioactive waste and of all similar activities. Nuclear Safety
Department in the Ministry of Economy, is the competent national authority in the field of nuclear
facility siting, construction, startup, operation and closure; this competence extends to matters related
to planned LILRW repository. The State Directorate for the Protection of Nature and Environment is
competent body for issues related to radioactive waste repository siting regarding potential
environmental damage, environmental restoration actions, cleanup of contaminated sites,
environmental impact studies, etc. The Ministry of Planning, Construction and Housing as well as
Ministry of Internal Affairs have responsibilities for specific radioactive waste management activities
such as transport of radioactive waste, import-export, release of effluents and transport, and facility
safety planning. Problems common to all the ministries are the lack of expert staff and very limited
budgets for regulatory tasks.

4. FINAL REMARKS

Taking into account the political uncertainties and specific circumstances accompanying the
radioactive waste management program, the actual work is progressing at a reasonable pace. Since the
proposed repository sites must be approved by the Government (included into the physical plan) prior
to any fieldwork activities, gathered results although preliminary in nature form a solid base for future
works. It should be noted that a great help has been received through International Atomic Energy
Agency as technical assistance for different phases of the repository project, including evaluation of
siting criteria, public relations strategy and preliminary project design evaluation. There are number
of problems and tasks yet to be solved, naming only some:

- Defining the legal system as transparently as possible, i.e. establishing a clear framework of
duties and responsibilities for involved ministries and responsible bodies,



- Establishing the mechanism for financing the national radioactive waste program, since the
program has been financially supported by the power utility alone,

- Encouraging and strengthening all kinds of public relations and education,

- Developing even better contacts with the international radioactive waste management
community.
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Abstract

As far back as in the seventies a fully developed, integrated concept for closing the nuclear fuel cycle was
agreed upon in Germany between the Federal Government of that time and the electricity utilities. In the twenty
years elapsed since then it was further developed as necessary to permanently fit the state of the art of science
and technology. For management of spent fuel, the concept currently considers two equivalent alternatives: direct
disposal of the spent fuel or reprocessing the fuel and recycling in thermal reactors. Interim storage of spent fuel
and vitrified high level waste (HLW) to allow for decay heat generation to decrease to a convenient level is
carried out in centralized installations. Radioactive waste disposal in pursuant to German regulations for all kinds
of waste is to be carried out exclusively in deep geologic repositories. At present, there are in the country three
centralized interim storage facilities for spent fuel, one of them can also accept vitrified HLW. Several facilities
are in use for low level waste (LLW) and intermediate level waste (ILW) storage at power plants and other
locations. A pilot conditioning facility for encapsulating spent fuel and/or HLW for final disposal is now ready to
be commissioned. Substantial progress has been achieved in realization of HLW disposal, including
demonstration of all the needed technology and fabrication of a significant part of the equipment. With regard to
deep geologic disposal of LLW and ILW, Germany has worldwide unique experience. The Asse salt mine was
used as experimental repository for some 10 years in the late sixties and seventies. After serving since then as an
underground research facility it is now being backfilled and sealed. The Morsleben deep geologic repository was
in operation for more than 25 years, until September 1998.

1. WASTE DISPOSAL CONCEPT

The basis of spent fuel management and waste disposal in Germany was laid down by a
decision of the Council of heads of the Federal Government and the Governments of the Federal
States adopted on September 28, 1979. In implementing this direction, the operators of nuclear power
plants were commanded to provide assurance for a period of six years in advance as to where the
spent fuel will be stored and/or processed and as to how the radioactive waste will be later disposed
of.

In Germany, radioactive waste disposal has been, from the very beginning of nuclear power
use, considered as belonging to the state's sphere of responsibility. In the sixties and the early
seventies waste disposal was carried out in trial operations at the earlier mentioned Asse mine by state
owned nuclear research centers. Later, the administration of Chancellor Helmut Schmidt with the
fourth amendment to the Atomic Energy Act of August 30, 1976 explicitly assigned this task to the
Federal Government.

The costs of waste disposal, as all other waste management costs, must be borne by the waste
producers according to the "polluter pays" principle. To this aim, the Atomic Energy Act includes two
repository financing mechanisms ensuring that sufficient funding is available as needed. The
Ordinance on Advanced Payments on the one hand, rules how waste producers pay for site
characterization and repository construction, on account of the total expenditure for waste disposal. In
addition, the Atomic Energy Act allows for disposal fees covering repository operational costs to be
charged in the future to producers upon waste delivery. The utilities, on their part, make financial
provisions in their accounts to cover future disposal costs from today's electricity sales revenues.
These provisions are free of corporate taxation.



The knowledge basis and the technology for deep geologic disposal are currently considered to
be basically available in Germany. Besides the know-how obtained with the Asse experimental
repository and the operation of the Morsleben site provided long, worldwide unique industrial
experience in deep geologic disposal of LLW and ILW. In addition, in the framework of a long-
lasting technology development demonstration program most of the systems and components needed
for disposal of spent fuel and vitrified HLW have been developed, fabricated, and extensively tested,
mainly in 1:1 scale and under repository conditions. The facilities already available or under
construction as part of the German disposal concept include:

- The Morsleben repository for low and intermediate level waste,
- The Gorleben exploration mine,
- The planned Konrad repository for non-heat generating waste.

The German radioactive waste management and disposal concept is currently being revised.
Final decisions have not yet been taken.

The present paper focuses on the operational experience gained while operating the Morsleben
repository. Morsleben, which is the second deep geologic repository in the world after the Asse salt
mine, has been in routine operation longer than any other underground disposal facility.

1. MORSLEBEN REPOSITORY

The Morsleben deep geologic repository is located in the federal state of Saxony-Anhalt. At the site,
potassium was mined until the early twenties. Thereafter rock salt mining went on until 1969, leaving
open cavities with a volume of approximately 8 million m3. In 1970 the nuclear power plant operator of
the former German Democratic Republic (GDR) bought the mine to convert it into a low level and
intermediate level waste repository. A first, a short waste disposal campaign was carried out in a trial
operation in 1971. After receiving a further license, waste disposal continued in 1978 in rock cavities
below the 500 m horizon. In the wake of German reunification in 1990, Morsleben became a Federal
Facility under the authority of the Bundesamt fur Strahlenschutz (BfS, the Federal Office for Radiation
Protection). Site operation was assigned to the Deutsche Gesellschaft zum Bau und Betrieb von
Endlagern fur Abfallstoffe mbH (DBE, the German Company for the Construction and Operation of
Repositories for Wastes).

In this worldwide pioneer deep geologic repository, different categories of solid LLW and ILW as
well as sealed radiation sources were routinely disposed of until a stop on governmental and court
decisions in September 1998. The most used technology was stacking of LLW packed in drums in
chambers. Waste with higher activity content, delivered to the repository in shielded overpacks, was
discharged into closed chambers below a drift through shielding lock systems. Waste was disposed of on
the basis of contracts between waste producers and the Federal Government. Ownership of the waste
passed over to the Federal Government upon delivery, the producers paid a fee to settle all costs.

2.1. Waste acceptance criteria

The Morsleben deep geologic repository was licensed and entered into operation in a stepwise
procedure lasting several years. First disposal of radioactive waste took place on December 7, 1971, on
the basis of a provisional site authorization and a license to deal with radioactive waste as ruled by the
radiation protection regulations then in force in the German Democratic Republic. In a short campaign
approximately 500 m3 of waste with a total activity of 1.85 TBq, (mainly from the production and use of
radionuclides), were disposed of. With this, enough capacity became available at interim storage
facilities to cover the period until start of trial operation at industrial scale in 1978.

After collecting operational experience for three years a first operation license for a period of five
years was granted in 1981. As of April 22, 1986 a permanent operation license was granted for unlimited



time. Following German reunification on October 3, 1990 an amendment to the Atomic Energy Act of
the Federal Republic of Germany declared the continuing validity of the operation license of the former
GDR under the new legal context until June 30, 2000. The operation license was later extended for five
more years but without enlarging the volume or the activity of the waste to be accepted at the site.

Also after German reunification waste disposal at Morsleben was basically carried out under the
rules and limits defined by the original license. Therefore, the original waste classification into four
waste classes and six radiation protection groups was maintained. The permanent operation license of
April 1986 allowed for disposal of three classes of wastes in six radiation protection SI to S6 groups into
which the waste had been subdivided. The three classes are:

- Class Al: solid waste,
- Class A2: liquid waste,
- Class A3: sealed radiation sources.

The activity limits of the waste classes and of the radiation protection groups are included in Table 1
below.

TABLE 1. SUBDIVISION OF THE RADIOACTIVE WASTE INTO RADIATION PROTECTION
GROUPS

Radiation. Protection

Group

SI

S2

S3

S4

S5

S6

Solid Waste
Waste Class Al
Radiation Dose*

mSv/h
<2

>2 ... 10

>10 ... 100

> 100 ... 500

>500 ... 1,000

> 1,000

Liquid Waste
Waste Class A2

Activity Concentration
GBq/m3

<4

>4 ... 40

>40 ... 400

>400 ... 4,000

> 4,000 ... 40,000

> 40,000

Sealed Sources
Waste Class A3
Source Activity

GBq.
<0.2

>0.2 ... 2

>2 ... 20

>20 ... 200

>200 ... 106

>106

*At 0.1 m distance of the unshielded surface

Based on this waste classification, there are a series of restrictions for waste disposal at Morsleben
that entered into force partly with the original license and partly after German reunification. According
to the latest set of valid requirement, only waste of the class Al (solid waste) of the radiation protection
groups SI to S5 as well as class A3 (sealed sources) of the groups SI to S4 are acceptable for disposal.
Waste of the class A2 and of a further waste class A4 (special waste) had to be transformed into solid
waste of class Al prior to disposal. Liquid wastes, before 1990 disposed of by in situ solidification with
a hydraulic binder, were no longer accepted after a decision by BfS of November 16, 1990. The same
applied to liquid ion exchange resins, Pu/Be radiation sources, and further Co sources.

The set of waste acceptance criteria for the Morsleben repository consists of generic and specific
criteria. The generic waste acceptance criteria comprise regulatory requirements as, e.g., that the waste
must have been released from IAEA fissile material control prior to disposal, and that it may not be
mixed with hazardous waste materials. Furthermore, they state that only waste that has underwent the
stipulated independent waste product control procedure is acceptable for disposal.

The specific waste acceptance criteria include:

- Basic requirements on waste products,
- Activity limits, and
- Requirements on waste packages.



Basic requirements for class Al waste are, e.g. that waste products must be in the solid phase, may
not rot or ferment, may not content liquids or gases in ampoules or bottles, may not be chemically
strongly reactive leading to self ignition and/or explosion and the like.

The activity limits include a generally valid constraint of the activity of a-emitters to 0.4 GBq/m3.
Generic activity limits for p/y total activity result from assigning the waste package to a radiation
protection group. Activity limits for single nuclides result from the operational and the long-term safety
analyses. The p/y total activity limits for the different radiation protection groups are as given in the
Table II below.

TABLE n. ACTIVITY CONCENTRATION LIMITS FOR SOLID WASTE
Radiation. Protection Activity Concentration for p/y-emitters

Groups GBq/m3

51 <4

52 >4 ... 40

53 >40 ... 400

54 >400 ... 4,000

S5 > 4,000 ... 40,000

Whenever a classification into a different radiation protection group results from applying the
surface radiation dose rate criteria given in Table 1, the waste is to be considered as belonging to the
higher group.

As mentioned, specific activity limits for single radionuclides resulted from safety analysis
considering the following:

- The long term radiological safety,
- Repository operation under normal conditions,
- Consequences of operational accidents, and
- Criticality safety.

These activity limits are given in tables that include values in Bq/m3 for 39 radionuclides, mainly
actinides and long lived fission products, resulting from the long term safety analysis. Further on, limits
for Tritium, I4C, and 226Ra resulted from the analysis of operational safety under normal conditions. And
a series of additional tables contains limits for a large number of radionuclides that result from
operational safety constraints for operation under faulty or accident conditions. For a given waste
product, containing a given mix of radionuclides, the most stringent activity limits are in each case to be
applied. Finally, the criticality safety requirement leads to additional limits for the concentration of 235U
in waste packages.

2.2. Operational experience

After receiving the permanent operation license in April 1986, waste disposal became routine
operation at Morsleben. Shortly after German reunification, and pursuant to a court decision waste
disposal was discontinued on February 25, 1991, to allow for a detailed proofing of the law ruling the
continuing validity of the GDR license under the law of the Federal Republic of Germany. This law rules
that the site's license remains valid until June 30, 2000. The validity of the license was finally confirmed
by sentence of the Federal Administration Court of June 25, 1992. Disposal was reassumed on January
13,1994.



The waste disposed of at Morsleben, until the repository became a Federal Facility as of October
3, 1990 and in the short period from October 1990 until disposal stopped in February 1991, is given in
Table m.

TABLE m. WASTE DISPOSAL AT MORSLEBEN UNTIL FEBRUARY 1991
Disposal Period

1971-1990

1990-1991

Total 1971-1991

Class A1 Waste
M3

5987

187

6174

Class A2 Waste
M3

8253

4.8

8258

Class A3 Waste
Pieces
6200

27

6227

After resuming operation in January 1994, it was planned to dispose of some 40 000 m3 of solid
waste until June 2000 according to contractual arrangements with the waste producers. Some 25 000 m3

were to be operational waste from nuclear power plants, 10 000 m3 operational and decommissioning
waste from the shutdown power plants Greifswald and Rheinsberg in the former GDR, as well as
5000 m3 of waste were to be delivered from the "Landessammelstellen" (LSS), the central collecting
depots of the Federal States (i.e. mainly waste from small producers).

Waste disposal continued at a slow pace during an initial period until all involved institutions
became acquainted with the administrative and operational procedures for waste acceptance, delivery of
the waste to the repository, and disposal. The mean rate of disposal increased from some 360 m3 per
month in 1995 and 450 mVmonth in 1996 to more than 500 m3 monthly in 1997 and 1998. The waste
delivered came predominantly from nuclear power plants (some 90% of the volume) and from the
collecting depots of the Federal States, the nuclear industry, and nuclear research (some

The waste coming from nuclear power plants was mainly mixed waste, cemented evaporator
concentrates and ion exchange resins, as well as highly compacted waste. Waste from the other
mentioned producers consisted of mixed waste and demolition debris, compacted waste, cemented
concentrates and solutions, as well as sealed radiation sources. Most of the wastes delivered belonged to
the radiation protection category S1 (some 89%), approximately 10 % were of the category S2, and
about 1% was classified as S3.

Since it was clear that storage volume in chambers originally used for drums disposal by drum
stacking in the so called western field was not sufficient to honor all disposal contracts, further capacity
was prepared in chambers 1, 2, and 4 of the eastern field. These three chambers provided a combined
additional capacity of approximately 25 000 m3, enough to cover disposal commitments with waste
producers until June 2000. Waste emplacement started there during the fall of 1997. Soon thereafter,
some stakeholders filed suit against the use of the new eastern field, and an administrative court ordered
to temporarily stop disposal to protect the stakeholders' rights until a final settlement is achieved before
the high court. Pursuant to this sentence, waste disposal at Morsleben was completely stopped pending
further decisions on September 25, 1998. The amount of waste disposed of at Morsleben as of end of
October 1998 is included in Table IV below.

TABLE IV. WASTE DISPOSAL AT MORSLEBEN UNTIL OCTOBER 1998
Disposal Period

1994-1998

Total 1971-1998

Class A1 Waste
m3

22,320

28,494

Class A2 Waste
m3

-

8,258

Class A3 Waste
Pieces

394

6,621



The newly elected Federal German Government has declared its intention of never reassuming
waste disposal at the Morsleben repository. With this, the waste volume and activity currently disposed
of there are the final figures. Such information is summarized in Table V which includes also the main
nuclides contributing to the site's total p/y and a activity.

TABLE V. WASTE AMOUNTS, ACTIVITIES, AND MAIN ACTIVITY CONTRIBUTORS
Disposal

Technology

In situ Solidification

Drum Stacking

Discharge into
Chambers

Total

Quantity

8,258 m3 A2 waste

26,476 m3 Al waste

2,018 m3Al waste
6,621 sealed sources

36,752 m3 waste
6,621 sealed sources

p/y-Activity
Bq

8.1-1013

9.6-1013

1.6-1014

4.3-1013

3.4-1014

4.3-1013

Nuclide
Vector

Co-60
Cs-137:
Cs-134
Mn-54
Co-58
Fe-55
Ni-63
Pm-147
H-3
CE-144
Sr-90
C-14

36%
28%
9%
7%
4%
3%
3%
2%
2%
1%
1%
1%

Bq

-

1.2-10"

1.1-10"
8.5-1010

2.3-10"
8.5-1010

a-Activity
Nuclide

Am-241
Ra-226
PU-239
Pu-240
Cm-244

Vector

70%
10%
9%
5%
4%

Table IV shows that activity disposed of at Morsleben consists mainly of radionuclides with
half-lives of about 30 years and shorter, and even the a-activity, mainly due to Am-241 sealed sources
from smoke detectors, is relatively short lived.

Before reunification, the repository was operated by GDR's main waste deliverers, the operators
of the Rheinsberg and the Greifswald nuclear power plants. After 1994 there were three different groups
of waste producers delivering waste to the Morsleben repository according to the mentioned contracts,
namely:

- The NPP operators in Western Germany (contracted share 25 000 m3),
- The Energiewerke Nord (EWN), the operator of the former Greifswald and Rheinsberg NPPs,

now being decommissioned (contracted share 10 000 m3),
- The Landessammelstellen (LSS), including the nuclear research centers and the nuclear fuel cycle

industry (contracted share 5000 m3).

Data on waste disposal volumes from these sources, classified according to the waste producers
for the years 1994 to 1998 is displayed in Table VI.

TABLE VI. WASTE DISPOSAL CLASSIFIED ACCORDING TO THE WASTE PRODUCERS
1994 1995 1996 1997 1998 Total

NPPs

EWN

LSS

Total

1,056.2

190.4

117.8

1,364.4

3,464.44

518.55

343.36

4,326.35

3,085.42

1,677.0

708.6

5,471.02

3,175.82

2,024.2

881.28

6,081.3

2,826.14

1,464.6

786.56

5,077.3

13,607.82

5,874.95

2,837.60

22320.37

With a limit of 0.4 GBq/m3 the a-activity content of the waste acceptable at the Morsleben site is
rather low. The radioactive waste from the German nuclear research centers, already conditioned in the



past according to other specifications and currently in interim storage, does not comply in many cases
with this constraint. Consequently, rather limited amounts of such waste were acceptable at Morsleben
for disposal. The same applies for waste from the nuclear fuel cycle industry.

In contrast with this, the waste arising from the operation of modern PWRs is relatively free of
long lived radionuclides. Therefore, the nuclear power plants had no difficulties in delivering waste
compliant to the waste acceptance criteria in quantities corresponding to its share of the contracts
mentioned above. While operation of the Morsleben repository has substantially contributed to releasing
interim storage capacities at the power plants for further use, the nuclear research centers have had rather
limited benefit.

Moreover, it is of interest to contrast how the activity disposed of at the Morsleben repository
compares with the total activity acceptable at the site. Such information is compiled in Table VII below.
It can be clearly seen that the activity in the repository is only a small fraction of the very conservatively
determined, acceptable activity limits.

TABLE Vn. COMPARISON OF ACCEPTABLE AND DISPOSED OF ACTIVITY
p/y-Activity a-Activity

Total Acceptable Activity 1.00-10l6Bq 1.00-10l3Bq

Disposed of Activity 3.83-10l4Bq 3.15-10nBq

Percentage of Total Acceptable 3.83% 3.15%
Activity

3. LESSONS LEARNED AND PERSPECTIVES

The Morsleben repository has been in routine operation for a long period of time. The
experience gained can be summarized as follows:

- Waste disposal in a deep geologic repository is basically a logistic task, that can be
accomplished safely and without any undue burden to personnel and the environment,

- During all the operational period under responsibility of BfS and DBE since 1990 there has
been no exceeding of any operational limit,

- Discharges of airborne radionuclides with the exhaust ventilation air was steadily at least an
order of magnitude lower than authorized limits,

- There have been no discharges of radioactivity with sewage during all of the mentioned period,
- Correspondingly, the radiological impact of the facility onto the environment has been

negligible, and below the measuring range of monitoring equipment,
- The calculated impact to the most exposed individual in the repository vicinity due to releases

was approximately 1 |uSv/a, radiation exposure of the most exposed members of the staff
remained below 5 mSv/a,

- The collective dose received by the personnel remained below 15 mSv/a.

Operation of the Morsleben deep geologic repository proved to be a safe activity, fully in
compliance with all applicable regulations. The operational experience obtained will be a valuable
asset in the planning, licensing, and operation of a future German repository which is to receive also
spent fuel and HLW.
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Abstract

This presentation describes the main technologies for the treatment and conditioning of radioactive wastes
at Czech nuclear power plants. The main technologies are bituminisation for liquid radioactive wastes and
supercompaction for solid radioactive wastes.

1. INTRODUCTION

By the term of waste we usually understand a thing, of which its owner (waste producer) wants
to dispose. Waste might also be some movable material, the disposal of which is necessary to protect
human health and the environment, even when the producer of the waste is unknown.

Radioactive waste from nuclear power plants (NPPs) include materials and equipment, which
are not possible to be introduced into the environment due to radionuclide content or unremovable
surface radioactive contamination. For that reason, their handling is controlled by special procedures
(processing, treatment, transport). The boundary between radioactive waste and other waste is not
precise. Discharge limits for release of radioactive materials into the environment, have been adopted
by the competent authority (SONS).

Radioactive waste arises during maintenance and operational activities in radioactive
environments. Radioactive waste arising in a NPP may have specific activity up to 10 Bq/kg with
about 30 year half-life.

2. OBJECTIVE OF RADIOACTIVE WASTE HANDLING AT DUKOVANY NPP

The main objective of waste management is to isolate radioactive waste from the
environment.

Radwastes from normal Dukovany NPP operation are disposed of in a surface disposal
facility on Dukovany NPP site. The basic objective is to isolate waste from environment for about 300
years, which correspond to 10 half-lives of the dominant radionuclide ( Cs). This decay period
results in an activity reduction by 3 orders of magnitude (i.e. from 10 to 10 Bq/kg). Waste has to be
in a suitable form for disposal prior its deposition in the disposal facility.

2.1. Minimization principle

An important principle of radioactive waste treatment is its minimization, which is a process
leading to the smallest practical amounts of treated waste. Keeping waste quantities low has
economic, environmental and political advantages. It is also very important for public acceptance. For
that reason, it is useful to give examples of possible additional waste reduction:

• recycling boric acid from liquid waste,
• treating low activity waste to reduce chemical content (water is recycled),
• release of decontaminated metal (the volume of treated decontamination solutions must not

exceed metal volume for recycling),
• optimization and selection of chemicals used in controlled area to minimize foaming in

evaporator (shampoo, soap, washing powder, cleansing powder, floor detergents, etc.).
Foaming in evaporator can cause premature saturation of deminaralizer resin capacity,

• avoid bringing unnecessary objects into the controlled area (packages),
• avoid unnecessary entry of persons,
• usage of thinner (lighter) foils as protection against contamination,



• usage of optimum concentrations of drained media (i.e., usage of 12,8% boric acid instead of
12% increases volume of chemicals in wastewater above the level necessary during
maintenance),

• replacement of service water by condensate or demineralized water in areas with leakage
(reduction of salt volume in condensates).

3. CATEGORIZATION OF WASTE — RAD WASTE CATALOGUE

Categories of wastes from the Dukovany NPP classified from the technical point of view are given in
Table I.

TABLE I. CATEGORIES ACCORDING TO WHICH WASTES FROM DUKOVANY NPP
ARE CLASSIFIED

No

1

2

3

4

5

6

7

8

9

10

11

Category

Compactible/
Combustible

non-
combustible

wood

Flammable
but unfit for
combustion
Large metal
objects

Resins

Other
sorbents
Sludge

wastewater

Oils and
solvents

Ash, fly ash,
slag

Waste characteristics

Condemned personal
protective aids,
decontamination and
cleaning clothes,
packing materials,
paper, PE sheets
glass, wires, cans,
metal particles,
ceramics, filters
wooden transport
packages, pallets,
scaffold flooring,
planks
PVC, PTFE (teflon) -
foils, sealing materials

Structural material of
carbon and stainless
steel

Condemned
purification station
fillings
active coal, vapex
(perlite), zeolites
Sediments in tanks,
mixture of organic and
inorganic substances
of non-standard
composition
usually diluted
solutions of chemical
inorganic substances
containing impurities
Depreciated
lubricants, solution
residues and
scintillators
residues after
combustion and
melting

Source

the biggest part originates
during unit inspections and
repairs

mainly during inspections and
repairs

contingent origination, air-
conditioning filters replacement

previously extensively used
materials in RCA

Extensive reconstructions

regular substance replacement,
contingent leakage during
technological operations

floor washing and cleaning,
dust from material separation
and abrasion, crystallization
beyond design basis

Uncontrolled leakage,
sampling, laboratory water,
spilling of liquids

filling exchange, laboratories,
elimination of non-applicable
and contaminated liquids

external incinerator, melting
furnace

Technology

of treatment

high-pressure
compaction,
combustion

high-pressure
compaction

high-pressure
compaction,
combustion

high-pressure
compaction

disposal without
treatment or
decontamination
and recycling
insertion into FflCa,
bitumenisation

insertion into FflC,
cementing
insertion into FflC,
cementing

concentrate
bitumenisation

washing by
demineralized
water,
combustion
insertion into FflC,
cementing

One-year
Production

(t/y)
20

3

1

1

10

30

1

5

350

2

0

Activity
(MBq/kg)

1-2

1-2

0,1

0-1

0,01

100

not given

10

1

0,001

not given

FflC means high integrity container



4. METHODOLOGY OF RAD WASTE PROCESSING AND TREATMENT

4.1. Processing and treatment of liquid radwastes

4.1.1. Origination and composition of liquid radwastes

The following main sources of liquid radwastes at Dukovany NPP need to be considered:

• Recovery solutions and purification plant flushing,

• Liquids collected in plant systems,
• Decontaminating solutions,
• Wastewater from laundry and water from changing rooms if it is not possible to discharge it to

sewage drainage from the radiation point of view,
• Alkaline agents for radioactive concentrate stabilization.

According to purification plant type, recovery solutions and purification plant flushings
contain nitrates (from cation resin recovery by nitric acid), borates (boric acid washed out from highly
basic anion exchanger), potassium hydroxide, sodium hydroxide and ammonia (from anion exchanger
recovery). In highly reducing conditions nitrates also arise.

Liquids collected in drain systems contain salts from primary coolant circuit and salts
originating in service and cooling water, with sulphate, chloride and calcium content. A substantial
part of this kind of wastewater originates in the course of unit outages during drainage of pipelines
and tanks. Intakes to the drainage system are then a significant source of wastewater organic pollution
(cleaning and others).

Decontamination solutions contain particularly salts of manganese (reduction of KMnO used
in alkaline decontamination solution), sodium and potassium and residues of citric acid and oxalic
acid which are, however, in the given environment, rather unstable.

Laundry wastewater and changing room water usually do not represent a significant part of
wastewater because they are discharged, if their activity is low, to the inactive sewage system of
Dukovany NPP. If it is necessary to treat them with radioactive water, they introduce surfactants,
phosphates and increased organic pollution with to the treatment systems.

Alkaline agents are added before entering the evaporator prior to wastewater concentration.

4.1.2 Collection, concentration and storage of liquid radwastes

The primary section of Dukovany NPP is equipped with a unified sewage system. The main
disadvantage of this system is mixing of all sorts of wastewater and therefore recycling of separate
wastewater is complicated and difficult.

This unified sewage system is routed from the twin unit 1 to radioactive drain sump tanks and
wastewater is pumped from there to a sedimentation tank located in the auxiliary service building and
then through an overflow tank to wastewater holdup tanks.

Wastewater from laundry, laboratories and changing rooms of operational building 1 is
collected in control tanks and if it is not possible to discharge it, it is pumped to the radioactive drain
sump tanks.



Regenerative and flushing water are routed through a tank to the radioactive drain sump tank,
and from there to the overflow tank and then by the same path as the rest of water to the wastewater
holdup tanks.

The situation of the twin unit 2 is similar.

Wastewater in the wastewater holdup tanks is analyzed to determine the need for further
concentration in evaporators. Usually it contains 0.5-2 g of salt/1 with pH ca. 8. Crystallization of
borates with relatively low solubility might occur during cool down, storage or other handling in
neutral and acid media. Prior to concentration, it is necessary to alkalize this wastewater by addition
of sodium hydroxide to pH at least 11 to reach solubility 60 g of boric acid/1.

Evaporation is used to concentrate the salt concentration in waste liquid about 50 times. The
concentrated residue is pumped to concentrate tanks. Both auxiliary service buildings are inter-
connected through three pipelines for liquid radwastes and they are surrounded by a protective trough.

Composition of concentrate changes both with time and between individual NPP units
depending particularly on unit mode.

In the following table (Table II) is a typical composition of RA concentrates produced at
DukovanyNPP.

TABLE H. TYPICAL COMPOSITION OF WASTES AT DUKOVANY NPP

PH

Specific weight

Salt contents

Boric acid

Nitrates

Nitrites

Sulfates

Chlorides

Oxalates

Citranes

Sodium

Potassium

134-Cs

137-Cs

58-Co

60-Co

90-Sr

239+240 Pu

kg/m

g/1

g/1

g/1

g/1

g/1

g/1

g/1

g/1

g/1

g/1
kBq/1

kBq/1

kBq/1

kBq/1

Bq/1

mBq/1

11,4

1110

147

65

30

2

3

3

2

1

35

6

300

400

10

60

10

200

Since saturated solution is introduced into the condensate storage tanks, it means that boric
acid salts crystallize out on the bottom, vessel internals and the like. When the temperature or pH
value increases, they gradually go back into solution.



The aim of chemical operation control during concentration is to reach purposely maximum
concentration (to minimize volume) but without exceeding the solubility limit of salts present,
particularly borates. This problem is not simple. Disposal of crystallized salts is very demanding from
the technical and economical point of view.

4.1.3. Liquid concentrate treatment

The objective of liquid radioactive concentrate treatment is to transform it to a form suitable
for disposal. Such a form has to be a solid state and therefore we often talk about liquid waste
solidification.

Two basic technologies are mainly used for this purpose in the case of nuclear power plant
wastes:

• cementation,
• bituminisation.

In the future, it might be that technology used to date for high-level radioactive waste
solidification from reprocessing plants could be applied to NPP wastes-vitrification.

Cementation is a relatively simple technology is based on chemical reaction of mineral
components, contained in cement, with water. This reaction is called hydration. Water is chemically
combined in the final product — with a certain fixation ability for radionuclides contained in charge
water. It is evident that the mass ratio of water to cement is not unlimited and the maximum for solid
product is usually about 0.4. As a result, waste volume and weight increase significantly during this
process. Another disadvantage is relatively high leachability, that is, release of fixed components from
the product in the case of contact with water.

Bituminisation consists in fixing of contaminated salts into a water resistant matrix, using
asphalt. During the process of liquid radwaste bituminisation water evaporates with temperatures
above 120°C and contained salts are homogenized with asphalt.

During vitrification, the process, the waste material is melted at temperatures about 1000°C
with glass-forming material, resulting in a product with very low leachability. The volume reduction
is very good.

4.1.4. Bituminisation at Dukovany NPP

Liquid radwaste bituminisation is the process used in the Dukovany radioactive waste
treatment facility. The basic equipment is a layer rotor evaporator with a vertical double-shell drum of
inside diameter 600 mm, made from molybdenum steel, for 1.1 MPa steam heating. Fitted in the axis
is a shaft with swinging blades that in radial direction nearly touch the internal surface of the heated
shell. Asphalt and liquid concentrate are tangentially sprayed to the upper part of evaporator. The
function of the blades is to spread the mixture on the internal heated surface during the rotor
revolution (300 rev./hour) and so create a thin layer from which water evaporates and residual salts
are mixed with asphalt. Drained bitumen product, containing ca. 40% of mass salts, flows down the
evaporator wall and continues through heated piping to drums where it is lidded automatically and
then transported to the disposal facility. Theoretical capacity of the evaporator is 240 liters per hour.

Concentrate is transported to the radioactive waste treatment facility building from the tanks
located in the auxiliary service building jusses or directly by a submersible sump pump from the
storage tank. The tanks, each of 7 m effective volume, are filled through this pump. There is also the
possibility of pH regulation by nitric acid or sodium hydroxide addition in these tanks. Required pH
values, according to technical specifications, is 11-11.5. The lower value is to avoid crystallization



and the upper value prevents so called asphalt alkaline pyrolysis, which is exothermic reaction of
organic components at higher temperature in asphalt with high pH values and with multivalent metal
catalysis. Manganese content is limited to 15 g/1 for the same reason.

Asphalt is transported to Dukovany NPP by trailer and is stored with temperature of ca 120°C
in a tank located outside the radioactive waste treatment facility building. It is very important to select
an asphalt type carefully because product quality depends on it (softening point, penetration,
leachability). Some asphalt types are inclined to carbon and hard substances insoluble in common
organic solvents and non-fusible by on site temperatures. Then pipeline fouling and evaporator
vibration occur. To eliminate these problems, various additives are added to asphalt at Dukovany
NPP.

Asphalt is pumped from the storage tank through steam heated pipelines to a tank and from
there it is sprayed by heated gear feed pumps to the evaporator. Feed is regulated in such a way to
reach 40 mass % of salt contents in the resulting product, which means that a feed rate of ca 50-60 kg
of asphalt/hour.

4.2. Solid radwaste processing and treatment

Solid radwastes at Dukovany NPP are produced principally during refuelling and
maintenance. Solid radwaste processing involves collecting, sorting, bagging and storing of
radioactive waste. Bags of waste are classified according to radioactivity content.

Waste bags with surface dose rate lower than 1 |uGy/h are sorted in a storage carousel. These
bags are assumed to be inactive and can be released as normal trash. Before disposal, they are
additionally sorted with respect to materials to paper (scrap), other combustible waste (clothes and
plastics) and metal.

Waste bags with surface dose rate higher than 100 |uGy/h are more radioactive. Non-
compactible objects are removed and they are stored for several years.

Waste bags with dose rate 1-100 |uGy/h are low active. Since their activity might be caused
only by one object it is worthwhile to sort these bags according to their activity. Sorting is performed
in a semi-automatic sorting box and it enables operating personnel reliable separation of radwastes
and inactive wastes. Solid radwastes produced by this sorting are stored together with radwastes of
higher dose rates and inactive wastes are removed again.

Dukovany NPP does not have equipment for further routine solid waste treatment. The sorted
radwaste bags are stored in reinforced concrete cells pending periodic treatment campaigns using high
pressure compaction.

During the campaigns performed about every ten years, the stored radwastes are removed,
then treated by compaction and placed into radioactive waste disposal. Treatment is performed in two
stages. Bags with compactible waste are gradually inserted into drums and low-pressure compacted.
Low-pressure non-compactible wastes (small metal, glass, etc.) are inserted into drums without
compacting. Low-pressure compaction of up to 15 waste bags (50 1 each) in one 200 1 drum is
possible. When the drums are full they are transported to a high-pressure compactor operated by a
contractor (IAEA technology). About 2500 filled drums were re-compacted with super press AEA
(Great Britain) in 1996. Moulded cakes were inserted into 820 larger drums and they were disposed in
radioactive waste disposal.

The following objects are not suitable for high-pressure compacting in AEA device:

• Drums with weight above 300 kg,
• Drums with dose rate above 3 mSv/h,



• Drums dimensionally unfit,
• Wet or highly oiled up wastes,
• Toxic wastes,
• Metal waste longer than 550 mm and 60-250 mm in diameter,
• Pulverized waste,
• Wastes containing significant volume of plutonium, uranium, americium and tritium.

Combustion is often used for solid radwaste treatment in foreign countries. The higher volume
reduction is reached by combustion. Organic substance destruction prevents subsequent microbial
decomposition and gas production. Disadvantages of radwaste combustion are both inaccessibility in
the Czech Republic, high price and also necessity of ash treatment (by cementing, sintering,
vitrification). It is usually effective to use low-active waste technologies for metal decontamination
(half-dry decontamination). If the metal is too highly contaminated, fragmented metal is stored in the
drums without treatment. It is possible to place large metal parts in the radioactive waste disposal
facility as non-standard radwaste, but extra permission is necessary. Contaminated metal melting is
used during NPP decommissioning in foreign countries but this process is very expensive considering
the negligible quantity of contaminated metals at Dukovany NPP.

4.3. Treatment of other radwastes

4.3.1. Moist radwaste

Exhausted contaminated ion exchangers are taken out of service from purification plants at
Dukovany NPP. Ion exchange resins are usually in the form of small beads (smaller than 1 mm) with
capacity to capture ions and impurities from solutions. Filters might contain other media such as
activated charcoal, perlite or even sand. Contaminated sludges are radioactive wastes of valuable
composition. They originate from impurities, from condensation of chemical substances or
crystallization of saturated solutions. They contain variable water percentage. They are called,
together with ion exchange resins and other sorbents, as "moist radwastes". Moist radwastes are
usually transported by water flow with the help of pumps. Their treatment for disposal is only being
planned so far. They might be cemented, calcined, bituminized, vitrified, or they might be disposed of
without a matrix. This particular method has been chosen for application at Dukovany NPP. The
wastes are pumped into a special container without sorting or any other treatment and dehydrated.
This leak proof container, known as a HIC (high integrity container) represents a multi-layer barrier
against radionuclide release. Waste dried by vacuum pump is of minimum volume because it is not
mixed with binder (cement, bitumen). Water resistance is provided by the container maintaining its
leak tightness for about 400 years. Moist radwastes might attain high activity (up to 10 Bq/kg). High
activity and atypical size of HIC containers might represent certain problems with manipulation. Non-
standard composition, which might cause difficulties for some technologies due to changeable
additive composition, is not a problem for HIC technology.

4.3.2. Oils and solvents

Oily substances, that are also in stable form classified as hazardous wastes, are involved as a
rule. Radioactive oils are usually burnt in foreign countries. This method will presumably be used for
radwaste disposal at Dukovany NPP and this activity will be provided by contractor (i.e. incinerator).
Oils have been treated in the past at Dukovany NPP by liquid-liquid extraction. The method consists
in extraction of radioactive substances by demineralized water. A mixture of oil and water is sucked
by a pump into a closed vessel. After some hours the phase equilibrium is established and water
discharged from the lower part of the vessel. The water contains radioactive substances and it is
treated in purification system. After repeated extraction, oil is recycled as inactive waste. During oil
collection it is necessary to segregate certain oils. The most important consideration is not to mix the
most toxic oil substances (containing PCB and the like) with the rest of oils. It is very important to
store non-chlorinated oils separately from chlorinated substances because burning of mixtures is very



expensive in the case of chlorinated contents. Individual sorts of oils are also not mixed, if it is
possible, due to viscosity changes.

It is possible to decontaminate solvents through extraction but also through distillation. Only
distillation of perchlorethylene used in the radioactive waste treatment bituminisation line has been
performed at Dukovany NPP

4.3.3. Ash, fly ash and slag

These radwastes may arise if Dukovany NPP contracts for incineration or melting of wastes in
the foreign countries in the future. However, the most probable case is that the contractor will treat
these wastes with the use of cement technology and return them in our 200 1 drums or put them into
our HIC casks.
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Abstract

The destruction of spent TBP/Kerosene (odourless kerosene (OK)) with potassium permanganate have
been investigated. Comparative studies on the immobilization of spent TBP/Kerosene and its degradation product
into different matrices have been carried out. The matrices used includes, ordinary portland cement, silica fume,
treated fly ash, epoxy resin and cement mixed with epoxy resin. The different factors affecting solidified waste
forms such as, compressive strength, water resistance, thermal stability, chemical resistance, radiological stability
and leachability have been investigated. It was found that, epoxy resin and cement mixed with 5,10,20, and 50%
of epoxy resin enhance the compressive strength of the solidified waste forms with spent TBP/OK more than that
obtained from degradation products. The leaching rates of b2'b4Eu and 181Hf from waste forms containing
TBP/OK was found lower than that with degradation product.

1. INTRODUCTION

Solvent extraction separation processes are used to recover nuclear materials from spent fuels.
These processes involve the use of an extractant / diluent for separation of the reusable actinides from
fission products. The most widely used extractant is tri-butyl phosphate(TBP) diluted with a normal
paraffin hydrocarbon [1,2]. After repeated recycling, the solvent is deemed unstable for further use
and contains uranium, plutonium and fission products [3]. A variant of the process is being developed
for destroying reprocessing solvent, in which processing is done at 100°C and at atmospheric
pressure, using a copper catalyst and hydrogen peroxide [4]. Wet oxidation technique is still very
much in the experimental stage for breaking down organic materials to carbon dioxide and water and
leave a concentrated inorganic waste which contains most of the radioactivity. The aim of this work is
to deal with conditioning methods of spent TBP/OK and its degradation product (DP). The matrices
used are Portland cement, cement with some additives, epoxy resin and epoxy mixed with cement
[5,6]. Various physical and chemical properties of the conditioned waste have been investigated to
avoid premature disintegration of the waste form which could lead to exposure of the radionuclides to
the environment. The different parameters affecting the properties of the solidified waste packages
which investigated are, compressive strength, water resistance, chemical resistance, thermal stability,
radiological stability, and leachability.

2. EXPERIMENTAL

2.1. Chemicals

All the chemicals employed were of analytical grade and used without further purification.
Tri-butyl phosphate was obtained from Aldrish Chemical Co. Ordinary portland cement (OPC) was
obtained from National Cement Company, Helwan, Egypt [7]. Silica Fume (SF) was obtained from
Ferro Silicon Company, Eddfo, Egypt. Fly ash was obtained from the North Cairo Electric Power
Station and was treated as reported in an earlier report [8]. Epoxy resin was obtained from Chemicals
for Modern Building Company, Egypt. Odourless kerosene (OK) was obtained from the Misr



Petroleum Company and used as diluent. Radioactive tracers l52&l54Eu, and l8lHf were obtained from
Egyptian Nuclear Research Reactor, Inshas, Egypt.

2.2. Degradation product preparation

Preparation of oxidative degradation product (DP) was carried out by making reflux of 25ml
of 30% TBP in kerosene (vol.%) with excess of KMnO4 (0.1N) in a round bottom flask at 100-110 °C
for 6 h. The precipitate was cooled, filtered and washed with double distilled water many times and
the precipitate was dried then using an IR-lamp. Finally, the weight of the precipitate was evaluated.

2.3. Compressive strength

Specimens of portland cement and cement mixed with different percentages of organic phase
(30% vol.TBP/OK) at W/C ratio of 0.35 have been prepared. The resultant cement mixture was
stirred for 5 minutes and the grout was then poured into a 30 mm right cylinder mould. Also,
specimens of portland cement mixed with 5% of silica fume or treated fly ash and epoxy resin with
different percents of 5, 10, 20 and 50% by weight and immobilized with different percentages of
organic phases have been prepared. Specimens of epoxy resin mixed different percentages of organic
phase have been prepared. The principal problem in dealing with epoxy was the bad effect of liquid
waste on the polymerization process of epoxy. Hence, the polymerization of epoxy was carried out
separate from the hydration process of OPC [9]. The same specimens with degradation product of
TBP/OK have been prepared. The compressive strength of these samples was measured according to
BS1881 [10]; the strength tests were carried out using the challenger range of compression testing
machine (2000KN).

2.4. Water immersion

The effect of water immersion on the compressive strength of the 30 mm diameter cylinder
specimens of solidified waste forms of organic phase (30% vol. TBP/OK) or degradation product of
the organic phase mixed with portland cement, portland cement with additives, epoxy resin mixed
with cement, and epoxy resin after immersion in leachant sea water [11], tap water, and deionized
water for one and three months.

2.5. Thermal stability

The effect of heat at 105 °C for one week on the compressive strength of the samples
prepared as mentioned above and immersed in the leachants for one month was studied.

2.6.Chemical resistance

The effect of HNO3, NaOH, and NaCl with concentration 10% and distilled water on the
same samples prepared before for one week was studied. The weight loss and swelling of the samples
was evaluated [12].

2.7. Radiation stability

The effect of radiation dose rates in the rang between 10 and 100 M rad on the compressive
strength of the solidified samples prepared as mentioned before was studied. The irradiation was
carried out by a Cobalt -60 source of the gamma cell 220 type having maximum dose rate of 30 Gy/s.

2.8. Leachability

Specimens of cylinder moulds, 20 mm diameter and 10 mm in height were prepared by
mixing radioactive organic phase (30% vol.TBP/OK) with l52&l54Eu, and m Hf with portland cement,



Portland cement plus silica fume or treated fly ash, , epoxy resin mixed with cement, and epoxy resin.
The samples were taken out from the moulds and subjected to rapid leaching test (soxhlet). The
leaching rates for each sample have been determined [13]. The same samples were prepared with
degradation product of the radioactive organic phase and subjected to the same test. Specimens of 30
mm diameter cylinder were prepared as mentioned above and subjected to long-term leaching in
deionized water for 93 days. The leaching test was carried out according to the method recommended
by IAEA [14].

3. RESULTS AND DISCUSION

3.1. Compressive strength

The compressive strength of the solidified waste forms with organic phase (30% TBP/OK) or
its DP mixed with Portland cement, Portland cement plus silica fume or treated fly ash, epoxy resin
mixed with cement and epoxy resin as a function of % of TBP/OK with or without degradation is
shown in Fig. 1. From this figure we found that, the compressive strength is achieved when the amount
of TBP/OK in cement samples is around 3%. Beyond this value, the compressive strength decreased
and the maximum compressive strength was obtained for the solidified waste forms with 3% of
TBP/OK. A maximum compressive strength was obtained with all samples mixed with degraded
TBP/OK when the waste loading equal to 15%. This means that when direct immobilization of
TBP/OK (non degraded) was carried out, the waste loading should not be higher than 3% while 15%
waste loading was recommended in case of degraded TBP/OK. The results indicate that addition of
epoxy resin, SF or TFA, develops the compressive strength of portland cement paste. In all cases the
compressive strength takes the following sequence:

Plain epoxy>OPC+50% Epoxy >OPC+20% Epoxy >OPC+10% Epoxy > OPC+ 5% Epoxy>
OPC+5% S F> OPC+ 5% TFA > plain OPC

This sequence can be generally attributed to the smaller cavity volumes and decrease in porosity for
the hardened pastes yield greater compressive strength [15].
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FIG. I. Compressive strength as a function of weight % of TBP/OK and degraded TBP/OK
immobilized with different matrices



3.2. Water immersion

The percentage change in compressive strength of the solidified waste forms with TBP/OK or
degraded product after immersion in leachants for one and three months are given in Table I from
which it can be concluded that sea water has bad effect on sample of TBP/OK and Portland cement
plus 5% silica fume and sample of Portland cement with DP where, the compressive strength
decreased. Solidified waste forms of epoxy resin additives improved the compressive strength more
than the other additives. Tap water and distilled water enhance the compressive strength more than
sea water. The enhancement in the compressive strength for waste forms of TBP/OK took the
following sequence:

Epoxy > OPC > OPC + 5% TFA> OPC + 10% epoxy > OPC + 20% epoxy >
OPC + 50% epoxy

The increase in epoxy resin content when mixed with portland cement decreased the
compressive strength while for samples of DP the improvement in the compressive strength took the
following order :

Epoxy > OPC + 5%SF> OPC + 5% TFA > OPC + 10% epoxy > OPC + 20% epoxy >OPC + 50%
epoxy

The immersion of waste forms with degraded product in leachants for long period enhance
the compressive strength more than the waste forms of TBP/OK.

The % sorbed water of the immobilized waste forms employed after immersion in sea water,
tap water and distilled water for one and three months are shown in Table II. The results indicate that,
the sorbed water is varied and depends on the degree of swelling of the matrices employed.

TABLE I EFFECT OF WATER IMMERSION ON THE COMPRESSIVE STRENGTH OF
SOLIDIFIED WASTE FORME WITH TBP/ OK AND AFTER IMMERSION IN DIFFERENT
LEACHANTS FOR ONE AND THREE MONTHS

% Change in compressive strength,(Kg/cm )

Leaching Period
Solution , TBP/OK Degraded TBP/OK

Month
1

Sea 1 +65
Water 3 +79
Tap 1 +74

Water 3 +87
Distilled 1 +67

Water 3 +69

2
-53
-59
-44
-50
-27
-33

3
+37
+45
+44
+47
+43
+46

4
+15
+18
+29
+33
+20
+30

5
+5
+12
+12
+15
+12
+14

6
+1
+6
+8
+9
+6
+10

7 1
+69 -22
+92 -42
+82 +77
+86 +89
+80 +75
+87 +80

2
+14
+22
+41
+50
+33
+68

3
+35
+50
+53
+65
+37
+40

4
+33
+35
+47
+49
+40
+45

5
+20
+28
+27
+29
+20
+26

6
+7
+11
+10
+15
+8
10

7
+75
+88
+67
+85
+82
+83

1 Plain OPC 2 OPC+(5%)S.F 3 OPC+(5%)TFA 4 OPC+(10%)Epoxy

5 OPC+(20%)Epoxy 6 OPC+(50%)Epoxy 7 Plain Epoxy



TABLE II. % SORBED WATER OF SOILDIFIED WASTE FORMS WITH TBP/OK AND DP
AFTER IMMERSION IN LEACHANTS FOR ONE AND THREE MONTHS

% Sorbed water

Leaching Period
Solution month

1

Sea i +9-8

Water 3 +10

l

Tap i +8-3

Water 3 + 7 3

Distilled i +7-8

Water 3 + 7 1

2

+ 10.5

+ 10.9

+9.8

+ 10.3
+9.3

+9.8

TBP/OK

3

+9.3

+9.4

+8.9

+9.1
+9.2

+9.5

4

+9.8

+9.2

+7.8

+8.5
+7.6

+7.9

+2.9

+5.0

+3.6

+3.8
+3.0

4.3

6

+2.9

+3.2

+2.5

+2.6
+2.6

+2.8

7 1

+ 1.5 +11.1

+ 1.7 +11.5

+0.7 +10.2

+2.6 +10.6
+ 1.4 +10.3

+ 1.7 +10.7

Degraded TBP/OK

2

+ 13.2

+ 13.7

+ 14.0

+ 15.0
+ 14.2

+ 14.9

3

+ 12.7

+ 13.3

+ 12.0

+ 12.5
+ 12.2

+ 12.8

4

+8.3

+8.6

+8.3

+8.7
+8.1

+8.3

5

+5.3

+5.8

+5.9

+6.2
+5.9

+6.3

6

+4.4

+4.7

+4.7

+4.9
+4.5

+4.7

7

+ 1.7

+ 1.8

+ 1.1

+ 1.3
+ 1.2

+ 1.3

1 Plain OPC 2OPC+(5%)S.F 3 OPC+(5%)TFA 4 OPC+(10%)Epoxy

5 OPC+(20%)Epoxy 6 OPC+(50%)Epoxy 7 Plain Epoxy

3.3. Thermal stability

The effect of heating at 105°C for one week for waste forms of TBP/OK and degraded
product previously immersed in sea water, tap water and distilled water for one month on the
compressive strength is given in Table(3). The results indicate that, compressive strength of waste
forms with epoxy resin or epoxy resin mixed with Portland cement decreased, while for solidified
waste forms of Portland cement, cement containing treated fly ash or silica fume the compressive
strength increased.

TABLE IE. EFFECT OF HEAT AT 105 °C FOR ONE WEAK ON THE COMPRESSIVE
STRENGTH OF SOLIDIFIED WASTE FORME WITH TBP/ OK AND AFTER IMMERSION IN
DIFFERENT LEACHANTS FOR ONE AND THREE MONTHS

Leaching
Solution

1
Sea

Water +81
Tap

Water +74
Distilled

Water +69

2

+42

+32

+21

Change

TBP/OK

3

+25

+17

+12

4

-19

-32

-26

5

-33

-36

-40

in compressive strength,(Kg/cm

6

-42

-45

-47

7 1

-88 +85

-92 +81

-96 +76

2

+52

+39

+25

)

Degraded TBP/OK

3

+33

+30

+15

4

-16

-19

-23

5

-30

-32

-36

6

-35

-39

-42

7

-82

-86

-93

(1) Plain OPC 2) OPC+(5%)S.F (3) OPC+(5%)TFA (4) OPC+(10%)Epoxy

(5) OPC+(20%)Epoxy (6) OPC+(50%)Epoxy (7) Plain Epoxy Liquid/Solid Ratio = 0.35



The compressive strength of waste forms with degraded product was found higher than TBP/OK. The

enhancement in the compressive strength took the following order:

OPC > OPC+5% SF > OPC+5% TFA

Following the sequence of these samples, it is found that:

(a) Sea water increases the compressive strength to 85, 52 and 33%, respectively;

(b) Tap water increases the compressive strength to 81, 39, 30%, respectively;
(c) Finally distilled water increases the compressive strength to 76, 25, and 15%

respectively.

3.4. Chemical resistance

The effect of acid, base, salt solutions of 10% and deionized water on solidified waste forms
of TBP/OK or degradation product have been studied and the results obtained are given in Table IV
from which it can be concluded that, waste forms with DP are more swelling than that with TBP/OK.
The swelling values decreased according to the following sequence :

Epoxy > OPC + 5%epoxy > OPC + 5%SF > OPC + 5%TFA > OPC

Samples of epoxy are less resistant to swelling when immersed in different media used than other
samples. 10% HNO3 has a bad effect on both solidified waste forms with TBP/OK or DP containing
cement, cement mixed with silica fume or treated fly ash and epoxy resin where a decrease in weight
change was obtained. Waste forms with epoxy are more resistant to acid attack. The dissolution of
samples TBP/OK are less than samples of DP. We can concluded that, waste forms of TBP/OK are
more resistant to swelling and dissolution in acid, base and salt attack than that DP forms.

Table IV. % SWELLING AND % WEIGHT CHANGE FOR SOLIDIFIED WASTE FORMS WITH
TBP/OK AND (DP) IN VARIOUS MEDIA FOR ONE WEEK*

Matrix

Plain OPC
OPC+5%TFA
OPC+5%SF
OPC+5%epoxy
Plain epoxy

(%)Swelling
TBP/OK

1

4.6

4.1

3.3

2.8

0.5

2

9.3

9.0

7.5

5.0

0.6

3

10.0

9.2

8.0

6.0

0.60

4

2.5

2.3

2.0

1.9

0.6

DP
1

5.0

4.5

4.1

3.0

0.60

2

9.5

9.6

4.9

6.0

0.65

3

11.0

9.4

8.5

6.4

0.70

4

3.0

5.6

2.4

2.1

0.65

% Weight change
TBP/OK

1

5.1

11

9.4

5.5

1.1

2

6.0

18

14

9.0

1.3

3

-1.4

-1.5

-1.7

-1.1

1.4

4

10.5

8.0

6.0

5.0

1.0

DP
1

13.5

11.6

10.0

5.8

1.5

2

19.0

18.3

14.4

10.3

1.3

3

-1.5

-1.6

-1.8

-1.5

1.5

4

11

8.5

6.7

6.0

1.1

liquid / solid ratio = 0.35
temperature = 22 ± 2 °C
amount of solution = 6 ml/cm2

l=NaC110%
3 = HNO310%

2 = NaOH10%
4 =Dist. H, O 10%

3.5. Effect of radiation

The effect of radiation dose on the compressive strength of the waste forms of TBP/OK and
DP are given in Fig.2. From this figure, it is clear that, the compressive strength decreased with
increase in the irradiation doses. This may be explained by the possible increase in the total porosity
of the hardened cement pastes and polymerized waste forms by irradiation or particle interaction and
the chemical effects resulting from radiolysis of loosely bound molecules of waste forms. The effect



of radiation doses on compressive strength of waste forms with TBP/OK was found lower than with
DP. The decrease in the compressive strength are arranged as following:

Epoxy > OPC+5%epoxy > OPC+5%SF > OPC+5%TFA > OPC

Solidified waste forms of TBP/OK mixed with epoxy resin or cement plus 5% epoxy are
more resistant to y-irradiation at high doses.

( A ) 3 % I B P / OK

• f-Mom e p o x y
A OPC • 5 % epoxy
a OPC • 5 % SF
« OPC • 5% TFJ\
° Plom OPC

IB I 3 % degraded fU iV OK

I c q t n v a l o n l l < i /.'.,"•',. I M I " ( ] ] • !

20 i 0 60 80 100 0
Radiation Doses(Mrad)

20 CO 60 80 100

Radiation Doses ( M rad )

FIG. 2 Compressive strength as a function of radiation doses for different matrices mixed with
TBP/OK and degraded TBP/OK

3.6. Leachability

3.6.1. Rapid test leaching

The leaching rate of the radioactive isotopes l52'l54Eu, and m Hf from solidified waste forms
of TBP/OK or DP immobilized with different matrices have been determined. The results obtained
are given in Table V.

TABLE V. SOXHLET LEACHING RATES OF l52154 Eu AND m Hf OF SOLIDIFIED
WASTEFORMS WITH TBP/OK AND (DP)*

Waste forms

Plain OPC

OPC+S.F(5%)

OPC+TFA(5%)

OPC+Epoxy(5%)

Plain Epoxy

Leaching rate,

TBP/OK
l52'l54Eu
8.2E-3

8.0E-3

8.0E-3

4.3E-3

4.0E-3

181 TTf

7.8 E-3

7.3 E-3

3.9 E-3

3.8 E-3

3.1 E-3

(gm cm"2 d"1

l52'l54Eu
8.6E-3

8.4E-3

6.9 E-3

4.9 E-3

4.3 E-3

DP
181 H f

8.3 E-3

7.9 E-3

5.5 E-3

4.4 E-3

3.6 E-3

% waste in the matrix = 3%



From Table V it can be concluded that waste forms with TBP/OK have a lower leaching rate
than waste forms of DP. The leaching rates of m Hf was found lower than l52&l54Eu from all solidified
waste forms employed. The decrease in the leaching rates are arranged as follows:

OPC > OPC+5%SF > OPC+5%TFA > OPC+5%epoxy > Epoxy

3.6.2. Long term teachability

152&154T 181-,The cumulative fractions of Eu, and Hf from waste forms (with 3% by weight) of
TBP/OK or DP at ( w/c=0.35) immersed in distilled water for 93 days as a function of total times are

152&154-Trepresented in Figs.3 and 4. It is seen from these figures that the cumulative fractions of Eu, and
181Hf through waste forms of TBP/OK are lower than from waste forms with DP. The cumulative
fractions of m Hf is lower than of l52&l54Eu from the different waste products. The decrease in the
cumulative fractions for both radionuclides has to the following order:

OPC > OPC+5% SF > OPC+5% TFA > OPC+5% epoxy > Epoxy

The diffusion coefficient of l52&l54Eu and m Hf through the waste products used are given in
Table VI. From which it can be concluded that, diffusion coefficient for both radionuclides are lower
in case of TBP/OK, and l52&l54Eu has a higher diffusion coefficient more than l8lHf. The decrease in
diffusion coefficient of the radionuclides from the different matrices takes the same order as in
leaching rates. Solidified waste forms of epoxy resin was found to give lower leaching rate and
diffusion coefficient followed by cement with 5%epoxy and finally cement mixed with 5% TFA or
5% SF compared with plain cement.
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Table VI. DIFFUSION COEFFICIENT(D) OF 52&l54Eu AND m Hf FROM WASTE FORMS OF
TBP/OK AND DP IMMOBILIZED WITH DIFFERENT MATRICES*

Waste forms

Plain OPC

OPC+S.F(5%)

OPC+TFA(5%)

OPC +Epoxy(5%)

Plain Epoxy

Diffusion

TBP/OK
l52'l54Eu

4.5E-2

1.4E-4

4.0E-5

3.5E-5

1.8E-6

181 H f

1.6E-4

3.1E-5

2.2E-5

1.0E-5

1.3E-6

coefficient(D)

DP
l52'l54Eu

7.9E-2

3.6E-4

4.6E-5

3.8E-5

2.0E-6

181 Hf

3.1E-4

8.0E-5

3.5E-5

3.2E-5

1.6E-6

% waste in the matrix = 3 %

4. CONCLUSION

Several conclusions can be given from this study.

1. Spent waste TBP/OK or degraded product can be incorporated into epoxy resin, cement
mixed with epoxy resin and cement with silica fume or treated fly ash with loading up to 3%
wt % of the samples to give a package with properties suitable for storage, transport and final
disposal more than plain cement.

2. Addition of 5 wt % of silica fume or treated fly ash to Portland cement as well as cement
mixed with epoxy resin and plain epoxy resin improves the compressive strength of solidified
waste forms in the following order :

Epoxy > OPC+5% epoxy > OPC+5% SF > OPC+5% TFA > OPC

3. Solidified waste forms of degraded product are more resistant for immersion in sea water or
tap water for long period where the compressive strength increased compared with TBP/OK.

4. Solidified waste forms with cement, cement plus silica fume or treated fly ash mixed with
degraded product are more resistant to heat after immersion in sea water or tap water
compared with epoxy resin or cement plus epoxy resin.

5. Solidified waste forms with TBP/ OK are more resistant to swelling and dissolution in acid,
base and salt attack compared with samples of degraded product.

6. Solidified waste forms with degraded product are more resistant to y-irradiation at high doses
compared with all samples of TBP/ OK

7. Leaching rates and diffusion coefficient of l52'l54Eu , and l8lHf waste forms containing
TBP/OK was significantly less than from waste forms with degraded product. The decrease in
leaching rates and diffusion coefficient of the solidified waste products are in the order :

OPC > OPC+5% SF > OPC+5% TFA > OPC+5% epoxy > Epoxy
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WETTING OF BITUMINIZED ION-EXCHANGERS UNDER
SIMULATED REPOSITORY CONDITIONS
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Abstract

According to the present plans the spent nuclear fuel from four Finnish nuclear power units will be
transferred after interim storage to the final disposal site where it will be encapsulated and disposed of in a final
repository constructed into the bedrock at a depth of 500 meters. Low and medium level waste generated at
nuclear power plants will be finally disposed of in caverns constructed in the bedrock at the power plant site. The
safety of the final disposal is based on a multibarrier concept and the degree of safety is estimated by using
predictive models. The properties of the waste form are taken into account in the design of the repository
construction. Bitumen has been chosen as an immobilisation agent for the wet wastes at Olkiluoto Power Plant,
where two BWR units, TVO 1 and TVO 2, have separate bituminization facilities designed by Asea-Atom.
Properties of bituminized spent ion-exchange resins from Olkiluoto power plant have been studied by VTT
Chemical Technology since the late 70 s. These studies have concentrated mainly on determining the long-term
behaviour of the bituminization product under the repository conditions. Current interest lies on wetted product
as a diffusion barrier. For this purpose a microscopic method for the visualisation of the structure of the wetted
product has been developed. The equilibration of the samples in simulated concrete groundwater is currently
going on at a temperature of 5-8°C. Preliminary results are presented in this paper. Diffusion experiments have
been planned for the further characterising of the wetted product as a release barrier for radionuclides including
modelling.

1. INTRODUCTION

Approach of the studies has all along been experimental. Both real and simulated bituminized
products have been studied. The main emphases have been put on long term leach testing, water
absorption and swelling. The rewetting of the product will increase the volume by 30 %, which is
already taken into account in the void volume of the concrete casks. Other topics have been the
separation of the granular ion-exchange particles due to density differences during the cooling period,
corrosion of the steel drums, fire and impact testing of whole drums and radiolytic swelling. Long-
term tests on the interaction of water and bituminized ion-exchange resin products [l^t] have been
underway for about 17 years and are still continuing. In these long-term studies, the laboratory-size
product samples made of granular ion-exchange resin have taken up amounts of water, which exceed
the absorption capacity of the rewetting ion exchangers. The samples still continue to swell without
levelling-off, which indicates void structure formation. Rewetting of bitumen ion-exchanger mixture
is a diffusion-like process in the case of properly mixed products without voids. However, in real
bituminized ion-exchange resin product, all resin particles are not completely isolated by intact layers
of bitumen, but are in contact with each other. The possible voids in the product thus form a
complicated migration labyrinth. The purpose of the research now in progress is to study the ageing
behaviour of bituminized ion-exchanger product under simulated repository conditions. Normal leach
tests are not adequate for assessment of long-term barrier properties of the product. Most leach test
and water absorption tests have been performed at room temperature. However, the rate of water
uptake and swelling has been found to be much faster at low temperatures [5]. The chosen
temperature in this study is 5-8°C and the equilibration media is simulated concrete water to simulate
the conditions in the repository. One of the aims is to study the wetting process of the product in
microscale. By microscopic examination it is possible to gain more information about the behaviour
of bituminized ion-exchange product as a function of time. This method offers a possibility to
determine visually the velocity of the wetting front, the structural changes due to the wetting process
and to find out the possible reaction mechanism. Simultaneously with the wetting of microscopic
samples there are also in the same simulated concrete water identical samples for diffusion
experiments. The wetting of the bituminized ion-exchange resin specimens will take about 3 years



before they are ready for diffusion studies. Later on diffusion parameters will be measured with
wetted product using some important radionuclides. The aim of this work is to study the properties of
wetted product as a release barrier for such important waste nuclides as 90Sr and l37Cs. Because the
half-lives of these nuclides are about 30 years it would be beneficial for the safety analysis if a
retardation effect could be counted on the wetted bituminization product.

2. REPOSITORY CONCEPT

In Finland, there are four nuclear power units: two BWR units at Olkiluoto designed by Asea-
Atom and two PWR units VVR 440 at Loviisa. The units generate about 30 % of the Finnish demand
for electricity. The radioactive wastes that accumulate during the operation of a nuclear power plant
are divided into two separate waste streams namely, highly active spent fuel and operating waste. In
accordance with the target schedule set by the Council of State in 1983, preparations have been made
relating to the direct disposal of spent fuel from the Finnish nuclear power plants deep into the
Finnish bedrock. The final disposal site will be chosen in the year 2000 and the necessary facilities
will be constructed during the second decade of the next century. The actual final disposal operations
are scheduled to begin around 2020. At present there are four candidate locations. According to the
present plans the spent nuclear fuel of the Finnish nuclear power plants will be transferred after
interim storage of tens of years, to the final disposal site where it will be encapsulated and disposed of
in final repository constructed into the bedrock at a depth of 500 meters. The final disposal of spent
fuel in Finland is trusted to Posiva Oy.

Operating wastes include medium active process water filtering masses and low active waste,
mainly produced in maintenance and repair work. Low active waste, such as plastic covers, used
tools; protective clothing and towels are compressed into drums or steel containers. Liquid radioactive
waste, such as medium active process water filtering masses is solidified. Bitumen has been chosen as
an immobilisation agent for the wet wastes at Olkiluoto Power Plant. At Loviisa Power Plant the
decision on solidification agent has not been made yet. The tightly packed operational waste is finally
disposed of in the VLJ Repository at Olkiluoto since 1992, and also at Loviisa since 1997.

After interim storage the waste drums are packed in concrete casks, 16 or 12 drums in each, and
these are piled layer upon layer in the concrete silo of the VLJ Repository. The silo, which was
commissioned in 1992, is situated in the bedrock at the power plant site. The interim period at the site
is quite short, because the filling of the silo has been going on for decades. According to the present
concept the silo will be filled after the closure with local surface water from a river nearby. These
interactions will cause the chemistry of the water in the repository to change. The pH of the water in
contact with the concrete structure of the silo will become basic and reach a pH value of about 12.
When groundwater is in contact with the bituminized products it is absorbed and an increase in weight
and volume is caused, which also brings about leaching of the radioactive nuclides. Fig. 1 depicts the
silo concept.

3. WETTING OF BITUMINIZATION PRODUCT

3.1. Preparation of specimens

In the preparation of the test specimens for the diffusion experiment, a mixture of ratio 1:1
bitumen and dried ion exchangers was used. The casting temperature was about 140 °C. The mixture
was cast in a specimen holder (od. 52 mm, id. 40 mm and height 40 mm). At the bottom of the holder
a teflon plug ensures the positioning of the cast sample at the centre. The thickness of the specimen
was about 20 mm when a portion of 30 g of mixture was used. The specimen holder was planned such
that the sample was in the centre and there was a space of 10 mm in both ends of the sleeve for
swelling. The chosen wall thickness of the sleeve was 6 mm, so that after the wetting period the
sample holder could be directly connected to end plates made of polyethylene. For the tightening of
the junctions o-rings were used. These end plates will be used when constructing diffusion cells for
the future diffusion tests. A cross-section of the specimen holder is presented in Fig. 2.



FIG. 2. A cross-section of the sample holder.

For the diffusion experiments, 20 specimens have been prepared by this method. In the
preparation of microscopic specimens sample holders were identical except the wall thickness.
Because the sample holders must be opened after certain period of wetting, the wall thickness is only
1 mm. The sleeve material is the same as for the diffusion sample holders and the bituminized ion-
exchanger mixture used for casting had the identical composition as mentioned above. By this
method 30 specimens have been prepared for microscopic examination.



3.2. Equilibration conditions

The equilibration temperature is 5-8°C. The media is a simulated concrete ground water to
simulate the conditions in the silo. The composition of the simulated ground water is
presented in Table I. Calculated ion concentrations and the pH value of the simulated
concrete groundwater are presented Table II.

TABLE I. CHEMICAL COMPOSITION OF THE SIMULATED GROUNDWATER

Chemicals
Na2SO4

NaCl
Ca(OH)2

KC1
KOH

mg/L
73.94
264.07
739.47
62.68
24.58

TABLE H. CALCULATED ION CONCENTRATIONS AND pH VALUE IN
THE SIMULATED GROUNDWATER

Ion
Na +

K +

Ca++

cr
OH"
SO4--
PH

mg/L
127.82
50.00
400.00
190.00
346.92
50.00
12.31

Simulated concrete groundwater was prepared by adding the chemicals to CO2 free distilled
water in a small plastic barrel. To prevent the interaction between the equilibration solution and
atmospheric CO2, two valves were installed on the lid and thus it was possible to arrange nitrogen
flow through the solution overnight. Following morning all the specimens were piled to the bottom of
the barrel. The lid was closed tightly and the nitrogen flow was connected on again. After four hours
the nitrogen flow was disconnected and the small barrel was placed into a larger barrel. Between these
barrel walls NaOH solution (1%) was poured. The lid of the larger plastic barrel was closed and
through the two valves on the lid the space between barrels could be purged with nitrogen. After that
the tight, closed, nitrogen purged barrel system was placed to an icebox where the temperature in this
test is 5-8°C. The barrel system is presented schematically as a cross-section in Fig. 3.

The rate of water uptake and swelling has been found to be much faster at low temperatures
than at room temperature [5]. A plausible explanation is cracking of the matrix due to the
brittleness of bitumen at low temperatures. The wetting of the bituminized ion-exchange resin
specimens will take about 3 years before they are ready for diffusion studies. Water absorption
of the specimen will be followed-up regularly during the wetting period. A breakthrough test
with tritium will be done with one specimen to detect the end-point of the equilibration.
Simultaneously with the wetting of diffusion samples, there are in the same barrel identical
samples for microscopic examination. Their water absorption is also followed-up regularly,
simultaneously with the diffusion samples. From these samples three will be picked up at a
time for microscopic examination.
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FIG. 3. Wetting barrel system for the bituminized ion-exchange resin specimens to isolate
atmospheric CO2from the concrete water.

3.3. Microscopic examination

Microscopic examination of the bituminized ion-exchange samples has been performed by
using a stereo microscope of type Wild M8. The magnification required ranges from 10 to 100. The
equipment is provided with a camera adapter for documentation. A cold light source (150W) has been
used for illumination of the samples. In this way it is possible to avoid extra heating of the samples.
The method has been tested by using different types of samples, such as dried ion-exchange resin,
recently prepared bituminization product, product stored in water and an old elution sample. This
sample has been prepared using radioactive ion exchangers. The particle size of granular anion ion-
exchanger resin is on an average smaller than that of cation ion-exchangers. The particle size
distributions of these resins are badly overlapping so it is not possible by microscope to classify the
category of one random particle.

Preparation of microscopic samples can be done by cutting the sleeve axially. Before cutting,
the test specimens are kept in a ice box over night. The broken surface of the sample is suitable for
microscopic examination. Cylindrical specimens must be split into two parts through the central axis.
In a case of a series of samples as a function of time, it is possible to determine the velocity of the
corrosion front, changes in the structure, and to obtain more information about the reaction
mechanism involved.

4. PRELIMINARY RESULTS

4.1. Water absorption

Six water exchanges has been performed and the water samples have been analysed. The water
absorption of some samples is presented as an example in Figs. 4 and 5 in percentage units.



FIG. 5. Water absorption of some diffusion samples as a function of time.

The water absorption of samples for microscopic examination seems to be at an average from 3
to 6.5 %, when following the water exchanges from 1 to 6. The water absorption of diffusion samples
is correspondingly from 8 to 13 %. The difference between these two sample series can be explained
by atmospheric humidity during storage period. The diffusion samples have been prepared 6 months
before the start of the equilibration, whereas the samples for microscopic examination were prepared
only a couple of days before. This means that the diffusion samples have absorbed about 5 % of water
from air during the storage.



4.2. Chemical analysis

Old and new equilibration solutions were analysed by ion chromatography (IC). Following ions
were analysed: Na+, K+, and Ca^, from cations and Cl", and SO4~ from anions. In connection of water
exchanges pH of all solutions were measured. Fig. 6 presents all the determined ion concentrations.
Calculated ion concentrations of the simulated groundwater have been presented in Table II.

FIG. 6. Analysed ion concentrations as a function of time in old solutions.

When comparing the determined values with calculated ones we can see that in the first water
exchange concentrations of cations are decreased. The reason is that just in the beginning of
equilibration, the cation exchange resin has still free capacity and it binds plenty of cations and
donates equivalent amount protons to the solution. This means that the pH of the old solution will
decrease. Also in some cases the sulphate concentration is higher than calculated. It seems that the
sulphonic acid group, which is a functional group in the used cation exchanger, will partly be
destroyed at the temperature of sample preparation. Thus it means that the thermal heating causes a
partial degradation of the cation exchanger, and sulphate comes into the solution as a degradation
product.

4.3. Microscopic examination

One of the aims is to study the wetting process of the product in microscale. Microscopic
examination offers a possibility to determine visually the range of the wetting front, the structural
changes due to the wetting process and to find out the mechanism of wetting. In this study a stereo
microscope of type Wild M8 was used to perform microscopic examinations of the bituminized ion-
exchange samples. The magnification required ranges from 10 to 100. The equipment is provided with
a camera adapter for documentation. A cold light source (150W) has been used for illumination of the
samples. In this way it is possible to avoid extra heating of the samples.



Preparation of microscopic samples can be done by cutting the sleeve axially. Before cutting
the test specimens were kept in an icebox over night. The broken surface of the sample was suitable
for microscopic examination. Microscopic examination of the samples proved that during cooling
process of the sample preparation segregation of ion-exchangers have occurred. This means that the
density of granular resins at the bottom of the sample was higher than at the top. Actually the top
surfaces of the samples were pure bitumen. From this reason the wetting front was advancing from the
bottom to the top axially. Table IE presents the range of the wetting front as a function of time.

The calculated points in Fig. 6 are each an average of about 20 independent measurements.
After three water exchanges the first signs of wetting process were visible at the top surfaces of the
axially split samples.

4. SUMMARY

The equilibration has been started from July 13, 1997. All the six exchanged waters have been
analysed by ion chromatography including the follow-up of the water absorption of the samples. All
the samples, which were picked up for microscopic examination, have also been analysed. The
microscopic examination revealed that the range of the wetted front was, after six water exchanges
(481 d), a linear function of the square root of time. In the year 1999 the follow-up of the water
absorption of the samples will be continued and two water exchanges will be performed. The wetting
of the bituminized ion-exchange resin specimens will take about 3 years and in the end of this year a
through-diffusion experiment with tritium will be carried out to find out the ending point of the
equilibration phase. After that diffusion experiments will be started using chosen radionuclides to
study the barrier properties of the bituminized product. The measured parameters will reflect the
behaviour of the wetted product as a part of multibarrier system providing input data for safety
analysis.

ACKNOWLEDGEMENT

This work of Posiva Oy entitled "Long-term behaviour of low and intermediate level waste
packages under repository conditions" is part of an IAEA Co-ordinated Research Programme.

REFERENCES

[1] VALKIATNEN, M., UOTILA, P., "Leach tests of bituminized waste from Olkiluoto Power Plant"
Nuclear Waste Commission of the Finnish Power Companies, Report YJT-82-29 (1982).

[2] VALKIAINEN, M., VUORTNEN, U., "Properties of bituminization product from Olkiluoto Power
Plant", Nuclear Waste Commission of the Finnish Power Companies, Report YJT- 85-24 (1985).
[3] VALKIATNEN, M., VUORINENE, U., "Long-term properties of TVO's bituminised resins",
Nuclear Waste Commission of the Finnish Power Companies, Report YJT-89-06 (1989).
[4] VALKIAINEN, M., VUORINEN, U., "Long-term properties of bituminized ion-exchange
resins", Proceedings of the 1991 Joint International Waste Management Conference, Seoul, Korea,
ASME&KNS, (October 21 -23, 1991) 227-234.
[5] BRODEN, K., WTNGEFORS, S., "The effect of temperature on water uptake, swelling and void
formation in a bitumen matrix with ion exchange resins". Waste Management, 12, 23 (1992).



IAEA-SM-357/22

MANAGEMENT OF THE FUEL-CYCLE BACK-END:
THE ELECTRICITE DE FRANCE'STRATEGY

B. ESTEVE
EDF — Industry Branch,
Fuel Division,
The Electricite De France, France

Abstract

Countries are following three options for management of spent fuel from nuclear power plants:
reprocess-recycle, direct disposal, and "wait and see". France has adopted the reprocess-recycle strategy for
managing its spent fuel, which has created a stable environment for Electricite de France to plan its spent fuel
management. However, the French government is planning to debate its spent fuel management strategy and may
choose a different direction. A number of factors affecting the choice of spent fuel management strategy are
discussed and the benefits of maintaining the status quo from the point of view of the nuclear utility are
explained.

1. HISTORICAL CONSIDERATIONS

The nuclear fuel-cycle is primarily characterised by delays. If you simply consider the chain
of industrial operations, a fact is that about ten years elapse between uranium extraction and the
evacuation of used fuel from cooling pools at reactor site. That period of time will be at least
doubled,if that used fuel is reprocessed and recovered fissile materials recycled. If direct disposal is
chosen, some more decades must be added as well as for deep disposal of waste. Moreover any fuel-
cycle facility needs at least seven years to be built as far as administrative constraints interfere.

In such a matter, any decision will take time to be implemented and has effects and
consequences over a long period of time. Defining a fuel-cycle back-end needs to be studied in the
prospect of an estimated future situation and not only by considering conditions prevailing at the
moment of the decision.

Further, large amounts of money are generally involved. Fuel-cycle investments require long
pay-off terms contributing to some irreversibility of the selected strategy. Therefore, later changes in
strategy may lead to important stranded costs. As far as the fuel-cycle is concerned, any discontinuity
in terms of management may cause significant financial losses.

Policies concerning the fuel-cycle back-end must be carefully defined, taking the long term
into account over several decades including possible reversibility parameters allowing, if necessary,
minimized consequences of changes resulting from the evolution of techniques, economics or
regulations.

Obviously, the experience gained during the past twenty years makes us aware of realities
which were not perceived as such in the past at the very beginning of nuclear electricity production
development.

Thanks to a long lasting attitude of the French Government concerning nuclear energy,
maintaining reprocessing-recycling as a national policy for more than thirty-five years,
ELECTRICITE DE FRANCE (EDF) had the benefit of operating used fuel management in a very
stable context.

But unfortunately, having a clear strategy, and keeping a good continuity of national options
does not protect from global change, for example, variations of the uranium market or growing public



concern related to the environment and nuclear waste long term effects. Therefore, the French
reprocessing-recycling strategy had to be reassessed and its justification changed from the mid 80's.

Initially, the reprocessing-recycling strategy was developped to preserve natural resources.
The prospect for nuclear energy growth was important and natural uranium availability considered as
being limited in that context. The breeder reactors, permitting use of the isotope 238 of uranium,
offered an opportunity to increase notably the energy potential of nuclear materials (the factor 50 was
commonly indicated in the 70's).

Three main factors took place for changing the global perception of uranium availability.
Taking into account the envisaged growing needs for uranium ore, new deposits were investigated,
discovered and new mines opened. Almost simultaneously the potential risk linked to the use of
fission was settling in the public opinion due to major events such as Three Mile Island and
Tchernobyl (1986). The building of new nuclear plants was consequently postponed or canceled in
several countries, limiting the need for fresh fuel and uranium. As a third factor, increasing
difficulties in the economy of developed countries led to an important reduction of the energy demand
growth and a reduction of natural uranium needs, further enhanced by the prospect of highly enriched
uranium (HEU) availability for civil use.

All these conditions induced an important drop of the uranium price on the market. The
economic and strategic interest in breeder reactors was consequently modified to decide, in France,
that any development of this type of reactor was no longer justified. Nevertheless it was considered
that eventual future changes could occur concerning the energy market due to various parameters such
as resumption of economic activity or new perception of use or availability of fossil fuels or
renewable energies. Such factors could influence countries like France where the lack of natural
energy resources requires a close vigilance. The existing industrial facilities for the fuel-cycle back-
end permitted plutonium recycling in PWRs with mixed oxide (MOX) fuel. That solution is well
adapted to the preservation of improved techniques, of the corresponding investments and
employment. Moreover, it preserves the possibility to cope with eventual future major changes in that
use of MOX fuel can be considered as a productive storage of plutonium.

More recently, the French Government decided to definitely stop CREYS MALVILLE
1200 MW(e) breeder reactor. That purely political decision leads to some increase of the separated
plutonium stockpile since about 1 t/year of plutonium separated at LA HAGUE reprocessing plant
was planned to be used for the corresponding fuel fabrication. The balance between separation and
use of the plutonium had then to be revised by increasing the quantity of MOX fuel to be fabricated
since the reprocessing planning could not be modified in the short term without financial penalties for
EDF.

2. MAIN PRINCIPLES APPLIED FOR THE FRENCH FUEL-CYCLE
BACK-END MANAGEMENT

Nuclear power plants produce irradiated fuel. The management of irradiated assemblies is of
major concern for all utilities. The possible solutions depend on national options for the fuel-cycle
back-end. Globally, three types of solutions can be envisaged: reprocessing (and recycling), direct
disposal, and provisional storage (waiting for a future definitive solution). In any case, provisional
storage of the used fuel assemblies is necessary at the reactor site or in national facilities.

Up to now, and in spite of numerous projects, no deep disposal exists in the world. It is
obviously the case in France. Solutions for spent fuel storage are developed everywhere in order to
permit reactors operation. The means which are implemented cover a large range of various technical
answers: reracking, rod-consolidation, dry storage (casks, vault) new pools, etc. The choice between
possible solutions is made in each country on the basis of economics and then adapted to local
conditions.



EDF is currently producing about 1200t of irradiated fuel every year (2400 fuel assemblies) and
was obliged to define an industrial operation strategy. All the above solutions were examined
considering that it was impossible to exclude a future in which reprocessing could be considered in
France as an alternative to other back-end policy.

Reprocessing-recycling requires management of four main categories of items: waste,
plutonium, reprocessed uranium, and spent fuel. The operations adopted for them are described
below.

2.1. Waste management

The separation of the various components of the used fuel permits the processor to give each
of them more convenient conditioning for long term storage. The low and medium waste (free of long
lived elements) are disposed in a surface disposal where, within 300 years their radioactivity will be
negligible.

High level and long-lived waste represent a limited volume to store up to the time when their
thermal decay will permit them to be disposed in a geological repository.

At LA HAGUE reprocessing facility, wastes are safely stored, waiting for opening of the
disposal site and specification of overpacks adapted to the geological environment.

2.2. Plutonium management

Plutonium recycling has been implemented in France since 1987. Seventeen reactors are now
using MOX fuel and more than 1000 MOX fuel assemblies have been loaded.

EDF's objective is to adapt the EDF separated plutonium production to the possibilities of
recycling. That adaptation must permit to limit the Americium content of the fissile materials to
satisfy the requirements of the fuel fabrication plant while maintaining a sufficient quantity available
to cope with any temporary problem in the reprocessing plant.

It was important to define the maximum quantity of plutonium which can be separated every
year taking into account the interest of fabricating a unique type of fuel assembly. Among the 34
reactors (900MW(e)-PWR), 16 were authorized since their first start for plutonium use and 12 more
have identical designs, permitting EDF to ask for recycling authorisation by implementing only
administratives procedures. That action has been launched and 20 reactors are now authorized and the
requests are pending for the 8 remaining. Analysing the reloading program of these reactors, requires
consideration of the grid needs and maintenance program.

The operation of the MOX fuel fabrication plant is continuous except for the annual
maintenance shut down. There is no perfect balance between deliveries and reactor needs to minimize
the fresh fuel storage at the fabrication plant and at reactors.

We caculate that the number of reactors opened to MOX fuel must exceed by about 25% the
number of reloads which can be introduced during one year. For the present core management scheme
which associates enriched uranium fuel with a 3.7% enrichment and MOX equivalent to a 3.25%
enrichment, 20 reactors are necessary. In the future core management scheme in which MOX will
have an energy potential similar to uranium fuel, 24 reactors will be necessary. This results in
reducing the number of fuel assemblies contained in one reload from 16 to 12 while maintaining the
total number of fuel assemblies fabricated each year to the present fuel fabrication plant capacity (
about 100 t/year HM). We consider presently that it will not be judicious to extend the MOX fuel
fabrication capacity for EDF needs since we do not have a better perception of the future.



As a consequence the reprocessing program is fixed around 850 t/year for the years to come.
A sophisticated computerized program has been developed for the plutonium management. It permits
us to choose the fuel assemblies to be reprocessed among the reprocessible ones. Existing and
potential Americium content are taken into account as well as the energy content (depending on the
isotopic composition linked to the fuel burnup and the cooling time). A certain homogeneity of
batches delivered for one defined fuel fabrication campaign is looked for as well, to obtain an easy
homogeneization of the PuO2 powder.

2.3. Reprocessed uranium management

The quantity of reprocessed uranium produced yearly is roughly equal to the quantity of
dissolved used fuel. Used fuel contains isotope 235 of uranium with a residual enrichment. It
represents an energy potential which could be useful depending on future uranium needs and
economic conditions. As a result of our analysis it has been decided to industrially verify the
feasibility of reprocessed uranium (REPU) recycling. Conversion, enrichment, fabrication and use in
reactors were then launched in order to introduce the first 8 assemblies at the end of 1986. Since then
two complete reloads were used every year giving a good experience concerning feasibility as well as
economics.

Currently, 300t of the 85 Ot of REPU available each year are recycled. The balance is
converted under the form of U3O8 which is easily stored and could be recovered for use if necessary.

EDF has no plan to extend the REPU recycling in the years to come taking into account the
low price of uranium which gives little economic interest to such a development.

2.4. Used fuel management

The 58 French PWRs use only two types of fuel assemblies which only differ by their length.
This parameter is a fundamental one since it gives a large advantage to any national solution.

We can only consider presently solutions which keep reprocessing possible. In that respect,
our analysis gives a large advantage to wet storage since it implies the guaranty of a good integrity of
the used fuel during several decades and permits an easy supervision of its behaviour. Moreover, if
any problem occured later concerning the fuel integrity, we are convinced that we should have time to
react.

The studies concerning re-racking and constructing a centralized national storage pool led us
to opt for that second solution on the basis of our criteria. We then examined the siting conditions of
such a large pool and concluded that an optimum will result in building such a facility as close as
possible to the reprocessing plant.

Since we maintain the reprocessing of about 850 t/year, the used fuel inventory increases only
by some 600 assemblies per year. The existing pools at the reprocessing plant provide sufficient
storage capacity to avoid any new pool construction in the short term and give us sufficient time to
decide on another solution in the case of an eventual banishment of reprocessing.

Another advantage for EDF to gather the used fuel assemblies in the same pool is to permit
the choice of which fuel assemblies are reprocessed in order to optimize the characteristics of the
separated plutonium.

2.5. General considerations

We consider at present that reprocessing is, in the EDF strategy, a means which permits us to
master the total inventory of used fuel produced by our reactors. The portion of the used fuel being



reprocessed is fixed by plutonium recycling possibilities, i.e. authorized reactors and MOX fuel
fabrication facilities. Increasing the present ratio of reprocessing will lead to developing the MOX
fuel fabrication capacity and increase the risk of new investments when national decisions are taken
within six years.

Existing improved techniques and facilities are operated and constitute a homogeneous
solution for the fuel-cycle in France. It permits EDF to manage the back-end economically waiting for
future developments.

3. EVOLUTIONS

The principles described above already contain the basis of a prudent short term fuel
management strategy. The French Government decided to launch a complete investigation of all the
aspects of nuclear energy, and especially those concerning the fuel-cycle back-end in the year 1991. A
first concern was to investigate the EDF strategy and to know the reasons underlying the adopted
principles.

An extended study was made by the main actors of nuclear energy in France to investigate
various nuclear futures. Among the different scenarios covered by the study, the possibility to move
from one to another were examined, permitting the evaluation of the eventual flexibilities existing for
future evolutions. It has been established that the present (and past) operations could not jeopardize
eventual further developments. That conclusion was submitted to the Government representatives and
recognised as valid.

But, the far future has to be investigated to answer the questions linked to the long term
effects of long-lived waste and define adequate solutions for their disposal. This is the purpose of the
December 30, 1991 Law. Three main subjects have to be studied in order to prepare the necessary
arguments permitting the French Government in the year 2006 to debate the various options
concerning the fuel-cycle back-end and decide the best policy to be implemented. The three subjects
are:

• Solutions for separation and transmutation of long-lived radioactive elements contained in
waste,

• Possibilities of storage (reversible or not) in deep geological structures; Underground
laboratories have to be constructed,

• Solutions for packaging and provisional long term storage of waste.

A national Commission of Evaluation has been created to follow the realisation of various
studies. The experts which form that Commission report to the Parliament and are in charge of
establishing for 2006 a final report on the subject including a proposal for a Law concerning the
decisions to be taken. For almost eight years, research has been conducted by the French
Commissariat a PEnergie Atomique and ANDRA (the national agency for waste disposal) with the
concourse of main concerned industrial companies and scientific bodies. Existing available foreign
studies are examined and the research program is launched under the supervision of the Commission.
EDF is deeply involved in the program. It has to finance a large portion of ANDRA's studies and
wants to be involved in the economic aspects of technical options in order to be able to express in due
time its opinion concerning their impact on electricity production cost.

For the time being no future orientation has been emerging and it is difficult to imagine the
state of completion of the studies in 2006. The decision for the realisation of one deep laboratory has
only been taken this year and the first experiments could be envisaged from 2003 as the best estimate.
The site is situated in clay and ANDRA is committed to look for the possibility of opening another
one in a granite structure for which no site has been defined yet. This year the Government has also



extended the scope of the law, asking for the study of the 'subsurface' solution giving special
emphasis to retrievability.

4. CONCLUSION

No clear direction is presently emerging, and the future debate seems to be difficult absent
some progress or change in the international situation before the debate takes place. The choice
between status quo or major national policy change looks rather open. Such uncertainty gives EDF
numerous good reasons to maintain the present strategy.

Reprocessing-recycling, as presently implemented permits any future national policy change
while maintaining existing industrial tools. The fuel cycle facilities operate mature technologies
which gain improvements steadily in performance and economics. The spent fuel inventory is
managed routinely and the plutonium fuel is in common use by plants operators. The existing
investment is profitably operated and employment maintained, preserving a useful resource if future
decisions lead to continuing or expanding the reprocessing-recycling route.
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Abstract

Surface contamination that was found on surfaces of spent fuel shipping containers (flasks) in 1998 was
treated differently by authorities in different European countries. In two countries, Germany and Switzerland,
spent fuel shipments were stopped for an indefinite period by Government authorities. This paper, co-authored by
representatives of utilities from four European countries, explains the rationale for surface contamination limits in
transport regulations and attempts to place the observed contamination in proper perspective.

1. INTRODUCTION

This paper presents the position of European utilities concerning the issue of contamination
on spent fuel flasks which has resulted in a media crisis and a halt in spent fuel transportation in May
1998. These events gave rise to three different types of consequences in European countries:

• In some countries, like UK, it was assessed that the available non-fixed flask contamination
data were consistent with the known effects of flask weeping, with insignificant effect, and that
the use of covered rail-wagons for fuel movements precludes casual access to the surface of the
flasks. On the basis of this evidence, no special actions were required and fuel transports
continued;

• In other countries, like France and Belgium, after introduction of substantial improvements in
technical measures, contamination control measurement and documentation transports were
resumed under closer supervision and have since shown a good record;

• In two countries, Germany and Switzerland, required improvements were implemented but the
fuel transports remained stopped due to purely political reasons aiming to hinder nuclear
production.

It was recognised by all relevant national competent authorities that this contamination issue
had no consequences. No leakage was ever found from inside of the flask. Existing procedures, based
on the IAEA standards, along with improvements to demonstrate full compliance through more
stringent QA rules, are well suited to ensure safe fuel transportation.

This paper highlights some aspects concerning the status and regulatory background of fuel
transportation, the contamination issue, its origin and consequences, and the lessons learned by
utilities to restore public confidence, and makes recommendations on how to proceed in the future.



2. STATUS OF SPENT FUEL TRANSPORTATION: STRINGENT INTERNATIONAL
RULES APPLY

Spent fuel assemblies are shipped in special flasks that are tested to withstand severe
accidents. The current spent fuel flasks comply with the International Atomic Energy Agency (IAEA)
Safety Standards published in 1996 [1] which take into account the recommendations of the
International Commission on Radiological Protection (ICRP 60) [2]. The flasks are carried on
dedicated railway wagons, under the protection of a locked canopy or cover and with a closed drain
well under the wagon to collect residual water. Each year, several hundred journeys transporting spent
fuel are safely carried out in the world without incident.

3. THE TRANSPORTATION ORGANISATION

The transportation organisation is a fully traceable and auditable regulated system.

The transportation organization has the following main features:

• The utility has the final responsibility to guarantee that the transport criteria are met within the
approved design certificate of the flask,

• The consignor (or shipper) certifies that the contents of the consignment are in proper
condition,

• The carrier performs the transport operations, mainly with railroad transport companies,
• A competent authority is in charge of ensuring full application of the radioactive material

transport regulation,
• Quality assurance programmes are implemented,
• Transport of radioactive material complies with Euratom requirements and material

accountability rules.

4. THE MEANING OF THE CONTAMINATION LIMIT OF 4 Bq/cm2

For specified parameters, such as surface contamination, derived limits are defined as
precautionary measures under pessimistic assumptions. The limit for the non-fixed contamination on
accessible surfaces is a cleanliness threshold for early warning and does not represent any health
hazard. It is recognised in the IAEA standards that non-fixed contamination can arise during transport
such that it may exceed the derived limits at the end of the journey, without inducing any significant
hazard.

For fuel flasks, a "skirt" is used to avoid contact with contaminated water in cooling ponds.
The dedicated wagons are provided with a "canopy" or a locked cover which precludes any contact
with the external surface of the flasks. So there was never any danger to the public.

When leaving the plant after being monitored in compliance with regulation, these preventive
measures ensure that the accessible parts of the railway-car are clean. Any surface which could be
accessible to the public during transport is then under the contamination limit. When arriving at the
dedicated receipt facility, the flask is handled by specialised workers according to specific procedures
and in controlled areas.

The non-fixed contamination, which could occur during transport, would be limited to non
accessible surfaces, on the flask itself or in the railway car drip pan, and should not be considered as
an incident as long as it cannot in any way jeopardise public health and safety.

These comments concerning non accessibility, along with a better explanation of the origin of
the 4 Bq/cm2 limit, should be included in future clarifications of the IAEA standards.



5. THE CONTAMINATION OF SPENT NUCLEAR FUEL FLASKS IN EUROPE

Since the beginning of spent fuel shipment in Europe, regulatory controls were in place which
required the measurements of surface contamination be made and recorded at departure and no
contamination was found, with current procedures at that time.

Since the early 1990s a few results were found above the 4 Bq/cm limit on the flasks, under
the canopy, or on a few occasions, on accessible wagon floor surface areas, on their arrival at the
reprocessor or sometimes at the plant. These contamination events affected only limited surfaces and,
in the majority of cases, were not in accessible areas. The containment of the flasks was never in
question. Remedial measures were implemented and preventive measures such as decontamination of
the flasks, following Quality Assurance (QA) procedures were taken; but the problem was not really
solved. The problem was not given sufficient attention at management level and by railway
companies, due to the fact that it did not involve a significant health hazard. Furthermore, there was
no formal reporting requirement to the regulatory authorities.

6. THE CAUSES AND CONSEQUENCES OF NON-FIXED CONTAMINATION

The causes of non-fixed contamination are:

(1) The sweating phenomenon and possible rise of non-fixed contamination on the flasks during
transport;

(2) Droplets or residual contaminated water ("hot particles") may result in localised contamination
on the flask or in the closed well area under the wagon;

(3) The transfer of contamination during handling on the service area of the wagon.

The contamination issue on the accessible surfaces of the wagon which, although minor,
occurred in few cases, is of particular concern. The rigor of prevention, decontamination and
monitoring procedures has been strengthened.

The consequences of all the monitoring campaigns have confirmed the absence of any
radiological impact, both for the public and rail workers.

7. THE LESSONS DRAWN AND WAYS FORWARD

The lessons drawn and ways forward are to improve the existing procedures, information and
good practices exchanged between utilities, carriers and reprocessors' teams.

Preventive measures

Preventive measures to avoid contamination should be taken: (1) during loading in the cooling
pool, with focus on administrative and technical means, like protection of the flask surface against
contact with the pool water, and (2) at the reprocessor, with a thorough cleaning.

Enhancement of monitoring and cleaning procedures, and international harmonisation.

Procedures were compared, reinforced and harmonised between the utilities, the carriers and
reprocessors. Contamination monitoring was done using a double step procedure with a screening of
the entire equipment and a detailed localised regulatory sampling on a definite number of specific
points. The points of control, both on the flasks and the wagons, were increased. But there was a need
to optimise the process through experience feedback. Great care must be given to the ALARA
principle of the ICRP to avoid unnecessary doses to workers with due regard to the dose accrued
during decontamination or during controls performed directly on the surface of the flasks. On the
other hand, with the current standard level now in use for procedures, measurement devices and



instrumentation, the efficiency factor for controls should be now closer to 1 than to 0.1 on usual
surfaces.

Enhancement of the site management and shipper responsibilities

Providing a written declaration or commitment that the package is in proper condition,
through its own QA system, will enhance the site management and shipper responsibilities.

Good practices and experience sharing, transportation QA.

Good practices and experience sharing, and transportation QA, are necessary in order to
achieve a better demonstration of the transportation safety.

Declaration to regulatory body and public information

In fulfilling the obligation to inform the regulatory body and the public, results above
cleanliness thresholds are to be fully recorded. Information provided to the regulatory
authority should include adequate "risk informed" provisions according to the potential
significance of events: In France, the importance of these events are balanced according to
their risk significance and the accessibility of the contaminated surface. These measures
should be harmonised at international level.

Experience feedback shows the importance of having a clear explanation of the derived
regulatory limits and pessimistic assumptions used, which should appear in the regulatory information
in order to enable better common understanding and explanation to the public of the real nature of
risks involved. This process should enable an open disclosure of information to the public and
transport companies.

Information of railway companies and workers

Full information should be given to railway companies and workers regarding the issue of
spent fuel transport to clarify the risk involved. Dosimetry measurements at the workplace are
important to bring an increase in the feeling of security to the railway personnel.

8. CONCLUSION

It has been widely recognised that these events of contamination of spent fuel flasks and
wagons had no radiological consequence but it is fundamental to draw lessons from them and to
restore confidence in nuclear transportation.

More stringent procedures must be applied to demonstrate compliance with regulatory limits
and information on good practices must be exchanged between all entities involved. Enhancement of
the shipper responsibility, experience feedback, QA in transportation activities, prevention, cleanness
procedures and monitoring on nuclear sites and at reprocessor sites, while paying attention to the
ALARA principle, are necessary steps to progress.

It is necessary to develop openness for the public and for railway companies and in reporting
to the regulatory authorities, within a harmonised risk informed framework to enable prompt and risk
graded information and treatment in case of discrepancy. It is also necessary to bring relevant
information about the nature of risks and of preventive measures implemented to the attention of all
affiliated transport companies.

Utilities need a reliable and predictable transport system. Regulatory and associated
comments should be clear as to the nature of the derived limits as a cleanliness goal and should



provide more explanation concerning the conservative assumptions and risk assessment which are the
basis of the different limits. There should be a clear nexus between regulations and health and safety
goals in order to have a better understanding for the public and to ensure reliability and stability of
regulations. Regulations should also be written in a way to present the basis which is needed to give a
better explanation to the public regarding transportation safety. Residual contamination that can occur
is limited to non-accessible surface and has never jeopardised public health and safety.

Whatever improvements are implemented, it is important to maintain a view on good
allocation of resources, unnecessary safety margins and overall reasonable balance between
requirements and health and safety benefits.

The nuclear transports in European countries have proven to be safe and are the safest way of
transporting material to produce the same quantity of energy, if compared to fossil fuel. Utilities and
carriers, together with national regulatory bodies and international bodies like IAEA, must develop
procedures for exchange of experience, co-operation and international harmonisation to further
guarantee safe transport of nuclear material and to develop a clear explanation and understanding
for the public.
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Abstract

The back end of the fuel cycle is an area of economic risk for utilities having nuclear power plants to
generate electricity. A cost-benefit analysis is a method by which utilities can evaluate advantages and drawbacks
of alternative back end fuel cycle strategies. The present paper analyzes how spent fuel management can
influence the risks and costs incurred by a utility over the lifetime of its power plants and recommends a
recycling strategy.

1. INTRODUCTION

Our industry is facing a changing world. Markets are pushing power companies (utilities) to
be more reactive. Payout times are becoming shorter while customers are likely to quickly swap from
one power company to another depending on their price appreciation.

Despite this apparent volatility, investors are also evaluating power companies for their ability
to resist external factors such as energy price changes, regulatory changes or public acceptance.
Nuclear electrical power generation is specially concerned. Actually, even if profitability is good, the
value of a utility is appraised for its policy versus industrial, environmental, economic and political
risks. The back-end of the fuel cycle is one of the most sensitive issues in this matter.

A cost-benefit analysis approach can allow utilities to balance advantages and drawbacks of
committing themselves to a long term spent fuel management policy.

The present paper analyzes how spent fuel management can influence the risks and the costs
incurred by a utility over the life time of its power plant(s), and what kind of benefit it can gain from a
recycling strategy. It is a qualitative view from a fuel cycle company and thus has the limited purpose
of offering a contribution to the solution of this difficult question.

2. BALANCING COST BENEFITS

The paper considers the situation of a utility in the position to engage in a long term spent fuel
management plan.

The lifetime of a nuclear power plant is 40 years and more. Many utilities are asking their
safety authorities for lifetime extension licenses. The operational feed back of nuclear plants
demonstrates the possibility for such long-term operation, which will improve shareholders' return.

Consequently, nuclear power plants operators need a long-term plan. This must include a long-
term spent fuel management policy. This plan is needed to justify the technical and economical needs
for committing to a fuel purchasing and a back-end policy over the lifetime of the nuclear power
plants.

2.1. Decision making

Utilities have different options for the management of their spent fuel: the position of "wait and
see" (W&S) i.e. postponing any decision until interim storage space is no longer available in the spent
fuel pool, or a back-end strategy of either direct disposal (DD) or reprocessing/conditioning/recycling



(RCR). These strategies have very different potentials and consequences. When the legal and political
environment allows a choice, any solution must be assessed using a cost-benefit analysis approach,
leading to a contribution to the kWh cost, which should be reasonable, i.e. acceptable for the
customer, in the increasingly competitive environment.

2.2. Benefits from moving spent fuel away

Moving spent fuel away from the reactor site is the first operational step towards a back-end
strategy. It is useful to examine what the benefits are for the utility.

2.2.1. Avoiding early reactor shut down

After the minimum cooling period in the reactor pool, the spent fuel can be shipped from the
reactor site. For a typical PWR, each shipment of one fuel element generates storage space in the pool
corresponding to more than one week of reactor operation. Doing that regularly reduces the risk of
spent fuel accumulation and gives the operator planning flexibility.

This benefit may be viewed as trivial but current events show that it is an actual one. The
recent example of some German reactors is typical: should the reprocessing contracts be interrupted,
some reactors would have to shut down due to the lack of storage capacity. More and more US
reactors are at risk of shut down due to lack of space in the spent fuel pool.

Even when space is available, the perception that the utility is not in a position to propose a
sustainable solution may convey a negative image to the public and the Authorities. On-site interim
storage might be requested, if spent fuel is not moved in a timely fashion. Interim measures induce
extra costs due to the lack of anticipation and to additional regulatory constraints. These may also
adversely impact the plant life extension procedure and lead to early reactor shutdown.

The benefits of permanently available space in the fuel pool can be calculated based on the
likelihood of these schemes. This space is valuable to maintain the ability of the reactor to produce
low cost electricity during its remaining lifetime and consequently has a positive effect on the power
company's assets.

2.2.2. Anticipating regulatory change

International recommendations on environmental protection and safety standards aim for a
smooth and rational implementation of nuclear energy. But locally, and for less rational reasons, more
stringency in on-site and off-site regulation is always possible. Transportation and licensing
conditions of today are very unlikely to be the same in the future. Many transports carried out in the
past, albeit safely performed, may not be possible now at the same conditions and costs. Current
interim storage licenses may in the meantime become obsolete. This continuous trend toward
increasing stringency in regulations may induce unexpected expenses.

Rejecting the W&S strategy and adopting a real back-end fuel cycle strategy is a way to avoid
the impact of future more severe regulations, as well as complying with the present authorizations.
The evaluation of this benefit must take into account the evolution of nuclear regulations in a given
country and forecast how these changes may be integrated into operating costs of nuclear power
plants.

2.2.3. Reducing the decommissioning liabilities

The guarantee that the spent fuel will not be stored at the reactor reduces the risks of delays
and cost overruns when the site has to be decommissioned. The spent fuel represents the major part of
the radioactivity created over the life of the reactor. In many countries including France, when



operators present their decommissioning plans to safety Authorities, the first stage examined is the
complete spent fuel evacuation. After reactor shut down, this is a primary technical obligation before
beginning any decommissioning activities. Maintaining large quantities of spent fuel on site require
handling an important radioactivity level over time, which keeps operating costs high when the
reactor will no longer get revenues from electricity production.

Any strategy consisting in removal of spent fuel as soon as possible adds benefits: a sizable
decrease of the overall decommissioning costs and the corresponding contingencies and provisions
included in the kWh rates.

2.3. Benefits from a recycling strategy

The previous considerations strongly suggest that the sooner the decision to take care of the
spent fuel the better, in a cost/benefit analysis view. But at this point, one can still select, if available,
between the DD and the RCR solutions. Some additional benefits can be obtained by selecting the
RCR strategy as described in the following subsections.

2.3.1 Cost predictability

To face the upcoming deregulated market for electricity supply, power companies have to
further enhance their competitiveness. Utilities bidding especially on the base-load electricity market
have expressed their main criteria for competitiveness: low prices, flexibility and predictability. The
latter applies particularly to back-end costs that are spread over a long period of time.

There is an increasing trend that both the public and the Authorities apply the polluter pays
principle. Doubtless, that this principle will be implemented and utilities will have to take a stand
regarding the fuel cycle back-end. Postponing actual expenses increases risk concerning retrieval or
clean-up investments, as well as associated operating costs, even if money is saved in a dedicated
fund over the operational life of the reactor. Were the costs under estimated, additional emergency
payments would be needed.

Adopting a strategy where economics are well controlled will eliminate unnecessary cost
overruns. The recycling industry has accumulated extensive industrial experience operating its
reprocessing plants. At La Hague-France, COGEMA operates a 1,600-t/year nominal capacity plant
for various customers. Wastes are conditioned in accordance with national and international safety
standards. Valuable materials, reprocessed uranium and plutonium, are converted into new fuel
elements. FRAGEMA, a joint venture of FRAMATOME and COGEMA, has supplied 1228 MOX
assemblies into nuclear power plants located in France, Germany and Belgium. COGEMA has been
operating the MELOX MOX fuel fabrication plant since 1995 with a demonstrated capacity of 100
tHM/year.

By adopting the RCR strategy, utilities get an additional benefit: this option allows operators
to better control their costs; there will be no need to include in the production cost any additional risk
or large contingency provisions. So they will be more competitive on the market for base-load
electricity supply, which often includes clauses for insuring long-term supply together with low
guaranteed prices. The evaluation of this benefit is strongly dependent on the situation of the utility
on its own electricity market.

2.3.2. Hedging future uranium price variations

There is no doubt that uranium resources are limited at least while the Fast Neutron Reactors
are not implemented. Uranium demand will then become more active with time and although its
availability is guaranteed for decades, prices may increase. Unpredictable fluctuations are a drawback
for companies that are not in position to insure their supply beyond the short term. The RCR strategy



includes the continuous property of reprocessed uranium and plutonium. Utilities can get 20 to 30%
more energy from their uranium purchases by recycling these materials, thus becoming less dependent
on the raw material market.

It is possible for a utility to identify the benefit of long-term nuclear fuel availability provided
by the RCR strategy by adding a new and reliable source of supply in its own long term fuel
procurement plan. Investing in recycling today is a premium for the diversity of supply of tomorrow.

There is another kind of benefit that is indirectly linked to utilities' activities. It may be more
difficult to calculate them but a significant part of these benefits remains in the global credit of the
utilities.

3.1. Preparing the next nuclear power generation

Utilities are more and more asked for justification and explanation whatever they propose to do.
This is mainly due to the closer interactions between safety authorities and public opinion. The back-
end issue is one of the most examined. Any action demonstrating that this issue is properly handled
provides a global credit towards the company, as well as the whole nuclear industry. This credit is
gained facing safety or administrative authorities while arguing in favour of a demonstrated back-end
solution. The evidence of waste volume reduction and the control of well-known and reproducible
specifications included in the RCR strategy facilitates the demonstration. Referring several foreign
safety authorities having approved the products delivered by existing plants should support
discussions with national authorities and reassure public opinion.

The demonstration of correct handling of the fuel cycle back-end through RCR gives the
utilities a positive asset. It will be a very high value when the construction of a new generation of
nuclear power plants is requested by future energy demand and environmental concerns.

3.2. Contributing to plutonium management

Last but not least one should recall that the operation of nuclear power plants naturally
produces and burns plutonium. Such material contains a very high energy content. Disposing of that
material as a waste is therefore uneconomical. Moreover, plutonium stockpiles in the form of spent
fuel may cause public concerns due, for instance, to its inherent high radiotoxicity. This can
jeopardize the image of the nuclear industry and may induce irrational behaviour within the public.
Utilities selecting the RCR strategy contribute to the global plutonium management: its use for energy
purposes.

Included in the list of benefits is a contribution to the improvement of the nuclear image
which facilitates the development of nuclear energy. Such benefit is credited to the nuclear
community and increase its global profitability.

4. CONCLUSION

The proposed cost benefit analysis confirms the advantage of a recycle option for power
companies involved in nuclear electricity generation. For them, the list of benefits has to be compared
with the commercial cost of a recycling contract, which can be firmly established. Each utility for its
peculiar situation can calculate the impacts of the benefits previously mentioned, with its own
assumptions and its own appreciation of risks. One can anticipate that in many cases the result will
give at least several mills per kWh rates, which is lower than the cost of the back-end of a closed fuel
cycle as estimated by the OECD/NEA [1].

The fuel cycle strategy can also be considered from the perspective of independent investors
when considering the possibility of buying shares of electricity generation companies. The



opportunity to invest in a private nuclear company is examined in Reference 2. Regarding spent fuel
management, minimizing back end risk by contracting forward and having a game plan for the back
end is clear. Such cost/benefit analysis can be a useful tool for value evaluation. The present or
potential investors may favour utilities that are able: (1) to relieve their operation planning, (2) to
mitigate the risks of production losses; and (3) to reduce long-term liabilities and improve utilization
of assets, by using the recycling strategy.
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Abstract

For 30 years, the French National Agency for Radioactive Waste Management (ANDRA) is in charge
of the radioactive waste management and acquired a good knowledge relating to the control of low and
intermediate level waste produced by nuclear power plants (NPP), the waste characteristics and the waste
conditioning. The integrated waste management system for low-level radioactive waste in France implemented
by ANDRA covers all stages from waste generation to final disposal at the Centre de l'Aube near surface facility.
ANDRA defined a quality assurance program for waste management that specifies the level of quality to be
achieved by solidification and packaging processes, defines quality control requirements and defines waste
tracking requirements, from waste generation through final disposal Verification of quality of waste packages is
implemented at three levels of the waste management system. The first one consists of inspections of waste
packages at the generator's premises and audits of the quality assurance organization of the waste generator. The
second level of verification consists of the waste tracking system. It allows identifying and tracking each waste
package from the step it is fabricated to its final disposal at the ANDRA site. The third level of verification is
obtained by mean of non-destructive and destructive assays of waste packages. These assays allow to verify
generator compliance with Andra's technical specifications and to investigate the accuracy of physical and
radioactive characteristics reported to Andra by the generator.

1. INTRODUCTION

The nuclear power plants (57 PWR units in operation) of Electricite de France (EDF)
representing an installed capacity of 61 500 MW produces nearly 368 TWh of electricity and generates
about one third of the total volume of waste packages disposed of at the Andra disposal facility, the
Centre de l'Aube.

Moreover 8 units (6 Graphite Cooling Reactors, 1 PWR and 1 Fast Breeder Reactor) are
stopped; the partial dismantling generates waste also disposed at the Centre de l'Aube.

ANDRA is responsible for long-term radioactive waste management. It has implemented a
waste management system that covers all stages, from waste generation to waste collection,
conditioning, packaging and final disposal.

ANDRA has set up a quality assurance program for waste management that specifies the level
of quality to be achieved by conditioning and packaging processes, defined quality control requirements
and waste tracking requirements, from waste generation through final disposal.

2. WASTE ACCEPTANCE

2.1. Waste acceptance criteria

ANDRA drew up technical specifications for waste acceptance to ensure compliance with the two
principal objectives defined by the fundamental safety rules to:

— Protect the public and the environment from the radioactive materials throughout the life of the
disposal facility; and

— Limit the duration of the institutional control period to a maximum of 300 years.



These performance objectives involves three primary waste acceptance criteria:

— The first waste acceptance criterion is to physically immobilize the waste;
— The second waste acceptance criterion is to prevent or delay radionuclide migration during the

institutional control period; and
— The third waste acceptance criterion is to limit the specific activity of the radionuclides present in

the waste.

ANDRA developed a waste acceptance process to ensure the generators' effective compliance with
the waste acceptance criteria and technical specifications. In this process, the waste generator (the NPP)
must perform a series of standardized tests confirming the ability of the proposed waste treatment
process to comply with Andra's waste acceptance criteria and technical specifications. The results of
the various tests are submitted to Andra for review and technical assessment.

2.2. Waste acceptance process

Fundamental Safety Rule requires Andra to determine the acceptance of waste packages for disposal
at a near-surface site. These packages must be fabricated using Andra-approved processes «for waste
sampling and analysis, processing and packaging.)) To gain acceptance, waste packages must comply
with applicable Andra specifications. The waste packages must be formally accepted before they are
allowed in the disposal facility. The generator must submit a request for waste package acceptance to
Andra, accompanied by a Waste Acceptance File containing the following documentation:

— Description of waste package fabrication process which summarizes, in particular, the used for
method waste package manufacturing and quality assurance/control measures set up for the
process;

— Description of activity measurement method, which provides information on the methods used to
determine the activity for low, medium and long lived waste present in the waste packages and on the
certification of these methods;

— Characterization file, which shows that the waste packages produced with a give process meet
the requirements of the corresponding technical specifications; and

— Quality assurance plan, which identifies specific quality assurance measures taken.

The waste acceptance file is usually created in several phases, particularly during the selection of
the fabrication process and of the activity measurement method, during the installation of the
corresponding facilities, and during characterization testing. The generator consults with Andra at
various stages of waste acceptance file development to ensure that the anticipated waste package would
in fact meet the technical specifications.

3. NUCLEAR POWER PLANT WASTE

Nuclear power plants generate three types of waste:

— Low and intermediate level radioactive waste (LILW);
— Waste containing long half-life radioactive emitters;
— Fission products from reprocessing.

Only the first type of waste, coming directly from operating nuclear power plant or initial
decommissioning, is described here.

Since its opening (January 1992), the near-surface disposal facility for short lived LILW waste, the
Centre de l'Aube, received a total volume of 36000 m (at the end of 1998) from the nuclear power
plants (Table 1).



TABLE I. NPP WASTE PACKAGES DELIVERIES AT THE CENTRE De L'AUBE (1992-1998)

Type of waste

LLW solid waste

LLW concentrates and
sludge
ILW solid waste and
filters
ILW resins

Total

Waste packages
quantity
77070

2871

4428

3182

87551

Waste packages
volume (m )

18847

5770

7159

4256

36033

Activity (TBq)

7

15

468

460

950

All the waste packages delivered by the NPP at the Centre de l'Aube followed the acceptance
process described above and are taken into account in the quality assurance program.

3.1. Low level solid waste

Low level solid waste is waste coming from maintenance operations and represents the most part
of the total NPP waste volumes consisting of papers, plastic, clothes, metal pieces, water circuit filters
etc.

Waste is conditioned in 200 liters steel drums. At the Centre de l'Aube, the waste packages is
treated at the compaction facility with a 1000 tons press and concreted into 485 liters drums before
disposal.

The main requirements for this type of waste packages are a low level activity and the nature of
primary waste.

In 1999, a great part of the waste will be treated in an incineration and melting facility. Then
the ultimate waste, the ashes and ingots, will be disposed of at the Centre de l'Aube.

3.2. Low level liquid waste

Waste coming from liquid treatment effluent of NPP is treated by evaporation. The
concentrates are immobilized with an hydraulic binder in a concrete container (2 m ). For this type of
waste packages no specific containment is required according to the low activity, but mechanical
properties are needed. For sludge, the same process is carried out.

3.3. Intermediate level solid waste

These waste packages concern solid waste (contaminated and irradiated) and filters with a dose
rate greater than 2 mGy/h. Waste is conditioned in concrete container and immobilized with an
hydraulic binder. If necessary biological protections are introduced in the container.

The process must ensure the containment of the radionuclides, moreover containers used are
concrete containers with high performances. These waste packages represents 50% of beta gamma
activity of the NPP waste packages delivered at the Centre de l'Aube.

3.4. Ion exchange resins

Ion exchange resins, considered as intermediate level waste are the second main source of NPP
beta gamma activity (50%) at the Centre de l'Aube. Spent resins are mixed with a polymer, this matrix
ensures the containment of the radionuclides.



Appropriate tests (leaching tests) have been performed during the acceptance process. The
containers are concrete container with steel shielding.

3.5. Decommissioning waste

Until 1998, the decommissioning waste generated was solid waste with a low activity and
generally conditioned in steel drums like operating waste. But the removal of some equipment and
materials needed the design of new waste packages.

It is mainly the case for waste issued from the Gas Cooled Reactors:

— Graphite waste;
— Liquid and solid waste from special operations (draining of pools).

3.6. Specific waste

During operation of NPP, maintenance operations generated specific waste, this waste need a
specific treatment concerning:

— Conditioning and transportation;
— Acceptance process;
— Disposal design and handling;
— Safety assessment.

Examples of such types of waste are the vessel closure heads of PWR NPP and racks for fuel
elements.

A specific study has been implemented for the direct disposal in engineered structures of PWR
vessel closure heads, as illustrated in Fig. 1.
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FIG.l. Disposal of vessel closure heads of PWR NPP



4. WASTE PACKAGE TRACKING

The waste management cycle covers all stages, from waste generation to waste collection,
solidification, packaging and final disposal, and it includes all aspects of design, construction and
disposal site management.

By Executive Order dated August 10, 1984, a special quality assurance regulation applicable to
licensed nuclear facilities, the government defined quality requirements applicable to disposal sites and
to any component important to site safety, particularly the first safety-related component, the waste
package. Following this document, ANDRA defined a quality assurance program for waste
management that specifies the level of quality to be achieved by solidification and packaging processes,
defines quality control requirements, and defines waste tracking requirements, from waste generation
through final disposal. The quality assurance program is based on the following:

— Definition of quality (acceptance criteria);
— Achievement of quality (acceptance process); and
— Verification of quality.

Verification of quality occurs in four stages:
inspections,

— Audits of the quality assurance organization;
— Implementation of a tracking system; and
— Destructive examinations of waste packages.

4.1. Inspections

The generators identify fabrication process parameters, sampling and analysis methods,
radioactivity measurements and any other activity pertaining to their waste management process in the
Waste Acceptance File. This documentation will be used for verification purposes at each stage of the
waste package fabrication and control process.

ANDRA inspects the generator's site one to three times a year at regular intervals following its
own inspection procedure. In 1998, 26 inspections have been carried out on NPP.
The inspections are performed by qualified ANDRA staff familiar with the waste package and with
ANDRA requirements, and are intended to ensure that procedures are correctly implemented and
verified. Inspection includes:

— Verification that the process matches process information reported to ANDRA during the waste
acceptance process and that operating parameters identified in the related documentation are
followed;

— Review of the generator's quality control of fabrication, and particularly measurement equipment
calibration; and

— Inspection of fabricated waste packages.

The inspections may be broken down into two phases:

— Review of generator documentation, and

— Inspection of waste packages during and after fabrication.

4.1.1. Documentation review

Documentation reviewed during inspection relates to:



The initial waste (general characteristics, calculated activity reported by the generator, waste
collection and sorting procedure, pretreatment...)
Waste package fabrication (fabrication procedure, fabrication ranges, solidification material
formula, solidification parameters and quality control after solidification...)
Procured materials and supplies (quality control procedures at reception, results of quality control
by the generator, supplier fabrication certificates...)
Waste package (final inspection of the waste package, report of waste package characteristics
particularly activity...)
measurement equipment (measurement and calibration procedures, calibration certificates for
measurement equipment...)

4.1.2. Waste package inspection

During the second phase of inspection, the quality of the waste package is verified by direct
inspection of:

— The contents of some of the packages;
— The fabrication conditions;
— The waste package characteristics (dimensions, visual appearance, dose rate measurement etc.);

and
— The radiological monitoring equipment.

ANDRA reviews all deviations and may make a finding of non-conformity. The waste package
may be accepted after it has been reworked to comply with requirements or the deviation has been
accepted, or the waste package may be rejected. The generator's appropriate implementation of
requested corrective actions is reviewed during the following inspection.

4.2. Audits

The purpose of quality assurance audits performed after waste package acceptance is:

— Verification of routine, effective and satisfactory implementation of quality assurance
requirements established prior to waste package acceptance;

— Review of any changes to the requirements, and

— Assessment of changes to the requirements.

ANDRA's audits are based on:

— ISO 9002; and

— The generator's quality assurance documentation, which has been provided as part of the waste
acceptance file.

During the audit, all quality-related documentation is listed and reviewed for consistency. The
twenty criteria of ISO 9002 are examined by the auditors, with special attention given to those criteria
of direct relevance to the waste package:

— Control of purchase material, equipment and services;
— Product traceability;
— Control of processes;
— Inspections and audits;
— Control of measuring and test equipment;
— Corrective actions; and
— Internal quality assurance audits.



Audits may be performed more frequently in some cases, particularly the following:

— Internal reorganization affecting the quality assurance function;
— Detection of defects in relation to the quality assurance program for the product; or
— Deficiency detected during a prior quality assurance audit for which ANDRA requested that

corrective action be taken.

In 1998, 16 audits have been carried out in NPP. The subsequent audit examines the generator's
appropriate implementation of the requested corrective actions. The adequacy of the quality assurance
program is assessed based on detected non-conformities and their impact on the final product. It should
be noted that an unsatisfactory assessment of the generator's quality assurance program could result in a
suspension of acceptance of waste packages from that generator.

4.3. Waste tracking system

The generator must report the physical and radioactive characteristics of the waste packages
before shipment to enable Andra to perform its waste package tracking and compliance inspection
tasks.

The tracking system is based on the principle of traceability, which consists of identifying and
tracking each waste package from the moment it is fabricated to its final disposal at the ANDRA site.
Each radioactive waste package has a unique identification code. ANDRA and EDF, the NPP operator,
developed a computerized tracking system which assigns a «passport» to each waste package that
serves to track the package through disposal. This passport consists of:

— A unique identification number; and
— An identification form.

Once waste packages have been accepted pursuant to the waste acceptance process, the
computer compares the characteristics of waste packages to be shipped with Andra's accepted waste
types.

Descriptive information on the packages is reported to Andra on paper or, more frequently, via
computer modem transfer. Information to be provided to Andra consists of:

— The identification number;
— The identification form with the waste package characteristics (year of fabrication, generator,

type of container, activity level), its waste package type, its physical characteristics, and its
activity and radioactive composition.

ANDRA's computer system uses this information to:

— Calculate a and (3y activity in the waste package and update it as of the date of computer
processing;

— Verify specific (3y activity as of this date; and
— Verify specific alpha activity after 300 years.

4.3.1. Reporting to ANDRA before waste shipment

Three preliminary steps precede each shipment of waste, each requiring individual reporting to
Andra well enough in advance so that the latter may conduct the necessary verifications of conformity
prior to the scheduled shipment:

— Description of the waste packages and of the radioactive composition of their contents;
— Description of the composition of a shipment; and
— Shipment confirmation.



For each report, the generator is given either confirmation of the report's conformity or a list of
errors detected in the report by the computer.

Information supplied by the generators on information forms or by computer is computer-
verified:

— The consistency of information is verified to ensure that the waste package is accurately
identified, that reported physical characteristics conform to the process description for that waste
package, and that enough information has been supplied to calculate its activity;

— The acceptability of the waste package and/or its activity are verified to ensure that the activity of
the waste package sent to the disposal site complies with the acceptance limits set forth in the
specification.

If these verifications do not reveal any non-conformities, the waste package is reported to be in
conformity and may be accepted at a near-surface disposal site.

4.4. Destructive and non-destructive examinations of waste packages

Waste packages are examined destructively as part of Andra's quality assurance surveillance of
waste generators. These examinations help to determine the «level of confidence)) that may be assigned
to a generator with respect to:

— Generator compliance with Andra's technical specifications for a given waste package type;
— Generator compliance with requirements defined in waste package documentation which served

as a basis for Andra acceptance of that waste package type (documentation listed on the
acceptance certificate); and

— Accuracy of physical and radioactive characteristics reported to ANDRA by the generator for
that type of waste package.

Waste package examinations are performed off-site on randomly selected waste packages
without prior notice to the generator. The choice of packages to be inspected is based on the activity
level and the number of waste packages fabricated as well as on the fabrication process. Two types of
examinations are performed:

— Non destructive examinations, referred to as activity monitoring; and
— Destructive examinations, referred to as destructive examinations.

4.4.1. Non destructive examinations

Non destructive activity monitoring is performed on waste packages with special equipment
installed in either fixed or mobile units using:

— Gamma spectrometry; and/or
— Passive and active neutron counting.

Activity monitoring enables verification of:

— The conformance of activities to Andra's technical specifications, and
— The accuracy of reported activities.

4.4.2. Destructive examinations

It is usually not feasible to inspect waste packages extensively without destroying them. Andra
therefore occasionally performs destructive examinations in which the waste packages are cut into
pieces, cut in half or core drilled so that they can undergo a veritable «autopsy». Samples of the waste
packages are sent to specialized laboratories for physical, chemical and radioactive analysis.



The following destructive examinations may be performed:

— Verification of waste package characteristics (weight, dimensions, dose rate map, surface
contamination, visual and photographic inspection...)

— Verification of waste package contents (cutting into pieces or core drilling, collection of cuttings
or core drilling liquids, visual examination, list of waste contents and description of their
condition, etc.)

— Examination of solidified waste samples (mechanical stability or compressive strength test,
analysis of chemical components, determination of the chemical composition of the waste or
solidification material, analysis of radionuclides present using y spectrometry, a assaying or a
spectrometry, and analysis of long lived pure (3, and (3y emitters, search of complexing agents.)

In addition, access to the waste's active material means that samples may be taken of
radionuclides that cannot be detected non-destructively due to their radiological characteristics so that
they can be analyzed in the laboratory.

Leaching tests should also be performed. Compliance with leach rate limits is verified on a
case-by-case basis, although only a few of these tests are performed due to the lengthy period of time
they require.

The destructive examinations usually take from one to twelve months, depending on the
availability of personnel and facilities, or one and a half years or more in the case of leaching tests.

5. CONCLUSION

After 30 years of management of NPP waste, Andra acquired a good knowledge relating to the
control of low and intermediate level waste produced by NPP, the waste characteristics and the waste
conditioning.

In the next years, with the decommissioning plan, new challenges are proposed for ANDRA in
order to dispose of safely new types of waste packages.
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Abstract

The paper presents the content of the research program to be performed during the construction
and the operation of the National Agency for Radioactive Waste Management's (ANDRA)
underground laboratory, located in the East of France. The general architecture of the program is
presented. Emphasis is put on an iterative process, the purpose of which is mainly to:

• Prepare site behavior models before starting each phase of the field work (bore hole drilling, shaft
sinking, construction of underground galleries, specific experiments),

• Test and check each model through actual observations and measurements,
• Adjust the models to take into account the results of the former phase and predict the results

expected during the following one. All these models, after validation, will be exploited during the
assessment of the safety related performance of the components of the potential repository as well
as the whole facility,

• Obtain necessary data related to the feasibility study of the disposal facility (mechanical design,
thermal design, etc.,) and its safety assessment.

The relationship between the experimental program, the conceptual design program and the
safety evaluation program is explained in order to reach the project objectives which is the final
document set to be provided to French Authorities in 2006 according to the French Law of December
1991.

1. INTRODUCTION

After having gone over the status of the high level waste disposal program in France (§2.1),
and having briefly described the research project, its objectives related schedule (§2.2), the more
detailed contents of the field program are described (§3) and the relationships between this program,
the conceptual design program and the safety evaluation program are explained (§4).

2. STATUS OF HIGH LEVEL, LONG LIVED WASTE (HLW) PROGRAM

2.1. Status of HLW program

The French Law of 1991 on research concerning the management of high level, long lived
radioactive waste includes a program with 3 axes: partitioning and transmutation, long term surface
storage and disposal in deep geological formations. ANDRA is in charge of this last research
direction.

The Law sets a fifteen-year period for research ending in 2006, after which the Government
will submit in 2006 an overall report (evaluating the results of the research for all three directions) to
Parliament. Depending on the results, this report would be accompanied by a draft law, which could
eventually authorize the process of repository installation.



Within this framework ANDRA is expected to assess by the year 2005 the feasibility of the
design and safety demonstration of disposal in deep geological formations; this goal implies to
provide an answer to the major scientific technical issues relating this feasibility. A range of pertinent
disposal concepts will be proposed in 2005, as well as related hypotheses of waste production and
acceptance criteria.

This work requires that appropriate geological formations be chosen field experiments in
geological formations undertaken (to assess the true geological characteristics of a site to select and
calibrate the models used in the design of disposal concepts and in the safety analysis).

ANDRA therefore filed applications for approval of implementation of 3 underground
laboratories on three potential sites in 1996. These applications were submitted to site specific public
inquiries and local votes in 1997. Taking into account the results of these inquiries and scientific
evaluations, the Government decided in December 1998 that ANDRA should:

• Continue with the construction of an underground laboratory at the proposed site in the East of
Francea (Callovo-Oxfordian clay site) and to use it for research;

• Carry out a search for a new granitic site.

2.2. Objectives of the field research program

Obviously the geomechanical research program is key in a clayey rock, with relatively low
mechanical strength:

• Results of the research can be used to confirm the feasibility of the large disposal cavities used
to dispose of long life waste.

• A good understanding of the mechanical behavior of clay over long periods of time is needed to
analyze feasibility of rock support with regard in particular to reversibility: once waste
packages are in place, the reversibility issue is linked to that of rock support life since this life
must be prolonged to increase the period over which reversibility is possible.

Mechanical characteristics of the media, as is the case for other characteristics, vary according
to location of measurement, since the geological media is stratified and includes heterogeneity.

This means that geological modeling is needed for the research to progress correctly. This
modeling is phased. The first phase has been achieved thanks to reconnaissance work at ground level.
This work has helped define laboratory architecture, length and direction of galleries. Using the
laboratory itself, the next phase from 1999 to 2003 will aim at obtaining consistent 3D geological
modeling, through geophysical measurements and in situ observations.

Concerning confinement capacity of the host rock, laws that describe the movement of the
water and solute contained in the clay itself and the chemical composition of this water have been
identified as the basic phenomena both for disposal design and for safety evaluation, in particular as
regards their effects on radionuclide mass transport and chemical retention. Concerning reversibility
appraisal, these parameters also set:

• The rehydration time (i.e. the time taken by water contained by the geological media to occupy
space left empty in the underground cavities),

• The corrosion rates of the various metallic structures,
• Concrete degradation.

a In the East, due to its location in the Parisian sedimentary basin, the argilite clay layer is homogeneous over a
very large horizontal extension. The thickness of this layer is around 130 meters and is located between - 425 m
and - 555m. The main level of the laboratory is located in the middle of this layer at -490m.



Modeling of these phenomena started by characterizing ground level samples. This is limited
by:

• The low permeability of the clay: it is an important factor for disposal design but it makes
extraction of water contained in rock samples difficult,

• The difficulty in sampling from ground level, through boreholes that perturb the samples.

These difficulties make measurements inaccurate. One of the underground research program's
goals is therefore to increase measurement accuracy, though various measurements using samples
taken from the laboratory.

To model past and future water circulation, the program also includes porewater pressure
measurements and isotopic dating. These measurements will start in 2002 and continue over a few
years.

Lastly, the natural confinement capacity of the media must not be overly disturbed by
construction of the disposal facility and this issue must be checked. This means that some experiments
are planned in the Underground Research Laboratory to verify the minimal degree of disturbance
induced by the disposal (such as the effects of the heat radiated by high level long lived waste).

2.3. Research laboratory schedule

Assuming the official authorization to start construction of the underground laboratory in the
East of France in July 1999b, the major milestones of the construction are the following (start dates):

• First on site borehole drilling 9/1999
• Access shaft sinking 9/2000
• Vertical mine by test from a niche (@-445m, intermediate level) 3/2002
• First experimental gallery mining (main level) 8/2002

3. CONTENTS OF THE FIELD RESEARCH PROGRAM

3.1. Geological survey and modeling

The 3D layout of the Underground Research Laboratory (URL), including 2 inclined
reconnaissance drifts and a niche at the upper level, provide access to a range of geological situations,
consistent with the variability of the argillite layer: Major phenomena with respect to repository
design and safety analysis will be characterized in these various geological situations.

Geological modeling will be based on data obtained by geological surveying of the shaft and
galleries. This will be used throughout the project for supporting:

• Phenomena modeling such as hydrogeology,
• Sampling plans of the experiments detailed below (identifying valid spatial distributions of the

experiment, specifying frequencies and locations),
• Design potential repository architectures.

This geological surveying is undertaken throughout the laboratory.

3.2. Modeling the isolation performance of the clay formation

The characterization of the confinement capacity of the host formation is based on different
types of experiments:

This date remains a target date and remains to be confirmed



• The permeability and the porewater pressure of the host formation are measured in various
geological situations within the clayey layer; the data are then used to confirm the values of
convective transport parameters in the host formation (it is also used to appreciate permeability of
the formation to gas).

• Through porewater sampling, in the underground laboratory galleries, the chemical composition of
the water is measured. The data is used to evaluate the main parameters of the porewater (pH, Eh,
[Ca], [K]) and the resulting solubility of radionuclides.

• Tracer tests (using drill core samples) are undertaken to confirm the results of the previous two
experiments and also to appreciate radionuclide mass transport retardation factors.

The above mentioned data are also used for describing the environment of waste packages,
Engineered barrier systems and to support the associated design studies.

Particular attention will be given to chemical disturbance due to the materials (concrete, steel)
that are candidates to be used during the construction of the repository.

3.3. Characterization of the geomechanical properties of the clay formation

Various types of experiments contribute to this characterization:

• Mechanical measurements in holes drilled from aboveground and laboratory tests on sampled
cores, providing additional data to existing information from previous core-holes.

• In situ measurement of the rock mechanical parameters from the underground galleries:
rheological behavior investigated with dilatometers in holes drilled in the floor and in the wall; in
situ stress measured by overcoring (hydraulic fracturing will also be tested). The resulting data is
used to confirm the parameters of the mechanical model.

• Geotechnical survey of all underground openings of the laboratory (convergency)
• Vertical (from a niche located on the main access shaft at - 445 m) and horizontal mine by tests:

the objectives of these tests are to understand the hydro-mechanical behavior of the clay at a larger
scale and to verify the extent of the modification of the permeability of the clay when shafts are
sunk or tunnels mined. Instruments are located close to the future shaft (or gallery) and they
monitor changes in the clay during the sinking (or mining).

A plan of successive data acquisition and experiments has been elaborated to make it possible
to progressively fit and validate the mechanical models, and to benefit the feedback of one experiment
on to the next.

The program also provides for experimental study of:

• Response of the clay formation to ventilation.
• Response of the clay formation to heating.

3.4. Hydrogeological characterization of the site

The characterization of the site hydrogeology is attained by the realization of deep boreholes0

for data acquisition, in addition to those drilled in the 1994-1996 reconnaissance phase. Some of
these boreholes situated in the vicinity of the shafts will be used to monitor hydraulic disturbance due
to sinking (this hydrogeological characterization is done from 2000 to 2003).

*" No work (shaft sinking or boreholes) has been undertaken on site since 1996, except hydrogeological
monitoring in existing boreholes. Work can only resume once the previously mentioned authorization has been
given.



This data is integrated in the hydrogeological model used to describe the boundary conditions
of the Callovo-Oxfordian argilite layer and to appreciate radionuclide transfer to the biosphere.

4. RELATIONSHIP BETWEEN THE RESEARCH IN THE LABORATORY AND THE
FEASIBILITY AND SAFETY STUDIES

To prepare the research program, initial design options of a potential repository have been
selected, on the basis of field data collected in the 1994-1996 period. The next major milestone for
the project is in 200ld.

At this intermediate date (with respect to the 2005 milestone) a scoping exercise of the most
critical components of the potential repository will help overview the design related models and
assess their sufficiency with respect to the 2005 result. The associated data acquisition plan in the
laboratory will be assessed at the same time.

Over the same period, a safety assessment exercise will be carried out (based on the safety
evaluation of preliminary designs). This safety assessment step starts by a phenomenological analysis
of all components in each life phase (before closure, before resaturation, etc.). The objective is then
the identification of the phenomenological models selected to describe each resulting situation.

This helps specify the models to be developed and simultaneously the detailed objectives of the
field research to be performed to fit and validate these models. All this makes it possible to analyze
the robustness of the design with regard to timescale related uncertainties and to select, describe and
calculate safety demonstration scenarios during this 1998-2001 phase, with a potential feedback on
the field research program and the modeling strategy.

From 2001 to 2005 the last design phase includes component dimensioning based on
phenomenological models as developed. In particular, in the field of reversibility several designs will
be developed to meet with a range of possibilities to prolong the duration of the initial retrievability
period of the preliminary concepts.

A second full safety assessment exercise will be performed between 2001 and 2004 that will
contribute to the repository dimensioning and also which will stabilize the safety approach and the
definition of safety scenarios. There is a strong link between the safety assessment and model
development, and a strong link between model development and data acquisition in particular for
geological formations: all these data are used to evaluate or confirm model parameters.

The last safety phase (2004-2004) aims at assessing the feasibility of a safety demonstration. It
incorporates models that have been fitted.

d Along with feasibility of disposal and safety assessment, a process of waste inventory as input data (both from a
quantitative & from a radiological point of view), is also included in this project, however it is not the main issue
of the present paper.
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Abstract

The ANDRA's Centre de l'Aube disposal facility for low and intermediate level radioactive waste may
be considered as a state-of-the-art repository. Since its implementation in the early nineties, the French facility
has been used as a model by many countries worldwide for the surface disposal of radioactive waste. The
disposal concept developed by ANDRA, the French Radioactive Waste Management Agency, consists of a
multiple-barrier system designed to isolate radioactivity and provide protection to the public and to the
environment. Waste operations at ANDRA's Centre de l'Aube are largely automated to ensure better protection to
site workers. The paper reviews all aspects of the repository implementation: siting, design, construction,
operation and future closure, and environmental monitoring.

1. INTRODUCTION

France's experience in the management of radioactive waste is supported by thirty years of
operational activities in the field of surface disposal of low-and intermediate-level waste (LILW). The
so-called Centre de l'Aube which started operation in 1992 is a new surface repository for LILW
operated by the French Radioactive Waste Management Agency, ANDRA [ 1 ]

The Centre de l'Aube took over the so-called Centre de La Manche which was the first surface
disposal facility opened in France and operated from 1969 to 1994. The total capacity of Centre de
l'Aube is 1,000,000 m of waste and its operating lifetime should exceed 50 years.

2. REGULATORY REQUIREMENTS FOR LILW DISPOSAL

In France, the final disposal of LILW is governed by Fundamental Safety Rules (FSR) which
set performance objectives for radwaste repositories both on the short term during operation and on
the long term, after closure.

According to these rules, the disposal system must be implemented to protect the general
public and the environment and allow reuse of site after a monitoring period of about 300 years. The
dose limit has been set at 0.25 mSv per year for the general public.

3. MANAGEMENT POLICY FOR LILW

The management policy in France calls for surface disposal of short-lived LILW. The waste
may contain a relatively small quantity of long-lived emitters. More precisely, the mean specific
activity for alpha emitters in a surface repository must be less than 0.37 GBq/t (0.01 Ci/t).

LILW has been disposed of at the Centre de la Manche facility from 1969 to 1994. This repository
which is shown on Figure 1 ceased operation in June 1994 after receiving 525,000m of waste.
Construction of a multiple-layer earthen cap started in 1990 and was completed in 1996. In the near
future, the facility will be licensed by the Regulatory Authority to enter the Institutional Control
Period. ANDRA will be responsible for the monitoring of site environment during the 300 years of
the surveillance period [2].
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FIG. I. Aerial view of
ANDRA's Centre de laManche. FIG. 2. Aerial view of ANDRA's Centre de VAube.

A new surface repository known as Centre de l'Aube entered service in January 1992. The
disposal site that covers 100 hectares offers a total capacity of 1,000,000 m . The facility will be
operated for around 50 years. Figure 2 shows an aerial view of Centre de l'Aube.

4. SAFETY — RELATED DESIGN APPROACH

According to the regulatory requirements, the radioactivity in waste packages must be isolated
from the public and from the environment through a multiple barrier system composed of:

• Waste conditioned in metallic or concrete containers ;
• Engineered structures, including an impervious cap and a leachate collection system ;
• Site near-surface geological formation.

The waste isolation system must maintain its integrity throughout the operating period (a few
decades long) and the institutional monitoring period (approximately three hundred years after
operation).

Therefore, the engineered system must be designed and constructed, the waste packages be
fabricated and the disposal site be selected to prevent or minimize radionuclide releases as long as the
radioactivity remaining in the waste has not decayed down to background levels.

5. SITING

Even if the engineered disposal system is inherently safe in terms of radioactivity
containment, the hydrogeological and geochemical characteristics of the near-surface geological
formation shall constitute an additional natural barrier for containment in the event of a failure of the
first two barriers.

Other site selection criteria include:

Site stability and low seismicity;
Impervious substratum;
Simple hydrogeology easy to model;
Well identified outlet for surface runoff and ground water;
No valuable natural resources;
low density of population.

The Aube site was selected in 1985 after a two year program of geologic, hydrogeologic and
geochemical characterization and assessment of several potential sites.



The Aube site fit the hydrogeologic model used for site screening, consisting of a semi-
permeable surface formation over an impermeable subsurface, an arrangement which prevents deep
infiltration, and with a well identified outlet to facilitate surface water monitoring. In addition, the
Aube site is located in a seismically stable region.

6. DESIGN AND CONSTRUCTION

The design developed by ANDRA for Centre de lAube provides a sound and durable engineered
system consisting of concrete structures ultimately covered after operation by a slab and lined with a
waterproof coating. In addition to the disposal modules, the engineered system includes two other
components:

• The capping system which provides long-term protection to the modules against rainwater
infiltration;

• The leachate collection system to detect and collect any infiltrated water.

To provide protection from groundwater infiltration, the disposal modules are placed in an
unsaturated zone well above the highest level of the water table. The module base is an impermeable
concrete pad with an integrated drain to allow any infiltrated water to run off by gravity to the water
collection system where the presence and activity of water can be monitored.

The disposal modules are also designed and built to withstand earthquakes.

During operation, temporary mobile shelters are used to protect open disposal modules while
they are being loaded. Once full, the modules are backfilled, covered and coated with waterproof
material that will serve as temporary cover until the final cap is constructed. Figure 3 shows a typical
cross section of disposal modules with the mobile shelter.
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FIG. 3. Typical cross section of disposal modules.



7. OPERATION

7.1. Conditioning and packaging

Any waste delivered to ANDRA's Centre de l'Aube and already conditioned and packaged, is
transferred directly to the disposal modules. Different types of waste containers are used by the
generators:

• Drums (100, 200, 400 and 800 1);
• Metallic boxes (5 and 10m);
• Cylindrical concrete containers;
• Cubical concrete containers.

Part of the waste shipped to the repository requires additional conditioning and/or packaging. A
1000 t supercompactor is operating on site to compact 200 1 drums with a volume reduction factor of
over 3. The compacted pellets are placed inside a 400 1 steel drum and cement mortar grouting is
provided to block the pellets inside the drum.

Some waste delivered to the disposal site in 5 or 10 m containers requires stabilization with a
cement matrix. A grouting unit is housed on site in the same building as the supercompactor to grout
metallic boxes and concrete containers with cement mortar.

All these operations are either fully automated or remotely controlled.

An interim storage building provides temporary storage for waste that is not suitable for disposal
and awaits further conditioning or packaging. This facility is also used on the following occasions:

• When conditioning or handling equipment is not available momentarily,
• In case of litigation on waste shipments or packages.

7.2. Waste tracking

Each waste package is identified by a bar code label that allows follow-up of waste through a
computerised tracking system developed by ANDRA. The system links the waste generator,
ANDRA's headquarters near Paris and the Centre de lAube facility. The system is used by ANDRA
to verify compliance of waste packages with acceptance criteria prior to their shipment, to schedule
and to track waste shipments, to maintain a detailed and continuously updated inventory of waste
packages and radionuclides disposed of at the site.

7.3. Waste package emplacement

Waste packages delivered to the facility are checked upon arrival for integrity, surface
contamination and gamma radiation and then routed to one of the disposal modules.

Several modules are operated in parallel. Concrete containers on the one hand, metallic drums
or boxes on the other hand are placed in different modules. The main reason for differentiating these
waste packages is the nature of backfilling material: gravel to fill the void spaces between concrete
containers, concrete is used for metallic containers.

Since waste package dimensions and weights are quite variable, disposal modules are also
dedicated to waste packages according to their size and geometry. This segregation contributes to
increasing the module filling ratio and consequently to reducing the disposal cost.



The engineered disposal structures consist of 25 x 25 x 8 m high concrete vaults covered by
movable shelters and equipped with 3, 10 or 35 t overhead cranes. All waste handling and transfer
operations are either fully automated or remotely controlled. Once the waste shipment is delivered to
the appropriate module, the operator lifts each waste package with a remote control gripping device
operated from a shielded cabin and then switches to automatic mode. The waste package is rotated in
front of a bar code scanner which transmits the data to the tracking system. After checking the data,
placement is normally authorized and the waste package is then automatically transferred and placed
in its pre-determined location inside the disposal module by the crane as shown on Figure 4. The
package location is recorded in the central computer system.

Backfilling material, either gravel or concrete, is also placed using remote control devices.
Concrete containers are stacked vertically and remaining void spaces are filled once the module is
full. On the other hand, metallic containers are placed horizontal layer by layer and concrete is
grouted between containers once each layer is complete as shown on Figure 5.
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FIG. 4. Waste package emplacement. FIG. 5. Concrete grouting of disposal modules.

7.4. Other services

All operations at Centre de l'Aube are performed or monitored from a central control room
located in the waste conditioning building. All information regarding the facility operational
conditions and safety is also centralised in the control room.

In addition to the waste conditioning building, the interim storage facility and the disposal
modules, the Centre de lAube site includes the following facilities:

• Administration building;
• Services building (locker rooms, laboratories, infirmary);
• Maintenance workshops and warehouses;
• Water collection and monitoring system (tanks, storm basin, etc.)
• Visitors Center;
• Restaurant;
• Security building;
• Weather station;
• Ancillary facilities (electrical substation, water treatment, fire protection network).

7.5. Waste transportation

Access to the site is provided through a 4 km road. The site is also accessible by rail via a
private railway terminal located in the nearby town of Brienne le Chateau. Approximately, half of the



waste is delivered by rail. Shuttle trucks are used to transfer waste packages from the railway terminal
to the disposal facility.

8. CLOSURE AND LONG-TERM MONITORING

The final capping system which is to be constructed at the end of the operating period, will be
designed to restrict the flow of water into the disposal modules over the 300 years of the Institutional
control period. Throughout this period, the cap must keep its integrity and resist external forces, such
as erosion or bio-intrusion caused by animals or vegetation.

The long-term integrity of the waste isolation system is due in large measure to the
effectiveness of the final cap placed over the disposal facility at the end of the operating period.

The multiple layer capping system implemented by ANDRA at Centre de la Manche consists
of alternating layers of draining and impermeable materials. The hydraulic monitoring system
integrated in the cap verifies that the water infiltration rate does not exceed a few liters per m and per
year.

After closure, the Centre de l'Aube site environment will be monitored during the 300 years of
the institutional control period. As for the Centre de la Manche now, ANDRA will be responsible for
site environmental monitoring and will report periodically to the licensing authorities about the
repository condition.

According to French regulations, the institutional control period is defined as a period following
site operations set aside for radioactive decay of short-and medium-lived radionuclides, during which
institutional control is exercised to:

• Monitor for any failure in the containment systems and to prevent to spread of radionuclides
which may have adverse effects on the public or on the environment; and

• Prevent intrusions into the site.

The objective of institutional control is to protect the public and the environment for as long as
the potential radiological hazard exists. The achievement of this objective is based on maintaining the
containment performance of the whole disposal system, in particular the disposal cap and on
regulating access to the site. This assurance is gained by monitoring, servicing, and caretaking, as
necessary.

The program implemented by ANDRA to monitor the facility containment performance and the
site environment focuses on monitoring of engineered systems, in particular the disposal cap and the
water collection systems. These activities include visual inspection, topographical survey, aerial
survey, hydraulic monitoring as well as rainwater, ground water, air, dust, sediment and vegetation
sampling, measurements and analysis.

Ground water is sampled from the drains and pipes constituting the water collection systems
within the disposal cap as well as below the disposal structures. Water samples are also taken from
drill holes surrounding and within the disposal area. Data collected include alpha, beta tritium, pH,
activity levels of various radionuclides, in particular iodine, and concentration levels of several heavy
metals.

The off-site environmental monitoring activities are focused on surface water, ground water, river
sediments, air, airborne dusts, vegetation and milk sampling and analysis. Groundwater is sampled
from drillholes located downstream on water pathways. The same data are collected as for onsite
monitoring.



9. CONCLUSION

The first years of operation at ANDRA's Centre de l'Aube demonstrate that low and
intermediate level waste can be managed in a safe and cost efficient manner and disposed of on
surface, with good public acceptance.

Since its implementation in the late eighties the Centre de lAube concept has been used as a
model for the surface disposal of radioactive waste in many countries worldwide. This concept has
benefited from lessons learnt at the former Centre de la Manche surface repository to ensure ever-
growing level of protection to the public and the environment.
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Abstract

The Centre de l'Aube Disposal Facility (Centre de Stockage de l'Aube) is designed to receive a wide
variety of waste produced by nuclear power plants, reprocessing, decommissioning, as well as the industry,
hospitals and armed forces. Such a variety of wastes incur highly different risks which must be grasped in the
safety analysis of the Centre. This article attempts to show how a number of safety analysis tools are used to meet
the highly varied needs of the waste producers and guarantee safe disposal. They involve functional analysis,
risk analysis and safety calculations. The paper show that the most important acceptance criteria for the first
containment barrier, namely the waste package, are containment, durability, activity limitation and biological
shielding. And a method is proposed to determine some of these criteria from safety scenarios (scenarios of
accidents in operation, intrusion in the post-institutional control phase). Over the years, however, the waste
producers have asked the Agence Nationale pour la gestion des Dechets Radioactifs (ANDRA) to accept new
types of waste not initially anticipated in the design criteria, and the safety analysis must imagine new scenarios
and develop new acceptance criteria. The paper gives the example of sealed sources, closure heads of NPP
vessels, racks for fuel elements, contaminated manipulators, irradiating waste, etc, which incur specific risks. In
fact, some of this waste represent a source of unusual irradiation, a risk of further contamination in an accidental
situation, or simply increase the likelihood of occurrence of certain scenarios, such as retrieval in the post-
institutional control phase. The safety analysis must adapt and imagine specific scenarios to judge the
acceptability of such waste, and must identify the acceptance criteria commensurate with the risks. The paper
offers examples of research, some of it still under way at ANDRA.

1. INTRODUCTION: A WIDE VARIETY OF WASTES

In France, low and medium level, short-lived radioactive waste is disposed of in a near-
surface facility, at Centre de l'Aube. This Centre, which was commissioned in 1992, has a disposal
capacity of one million cubic meters, and will be operated up to about 2050. It took over the job from
Centre de la Manche, which was commissioned in 1969 and shut down in 1994, after having received
about 520,000 cubic meters of waste, and for which the administrative formalities for a permit for
closure and transition to the institutional control phase are under way.

ANDRA performs the industrial management of Centre de l'Aube. Generally speaking,
French law has assigned ANDRA the mission to design, build and manage the disposal centers
designed to accommodate all the radioactive waste produced in France.

A wide variety of radioactive waste is destined for disposal, produced by operations
connected with power generation, fuel fabrication, spent fuel reprocessing, research reactors and pilot
facilities, as well as medicine, research and industries which use radioactivity.

The main types of conventional waste to be managed are hence: technological waste (safety
equipment, materials for laboratory work, metal and plastic parts, water filters and ventilation circuits
filters), process waste (concentrates, sludge, bitumen, ion exchange resins, filters), decommissioning
waste (obsolete equipment and machines, spent glove boxes, concrete and structural materials, glass
wool, graphite sleeves from gas-cooled reactors).

Centre de l'Aube was designed to accommodate this wide variety of waste, both from the
standpoint of long-term safety and protection of the workers during operations.



2. TOOLS FOR THE SAFETY ANALYSIS OF CENTRE DE L'AUBE

The different analyses conducted in designing the Centre in 1986 and during the operation of
the facility rely on a number of tools allowing qualitative and quantitative analysis of the safety of the
Centre. These include functional analysis, risk analysis and quantitative safety assessment.

2.1. Functional analysis

Every near-surface disposal facility in France must comply with the safety objectives set by
the regulatory body, the Nuclear Installation Safety Directorate (DSIN). These objectives are aimed
to guarantee the immediate and future protection of the public and the environment, and to permit the
limitation of the institutional control period of the facility to 300 years.

In the design phase, functional analysis enabled ANDRA to show how Centre de l'Aube could
receive the waste while meeting the safety objectives assigned to it. In this method, these needs are
first expressed in an overall manner by safety functions of the facility, for each use situation. This
corresponds to the external functional analysis. The system analyzed is first defined accurately, its
life phases distinguished, followed by identification of the external elements of the system, and
culminating in the determination of the functions which formalize the interactions of the system with
the external elements and which enable it to perform its mission. The functions identified for Centre
de l'Aube are isolation of the radioactivity during the first two life phases, limitation and delay of
transfer of the radionuclides to the biosphere, and limitation of personal exposure.

In the second step, it is necessary to carry out an internal functional analysis by distinguishing
the different components of the facility, in order to find technical solutions for meeting the needs
expressed in the external functional analysis.

The French concept is based on the interposition of a three-component multi-barrier system:
the waste package, the disposal structure, and the host site. For the first containment barrier, the
safety functions are reflected by the most important acceptance criteria:

• Radioactivity containment performance, guaranteed by a matrix or a concrete envelope,
• Durability in time in order to protect the materials containing external aggression, guaranteed

by a concrete envelope,
• Limitation of the activity present in the packages, and
• Effectiveness of its biological shielding provided by a shield or by the envelope.

2.2. Risk analysis

On completion of this analysis leading to a technical choice of a disposal concept, ANDRA
carried out a qualitative analysis of the risks. The approach serves to guarantee the robustness of the
facility faced with external aggressions and internal failures. The aim is twofold:

• To demonstrate that the different potential aggressions of the multi-barrier system will not
give rise to unacceptable consequences, thanks to the preventive and protective measures,

• To derive representative scenarios of potential changes in the system, which could be used
later for the quantitative safety assessment.

The first part includes a preliminary risk analysis, carried out in several steps:

• Identification of all events liable to aggress the system design; they correspond either to natural
phenomena or to events of external or internal origin. The relevance of the method is
contingent on the completeness of the events identified,



• Search for the causes of each event. The knowledge of these possible causes helps determine
the probabilities of occurrence of the associated scenarios, and also to select the appropriate
preventive measures,

• Identification of the consequences of the different events, qualitatively or quantitatively. This
step serves to select the ideal protective measures and to group the events by level of
consequences. Each of the consequences can be assigned a degree of gravity,

• Selection of the appropriate preventive measures,
• Selection of appropriate protective measures, aimed to limit the consequences identified earlier.

In the second step, probabilities of occurrence can be assigned to the different events and to
their consequences, considering the preventive measures selected earlier. An inventory can then be
compiled of the potential scenarios, taking account of the different gravities and probabilities of
occurrence. After grouping, a selection of pertinent representative scenarios can be produced.

It may be noted that while this method was used to derive the safety analysis scenarios of
Centre de l'Aube, ANDRA has also very often used other methods including failure trees, event trees,
cause-effect diagrams, as well as expert judgement.

2.3. Quantitative safety assessment by scenarios

The development of the scenarios, the key point of the facility safety demonstration, set the
stage for the quantitative safety assessment. We shall restrict ourselves here to describing the main
scenarios used by ANDRA to account for the risks associated with the disposal of the standard waste
described in the introduction at Centre de l'Aube. However, a number of details concerning the
disposal concept first need to be clarified.

At Centre de l'Aube, the waste is immobilized by a matrix in a concrete or steel container.
The packages thus produced are placed in structures comprising, from the bottom up, a raft, shells
and, after filling, a concrete closure slab. Steel containers are themselves immobilized by a grout
filling the different disposal structures, while concrete containers are surrounded by gravel. The
tightness of the structures is monitored via line networks in underground galleries. The disposal
structures are built on a low-permeability sand, which itself overlies a watertight clay layer. When the
operating phase is terminated, the facility is covered by a final cap. The site hosting the facility has a
relatively simple hydrogeological system with a single, accurately identified outlet.

Besides the normal change scenario, which accounts for the migration of the radionuclides
outside the waste packages, through the disposal structures, into the aquifer and up to the biosphere,
for seepage conditions through the cap and normal degradation conditions of the containment barriers,
ANDRA has analyzed a number of deterioration scenarios. These scenarios are distinguished
according to whether they correspond to radioactivity transfers by water or by air. In all cases, the
activity is presumed to be uniformly distributed in the 400 structures planned.

Deterioration scenarios with the water pathway are the collapse of the cap of a structure, loss
of containment performance of the second barrier (the structures) during the institutional control
phase, and the use of a well respectively at the exterior and directly above the facility during the
institutional control and post-institutional control phases. Operating accidents have also been
analyzed, including package dropping during handling at the Centre and during positioning
operations, plus a package fire. Intrusion scenarios were also analyzed for the post-institutional
control phase, such as a road building site and the construction of a permanent residence on the
facility location. These scenarios involve the air pathway.

The tools described above, used to make the safety assessments of the facility, can also be
used to determine the acceptance criteria for the waste packages. We shall examine this in a second
part.



3. THE DERIVATION OF CERTAIN WASTE ACCEPTANCE CRITERIA FOR CENTRE DE
LAUBE

The limitation of radionuclide transfer to man and the limitation of personnel exposure (safety
functions of Centre de lAube identified in 2.1) in all situations considered plausible (listed in 2.2)
requires limiting the total activity stored at the Centre as well as the activity of each package. We
shall briefly show how ANDRA has derived the activity-related acceptance criteria, based on the
safety analysis.

3.1. Important radionuclides for safety

It should first be observed that the concept of importance for safety of a radionuclide is
appreciated as a function of:

• The quantity of activity to be stored for this radionuclide,
• Its radioactive half-life,
• Its radiotoxicity expressed by dose factors (ingestion, inhalation, external exposure), and
• Various parameters characterizing its transport (in concretes, soil, the biosphere, air) in the

scenarios employed.

Hence this concept is closely linked to the knowledge of the wastes to be disposed of and the
disposal concept adopted.

In its technical acceptance criteria, ANDRA normally distinguishes between two types of
radionuclide according to their radioactive half-life. For radionuclides with short half-lives compared
with the duration of the institutional control phase, it is only necessary at Centre de l'Aube to limit the
activity in each package in order to protect the workers in case of an operating accident. For the other
radionuclides, it is also necessary to limit the total activity to be disposed of at Centre de l'Aube, in
order to protect the public in case of accidental deterioration of the facility or intrusion in the long
term.

Through the safety analyses conducted by ANDRA in its different safety reports, the list of
important radionuclides for safety has lengthened with the growing knowledge, by the waste
generators, of long-lived beta-gamma emitter radionuclides which are difficult to measure. Hence the
radionuclides of which the total quantity and the quantity per package accepted for disposal is limited,
was:

• In 1986 and then 1987, in the preliminary safety report, intended to obtain the permit for
creation of the Centre: 3H, 60Co, 90Sr, 137Cs, 239Pu, and 241Am; then 14C, 63Ni, 94Nb, 241Pu,
237Np,and238U,

• In 1991, in a provisional safety report, designed to obtain the permit for active operation of
the facility, eight long-lived beta-gamma emitter radionuclides were added: 59Ni, 129I, 99Tc,
93Zr, 93Mo, 107Pd, 151Sm, 135Cs, and238U,

• In 1996, in the final safety report, designed to obtain the final operating permit, four long-
lived beta-gamma emitters and three alpha emitters were added: 36C1, 41Ca, 79Se, 108mAg, 238Pu,
24OPu,and224U.

Furthermore, the radionuclides of which it is only necessary to limit the activity per package
at Centre de lAube are: 22Na, 54Mn, 55Fe, 65Zn, 106Ru, 11OmAg, 119mSn, 125Sb, 134Cs, 144Ce, 147Pm,
152Eu, 204Tl, 210Pb, and 227Ac. These activities are expressed as specific activities.



3.2. Links between the safety scenarios and the representative volumes of the facility

In order to establish a link between the safety analysis of a disposal facility and acceptance
criteria for the waste packages, it is very important to highlight the correspondence between the
different safety scenarios, and the elementary volumes of the facility to which they apply.

Water pathway scenarios apply in most cases to all the disposal structures as a whole. This
means that a quantity of activity hypothetically present at an outlet in an alterated operating scenario
of a well, or in the normal change scenario in the river, will be due to the contribution of the release
of all the structures of the Centre. In these conditions, these scenarios were used to derive the total
acceptable activity limits in the facility, particularly for the long-lived beta-gamma emitter
radionuclides.

The site intrusion and utilization scenarios after the institutional control phase (road building
site or residence) also concern all the disposal structures. These scenarios, which describe
radioactivity transfers by air, were used to derive the total acceptable activity limits for radiating
radionuclides and for alpha emitters (inhalation).

Accident scenarios in the operating phase concerning a package or a group of packages were
also used to derive the activity limits per package.

It may be noted as mentioned in 2.3, that since the activity is assumed to be uniformly
distributed in all the scenarios, ANDRA has chosen an additional constraint to guarantee this
hypothesis. This activity management constraint is reflected by the fact that the air pathway scenarios
concerning all the structures have also led to a limit on the activity of each package.

3.3. Calculation of total activity limits and activity limits per package

The methodology for calculating the total activity limits for the facility and the specific
activity limits per package stemmed from substantially different approaches, as shown in Figure 1
below.

Figure 1 Methodology for calculating total
activity limits and specific activity limits
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For the total activity limits, the forecast activities are the input points of the calculation, and
their acceptability is checked. The different steps are as follows (Figure 1):

• Compilation of a forecast inventory with the waste producers, often using safety margins for
radionuclides difficult to measure,

• Application of the scenarios selected in 2.3.,
• Assessment of the radiological impact associated with each scenario,
• Comparison of this radiological impact with the dose constraints selected for each scenario,
• If the total radiological impact is lower than the dose constraints for all the scenarios, the

forecast inventory can become the total activity limits,
• If not, the margins used in compiling the forecast inventory must be reduced, or it is

impossible to receive all of the activities specified.

For the activity limits per package, the activities are the output points of the calculation, and
the input points are the dose limitations. The problem to be solved here is one for which there is no
single solution, so that several sets of solutions are acceptable to give an acceptable radiological
impact. The different steps are as follows (Figure 1):

• Setting of a dose limitation per scenario,
• Application of pertinent scenarios selected in 2.3.,
• Assumptions on the radionuclide distribution in the packages and on the contribution

allocated to each in the consumption of the dose constraints. The knowledge of the content of
certain packages, if any, can be used here,

• Direct derivation of the activity limits per package for the scenarios concerning a package,
• Derivation of a limit for all the packages, and then for each package for scenarios concerning

the entire disposal. A limitation on the package is applied in this case to respect the
assumption of uniform activity distribution mentioned in 2.3., as explained in 3.2.

The activity limits per package currently applied for the packages disposed of at Centre de l'Aube
are, for example:

• Short- and medium-lived emitters:
60Co = 5.104 GBq/t, 137Cs = 3.3.102 GBq/t, 90Sr = 9.1.101 GBq/t

• Long-lived emitters, fission products:
129I = 4.6.10"2 GBq/t, 99Tc = 1 GBq/t, 151Sm = 1.6.103 GBq/t

• Long-lived emitters, activation products:
63Ni = 1.2.10"4 GBq/t, 94Nb = 1.2.10"1 GBq/t, 14C = 2.102 GBq/t

The activity acceptance criteria listed above result directly from the safety scenarios, which
are themselves derived from the risk analysis discussed in 2.2. These criteria represent a
quantification of the performance required by the functional analysis described in 2.1. However, it is
important to note that certain types of waste which do not fit into the basic assumption of the risk
analysis cannot be accepted without an additional safety analysis. This is the subject of the next
section.

4. ACCEPTANCE OF NEW TYPES OF WASTE AT CENTRE DE L'AUBE

Since the first safety analyses of Centre de lAube, the French radioactive waste
producers asked ANDRA to accept very special types of waste not initially anticipated at Centre de
l'Aube. Some of these, which will now be discussed, are distinguished from standard waste by their
volume and the particular risks which they incur. We shall show how new safety analyses served to
demonstrate the acceptability of these types of waste at Centre de lAube, starting with the largest-
volume waste.



4.1. Closure vessels heads from EDF power plants

In the framework of French NPP ten-years maintenance program, technological waste
consisting of large pieces of equipment is generated by Electricite De France (EDF). In the mid-
nineties, ANDRA was asked by EDF to investigate the feasibility of direct disposal of closure vessels
heads.

These lids, measuring 5.30 meters in diameter, 2.80 meters high and weighing 80 tons (for the
largest from 1300 MWe reactors) are internally lined with stainless steel.

Specific safety studies have been conducted, based on the use of the tools presented in
Section 2.

• A risk study served to inventory the situations liable to lead to worker exposure. These
mainly include placing the lids in a hold situation, removal of the transport envelope,
placement in the structure, and the grouting operations which generate the highest dose rates.
The limitation of operating time, use of the containment unit, zone marking, and the rehearsal
of the operations with an inactive mock-up are the main preventive and protective measures
taken.

• The concept of the disposal structure and the handling tools have been adapted to the
dimensions of the lids so that the latter can be placed individually in a special bin, and then
embedded in concrete.

• A model adapted to the dimensions and characteristics of the lids was developed to quantify
the release of radioactivity. Since it was not as easy to characterize containment performance
as with small packages, the assumptions were increased to ignore certain concrete volumes in
the calculations.

• The presence of large masses of undegraded and low-contaminated steel after the institutional
control phase led to the consideration of new scenarios pertaining to the exposure of these lids
in the long term.

• * • &

4.2. Metallic racks for fuel assemblies from NPP fuel storage ponds

In 1995, EDF required ANDRA to assess the feasibility of disposing the metallic racks for
fuel assemblies at the Centre de l'Aube. The racks consists of ten modules each comprising 63
compartments, was designed to receive new or irradiated fuel assemblies.

ANDRA investigated the possibilities of disposing of this waste directly in its transport casks.
Each cavity is in the form of a square-section tube, and the module dimensions are: length 5 meters,
width 2.6 meters, height 2 meters. The ten modules will be conditioned directly at the time of
disposal, in their transport envelope corresponding to a 46 m3 metal vessel.

A specific study demonstrated that despite the special shape of the waste, modeling of
radioactivity releases in normal and accident situations via water and air for standard packages is
appropriate for this specific case.

However, since the transcontainers are too large to be passed above the structural shell, as in
the normal procedure, it was decided to condition them directly at their disposal location. ANDRA
demonstrated that the associated risks were acceptable in view of the low irradiation levels of this
waste and the arrangements adopted, and also in light of the measures taken to prevent any
contamination during the grouting operations.



4.3. Manipulator robot used in hot cells

A similar study to that of the rack was aimed to demonstrate the acceptability of a
manipulator robot. The manipulator used to be introduced into the cell to conduct operations
associated with the decommissioning of a building. It consisted of a hood, trolley and two lids.

The conditioning mode developed included removal in a metal chest and immobilization of
the waste in its envelope directly in the structure, at the time of disposal. The highest risks relate to
the internal exposure of the workers during the grouting operations, because the waste contains part of
its contamination which is labile. One of the measures selected for these operations is the use of
filters.

4.4. Gamma irradiating packages

Some packages generated by COGEMA, at the La Hague fuel reprocessing plant contain
radioactive waste with significant gamma radiation levels. As the package contact dose rate exceed
ANDRA's Centre de l'Aube acceptance criteria, ANDRA was asked by COGEMA to investigate the
consequences of accepting waste packages with higher dose rate.

In the past, this type of waste was conditioned in concrete shells with a lead shield. To help
reduce the chemical toxics at the Centre, ANDRA examined the possibility of modifying its operating
conditions in order to accommodate such packages at Centre de lAube.

These modifications primarily consisted of using an offset cab for the disposal operator, and
controlling the distribution of irradiating packages in the structure. In the past, however, at Centre de
la Manche, special structures were built with shells designed to act as biological shielding, and this
practice would be technically feasible today at Centre de lAube.

4.5. Sealed radioactive sources

Certain studies also concern very small waste such as radioactive sources. These sources are
produced by medical applications, industry, laboratories, as well as nuclear power plants.

This waste incurs risks which are not considered by the safety scenarios discussed in 2.3.
Since the items are small, they can be handled, and some clearly offer an attractive option. The risk
analysis of their disposal led to the consideration of new scenarios for a quantitative assessment of the
impact of the disposal of such waste.

ANDRA is hence investigating new safety scenarios including the recovery of intact sources
after the institutional control phase of the Centre. These scenarios are based on accidents that have
already occurred with children, and will serve to determine the acceptance criteria, such as the
limitation of the activity of each source and the limitations of hot spots in a package.

5. CONCLUSION: THE INDUSTRIAL CHARACTER OF CENTRE DE L'AUBE

The few examples discussed above show that Centre de lAube can accommodate a very wide
variety of radioactive waste. Although ANDRA is investigating other near-surface and sub-surface
disposal concepts for very low level waste, radium-bearing waste, graphite waste and tritiated waste,
Centre de lAube already offers an alternative today to storage at the production centers, thanks to the
robustness of its safety demonstration.

In addition to standard waste conditioned in concrete matrices and exotic waste described in
the previous section, graphite sleeves, fusion ingots and bituminized waste has already been passed by
ANDRA for disposal.



Following the safety exercise conducted on the occasion of the final safety report presenting
the feedback from the first seven years of operation, ANDRA will be authorized by the safety
authority to increase the quantities of activity to be received at Centre de l'Aube.
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Abstract

COGEMA operates two reprocessing units at the La Hague plant with an annual capacity of 1600 tonnes
U. To achieve efficiency, it has adopted a package standardization approach called the Universal Canister
Strategy (UCS). The UCS requires construction of a new facility for compaction of high activity metal pieces.
The design of the new facility and the supporting research and development are described.

1. INTRODUCTION

COGEMA, which is operating the most important reprocessing facility in the world, has gained
a leading position in the back-end of nuclear fuel cycle. The two reprocessing units currently in
operation on the site are now both operating at full capacity giving the La Hague plant an annual
capacity of 1600 t(U). At the end of 1998 the plant has reprocessed 13,537 tons of heavy metal fuel
giving COGEMA outstanding know-how in this field.

COGEMA has always maintained its efforts in research and development of new techniques
and industrial process to constantly optimise the nuclear fuel reprocessing operations. The
cornerstone of its waste management concept rests on the global philosophy of packaging, and the
Universal Canister Strategy (UCS) is one of the main contributing tools to reach this target. This
package standardisation applies to various type of waste (vitrified fission products, compacted hulls
and end-pieces as well as technological waste).

The UCS requires construction of a new facility for compaction. This workshop, called ACC
(Atelier de Compactage des Coques or "Hulls Compaction Facility") will compact high activity
materials (hulls, end-pieces, and technological waste) in the shape of discs.

The ACC scheduled for commissioning at the end of the year 2000, will process the fuel
structural material arising from both UP3 and UP2-800 head-ends, together with other solid
technological waste intended for deep geological disposal.

The purpose of this paper is to present the ACC workshop and to take stock of the R&D
programme.

2. THE ACC WORKSHOP

The new project at La Hague site, called ACC facility (Figure 1.), will provide one more
forward step of waste volume reduction by compacting the hulls, the end-pieces and technological
waste instead of grouting them in cement. The new process will reduce the volume of hulls and end-
pieces packages by a factor of about 4 by reference to the previous situation (grouting of metallic
waste in drums). After compaction, these wastes are placed in compacted waste Universal Canisters,
called CSD-C, equivalent to the vitrified waste Universal Canisters, CSD-V, used for fission product
glasses.

The ACC will compact hulls and end-pieces which are currently stored underwater in dedicated
drums while treating daily production from the Tl and Rl workshops (shearing and dissolution units
of the La Hague plant). Later on, with the active start-up of the ACC workshop expected at the end of



FIG. I. ACC workshop.

the year 2000, this stock will be retrieved and conditioned together with the in-line flow of hulls and
end-pieces coming from Rl and Tl. Regarding the technological waste, the ACC will compact mostly
those coming from the La Hague plant but will also compact some of those originating from MOX
fabrication plants as well. This conditioning is also feasible to accommodate various core components
such as fuel channels and control rods.

To sum up, the main functions to be performed at the ACC facility are as follows:

- Separation of hulls and end-pieces,
- Segmentation of technological waste if necessary,
- Drying of hulls and end-pieces,
- High force compaction,
- Conditioning of the compacted discs in to Universal Canisters,

Nuclear characteristics measurement.

2,400 canisters will be produced per year at the ACC facility. This represents more than 14,000
compacted waste discs per year.

The construction of the ACC began in March 1995. Civil work was completed in May 1998.
All the equipment will be installed by the end of the year 1999. The on-site tests will be performed
from the beginning of 1999 and the ACC commissioning is scheduled by the middle of the year 2000.

2.1. The ACC inner organisation

Processing of hulls, end-pieces and technological waste into the ACC will be done through the
following steps:

2.1.1. Processing of hulls, end-pieces and technological waste:

• Hulls and end-pieces;

Reception and interim storage of drums from Rl and Tl workshops (Figure 2) as
well as underwater stored drums,



Separation, preparation, drying, compaction under the form of compacted discs,

• Technological waste;

Reception and activity measurement,

Possible separation between low and high activity waste (low activity waste are sent
Back to the AD2 workshop for cementation, technically allowing a shallow ground
disposal in France),
Compaction under the form of compacted discs.

2.1.2. Filling, removal and interim storage:

Filling of the canisters with compacted discs (a canister can accommodate discs hulls and
end-pieces with discs containing technological wastes),
Removal and interim storage of the canisters after their closing, a non-contamination checking
and nuclear characteristics measurement.
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FIG. 2. Simplified scheme of waste flows in the ACC.

3. R&D PROGRAMME

The search of the best technical and economical terms of final waste management requires an
interactive dynamics between the main actors including especially COGEMA, ANDRA, CEA, etc.
As regard compaction, the preliminary tests started in 1982 and were performed by CEA. COGEMA
and its engineering subsidiary SGN conducted the following tests.

The R&D programme has been set up aimed at verifying the feasibility of the process in terms
of volume reduction and safety parameters. Three main stages have been developed namely, the
process, the workshop safety, and the canister characterisation.



3.1 The process

It is important to point out that a lot of tests has been conducted on the process regarding
separation, compaction, drying and welding.

3.1.1. Dosing separator

The first step is to separate the hulls from the end-pieces. A full-scale dosing separator
prototype has been designed and tested successfully: the ability of such equipment to feed the can
with the appropriate number of end-pieces has been demonstrated, thus allowing an optimisation of
the filling step.

3.1.2. Drying

The fundamental aim of this stage is to reduce the water level in the CSC-C to zero, in order to
avoid radiolysis and corrosion phenomena. Following preliminary studies, the selected approach for
the drying system has been to use a hot gas circulation around the hulls. The test campaigns have
permitted to qualify the equipment and the process (efficiency and working parameters of the dryer).

The operating conditions of the dryer are as follows:

Temperature lower than 200°C,
Hot gas,
Drying time lower than 30 min per can for normal conditions.

The criteria retained to ensure a "zero water level" is a -26°C dew point.

3.1.3. Compaction

Test campaigns (inactive or active tests, at reduced scale or at full scale) have been carried out
in order to determine process parameters (can material, compaction level power of the two presses).
An optimal pressure of 200 MPa was confirmed. The pressroom must be inerted in order to avoid any
risk of pyrophoricity. The volume reduction ratio of the raw waste is higher than 4.

3.1.4. Welding

After compaction of the discs, they are filled into a CSD-C. A welding process is then
performed to assure the mechanical behaviour of the CSD-C.

The welding process has been qualified using canister prototypes. A plasma arc welding
process adapted to their geometry sealed canisters. The tests have led to the following results:

Full penetration, no lack of fusion,
No gas pores,
Mechanical characteristics in accordance with those of base metal,
Limited temperatures inside the canister;

- T<300°C on the canister itself behind the internal weld thermal shield, T<100°C in the
free space above the upper compacted discs,

- T<50°C on the top of the upper disc.

3.2. The workshop safety

It is important to secure the process of waste treatment against the pyrophoric risk of zircaloy,
as well as the risk of explosion due to radiolysis.



3.2.1. Zircaloy pyrophoricity

The shearing process produces zircaloy fines. Zircaloy has pyrophoric properties inducing
ignition risk.

Moreover, the ignition risk of the fines depends on various parameters such as the particle size
or the structure arrangement (thin or thick layers).

Tests have been carried out in order to characterise pyrophoric behaviour of fines and to
analyse gas release during inflammation. Adapted mechanical processes have been developed in order
to produce these inactive fines.

Three grain size classes are obtained (D: diameter of the particle):

D<0.2 mm It stimulates pyrophoric active fines. Their ignition
temperature is less than 300°C

0.2 mm<D<4 mm It produces active fines which can propagate combustion, the
of ignition is higher than 300°C

D>4 mm It stimulates inert active fines which don't ignite when there
are heat with a torch and can't propagate combustion

These results were compared to those obtained with fines issuing from spent fuels and showed
that inactive fines are more pyrophoric than active fines. It is important to notice that:

Nitrogen gas increases the ignition's temperature. Then, under nitrogen atmosphere the fines
become inert,
Fines humidity > 17% are inert.

3.2.2. Radiolysis

Gas resulting from radiolysis of organics liable present in technological waste may be released
in the canisters. In order to avoid explosion, the gas concentration in the canister has been limited. A
filter, called PORAL system, has been added to the canister lids. It ensures gas concentration lower
than 2%.

Moreover, arrangements have been taken in order to:

reduce the water level in the canister (only traces of water),
limit and control the quantities of plastics present in technological waste.

3.3. The canister characterisation

Wet waste are dried, poured in compaction cans and compacted. The discs obtained are then
conditioned in canisters. The discs, from 5 to 7 in number, are maintained in the canister by
corrugated springs.

A schematic CSD-C design is shown in Figure 3.



FIG. 3. CSD-C design.

The main characteristics of the Universal Canister are as follows:

- Height (with lid): 1345 mm

Outside diameter: 430 mm

It can be handled with the same tools than the glass waste Universal Canister

It can be transported, stored and stacked as the glass waste Universal Canister

It can be disposed of together with glass waste Universal Canister, in the same structure.

These canisters are aimed at handling, transporting and storing on a repository. It is then
important to master the package behaviour in the short and long term.

The choice of the canisters material has been carried out in order to comply with several
mechanical and corrosion resistance requirements. Stainless steel with low carbon content is the best
candidate.

Tests must be performed on the CSD-C to check the integrity of the canister. To this end, drop
tests were performed.

3.3.1. CSD-C drop tests

Full-scale drop tests were conducted, aimed at check the behaviour of a canister dropped during
handling.



Drop tests were performed in two design configurations accounting for all possible situations in
the La Hague facilities:

Drop on a rigid surface: 9 m drop height,
Drop on another canister: 7.7 m drop height.

After these tests, the canisters analysis confirmed the satisfactory design of the CSD-C:

no crack or incipient crack,
limited deformation allowing easy handling of canister.

3.3.2. Long term behaviour

In order to assess the long-term behaviour of the residue, a precise characterisation of the
residue has to be made. It is particularly important to know:

What sort of radionuclides are present and in which quantity,
Where they are located,
- on the waste surface,
- in the material structure of the waste,
The degradation mechanisms.

To this end, studies have been conduced by COGEMA jointly with ANDRA in order to allow a
repository design optimisation. The repository design will be simplified with same-sized boreholes or
galleries.

4. CONCLUSIONS

The Reprocessing-Conditioning-Recycling strategy implemented by COGEMA for many years
has been enriched by the concept of the Universal Canister. The utilisation of this canister is the
complement of the strategy for volume and radiotoxicity reduction.

The universal canister is likely to become the standardised package for all types of high level
and long-lived residues in the next future. Its utilisation will facilitate handling, transport as well as
final disposal.

COGEMA, through the implementation of the compaction unit ACC, will provide a realistic
answer to the overall stake of waste volume reduction. The qualification programme for compacted
hulls, end-pieces and technological waste Universal Canisters called CSD-C has been conducted by
SGN for COGEMA with technical support from CEA and is nearing completion. Sufficient
information is available today to guarantee the quality and safety of these canisters which will be
produced by ACC facility at the end of the year 2000.
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Abstract

This paper describes efforts to optimize fuel cycle back end solid wastes, in order to reduce both volume
and radioactivity of final residues. An integrated strategy of standardized conditioning of all residues from
reprocessing, called the Universal Canister Strategy, has been adopted. The application of feedback from over 30
years of operating experience and research and development to minimization of waste volume and radioactivity is
presented.

1.INTRODUCTION

Reprocessing aims at separating valuable materials (uranium and plutonium to be
recycled in NPP) and providing appropriate conditioning for non-valuable nuclear waste
according to their activity. As such it already constitutes an optimized management of nuclear
materials. Moreover, reprocessing makes it possible to further decrease waste volume and
radiotoxicity.

In fact, with more than 30 years of industrial feedback in the field of reprocessing in its
La Hague plants, COGEMA continues to optimize management of back end fuel cycle solid
waste, in order to reduce both volume and radiotoxicity of final residues. The efforts have
been first focussed on high level waste HLW) and intermediate level waste (ILW). Lately,
much efforts have also been made on LLW and transuranic (TRU) waste.

2. LESS VOLUME

2.1. HLW and ILW

This active waste is mainly constituted by fission products (HLW) and hulls and end
pieces (ILW).

(1) Volume reduction of fission products mixtures has been early done with the
commissioning of the R7/T7 calcination, vitrification and storage of glass canisters
facilities. These two units were commissioned, respectively in 1989 and 1992.Each unit
was designed to produce around 450 glass canisters per year. Vitrification of fission
products contained in one ton of spent fuel represents about 0.1 m3 of glass.

(2) As for hulls and end pieces, the new ACC facility (see Fig. 1.) will provide one more
forward step in volume reduction policy by compacting the hulls, the end pieces and some
technological waste instead of grouting them in cement. The new process will divide by
about 4 corresponding final residue volume.



The ACC facility will realize the following main functions:

Drying of hulls and end pieces,
Paration of waste and their segmentation,
High force compaction,
Conditioning of the compacted disks in universal canisters.
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FIG.I. Simplified scheme of waste flows in the ACC workshop

(3) Moreover, the new conditioning packages produced by ACC feature the same external
shape and dimensional characteristics as vitrified waste canister. Thus the same type of
stainless steel canister, called universal canister, will be used for fission products, hulls,
end pieces and some technological waste. Of course, a comprehensive quality assurance
program is ensured all along waste conditioning process, guaranteeing final residue
quality. The development of a standardised conditioning for all ultimate residues from
reprocessing is part of an integrated strategy, the universal canister strategy, which is also
a comprehensive quality assurance system and a client oriented improvement.

2.1.1. The quality assurance system

The quality in the universal canister strategy is ensured through a quality assurance
system and a quality control program.



Three elements of the program are particularly important:

• Supply control: All materials are subject to QA certification, and their supplier must be
approved by COGEMA which is performing audits and inspections of the suppliers.

• Process control: The identification of the parameters to be controlled is derived from
their impact on the quality of the product. The operational range of the parameters, and
the automatism associated are set to ensure that the compacted waste canisters will meet
waste specification.

• Quality control: The QC division is following a process inspection plan which defines
the inspection schedule, the quality control check list, and the outline of the inspection
report.

All steps of the quality system are appropriately documented. COGEMA has setup a
quality organisation, whose structure reflects the quality involvement of each level of the
Fuels and Recycling Branch. For instance, the La Hague reprocessing complex has obtained
ISO 9002 certification at the end of year 1997.

Independent inspections and quality audits are conducted to make sure that at any time
the structure of the quality assurance/quality control setup by COGEMA is appropriate and
consistently applied.

2.1.2. A customer oriented improvement

Universal Canister constitutes a real benefit for COGEMA customers, as high-activity
packages standardization features numerous advantages:

First of all, with the Universal Canister Strategy, handling conditions of residues are
standardized and easy. Previous shipping of canisters from France to Japan and Germany
proved a troubleless handling.

Second, the canister facilitates transport operations. Its limited size and weight offer the
possibility to increase the number of canisters transported, and then to limit the number of
transports from the La Hague reprocessing site to the interim and final storage sites. The
universal canister strategy reduces the need for dedicated transport means useless.

Third, universal canister gives COGEMA's customers the ability to rationalize their
waste interim storage and repositories policies:

• The selection and construction of a sole site will be necessary to receive the canisters,
whether they are glass canisters or universal canister-type.

• The repository design will be simplified with same-sized boreholes or galleries.

• The same can be said about the handling-device system: one type of gripping tool will
be enough.

• By an adapted management of high Py activity packages interim storage, less
constraining thermal characteristics could also be obtained, minimizing repository size.



The construction of the ACC began in March 1995. The on site tests started at the end of
1998 and the ACC commissioning is scheduled for the year 2000.

HLW and ILW will then account for less than 0.5 nrVtonne of reprocessed fuel.

2.2. LLW

As for short lived technological waste, a five year program referred to as "NGD"
(Nouvelle Gestion des Dechets, i. e. advanced waste management system) aims at reducing
their volume from 1.4 m per ton of reprocessed spent fuel in 1996 to less than 0.8 m per ton
of reprocessed spent fuel in year 2000. This is done by means of sorting and conditioning
waste according to the contained activity. In this objective, the new implemented scheme is
based on the following principles :

(1) Reduction of materials entering active zones, thus reducing potential waste volume,

(2) Sorting out at the workshops where waste are generated, including:

• Precise measurement of activity contained in primary waste drums. Both the a and
Py activity of the technological wastes contained in the drums are measured by two
dedicated lines (one for each type of activity).

• Zoning of the plant workshops into two categories:
- Those which produce active waste (called 'nuclear waste').
- Those which produce inactive waste (called 'conventional waste').

This approach which will become mandatory in the French nuclear industry has
been anticipated at COGEMA La Hague site and is fully operational as of
October 1st, 1998.

All nuclear waste are sent to a specific facility where radioactivity
measurement is systematically performed on the primary waste in order to
decide the best conditioning. Conventional waste are cleared and grouped with
waste arising from inactive facilities.

• Incineration and melting. A new plant — operated by SOCODEI (a COGEMA —
Electricite De France (EDF) subsidiary) — has been constructed at Codolet, in the
South of France.
The melting unit, with a capacity of 1,500 t/y of short lived metallic waste, started
commercial operation February the 3rd, 1999.
The second unit incinerates the combustible technological waste (gloves, clothes,
wood...) as well as liquid waste. The incinerator design capacity is 3500 t/y of
solid waste and 1500 t/y of liquid waste. Startup occurred April the 19 l, 1999.
This step will bring a reduction of 25% of the volume of technological wastes to
be eventually conditioned on-site (including compaction when possible).

3. LESS RADIOTOXICITY

3.1. HLW

As for volume, efforts on radiotoxicity were first focussed on this highly active waste.

Actually, spent fuel radiotoxicity most significant contributors are:



• Fission products in the first 300 years or so,
• Plutonium isotopes between 300 and 100 000 years, in the period of interest for

underground repositories,
• Uranium, neptunium in the far long term — nearing 1 000 000 years, at times when

waste total radiotoxicity has decreased to a level quite similar to that of natural uranium.

In fact, La Hague process allows a (U,Pu) recovery rate of more than 99.8%. Thus fission
products only contain less than 0.2% of the plutonium present in spent fuel. Nevertheless,
R&D still goes on in order to further decrease HLW radiotoxicity on two main topics:

(1) SPIN program of advanced reprocessing and partitioning in ATALANTE hot
laboratories at CEA-Marcoule. Among the radionuclides formed by irradiation in
reactor, there are minor actinides (neptunium, americium and curium) and fission
products (among them long lived ones: 99 technetium, 129 iodine, 135 caesium, and
lanthanides whose chemical properties are quite similar to those of actinides, thus
making their separation difficult).

This program is linked to the first item of the French 1991 Nuclear Waste Act and as
such, the results of this program conducted by CEA with COGEMA and EDF are regularly
submitted to the French National Assessment Commission in charge of evaluating progress of
researches led in the framework of the Waste Act. In 2006, the achievements will be evaluated
as a contribution to the global assessment report. The SPIN program has two facets:

• PURETEX consists in reducing the amount of waste produced during reprocessing
without significantly changing the radionuclides inventory. The goal is ~ 0.5 m3 of
waste per ton of heavy metal reprocessed.

• ACTINEX studies ways to separate and then to eliminate the long lived radionuclides.
As such processing cannot be total, different scenarios are studied.

(2) Incineration experiments in PHENIX research reactor with mainly the CAPRA
experimental program (plutonium increased consumption in FBR) which aims at
defining and validating the major core and fuel options of a reactor optimized for a
varied plutonium consumption scale.

CAPRA experiments have in fact demonstrated the flexibility of the concept:

• As for reversibility (core can be managed at each time from breeding to incinerating
mode),

• As for flexibility (ability to use any kind of plutonium, even those which are degraded).

Experimentation should last until 2004, in order to get workable results by 2006 in
accordance with the provisions of 1991 Waste Act.

3.2. ILW and LLW

This less active waste is constituted by a variety of low and intermediate level short lived
or TRU residues. It comprises resins and sludge from effluents treatment as well as operating
and maintenance waste. Once more, the aim is to reduce both radiotoxicity and volume by
processes such as:



• As for resins, a cement stabilizing process has been demonstrated and is in commissioning
stage.

• As for sludge, optimization has already been done and this flow was discontinued, as part
of an innovative and comprehensive program including extensive recycling (Advanced
Active Effluent Management in 1996).

• As for a contaminated waste, optimization is underway with two units which implement
an electrochemical leaching process for removal of most of plutonium contained in waste
and scraps produced on the COGEMA La Hague plants and MOX fabrication plants.

4. CONCLUSION

Waste management optimization was first focussed on lowering volume and radiotoxicity
of the most active waste. In spite of the high degree of purification achieved (more than 99.8%
of plutonium recovered), R&D still goes on to further lower radiotoxicity (advanced
reprocessing, incineration) in the framework of 1991 Waste Act.

As for less active waste, the ongoing program on LLW will allow volume and
radiotoxicity minimization using most appropriate treatments and conditioning thanks to
innovative management options (zoning, sorting) as well as technical ones (CENTRACO
facility). As for TRU waste, Pu recovery is underway with two workshops.

The continuous commitment to waste volume and radiotoxicity minimization at
COGEMA plants is fed by both experience feedback from more than 30 years operating
experience and R&D activities.

It results in going-on optimized waste management, implying use of updated techniques
and staff involvement. It illustrates COGEMA strong will for a sustainable development, with
a safer and cleaner future.
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Abstract

Over the last past decades, the French nuclear industry has acquired a great experience and know-how in
the field of dismantling. Today this experience amounts to more than 200 000 hours. The fundamental aims
within dismantling strategy are the same as for all nuclear facilities: Minimising doses received by workers,
Minimising waste volume and adapting waste management to radioactivity levels, Minimising costs. French
experience is based on technologies which are currently used in nuclear maintenance facilities. Dismantling is a
dynamic process especially in the field of decontamination (chemical and mechanical), cleaning, robotics and
remote control operations. The strategy for the dismantling of former UP1 reprocessing plant is based on the
feedback of experience gained through the dismantling of other facilities such as the ATI workshop at La Hague.
This workshop, a pilot plant for reprocessing of fast-breeder reactor fuels (Rapsodie and Phenix) has to be
dismantled to IAEA level 3 (unrestricted site use), excluding civil works structures. Currently conducted by
trained shifts, this dismantling project should end in 1999. The experience already acquired proves that chemical
rinsings with the use of specific reagents is sufficient to decontaminate the hot cells and that the use of remote
operations or robotics is not as important as previously envisaged. The UP1 reprocessing plant of Marcoule
operated from 1958 to 1997. End of the operation was pronounced on the 31st of December 1997. 20 000 tons of
spent fuels were reprocessed at UP1. The cleaning and dismantling operations at the Marcoule site depend upon
the CEA, EDF and COGEMA. The Defence and Industry ministries asked for a specific structure to be set up.
An economic interest group called CODEM was created in May 1996. CODEM decides, finances and supervises
dismantling operations, while respecting the constraints of nuclear safety, environmental protection and cost-
effectiveness. The cleaning operations of the Marcoule site are divided into 3 main programmes: the final plant
shutdown (MAD) of the UP1 plant and its associated facilities, the dismantling of facilities (DEM) leading to a
final status of Installation Classified for the Protection of the Environment (ICPE), the processing of wastes
(RCD) temporarily stored on site. These operations should stretch over about 30 years. Final shutdown
operations for the UP1 reprocessing plant were initiated in January 1998. The shutdown procedures
were prepared by analyzing the experience acquired during plant operation. The results of each
cleaning steps are analysed to confirm the hypotheses assessed during the preliminary studies. In
addition these results are used to further improve subsequent procedures in order to achieve the
shutdown under optimum conditions.

1. INTRODUCTION

In France, deactivation and dismantling (D&D) activities were initiated in the 1970's, when the
French Energy Atomic Commission (CEA) started dismantling research reactors. Since then, various
nuclear plants, including facilities operated by COGEMA, have been shut down and their
decommissioning started. In the last 30 years, the French nuclear community has acquired a great deal
of experience and know-how in the field of dismantling. Today this experience consists of several
million hours.

COGEMA, as facilities operator and site manager, is directly involved in decommissioning. It
conducts dismantling activities pursuing the same objectives as for all others phases of the life of
nuclear facilities e.g.:

Minimising doses received by the workers,
Minimising waste volumes and adapting waste management to radioactivity levels,
Minimising costs.



Today, the experience acquired worldwide in the field of dismantling shows that dismantling
activities have a lot of similarities to heavy maintenance operations. During the 40 years operating
history of the UP1 plant and the on going 30 years at the La Hague plant, many of the process
equipment items were dismantled and replaced during maintenance or renovation work, thus giving
invaluable experience of dismantling. However, the scale of the UP1 dismantling project requires a
new approach to this subject.

The purpose of this paper is to present how COGEMA manages the UP1 reprocessing plant
dismantling project and takes stock of the UP1 situation (the dismantling project started in 1998 and
will last over 20 years).

2. UP1 DISMANTLING PROJECT

The French dismantling strategy is generally worldwide known through of EDF power plants
dismantling experience. It is based on postponing dismantling for a 50-year period in order to allow
for structural materials decaying and thus decreasing the dose rate. However, the activation of
structures is far less important in the fuel cycle facilities, the COGEMA strategy for dismantling is to
start decommissioning soon after the shutdown.

The particularities of fuel cycle facility dismantling depend on the one hand on the diversity of
the operations carried out.

Fuel cycle facilities have a number of specific features which are of importance when
dismantling:

They are made of distinct modules that can be isolated; thus dismantling can be managed at
several work sites; for instance, chemical and mechanical workshops are distinct,
The location and characterisation of radiological sources may be difficult in the case of fuel
cycle facilities, once again due to the diversity of operations and materials.

On the other hand, the scale of the project (300 workers, 1 000 cells to be dismantled) requires
an appropriate work organisation while continuing dismantling strategy.

Taking these points into account the strategy developed by COGEMA is based on:

Location of hot spots,
Deactivation,
Dismantling.

Commissioned in 1958, the UP1 reprocessing plant at Marcoule (Appendix 1) produced 18 600
tons of spent fuel (AGR) before production was officially finished on December 31, 1997. The
cleaning and dismantling operations at the Marcoule site started in 1998.

A joint venture including CEA, EDF and COGEMA under the name CODEM was officially
initiated in May 1996. CODEM is responsible for the overall management, funding and control of the
dismantling operations, while respecting the constraints of nuclear safety, environmental protection
and cost effectiveness.

The project is divided into three main programmes:

Deactivation,
Dismantling,
Radwaste conditioning.



Our aim in this paper is to describe the three main programmes and especially the UP1
deactivation programme.

2.1. UPl deactivation programme

The cleaning operations carried out during the UPl deactivation programme are aimed at
reducing, as far as possible, the radiological level of facilities in order to:

Reduce the number of complex remote control operations during the latter phase of
dismantling,
Optimise waste management,
Allow the radiological downgrading of some rooms.

The target of the UPl deactivation programme is to generate only short-lived level waste during
dismantling. Moreover, all active cells must be downgraded to inactive cells according to limits
(general ambient smaller than 0.4 mGy and no hot spots higher than
0.01 Gy/h).

At first, we envisaged to implement as much as possible automated dismantling procedures but
to limit the use of sophisticated robots.

However, workers are not only exposed to radiation doses but also to usual industrial risks. The
remote operations can avoid the arduousness of tasks such as:

Long term work with personnel protective equipment (mask, protective suits, ventilated suits),
Exposure to hazardous chemical products,
Work with sharp tools,
Work under water.

This aspect is especially important for reprocessing plants because the risk of alpha
contamination in many cells requires the wearing of special apparel more often than for the
decommissioning of other facilities.

The primary concern in any decommissioning programme is to protect the health and safety of
the workers and the public. Experience during replacement of major plant components at different
types of facilities has shown that both direct and airborne (inhalation) radiation doses to the workers
can be controlled safely. Advanced dismantling techniques such as remote tooling, shielding and
preplanned exposure reduction procedures are some of the methods that can be implemented to keep
exposure "as low as reasonably achievable (ALARA)".

The deactivation programme is also intended to validate the assumptions and options of the
preliminary studies and the options generated by these studies, as well as to define the best
dismantling techniques by evaluating their effects on the most critical parameters, namely cost and
radiation dose.

On this basis, the programme is divided into two phases corresponding to high and medium
activity and to very high activity:

The first phase concerns the entry, interim storage and spent fuel decladding, as well as the
chemical reprocessing facilities in the plant. It began in January 1998 and will end
approximately in 2002,
The following phase will involve final plant shut down operations for fission products storage
and fission product vitrification. It will start after the first phase and will last over 3 or 4 years.



Several decontamination methods adapted to the surfaces to be cleaned up are available. The
major techniques of metal surface decontamination used are:

Mechanical decontamination, and
Chemical decontamination.

Consequently, three types of specific remote tools have been developed for the UP1
deactivation programme:

Aerial,
Underwater,
Terrestrial.

The goals are to establish a common process for aerial, terrestrial and underwater remote
operations in terms of tools and supplier. This process is conducted under technical, financial and
economical constraints and permits the modularity use of existing means by adjustment to various
configurations.

However, deactivating facilities can be started by a chemical decontamination step involving
rinsing with:

Conventional reprocessing reactants (nitric acid, sodium hydroxide),
And/or specific reactants (hydrofluoric acid in nitric acid media, or tartaric acid in sodium
hydroxide media, cerium IV in nitric acid).

In order to minimise the production of liquid and solid waste while enhancing decontamination
performance, a development programme has been undertaken with the following objectives:

To assess the effectiveness of each reactant according to the concentration, temperature and
resistance time,

To determine their effects on material properties,
To evaluate their impact on the liquid waste treatment processes used at Marcoule, and
To identify the reactant application sequence best suited to each type of contamination.

The radiological inventory after each decontamination operation determines the next operation to
be performed. At the end of the deactivation activities, inventory and characterisation of recovered
nuclear materials as well as the radiological status of each room is carried out.

2.2. Dismantling programme

Dismantling follows the deactivation and leads to the radiological downgrading of the site from
a Basic Nuclear Installation (BNI) to an "Installation Classified for the Protection of the
Environment" (ICPE). This corresponds to an advanced AIEA level 2 dismantling. This programme
should start approximately in 2005 and will end in 2020.

During dismantling, COGEMA foresees the achievement of the following operations:

Equipment and materials evacuation,
Cell walls decontamination,
Elimination of residual contamination.

A wide variety of dismantling techniques can be applied during this programme
(decontamination methods, cutting techniques, robotic and remote operations).



Several decontamination methods adapted to the surfaces to be cleaned are available. The
major techniques of metal surface decontamination used are:

Mechanical decontamination by scrubbing, ultrasonics, sandblasting, dry ice or snow blasting,
high-pressure water jet, etc.,
Chemical decontamination using mild or aggressive reagents, electrochemical processes, foams,
gels, wipes.

The cutting techniques which are used to fragment active metallic equipment, pipework,
contaminated tanks and concrete structures are mechanical, thermic cutting techniques, cutting by
detonation fuse and, very high pressure abrasive water-jet cutting, etc.,

Robots and remote control are very valuable techniques for the decommissioning of nuclear
facilities since they drastically reduce integrated doses and allow dismantling to be undertaken at any
time after site closure irrespective of radioactive decay.

Possibly, with regard to robotic and remote technologies two methods were developed:

The development of specific tools leading to industrial prototypes, for example the motor
driven poles for operating in the dissolver,
The use of commercial non-specific elements (the association of several elements is possible),
for example a remote crawler with a three axis arm.

In general, for one given dismantling operation, remote technologies and robotics are used for
approximately 20 % of the work, except in some particular areas where it can reach around 50 %.

2.3. Radwaste conditioning

UPl's operation generated waste which were temporarily stored in various forms and which
must, after conditioning, be stored at the ANDRA centre (the French company for nuclear waste
management), possibly after long-term storage on site.

The fundamental aim of the radwaste policy is to reduce, as more as possible, the volume of
waste. In order to reach this target three ways can be envisaged:

Vitrification,
Treatment and asphalting,
Incineration and melting for very level waste.

The effluents and waste generated by the deactivation, the dismantling or the waste processing
operations will be treated and conditioned in already existing workshops.

The Liquid Effluent Treatment Station (STEL),
A solid waste facility (EIP) has been built for an intermediate storage of old waste, bitumen and
vitrified fission products,
Solid waste suitable for surface storage (CDS) will be produced and sent to the ANDRA centre.
Some low level waste or metallic waste (issuing from the disassembly of fabricated equipment)
which may be incinerated or melted by CENTRACO before sending them to the ANDRA
centre.

3. CONCLUSION

The experience gained allow us to draw the following conclusion:

In the case of immediate decommissioning, the dismantling studies must start as early as
possible to allow a smooth transition between the operating and decommissioning phases,
The initial radiological and physical inventory is of utmost importance. It should be compiled
during the preparatory work,



The residual activity in the facility should be removed as much as possible prior to the
dismantling in order to limit the contamination dispersion risk, to simplify the tooling as well as
to minimise integrated doses,
The radiological status to be reached by the building must be defined very carefully.
Decontamination operations may last longer than expected and are therefore difficult to be
scheduled. Equipment for monitoring the residual contamination on the surfaces of walls, floors
or equipment should be improved,
Waste management should be planned from the beginning. Waste segregation and packaging
should be organised according to the activity and the type of materials in order to reduce the
waste volume produced and to maximise the waste packages dedicated to surface disposal,
In planning the operations, priority should be given to the mechanical cells equipped with
handling devices (telemanipulators) to use them for dismantling purposes. Special attention
must be paid to the reliability and maintainability of the handling devices,
The presence of previous operators is essential, when they are available, as they have a good
knowledge of the facilities and of the incidents that could have occurred during the operational
period.
Nevertheless, a careful human approach must be developed towards these previous workers
who are, one the one hand re-deployed and one the other hand required to dismantle their own
plant.

Finally this UP1 dismantling programme remains in line with the continuous policy of
COGEMA which is to be fully responsible from the creation, the operation to the dismantling of its
facilities in all respects with safety, local acceptance and environment.
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Abstract

Vitrification of high level wastes from reprocessing of spent nuclear fuels has been carried out at La
Hague on an industrial scale for ten years. This paper presents an historical overview of the facilities, and
describes the facilities and their operations, startup performance; facility upgrading that has been done, and
process control functions. The paper concludes that the technology for vitrification of high level wastes is mature
and has been mastered.

1. INTRODUCTION

Reprocessing of spent nuclear fuels is the industrial operation through which valuable materials
— uranium and plutonium - are sorted out prior to their reuse in fresh fuels. High level waste, i.e.
fission products and actinides are separated and incorporated in glass matrix in order to be safely
stored and disposed of.

1.1. The choice of glass

During reprocessing, the separated high level waste arises in the form of an aqueous nitric acid
solution. The storage of the solution features some constraints as "hot spots" which necessitate a
constant monitoring of the tanks. Therefore, it is necessary to solidify the waste for interim storage
and final disposal. In that respect, glass is a prime candidate because it features suitable
characteristics, particularly in terms of mechanical and thermal stability, radiation resistance, high
containment capacity, low volume, low leachability and volatilization, easy fabrication (mastered
technology), and flexibility with regard to the composition of waste to be conditioned.

The development of suitable glasses has been carried out in several countries (e.g. France,
Japan, Germany, USA, Great Britain and The Commonwealth of Independent States — CIS) since the
early 60's. There is a worldwide consensus on the choice of borosilicate glass as being the best matrix
for immobilizing fission products and actinides in a solid form. The main components of the so-called
glass frit are silicon oxide, boron oxide and aluminum oxide as glass forms and sodium oxide as glass
modifier. The glass has been preferred to a ceramic type matrix, which was not expected to be as
flexible in terms of incorporation of the various fission products.

1.2. Historical overview

France has been a pioneer in developing vitrification processes. As soon as 1957, an R&D
program was launched under the aegis of the French Atomic Energy Commission (CEA). Several



types of matrices were investigated, among which crystalline materials, phosphate and borosilicate
glasses. Due to their amorphous structure, glasses appeared to be prime candidate to immobilize the
more than 30 different chemical elements present in the highly radioactive liquid waste solution in the
vitreous lattice.

The first laboratory scale unit was named Vulcain. It was commissioned in 1957 and was
followed by a first vitrification pilot unit, Gulliver, commissioned in 1964. This early work
culminated in the pilot-scale facility PIVER, featuring a single induction-heated pot where the three
operations of evaporation of the high level waste (HLW) solutions, calcination of the residue and
glass elaboration were performed. PIVER operated successfully from 1969 to 1973 to produce 12 tons
of glass containing 185.103 TBq of activity. PIVER resumed operation in 1979 to vitrify HLW from
the reprocessing of fast-breeder fuels. It was decommissioned between 1988 and 1990.

In parallel, separate calcination was investigated. The AVM (Atelier de Vitrification de
Marcoule) was the first in line vitrification facility which allowed to valid the two-step French
vitrification process consisting in the conversion of the HLW solutions in a solid form in a rotary
calciner and then to vitrify it in an induction-heated metallic melter. The AVM started active
operation in June 1978 and eventually was used to treat in-line the HLW solutions resulting from the
reprocessing of UNGG (Uranium Naturel Graphite Gaz) fuels and research reactor in the UP1
reprocessing plant.

At mid-97, the UP1 plant stopped its reprocessing activity and entered in a first phase of rinsing
prefiguring its final decommissioning. During this time-lapse, AVM is scheduled to vitrify all the
HLW solutions produced by the rinsing and decontamination of UP1 equipment. So far the AVM has
produced 2,731 glass canisters corresponding to 2,189 nr of fission products and 977 tons of glass.
This figure represents an alpha and beta immobilized activity of 16,4.106 TBq.

2. R7 & T7 LA HAGUE VITRIFICATION FACILITIES: A SUCCESSFUL OUTCOME

Beyond its industrial roles, AVM has been a unique opportunity to define major process and
design choices for La Hague reprocessing plant. AVM's experience made clear that the French two-
step process was a sound choice ensuring a continuous and safe production thanks to reliable process
equipment and well adapted maintenance capabilities. Still, it was necessary to adapt the design of the
new vitrification facilities to the plant's large-scale industrial dimensions.

2.1. Vitrification at La Hague: Teaming up for success

As for all other aspects, the erection and completion of the La Hague plant was a complete
challenge in terms of planning, engineering and industry. With this plant, France entered a new era in
industrial reprocessing. A successful power-sharing scheme was set up therefore between the CEA,
SGN and COGEMA. Between 1972 and 1982, these three companies gathered their knowledge to
make industrial vitrification at La Hague a reality. The CEA was in charge of the research and
processes part, SGN was in charge of engineering issues and COGEMA was in charge of the
operational aspects. This joint endeavor led to the characterization of a specific glass for HLW
industrial vitrification.

2.2. Vitrification at La Hague: The characterization program

Long term studies performed by the CEA resulted in the formulation of the so-called R7 and T7
glasses. Characterization studies have verified the main properties of the final products and have
established the glass specifications. The vitrified waste specifications were subjected to peer review
by an independent commission of nuclear specialists. Characterization testing was conducted in both
inactive and active conditions to determine the principal properties of the reference glass composition.



Inactive characterization testing focused on the physical, thermal, and mechanical properties of the
glass, on its homogeneity, on the thermal stability of the glass and leach resistance.

Active characterization testing was conducted on hundreds of active glass formulations using
alpha doped and beta tracer glasses to determine radiation resistance, leach rates and the thermal
stability and volatibility of the glass. In addition, tests were performed to assess glass quality
sensitivity to variations in process parameters and to qualify a broad range of acceptable glass/waste
compositions. A total of 90 glasses were characterized in this manner. In parallel with glass sensitivity
studies, tests on inactive full-scale prototype were conducted to determine the sensitivity of the melter
to variations in process parameters, such as melting temperatures. A range of acceptable glass
compositions was defined on the result of the sensitivity tests, and failure modes and effects analyses
were performed to identify fault conditions that would impact glass quality, including its chemical
composition, homogeneity, cracking rate and propensity to crystallize.

The objective of the glass characterization program previously mentioned was to provide a
reference glass composition and a variation range around, to cater for operational constraints and for
actual fuel to be reprocessed. The glass characterization program resulted in identification of an
optimum glass composition for HLW from oxide fuel (LWR type reactor). This was formalized in the
"Specifications of Vitrified Residues produced from reprocessing at UP2 / UP3 La Hague plants".
The specifications include "Guaranteed Parameters" i.e. those parameters identified as key parameters
in the process to ensure the glass canister's quality. These specifications were subject to peer review
by an independent commission of scientists and nuclear experts. They were also provided to ANDRA
(French National Radioactive Waste Management Agency) for comment, and then submitted to the
French regulatory authority, DSIN. The French safety authority approved the vitrified residue
specification in February 1986.

2.3. Vitrification at La Hague: Facilities and operations

R7 and T7 are designed to produce 600 canisters a year, corresponding to 800 tU reprocessed
with reference solutions. It is worth emphasizing that these design figures correspond to the range of
fuels that can be reprocessed, characterized from two reference fuels of burnup respectively 33 000
MW.d/t with 3,5 % of 235U (3 year cooling period) and 45 000 MW d/t with 3,7 % of 235U (4 years
cooling period). Ultimate wastes undergo vitrification after the cooling period. The process has
proved to be flexible: fine particles from the dissolution step and alkaline effluents from the solvent
regeneration steps are routinely incorporated to the glass matrix. From an industrial point of view,
these facilities fully comply with production requirements. As of April 31, 1999, 3950 canisters have
been produced at R7 and 2815 in T7. These figures are equivalent to 4,070 m3 of fission products
liquid solutions received at R7 and 1982 m at T7.

Each facility R7 and T7 is made up of:

Receipt and adjustment units.
Liquid waste feeding, calcination and vitrification units. This unit features 3 lines. Each line is
implemented in individual cells comprising 2 metering wheels (to feed adjusted fission product
solutions and fines suspensions), a calciner to evaporate and to calcine these solutions, an ovoid
and interchangeable melting pot heated by induction in which the mixture of calcinate and
inactive glass frit are melted and then the glass is formed. Each line is designed to produce 25kg
of glass per hour, corresponding to one canister filled every 16 hours. Currently each canister
corresponds to more than l,8tU reprocessed. Therefore, production is fitted regarding fuel
characteristics.
Conditioning units, where the filled canisters are cooled by air flow convection, welded (welding
of the canister's lid), decontaminated by high pressure water, controlled by smear test before
being stored in an interim storage facility.



Off gas treatment units: the off-gas produced on each line are treated in a dust scrubber,
condenser, NOx absorber, safety column and then filtered through 3 stages of HEPA filters. All
the solutions issued from off gas treatment are recycled in the HLW process to be vitrified.

When compared to the AVM process, it should be underlined that to obtain the required
capacity on each vitrification line of La Hague, the following solutions have been adopted:

Scale up of the calciner to reach a design evaporation rate of 75 1/h (internal diameter: 0,35m;
overall length: 4 m),
Ovoid metallic crucible. This shape enables to improve the conduction/convection heat transfer,
while giving access to an increased holdup.

Following is a description of the French two-stage continuous vitrification process in service at
La Hague.

2.4. Shotblasting

In 1996, another step was added to the La Hague's vitrification process. Known as shotblasting,
this operation is aimed at improving the visual aspect of the glass canisters and to shorten the
decontamination process. Shotblasting is performed thanks to an air pressurized abrasive solution
made up of water, alumina, and silica. It takes about one hour to "shotblast" one canister. Inactive and
active tests were performed showing that the shotblasting process does not affect the canister material.



2.5. R7 and T7's maintenance aspects

The R7 and T7 cells are equipped with cranes; master slaves manipulators and shielded
windows for remote maintenance. They are associated with hoist parking cells allowing crane
maintenance as well as introduction of new equipment .In process cells, space agreements is
optimized in order to ease access, modifications, and even addition of new equipment, and modular
design of equipment allows partial replacement as much as possible. As result, maintenance
operations are fully integrated in process operations, which is of utmost importance to minimize
downtime and to increase availability for production.

3. STARTUP AND OPERATION PERFORMANCES

As said, more than 6,200 canisters have been produced at La Hague meaning that technical
options were valid from an industrial standpoint. Following is some data about the facilities' startup
and the main technical lessons drawn from it.

3.1. R7 startup

R7 entered active service in June 1989. Its first assignment was to treat the backlog of the HLW
solutions accumulated since the start of the first La Hague reprocessing plant, UP2-400, in 1976.
These solutions represented an important volume (about 1200 m ), nearly saturating the HLW
solutions storage capacities. The R7 main challenge at that time was to reach a sustained rate in short
time-lapse. The R7 startup phase was a complete success since the fission products inventory began to
decrease from the first campaigns.

This achievement is significant because operators had to deal with two notable issues:

The crucible lifetime was lower than expected requiring frequent replacements,
The containment at the connection between the pouring nozzle and the canister had to be
improved. This mainly led to an increased activity of the cell ventilation filters in the beginning.

In spite of these challenges, fission product stock reduction and production goals were met
thanks to easy maintenance operations.

3.2. T7 startup

The T7 facility is devoted to treat the HLW solutions produced by the UP3 plant. It entered
active service in July 1992. The T7 design took advantage of R7's experience by including the
following improvements:

Implementation of a new connecting device between the pouring nozzle and the canister,
Addition of an in-cell washable pre-filtering device on the ventilation of main hot cells,
Modification of the cranes to improve the reliability of some components and to reduce the need
for their maintenance,
Improvement of the canister decontamination device.

In addition, T7's operators had the unique opportunity to make a training period on R7 before
T7's active startup. As a consequence, T7 was able to reach very quickly its production goals, and the
modifications mentioned above proved to be very beneficial in terms of operating costs reduction,
waste volume reduction, personnel doses reduction, and availability. T7's first tests proved that the
process was able to incorporate clarification fines and alkaline wastes into the glass without
significant concerns.



3.3. R7 upgrading

At the beginning of 1994, the fission product solutions backlog from UP2-400 that R7 vitrified
since its startup was exhausted. At mid-94, the decision was taken to upgrade R7 to the same level
than T7 by implementing the same improvements. The project, which included significant in-cell
operations in the most active part of the plant, was possible only thanks to a careful preparation work,
which lasted more than one year.

In particular, all the most difficult operations (especially those located in limited-access cell
even after decontamination) were rehearsed beforehand using inactive mockups. The main objective
during the project was to minimize the doses to the personnel and the careful training on inactive
mockups was an essential element to reach it. The two others goals were to minimize the volume of
waste and to comply with the deadlines in order not to interfere with production schedule of the
facility and the startup of the new UP2 800 plant. The work was conducted in two steps. During the
first one, from February to June 1994, only one line was stopped, while vitrification operation
continued on the other ones.

During the second step, from July 1994 to March 1995, all the lines were stopped and fission
products were allowed to cool down in liquid tanks. The previous objectives were reached in totality:
the doses to the personnel were 10 % lower than expected (themselves far below initial estimations),
the volume of generated wastes as well as modification costs were very close to forecasts. R7 resumed
operation on March 21st 1995, 10 days earlier than expected. The experience gained on T7 with the
same improvement allows to forecast a return on investment (financial as well as radiological) of 2 or
3 years, thanks to the reduction of maintenance work and volume of high-active wastes generated
during operation.

3.4. Melting pot lifetime

At the start of R7, the lifetime of the oval-shaped metallic crucible reached 200 hours. This
result was due to the combined effects of thermal, electric, chemical and mechanical stresses applied
to the pot. The induced corrosion led to a prohibitive replacement frequency, even if the design of the
pot is well adapted to this operation. An important R&D work was carried out, involving experts in
various fields (metallurgy, materials, and induction heat, heat engineering, fluid mechanics, and glass
technology...).

Results were discussed and induced successive changes, taking advantages of periodical
replacements of the melting pots without disturbing the production. These changes allowed a dramatic
improvement of the crucible lifetimes. Today the average melting pot lifetime reaches more than 3000
hours (representing 4 to 5 melting pots per year) and the trend is going upwards as shown by the
lifetime of some melting pots whose lifetime has reached 5000 hours for 190 glass canisters.

After being used, melting pots are cut into pieces and small pieces are decontaminated. In the
next future, these pieces will be compacted alongside other waste. The main benefits of this extended
lifetime are:

The reduction of maintenance operations (for crucible replacements but also for washable pre-
filters since the breaches of confinement during crucible replacements are the main source of cell
contamination),
The reduction of waste volume,
The economical gain due to saved crucibles.



4. CONTROL OF OPERATION

The basic glass properties required for vitrified residue depend on containment capacity;
radiation resistance, vitreous state stability and non-fixed surface contamination of the canister.
Containment capacity is a function of alterability and leachability that are linked to the glass chemical
composition, which should comply with the specifications previously defined. « Glass chemical
composition » will be controlled as an essential process function.

4.1. Controls of process functions affecting vitrified residue quality

Radiation resistance depends on the vitreous state of the product whose quality is assessed from
the viscosity and homogeneity of the glass. A good vitreous state is achieved if the melting
temperature is correct and the pouring rate satisfactory. « Glass pouring » will be followed as a
second process function. Vitreous state stability will be guaranteed if the temperature conditions
supported by the glass after pouring are satisfactory. The process function « glass cooling » will be
controlled. The main properties affecting the safety of vitrified residue intermediate storage are the
non-fixed surface contamination of the canister and the canister tightness. These fourth and fifth
process functions will be subjected to control.

With regard to the basic properties, the five process functions represent effective means to
demonstrate the product quality on a real time basis. Process control is performed both directly, by
monitoring and measuring operating parameters at various stages in the process, and indirectly, by
corroborating operating parameter through analyses or comparisons of inlet and outlet materials
balances.

The main operations covered by this program are:

Waste feed: the fission product solutions and alkaline solutions are sampled and analyzed for free
acid, dry extract, precipitate dissolution, activity content, heat release calculations, radionuclide
concentrations, and chemical composition. The fines are rinsed, weighed, chemically dissolved
and analyzed as well. Based on analytical results, the solutions and fines are adjusted as necessary
to remain within the specified range for waste feed composition.
Waste feed homogeneity: the waste feed is mechanically stirred in the feed makeup tank at a
specified rotation speed. If stirring is interrupted, waste feed to the calciner is stopped.
Waste feed rate: waste is continuously fed to the calciner by a measuring wheel, the parameters of
which to ensure that the feed rate is within the specified range.
Melter temperature: temperatures at various areas in the melter are monitored directly with
internal thermocouples.
Glass mixing: glass mixing in the melter is a major point in obtaining a homogenous glass
product. It is achieved by inert gas bubbling in the melter.
Canister cooling time: prior to lid welding, the canister must be stored and cooled in a cooling
jacket for at least 24 hours, to avoid a thermal shock during high-pressure decontamination.
Canister lid welding: canisters are sealed by plasma pulse arc welding. Welding operation
parameters are continuously recorded to control their conformity to specifications.
Canister decontamination: automated smear tests are performed on the entire surface of the
canister to verify that surface contamination is less than 3.7 x 104 Bq/m2.

4.2. Characterization of active samples

In addition, a glass sample characterization program was undertaken. Sample were taken on two
occasions and were characterized and analyzed (chemical and radiochemical analysis, homogeneity
before and after heat treatment, leaching behavior in static mode at 90°C and in Soxhlet mode). The
results were consistent with the data calculated from the plant operating parameters and from routine
samples taken during operation. The samples were submitted to a heat treatment supposed to induce



devitrification. The crystalline phases observed were qualitatively and quantitatively identical with
those of the non-radioactive reference glass. The maximum crystallization heat treatment had no
effect on the leaching resistance. The material properties therefore comply with the operator's
specifications and are comparable to those of the non-radioactive R7/T7 reference glass.

5. BUSINESS RELATIONSHIPS

As underlined previously glass specifications were accepted by French nuclear safety authority
(DSIN). Subsequently, the R7/T7 glass specifications were also approved by the regulatory authorities
of COGEMA's baseload customers in Germany, Belgium, Netherlands, Switzerland and Japan. In
addition, all the customers have entrusted an independent agency (Bureau Veritas) with the
responsibility of performing an independent survey (on a permanent basis) to evaluate COGEMA's
measures of maintaining the specified quality. The "Association Frangaise pour VAssurance
Qualite" certified that COGEMA's quality management is in compliance with international standard
ISO 9002. This certification underlines the permanent care in the execution of tasks and the
professionalism of the work force. The efficiency and reliability of the vitrified materials has been
proven by five shipments already performed to Japan and Germany.

6. CONCLUSION

After an easy startup and 10 years of operation, there has been 6765 glass canisters produced in
La Hague — La Hague's vitrification facilities are in line with the plant's annual throughput of 1600
tons per year. Overall French glass canisters production reaches 9500. Teething problems as melting
pot lifetime are solved. Flexibility is also a constant priority as shown by the implementation of new
liquid waste management, which has reduced releases. It is then possible to claim that the technology
is mature and mastered. The glass product is well adapted; the returns of glass residues are soon due
to reach a routine level. In France, the efforts are now borne on the final disposal project that should
be ready for discussion in 2006. However, developments on vitrification have not stopped and there is
an emerging and promising technology, already in use in the non nuclear field, that will have
flexibility to adapt to complex feed streams: this technology is the cold crucible. Pilot tests are
conclusive on this matter.
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Abstract

The number of transports of spent fuel interim storage casks can be reduced by improved standardized
cask design. Optimization of cask design is based on two main technological choices: shielding and spent fuel
support basket design. The approaches to optimizing cask design to improve payload is described for the
Transnucleaire TN24 family of dual purpose transport and storage casks.

1. INTRODUCTION

As last year's events have clearly shown, the issue of transport of nuclear materials is all the
more vulnerable to hasty judgements from the public as it takes place in the public domain. The
constant concern of transport casks designers and operators is improving safety and keeping the roads
open.

Many actions contribute to that goal, in the fields of choice of material, of transport
equipment, of routes, of training and drafting procedures etc. The one very significant contributor to
rationalizing the ground transport operations is finding ways to diminish the number of these
operations, especially for spent fuel and vitrified high level waste.

The approach presented here should satisfy competent authorities as it diminishes impact on
the environment and on public acceptance.

The present paper presents the application of this principle of reducing the number of
transports of spent nuclear fuel interim storage casks. It shows how it has been implemented in the TN
24 family of dual purpose casks. It shows that, for that purpose, standardization is more effective in
terms of technology used rather than in terms of products.

2. HOW CAN DIMINISHING THE NUMBER OF TRANSPORT OPERATIONS BE ACHIEVED?

We proceed here on the rational basis that civil use of nuclear energy is beneficial to mankind. We
reject the contention that the only way to diminish transport operations is to put an end to nuclear
generation altogether. In fact this would not change the rationale of what we propose here for
whatever needs be transported.

• First comes the reduction of quantities of radioactive materials to be transported. Careful choice
of conditioning and sorting of materials can make a first step in transport improvement. One
clear way to achieve this is by going to higher fuel burnups so as to diminish the number of
reloads. Connected to that is reprocessing, which actually allows a reduction of fuel handling
operations, as it separates high level radioactive wastes and concentrates their volume.
Transporting one glass canister avoids transport of approximately 80 spent fuel assemblies!

Most radioactive material producers and users are working steadily on these approaches.

• Second comes the increase of payloads of individual transport containers: doubling the payload
of a container will halve the number of transport operations to perform, and will improve
safety. This improvement stems from the fact that potential consequences from transport
accidents or malevolent attacks are proportional to the number of kilometers on the road or
railway but do not increase with the payload of a given container.

Why do they not increase?



The transport regulations are such that consequences of an accident are measured and limited
with reference to the toxicity of the content, not with reference to the size of the content. In
other words, if a given content has a toxicity index A2, under the most severe accident
condition, it may not release more than A2 in one week. A2 is a function of the isotopic
composition of the material transported and not of the quantity of material transported. It
follows that if a container contains ten times more than another one, this larger container may
still release no more than the smaller one in case of accident.

Regarding radiation, the dose rate limits are as low for a large container as for a small one: it is
therefore better to circulate larger containers less frequently, so that the accumulated dose en
route is diminished.

3. THE EXAMPLE OF THE TN 24 CASKS FAMILY

It is this aspect that Transnucleaire has emphasized in the development of the TN 24 cask
family of storage/transport casks listed below:

CASK NAME

TN24P

TN24B

TN24D

TN 24 DH

TN24XL

TN 24 XLH

TN 24 SH

TN24G

TN52XL

TN97

For transport and interim storage of

24 PWR spent fuel assemblies

52 BWR spent fuel assemblies

28 PWR 900 spent fuel assemblies

28 PWR 900 spent fuel assemblies

24 PWR 1300 spent fuel assemblies

24 PWR 1300 spent fuel assemblies

37 PWR spent fuel assemblies

37 PWR spent fuel assemblies

52 BWR short cooled spent fuel assemblies

97 BWR spent fuel assemblies

As one can see from the above table, the contents can vary in a proportion of more than 50%
in case of PWR fuel and almost 50% in case of BWR fuel.

4. HOW IS OPTIMIZATION ACHIEVED?

By carefully integrating fuel assembly specification differences in terms of burnup, decay
time, initial enrichment and geometry, it has been possible to maximize efficiently the casks payloads.

This is based on two main technological choices [1-4]:

Shielding

Shielding is designed so as to be able to uncouple neutron shielding issues from gamma shielding
issues.



The neutron sources increase very quickly with burnup and have a very slow decay versus time,
whereas gamma sources decrease exponentially with time, as shown by the curve below.
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FIG. 1. Surface dose rates on a cask.

Uncoupling the shielding allows adapting readily to the actual need of the power plant and the
set of fuel, and thus maximizes payload. In the TN 24 casks, the main gamma shielding is made of
forged carbon steel, while neutron shielding is made from a neutron absorbing resin forming an
outer layer on the gamma shielding. A steel outer shell protects the neutron shielding.

Because gamma radiation diminishes quickly with time, for a given initial global dose rate, a
stronger neutron shielding will keep the global dose delivered lower than with a strong gamma
shielding and a weak neutron shielding.

Criticality control and mechanical support of fuel assemblies

Baskets, that support the spent fuel and guarantee subcriticality, are basically boron
aluminium structures.

This structure combines several advantages towards increasing the payload:

• Aluminium is a good heat conductor: less material is required to dissipate the decay heat while
keeping low fuel cladding temperatures. The result is a smaller basket.

• Boron that captures moderated neutrons is distributed in the aluminium matrix at the best
possible position for maximum efficiency. Furthermore, it cannot accidentally be separated
from its aluminium matrix

• Aluminium alloys have a low specific density, hence the basket mass is minimal: this saves
available weight for shielding purposes or for additional payload.
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5. CONCLUSION

By aiming to improve the payload of transport/storage casks, a significant contribution is
made to waste management.

This approach displayed here has been implemented steadfastly, and is being proven again by
the current development of the TN 81 transport storage cask for high radioactive vitrified wastes that
improves the capacity of such dual purposes casks by 40%.

These examples contribute in fact not only to limited handling and transport, but also to more
compact interim storage facilities.
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Abstract

An International Symposium on Storage of Spent Fuel from Power Reactors was held in Vienna from 9-13
November 1998. The Symposium was organized by the International Atomic Energy Agency in co-operation with
the OECD Nuclear Energy Agency. Of the one hundred sixty participants registered, one hundred twenty five
(including 3 observers) representing 35 countries and 4 international organizations, attended the Symposium. 20
participants from developing countries received Agency's grants. During 4 main Sessions, 44 oral presentations of
papers were made and subsequent discussions held. At a poster session 13 papers were presented. This paper will
give an overview of the Symposium. The Symposium gave an opportunify to exchange information on the state of art
and prospects of spent fuel storage, to discuss the worldwide situation and the major factors influencing the national
policies in this field and to identify the most important directions that national efforts and international co-operation
in this area should take. It was obvious from the papers presented and the discussions that the handling and storage
of spent fuel is continuously taking place safely. Dominant messages retrieved from the Symposium are that the
primary spent fuel management solution for the next decades will be interim storage, the duration time of interim
storage becomes longer than earlier anticipated and the storage facilities will have to be designed for receiving also
spent fuel from advanced fuel cycle practices (i.e. high burnup and MOX spent fuel). It was noted that the handling
and storage of spent fuel is a mature technology and meets the stringent safety requirements applicable in the
different countries. The changes in nuclear policy and philosophy across the world, and practical considerations,
have made interim storage a real necessity in the nuclear power industry.

1. INTRODUCTION

Continuous attention is being given by IAEA to the collection, analysis and exchange of
information on spent fuel storage. Its role in this area is to provide a forum for exchanging information
and to co-ordinate and encourage closer co-operation among Member States in certain research and
development activities that are of common interest.

Symposia on this topic have been organised about once every four years since 1987. The purpose
of the Symposium was to exchange information on the state of the art and prospects of spent fuel
storage, to discuss the worldwide situation and the major factors influencing the national policies in this
field and to identify the most important directions that national efforts and international co-operation in
this area should take.

The Symposium consisted of several oral sessions and one poster session. The oral sessions
addressed four major topics:

• National programmes;
• Technology;
• Experience and licensing;
• R&D and special aspects.

The sessions were chaired by Messrs. V.B. Ivanov (Russian Federation), F. Takats (Hungary),
W. Lake (USA), J. Vogt (Sweden), L.F. Durret (France), F.C. Sturz (USA) and M. Peehs (Germany).
The detailed programme and list of presented papers and posters is given in Annex 1.



One hundred twenty five participants from 35 countries and 4 international organisations, who
attended the presentations of papers and the poster session, reflected the worldwide interest in these
important topics covered in this Symposium.

2. NATIONAL PROGRAMMES

It is noted that there continues to be worldwide growth in the generation of electric power using
nuclear energy as its source. It is further noted that the rate of growth of nuclear energy generation has
essentially levelled in Europe and North America while it has increased significantly in Asia. Although
these trends have some impact on spent fuel management, including storage, the worldwide spent fuel
production rate continues at about 10 800 t HM/yr.

About 130 000 tHM spent nuclear fuel was stored around the world at 1 January 1998 (Table I).
Over 70% (93 100 tHM) of this amount is stored in at-reactor pools in 32 countries, while the rest is in
away-from-reactor (AFR) facilities, either wet or dry. Presentations from 20 countries in the session on
national programmes, and additional papers in the other sessions, covered 23 countries describing the
technologies used to store more than 88% of the world total spent fuel to be stored.

TABLE I. STATUS OF SPENT FUEL STORED AT YEAR-END 1997
[ktHM]

Regions

West Europe

Asia & Africa

East Europe

North & South America

World

AR

13.9

11.6

7.8

59.8

93.1

AFR

Wet

19.3

0.2

9.9

1.5

30.9

Dry

1.0

0.7

0.3

3.3

5.3

Total

34.2

12.5

18.0

64.6

129.3

There are three major categories for classifying spent fuel management policies and practices.
These include a closed fuel cycle which involves reprocessing of spent nuclear fuel, a once-through fuel
cycle which, of course, ends with disposal of the spent nuclear fuel, and a "wait and see" approach.

There are several countries that continue strong and extensive reprocessing programmes. These
countries not only reprocess their own spent fuel, but also provide reprocessing services to other
countries. New reprocessing programmes are being developed in Asia. The once-through cycle leads to
disposal of spent fuel. In some cases, direct disposal is being pursued, while other countries are
committed to a planned storage period preceding disposal.

One can view the decision to either reprocess or dispose as two ends of a spectrum. There is a
wide range of options between these two ends which have been called the "wait and see" approach. The
"wait and see" strategy should not be viewed as avoiding a decision. It is a choice that allows for
developing technologies to mature, it can accommodate evolving national policies, and provide the time
to address public acceptance issues. Wait and see can be used where reversibility is desired.

There are several aspects of the "wait and see" approach that are not positive. Although wait and
see could avoid financial risks associated with pursuit of technologies or approaches that do not meet
their initial expectations, it could lead to missed opportunities, accelerated programme activities needed
to "catch-up", and other cost increasing measures. Furthermore, one who chooses to wait and see could
be perceived as indecisive, avoiding a difficult decision, or passing an issue on to future generations.



Wet storage remains dominant, even as the use of dry storage concepts increases. Wet storage is
essential for cooling newly discharged fuel, and will continue to be the method of short term storage
used in connection with reprocessing. The industry has an extensive experience base in wet storage with
an excellent performance record.

Dry storage is being used increasingly as more long term storage of spent nuclear fuel is done. Dry
storage may prove to be a cost effective activity. In addition, it can easily accommodate multipurpose
systems (e.g., storage/transport, storage/transport/disposal).

Although at-reactor and on-site storage are common, many are considering the use of away from
reactor storage concepts. There will always be storage at-reactors to allow for cooling. There could be
increased at-reactor or on-site storage while interim and final spent fuel management solutions are being
set. The centralized, away from reactor, storage options are expected to be more cost effective than the
more dispersed, on-site storage approaches, which leads to the existence of many small storage facilities.
Table II shows the status of the current spent fuel storage capacity.

TABLE II. STATUS OF SPENT FUEL STORAGE CAPACITY IN WORLD REGIONS
[ktHM]

Regions

West Europe

Asia & Africa

East Europe

North & South America

World

atNPP

26.1

20.0

14.3

94.9

155.3

In operation

Wet

31.7

1.9

19.6

1.8

55.0

Dry

9.2

0.7

0.8

10.0

20.7

Total

67.0

22.6

34.7

106.7

231.0

Under

Wet

0.7

0.8*

1.5

construction

Dry

0.8

0.8

1.6

6.8

10.0

Total

0.8

1.5

2.4

6.8

11.5

by reracking AFR storage capacity

The national choices for spent fuel management and storage reported at the Symposium were
numerous. Decisions were evidently based on thoughtful and complete considerations of national needs
and conditions. Because the national needs and conditions tend to be unique there is not a universally
"BEST" approach.

The choice of how spent fuel is managed should not affect safety, however, the effort to achieve
the required level of safety might differ. National regulations are applied to spent fuel management
activities in a uniform way. The IAEA has an important role in assuring uniformity in National
Regulations through development of its Safety Series Publications.

There were a number of common issues and needs that were raised during presentations and
discussions. Public involvement and acceptance of spent fuel management activities was seen as an issue
of increasing importance. Resource limitations are a common constraint on countries with smaller
nuclear programmes. Because of the increases in communication and information exchange in the world
today, events and actions by any one nation tend to affect the others. We need to all work together.

Two recommendations come to mind when the above issues and needs are considered. First, we
must continue to exchange information, data and experience (from licensing to operations) on technical
and public acceptance matters. Two, those who can, should consider providing financial and technical
assistance to those with smaller nuclear programmes who are in need of such assistance. Any such
support would be a wise investment in the future.



3. TECHNOLOGY

The presentations on dry storage largely focused on the specific needs of different utilities and
organizations whilst ensuring compliance with the stringent safety requirements applicable in the
different countries. It was generally recognised that casks are needed to provide for both storage and
transportation requirements. This flexibility is of great importance to meet requirements with regard to
design work, licensing procedures and manufacturing work. Furthermore, cask designs have to
accommodate different fuel types, including MOX fuel, higher burnups and specific needs of individual
power plants. Another example is early consolidation and encapsulation of spent fuel in disposal
canisters in Germany. Current cask designs are based on proven and cost effective technology.

In the case of the vault storage systems, a concept, caters not only for the storage of spent fuel but
also for the storage of a variety of other types of radioactive wastes. Also in this case the design is based
on proven flexible and safe technology. In general, it appeared that there is a great consciousness of the
need for optimisation and flexibility of storage designs in meeting requirements, within the constraints of
the regulatory systems applicable in the different countries.

It was noted that, where reprocessing is not practised, dry storage designs have been developed.
However, in the USA the concern of transportability is recently more important, as utilities are now
expecting shipment of their fuels from reactor pools to a centralized storage facility. It was also
mentioned that the transportability of the fuel is viewed favourably in terms of public acceptance. The
dual purpose system already licensed or being licensed in the USA show that such solutions offer greater
flexibility than storage only systems.

The situation is different in Europe where reprocessing and wet storage has been implemented by
a majority of utilities. Therefore, transfer casks are largely available and AFR interim storage systems
have been designed in using the transport containers as storage modules.

Utilities have reracked their reactor pools and increased fuel burnup in order to reduce the
volumes of spent fuel to be managed. A concept of rod consolidation, which has been tested in the
1980s, could be of interest to manage larger quantities of spent fuel (in the same volume) on reactor
sites. Also of interest was discussion of plans in the UK to store AGR fuel, in pools for up to 80 years.

4. EXPERIENCE AND LICENSING

In three sub-sessions, eight papers discussed regulatory and operational experiences with interim
spent fuel storage. They described regulatory process and oversight, burnup credit analysis and
measurements, and operational performance.

The first sub-session focused on regulatory aspects. One paper described the development of a
regulatory process used to license modifications to existing facilities to increase capacities. Two other
papers described regulatory oversight issues related to quality assurance (QA) and quality control (QC)
associated with dry cask storage design, fabrication and operation. These papers discussed a variety of
problems encountered, the corrective actions, and the regulatory actions taken to assure safety. These
papers stressed the need for continued vigilance by cask designers, fabricators and users to assure
reliable and safe interim storage.

In the second sub-session three papers discussed analysis and measurement techniques related to
the use of burnup credit for criticality analysis. Several measurement techniques and methodologies for
the characterisation of spent fuel assemblies have been developed. These techniques include passive and
active neutronic methods as well as gamma-spectrometric methods, in order to:



determine the fissile inventory for safeguards;
verify the operator's declaration consistency;
use burnup credit in storage, transport and disposal operations.

A method for applying burnup credit to the criticality safety design analysis for PWR pool storage
reracking was presented. Of particular importance was the prediction and validation of the isotopic
composition or depletion analysis through experimental results. At present, fresh fuel reactivity is used
for spent fuel in criticality analyses. Burnup credit would offer an increased packing density in storage
racks and therefore an increased capacity.

The two papers in the third sub-session discussed operating experiences with wet and dry storage.
Both papers described evidence of better than expected performance. Dry cask storage testing performed
in the United States was presented. Participants expressed continued interest about the importance of
cladding performance, and in particular, future plans for testing to provide further evidence of fuel and
cask integrity after many years in dry storage.

5. R&D AND SPECIAL ASPECTS

The information presented during the Session on "R&D and Special Aspects" can be grouped into
3 parts:

(a) Spent nuclear fuel (SNF) behaviour and properties;
(b) SNF treatment technologies;
(c) International co-operation aspects.

As a general observation it can be stated:

• no R&D was reported on wet storage. This underlines its position as a well established technology
and all open questions related to wet storage have been satisfactorily answered;

• all contributions to the SNF dry storage discussed the storage performance of SNF for extended
storage requirements such as increased fuel burnup, storage periods exceeding today's licensing
limits or improved cladding material. The contributions demonstrate the continuing growth and
acceptance of dry storage technology that has occurred over the past twenty years.

5.1. SNF behaviour and properties

Additional data on the creep of unirradiated Zrl%Nb to broaden the database had been reported.
This material shows acceptable creep behaviour. The assessment of SNF dry storage performance with
increased burnup concludes only circumferential creep in the temperature range > 300°C needs to be
analysed. There are no other significant defect mechanisms in operation as SNF burnup increases above
50 GWd/tHM. Results presented show that spent nuclear fuel dry storage is feasible for all spent fuel on
the market — even with increased burnup. The assessment of dry storage of SNF for periods exceeding
the presently licensed storage times resulted in an optimistic forecast. It is expected that dry stored SNF
that has remained intact for 20 years will continue to perform for up to 100 years as storage conditions
become less onerous. Data to support the assessment of SNF with increased burnup was reported at the
symposium.

5.2. SNF treatment technologies

To date there has been little reported data on the decay heat of SNF after longer periods of
storage. In the Swedish CLAB facility the decay heat of long stored SNF has been determined by
calorimetry and gamma ray spectrometry and compared to calculated data. It was concluded that for SNF
of longer storage periods the decay heat can be calculated if a detailed EOL data base describing the in-
service operation is available. Furthermore, it could be shown that the decay heat can be satisfactorily
determined by intensity measurements.



In two countries the final conditioning of SNF for disposal in geological formations is available.
The Swedish experts had finalized their concept by demonstrating its technical feasibility. The
technology will be developed in a pilot laboratory. In Germany the conditioning process is fully
developed and the first installation on a technical-scale is nearly completely erected and will be
commissioned in 1999.

5.3. International co-operation aspects

Countries with small nuclear programmes are candidates to join a regional spent fuel storage
approach. This approach has already been applied for research reactor fuel with good success. Since time
is ripe, also for commercial fuel, the IAEA started an initiative for interested countries.

Not just interim storage but a complete service including conditioning and also final disposal is
suggested for an international approach. However detailed assessments are required in the areas of
technology, economy, financing, institutional aspects, political aspects and ethic considerations. Until
the outlined issues have been resolved the potential for such an approach cannot be judged positively.

6. CONCLUSIONS

There are three major categories for classifying spent fuel management policies and practices.
These include a closed fuel cycle which involves reprocessing of spent nuclear fuel, a once-through fuel
cycle which ends with the disposal of the spent nuclear fuel, and a "wait and see" approach. One can
view the decision to either reprocess or dispose as two ends of a spectrum of options. It should be noted,
however, that countries, which choose originally the reprocessing option, envisage the final disposal of
high burnup and MOX spent fuel. The "wait and see" strategy should not be viewed as avoiding a
decision, but as a means of evaluating the possible options and maintain the retrievability of the spent
fuel.

Messages retrieved from the Symposium are that the primary option for spent fuel will be
interim storage for the next decades, the duration of interim storage becomes longer than earlier
anticipated and the storage facilities will have to be capable for receiving also spent fuel from advanced
fuel cycle practices (i.e. high burnup and MOX spent fuel).

It was noted that the handling and storage of spent fuel is a mature technology and meets the
stringent safety requirements applicable in the different countries. However, it is performed in a flexible
and dynamic way, continuously adapting to changes in nuclear policy and progress in technology, for
example transportability of spent fuel, application of burnup credit and utilisation of advanced fuel types.

Wet storage remains dominant, even as the use of dry storage concepts increases. Wet storage is
essential for cooling newly discharged fuel, and will continue to be the method of storage used in
connection with reprocessing. The industry has an extensive experience base in wet storage with an
excellent performance record. Dry storage is being used increasingly, as more long term storage of spent
nuclear fuel is done. Dry storage may prove to be a cost effective activity that can easily accommodate
multipurpose systems (e.g., storage/transport, storage/transport/disposal).

Possible Agency initiatives could be described as:

• To assist in providing a technical reference for country reports to be delivered for the Joint
Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste
Management (i.e. establish common understanding of various technical issues of spent fuel
management, in general, and spent fuel storage, in particular);

• To assist Central and East European Countries with problems related to the storage of spent fuel
and establishing adequate spent fuel storage facilities;



To assist in the evaluation and research of the long term behaviour of fuel and storage components
in order to realise the anticipated long storage periods data;
To continue the exchange of information, data and experience (from licensing to operations) on
spent fuel storage technologies and public acceptance matters; and,
To organise peer reviews in the subject of spent fuel storage and management.
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Abstract

Spent solvents of reprocessing origin constitute a major portion of radioactive liquid organic wastes
arising from nuclear activity. An in-depth study of this waste stream has led to the evolution of a complete
management option, which addresses not only the concern of radioactivity but also its organic nature. This
is based on alkaline hydrolysis of Tri-/z-butyl phosphate (TBP), which converts it into aqueous soluble
products, viz. sodium salt of dibutyl phosphoric acid and butanol. During the process of alkaline
hydrolysis almost all the activity associated with the waste gets transferred into the aqueous phase. The
recovered diluent virtually free of activity and TBP can be recycled, and in case of it not meeting
reprocessing standards, can be incinerated. The process generated aqueous waste is found compatible with
cement and can be immobilized in cement matrix.

1. INTRODUCTION

Separation of useable nuclear materials from fission products by solvent extraction process forms
the most important aspect of reprocessing spent fuel. Tri-/z-butyl phosphate (TBP) in n-dodecane (diluent)
is the extractant normally used for this purpose. Repeated use the extractant leads to its deterioration,
which contributes to unsatisfactory operations. The extent of degradation varies with the exposure of the
organic extractant phase to radiation and reactive chemicals during the processing of aqueous feed.
Improved clean-up systems help in extending the life of the solvent. But eventually, when the solvent
becomes too degraded for efficient use, techniques have to be found for safe management of these spent
solvent. Conversion of this organic matter into a stable form is desirable as a long-term strategy for the
management of these wastes.

2. WASTE CHARACTERISTICS

The spent solvent is essentially 30 vol% TBP (tri-/z-butyl phosphate) in n-dodecane solutions
containing the degradation products and the radioactivity associated with it. Degradation products of TBP
are dibutyl phosphoric (HDBP), monobutyl phosphoric (H2MBP) and phosphoric acid [1]. The diluent
though more resilient to degradation than TBP may also lead to various other degradation products [2]. In
India, these spent solvents are presently stored in an underground stainless steel tank. A typical
radiochemical composition of this waste stream is given in Table I.

TABLE I: RADIOCHEMICAL COMPOSITION OF SPENT SOLVENT

Radioactivity Concentration
(Bq/ml)

Gross alpha* 740 - 1200

Gross beta 28,000 - 40,000
Major fission products
Ru-106 27,000-37,000
Cs-137 30-90

*(Pu+Am; Pu/Am= 10)



3. PROCESS SELECTION

Various promising treatment options were studied in our laboratory. The summary of the
evaluations based on our studies are given in Table II

TABLE II: SUMMARY OF PROCESS EVALUATION STUDIES

Process
Direct pyrolysis cum
incineration

Extraction cum
pyrolysis process
using phosphoric acid

Wet oxidation using
H2O2

Alkaline hydrolysis

Features
High temperature
process

TBP-H3PO4 adduct
formation at room
temp., followed by
pyrolysis of adduct at
200 °C

Oxidative
decomposition using
35%H2O2atl00°C.

Decomposition using
NaOH at around
120°C

Advantages
Conceptually straight
forward

Diluent is freed of
TBP and activity

Diluent is freed of
TBP and activity

Diluent is freed of
TBP and activity.
Secondary waste
amenable to
immobilization

Disadvantages
Generation of corrosive
P2O5

Generation of 19M
phosphoric acid as
secondary radioactive
waste

High consumption of
H2O2. Handling of
secondary waste
containing phosphoric
acid

Generation of large
volumes of secondary
waste

The simplicity of the alkaline hydrolysis process made it an obvious choice for further
detailed study. Its capability to render the diluent free of TBP and activity was well recognized during
the study. The products of reaction being aqueous soluble, could be immobilized in cement matrices.

4. PROCESS DESCRIPTION

TBP being an ester of H3PO4 is susceptible to hydrolysis both with acids and bases. Alkaline
hydrolysis is a better choice as its kinetics is faster than acid hydrolysis.

The governing equations for alkaline hydrolysis of TBP is [3]:

(C4H9O)3P=O+NaOH- (C4H9O)2POONa + C4H9OH

Very little conversion of NaDBP to Na2MBP occurs as NaDBP is relatively stable to alkaline
hydrolysis and also no further conversion of Na2MBP to sodium phosphate occurs during the reaction.

The hydrolysis of TBP is dependent on temperature, degree of mixing, concentration and amount of
NaOH and concentration of TBP in n-dodecane. Hydrolysis reaction occurs in aqueous phase and hence
is dependent on the solubility of TBP in the aqueous phase. Presence of the reaction products has a
favorable impact on the reaction kinetics and this necessitates total refluxing of the vapours during
hydrolysis [4,5].

Laboratory scale experiments both on inactive scale as well as active scale, using 12.5 M NaOH in
stiochiometric excess, confirmed the above. Near total recovery of the diluent could be achieved by
addition of water after completion of reaction. The recovered diluent was analyzed and found practically



free of TBP and activity. The activity associated with the spent solvent got transferred to the bottom
aqueous phase containing the reaction products and the excess alkali [6].

5. PROCESS SCHEMATIC

Based on these experimental studies a complete management scheme has been evolved
specifically for these wastes. This scheme involves a treatment step of alkaline hydrolysis of TBP
resulting in the separation of the diluent virtually free of TBP and activity. The diluent after hydrolysis
could be recycled to the reprocessing plant. In the event of the diluent not meeting reprocessing standards,
it could be incinerated. The aqueous bottoms will be immobilized in cement matrices. The block diagram
for the complete scheme is given in Fig.l. Summary of the feed additives and the resultant secondary
waste generated are indicated in the figure. This scheme has been tested on inactive plant scale for a
batch capacity of 200 L of spent solvent.

Additives
NaOH- 40L
Water - 90L

Total Reflux
Condenser

Off-gas
treatment

Incineration

Aqueous bottoms
(190L)

Recovered Diluent
(140L)

Solidified Product
(240L)

FIG 1. : Schematic for the management of spent solvent

5.1. Alkaline hydrolysis demonstration trials

5.1.1. Demonstration facility description

Based on the scheme worked out, an engineering scale demonstration facility for carrying out
the treatment process using non-radioactive solvent was set up. The facility was designed to process
200 L/batch of solvent. The plant housed a reaction kettle of 500L capacity provided with a jacket for
steam heating and a mechanical agitator mounted on top of the kettle. The reaction kettle was
designed to provide 100% free board space for safe operation. A shell and tube type condenser
connected to the vapor line of the reaction kettle was provided to ensure complete reflux of all vapors
generated during the reaction. All the inlet ports were provided on top of the kettle for feeding of
waste & additives. A bottom outlet was provided to facilitate complete draining of the contents of the
reaction kettle into a separation tank located below. The separation tank was provided with interphase
sensing probes that facilitated separate draining of the two phases into designated waste collection



tanks. Fig. 2 gives the process schematic for this demonstration facility. Equipment like reaction
kettle, vessels & tanks were housed on a structural framework. Fig. 3 is a photograph of the facility
showing various equipment mounted on the structural framework. All vessel off-gas lines/vents were
connected to a common header that was routed to the exhaust blower. The complete facility was
provided with a containment tray at the bottom, the capacity of which was such as to contain the
entire volume of the reactor contents, in case of any bottom leakage/ spillage. All the equipment
were provided with adequate instrumentation. Pneumatically operated bellow seal valves were used to
demonstrate remote operability of the facility.
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FIG. 2: Alkaline Hydrolysis Process — schematic.
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5.1.2. Operation of the demonstration facility

The feed to the reaction kettle consisted of 200L of organic solvent and 40 L of 12.5 mol/L NaOH.
Organic solvent was transferred to reaction kettle by an air lift from feed tank (FT). 40 L of NaOH was
subsequently gravity drained into the reaction kettle from chemical tank (CT). The contents of the kettle
were continuously agitated by the use of mechanical agitator to keep the alkali dispersed in the organic
solvent. The exhaust blower connected to the condenser vent maintained the reaction vessel below
atmospheric pressure.

Supply of steam to the jacket of the reaction kettle was started only after ensuring that the desired
level of vacuum was attained in reaction kettle and checking for closure of all inlet and outlet ports to the
reaction kettle. The desired reaction temperatures were maintained by ON/OFF control of steam. All
other vessels were also maintained below atmospheric pressure.

After about 5 hours of reaction, at temperature in the range of 98-116°C, samples were drawn under
constant agitation. On standing, these samples separated into three phases. Water was subsequently added
into the reaction kettle and post reaction agitation was carried out for about 30 minutes for enabling
dissolution of the middle phase. Two distinct phases were then detected by the interphase sensing probes,
which was concurred by the density probes provided in both the phases. The density of the top phase had
decreased from about 0.80 g/cm (corresponding to 30% TBP in n-dodecane) at the start of the reaction to
about 0.74 g/cm (corresponding to n-dodecane) indicating near completion of reaction. The total contents
of the reaction kettle were drained into a separation tank where the phases were allowed to separate. The
separated phases were collected into designated tanks for the aqueous bottoms and the recovered diluent.
The results of the runs are given in Table 3

TABLE 3: RESULTS OF FULL SCALE RUNS ON ALKALINE HYDROLYSIS OF
SPENT SOLVENT

Run
No.

1.

2.

3.

Batch
Vol.

(L)

200

200

200

(L)

48

37

36.5

Additives

Alkali
(Cone)

12.2M

13.0M

12.45M

Water
(L)

90.0

90.5

90.0

TBP Hydrolysed

(%)

100.00

99.98

99.90

n-dodecane
recovered

(%)

98.57

98.31

98.9

Aqueous bottoms
(L)

190

187

190

5.2. Immobilization trials of process generated aqueous bottoms

Experimental studies carried out on immobilization of the aqueous waste generated from the
treatment step, in cement matrices have established their compatibility. Blocks with waste to cement ratio
of 0.4 were seen to set within 24 hours, with no bleed liquid. After curing for a period of 28 days these
blocks were subjected to leach tests. Leaching procedures followed were as per ISO standards. Leaching
results for a typical block is given in Fig. 4.

In order to assess operational parameters like sequence of waste & cement addition, mixing time etc.
full-scale blocks were made by mixing 150 Kgs of OPC with 60 L of waste using a nauta mixer. These
experiments have established process parameters with regard to good homogenization of mix at water to



cement ratio of 0.4. No bleed liquid was observed after 24 hours and the blocks had set well. Core drilled
samples of these cured blocks were subjected to compressive strength tests and the average strength of
these blocks were found to be around 18 MPa.

100 150 200

Tims (Days)
50 100 150 200 250 300 350 400

FIG. 4. Leach results of process generated aqueous waste immobilized in cement matrix.

6. CONCLUSION

Consolidated results of these studies have established the evolved scheme, providing a workable
solution for the management of the spent solvents of reprocessing origin. Treatment of these solvents
using the alkaline hydrolysis process have aided in removing more than 99.8% of TBP and recovering
about 98% of the diluent. The process generated aqueous waste has been found compatible with cement
matrices. Experience gained in these studies has helped in setting up of a spent solvent management
facility at the Bhabha Atomic Research Centre, Trombay, India.

REFERENCES

[1] MATT,EN, J. C, "Secondary PUREX solvent cleanup: laboratory developments", Nuclear Technology,
Vol. 83, (Nov. 1988).
[2] TALLENT, O. K., MAILEN, J. C.,. DODSON, K. E., " PUREX diluent chemical degradation",
Nuclear Technology, Vol. 71, (Nov. 1985).
[3] SCHULZ, W., NAVRATIL,J. D, (Ed.)., "Science and technology of tributyl phosphate", Vol. 1, CRC
Press Inc., Florida, U.S.A (1984).
[4] HEALY,T. V., "Fuel reprocessing solvent tributyl-phosphate: Its degradation, clean-up and disposal",
Management of radioactive waste from the nuclear fuel cycle(Proc. Symp. Vienna, 1976), Vol. 1, IAEA
Vienna (1976).
[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Treatment and Conditioning of Radioactive
Organic Liquids, IAEA-TECDOC-656, IAEA, Vienna (July 1992).
[6] SRINTVAS, C, et al., "Alkaline hydrolysis process for treatment and disposal of PUREX solvent
waste" BARC/1994/E/019,Trombay, India (1994).



IAEA-SM-357/38

INTEGRATED RADIOACTIVE WASTE MANAGEMENT
FROM NPP, RESEARCH REACTOR AND BACK END OF
NUCLEAR FUEL CYCLE — AN INDIAN EXPERIENCE

S. KUMAR, S.S. ALI, M. CHANDER, N.K. BANSAL, K. BALU
Waste Management Division,
Bhabha Atomic Research Centre,
Trombay, Mumbai, India

Abstract

India is one of the developing countries operating waste management facilities for entire nuclear fuel
cycle for the last three decades. Over the years, the low and intermediate level (LIL) liquid waste streams arising
from reactors and fuel reprocessing facilities have been well characterised and different processes for treatment,
conditioning and disposal are being practised. LIL waste generated in nuclear facilities is treated by chemical
treatment processes where majority of the activity is retained in the form of sludge. Decontamination factors
ranging from 10 to 1000 are achieved depending upon the process employed and characteristics of the waste. At
an inland PHWR site at Rajasthan, the LIL waste is concentrated by solar evaporation. To augment the treatment
capability, a plant is being set up at Trombay to treat LIL waste based on reverse osmosis process. Alkaline waste
of intermediate level activity is being treated by using indigenously developed resorcinol formaldehyde resin.
Solid radioactive waste is volume reduced by compacting, baling and incineration depending on the nature of the
waste. Cement matrix is employed for imll7mobilisation of process concentrate such as chemical sludge, ash
from incinerators etc. The solid waste, depending on the activity contents, is disposed in underground engineered
trenches in near surface disposal facility. Bore well samples around the trench are drawn periodically to ascertain
the effectiveness of the disposal system. The gaseous waste is treated at the source itself. High efficiency
particulate air (HEPA) filter and impregnated activated carbon is employed to restrict the release of airborne
activity to the environment. Radioactive waste discharges are kept well below the authorised limits prescribed by
the regulatory authorities. This paper covers the waste management practices being adopted in India for
treatment, conditioning, interim storage and disposal of low and intermediate level waste arising from the
operation of nuclear power plant, research reactor and fuel reprocessing facilities.

1. INTRODUCTION

Safe and economic management of radioactive waste is necessary for the successful
implementation of nuclear power programme. In India, emphasis was laid on radioactive waste
management right from the inception of nuclear energy programme. Waste management plants were
set up at sites along with nuclear facilities. The waste management facility at Trombay is thirty years
old and manages waste generated during operation of fuel fabrication, research reactor, isotope
production, fuel reprocessing, and research laboratories. Also the spent radiation sources from most of
the locations in the country are collected and disposed at this site. Based on the operating experience
at Trombay other waste management facilities were set up at Tarapur, Rajasthan, Kalpakkam, Narora
and Kakrapara along with operation of power reactors and fuel reprocessing plants. The location of
waste management plants along with nuclear facilities avoids transportation of radioactive waste to
long distances through populated areas.

2. MANAGEMENT OF RADIOACTIVE LIQUID WASTE

Large volumes of radioactive liquid waste are generated during operation of power reactor,
research reactor, spent fuel recycling, and general research and development activities. In India, the
categorisation of liquid and gaseous waste is based on specific activity and solid waste is categorised
according to radiation field on the consignment [1]. The annual radioactive liquid waste arising from
different sources have been well characterised and is presented in Table I.



TABLE 1. CHARACTERISATION OF LIQUID WASTE GENERATED IN INDIA

Source of
generation

Research reactors

Power reactors

BWR

PHWR

Fuel Reprocessing
Facility

R&D Laboratories

Average
annual

generation
(cu m.)

16,000

26,800

26,600

34,300

12,000

Specific
activity
Bq/ml

PY

1-3

50-100

0.1-1

4-20

1 -4

pH

8-9

8- 10

8-10

8-9

8-9

Total
Solids

%

<0.5

<0.1

<0.5

O.1

O. IK

Major
Radionuclides
presents

l34'l37Cs,90Sr,3H

l34 ' l37Cs, 60Co

3H, l37Cs, 60 Co
6 5Zn,9 0Sr

l 3 7Cs,9 0Sr, l 2 5Sb
l 4 4Ce, 2 3 9Pu

60Co, l37Cs, 90Sr

Low and Intermediate level (LIL) waste in India is treated by various processes such as
chemical precipitation, ion exchange, evaporation, reverse osmosis etc. either in singular or multiple
mode [2]. The selection of treatment process depends on the nature of the waste, radionuclides present
and the desired level of decontamination. Most of the activity present in LIL waste is in the form of
cesium (137Cs) and strontium (90Sr) along with cerium (l44Ce), cobalt (60Co), ruthenium (l06Ru), etc.

2.1. Chemical treatment processes

Chemical precipitation/coprecipitation process is employed for the treatment of radioactive
liquid waste associated with higher dissolved solids and varying chemical and radiochemical
composition. The radionuclides 137Cs and 90Sr are coprecipitated using copper ferrocyanide and
calcium phosphate/ barium sulphate at 8.5 pH. Ferric hydroxide precipitation is also employed for
effective removal of other radionuclides. Flocculating agent based on polyacrylamide is employed in
regular treatment to improve the decontamination factor as well as to enhance the settling rate on the
plant scale.

In an effluent treatment plant, the liquid waste is mixed online with optimized concentration
of precipitating chemicals. The precipitates so formed are mixed to achieve intimate contact of
radionuclides with the fines. The waste is then pumped to the settler where the fine particles are
allowed to grow in size and finally settle to the bottom carrying away the radionuclides. The
decontamination factor achieved during chemical treatment is about 10 to 20 and depends on the
nature of the waste and the activity content. A volume reduction factor of about 50 to 100 is achieved.
The supernatant liquid after monitoring is either treated by ion exchange or discharged to the
environment. The sludge with around 1 to 1.5% solid content is transferred to sludge storage tanks.
The sludge is further concentrated either by centrifuge or by filter/gravity settling. The centrate is
again recycled to the plant and the sludge with 10 to 15% solid content is immobilised in cement
matrix. A typical plan and flowsheet of a waste treatment plant at Bhabha Atomic Research Centre
(BARC), Trombay treating 100 m3 of waste per batch is shown in Fig-1. The plant handles around 105

m of radioactive liquid waste annually from research reactors, fuel reprocessing facility and general
research and development activities in the nuclear research centre.



CODE DESCRIPTION

1 PRE TREATMENT TANKS
2 SETTLER
3 VACCUM TRANSFER TANKS
4 SLUDGE TANKS
5 SLUDGE METERING TANK

6 CEWENT HOPPER & CONVEYER
7 SOLIDIFICATION UNIT
8 SOLIDIFIED SLUDGE
9 ION-EXCHANGE COLUMN
10 SPENT ION-EXCHANGE DRUM
11 POST TREATMENT TANKS
12 SAND FILTER
P PUMP
S SUMP
M CHEMICAL MIXER
C CHEMICAL IN
D DECANT
V VACCUM

CA COMPRESSED AIR
SW SERVICE WATER
DS DEWATERED SLUDGE
DP DISCHARGE POINT 830 METERS AWAY FROM SHORE
BW BACKWASH
CF RIN CENTRIFUGE
Fl FLOW INDICATOR

TO SOLID WASTE DISPOSAL SITE

FIG.I. Flowsheet of liquid waste treatment plant.

2.2. Treatment using solar evaporation

At one inland site in Rajasthan where PHWR (2 x 160 MW(e)) reactors are located, the
radioactive liquid waste is treated by solar evaporation. India being a large country has different
meteorological conditions. The temperature at the site during summer season is about 45°C. The solar
evaporation facility (SEF) is constructed in a modular fashion with twenty modules. Each module
consists of three shallow pans with evaporation surface area of about 200 m each. The effluent
storage tanks are provided to collect the overflow from the pans during monsoon season. The effluent
so collected during rains is pumped to the evaporation pans during summer season. Due to high
evaporation rate of about 1.0 to 1.5 m annually, the stored radioactive liquid gets concentrated and the
concentrate/sludge is removed from the pans. Each year about 60 to 70 m of radioactive sludge
containing 3 to 4 % solids is generated. The sludge is finally immobilised in cement matrix and is
disposed of in near surface disposal facility. The solar evaporation facility handles about 12 500 m3 of
waste annually.

2.3. Treatment using ion exchange

Ion exchange process is widely used in India for the treatment of LIL radioactive waste.
Among the various naturally occurring minerals, vermiculite is widely used for removal of traces of
l37Cs in effluents from chemical treatment plants. The insoluble hexacyanoferrates (II) which are used
as highly selective precipitants for cesium is prepared in granular form or incorporated on suitable
supports such as charcoal, acrylic fibres.

A specific ion exchange resin based on resorcinol formaldehyde (RF) has been developed in
India for the management of alkaline intermediate level radioactive waste of fuel reprocessing plant
origin [3]. These wastes are characterised by high percentage of salts (200-250 gm/L) of sodium
nitrate and specific activity of the order of 10 7-10 8 Bq/L. After suitable pretreatment, the RF resin
has been employed to treat about 500 m5 of alkaline waste [4]. The decontamination factor for 137Cs
is around 2000-3000 upto 100 bed volumes. The ion exchange capacity of the resin for Cs has been
found to be 2.8 meq/gm on actual waste. The developed RF resin also has chelating group for removal
of strontium and the DF for 90Sr has been found to be between 40-50.



2.4. Treatment by membrane process

Membrane processes which selectively allow the transport of one component among the
constituents of the solution are being investigated for the treatment of LIL radioactive liquid waste.
This process has been found to be quite effective to treat saline water for public use. Reverse osmosis
systems using cellulose acetate membranes were earlier tried in BARC Trombay for treatment of LIL
waste achieving decontamination factor of about 10 with volume reduction factor of about 20 [5]. To
augment the treatment facility, a reverse osmosis plant of 100 m3 per day is being set up at Trombay
using polyamide membrane.

3. MANAGEMENT OF SOLID WASTE

The management of LIL solid/solidified waste has been practised in India since early sixties.
Beginning with BARC, Trombay, five other solid waste management sites (Tarapur, Rajasthan,
Kalpakkam, Narora and Kakrapara) are presently under operation [6]. The waste generated at each
nuclear facility is collected, conditioned and disposed at site itself. The overall approach is to isolate
the radioactive waste from the environment by providing multi barriers.

3.1. Characterisation of solid waste

Solid radioactive waste is segregated into compressible/noncompressible and
combustible/noncombustible at the source of generation and packed in standard steel drums. Certain
wastes like contaminated equipment and components etc., which are not amenable to any treatment,
are packed in suitable containers. Spent radiation sources from radiography units, hospitals, industry,
agriculture, medicine centres, research etc. from all over the country are collected at Trombay or
Kalpakkam. Each waste package is monitored for its surface dose and radioactivity content. The
nature and quantity of waste generation depends on the type of nuclear activities at that site. Typical
details of LIL solid waste from nuclear facilities is given in Table II.

TABLE II. CHARACTERISATION OF SOLID WASTE GENERATED IN INDIA

Source of
generation

Research Reactors

Power Reactors

BWR

PHWR

Fuel Reprocessing
Facility

R&D Laboratories

Average annual
generation (cu m.)

20-25

80

340

130

50

Radiation field
(mGy)/h

0.01-1000

0.05-1000

0.01-1000

0.01-500

0.01-7000

Major
Radonuclides
Present

5lCr,95Nb,90Sr,
l06Ru, l37Cs, l44Ce

54Mn,60Co,l37Cs

137Cs,3H, 65Zn

239Pu,90Sr, l 37Cs,
238U, l 06Ru, l 44Ce

239Pu,60Co,l92Ir

3.2. Treatment of solid waste

Solid waste management plants in India are equipped with facilities for segregation,
repacking, compaction, incineration and embedment of spent radiation sources. Compaction and
incineration provide economic benefit in terms of lower volumes for disposal. The earlier design of
the compactors was suitable for very low activity level and most of the handling of the waste was



manual. With a view to reduce exposure to the personnel and compaction of large equipment like
HEPA filters, the design of the compactor is being modified. This facility at Trombay will provide a
volume reduction factor of 4 to 5 for used HEPA filter, which constitute about 10 % of the volume of
solid waste produced.

Incinerators are in operation for last 25 years at Trombay and Kalpakkam and more recently
at Narora. The combustible waste up to 2 mGy/hr is incinerated at a temperature of 800-1100°C. The
off-gas emanating from the incinerator is treated using a train of equipment comprising of settling
chamber, cyclone, bag filter, and final filtration through HEPA filters. The ash generated is collected
in drums and immobilised into cement matrix. A volume reduction factor of 10 to 50 is achieved.

Spent radiation sources are embedded into cement matrix prior to their disposal in tile holes.
The details regarding origin, type of source, activity levels and disposal location are maintained on
database. A facility for polymer fixation of spent resin is in operation at Narora site.

Process concentrate/sludge generated during treatment of radioactive liquid waste is
immobilised into cement matrix in standard steel drums. At few sites in India, the practice of in situ
solidification of sludges in barrier impregnated cement matrix is followed. The practice is site specific
being close to the plant generating sludges and results in better utilisation of disposal space.

3.3. Disposal of solid waste

A multibarrier approach is followed in disposal of radioactive solid waste. The overall safety
against migration of radionuclide is achieved by proper selection of waste form, suitable engineered
barriers and back fill materials and the characteristics of the geo-environment of the site.

& * •

Wastes having beta gamma activity in the range of low and intermediate level
(Category I, II, & IE) are disposed in earth/stone lined trench, RC trench and the tile hole depending
on the activity content and the waste form. The options for disposal of solid waste are listed in
Table HI. The concept of retrievability in respect of certain wastes like spent resin has been
introduced to meet specific requirement at a future point of time. Such wastes generally in Category-
Hi and IV are stored in high integrity containers and /or tile holes. Alpha contaminated waste (less
than 4000 Bq/gm) package is disposed of along with beta gamma waste so that the overall burden due
to alpha waste is less than 400 Bq/gm for the site. The waste with higher alpha specific activity is
being stored and will be transported to deep geological site in future.

Earth trench is unlined shallow excavations in soil, 1 to 4 m deep and is used for disposal of
low level waste with radiation field up to 2 mGy/hr. After disposal of waste, the trenches are closed
by providing one meter of soil cover. Backfill materials like vermiculite and bentonite which are well
known for their uptake of radionuclides are also employed to prevent the migration of activity.
Reinforced concrete trenches are planned zone wise for modular construction as batteries. A typical
trench is 4.8 m. deep, 2.5 m. wide and 15 m. long. The outer containment wall thickness varies from
350 mm at top to 750 mm at bottom (Fig.2). Due to special considerations such as seismicity at
Narora and less soil coverage in Rajasthan site, the trenches are constructed totally or partially above
ground. The entire zone of trenches is serviced by gantry crane or mobile crane. Waste packages up to
radiation field of 200-500 mGy/hr are disposed in RC trenches. Special closure procedure, updated
with experience, is adopted to prevent ingress of rainwater. Tile hole is used for disposal of packages
having higher activity levels than permissible for RC trenches.

They are also used for storage/disposal of spent radiation sources and alpha contaminated
waste. These are circular in construction having 700 mm inside diameter and a depth of 4m. (Fig.3).



TABLE IE. SOLID WASTE CATEGORIES AND DISPOSAL OPTIONS

CATEGORY SURFACE DOSE NATURE OF WASTE DISPOSAL OPTIONS

0-2 mGy/h Paper trash,
Concrete chips,
Cotton mops,
Rubber items

Earth trench/
RC trench

I I 2-20 mGy/h Contaminated
equipments,
Hardware and filters

RC trench/
Vault/Dyke

in 20-500 mGy/h

>500 mGy/h

Conditioned/
processed
concentrates, sludges,
spent resin

RC trench/
Vault /Dyke

Hardware from High integrity
reactors, container,
Highly contaminated Tilehole
equipments,
spent resin from PHT
system

Waste bearing alpha
activity

(< 4000 Bq/gm)

Solidified alpha active RC trench,
waste with or without Tilehole
fission product

FIG.2. Reinforced concrete trench.



25 mm SPUN CONCRETE

CEMENT BASED WATERPROOFING

6 mm CARBON STEEL

DETAILS AT 'A'

FIG. 3. Tile hole with shielding plug.

Each tile hole has a 6 mm thick carbon steel shell with one end closed and is lined with 25 mm thick
cement mortar on inside and outside. Each tile hole is provided with a concrete plug on top for
shielding purpose during operation and after permanent sealing of tile hole.

3.4. Surveillance features

Provisions for monitoring and surveillance are incorporated during the design of the disposal
facility itself. Boreholes 4 to 7 m deep are provided at appropriate locations and the ground water
samples are monitored periodically. Soil and vegetation samples from the site are also periodically
investigated for any uptake of radioactivity. Radiation survey of the entire site is carried out at
predetermined intervals. The RC trenches are provided with inspection pipes to monitor the inside
condition after closure of the trench. This facilitates checking of ingress water and subsequent
removal, if required. The entire disposal site is totally closed by a physical security wall to avoid
unauthorized access.

4. MANAGEMENT OF GASEOUS WASTE

The ventilation system in nuclear power plant, research reactor, fuel reprocessing and other
nuclear facility has a vital role in ensuring that air in working areas and in the outside environment
remains free from radioactive contamination. To achieve this goal, the air cleaning system is designed
to handle normal and anticipated abnormal conditions.



High Efficiency Particulate Air (HEPA) filters are provided in the exhaust systems. These are
standard filters of capacity 1700 m/h with collection efficiency of more than 99.97% for submicron
particles. The filters are normally replaced when the pressure drop increases to 75-100 mm of water
gauge.

Fission product iodine is of main radiological concern, as regard to environmental release, in the
event of a reactor accident and hence the ventilation and containment systems in nuclear facilities
employ combined particulate and iodine filters, for the removal and retention of radio-iodine. Coconut
shell based activated charcoal impregnated with potassium iodide and potassium hydroxide is used as
the adsorbent. The standard filter unit assembled using selected charcoal is of capacity 1700 m/h
having 50 mm bed depth and 0.36 second contact time. These filters provide a collection efficiency of
more than 99.9% for elemental iodine as well as for more penetrating methyl iodide. The useful life of
these filters has been investigated to be around two years depending on the operating conditions. The
filters are tested in situ using radio-iodine.

5. CONCLUSION

India is self reliant in the management of all type of radioactive waste arising during operation of
nuclear facilities. The radiation exposure to the worker and the activity discharge to the environment
has been maintained to the minimum. Technologies for the management of radioactive waste have
been constantly upgraded based on research and development activities and the operating experience
with a view to minimise the release of activity to the environment, reduction in volume of solid waste
disposed and to lower the radiation exposure to the operating staff.
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Abstract

Modern Society creates wastes material, which have to be disposed off in nature without disturbing the
ecological equilibrium. Hence effective waste management in all industries is a major concern today. Narora
Atomic Power Station (NAPS) generates low and intermediate level liquid, solid and gaseous wastes during it's
operation and maintenance. The generation of wastes is controlled at source itself. The wastes are managed by
adequate and appropriate treatment before releasing to the environment. Different types of liquid wastes are
treated by chemical co-precipitation, ion exchange, evaporation, filtration, and dilution technique. For handling
and conditioning of solid wastes, volume reduction techniques such as incineration and baling are employed. The
treated wastes are immobilised by incorporation into cement and polymer matrices. Gaseous waste is cleaned by
passing through pre-filters and high efficiency particulate (HEPA) filters and diluted with inactive air prior to
release to the atmosphere through a 145 m high stack to get further atmospheric dilution. Regular monitoring
upto 30 Km. radius is carried out by fully equipped Environmental Survey and Micrometeorological Laboratory
which is functioning independently under the Directorate of Health and Safety, Bhabha Atomic Research Centre
(BARC), Mumbai. So far, the annual maximum dose to the public around NAPS is reported to be 0.2 to 0.3 % of
limit of 1 mSv/year recommended by the International Commission on Radiological Protection (ICRP). A decade
of experience has proved that present practices of nuclear waste management at Narora Atomic Power Station are
quite safe and effective with respect to ecological equilibrium.

1. INTRODUCTION

The most important objective in radioactive waste management is to isolate the waste from the
biosphere and to ensure that man will not receive unacceptable detriments at present and in the future.

NAPS is the fourth nuclear power station having twin units of 220 MW(e) capacity each. It is
situated on the bank of the holy river Ganga at Narora which is 140 Km. away form New Delhi, the
capital of India. It is the first standardised and totally indigenous PHWR type nuclear power station.

The operation and maintenance of these two units generate low and intermediate level waste
of various composition and activity levels. It is necessary to ensure that these wastes are managed and
controlled in a perfect manner to comply with the requirements specified by the regulatory body.
Radioactive spent fuel is stored in a spent fuel storage bay for adequate duration of time to remove
decay heat and then sent to another site for reprocessing the fuel. The spent fuel does not form a part
of the radioactive waste treatment and management system at NAPS and hence is not covered here.

Radioactive waste management aims at isolation of the environment from the spread of
radioactivity till it decays to innocuous levels. This is achieved by removing most of the radioactivity
from the liquid and gaseous waste before discharging to the environment. The concentrated wastes
containing the radioactivity thus removed are immobilised and along with the solidified conditioned
waste isolated from the environment using a multi-barrier approach such as cement/polymer matrix,
the engineered barrier, and the geo-environment.

2. RADIOACTIVE WASTE MANAGEMENT

The waste management facility at Narora Atomic Power Station provides facility for
segregation, collection, treatment, storage and safe disposal of liquid and solid radioactive waste. The
philosophy of waste management is based on the principle of ALARA (as low as reasonably
achievable) taking economic and social factors into account. Three principles governing the
management of radioactive wastes are:



(1) Dilution and dispersal of low level waste,
(2) Delay, decay and dispersal of waste containing short lived radio-nuclides, and
(3) Concentration and containment of wastes containing long lived radio-nuclides after

conditioning.

The waste management facility is functionally divided into the following four systems:

(1) Liquid effluent segregation system (LESS),
(2) Liquid waste treatment and disposal system,
(3) Solid waste management system,
(4) Gaseous waste management system.

2.1. Liquid effluent segregation system (LESS)

This system is located in the service building and provides for collection and segregation of all
the liquid wastes generated in the station at source based on radioactivity levels and chemical nature
so as to:

Minimize cross contamination, and
To facilitate judicious decisions in respect of management of each category of waste.

Liquid waste received is sampled, monitored and pumped for treatment or dilution and discharge
depending on the activity content. All pipelines carrying liquid waste are made of stainless steel and
hydrotested at regular intervals to ensure their integrity.

2.1.1. Type and source of liquid waste

The waste management facility is designed to handle the liquid waste of the following nature
generated from different sources as mentioned below:

Potentially active waste (PAW): Showers/washroom and laundry,
Active non-chemical waste (ANCW): Service area floor drains, decontamination wastes:

Lab. washes and rinses, SFSB area, spent resin-
handling system,

Tritiated waste (TTW): Reactor bldg. sump and D2O upgrading plant,
Active chemical waste (ACW): Decontamination and laboratory solutions.

A storage capacity of 25 x 10 litres is provided to meet any contingency requirement.

2.1.2.Reduction of liquid waste

In this system, control over waste volume and activity generation is made effective at source. The
following measures are used to keep the generation of liquid wastes as low as practicable:

- Provision of close loop operation in spent radioactive resin handling system,
- Operating the reactor so as to avoid fuel failures and discharging failed fuel bundles as soon

as possible,
- Reducing leakage from the primary coolant system and other related systems,
- Planning and performing maintenance work with care and with emphasis on precautions to minimize

the spread of contamination,
- Taking precautions to minimize the contamination of equipment and tools so as to reduce the need

for decontamination,
- Ensuring proper contamination monitoring and usage of appropriate decontamination procedures.
- Reducing the production of secondary wastes by proper selection of waste treatment methods.

2.2. Liquid waste treatment and disposal system

A schematic showing treatment methodology for different streams of liquid waste is shown in
Figure 1. The basic philosophy of various treatment techniques used, such as chemical co-



precipitation, flocculation and sedimentation is to concentrate and contain as much radioactivity as
possible, prior to their discharge in an environmentally acceptable manner. Decontamination by
chemical treatment involves co-precipitation using ferro-cyanides, phosphates, hydroxide, etc., in

134,- 90 cassociation with scavenger often used for effective removal of fission products ( Cs, ~ Cs and Sr),
corrosion and activation products (60Co, 65Zn). This process gives a decontamination factor (DF) of
10-20 for dissolved radioactivity. For separation of precipitated solid and liquid, a sludge blanket type
clarifier is used in which two meter thick sludge blanket is always maintained. This blanket acts as a
filtering media also. Hence, when the waste mixed with chemicals is passed through the sludge
blanket clarifier, very finely suspended radioactive particles also gets trapped in the sludge blanket
giving a high DF of the order of 90-100 for the suspended radioactive particles. This results in very
low turbidity (<1 N.T.U.) in the treated waste water.
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FIG. 1. Liquid waste treatment and disposal schematic.

In case of radioactivity due to I3II the philosophy of delay and decay is adopted. This process,
followed by treatment if required for polishing through a synthetic ion exchange system, is used for
the liquid waste having gross beta-gamma radioactivity up to 55 KBqL"1 which include dissolved as
well as suspended radioactivity. If gross beta-gamma radioactivity level is higher, steam evaporation
system is envisaged in the design. This system need not to be operated, since higher level of
radioactivity is not observed in the liquid waste during normal operation. However, it may be useful in
case of any off-normal waste generation. The waste stream like PAW which does not have gross
beta-gamma radioactivity or is very low in radioactivity is directly sent to a post-treatment tank. No
specific treatment is planned for radioactive tritium except dilution and discharge. In the treatment
process almost 98% of the total gross beta-gamma radioactivity (see Figure 2) is removed from the
liquid waste and stored as solid waste at the plant site.

Treated waste is stored in a post-treatment tank. Finally, it is re-circulated for homogenization,
sampled and after filtration is injected into the condenser cooling water blow down line for dilution.
The diluted waste is released to the flowing canals. An on line proportional sampler is provided at the
final outlet to check the specific radioactivity level of the diluted waste water being released. Sludge
generated from chemical treatment forms a part of the solid wastes.
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FIG. 2. Performance of chemical treatment system.

2.3. Solid waste management system

2.3.1. Categorization of Solid Waste

In India, solid wastes from nuclear power plants are broadly classified based on surface dose as
per the categorization recommended by the International Atomic Energy Agency (IAEA) as follows:

• Category I. Waste with contact surface dose rate < 2 mGy/h,

• Category II. Waste with contact surface dose rate > 2 mGy/h but < 20 mGy/h,

• Category IE. Waste with contact surface dose rate > 20 mGy/h.

However, for the purpose of segregation at source, Category-I waste is further divided into
two groups:

- Combustible waste,
- Non-combustible waste.

From the point of view of disposal of solid/solidified waste packages, Category HI wastes are
further sub-divided into two groups:

- Category-IHA: Waste packages having surface dose rate < 0.5 Gy/h,

- Category-IIIB: Waste packages having surface dose rate > 0.5 Gy/h.

2.3 2. Generation of Radioactive Solid Waste

2.3.2.1. Category I waste
This type of waste largely originates from reactor maintenance/operation and consists of

protective clothing, contaminated metal parts, cleaning/packaging materials like cotton, paper and
wood etc. Solidified sludge/precipitate generated from chemical treatment for removal of
radioisotopes from liquid wastes and exhausted pre-filters and HEPA filters from the ventilation
system also form a part of this category of waste. Majority of the waste has a contact field much less
than 2 mGy/h which is the upper limit chosen for the purpose of categorization.

2.3.2.2. Category II and III wastes

These types of wastes originate from on line water purification system and consist of filter
cartridge and ion exchange resins. Typically this waste has an unshielded radiation field greater than



10 mGy/h. Therefore, additional shielding and greater precautions are required during transportation,
handling and storage operation than those required for category-I wastes.

Spent filter cartridges from various purification systems are handled by shielded flasks to
protect personnel from radiation during removal and transportation to the radioactive waste storage
area.

Spent radioactive ion exchange resins with high radiation levels are produced m primary heat
transport system, spent fuel storage bay purification system and moderator system.

2.3.3. Reduction of solid waste

Solid waste production is kept as low as practicable by using measures such as:

Measurement of solid waste in low background area,
Pre-fabrication of jobs in inactive areas,
Restriction on movement of inactive items such as packing materials in active area.
Recycling of waste,
Careful planning and performance of maintenance work,
Careful movement of radioactive material,
Efficient operation of primary heat transport, moderator, spent fuel storage bay purification
systems, liquid and gaseous waste treatment systems,
Provision of effective contamination control at source,
Good segregation practice at waste generation point itself.

2.3.4. Treatment and conditioning

A schematic showing treatment and conditioning techniques is shown in Figure 3.

Category I waste consist of combustible waste, non-combustible waste, and compactable waste.
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FIG. 3. Solid waste conditioning & disposal schematic.



2.3.4.1. Combustible waste.

It contains mostly paper, cotton, and protective clothing etc. which are incinerated in a
pyrolytic type incinerator furnace at a temp, of 850°C to 1000°C to obtain over all high volume
reduction factor of the order of 35 to 40 which after immobilisation with cement slurry resulting in a
final volume reduction factor of 18 to 20. The incinerator system needs to be operated hardly for four
to five days in four months. The gases emanating from the incinerator are released to atmosphere after
necessary cooling and cleaning. For gas cleaning, a dry type filtration system with cyclones, bag
house filters and HEPA filters (having efficiency 99.9 % for 0.3 micron size particles) is used. At the
final out let an on line activity monitor is installed and no radioactivity is allowed to be released to the
atmosphere. Ash collected is immobilised with cement and vermiculite that form a monolith in a
200 litres standard drum. The fuel used is liquefied petroleum gas which is a neat and clean fuel
system. All the equipment in this system are maintained at slightly negative pressure to avoid any
probability of ground level activity release due to leakage from the system if it occurs. An in-built
safety feature shuts down the whole system automatically in case of low negative pressure.

2.3.4.2. Non combustible waste

It contains mostly sludge precipitate from chemical treatment of liquid waste and some
metallic items. Sludge is solidified and metallic items are embedded in cement and vermiculite.

2.3.4.3. Compactable waste

It contains mostly plastic protective wearing and particulate filters. These are reduced in
volume by a factor of 5. This is achieved by in-drum baling of the waste using a hydraulic baling
machine having pressurisation capacity of 68.71 x 10 Pa(g).

Category II and III waste consist of filter cartridges, metallic components, and spent resins.
The filter cartridges and metallic components are incorporated in cement and vermiculite.

The spent resins are immobilised into polymer matrix to have better isolation from the
biosphere. Spent resins contains most of the activity generated in the form of solid wastes and hence
needs a special care for it's management. The technique of immobilization of spent resin in polymer
has been developed for the first time at NAPS and has been recently put into commercial use. In the
process of immobilization, spent resin beeds are physically incorporated into polyester-styrene
(isophthalic grade) by making a 200 litres monolith block. The catalyst and accelerator used in this
process are benzoyl peroxide and dimethyle aniline respectively. The polymer is found to be a most
compatible matrix material for immobilization of spent resins. Compatibility of matrix with waste,
chemical and biological durability of immobilised product and thermal/radiological stability of
product under storage conditions have been found to be satisfactory. Compressive strength and leach
rate of the product are 165 x 105Pa(g) and 2 x 10"4 kg.m. "2d"' as against acceptance criteria of
48.54 x 105 Pa(g) and 10"3 kg.m. "2d"' respectively. Fully remotised operation in a hotcell is carried out
for spent resin immobilisation. The various remote handling facilities existing in this system are as
follows:

Rugged duty type with extended reach Master slave manipulators,
In-cell crane,
Electrically driven trolley,
Motorised valves,
Radiation shielding viewing window,
Self aligned electrically driven mixer assembly.

2.3.5. Disposal of conditioned waste

All waste are disposed into engineered containers in shallow land burial facility located inside
the plant premises only. Depending upon the category of wastes, different modes of storage/disposal
containments are used.



2.3.5.1. Earth trenches

These are vermiculite lined trenches (16m x 10m x 2m) having 3 chambers. The waste packets
reading upto 0.03 mGv/h are disposed in these trenches. After filling, they are covered with soil
giving a mound shape at the top.

2.3.5.2. Re-inforced cement and concrete (RCC) vaults

These are 4m x 4m x 2m concrete vaults located above ground level and have an RCC wall of
0.125 m thickness. All waste packets reading more than 0.03 mGy/h to 0.5 Gy/h are disposed in these
vaults. In general, higher radioactive waste will form the bottom layer in the RCC vaults followed by
less radioactive waste on top. After filling the vault with waste, cement grout is poured to seal the
vault permanently. Further, vaults are closed with top RCC covers and sealed with cement grout.
Water proofing is done on the top surface.

2.3.5.3. High integrity containers (HIC)

These are steel lined cylindrical RCC containers as shown in Figure 4. Waste package having
more than 0.5 Gy/h surface dose is disposed in high integrity container and sealed completely by
welding the top cover and concreting over that. FflCs are stacked in single layer in earth trenches and
can be retrieved in the future, if so required. It is specially designed to provide higher life span and
integrity against any natural calamity. It also provides a shielding of about 2 TVL (tenth value layer).
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FIG. 4. High integrity container.



2.4 Gaseous waste management

An extensive ventilation system consisting of pre-filters and HEPA air filters as indicated in
Figure 5 collects potentially active exhaust air from areas such as reactor building, spent fuel handling
and storage area, the decontamination centre, and the heavy water management area. The exhaust flow
is further diluted with inactive exhaust air from service building and monitored for noble gases,
tritium, iodine and active particulate before being released to the atmosphere through a 145 m high
stack. Signals from iodine, wide range gamma and particulate monitors are recorded in control room.
Tritium monitoring is carried out by laboratory analysis of bubbler samples. Activity releases are
maintained well below technical specification limit.

3. SAFETY ANALYSIS OF WASTE MANAGEMENT FACILITY

Detailed safety analysis of waste management facility at NAPS has been carried out by BARC.
An institutional control of 300 years on the solid waste repository has been assumed for the purpose
of analysis. Using a unidirectional model with axial dispersion and taking into consideration the total
loss of engineered containers and further sinking of above ground storage to sub-surface levels during
a catastrophe, the analysis indicates the following.

Even with a conservation accident scenario without taking any credit of engineered
containment and assuming the site fully submerged under water and relatively high input, source term
of 3.33 x 108BqL"', the concentration of isotopes at 200 m and 500 m distance from the source is
negligible.

Hence, it can be concluded that the characteristics of the conditioned wastes, the geo-
hydrological condition, together with the engineered barriers will render the waste disposal/storage
site at Narora Atomic Power Station safe and acceptable.
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FIG. 5. Gaseous effluent management schematic.

4. ENVIRONMENTAL MONITORING

Around solid waste disposal area regular monitoring of underground water is being done by a
series of monitoring bore wells to check the integrity of waste management facility. For assessment of
environmental impact, a fully equipped environmental survey and micrometeorological laboratory is



established at each nuclear power plant which is functioning under the Directorate of Health and
Safety of BARC, an independent agency. So far, none of nuclear power plant has shown any
significant environmental impact on its surroundings. The maximum dose to the public at any nuclear
power plant in India is 1 to 2 % of the limit of 1 mSv/year recommended by the ICRP. Here it is to be
noted that contribution of dose due to NAPS to the public is only 2 to 3 |uSv/year which is in addition
to 2 mSv/year getting from natural sources. Hence a decade of experience have proved that present
practice of nuclear waste management at NAPS is quite safe and effective with respect to ecological
equilibrium.
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Abstract

Using thermal reactors, the neutron capture cross sections of 241Am and 243Am were measured by a
radiochemical method. The fission product yields from neutron-induced fission of 241Am were also measured by
y ray spectrometry. Enriched actinide samples (U, Np, Pu, Am, Cm) irradiated in a fast reactor were chemically
analyzed and the isotopic compositions of the minor actinides produced by the neutron capture reaction were
determined. From the viewpoint of nuclear waste management, transmutation process of actinides in neutron field
is discussed quantitatively by calculating the yields of the minor actinides with the nuclear data.

1. INTRODUCTION

One of the options for management of high level radioactive waste is to transmute the actinide
wastes into short lived fission fragments by neutron-induced fission. In order to understand
quantitatively the nuclear transmutation of minor actinides in neutron irradiation location, it is essential
to obtain precise nuclear data on their neutron reactions.

In this study, neutron capture cross sections and fission yields of americium nuclides have been
measured by a radiochemical method. Several enriched-samples of uranium, neptunium, plutonium,
americium and curium nuclides irradiated in a fast neutron reactor have been also analyzed
radiochemically to determine the contents of actinides and fission products in the samples. From the
viewpoint of nuclear waste management, the transmutation process of the actinides in neutron
irradiation is discussed quantitatively by calculating the yields of minor actinides with the data
measured in this study and the evaluated ones.

2. EXPERIMENTAL

2.1. Irradiation of americium samples in research reactors

Highly purified targets of 24lAm were irradiated in Japan Material Testing Reactor at Japan
Atomic Energy Research Institute (JAERI) for 4 days. The thermal neutron fluxes and the epithermal
neutron fractions were determined by measuring y rays of 60Co and l98Au from the irradiated neutron
flux monitors of Co/Al and Au/Al alloys. The neutron capture cross sections of 24lAm were decided by
measuring growth and decay curves of the a ray activity ratios of 242Cm/24lAm, where the nuclide 242Cm
is the daughter of 242&Am produced by the neutron capture of 24lAm. Analyzing the y ray spectra of both
the irradiated americium targets and the chemically separated fractions measured with a HPGe detector,
the yields of the fission products were obtained. These radiochemical procedures are given in detail
elsewhere [1,2].

To determine the capture cross-section of 243Am, highly purified targets of 243Am were irradiated
in Japan Research Reactor-3M at JAERI during 10 hours. After the irradiation, y rays of 244&Am on the
targets were measured with the HPGe detector. Measurements of the a ray spectra for the irradiated
samples were also carried out to determine the contents of 244Cm in the samples. The thermal-neutron
capture cross section of 243Am was thus obtained from the contents of 244&Am and 244Cm in the targets
[3].



2.2. Irradiation of actinide samples in a fast reactor

( 2 5 7( ^ n e p t u n i u m (257Np), plutonium (23

24l>243Ara) a n (j curium (243=244'246'248Cm) had been irradiated in the Dounreay prototype fast
Enriched nuclides of uranium

americium (
reactor (PFR) in Scotland [4]. Parts of the enriched samples were brought to JAERI for analyzing them.
Isotopic concentration measurements of actinides and fission products formed by the irradiation of fast
neutrons were performed by chemical separation, a and y ray spectrometries and mass analysis. Flow
sheet of the analysis is shown in Fig. 1. The detailed procedure related to the chemical analysis will be
described in a future report. In this report, the results on the plutonium samples are presented.

3. RESULTS AND DISCUSSION

3.1. Neutron capture cross sections

The neutron capture cross sections of 24lAm and 243Am obtained in this study are given in Table I,
where Go and Io are the thermal cross sections and the resonance integrals, respectively. The differences
between present results and the evaluated values [5,6] are 38-59% for 24lAm and 25% for 243Am. This
discrepancy affects greatly the estimation of the actinide waste generated from nuclear plants and the
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FIG.l. Flow sheet for the analysis of the irradiated actinide samples.

evaluation of nuclear transmutation system. The accurate data with accuracy of 10-15% on the capture
cross sections of 24lAm and 243Am have been required as registered in the World Request List for
Nuclear Data [7]. It is very important to obtain the precise values with a view to treating the nuclear
waste, because 24lAm and 243Am are the starting nuclides in the buildup chain of transplutonium
elements.



TABLE I. NEUTRON CAPTURE CROSS SECTIONS OF 24lAm

Reaction Cross section, b Resonance integrals

241Am(n,y)242mAm 85.7+ 6.3 1 1 4 + 7
241Am(n,y)2428Am 768 + 58 1,694+ 146

243Am(n,y)244l° 8Am 56 ±3.4

3.2. Fission yields

Fission product yields of actinides are needed in calculating waste disposal inventory, and then it is
substantial to measure the precise yield data. However, data on the fission yields of minor actinides are
limited so far. Table II shows the fission yields of the products from the neutron-induced fission of
24lAm, where Y and Y' are the fission yields by thermal and epithermal neutrons, respectively. In this
study, contribution of the fission of 242raAm, 242sAm and 242Cm (that are produced by the neutron capture
reactions of241 Am) to the total fission cannot be ignored. The fission fractions of241 Am, 242raAm, 242gAm
and 242Cm to the number of total fission were calculated [8] and given in Fig. 2. In a few days of thermal
neutron irradiation, the contribution of the 24lAm fission decreases rapidly as seen from the figure,
because the capture cross sections of 24lAm is large and the fission cross sections of 242raAm and 242gAm
are also large. We may claim that much careful attention should be paid to the secondary reactions of the
nucleus to be measured, such as neutron capture reaction and fission.

3.3. Nuclear transmutation of americium by neutron irradiation

In this section, nuclear transmutation process of americium is quantitatively considered by a
mathematical procedure: We define that N\(t) is the atom number of a nuclide A at irradiation time t. The
nuclide A is transmuted to different nuclides B, C, and so forth by neutron capture reaction.
Time-derivatives of the atom numbers during irradiation are given by

dJVA(O /dt = - NA(t) (AA + 0aA
sbs), (1)

WB(t) /dt = NA(t) <f>ak^ -NB(t) (AB + M " b s ) , (2)
diVc(0 /dt = NB(t) <t,<jk^ -Nc(t) ( ^ + ^o-c

abs), (3)

where cfap, c/te and X are the capture cross section, the absorption (capture + fission) cross section and
the decay constant for each nuclide, respectively. By solving these differential equations [8], the
formation and decay processes of the minor actinides can be calculated using the nuclear data measured
in this study and previously reported ones.

Figure 3 shows the nuclear transmutation process of241 Am by thermal-neutron irradiation. On the
basis of the calculation mentioned above, the nuclear transmutation of 24lAm by the neutron-induced
reaction can be understood quantitatively: 93.3% of the atom number of 24lAm (target) is transmuted to
other nuclides after one year irradiation of thermal neutrons with flux of 1014 n/cm2s in a reactor. The
transmuted amount goes to 238Pu (20.1%), 239Pu (0.0001%), 240Pu (0.001%), 242lllAm (0.08%), 242&Am
(0.04%), 243Am (4.3%), 242Cm (22.8%), 243Cm (0.52%) and 244Cm (0.13%), while the remaining
percentage (45.5%) can be attributed mainly to the fission products. In order to consider quantitatively
the transmutation of the minor actinides, it is essential to obtain the precise nuclear data, because the
uncertainties of the calculated values of the transmuted amounts strongly depend on the nuclear data
used.



TABLE II. FISSION YIELDS IN THE NEUTRON-INDUCED FISSION OF
241Am

Nuclide

95Zr
"Mo
103Ru
106Ru
127Sb
129mTe
131j

132Te
133Xe
l 4 0Ba
141Ce
147Nd
156Eu

Y

4.40 +
7.87 +
8.58 +
5.63 +

0.535 +
0.68 +
2.25 +
6.20 +
6.50 +
7.28 +
8.98 ±
3.84 +

0.050 +

Fission yield,c

0.40
0.75
0.78
0.74

0.078
0.26
0.20
0.60
0.59
0.66
0.80
0.38

0.009

Y'

4.68 +
8.19±
8.11 +
7.2 +

<0.14
<0.11

4.30 +
5.92 +
8.89 ±
6.33 +
6.70 ±
3.60 +

<0.03

0.34
0.70
0.60

1.1

0.32
0.67
0.61
0.47
0.48
0.28
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FIG. 2. Fission fractions of Am, Am, Am and

Cm in the neutron irradiation of Am target.
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actinides such as 241 Am and 243Am strongly depend on the inclination toward the capture cross sections,
but the decays of the produced nuclides and the short lived target (24lPu) cannot be also neglected both in
irradiation duration and in cooling of the irradiated samples. On the basis of the data measured in this
study, we can verify the cross section libraries and the calculation codes for buildup and decay of
actinides in fuel cycle of nuclear reactors.

TABLE III. NUCLEAR TRANSMUTATION OF THE 238Pu SAMPLE
AFTER 2200 — DAYS IRRADIATION IN PFR

Nuclide Composition, %
before irradiation after irradiation

" l zTh
253U
234U
235U
236U
238U
238Pu
239Pu
24opu

24lPu
242Pu
fission*

0.6

12.5

86.3
0.3
0.3

0.2
13.4

1.1
0.1

0.04
59.3

8.5
0.9

0.03
0.02
16.3

*FIMA%



3.4. Isotopic compositions of the plutonium samples irradiated in PFR

The plutonium nuclides change their atom numbers during the fast neutron irradiation, because of the
nuclear reactions (such as neutron capture and fission) and the decays. One of the experimental results is
shown in Table III, where the values are the measured isotopic composition of the 238Pu sample after
2200 — days irradiation in PFR. The nuclear transmutation of other plutonium samples
2̂38,239,240,242,24 pu^ j s depicted ^ pjg 4 |,y comparing the isotopic compositions of the samples before

and after the irradiation. The basic difference in the neutron binding energy between the even-even
nuclei (23«=240242=244pu) a nd the odd-N ones (239'24lPu) can be observed in Fig. 4. Buildup of the higher
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FIG. 4. Isotopic composition of the enriched plutonium samples
irradiated in a fast neutron reactor.

4. CONCLUSION

The neutron capture cross sections of241 Am and 243Am were measured by a radiochemical method.
The difference between the present results and the evaluated values are 25-59%. The fission product
yields from neutron-induced fission of 24lAm were also determined by y ray spectrometry. In
considering nuclear transmutation process of an actinide nuclide (for example, 24lAm), much careful
attention should be paid to the secondary reactions of other actinides (242lllAm, 242sAm and 242Cm)
produced by the neutron capture reaction of the actinide target. With the nuclear data measured in this
study and the evaluated ones, the transmutation process of actinides in a neutron field can be discussed
quantitatively by calculating the yields of the actinides.



The buildup of the minor actinides in the irradiation of the enriched actinide samples in PFR was
measured chemically, and the isotopic compositions of the minor actinides produced by the neutron
capture reaction and the fission products were determined. These nuclear data are important to
understand correctly the transmutation processes of the actinide samples for nuclear waste management.
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Abstract

There have been many atomic energy branch enterprises operating in the territory of Kazakhstan during
more than 30 years. They are: the nuclear power plant (NPP) BN-350 in Aktau city, the Ulba metallurgical plant
producing nuclear fuel for the NPP, and four research reactors of the National Nuclear Centre of the Republic of
Kazakhstan. One of the research reactors is located in Almaty, and the three others are located in Kurchatov-city
(on the former Semipalatinsk Test Site). This paper presents the procedures for radioactive waste management in
the NPP BN-350, which were used during its operation.

1. INTRODUCTION

Since 1991, after becoming a sovereign state, Kazakhstan started developing its own
legislative and regulatory systems in the field of atomic energy. In accordance with the Decrees of the
President, appropriate structures in Kazakhstan were created. They are: the Atomic Energy Agency as
the main supervising governmental body, the National Nuclear Centre, combining all nuclear related
scientific institutes, and the Corporation of Atomic Energy and Industry Enterprises, KATEP. On 14
February 1994, Kazakhstan joined the International Atomic Energy Agency (IAEA).

According to the existing infrastructure, the Republic of Kazakhstan needs an effective
system of assurance and guarantees for the protection of the population and the environment against
possible negative effects of atomic energy use. Radioactive waste storage was conceived and
implemented as a first step in the management of radioactive wastes in Kazakhstan [1]. The data
regarding the total volumes of radioactive waste have been determined, classification of waste has
been conducted, and the appropriate sites for the waste storage have been indicated. Quantitative
criteria and the principle approaches for radioactive waste storage have been formulated based on
international experience, the recommendations of the IAEA, and the existing safety rules and norms
of the country. The concept contains the following stages for radioactive waste management namely,
preliminary selection of sites for storage facilities, determination of the technology for collection and
processing of the waste, transport of the radioactive waste, and management and control of
radioactive waste facilities.

In the legislative field on the safe use of nuclear energy, several laws have been adopted in the
Republic of Kazakhstan. Most important of these are the Laws on:

• Atomic Energy Use (14 April 1997 [2]),
• Radiation Protection of Population (23 April 1998 [3]),
• Environment Protection,
• Licensing.

The drafts of the law on radioactive waste management and the rules on transport of
radioactive materials are being prepared. The Norms of Radiation Safety NRB-96 [4], prepared by the
specialists of the Russian Federation and the Republic of Belarus taking into account international
safety requirements [5], were adopted in Kazakhstan in 1997.



The Republic of Kazakhstan has signed and joined international treaties and conventions such
as the 1968 Treaty on the Non-proliferation of Nuclear Weapons, the Convention on Nuclear Safety,
and the Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive
Waste Management. Thus, the Republic of Kazakhstan has undertaken obligations to execute
international requirements for assurance of safety in atomic energy use.

There are several practical steps that have been taken which should be noted. First, a regional
storage facility for sealed radioactive sources has been put into operation in Kurchatov-city. A project
on long term dry-storage of the BN-350 power reactor spent fuel is now underway.

2. RADIOACTIVE WASTE MANAGEMENT AT THE NUCLEAR POWER PLANT BN-350

Development of nuclear energy is impossible without solving the problem of the safe
management of radioactive waste (including storage and disposal) resulting from the nuclear fuel
cycle. The procedure of radioactive waste management at the NPP BN-350 is elaborated in more
detail below.

The fast neutron reactor BN-350 has been in operation for more than 20 years with an average
yearly power of 600 MW. It is a dual-purpose nuclear plant, the energy produced by the reactor is
used for energy production and the operation of an evaporation facility for water purification.

About 99.9% of the radioactivity is retained in the fuel elements and only 0.1% is in the
solution needing collection and treatment as radioactive waste. The main technologies used for further
treatment of the liquid waste are concentration of the waste into a small volume for storage and
conditioning the concentrates into a solid form for long-term storage and ultimate disposal.

According to the NPP project, the liquid wastes are stored in a special container during a 20-
year period. After this period, waste must be consolidated or moved to a new storage facility.

Solid wastes resulting from NPP operations (decommissioned equipment, building refuse,
special clothes, filters etc.) are collected and stored in special concrete buildings.

Previously, the spent fuel (after long term storage in water) was transported to Russia in
special containers for radiochemical treatment.

2.1. Liquid radioactive waste

Construction and technological features of the BN-350 reactor determine the sources of liquid
and solid radioactive waste. The primary and secondary circuits contain no water, since liquid
metallic sodium is used as a coolant in the reactor. Therefore, all radionuclides from fuel and
radioactive products resulting from corrosion are in the liquid sodium metal of the primary circuit.

After the decay of short-lived sodium-24 and sodium-22, most of the radioactivity of the
is from I37C

about 5 to 8 Ci/kg.
coolant is from l37Cs and l34Cs (79.5% and 20% respectively). The total radioactivity of the coolant is

The release of radionuclides from the primary circuit occurs during fuel transfer, operations
on the fuel assembly (FA), and technological equipment decontamination. Spent fuel assemblies are
transferred through a decontamination box to the fuel pool. This operation is conducted three times
per year.

The BN-350 reactor has a system for equipment decontamination consisting of three units.
Spent fuel assemblies are cleaned in special boxes with detergents. The system also has steam



condensation, two distillation heaters, two containers with a total volume of 7.5 m for the preparation
of decontamination solution, tubing, and control equipment.

There is one additional facility for the processing of alkaline metal waste. It includes several
rooms:

• A room for the processing and clearance of waste,
• An operating room,
• A room for waste and equipment storage, and
• A system for the collection and neutralisation of liquid waste.

A mixture of 5% nitric acid and 0.25% potassium permanganate is used for decontamination.
The drain water is collected and transferred as liquid radioactive waste for cleaning and volume
reduction. After filtration, the liquid waste is transferred to a tank in which it is mixed for 6-8 hours.
The pH level is controlled. If it is less than ten, 5 % acid solution is added. The prepared solution is
then transferred for evaporation at a steam pressure of 3.0 kg/cm2. When the solid concentration in the
waste reaches 200 g/1, the liquid waste is transferred to the storage facility.

The condensate from the evaporator is used for cleaning and for secondary purposes such as
collection, control and neutralisation of the drain water. Filtered condensate is used as a secondary
standby coolant in the fuel storage pool. The specific radioactivity of the condensate water is not more
than 2.8x10"9 Ci/1.

The storage facility for the concentrated liquid waste is located in a special building in the
industrial site. The storage containers for the waste have traditionally a "multi-barrier" construction.
There are 8 large containers of 1000 m capacity each for the collection of concentrates and 2 small
ones of 175 m capacity each for the storage of the filter media.

The survey and control of surface water radioactivity around the facility is carried out to
assess the possibility for any potential hazards. Control of underground water is done using control
boreholes in the perimeter of the facility.

During the operational history of the BN-350 reactor, about 3800 m of concentrates with a
solid concentration of 50 g/1 and radioactivity of 2900 Ci were collected.

2.2. Solid radioactive waste

Two types of storage facilities are located at the NPP BN-350, one for high-level waste, and
another for low-level waste. Both facilities are located on site at a distance of one kilometre from the
reactor. Facilities and access roads with alarm systems comprise one area of the reactor's industrial
site.

Prior to storage, solid radioactive waste is sorted into high-level waste and low-level waste.
High-level waste includes equipment of the main circuits and experimental equipment, reactor
materials, and waste from the "hot camera" cells.

The volume of high-level waste is small. Therefore, intermediate-level wastes, except special
clothes, are stored in the disposal facility for high-level waste [6,7].

The high-level waste storage facility is an underground concrete building with a volume of
400 cubic meters. The storage facility has a hatchway and a ventilation system.



A trench 3 meters deep and 2 meters wide is used for the storage of the low-level waste. The
groundwater level is not less than 5-8 meters for the various periods of the year. The volume of this
type of waste is not more than 3-5 cubic meter per week. Earth and asphalt cover the trench
containing the waste. About 6200 tonnes of radioactive waste with a total radioactivity of 17,300 Ci
were produced during the entire period of operation of the NPP (approximately 250 tonnes per year).
Fifteen meter-deep control boreholes are used to monitor radioactive distribution around the storage
facility.

A special car with a stainless steel basket is used for transport of the solid waste. This is used
only for this work. Low-level waste is transported in plastic bags. High-level waste is transferred to
storage in standard protected containers that satisfy the transport requirements. Decontamination of
the special car and transport containers is conducted at a specially arranged site.

The decommissioning procedure of the BN-350 reactor was started pursuant to the
Governmental Decree of 22 April 1990. According to the decommissioning concepts for the NPP, it is
necessary to construct facilities for long-term storage. For this purpose, we are now setting up a
project to build new containers for the storage facilities. This project provides for the construction of
8 containers with a volume of 200 m each. These containers will be connected with the operating
system for the drain water. Previously collected waste will be solidified with concrete and transferred
to the BN-350 storage facility.

Storage equipment will be in special canyons lined with stainless steel. There will be a
signalling apparatus in each canyon for the control of the solution level. This facility includes a
special monitoring and control system - measure important parameters and conditions for control of
equipment during all periods of operation.

For management of the spent fuel from the BN-350 reactor, the dry storage method has been
chosen. The choice of dry storage is based on the experience of the Argonne National Laboratory
(USA) in the use of this concept for storage of radioactive materials from the experimental breeder
reactor II (EBR-II) for more than 30 years. This method uses an in-ground silo configuration. The
choice is based on a detailed options study using the following criteria to minimise:

• Proliferation and safeguards risks,
• Technical risk,
• Environmental and safety risk,
• Political risk,
• Cost.

Currently the siting of the storage facility is underway. The project will be carried out during
the next 6-7 years.

3. CONCLUSION

For more than 20 years considerable good experience has been accumulated in the
management of radioactive wastes from the NPP BN-350. Technologies of sodium waste processing
and decontamination are established and used with success. The reactor complex BN-350 has all
necessary equipment, buildings and qualified personal for the conduct of this activity.

The decommissioning of the BN-350 will be conducted according to schedule and should be
completed by around 2005.
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Abstract

The Ignalina nuclear power plant (NPP) is the main source of the spent fuel and the radioactive waste
(RW) in Lithuania. Now Lithuania is fully responsible for the management and disposal of its RW and spent fuel.
The present scheme of spent fuel, solid, and liquid waste treatment is incomplete. The Department of Thermal
and Nuclear Energy at Kaunas University of Technology proposed the new idea — cellular foam apparatus for
the concentration of the liquid waste at Ignalina NPP. Some data and main results of the investigation of such
apparatus are presented here.

1. INTRODUCTION

This report represents:

- Current state of the spent fuel and RW management in Lithuania;

- Shortages of waste treatment methods used in the Ignalina NPP;
- Main features and results of proposed liquid waste concentration method;
- Future prospects of the spent fuel management.

2. CURRENT STATE OF THE SPENT FUEL AND RW MANEGEMENT IN LITHUANIA

The Ignalina NPP is the main source of radioactive waste (RW) in Lithuania. Only a small
part of the RW occurs in the medical, science and industrial institutions. Almost all RW is stored now
at the Ignalina NPP site, and only a small part of them (mainly Low and Intermediate Level Waste)
have been collected (until 1989 year) at Maishagala village nearby Vilnius.

Ignalina nuclear power plant has two RBMK-1500 graphite moderated channel type reactors,
operating at reduced power (from 4800 MW(th) to 4200 MW(th)). The first reactor was put into op-
eration at the end of the year 1983 and the second one in 1987. Ignalina NPP uses uranium dioxide
fuel with 2,0% and 2,4% enrichment. Initially it was planned to return the spent fuel to Russia, from
which the fresh fuel was supplied. Unfortunately after the collapse of former Soviet Union this way
was closed, and now Lithuania is fully responsible for the management and disposal of its RW and
spent fuel itself.

Ignalina NPP RW consists of solid and liquid waste, ion exchange resins, and used lubricants
(Table 1).

Each reactor unit consists of five buildings, including main reactor building, desalination an-
water treatment facility, gas cleaning facility, turbine generating facility and control room.

The two reactor units have common facilities for treatment and storage of radioactive waste.
The radioactive storage area of the plant is illustrated in Fig. 1.



Solid waste without conditioning is placed into the special concrete vaults, which are located
near the plant [1]. Removable roof covers the upper part of the vault. Such method can be treated only
as a temporary solution for the solid waste disposal.

Liquid waste is collected in special tanks, and from them is directed to the evaporation sta-
tion, which consists of two identical parts (Fig.2).

TABLE 1. RADIOACTIVE WASTE OF IGNALINA NPP

Waste type

Solid
Contaminated water
Laundry waste
Evaporator concentrate
Spent ion-exchange resins
Perlite
Bitumenized waste
Spent nuclear fuel

Waste production, mVy

2 000
240 000

15 000
815
22
14

850
50-80, MTU/unit

In the evaporator, the drainage water is driven off until the salt concentration reaches 130 g/1.
The concentrate is then further concentrated in a re-evaporation unit until a salt concentration of 360-
390 g/1 is reached. This second concentrate is stored in one of two residual storage tanks, each with a
storage capacity of 1500 m3. These tanks are now filled to 85 % with solids. After settling, the evapo-
rator concentrate is delivered to one of two bitumenisation units, having capacities of 0.4 and 0.3
m3/h, respectively.

1 - liquid waste storage; 2 - evaporation and bitumenisation plant; 3 - bitumenised waste storage;
4 - bitumen deposit; 5 - ILW and HLW storage facility; 6 - LLW storage facility

FIG. 1. Radioactive waste storage area.



The two bitumenisation units are placed in the same building as the evaporators. The units are
of the (rotor type with screws used for mixing. The steam emitted during the mixing of bitumen with
the residuals is condensed in a wet barbotage type condenser and the dicharge gases are cleaned in a
filter purification unit. The distillate from the bitumenisation as well as from the evaporation is puri-
fied from oil, corrosion products, dissolved salts, and radionuclides in two condensate purification
units, including perlite filters, cation, anion and mixed bed ion exchangers, trap filters and tanks for
receiving the purified condensate. From the receiving tanks the purified condensate is recycled to the
nuclear reactor building. The fresh, not-active bitumen is fed to the bitumenisation units from tanks by
means of steam - heated pipe. The bitumen compound, having salt concentration of about 40%, is
transferred to the bitumen storage building using a steam-heated pipeline and the product is stored in
one of the several cells in the building.

1 - main evaporators; 2 -final evaporator; 3 - initial liquid waste; 4 - concentrate to bitumen appara-
tus

FIG. 2. Liquid waste evaporation station.

The concentrate of liquid waste is mixed with bitumen and delivered to the storage place lo-
cated nearby plant.

The projected capacity for bitumen compound in the building is approximately 23000 m3 of
which 40% is filled today.

The bitumen compound storage building contains eleven 2500 m3 big canyons, each with an
effective volume of 2000 m3 and one 1000 m3 canyon with an effective volume of 800 m3. At present,
four of the 2000 m canyons and the 800 m3 canyon are filled with waste. The density of the bitumen-
ised compound is about 1200 kg/m3.



3. PROPOSED LIQUID WASTE CONCENTRATION METHOD

The present scheme of liquid waste treatment is very complicated and incomplete. It has to be
modernized in the near future. For such purpose we have proposed the original idea - cellular foam
apparatus (Fig.3).

A huge number of the foam drops are generated during a collapse of the cellular foam bub-
bles. The shape of the foam drops trajectory and the velocity of the drops depend on the initial veloc-
ity, drops size, the direction, and magnitude of the gas - steam flow. Generally the drops trajectory can
be divided in two main stages:

• Motion stabilization stage;
• Soar motion stage.

Velocity of the foam drops changes from the initial velocity until the soar velocity at the first
(stabilization) stage. On the second stage the foam drops move with the soar velocity.

1 -foam apparatus; 2 - initial liquid waste; 3 - dry waste to bitumen apparatus

FIG. 3. Proposed evaporation station.

A balance of the forces acting on the cellular foam bubbles and on the foam drops as well
gave us opportunity to obtain the following kinematics characteristics of the foam drops:

• Size and dispersion;
• Initial velocity;
• A shape of the drops motion trajectory;
• Drops velocity at the stabilization stage;
• Duration of the stabilization stage;
• Drops soar velocity.

The changes of the foam drops velocity at the stabilization stage are presented on the Fig. 4.

The experimental and theoretical investigation shows [2] that the duration of the stabilization
stage is very short in comparison to the soar motion stage. For the calculation of the foam drops
evaporation process it is necessary to take into account the soar motion stage only. The investigation



of the foam drops evaporation process was provided and some important results have been obtained.
The influence of the foam drops evaporation chamber height on the evaporation process parameters is
shown on the Fig. 5.

Wi, m/s
10

8

6

4

2

0
0 0,002 0,004 0,006 r, s

w,, m/s

i, m/s

\

\

\

\ (

- — •

30

20

10

0 2 3
c

4 T, S

0
0 0,02 0,04

b T, s

a
b
c

d,,
m

10"4

lO"4

10"6

WT
m/s
10
10
50

m/s
10
30
10

a, rad

0,01
0,393
2,3560

i - drop's velocity; dt - drops diameter; Wdg - gas and steam flow velocity; a - drop angle; r - time

FIG. 4. Foam drops velocity.

0 0,1 0.2 (U OA 3J I 2 5 4 H.m

E - evaporation parameter; H- evaporation chamber height

FIG. 5. Evaporation parameters.



SPENT FUEL MANAGEMENT PROSPECTS

Lithuania, similar like some of other countries decided not to reprocess the spent fuel from its
nuclear power plant, and the spent fuel is stored now in the special water ponds nearby the reactor
site. There are two such ponds for each reactor with a common volume equal to 1380 m5

Ignalina NPP operating age is fifteen years now. From 50 up to 80t uranium of spent fuel per
unit every year is placed under the water in the ponds. Spent fuel assembles after discharging them
from the reactor core are placed into the water pools for one year. After that they are taken out and cut
in two parts inside the "hot chamber". Parts of assemblies are placed into the special baskets (51 as-
semblies in each basket) and sunk into the water ponds for the temporary storage. The space of ponds
is almost fully filled now by spent fuel baskets.

Future management policy of the spent fuel is to use dry storage cask. In December 1994 Ig-
nalina NPP signed a contract with Germany Company GNB on the supply of the first part of the iron
cask CASTOR (Fig.6) for the dry storage of the spent nuclear fuel.

FIG 6. CASTOR containers at Ignalina NPP.

This type of the cask is supplied now to Ignalina NPP (20 CASTOR casks have been deliv-
ered already). It is very likely that the next supplier will be the Canadian Company AECL, which have
proposed MACSTOR system for Ignalina NPP.
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Abstract

The purpose of this paper is to present an overview of the current regulatory framework, concerning the
radioactive waste management in Mexico. It is intended to show regulatory historical antecedents, the legal
responsibilities assigned to institutions involved in the radioactive waste management, the sources of radioactive
waste, and the development and preparation of national standards for fulfilling the legal framework for low level
radioactive waste. It is at present the most important matter to be resolved.

1. REGULATORY ANTECEDENTS

The radwaste generation data in Mexico start from the 50's, coming from the application of
radioactive materials in industry, research and medicine, to a few decades later from the generation of
nuclear power. In 1955, The Commission of Nuclear Energy (CNEN) was the first governmental
organism with regulatory functions on nuclear aspects. Also, the CNEN assumed all type of
responsibilities on research, training, mining and milling of uranium ores, nuclear fuel business and
radwaste management. In 1972 the CNEN was substituted by the National Institute of Nuclear
Energy (INEN), which established the Radiation Protection Committee whose functions were to
inspect and to implement standards, regulations and guides on radiation protection.

With the objective to delineate clear responsibilities, in 1979, the INEN was divided in three
institutions:

• Nuclear Research National Institute (INTN). Responsible of development, research, training on
nuclear aspects, including storage, handling, transport and treatment of radioactive waste,

• Mexican Uranium (URAMEX). In charge of mining and milling process, including enrichment
trade. In 1985, this institution disappeared,

• National Commission of Nuclear Safety and Safeguards (CNSNS). Responsible of Nuclear
Safety, Radiation Protection and control of Nuclear Safeguards.

The current law on nuclear matters [1], issued in 1985, regulates in a generic way the mining
and milling of uranium ores, the use and application of nuclear and radioactive materials, the
development of nuclear technologies, and all matters related with the nuclear industry. Particularly,
this Law assigned to Mines and Energy Ministry (at present Energy Ministry (SE)) the responsibility
of radioactive waste management, while the regulatory activities related with the radioactive waste
management were ratified to CNSNS.

In 1988, CNSNS issued a Radiological Safety Regulation [2] that establishes basic radiation
protection rules, dose limits, licensing process for radioactive materials and specifically for
radioactive wastes establishes only generic points about their classification and the licensing process
for temporal and definitive storage. This regulation does not establish specify technical criteria for the
different stages of radioactive waste management such as: criteria for their classification and
characteristics for temporal and definitive storage, requirements related with their treatment and
conditioning, and requirements for definitive storage facilities of radioactive wastes. In 1994, the



CNSNS began to elaborate national standards that addressing the detail criteria and requirements on
radwaste management activities.

2. RESPONSIBILITIES ASSOCIATED WITH THE RADIOACTIVE WASTE MANAGEMENT

The Law on nuclear matters states that CNSNS has responsibilities like the following:

(a) To surveillance and enforce compliance with the established and statutory framework for safety
and radiological environment protection;

(b) To review, approve or reject applications and to issue, amend, modify, suspend, cancel licenses
or other authorizations for nuclear and radioactive facilities, including radioactive waste
management facilities;

(c) To develop and update the rules, criteria and guidelines on nuclear and radiological safety;
(d) To review radiological environmental impacts and safety for nuclear and radioactive facilities;
(e) To implement and inspection programs on nuclear and radiological safety;
(f) To advise and recommend to energy secretariat about the nuclear and radiological safety aspect

on the facilities.

As pointed out above, the current Law established that SE is the responsible entity for radwaste
management. However SE partially delegated the responsibility to two institutions:

• Federal Commission of Electricity (CFE) — Has the responsibility for management of the
radioactive wastes arising from Laguna Verde Nuclear Power Plant, including their disposal. At
present, the radwaste are treated, conditioned and temporary stored in the site,

• Nuclear Research National Institute — Has the responsibility for management of radioactive
waste arising from small users (medicine, industry and research). At present, the institution
performs the recollection, treatment and conditioning, transportation and temporal storage
activities.

3. TYPES, SOURCES AND QUANTITIES OF RADIOACTIVE WASTE FROM NUCLEAR FUEL
CYCLE

At present, the most important facility in Mexico related with the nuclear fuel cycle is the
Laguna Verde Nuclear Power Station (LVNPS), which is operated by CFE and is located in Veracruz.
It has two BWR GE reactors with nominal electrical output of about 654 MW(e) for each unit. The
type of radwaste generated are Low Level Radioactive Waste ( which are treated, conditioned and
stored inside the site) and spent fuel which is stored in the reactor's pools.

The disposable solid radwastes (e.g. contaminated clothing, rags, paper, lab equipment, and
supply item, etc.) are compressed into 200 liter drums by an hydraulic compactor. The liquids and
slurries (wet solid wastes) and spent filter cartridges are solidified into 200 liter drums, while the
spent resins, filter sludges and concentrates are packaged in High Integrity Containers (HIC). These
processing activities are carried out inside the plant and later the drums and HIC are stored in onsite
facilities. According to operational experience, the average annual generation of radwaste is about
615 drums and 22 HIC's.

There are the following three temporary storage facilities in the site.

(1) Storage in plant: It is designed to storage a year of radwaste generation coming from both units;
the purpose is to reduce the radiation levels by radioactive decay. For this purpose drums and
HIC s are stored there. The inventory is 24 HIC s and 707 drums.

(2) Wet radwaste temporary storage: The capacity storage is 273 HIC s and 4100 drums of wet
radwaste. The inventory is 157 HIC s and 890 drums.



(3) Dry radwaste temporal storage: It is designed to store 8290 drums of dry radwaste. The
inventory is 4351 drums.

The spent fuel generation is about 92-102 assemblies in each refueling stage, and it is
temporarily stored in the reactor's pools which have capacities to store all the fuel generated during
the useful life of the plant. To date, the accumulated volume is 875 assemblies (900 tons of uranium).

Taking into account the capacity of the on-site temporary facilities and the generation of low
level radioactive wastes, it is projected that within five years the storage will reach its capacity and
therefore it is necessary to define the strategy for the radwaste management. In this context, CFE is
considering diverse alternatives such as: to analyze new technologies for the radwaste minimization
and volume reduction, to construct an additional temporary storage facility in the site, and the
possibility to construct, in a short term, a disposal facility.

4. CURRENT REGULATIONS AND POLICY

Considering the primordial need for to construct a final disposal facility for low level
radioactive waste, and as pointed out earlier that our regulation does not have specific criteria for
regulating the activities related with the radioactive waste management stages, it was necessary to
begin establishing national standards and guides to accomplish the legal regulatory framework
concerned with the final storage of this type of radioactive waste, with the objective of licensing,
controlling and surveillance of these activities. For such purpose, the national standards were created
which set forth detailed requirements on:

(a) Criteria for the classification of radioactive waste produced by nuclear industry, establishing
requirements on the classification of low level radioactive waste for their final disposal in a
near surface facility;

(b) Radwaste management in facilities that using unsealed sources, taking to account measures for
minimizing the radwaste generation;

(c) The methods for determining the activity, activity concentration, and identification of the
radionuclides contained in a radioactive waste package, for its treatment, conditioning process
and disposal;

(d) Requirements that the waste package must comply in order to be accepted in a near surface
final disposal facility;

(e) The requirements for the siting, design, construction, operation, closure and institutional
control for a near surface disposal facility of low level radioactive waste.

Additionally, the regulatory body is working in the elaboration of additional standards related
with the criteria and requirements for clearance, from regulatory control, of radioactive waste and the
requirements for radioactive waste treatment and conditioning facilities. With the latest standards, we
think that regulatory requirements will be fulfilled for low level radioactive waste management. The
program of implementing these standards according to the characteristics of the wastes produced in
Mexico and the criteria and the requirements mentioned for above standards are based in the
recommendations in the IAEA Safety Series reports [3-8] and the NRC regulations established in
10CFRPart61 [9].

Also, the CNSNS is participating in the IAEA Coordinated Research Project on "Improvement
Safety Assessment Methodologies". The experience and exchange information gained on this matter
will be useful to evaluate the safety of the near surface disposal facilities.

The current radwaste policy is undergoing revision to take into account our needs and
considering the fundamental principles for the safe management of radioactive waste. The revision,
among others, is considering strategies for:



The environmental surveillance of the Pena Blanca Disposal Facility, where were disposed
uranium tails generated during the operation and decontamination of mining and milling
facility;
The environmental surveillance of the Piedrera facility, where have been disposed the
contaminated material coming from the 1984 Cd. Juarez accident with a Co-60 source;
The recovery of the radwaste disposed in trenches of Radioactive Waste Storage Center. At
present, this Center temporary storage the radwaste arising from small users;
The decommissioning of LVNPS and others facilities.

5. CONCLUSIONS

As in other countries, Mexico is facing the problem of the final disposal of radwaste and other
aspects related with their management. The current priorities are:

(a) To begin with the site selection process for final disposal of low level radioactive wastes
arising from LVNPP, medicine, industry and research applications. It is possible that the 'three
barriers design' concept may be used, as that concept has already been used and proved in other
countries;

(b) To accomplish the radwaste management policy, in accordance with the IAEA
recommendations, for assuring that the radwaste are safely managed, by developing additional
laws and regulations and developing the necessary operational experience;

(c) To analyze and implement technologies for volume reduction and to establish programs for
minimization of radwaste;

(d) To establish specific regulatory requirements for intermediate and high level radwaste;
(e) To define the final policy related with the spent fuel;
(f) To establish regulatory criteria for decommissioning of nuclear and radiological facilities.
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Abstract

The process of site selection for a low level waste repository was initiated in 1976 when the Philippine
Government decided to go nuclear and constructed the first Philippine Nuclear Power Plant in the Bataan
Peninsula. However, all siting activities were suspended when the nuclear power plant was mothballed and the
final decision was made to convert the plant into a combined cycle power plant. In 1995, an inter-agency
committee was created under the Nuclear Power Steering Committee and mandated to conduct studies on siting
of radioactive waste disposal facilities and at the same time, perform R&D activities in support of the project.
This paper describes the various siting activities carried out to date.

1. INTRODUCTION

The Philippine Nuclear Research Institute (PNRI) has the sole responsibility of dealing with the
safe management of radioactive wastes generated from industrial, medical and research applications
of radioactive materials. To accommodate the wastes collected from its clientele as well as the wastes
generated from the day to day operation of the Institute, treatment and interim storage facilities are
being maintained by the PNRI inside its compound in Quezon City. However, in view of the limited
capacity of these facilities, the eventual permanent disposal of all the wastes stored inside the
compound will have to be addressed.

In 1994, an interagency committee composed of the PNRI as the lead agency, the National
Power Corporation (NPC), the Philippine Atmospheric, Geophysical and Astronomical Services
Administration (PAGASA), the Philippine Institute of Volcanology and Seismology, (PHTVOLCS),
and the Science and Technology Information Institute (STII) was constituted to continue with the
previous studies and activities pertaining to the siting of radioactive waste disposal facilities. The
Committee agreed on a disposal concept of an engineered structure excavated in shallow ground for
low level to short lived intermediate level wastes.

In 1995, the above project was given more importance when the Philippine government
announced its decision to pursue a nuclear power development program for the next century. A
subcommittee was created under the Nuclear Power Steering Committee and mandated to conduct
studies on siting of radioactive waste disposal facilities and at the same time, perform R&D activities
in support of the project. The outputs from these studies are intended to address several issues in
nuclear energy development, the most important of which is the long term protection of the human
environment from the harmful effects of radiation emanating from the operation and existence of a
permanent disposal facility.

2. SITING ACTIVITIES

The process for site selection activities was initiated in 1976 when the country decided to
construct its first Nuclear Power Plant (PNPP-1). This was undertaken by an interagency committee,
which was tasked to study the possibility of establishing a national radwaste management centre.
Initially 13 candidate sites from all over the archipelago were identified for preliminary survey. Using
stringent criteria, the committee identified the 3 most suitable sites that warranted further



investigation. These sites were all situated in Luzon, the second largest island in the Philippines.
However, the immediate need for a repository for the PNPP-1 wastes shifted the attention of the
committee to prioritise its site characterisation to the 3 areas inside the PNPP-1 reservation area. The
extensive studies done in the PNPP-1 site were to determine and to confirm its suitability for a
shallow ground disposal facility. But in 1986 all work activities pertaining to siting were reduced to a
minimum level pending the decision of the government to operate the PNPP-1 or not. Figure 1 shows
these previously identified candidate sites for the proposed national radwaste management centre.

The decision of the government to again pursue a nuclear power program in the next century
led to the creation of a new working committee tasked to conduct studies for siting of disposal
facilities. Initially, the short list of candidate sites identified during the last 2 decades was reviewed.
Considering that the Philippines is located in the Ring of Fire, the assistance of the Philippine
Volcanology and Seismology Agency and the Philippines' Bureau of Mines, both government
institutions, were requested to provide the information on the current geologic characteristics of these
sites. It was ultimately confirmed that these candidate sites are no longer acceptable considering the
current developments in these areas as well as on the updated information regarding the presence of
active faults.

Having declared the previously identified sites as no longer suitable for the purpose, the
committee focused its attention to the location of the PNPP-1 and took advantage of the extensive
studies that were already established. The geologic logging and trench mapping performed in Cabigo
Point, an area covered by the PNPP-1 reservation area indicated that it is capable of supporting
structures having a maximum design load of 28 160kg/cm2 at an elevation of 59 meters above mean
sea level. At the same time, an ocular survey was performed in a nearby province, which was recently
found to be fault free. A specific site was singled out for further survey and inspection.

On the other hand, the site screening procedure was revised and updated based on international
information detailing the technical guidance for siting of disposal facilities. Appropriate activities and
workplans were established to identify other potential sites on a regional scale.

The process for siting was divided into 2 major stages, i.e. site screening stage and site
evaluation stage. Site screening mainly involves a desk compilation of existing information and data
from a wide variety of government and private institutions. If necessary, field investigations using
geological, hydrological and surface environment methods will be employed to verify, update and
confirm existing data. Reconnaissance field investigations will be carried out by performing airborne
surveys of selected candidate regions and areas supplemented by ground investigations, as
appropriate. It is envisioned that a small number of candidate areas will be identified and subjected to
further detailed site investigations.

Site evaluation will proceed as soon as candidate areas identified in the first stage warrants
detailed surface and subsurface investigations. This will include locating and constructing boreholes
and exploratory shafts to allow characterisation of underground surfaces.

3. SITING FACTORS AND ASSOCIATED CRITERIA

The site screening procedure is divided into two major factors, the primary and secondary
factors. The primary siting factor was given a weighting value of 60% and includes the geologic,
hydrogeologic and topographic characteristics of the proposed site. The secondary factor with a
weighting value of 40% involves siting factors such as demography, meteorology, surface hydrology
and land use. This screening procedure was used to evaluate sites on a regional scale with the
intention of identifying a preferred candidate site. More stringent criteria will be developed for final
site selection. A complete description of the technical factors that need to be considered during the
site screening process is presented in Table 1.
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FIG 1 Candidate sites for the proposed National Radwaste Management Center (NRMC)

The conditions that will be regarded as acceptable and not acceptable to the potential suitability of the
area are also given. Since some of the factors are not quantitative in nature, subjective decisions in
some cases are made concerning the application of the criteria.



TABLE 1. PRELIMINARY SITING FACTORS AND ASSOCIATED CRITERIA

FACTORS

SUBSURFACE HYDROLOGY:

— Groundwater Level

- Groundwater Recharge

— Groundwater Discharge

— Hydrogeologic Units

SURFACE WATER
HYDROLOGY

—Flooding

- Site Slope

— Upstream Drainage Area

GEOLOGY:

— Tectonic Processes

- Surface geological
Processes

- Rock Formation/Lithology

- Natural Resources

CRITERIA

ACCEPTABLE

More than 20 m. deep

Hydraulic Conductivity less
than 10"5 cm/s

Prefer sites with highest
recurrence interval

Sites with least upstream
drainage area and where
drainage is most manageable

Stable region

Sites with least impact from
surface processes

Areas with rocks that are
homogeneous, low degree of
fracturing and low fissility

Lowest potential for
economically significant
natural resources

UNACCEPTABLE

Less than 15 m. deep

Primary recharge zones of
major aquifers

Major discharge areas

Areas within the 100 year
flood plain or coastal high
hazard zone

Slopes greater than 5%

Areas with active tectonic
processes



TABLE l.(cont)

SOILS:

— Soils Characteristics

— Hydraulic Conductivity

TOPOGRAPHY:

— Land Surface

METEOROLOGY:

— Precipitation/Evaporation
Rate

— Severe storm potential

METEOROLOGY:

- Dispersion Potential

LAND USE:

— Population

- Land Use Compatibility

- Prime Farmland

- Transportation and Site
Accessibility

Area with homogeneous
soils, more than 3 m thick,
with high sorption capacity
and low shrink/swell
potential

Prefer grade of 2% to 5%,
minimal uypstream drainage,
and manageable drainage

Areas with lower annual
precipitation

Lowest occurrence of
extreme windspeed and baby
tornadoes

Highest dilution potential
and wind direction
persistence

Sites with fewest residents
in the area

Farmland of lower
productivity

Sites with better access to
surface water and rail routes

Areas with permeabilities
generally greater than 10"
cm/s

Areas with steep slopes

Areas with evaporation less
than precipitation

High occurrence of extreme
windspeed

Low atmospheric stability

Areas with density greater
than 400 per sq. mile

Parks, Preserves, Urban
areas.
Incompatible adjacent areas

Prime Farmland

Areas without adequate
surface water and rail routes



In the primary siting factor, only the general exclusion criterion (groundwater level less than 50
ft deep and primary recharge zones of major aquifers) is applied to the whole archipelago to identify
the potential regions of interest. The primary hydrologic exclusion criteria that will be considered are
groundwater levels and groundwater recharge. Any area excluded from this stage will not be
considered further in the study. Areas that were not excluded will be characterised further using the
following factors: groundwater levels and discharge, hydrogeologic units, soil characteristics and
hydraulic conductivity, land surface slope, tectonic and surface geological processes, rock formations
and occurrence of natural resources. Sites with deepest water level, lowest recharge potential and
groundwater discharge, lowest conductivity and solubility, highest sorption capacity and least
complicated geology will be most preferable.

The secondary factor requires potential candidate sites to be evaluated using their
meteorological, demographic, hydrological and land usage characteristics. The surface water
hydrology uses flooding and site slope/upstream drainage factors. These factors minimise any chance
of water infiltration into the waste that may cause migration out of the facility. Sites with the highest
flooding recurrence interval (>100 years) and least slope (<5%) are preferred. The preferred
meteorological characteristics on the other hand require sites to have lowest annual precipitation and
highest dilution potential and wind direction persistence. Areas with population density greater than
400 per square mile are excluded. Sites with better access to surface water and rail routes are
preferred.

4. SAFETY ASSESSMENT

A preliminary investigation of the impact of the planned facility was carried out using the
computer code Disposal Unit Source Term (DUST) developed at Brookhaven National Laboratory
[1]. The code was used to calculate the concentration and release rates of selected radionuclides out of
a generic facility at varying time intervals. The calculation was based on an assumed radionuclide
inventory, waste form characteristics, type of waste containers and other various physical processes
that can eventually cause a release. The DUST code is very useful for parameter sensitivity analyses
as well as for screening of critical radionuclides. Table II shows the assumed activity of selected
radionuclides at site closure.

The current plan for the disposal of low level and short lived intermediate level wastes is to
build the facility above the water table. The assessment scenario assumes that the disposal facility is a
reinforced concrete pit, excavated in shallow ground. The cover is assumed to be about 5 meters thick
and will consist of alternate layers of soil, sand and an impermeable layer like clay, after disposal
operations have ceased.

The transport of radionuclides within the disposal facility was modelled using the multi-cell
mixing cascade model [2]. This model is based on an analytical solution of the advective transport
equation with radioactive decay and chemical retardation for constant flow and material properties.
The distribution coefficient (Kd value) for each element was based on a cementitious environment
and taken in Ref. [3].

TABLE II. INVENTORY AT SITE CLOSURE

Radionuclide Amount, TBq
CX14 7.40 E-06

Cs-137 1.75 E-01
1-129 1.85 E-06
H-3 1.00E-04

Ni-63 3.51 E-01



Table IE gives the results of the estimated maximum concentration and the annual input to the
groundwater table. The preliminary estimates of potential doses to a critical group of inhabitants from
the water ingestion pathway are likewise given in Table IV. The results are far below the
internationally accepted dose limits for members of the public.

TABLE IE. MAXIMUM CONCENTRATION AND FLOW RATES OF SELECTED
RADIONUCLIDES

Radionuclides

C-14
Cs-137
1-129
H-3

Ni-63

Maximum Concentration
(KBq/li)

7.25 E-03
6.0 E+02
1.72 E-09
8.58E-07
7.25 E-06

Flow Rate
(KBq/y)

7.47
6.21E+04
17.7 E+01
8.84E-01
6.96E-02

TABLE IV. DOSE PROJECTIONS DUE TO DRINKING WATER PATHWAY

Radionuclide Annual Effective Dose Equivalent
(mSv)

C-14 3.52 E-08
Cs-137 7.19 E-03
1-129 2.80 E-06
H-3 1.21 E-10

Ni-63 3.90 E-06

The results of this assessment are very preliminary because these are based on generic
parameters. Thus, the calculated radionuclide concentrations, release rates and the subsequent dose
projections are only indicative until site specific data are obtained.

5. PUBLIC INFORMATION

Based on international experience, public involvement has been noted to be of utmost
importance in almost all phases of the siting program. As work progressed in the Cabigo Point area,
the committee designed survey instruments containing information on the social, economic and
cultural dimensions of the potential beneficiaries of the project. The people's perceptions and attitudes
towards the project were gathered. The survey revealed that majority of the residents living around the
area disapproves of any nuclear related activities. It was believed however that their attitude was
borne out of ignorance and inadequate knowledge of nuclear energy. The survey concluded there was
a need for more information dissemination, especially on the advantages and disadvantages of nuclear
energy. Scientific facts regarding nuclear energy and nuclear wastes should be presented and
explained to the public in layman's terms.

Having had some experience in the previous undertaking, an information package in the form
of a storyboard was developed to discuss and illustrate the various steps involved in the safe
management of radioactive wastes. A survey questionnaire on public awareness and acceptance
designed for professionals was prepared to complement the storyboard. These were presented during
the 7th biennial convention of the Philippine Association for Radiation Protection. The results of the
survey indicated that majority of the respondents are aware of the basic aspects of radioactive waste
management and are interested to know more about its long term disposal and safety.



6. FUTURE ACTIVITIES

The interagency committee led by the Philippine Nuclear Research Institute will continue with
its site screening activities in support of the nuclear power development program of the government
to:
(a) Gather, analyse and map existing regional scale data for the different candidate regions

addressing the 3 main components of the site screening procedure (hydrology, geology and
environmental status assessment);

(b) Conduct surface investigations of relatively short duration at the preferred location;
(c) Recommend the most suitable areas for thorough surface and subsurface investigations;
(d) Recommend the most appropriate treatment and conditioning options for the types of wastes

considered for disposal;
(e) Complete a scoping exercise for the safety assessment of generic facilities and recommend

sensitive parameters to be considered in the site evaluation stage;
(f) Prepare additional information packages for various types of mass communication media.

Further to these activities, the members of the committee will continue to participate in
international fora to keep abreast with the current and future developments not only in the siting of
disposal facilities but also in the effective management of radioactive waste as a whole.
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Abstract

The sources of radioactive waste in Romania are users of radiation and radioactive materials in industry
(including nuclear electricity generation), medicine, agriculture and research and also the processing of materials
that are naturally radioactive, such as uranium ores. The different types of radioactive waste are classified into
four categories of waste: excepted waste, low level waste, medium level waste and high level waste. A spent fuel
management sub-programme as a part of the Radioactive Waste Management programme was initiated by the
former Romanian Electricity Company (RENEL) in 1992. Within the frame of R & D of the Radioactive Waste
and Spent Fuel Management Programme, the topics cover investigations, studies and research to identify the sites
and the conceptual designs for a Spent Fuel Interim Storage Facility (SFISF) and also a Spent Fuel Disposal
Facility (SFDF). Changes in the organization of the nuclear activities of RENEL, involving both responsibilities
and financing aspects, led to interruption of the programme. The programme includes study of the main methods
and the existing technologies for the design, operation and safety of an interim storage facility (including
transport aspects). It also includes analysis of details on the site selection for this facility and for a spent fuel final
disposal facility. The achievement of the spent fuel interim storage facility is proceeding. The results from the
studies performed in the last years will permit us to prepare the feasibility study next year and the documentation
required by our regulatory body for starting the process to obtain a license for a SFISF at Cernavoda. A second
phase is the assessment of a long term strategy to select and adopt a proven disposal technology for spent fuel,
corresponding with a selected site. The status of the work performed in the frame of this programme and also the
situation of the spent fuel from research reactors are presented.

1. INTRODUCTION

The Romanian Atomic Act, Law No.l 11/1996 has been in force for the safe deployment of
nuclear activities. It provides the legal requirements for radioactive waste management. According to
this Law, the waste producers bear the responsibility for the management of their radioactive waste
and also for the financial and material arrangements for the collection, transport, treatment,
conditioning and disposal of waste from deploying their activities and also for decommissioning of
their facilities. The licensee pays a legally required fee into the Radioactive Waste Management and
Decommissioning Fund (RWMDF).

In 1996 Romania became the 30th country operating nuclear power plants. The Cernavoda Unit
1, equipped with a CANDU type reactor, satisfies about 9% of Romania's actual electricity needs.
Measures for reducing the radiological impacts on the environment have been taken within the
CANDU Project, but it is necessary to ensure safe radwaste management in accordance with IAEA
recommendations and following the ALARA principle. According to the Law, the handling of
radioactive waste, including spent fuel, resulting from research and from nuclear electricity generation
must be safely managed and disposed of in ways that ensure the protection of humans and the
environment, now and in the future.

2. THE SPENT FUEL PRODUCERS IN ROMANIA

In Romania the spent fuel is produced both in research and power reactors. I will present later
in this report details on the facilities producing the spent fuel.



2.1. Research facilities

2.1.1. Institute for Nuclear Research (ICN) from Pitesti.

A TRIGA type (USA) reactor has been in use in ICN since 1978. It is expected to be in
operation for another 15 years. The facility contains a pool type TRIGA reactor with a nominal power
of 14 MW and another pulsed reactor placed into the same pool. Both of these use low enriched
uranium (LEU) fuel.

The reactor research facilities contain a hot cell in which radioactive sources up to 1 MCi of
Csl37 can be handled. In the hot cell, research work can be done with irradiated fuel bundles, for
example irradiation damage and burn up determination. In the temporary storage pool next to the
reactor pond 4 spent fuel clusters are now stored. The spent fuel quantities are low and their return
back to the USA for management is provided under the contract.

2.1.2. The Institute of Physics and Nuclear Engineering "Horia Hulubei" (IFIN-HH) —Magurele

IFIN — HH is the owner of the Russian VVR-S type research reactor. The VVR-S is a tank-
type research reactor of 2 MW nominal thermal power and a maximum neutron flux of
2 x 10l3n/cm2/s. The reactor was designed and manufactured in Russia and has been in operation
since 27 July 1957 without any recorded events and without significant refurbishment. The reactor is
currently shutdown awaiting a safety audit to be made by the regulator, CNCAN. Depending on the
results of the audit, a decision on the pre-decommissioning activities will be taken.

It is planned to store the spent fuel for 40-60 years, followed by direct disposal. The plant
operators are assessing the storage system. Currently, the spent fuel is being cooled in the reactor
spent fuel pool. For the medium term the fuel will be stored at the away from reactor (AFR) facility at
the Magurele site, while the long term options are being evaluated.

2.2. Cernavoda nuclear power plant, unit 1

Cernavoda Nuclear Power Plant was originally planned as a four unit plant equipped with
CANDU 600 reactors. Within three years of starting construction, this was increased to five units.
The reactors are fuelled with natural uranium and moderated and cooled with heavy water under
pressure. Each unit has a thermal power of 2180 MW using a design developed by Atomic Energy of
Canada Limited (AECL).

Unit 1 was put in operation in December 1996. Now, efforts are concentrated to finish Unit 2.
There have been work delays which have caused financial difficulties, but the project is still ongoing
and the work at the site is continuing at a slow speed.

The spent fuel is currently stored in the main storage bay located in the NPP's Service
Building, which has a capacity of 49 000 fuel bundles. Approximately 5000 fuel bundles are stored
annually (80% reactor capacity factor) in the Storage Spent Fuel Bay (SFB).

The main characteristics of the CANDU spent fuel bundles are as following:

- Geometry cylindrical
- Dimensions (mm): length 495.3 +/- 0.75

: diameter 102.5
- Fuel mass (Kg of UO2) 8.7
- Bundle mass (Kg.) 23.722
- Fuel enrichment (%weight of U 235) 0.72
- Cladding material Zr
- Fuel burnup(MWd/tU) 7400(average)



3. ROMANIAN SPENT FUEL AND RADIOACTIVE WASTE MANAGEMENT POLICY

The main objective in the management of radioactive waste is to protect current and future
generations from unacceptable exposures to radiation from man-made radioactive materials.

The sources of radioactive waste in Romania are users of radiation and radioactive materials in
industry (including nuclear electricity generation), medicine, agriculture and research; and the
processing of materials that are naturally radioactive, such as uranium ores, thorium associated ores
and phosphate fertilizers. The different types of radioactive waste are classified into four categories of
waste: excepted waste, low level waste, medium level waste, and high level waste. This classification
is related to the concentration of the radioactivity in the waste and hence to the intensity of the
emitted radiation.

RENEL was responsible for waste management of the Cernavoda NPP. The spent fuel which
retains 99% of total radioactivity will be stored for 7-10 years in a special concrete epoxy lined bay
called the 'Spent Fuel Storage Bay'. There is no intermediate storage facility for the spent fuel.

RENEL was also responsible for waste management of the fuel fabrication plant and, through
the Institute for Nuclear Research (ICN), for waste management of the 14 MW-TRIGA type material
testing reactor and the associated irradiation examination facility.

IFIN — HH is responsible for waste management from its VVRS research reactor. The spent
fuel assemblies from the research reactor are kept in wet storage.

In a restructuring of Romania's power sector, the nuclear activities were separated from
RENEL and split into different entities. As the first step, a 'Governmental Decision' was taken to
create 'National Power Grid Company' to take on the nuclear activities. The responsibility for the
management of the radioactive waste, including spent fuel from NPP Unit 1, was entrusted to
Nuclearelectrica SA / CNE PROD.

4. STATUS OF ROMANIAN SPENT FUEL MANAGEMENT

In 1992, RENEL, the former owner of the Cernavoda NPP, initiated a Research & Development
Spent Fuel Management Sub-programme, as a part of a Radioactive Waste Programme, with the
following main directions:

(a) The establishment of the concept for the Spent Fuel Interim Storage Facility; (SFISF)
(b) The selection and the site investigation of the Spent Fuel Final Disposal Site and the

development of a concept for this facility.
The main objectives of the programme are presented below.

FACILITY/ACTIVITY COMMISSIONING
(year)

1. Spent Fuel Interim Storage Facility(SFISF) 2005
2. Opening the Spent Fuel Final Disposal Laboratory 2035
3. Opening the Spent Fuel Final Disposal Facility(SFDF) 2050
4. Closing of the Spent Fuel Final Disposal Facility 2075

The changes that occurred in the infrastructures and the organization led to stopping the re-
evaluation of the programme at the end of 1998. Because of organizational changes of nuclear
activities, affecting both responsibilities and financing aspects, the programme was stopped.



In Romania, the nuclear activities are licensed under specific requirements specified in the Law
111/1996 (republished), or regulations issued by CNCAN, the regulatory body, or additional
conditions specified in license.

4.1 Spent fuel interim storage facility

The NPP Cernavoda project includes a Spent Fuel Storage Bay (SFB) with a design storage
capacity of spent fuel arising from ten years of operation of one unit at 80% load factor. At this design
load factor, the quantity of spent fuel discharged from the 5 units in 30 years is estimated to be about
14 400 tons of uranium with a quantity of about 94 tons discharged every year from one reactor unit.

Taking into account the capacity factor of Cernavoda Unit 1 obtained in 1997 (87,27 %), which
increased in 1998 (over 92%), it is expected that we will have an increased quantity of spent fuel to be
stored in the SFB and, as a consequence, the bay will be full before the expected time. In these
conditions, we expect that the schedule for commissioning of the Spent Fuel Dry Storage Facility needs
to be advanced.

Cernavoda NPP offers two possibilities to use the existing areas and systems for loading and
preparation of the spent fuel for dry interim storage. One of these is to use the reception bay; and the
other one is to use the SFB. If the SFB is used for loading and preparation of the spent fuel for dry
storage, the storage capacity of the bay will be reduced by about one year.

Considering the above facts, and the uncertain schedule for commissioning Units 2-5, it was
considered that the spent fuel will result only from 2 units. The analysis developed for the SFISF have
proposed a modular concept, which will permit an investment distribution according to the anticipated
spent fuel quantity that will be discharged from reactors.

The characteristics of CANDU fuel present advantages and disadvantages in the selection and
design of the facility and constitute another design input. Related to this data, we considered the
experimental results from the Canadian experience [1].

The CANDU fuel contains natural uranium, has low weight and small dimensions, and it is free
from criticality hazard. Also, the low burnup characteristics (average burnup is about 7400 MW d/tU),
result in both low thermal power and low specific activity. Therefore, the fuel is less difficult to
manage than light water reactor fuel.

On the other hand, the larger quantity of the fuel, and the greater number of bundles to be
transferred and prepared for storage, requires special attention in the design process.

We have studied the possibility to place the Interim Storage Facility at the site of Cernavoda
NPP or in its neighborhood. At the preliminary stage, 6 possible sites within or outside Cernavoda
NPP area have been analyzed for interim spent fuel storage. As a conclusion of these studies, the
optimum site seems to be within the NPP boundary. This selection has a direct advantage, as it would
avoid transport on public roads, simplifying the transport system.

A site close to planned Unit 5 of Cernavoda NPP does not disturb other activities in this area
and has the benefit of existing roads, utilities and other services, etc. We are now doing the
investigation of the site and evaluation of its characteristics.

Regarding the storage systems we have already analyzed different types, namely:

(a) Ponds;
(b) Dual purpose casks;

— one piece flask (DSC flasks / Ontario-Hydro, CASTOR / GNS, TN / Transnucleaire),



— canister in a concrete flask (TranStore / BNFL),
(c) Vaults;

— concrete monolithic module (CANSTOR / AECL),
— modular concrete vault (MVDS / GEC-Alsthom, CASCAD / SGN).

Taking into view the area limitations for extending the existing pool and the disadvantages
related to spent fuel storage in water, we rejected the pond option.

Next, the Canadian solutions were analyzed in depth. Also, other European solutions were
considered, taking into view the particularities of our site (a crowded site), and the site geography.

As a result of the preliminary analyses and evaluation, three interim storage facilities were
selected for comparison and in depth study. For comparison, we looked for an objective methodology.
We started by consulting IAEA documentation [2-7] and a method for products technical level
evaluation developed by the Politechnical University from Bucharest.

Based on these documents and on the characteristics of our SFISF, the analysis had two levels
of evaluation, with a different degree of complexity, namely:

— Level 1: a comparative analysis based on the general evaluation of the solutions;
— Level 2: a comparative analysis based on main systems evaluation (including main components).

For level 1, four main criteria were taken into consideration:

(a) Nuclear safety;
(b) Economics;
(c) Technical criteria;
(d) Interface with Cernavoda NPP project.

For evaluating the weight of each criterion, its importance was compared with the importance
of the other criteria. This ranking was expressed by values (from 1 to 10), for an easier level 1
comparison.

The nuclear safety criterion refers to the capability to fulfil certain fundamental requirements,
namely; adequate containment, shielding for gamma and neutron radiation, heat dissipation, and
criticality. Also, it must be sufficiently strong against external hazards.

The basis for comparing the solutions from economical point of view is the price per kilogram
of uranium stored in the ISF.

The technical criterion takes into account the performance in operation, materials, tests and
inspection during operation, systems redundancies, necessary auxiliary systems, decommissioning,
and spent fuel removal.

The Cernavoda Project does not include a system for preparing the spent fuel for transfer to
the ISF and for storage. Therefore, it is important to take into consideration the interface between the
ISF and the Cernavoda Project.

All the storage solutions require, more or less, modifications in Cernavoda NPP, including new
systems, modifications or linking with the existing systems, and modifications of procedures. The
interface with the nuclear power plant criterion takes these aspects into consideration.



The criteria were analyzed for each solution, taking into consideration the weight of each
criterion.

The ranking of the storage solutions resulting from this methodology is the following:

- Vault and concrete storage container;
- Concrete monolithic module.

These results are presented in Fig. 1.

column 1 - concrete monolithic module

column 3 - concrete storage container

2 3 4
criterion 1 criterion 2 criterion 3 criterion 4

FIG.1. The final results of multi-criteria analysis.

Because the "vault" solution is much more attractive for a large quantity of spent fuel, we
rejected this solution as there is uncertainty now regarding the completion of the last three units and
the operation of all five units. We have therefore selected Concrete Monolithic Module and Concrete
Storage Cask/TranStore solutions for analysis and feasibility study, as an optimal solution for our
facility.

We are on now preparing a SFIFS feasibility study for the spent fuel resulting from 2 units.

At the same time, we are now preparing the documentation required by our regulatory body
for obtaining a site license for SFISF. Basically, the facility compatibility with the site is being
evaluated in an initial safety analysis, to prove the environmental and safety criteria are satisfied, with
the aim to obtain a siting license.

4.2. Spent fuel disposal facility

Within the frame of this sub-programme, studies concerning the identification of the proposed
site, natural behaviour and geological assessment of some deep geological formations have been
completed. A total of 194 salt massifs, 5 volcanic tuff sites, 17 granite massifs and 5 green schist sites
were studied as follows:



(a) Platform green schists from Central Dobrogea Worst with the following characteristics
(quality) namely, dimensions (thickness ~ 3000 m, surface > 1000 km2), homogeneity (about
300 m thickness in upper level with fine granulation), low permeability, low population density
and low distance from NPP Cernavoda. Five areas were selected in the West of Central
Dobrogea;

(b) Salt formations from the Transylvanian Depression with qualities such as plasticity and low
permeability, in large massives (about 500-1,000 m thickness, at 300 m depth, with large area).
The formation has 80-99% NaCl and it is a low seismicity region. Four bodies were selected;

(c) Large granite bodies with 200-700 km surface, thickness more than 2000 m, in zones with low
seismicity (exception Macin site from Dobrogea) and homogeneity. Unpredictable water
circulation in zones with large hydro energy potential eliminated sites from seventeen analysed
bodies. Four granite bodies was selected;

(d) Volcanic tuff of Dej from Transylvanian Depression. The alterability, the permeability, the
possibility of water and gas accumulations, eliminated many sites. Only the northeast of
Transylvania Lunca Bradului area offers good conditions (10 km2 surface, 300-400 m
thickness, at 600-1000 m depth).

In the second stage, minimum field investigations are necessary and two deep geological
formations could be take into account; the platform green schists from the west part of Central
Dobrogea , and a formation from Transylvania.

Other aspects such as conceptual design of the repository or engineered barriers have not yet
been performed. More detailed investigations using different methods will be carried out before
taking a decision.

5. CONCLUSIONS

The present strategy for spent fuel management in Romania is to store for decay in reactor
storage pools for a minimum of seven years and then to transfer them to an interim storage facility for
several decades. The integrated spent fuel management with "wait and see" strategy has been
considered still valid as the best one for Romania until internationally acceptable spent fuel
management and back-end fuel cycle technology is established.

The first phase of spent fuel storage under safe conditions, so that the producers may provide
protection of personnel, population and environment according to the responsibilities stated by Law
No. 111/96, is ongoing now.

The development of Cernavoda Spent Fuel Interim Storage Facility is underway. The results
from studies performed in the last 5 years will be used to prepare the feasibility study. Now,
preparation of documentation to obtain the license for the site and a technical and economic study for
selection of the optimal solution for the SFIFS is in progress. Also, the evaluations for establishing an
Interim Storage Facility for the spent fuel from the IFIN research reactor are being performed.

The second phase includes the assessment of a long term strategy to use and adopt a proven
disposal technology for spent fuel, suitable for a selected site. At this time, we consider that the year
2035 is the deadline to have a site selected as a Spent Fuel Disposal Facility. We intend to open a
laboratory for developing supplementary investigations on this site (about 10-15 years) before the
commissioning of the Disposal Facility.

We are expecting that the experience gained during the design, construction and commissioning
of Cernavoda NPP's first Unit could be an important factor for cost reduction in the area of the design
and project management of these facilities.
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Abstract

Depletion of hydrocarbon resources and concerns regarding greenhouse gas emissions are expected to
lead to increased reliance on nuclear power in the Russian Federation in the 21st Century. Increased reliance on
nuclear power for electricity production is best achieved using innovative reactor designs and fuel cycles that are
more efficient, inherently safe, proliferation resistant and produce less long lived radioactive waste. The BREST
series of reactors is being developed within the Russian Federation to meet these criteria. The current states of
development work on the BREST-1200 reactor is described.

1. INTRODUCTION

Significant growth of global fuel and energy demand expected in the 21st century will most
likely be accompanied by depletion of cheap hydrocarbons and an increase in the emissions resulting
from fossil fuel combustion.

The most realistic solution to the energy problem is offered by large-scale nuclear power (NP)
capable of supplying a significant portion of the growing fuel demand. Serious expansion of nuclear
sources — by an order of magnitude compared to the current level — can be achieved only using fast
reactors in a closed fuel cycle. Large plutonium stockpiles accumulated in the first stage of nuclear
power development dictate the use of fast reactors with uranium-plutonium fuel, which have
significant advantages over other reactor types and the thorium-uranium cycle.

The geography and scale of energy supply anticipated in the next century, impose new
requirements on nuclear reactors and closed fuel cycle technology, in particular:

Full Pu reproduction in the core with breeding ratio (BR) ~ 1 . The slowdown in the expected
rate of capacity growth and large amounts of plutonium accumulated in the first stage of
nuclear power development, eliminate the need for quick doubling of plutonium, which allows
the use of reactors with BR~1 and moderate power density in the core;
Natural safety of reactors with deterministic exclusion of the most dangerous accidents such as
prompt runaway, loss of coolant, fire, steam and hydrogen explosions, which lead to fuel failure
and catastrophic release of radioactivity;
Lower radiation risk from radwaste (RW) owing to the transmutation of the most hazardous
long lived actinides and fission products (FP) in reactors and thorough treatment of RW to
remove these elements, with provision of a balance between the activity of RW put to final
disposal and that of uranium extracted from earth;
Facilities of a closed fuel cycle should not be suitable for Pu extraction from spent fuel for the
purpose of its further use for weapons production; fuel should be physically protected against
thefts (non-proliferation);
Fast reactors should be cheaper than existing light water reactors (LWRs), to make them
competitive with fossil fuels and gas in most countries and regions.

Needless to say, technical measures alone cannot prevent proliferation of nuclear weapons
because there is always a loophole for illegal use of the now fully matured technologies of uranium
enrichment and Pu separation from the spent fuel of existing nuclear power plants (NPPs), which is



stored for a long time in cooling ponds. The danger can be eliminated only through consolidation of
the international nonproliferation policy and associated safeguards.

In this context, the new nuclear technology should not open new possibilities for production
of weapons-grade materials. Furthermore, it should be totally unsuitable for such applications and in
this respect, nuclear power development around fast reactors, with a properly tailored fuel cycle, will
provide conditions for gradual reduction of the proliferation risk.

Fast reactors do not need enriched uranium, which will allow abandoning enrichment with
time. The first cores of fast reactors will be fabricated using existing stockpiles of Pu and spent fuel
that will be removed from their current storages and sent for reprocessing with recovery of plutonium.
This initial recovery of Pu and fabrication of the first cores for fast reactors should be carried out at
existing facilities in nuclear countries or in international nuclear centers.

With time, this door into proliferation will be closed also because Pu currently residing in
storage and in spent fuel stored in cooling ponds, will be gradually moved to fast reactors and their
fuel facilities, which offer higher proliferation resistance.

The Research and Development Institute of Power Engineering (RDIPE) has been working in
the last decade on a concept of a fast lead-cooled reactor with UN-PuN fuel (BREST series), which
relies on considerable domestic expertise in fast reactors and marine nuclear systems with PbBi
coolant. The studies carried out so far show that these reactors can satisfy all of the above
requirements. The reactor survives any credible accident without fuel failure, has full internal Pu
reproduction in the core (CBR-1), does not use uranium blankets and transmutes minor actinides
(MA) as a part of the main fuel. These features make it possible to simplify reprocessing technology
to a not too deep fuel purification from fission products, with Pu extraction from spent fuel neither
required nor possible. Fuel reprocessing should preferably be set up on NPP sites in order to avoid
large shipments of highly radioactive and fissionable materials.

BREST has several physical traits, which make it proliferation-resistant:

• Transmuted actinides present in the fuel and rough fuel cleaning from FPs (so that 1 % to 10% of
them remain in the fuel) facilitate fuel protection against theft at all stages of the fuel cycle.

• With full Pu reproduction in the core (CBR-1) there is no need to use uranium blankets, which
precludes production of weapon-grade plutonium in these reactors and eliminates the need for Pu
extraction.

• With CBR-1, the fact that spent fuel composition is very close to that of fresh fuel, implies that Pu
is neither extracted nor added to the fuel. To adjust fuel composition, another portion of 238U is
added into the main fuel to compensate for the burnup of this component.

• With small reactivity margin in the core, it is not possible to load into reactor fuel assemblies
containing source material for Pu production. Small reactivity worth of fissile actinides (FAs), its
insignificant variation with burnup (CBR-1) and moderate power density in the core, afford quasi
continuous on-load refuelling during low-load operation. With closed fuel cycle facilities arranged
on NPP sites, it becomes possible to eliminate out-of-pile storage for spent and fresh fuel, which
are most vulnerable to theft.

On-site fuel facilities eliminate the need for long-distance shipments of fuel and hence
remove the danger of accidents and theft associated with them.

Surplus neutrons produced in a chain reaction in a fast reactor without a uranium blanket and
the high flux of fast neutrons, allow efficient transmutation of not only all actinides in the core but
also long-lived fission products (I, Te) in the lead blanket by leakage neutrons without detriment to
the inherent safety of the reactor.



The radioactivity balance between natural uranium used for energy production in a closed
system and resultant long-lived high-level waste (LLHLW) can be attained based on the transmutation
of actinides and long-lived fission products in BREST reactors, extraction and utilization of Sr and
Cs, with HLW put in monitored storage for about 200 years before final disposal in order to lower its
activity approximately a thousand-fold. It is expected that in this fuel cycle concept the waste will
contain a small portion of uranium, plutonium, americium and curium, strontium, cesium, technetium
and iodine, and 100% of all other actinides and fission products.

2. TECHNOLOGICAL ASPECTS OF THE NONPROLIFIRATION OF FISSIONABLE
MATERIALS AND EQUIVALENT DISPOSAL OF RADIOACTIVE WASTE

To ascertain that BREST fuel satisfies the non-proliferation requirement, calculations were
performed on the critical mass of a "bare ball" containing fuel composition without reflector. The
BREST fuel thus calculated was compared with the critical mass of metallic uranium enriched to 20%
with 235U (828 kg), which is authorised by IAEA for circulation and is classified as Class 4 Hazard,
i.e. not dangerous as regards the possibility of its use for nuclear weapons production. "Bare" critical
mass of fuel composition in a BREST reactor with an equilibrium core (i.e. containing uranium,
plutonium, neptunium, americium and curium isotopes) amounts to 850 kg in case of metallic fuel and
1530 kg with nitride fuel. This means that BREST fuel is unsuitable for nuclear weapons production,
provided actinides are not separated from it during reprocessing.

The physical traits of fast reactors allow reprocessing in which 1 % to 10% of fission products
remain in the fuel. Also left in the fuel for transmutation are Am, Np and some Cu. Altogether, these
impurities account for the high radiation level of the fuel (approximately 50 Ci/kg), hence providing
its inherent protection against theft.

The existing commercial technology of spent fuel reprocessing based on aqueous extraction
and other radiochemical techniques studied now (fluorides, electrochemical refining in molten salts,
etc.) are tailored to Pu extraction and hence cannot satisfy the non-proliferation requirements. This
was one of the reasons why the R&D in this area were halted in the USA, along with the fast reactor
programme. Furthermore, this will also be the major obstacle to large-scale deployment of nuclear
power in future. Therefore, it is necessary to improve the existing technology and look for new
reprocessing techniques. The new techniques should take advantage of the possibilities opened by
reactors of the new generation, and should be proliferation-resistant.

In this context, the main feature required of a reprocessing technology is that it leaves no
possibility for Pu separation from uranium anywhere in the process. This means that the two should
always go together in a certain ratio. Inseparability of U and Pu should be ensured by the chemical
processes and equipment used in reprocessing. Any potential variations in process parameters-
temperature, pressure, agents used, etc., should not enable Pu extraction or result in significant
increase of Pu content in fuel composition, i.e. the reprocessing technology should be inherently
resistant to proliferation.

Radwaste minimization

In addition to U-Pu inseparability, the reprocessing technique should satisfy some other
requirements meant to improve the radioactivity balance between the fuel cycle waste and natural
uranium used in it. As may be inferred from Fig. 1, plutonium, americium and curium are the most
dangerous elements in radioactive waste from the viewpoint of biological impacts. Therefore, they
have to be transmuted in a closed fuel cycle, with only a very small proportion of them sent to waste.
90Sr and l37Cs are also separated during fuel reprocessing to be cooled in a monitored storage facility
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which are then passed on for transmutation, storage, or utilisation. The remaining waste contains
fission products (with small percentages of cesium, strontium, technetium and iodine) and minor
quantities of actinides. This waste will be also kept in monitored storage for 200 years to achieve full
decay of short-lived nuclides. After 200 years, the specific activity of the waste will not be over
50 Ci/kg (P+ decays mainly), specific heat release will be about 0.02 W/kg, and the potential
biological hazard (PBH) will approach that of natural uranium consumed. Such waste may be diluted
to a required level, enclosed in a durable matrix and buried, e.g. in spent uranium mines. Thus the
natural radiation balance of the earth can be preserved during the projected long term operation of
nuclear power.

For example, the balance between potential biological hazard (PBH) by ingestion of
radioactive waste and used natural uranium is shown in Fig.2. In this example waste consists of
actinides and fission products from irradiated fuel and irradiated SS cladding of fuel elements. The
results are calculated for 1 kg of irradiated actinides (1.06 kg of nitride fuel and 0,132 kg of steel).
The PBH of waste is compared with PBH of 13.7 kg of natural uranium. This mass of natural uranium
was needed to produce, in a thermal reactor, the Pu in 1 kg of fuel for BREST-1200 first loading. This
mass takes into account that the first loading will be recycled 12 times during the reactor lifetime of
60 years. The PBH of natural uranium includes activity of all decay chains of uranium isotopes.
Radioactivity balance of the fuel waste and used natural uranium will be achieved after 200 years of
waste cooling, if waste contains not more than 0.1% (wt.) of recycled actinides and 5% of Cs, Sr,
Tc,I.

Additional (desirable) requirements. Extraction of Np (which may be sent to waste) and Cm (to be
stored out-of-pile for 50-70 years, with Pu resulting from Cm decay sent back to the reactor). Np, Cm
should be extracted so that 1-10% of them remain in fuel (see Table I).

TABLE I. TENTATIVE REQUIREMENTS FOR REPROCESSING

RW cleaning from actinides no more than 0.1% left
Fuel cleaning from fission products 1-10% left
Sr and Cs extraction from RW 1-5% left
I and Tc extraction from RW 1 -10% left
FA cooling before reprocessing 1 year

Several refining technologies have been appraised against the above requirements: aqueous,
molten fluorides, gas fluorides, and electrochemical refining in molten salts. Investigations were also
made into the use of unconventional refining techniques such as metallurgical processes or direct
annealing of fuel. The research on these and some additional technologies are continuing now. All
these techniques were found to be basically capable of assuring inseparability of U and Pu during
reprocessing and providing the requisite level of fuel separation from actinides and fission products.

(1) Aqueous extraction is practically the sole technique used now in countries with developed nuclear
power (Purex process). Basically, it can be modified to suit the non-proliferation requirements. The
modified procedure will be simpler than the existing technique because it will not include
Pu extraction from organic material. At the same time, the aqueous technique has certain drawbacks
in the context of the above requirements:

• Large amount of equipment and rooms, on account of low permissible fuel content in process
solutions;

• Large amount of low-level liquid waste;
• The need for long-term preliminary cooling of irradiated fuel to reduce radiation exposure of

organic agents and the extent of their decomposition, and also large consumption of these
agents;

• Danger of a fire.



These shortcomings justify an extensive effort to develop an improved process, find the
optimum mix and size of equipment and perform a cost-benefit analysis for a case when reprocessing
is performed on an NPP site.

(2) Reprocessing based on molten fluorides. Spent fuel is transformed into a molten salt such as LiF-
NaF-UF4 (PuF3), at temperatures of more than 650°C, which also contains fluorides of FPs and other
actinides. Gaseous, volatile and the most noble (electrochemically) elements are isolated in the initial
stage of the process. Next, actinides are extracted from the melt in oxidation/reduction and
fluorine/oxygen exchange reactions. With actinides having similar electrochemical potentials, it
proves possible to operate the process in such a way that it is not feasible to isolate a fraction with
high content of Pu.

(3) A process in which spent fuel is brought in a gaseous state such as UFg. About half of FP
elements produce non-volatile fluorides and hence are separated during fluoridation. The remaining
elements can be separated into requisite components by using traps with different temperatures.
Uranium and plutonium fluorides are kept together. In principle, superheating of the mixture and
thermal decomposition of PuF6 could isolate Pu. There are technical and administrative measures,
however, that exclude such superheating in the process being developed.

(4) In the process under consideration, chlorides of fuel components (such as UCI3, PuCl-j) are
subjected to electrolysis in a potassium and lithium chloride environment. During anodic dissolution
of nitride fuel, noble metals, molybdenum, technetium and zirconium pass into slime. Refining is
carried out in electrolyzers with a solid or pool cathode, at temperature of 550°C-650°C. As a result of
the electrochemical process, uranium, plutonium, the majority of minor actinides and 2% to 10% of
rare-earth elements are precipitated on the cathode.

With molten fluoride, gas fluoride and electrochemical molten salt techniques of spent fuel
reprocessing it will be possible to reduce the amount of equipment involved in the process and, very
likely, also the amount of low-level waste, by an order of magnitude as compared to the aqueous
technology. The above techniques have been tested in laboratories but have not been commercialized
yet and hence require further analytical and experimental work to support their commercial
application. These technologies may involve some increase in the relative content of Pu in the fuel
subjected to reprocessing, which is unwelcome from the viewpoint of non-proliferation and nuclear
safety. This matter needs further investigation.

(5) A concept has been suggested for metallurgical refining of spent fuel. The technology is based on
high-temperature extraction of nitride fuel components in liquid gallium with subsequent separation
by metallurgical methods. The concept requires many analytical and experimental studies to support
it. Obviously, the main problem with this technology will be the choice of construction materials
capable of surviving the harsh environment (liquid gallium) and high temperatures (1000°C-2000°C).

(6) For the annealing technique of fuel refining, only the basic analysis has been performed so far,
with some model calculations on nuclide release from oxide and nitride matrices. The calculations
relied mostly on analytically evaluated, but not experimentally validated, coefficients of nuclide
diffusion in a matrix, which means that this technique also needs considerable experimental and
analytical effort to substantiate it. The main attraction of this option is its simplicity (the fuel matrix is
refined, heated and kept in this state for some time to allow for nuclide release from grains into the
gas environment). Even if this technology fails to live up to the current optimistic predictions about its
future, it might become an initial stage of fuel refining in some other baseline technologies. The main
difficulty in implementing this technique will be selection of structural materials that can perform at
very high temperatures (2000°C-2400°C).



(7) The following technologies are also being studied:

• Combined technology with high-temperature annealing and electrolysis in molten fluorides;
• Regeneration based on high-temperature fluorination.

3. SUMMARY

This paper describes the starting premises and the lines of development work dealing with the
fuel cycle of the fast reactor BREST-1200 with the desired characteristics. This work is being carried
on as part of the Minatom Programme "Fuel cycle of the large scale nuclear energy based on fast
reactors with non-proliferation of plutonium and equivalent disposal of radioactive waste" which
comprises as its main objectives:

• Investigation of various irradiated fuel regeneration technologies which exclude plutonium
separation at all the process stages while ensuring appropriate waste fractionation;

• Study of radiation conditions for different technologies, substantiation of requirements for
radwaste fractionation;

• Investigation of nuclear safety in process setups;
• Technical and economic comparison of technologies and choice of one option for further

development.

The declared objectives in the fuel cycle under investigation are achieved by the following
measures:

• Radiation equivalency in radwaste disposal
- Waste fractionation,
- Transmutation of Pu, Am, Cm, 99Tc, I29I,
- Waste cooling for about 200 years in a monitored storage prior to geological disposal;

• Non-proliferation of plutonium
- Adoption of a nuclear reactor with CBR-1 and of a fuel regeneration technology excluding

plutonium separation at all process stages.

This paper deals only with the initial work stage, with the main results expected in 2000-2001.
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Abstract

Spent ion exchange resins (IER) is a principal type of radioactive waste constantly generated by nuclear
plants of various functions. The reduction of volume of this waste and its treatment to the forms suitable for long-
term disposal is an urgent problem facing the present-day atomic energetics. Nowadays the technological process
THOR (Studsvik, Sweden) based on the thermodestruction of IER is the best developed and realized on the
industrial scale. Unfortunately, this process requires expensive equipment and great energy consumption it takes
for the moisture to be evaporated and thereafter IER to be destroyed by heat. Meanwhile the capability of some
elements (Mg, Al, Si, Ti etc.) has long been known and found practical use of active interaction with water in
combustion regime. This property of the metals has been used in the development of new technology of treatment
of IERs in SIA "Radon". Wet IER is mixed with powder metal fuel (PMF) which represents a mixture of metal
powder, a quantity of burning activator and some technological additives. On initiating, the mixture of IER with
PMF burns without extra energy supply to generate enough heat for the moisture to be evaporated and products
of IER decomposition to be destroyed and evaporated. To burn out the products of IER evaporation the air is
used. The thermodynamic simulation data and the results of experiments using a pilot plant show that
radionuclides contained in IER are chemically bound in ash residue consisting of metal oxides, spinel, silicates
etc. According to the experimental data radionuclides in amounts of 90 % or more of Cs-137 and up to 95 % of
Sr-90 and Co-60 are fixed in the ash residue. The residue volume is several times less than the initial volume of
IER. Concentrations of hazard gases in off-gases do not exceed maximum permissible ones accepted in different
countries. The technological process is easy to perform, it does not require sophisticated equipment and great
energy consumption which allows its realization on a mobile facility.

1. INTRODUCTION

Large amounts of spent granular IERs are generated during operating of water purification
facilities of nuclear power plants and nuclear research centres. For example, 1000 MW nuclear power
reactor "generates" more than 40 m3/year of spent granular IER (Table I).

IERs most generally used are copolymers of styrene and divinylbenzene. Among them
cationite KU-2-8 which contains fixed ions — sulphogroup -SO3H (H-form of a resin) or -SO^Na (Na-
form, resin KA-11) and anionite AV-17 containing quaternary aminogroups are in wide use.

Major radionuclides contained in the spent IERs are Cs-137, Sr-90, Co-60, Ru-106 and Mn-54
with a half-life of 30, 29, 5.3, 1 and 0.85 years respectively [1,2].

2. INCINERATION OF IER (TRADITIONAL METHODS)

For safe storage and disposal, the spent IERs are treated by special methods, to reduce initial
volume and produce a compact product. Among these methods the heat treatment by incineration in
excess of the air [3] deserves attention.

To incinerate IER by the traditional ways, removal of the moisture from the IER is previously
required, consuming 2255 kJ/kg of water. Further process can be considered as combustion of
polystyrene, which is the main constituent of IER.



The process of polystyrene combustion is thought of as initial destruction of original
substance to liquid state, subsequent evaporation and combustion of its vapors [4,5]. Volatile products

TABLE I. CONTAMINATED GRANULAR IER "PRODUCED" BY THE 1000 MW NUCLEAR
POWER REACTOR [1]

Source of IER

Cooling pond
Reactor
Chemical control system
bypass purification
Steam generator
Leakages treatment
Condenser (deep purification)
"Contaminated" waste (deep demineralization)
"Decontaminated" waste (deep demineralization)

Volume of IER
(mVyr.)

2.0

8.5
4.8

8.5
9.9
2.8
5.7

Activity
(Bq)

3.7-10"

2.1-1014

3.7-1013

7.4-10"
1.9-10"
1.9-10"
3.7-10"

Specific
activity
(Bq/1)
1.9108

2.4-1010

7.4-109

8.9-107

1.9-107

6.3-107

6.7-107

of polystyrene destruction at 400 °C are a mixtures of a monomer, dimer, trimer and other compounds
with the monomer (~94 mol. %) predominating. The sulphur-bearing compounds are presented among
destruction substances also. From different data, heat of gasification of polystyrene ranges between
1000and2000kJ/kg[4].

Combustion of vapors above the surface of the melt proceeds under diffusion regime.
Diffusion burning out of separate granules (drops) in the air medium follows the law of Sreznevsky:
dk

2 = dko
2 - kt, where dko, dk - initial and current drop diameter, k — constant of linear rate of burning

out, for polystyrene k = 57.6 s/cm [4], t — time. The theory of diffusion combustion of liquid drop is
sufficiently well developed [6]. However, this idealized process is far from an actual pattern of the
process of IER combustion in a bulk layer where products of IER destruction fill hollows between
granules with the resulting formation of a large body of melt with granules incorporated into it.
Combustion proceeds actually over the melt surface with leakage of the latter. Besides, this process is
time consuming.

The basic problems arising in the traditional incineration of IER are connected with operation
of gas purification systems and corrosion of the equipment. Corrosion activity of off-gases produces
high loading on the purification apparatuses, which eventually raises considerably the price of the
incineration process. That is the reason why the traditional methods of IERs incineration are relatively
expensive and are not widely used [3].

Powders of metals and other elements (see TABLE II) capable of reacting with water
constitute the major fractions of PMF. Some PMF formulations are given in [7,8,10,11].

3. INCINERATION OF IER MIXED WITH METAL FUEL

Moscow SIA "Radon" has proposed and developed a new technology of incineration of wet
IER using PMF [7-10].



TABLE II. CHARACTERISTICS OF STOICfflOMETRIC BURNING OF SOME
HYDROREACTING ELEMENTS WITH WATER

Element Heat of
combustion

(kJ/kg)

Equilibrium
temperature

(K)

Element Heat of
combustion

(kJ/kg)

Equilibrium
temperature

(K)
Mg
B
Al

13000
19550
15050

2747
1898
2872

Si
Ti

10170
7720

2278
2326

The process of incineration of IER mixed with PMF is carried as follows (see FIG. 1).

1 — reed of wet IER, 2 — PMF feed, 3 — mixer, 4 — mixture feed,
5 — air feed, 6 — reactor, 7 — off gases, 8 — ash residue.

FIG. 1 Scheme of the process of IER incineration.

Wet IER and PMF previously mixed in the appropriate ratio are fed into a furnace where the
mixture is initiated and its combustion proceeds. A metal powder contained in PMF is in the
immediate contact with granules of IER and reacts with moisture included in them with the resulting
release of a great quantity of heat, which is enough for the moisture to evaporate and IER to be
gasified. Moreover, the reaction of PMF with the surface of granules of IER prevents the coalescence
of these latter and serves to the retention of porosity of the bulk being incinerated.

To burn out the products of IER gasification and hydrogen resulting from the reaction of the
metal with the moisture, the air is supplied to the combustion chamber. Parameters of the combustion
process in the furnace may be controlled by changing the airflow rate. The combustion proceeds with
the formation of gas phase and ash residue. The process in the furnace is so organized that
radionuclides contained in the wet resin are converted into low-volatile compounds of ash residue.

4. THERMODYNAMIC SIMULATION OF COMBUSTION PROCESS

To perform preliminary analysis of temperature conditions of combustion, phase and chemical
composition of resulting combustion products, the method of thermodynamic simulation is used in
this study. Program complex ASTRA.4 has been used as the simulation mean [12].



In the first place, temperature conditions of combustion of the mixture IER — PMF
depending on the moisture content were studied. For an ion exchange resin in the system under study
we used the Cs-contaminated cationite KU-2-8. The SKTKD-50 type fuel including some metal
powders, burning activator and technological additives was selected as the PMF. The results obtained
allow us to choose the necessary temperature conditions of the treatment of a resin depending on its
initial moisture content. From the viewpoint of intensification of the combustion of a resin, high
temperatures are desirable, but this will promote the carry-over of highly volatile radionuclides with
the gas phase. The wanted results can be obtained for the reasonably low PMF content of a source
mixture with the air being injected into a combustion chamber of a furnace. Figure 2 shows, for
example, the variation of the equilibrium combustion temperature of a mixture consisting of PMF and
a resin with moisture 35, 50 and 65 % with the air excess coefficient a. The combustion temperature
difference decreases with airflow rates increasing.

Some combustion characteristics of wet IERs mixed, for example, with 20 % of PMF are
given in Table HI. (Lo — air quantity in kg necessary for complete burning of 1 kg of the mixture, and
Q — heat quantity in kJ generated in combustion of 1 kg of the mixture in stoichiometry with the air.)

TABLE IE. SOME CHARACTERISTICS OF THE COMBUSTION OF IER MIXED WITH PMF

Characteristics

Lo, (kg/kg)
Q, (kJ/kg)

35%
4.0

26000

Resin with moisture
50%
3.2

21000

65%
2.5

16000

On the basis of the thermodynamic simulation and experimental simulation results an
operating range was chosen of the incineration process of wet IERs mixed with PMF.

2500

2000
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500

f .K

0,5 1.5
a

2,5 3,5

FIG. 2 The equilibrium combustion temperature of a mixture of wet IER
with PMF vs the air excess coefficient a.

5. CHEMICAL COMPOSITION OF GASEOUS COMBUSTION PRODUCTS

Equilibrium composition of the gas phase of the combustion products in the combustion zone
(with the complete burning of the source mixture) depends on the equilibrium temperature.

For example, let us consider the calculated equilibrium composition of gaseous products from
combustion of the Cs-contaminated resin KU-2-8 with moisture 65 % mixed with 20 % PMF of
SKTKD-50 type for different amounts of air involved in the combustion (Tables IV and V). Contents
of individual gases are given in mass fractions m; — kg per 1 kg of a mixture of the combustion
products.



The decrease of CO2 and H2O contents with a increasing (Table IV) is due to dilution of off-
gases with the air. For just this reason O2 and N2 contents are rising with a increasing. Content of
nitrogen oxide NO in the operating conditions range does not exceed 0.001, and content of nitrogen
dioxide NO2 at all values of a is below 10" . In this Table the carbon oxide content of the combustion
products is given as well. Only for a < 1.0 carbon monoxide content exceeds 0.003 and for a > 1.5 its
content is not over 0.0001.

On flow-off from the combustion zone and in further moving through gas-outgoing devices
the gases are cooled. Let us use the same source mixture at air excess coefficient a = 2 to consider the
change of the equilibrium composition of gases on cooling. The change of CO, NO, NO2 SO2, SO3,
H2SO4 and Cs2SO4 contents of the gas phase are shown in Fig. 3. As the temperature of the
combustion products decreases, SO2 and SO3 contents of the gas phase drop sharply which is due to
the formation of caesium, calcium and magnesium sulphates (Cs2SO4 CaSO4 and MgSO4) in the
condensed phase - ash residue (Fig. 4). Cs2SO4 content in gas phase corresponds to saturated vapor
pressure.

TABLE IV. SOME GASES CONTENT OF THE COMBUSTION PRODUCTS AT DIFFERENT a.

oc
0.2
0.6
1.0
1.2
1.6
2.0
2.6
3.0
3.5
4.0

co2
0.22E-0
0.13E-0
0.17E-0
0.15E-0
0.12E-0
0.99E-1
0.80E-1
0.70E-1
0.61E-1
0.54E-1

H2O
0.19E-0
0.21E-0
0.19E-0
0.17E-0
0.13E-0
0.11E-0
0.89E-1
0.78E-1
0.68E-1
0.60E-1

o2
0.0

0.43E-8
0.24E-2
0.28E-1
0.69E-1
0.96E-1
0.12E-0
0.14E-0
0.16E-0
0.16E-0

Mass
H2

0.27E-1
0.56E-2
0.14E-3
0.12E-4
0.62E-6
0.52E-7
0.19E-8
0.31E-9

0.0
0.0

fraction of
CO

0.11E-0
0.66E-1
0.33E-2
0.26E-3
0.10E-4
0.66E-6
0.17E-7
0.22E-8

0.0
0.0

NO
0.0

0.28E-6
0.70E-3
0.17E-2
0.12E-2
0.64E-3
0.25E-3
0.15E-3
0.66E-4
0.32E-4

NO2

0.0
0.0

0.19E-6
0.19E-5
0.35E-5
0.37E-5
0.33E-5
0.29E-5
0.23E-5
0.19E-5

N2

0.26E-0
0.46E-0
0.54E-0
0.57E-0
0.61E-0
0.63E-0
0.66E-0
0.67E-0
0.68E-0
0.69E-0

Among the sulphur-bearing gases HS, H2S, SO2 and SO3 (Table V) occur in the combustion
products in detectable amounts with HS and H2S existed only at a < 1.0. In the a range between 2 and
3 SO2 content is below 0.01 and SO3 content ranges from 0.0001 to 0.0035.

TABLE V. SULPHUR BEARING GASES CONTENT OF THE COMBUSTION PRODUCTS AT
DIFFERENT a.

Mass fraction of
u

0.2
0.6
1.0
1.2
1.6
2.0
2.6
3.0
3.5
4.0

HS
0.152E-6
0.299E-3
0.381E-7

0.0
0.0
0.0
0.0
0.0
0.0
0.0

H2S
0.227E-1
0.550E-2
0.150E-7

0.0
0.0
0.0
0.0
0.0
0.0
0.0

SO2

0.0
0.896E-2
0.184E-1
0.161E-1
0.125E-1
0.865E-2
0.611E-2
0.232E-2
0.180E-2
0.127E-2

SO3

0.0
0.116E-7
0.574E-5
0.260E-4
0.755E-4
0.139E-3
0.348E-3
0.261E-3
0.509E-3
0.853E-3

H2SO4

0.0
0.0
0.0
0.0
0.0
0.0

0.223E-7
0.255E-7
0.936E-7
0.290E-6

Cs2SO4

0.0
0.431E-6
0.677E-6
0.178E-4
0.179E-2
0.106E-1
0.689E-3
0.116E-3
0.912E-5
0.801E-6



TABLE VI. THE ASH RESIDUE COMPOSITION AT THE DIFFERENT a.

Mass fraction of

0.2
0.6
1.0
1.2
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.5
4.0

A12O3

0.553E-1
0.331E-1
0.236E-1
0.206E-1
0.165E-1
0.150E-1
0.137E-1
0.127E-1
0.118E-1
0.110E-1
0.103E-1
0.968E-2
0.844E-2
0.748E-2

SiO2

0.166E-3
0.990E-4
0.722E-4
0.628E-4
0.493E-4
0.448E-4
0.411E-4
0.379E-4
0.352E-4
0.328E-4
0.161E-2
0.294E-2
0.256E-2
0.227E-2

MgSiOj
0.275E-1
0.164E-1
0.117E-1
0.102E-1
0.818E-2
0.744E-2
0.682E-2
0.629E-2
0.584E-2
0.545E-2
0.511E-2
0.481E-2
0.419E-2
0.371E-2

CaSiO3

0.321E-1
0.192E-1
0.137E-1
0.120E-1
0.957E-2
0.869E-2
0.797E-2
0.735E-2
0.683E-2
0.637E-2
0.292E-2

0.0
0.0
0.0

CaSO4

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.358E-2
0.659E-2
0.574E-2
0.509E-2

Cs2SO4

0.0
0.0
0.0
0.0
0.0
0.0

0.568E-3
0.890E-2
0.114E-1
0.117E-1
0.114E-1
0.108E-1
0.955E-2
0.847E-2
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0,008 •

0,006 •

0,004 -
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0,000!

1500 1400 1300 1200 1100 1000 900 800
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FIG. 3 Behaviour of the equilibrium composition of gases
in the combustion products on cooling (a = 2).
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FIG. 4 Variation of equilibrium composition of the ash residue
of the combustion products (with Cs) on cooling (a = 2).



6. CHEMICAL COMPOSITION OF ASH RESIDUE FROM IER COMBUSTION

Equilibrium composition of the ash residue of the combustion products of wet IER mixed
with PMF is calculated from those initial data used for the gas phase. The variation of composition of
the ash residue depending on the air excess coefficient a is shown in Table VI. Fig. 4 illustrates the
variation of the ash residue composition for the source mixture at a = 2 and on cooling of the
combustion products.

The condensed combustion products (ash residue) under conditions considered are can be
seen to consist of alumina (A12O3), silica (SiO2), magnesium and calcium silicates (MgSiO5, CaSiO5),
calcium and caesium sulphates (CaSO4, Cs2SO4). The Cs2SO4 appears above air excess coefficient a
= 1.8 due to lowering a combustion temperature. It can be seen that, on cooling, practically all sulphur
contained in the combustion products is bound in calcium and magnesium sulphates. Moreover,
caesium radionuclide and sulphur are bound in caesium sulphate simultaneously. By analogy with
magnesium and calcium, strontium forms the strontium sulphate (SrSO4) as the Sr-contaminated IER
is incinerated with PMF (see Fig.5).
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0,005 •

0,000
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SiO2

CaSiO3

CaSO4

K2SO4

SrSiO3

SrSO4

1500 1400 1300 1200 1100
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1000 900 800

FIG. 5 Variation of equilibrium composition of the ash residue
of the combustion products (with Sr) on cooling (a = 2).

However, it should be remembered that in practice, this binding is hardly realized in full
measure, as the separation of gas phase and ash residue occurs during combustion. Owing to this
residence time of sulphur-containing gases in the combustion zone in contact with the condensed
products is finite. As to Cs2SO4, the conditions are favourable to its formation, as in the combustion
zone caesium compounds with oxygen and hydrogen are in the gas phase and hence interact readily
with sulphur-bearing gases.

The results obtained show that during combustion of spent IER containing radionuclides Cs-
137 and Sr-90 these latter will be transfer into and be bound in the condensed compounds of ash
residue. This assumption was verified by Moscow SIA "Radon" investigations [9,13].

7. EXPERIMENTAL TESTING

Thus, high efficiency of the incineration was shown and the range of optimum wet IER-PMF
proportions in mixtures was established by the method of thermodynamic numerical simulation. To
develop the incineration technology, a pilot plant was designed and constructed.

The incinerator in this plant is a vertical metal shaft with diameter of approximately 400 mm
and height of approximately 1200 mm. A mixture of wet IER and PMF from the mixer is fed into the



combustion chamber. Air is injected and ignition is performed at the bottom of the shaft. The
temperature of the process, compositions of ash residue and off-gases are controlled in the
experiments.

Chemical analysis of gaseous combustion products and comparison of the results with that
obtained from the computing simulation show to high non-equilibrium in the combustion products in
the point of sampling (at the incinerator outlet). Nevertheless, contents of aerosol and sulphur and
carbon oxides in the gaseous products do not exceed maximum permissible concentrations (MPC)
accepted in different countries (Table VII).

An important performance of IER incineration process is the volume reduction coefficient
(VRC) which is defined as the ratio of IER initial volume to volume of ash residue (slags) formed. In
the case under consideration (IER KU-2-8 and PMF SKTKD-50) VRC varies experimentally in the
range from 2.5 to 3.5 (3.0average). Further VRC values are obtained when ash residue is pressed
using a hydraulic press.

TABLE VH. SOME SUBSTANCES CONTENTS OF THE COMBUSTION PRODUCTS OF A
MIXTURE OF WET IER (KU-2-8) AND PMF (MTKD-45) AT THE INCINERATOR OUTLET

Content in the combustion products, PMC accepted in different
(mg/m3) countries,

Calculation at Chemical analysis, (mg/nr)
< a < 3 average/maximum

NO
NO2

SO2

so3
CO

0.03
0.20
40
24

<0.02

20/50

220/430

< 1.25

300...500

100...2000

50...200

VRC values depending on the PMF type used are 9.5, 10 and 14 in the case of PMF SKTKD-
50, MTKD-45 and SKTKD-51 accordingly at 150 MPa pressing.

XRD-data and chemical analysis of ash residue agree qualitatively with thermodynamically
computed values. Furthermore, chemical analysis of ash residue shows that slags confine
radionuclides in fixed form in amounts of 90% or more of Cs-137 and more than 95% of Sr-90 and
Co-60 [9,13]. It should be noted that these results are somewhat exceeded by parameters of the
THOR-process [14], nevertheless simplicity of the process proposed and equipment for it allow us to
hope that this new technology is competitive. Moreover suggested process can be implemented in a
mobile incineration unit.

8. CONCLUSIONS

The results of thermodynamic simulation and the experimental findings have shown high
efficiency of the incineration of wet ion exchange resins mixed with powder metal fuel. Thus this
process may be thought of considerable promise. Of prime importance is its possible realization in a
small-sized mobile facility, which now is under development at SIA "Radon".
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Abstract

Original soviet design of nuclear power plants (NPP) operated in Slovakia (HWGCR KS
150,WWER 440) was based on storage strategy of non-treated solid waste and evaporated liquid
waste until decommissioning of the plant. New approach to the waste management resulted in a
strategy at the end of 80s to install technologies able to transform in principle all radwaste into forms
suitable for disposal. Because of relatively large quantity of radioactive waste (RAW) arisings in
Slovakia, great effort is paid to their minimisation. Bituminization, vitrification and incineration
technologies are available. A conditioning centre designed by NUKEM with cementation, incineration
and supercompactor is under commissioning in Jaslovske Bohunice. The near surface repository was
built near the NPP Mochovce and improved on the basis of International Atomic Energy Agency's
(IAEA) Waste Management and Technical Review Programme (WATRP) recommendations. The
repository is now under licensing process. The deep geological repository is in the early stage of
research and development.

1. INTRODUCTION

Slovak electricity company operates today three nuclear power plants e.g. five units of
WWER 440 type (Fig.l), two of them older V230 type in Jaslovske Bohunice, three V 213 type (2
units in Jaslovske Bohunice and one unit in Mochovce). They represented 28.1% of total installed
power in 1998; their production was 43.8 % of total produced electricity.

Nuclear power plant Al located also at Jaslovske Bohunice was HWGCR type. This NPP was
operated from 1972 and was shutdown in 1977 after an integrity accident of the primary coolant
system. However, a decision on decommissioning of NPP A-l was assumed in 1979. The start of Al
decommissioning was delayed and the progress was slow due to many reasons. Significant damage
and corrosion of the fuel cladding occurred during the operational accident and during spent fuel
storage at NPP A-l causing consequently abnormal radioactive waste arisings (containing alpha
nuclides) and to the contamination of NPP parts.

2. RECENT CHANGES IN RADIOACTIVE WASTE MANAGEMENT

The original soviet design concept for the waste management at NPP A-1 and also NPPs with
WWERs envisaged the collection, pre-treatment and interim storage of all radioactive waste produced
at the site during the whole operational period of NPP. Such concept postponed the final decisions on
conditioning and disposal of operational waste to the decommissioning stage with the goal to handle
radioactive waste from both operational and decommissioning periods together. Waste collection and
storage systems were designed for 10-years waste production for the double unit WWER 440 with
about 3200 m tanks volume for concentrates, 2000 m for spent ion-exchange resins and sludges and
5000 m of vaults volume for low pressure compacted solid waste with possible extension of storage
capacities.
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FIG. 1. Nuclear facilities in the Slovak Republic.

According to the design strategy, almost all of the total volume of radioactive wastes produced
during operation is stored in tanks and storage vaults at NPP Jaslovske Bohunice. Originally designed
storage volumes are almost full. Average yearly production at the Bohunice site (four units
WWER440) is 400-500 m3 of concentrates, 100-200 m3 of solid waste and about 25 m3 spent
sorbents.

The main effort in Slovakia in recent time was to provide NPPs with basic technologies routinely
used in western plants for conditioning of waste and to operate the disposal facility for conditioned
waste.

The facilities for treatment and conditioning of radwaste are now in operation or in the period of
active tests. The installed technologies are able to transform in principle all radwaste into form
suitable for disposal. The near surface repository for low level and intermediate level waste is also
under commissioning; its capacity is sufficient for all operational waste but insufficient for all
decommissioning waste. Radioactive waste, which will comply with repository acceptance criteria,
will be disposed in this repository. The conditioned radioactive waste, which is not acceptable for
near surface repository, will be stored at the NPP site until a deep geological repository is available.
This type of repository is at present in the phase of research and development.

3. PLANNED CHANGES IN WASTE MANAGEMENT (PLANNED FACILITIES)

There is not sufficient capacity for the storage of radwaste not acceptable for near surface
disposal. The project for such storage is under discussion as well as buffer storage for wastes
acceptable later for near surface disposal or for release. Also, option of metal scrap remelting is under
evaluation.

The increasing of disposal capacity is possible and will be necessary for decommissioning
waste. There is no facility available for disposal of very low level radwaste.



Technologies for handling and transport of radwaste between A-1 and conditioning centre are
partially available or partially under development as well as dismantling technologies which will be
needed after 2007.

4. WASTE MANAGEMENT FACILITIES

The Government Decision No. 190/1994 determined the basic strategy for radioactive waste
management in Slovak republic. The following steps supports this strategy (see Fig.2):

(a) Conditioning of radioactive waste into a form suitable for disposal or long term storage,
(b) Disposal of radioactive waste to near surface repository,
(c) Storage of conditioned radioactive waste non-acceptable for near surface repository,
(d) Research and development of deep geological repository.
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FIG. 2. Radioactive waste management in Slovak Republic.

The independent organisation SE-VYZ was set up within Slovak Energetic Enterprises on
January 1, 1996 to take responsibility for radioactive waste management (predisposal and disposal
phases) and nuclear facilities decommissioning. This organisation now operates all waste
management facilities commissioned before (excluding facilities owned and operated by research
institute). SE-VYZ will operate those under licensing process including repository, although in the
Atomic Energy Act an organisation independent of the radioactive waste producer is suggested to be
responsible for radioactive waste disposal.

At Bohunice site an incineration facility for low level waste owned by Nuclear Power Plant
Research Institute (VUJE) is in operation from 1992 including cementation of incinerator ash, which
is operated from 1995. Only V-l and V-2 waste is treated.

Two bituminization facilities were also commissioned, first one in 1984 for experimental
purposes and later for bituminization of A-l concentrates or dowtherm-organic A-l spent fuel coolant
(VUJE). Second one was commissioned in 1994 for bituminization of WWER concentrates (SE-



VYZ). The third facility for bituminization of both — concentrates and dowtherm is under inactive
tests (SE-VYZ). The capacity of each facility is 120 1/h.

Pilot vitrification facility with a capacity of 50 I/day is used for A-l inorganic spent fuel
coolant (chrompik) conditioning till 1996. Significant damage and corrosion of the fuel cladding
occurred during the operation and during spent fuel storage at NPP A-1. The total radioactivity in the
spent fuel coolant represents nearly ten percent of the damaged spent fuel radioactive inventory and
solidified product is not acceptable for near surface disposal. Modification of this facility for
conditioning of chrompik with the highest Cs 137 activity is under development.

Bohunice radioactive waste conditioning centre designed by NUKEM is now under
commissioning. In this facility, the solid and liquid burnable waste will be incinerated; the
supercompactor will be used for treatment of other compactible solid waste. Liquid RAW will be
cemented into concrete containers. Drums with bituminized waste, cemented/dried resins, sludges and
ash as well as packages of compacted solid waste will be grouted with radioactive concrete mixture in
special fibre reinforced concrete containers (license of French company Sogefibre). Procedures for
different waste packages are under development and testing.

Fragmentation and decontamination facilities are also under commissioning in Jaslovske
Bohunice. Equipment for measurement enabling material release is under development.

The near surface repository was built near the NPP Mochovce and improved on the basis of
IAEA's Waste Management and Technical Review Programme (WATRP) recommendations focused
mainly on repository stability and more detailed safety analyses. Modifications of drainage system
and backfilling were based on national review and assessment of safety analysis report. The
repository is now under licensing process. It is designed for a disposal of solidified low and
intermediate level radioactive waste from NPP operation and partly decommissioning, which comply
with acceptance criteria for disposal.

5. WASTE MINIMISATION

Because of relatively large quantity of arising RAW in Slovakia, great effort is paid to their
minimisation.

Water chemistry and material composition optimisation were the first steps in this area for
reducing the total activity of corrosion and activation products.

Then fission products contributed to a significant portion of the radioactivity (approximately
90%) in the WWER concentrates. The activity level is proportional to the number of fuel cladding
failures. Full in-core sipping tests have been performed since 1986; forty-four damaged fuel
assemblies were identified till the end of 1998. All these defects were verified and confirmed by
canister tests. Forty-two identified leaking elements were on V-230 units and only two were on
V-213 units. Their ratio is about 20 and approximately the same ratio was found for the concentrates
activity levels of those NPPs because of significant Cs 137 contribution. The total radioactivity in
concentrates represents 10"5 % and 2.10"4 % of the total spent fuel radioactive inventory. The number
of damaged fuel elements does not influence significantly the ratio of effluents. The difference is
probably systematic, caused by different hydraulics in these two types.

Volume reduction by methods as evaporation, separation, filtration, compaction, incineration
etc. is the aim of RAW treatment. During all process the data concerning waste origin, waste flow
chart and nuclide composition are important to give evidence how they comply with acceptance
criteria.



6. WASTE ACCEPTANCE CRITERIA — RADIONUCLIDE CONTENT

Basic limitations on the acceptability of waste for near surface disposal include the specific
activities and total quantities of radionuclides in the waste as they were determined on a basis of site-
specific long term safety assessment [1] for the following 19 nuclides: I4C, 4lCa, 59Ni, 63Ni, 79Se, 90Sr,
93Mo, 93Zr, 94Nb, 99Tc, l07Pb, l26Sn, I29I, 135Cs, l37Cs, l5lSm, 238Pu, 239Pu and 24lAm. Short term safety
assessment (handling, transport) was performed for next three nuclides: 3H, 55Fe and 60Co.

Although process knowledge is an accepted option for regulatory compliance, practice is to
require analyses to establish or verify the radionuclide distribution in each waste stream. Due to the
fact that large volume of the waste is contaminated at such low levels, the uselessness of detailed
characterisation of all nuclides was taken into account so that the money can be better spent on more
highly contaminated waste streams.

Then based on calculated and measured ratios of activities of fission products and transuranic
elements to Cs 137 and corrosion products to Co 60, the techniques and quality assurance procedures
were developed [2] ensuring that authorised limits will not be exceeded (see example in Fig.3).
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FIG. 3. List of nuclides declared by measurement for different waste streams.



7. CONCLUSION

Radioactive waste technologies for treatment are available and facilities for conditioning and
disposal of NPP operational waste are under commissioning in Slovak Republic.
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Abstract

The waste management strategy of the former Soviet Union, based on its Norms and Rules, was
implemented at Ignalina nuclear power Plant (INPP). This means in brief that the spent nuclear fuel (SNF)
should be reprocessed in the Soviet Union and the management of radioactive waste should be done in
connection with the eventual decommissioning of the reactors. The major facilities for management of
radioactive waste were evaporation of liquid waste and subsequent bitumenisation of the sludge, treatment of
liquid with ion-exchange techniques and subsequent storage of the resins in tanks. Solid waste was sorted
according to its activity content and stored on site. Following the independence of Lithuania in 1990, Lithuania is
successively replacing the former Norms and Rules with Lithuanian laws and regulations. Lithuania has signed
both the Convention of Nuclear Safety and the Joint Convention on the Safety of Spent Fuel Management and on
the Safety of Radioactive Waste Management. The paper will give an overview of the work done, in progress and
planned, primarily from an operational point of view. It will give example of practical problems which has to be
overcome and how very tough prioritisation has to be made because of lack of resources. Many of the problems
are associated with the fact that the waste management strategy successively has to be changed at the same time
as the generation of SNF and radioactive waste is continued. A lot has already been achieved, especially
regarding the SNF. However, the main work is still to be done until the INPP can declare that its waste is
properly managed in full compliance with a national waste management strategy which eventually will end with
the disposal in licensed repositories

I. SITUATION TO BE UPGRADED

1.1. Introduction

The Ignalina Nuclear Power Plant is situated in the Northeast of Lithuania near the borders of
Latvia and Byelarus, on the shore of the largest Lithuanian lake, Drukshai. Nearest cities to the plant
are Visaginas, the residence of the INPP personnel, located 6 km from the plant and with 30 000
inhabitants, and Daugavpils in Latvia at 30 km distance and with 120 000 inhabitants. The INPP
possesses two similar units of RBMK-1500 reactors, which are the largest power reactors in the
world, each with a thermal power output of 4800 MW and an electrical power output of 1500MW.
"RBMK" is a Russian acronym for "Channel-type Large Power Reactor".



The first unit of Ignalina NPP was put into operation at the end of 1983 and the second unit in
1987.Their design lifetime is reached 2010-2015.Four units in total were originally planned on this
site. The construction of the third unit was initiated but terminated in 1989.

1.2. Spent nuclear fuel management

Components of the current spent fuel storage and handling system are found in the reactor
building. Replacement of fuel is done during operation with the help of a special fuel-loading
machine. The spent fuel assemblies are kept in the storage pools accessible from the floor of the
storage pools hall. All handling operations are carried out in the storage pool hall.

Being cooled for at least one year, the assembly may be removed from the pool to the cutting
bay which is located in the reactor building between the storage pools hall and reactor hall. The bay
includes a hot cell, control room and maintenance area and is designed for:

• Cutting a spent fuel assembly into halves (two fuel bundles);
• Loading them into transport baskets each of which can hold 102 bundles;
• Cutting long pieces of spent fuel assembly (central rod, carrier tube) into small pieces, loading

the pieces into casks and taking containers away for storage.

Spent fuel assemblies are cut in the hot cell into individual fuel bundles and placed into
transport baskets which are moved to spent fuel pools for storage. Spent fuel having been kept in the
pools for at least three years was originally intended to be shipped back to Russia for reprocessing and
disposal, an option which no longer is feasible.

1.3. Radioactive waste management

1.3.1. Solid waste

In accordance with the rules of the former Soviet Union, the solid waste is separated into three
classes, Group 1 (low activity), Group 2 (intermediate activity) and Group 3 (high activity). The
criterion is the gamma dose rate at 10 cm from the surface. Group 1 waste, which has dose rate < 0.3
mSv/h, is for the most part wastes resulting from normal operation. It consists of filters, paper,
protective clothing and so on. From the 1997 up today generation of Group 1 waste stabilised on a
level of about 1000 m3 per year.

Group 2 waste, which has a dose rate between 0.3 and 10 mSv/h, consists of disused machine
components and materials from maintenance operations on radioactive equipment. Waste generation
rate is about 120-130 m3 per year. In future, however, the annual quantity is expected to increase to
about 200 m3.

Group 3 waste, which has a dose rate larger that 10 mSv/h, is mostly generated in "hot cell" and
"cutting unit" operations on irradiated fuel assemblies and reactor channels elements. This type of
waste consists of bearing pipes, additional absorbers, control rods, fuel channels and similar.

Solid radioactive waste (SRW) generated during operation is segregated into the above three
different groups depending on dose rate and further subdivided into combustible and incombustible.
The segregated waste is collected in assigned places at the plant where it also is sorted. The wastes
are loaded into appropriate containers and sent to a building complex (buildings Nos. 155, 155/1, 157,
157/1) originally intended for disposal but now used as interim stores for SRW at INPP. Volumes of
stored wastes beginning of 1999 are summarised in Table 1.

The process of waste management includes several operations of waste collection, packing and
transporting to the interim store. Wastes of Group land 2 are packed in plastic bags. The waste is



further put into special containers for transport to the storage buildings. The transport containers for
Group 2 waste are provided with proper radiation shielding. Waste of Group 3 is loaded directly into
transport containers at the places where it is generated. Large-size equipment is delivered into a
transport corridor and is loaded onto either special car or trailer platform for transport to the
appropriate store.

TABLE 1. SUMMARY OF THE WASTE STORED IN THE FOUR STORES AT INPP
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Wastes of Group 3 are loaded into sections 1 and 4 of the building No. 157. Unloading of
wastes is performed by opening of shutters of the loading device and container. During loading of
waste Group 3, a special ventilation unit is started to provide airflow from outside into the section for
prevention the release of radioactive aerosols into the environment. Air discharged from the section is
cleaned in filters. Wastes of Group 1 and 2 are loaded into sections through apertures in frame of
lifting roof.

1.3.2. Liquid waste

Drainage water from the reactor buildings, liquid waste treatment building and laundry are
collected in storage tanks in the buildings No. 151 andl54. The tank farm consists of twelve tanks
made of concrete and lined with stainless steel. Six tanks, each has volume of 1500 m3, receive:

- Drainage water from the reactors buildings;
- Water from special laundry;
- Condensate from the evaporator units;
- Spent ion-exchange resins and per lite pulp.

The other six tanks each have a volume of 5000 m3. Four are used for treated water that is
recycled to the reactor and two are empty for emergency situations.

The water in the receiving tanks in building No. 151 is fed to one of two interconnected batch-
evaporation units located in building 150. This building also contains a two bitumenization unit. In
the evaporator, the drainage water is driven off until the salt concentration reaches 360-390 g/1. The
concentrate is stored in two of the 1500 m3 tanks. After settling, evaporator concentrate is fed to one
of two bitumenisation units, each with a capacity of 0,4 m3/h.



The bitumenised waste, having a salt concentration of about 40%, is transferred to a bitumen
storage building, No 158, using a steam-heated pipeline and the product is stored in one of 11
compartments, each capacity of 2000 m . During the period of operation 9719 m3 of bitumenized
waste has been dumped in this storage which corresponds to 40% of the total storage capacity. The
generation rate is 800-900 mVyear.

1.3.3. Storage of spent ion exchange resins and perlite

Spent ion exchange resins and inorganic filtering powder perlite are used at INPP in water
purification systems. Currently about 1400m3 spent resin and perlite are being stored in water in a
1500m3 tank.

2. STRATEGIC APPROACH

INPP has the intention to demonstrate its capability to operate the largest reactors in the world
in a way which meets all national requirements and internationally accepted safety levels and also to
get international recognition as an operator who manage to meet its highly set objectives. The
operation of the reactors does in this case also include the management of the spent nuclear fuel and
the radioactive waste both what is generated today and what exist at the site as a result of earlier
operation.

This intention is manifested not only in actions taken by the INPP but also on the national level.
Lithuania has immediately after its independence in March 1990 established a national regulatory
body, State Nuclear Safety Inspectorate of the Republic of Lithuania, VATESI. A national law on
Nuclear Energy was enacted in 1996 and a special law on the Management of Radioactive Waste was
enacted in 1999. The Nuclear Energy law states "Safety guaranties in the nuclear energy shall be
based on the requirements of the laws and regulations of the Republic of Lithuania, on the
requirements of the international treaties to which the Republic of Lithuania is a part, also on the
recommendations of the IAEA and other international organisations and authorities". Lithuania has
also ratified the Nuclear Safety Convention and was one of the first countries that signed the Joint
Convention on the Safety of Spent Nuclear Fuel and the Safety of Radioactive Waste Management.

For the upgrading of management of spent nuclear fuel and radioactive waste, the INPP has, in
addition to the continued co-operation with Lithuanian and Russian experts, recognised the need to
seek co-operation with western experts since the western approach is different from the approach
previously applied at the INPP. Also the financial situation in Lithuania has made it necessary to look
abroad for financial support for the upgrading.

It is recognised that highest priority must be given to upgrading the operational safety of the
reactors to reduce the risk for accidents to levels, which are generally accepted by the world
communities. However, this prioritisation of operational safety does not mean that other areas like
management of spent fuel and radioactive waste are neglected, it only gets a less resources. In parallel
with the achievement of improvements of the operational safety, more resources are allocated to other
areas like spent fuel and waste management. This is the main reason why not more has been achieved
until today.

A basic strategic approach in upgrading waste management is to give highest priority to actions,
which if they were not undertaken could have an impact on the continued operation of the reactors.

A second priority is to adapt existing, and if needed install new, processing methods to ensure
that new waste is treated, conditioned and stored appropriately and the third priority level is to
remediate existing waste already placed in interim stores.



The potential impact of the waste on man and on the environment is also a factor of importance
in the prioritisation. Establishment of new on-site storage capacity for spent nuclear fuel which
became an acute problem when the spent fuel could no longer be returned to the suppler and
upgrading management of group 3 waste is thus given higher priority than upgrading the group 1 and
2 waste. Thus an issue which is of importance for the operation of the reactor and has a large potential
impact on man is therefor given highest priority. This is illustrated in Fig. 1
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FIG. 1 Prioritisation of waste management tasks

To ensure that proper considerations is given to the interdependency of the different steps in
waste management, the first co-operation project with Sweden, in parallel with a project on on-site
interim storage of spent fuel, was to analyse the waste management situation in Lithuania and prepare
an overall plan for management of the spent nuclear fuel and radioactive waste.

The study clarified that the overall plan was needed to:

- Secure timely preparation and allocation of resources;
- Be an instrument for optimisation of a national integrated system;
- Be a basis for an estimation of future costs;
- Be a means for internal and external communication and for public acceptance.

Two issues of large importance for a national strategy discussed in the report were reprocessing
or direct disposal of spent fuel and export of radioactive waste as a viable option. For the reprocessing
versus direct disposal there were both economical and political reasons for the choice if direct
disposal which is also the strategy presently used.

The strategic choice between national or international solution for disposal of radioactive waste
is more difficult. There is no doubt that Lithuania has the capability of disposing its low and
intermediate level radioactive waste in a safe way within its own territory, and also has the intention
of doing so. For the spent fuel, which in Lithuania is considered as radioactive waste since direct
disposal is the option chosen, the choice is very difficult. There are geological formations in Lithuania
which probably can be suitable for disposal of high level waste, but the research programme to verify



that is very expensive as is also the construction of a deep geological repository. With the relatively
small quantities of spent fuel in Lithuania, the cost will be unreasonably high per unit disposed spent
fuel. International repository, as has been discussed for example by the IAEA, could therefore be
preferable to Lithuania. However, in the present situation with no international solutions at hand,
Lithuania cannot depend on that and will therefore use long term storage and in a long term
perspective plan for its own disposal.

The overall plan for management of radioactive waste, which was presented to the Lithuanian
authorities in early 1995, covers legislation, organisation, financing, waste handling and treatment,
transportation, disposal methods, decommissioning, information and public relations. Although the
plan has not formally been adopted by the government, all actions taken in Lithuania are in line with
the results of the plan. This presentation will focus on the changes made of the handling and treatment
made at INPP it is worth noting that the new waste management law establishes a Waste Management
Agency which will have the responsibility for long term planning and for disposal of radioactive
waste is in line with the suggestion in the overall plan presented in 1995. This Agency, when
established, will be of help also for the INPP in its decision on future waste management
improvements.

3. ACHIEVEMENTS

3.1. Storage of spent nuclear fuel

Since the option to return the spent fuel to Russia does not exist after 1991, it was decided to
build an interim storage facility for spent fuel on the INPP site with a lifetime 50 years. It is supposed
that the problem of spent nuclear fuel disposal will be solved within this period.

The spent fuel pool capacity was expected to exhaust by the end of 1995, but modification of
the pools permitted an increase of the storage capacity. With the modifications, the time for
exhausting the capacity is postponed until the middle of the 1999 for Unit 1 and the end of 2000 for
Unit 2.

In October 1992 the Swedish Nuclear Waste Management Company (SKB), with financial
support from Swedish International Project Nuclear Safety (SIP), entered into an agreement with the
Lithuanian Ministry of Energy, as owner of the INPP, to assist in finding the most suitable solution
for a spent fuel storage. Both the wet and dry spent fuel storage concepts were considered. Finally, the
proposal of GNB Company (Germany) was chosen based on outdoor storage in dual-purpose
(transport and storage) metal casks.

After the INPP-SKB evaluation, and VATESI approval, the GNB was selected as supplier of 20
CASTOR casks. The contract was later extended to include 40 CONSTOR casks (metal-concrete
casks of similar design). GNB's casks meet all international safety requirements for transportation and
for outdoor storage.

The storage facility is located at INPP site at 700 m distance from INPP Unit 2 and at 400 m
distance from Drukshai lake. Its main facilities are:

- The storage site for loaded and empty casks fenced by shielding concrete walls;
- Production building;
- Transformer substation;
- Rain-water drainage system;
- Observation wells;
- Engineering service lines;
- Checkpoint;
- Radiation and dose rate control systems;
- Roads and railways.



The spent fuel storage site is surrounded with protective steel concrete wall and with three rows
of safeguard fence equipment with alarm system. The storage is a passive system that requires no
auxiliary equipment for heat removal.

The casks are loaded and transported by means of a crane with 100-ton capacity. The casks are
set in groups on steel concrete plate of the site. Such disposition allows returning each cask if
necessary. Along the whole perimeter of the storage there is a system providing the continuous dose-
rate control with the signal's output to the INPP radiation control board. In spring 1999 the facility
was taken into operation and on 12-th of April the first cask was filled and put in the storage.

3.2. Management of group 1 and 2 waste

In the 1995-96 generation of Group 1 waste was reduced due to innovation in waste sorting and
installation of a compactor. The 70 tons force press, which was provided within the Swedish co-
operation programme and gives bails of 0.8 m3 in volume, is used for compatible Group 1 waste.

An assessment of the long term safety of the present situation of the storage building at INPP
for low level solid waste has been done with Swedish financial support. It includes detailed
descriptions and assessments of the site conditions, the buildings and the inventories of radionuclides
as well as of the long term safety. Based on the evaluation, alternatives for improving the situation
have been proposed.

The assessment showed that the buildings were not suitable for long term storage or as
repositories. Two alternative concepts were defined for providing a higher safety of long term
disposal of the already stored group 1 and 2 waste. The report also proposed several independent
additional activities:

- Retrieval, conditioning, characterisation and classification of stored waste;
- Management of new solid wastes produced at INPP;
- Disposal of new waste and re-disposal of old waste.

3.3. Management of group 3 waste

Based on a brief assessment, it has been clarified that present practices for managing solid
Group 3 waste do not conform to international recommendation and practices.

A feasibility study has therefore been implemented under a contract with SKB to propose a cost
effective way on how to manage new and to retrieve existing Group 3 waste. Based on an assessment
of the current waste practice, on international and Lithuanian requirements and on practical
experience from Sweden this study described a number of improvements to be made. Those include
waste classification, segregation, handling, characterisation, measurement and recording of waste
package information, including activity content. It will result in a modernised system including a new
solid waste handling facility.

Based on SKB's experience from Paldiski in Estonia, a solution was identified, whereby the
already stored waste would be retrieved for characterisation, conditioning and subsequent disposal.

3.4. Management of evaporation concentrates

Initial discussions have questioned the acceptability of the interim storage for bitumenised
waste as well as the procedure, which does not produce individual waste packages.

As a first step, an assessment of the long term safety of the existing storage for bitumenised
waste was done. The study showed that the structure could not be expected to remain intact over



several hundred years. Two alternative concepts were discussed, retrieval of the bitumen compound
and a conversion of the store to a repository by additional engineering barriers to the existing
structure.

The retrieval of the waste in building No. 158 is a major technical undertaking for which little
experience exists. Nevertheless it has been qualitatively discussed. The second alternative includes
the construction of a multi-layer earth-cover seal. The barrier should be placed over the building with
the primary purpose of isolating the waste from the environment.

The study concluded that the building No. 158 supplemented with a multi-layer earth cover will
provide a safe solution to disposal of the bitumenised waste already stored in the building. The
implementation of multi-layer cover is an activity that will take place many years from now when the
adjacent waste processing building has been decommissioned. An important result of this study is that
it has been shown that this is a feasible disposal option, but it has also shown the need to clarify the
licensing scheme for this storage facility.

In another project, also implemented together with SKB, a feasibility study was implemented
on how to convert the existing procedures to include filling the bitumenised waste in containers
suitable for intermediate storage. The study suggests no changes in the bitumenisation process but
suggests a new building that includes a "container" filling system. Compound should be filled in
waste containers that are transported to an interim storage. The filling process should be remotely
controlled and supervised by a closed-circuit television system. For all waste containers, the surface
dose rate and the dose rate at a certain distance should be monitored and the activity content should be
determined.

3.5. Conditioning of ion exchange resins

It has been realised that ion exchange resins presently stored in large tanks need to be
conditioned without undue delay. A study made by SKB has shown that a cement solidification
process is the optimal solution for INPP for processing the spent resins, perlite and other residue in
the tanks. Based on a competing tendering process, a supplier has been selected and the cementation
facility is expected to be in operation in 2002.

3.6. Preliminary decommissioning plan

Financed by the EC Phare programme, in 1998 INPP signed an agreement with a Consortium of
European companies to implement a project on" Technical Support to Lithuanian Authorities in
Developing the Basic Tools and Methodologies for Preparing the Preliminary Decommissioning Plan
for Ignalina NPP and for Assessing the Cost Estimation and Funding Needs".

The Report from the project, submitted in April this year, makes the following conclusions:

- The report has been prepared at high technical level and analysis of decommissioning options
has been sufficiently worked out;

- All considered scenarios and strategies have been selected with account of world experience in
the area and IAEA recommendations;

- The basis of the scenarios comprises two principle approaches defined in the design
specification, i) immediate dismantling and ii) deferred dismantling.

Considering that the period of work according to option "immediate dismantling" will be about
30 years, it will not require significant funds today. The "immediate dismantling " option gives the
possibility to involve INPP experienced and qualified personnel, while the "deferred dismantling"
option, after break of 50 years, will have large problems to find qualified personnel. Therefore the
INPP consider "immediate dismantling" option more preferable.



4. PLANNED IMPROVEMENTS

4.1. Approach

To facilitate efficient utilisation of Swedish - Lithuanian co-operation, a Steering Committee
on Swedish-Lithuanian Waste Management Projects was set up in 1997. Members of the Committee
are representatives from Lithuania: Ignalina NPP, VATESI, Ministry of Economy, Ministry of
Environmental Protection, Radiation Protection Centre of the Ministry of Health, and from Sweden:
SIP and SSI.(Swedish radiation protection authority).

In June 1998, an ad hoc group was established, chaired by Ignalina NPP, with the objective to
prepare a proposal for new projects based on the " Overall Plan". The proposal should include
priorities, project description and a rough cost estimate. The list of prioritised waste management
projects was presented to the Steering Committee in October 1998. In total ten projects were
identified considered to be of high priority. As it was quite unrealistic to initiate all of them during the
same period because of limitation of financial resources as well manpower, it was decided to group
them into three categories. Priority 1 projects should be implemented within two years, priority 2
projects during 2000-2002 and priority 3 projects should be initiated during 2000-2002

4.2. Proposed priority 1 projects

4.2.1. Authorisation of existing buildings at INPP for interim storage of solid waste

As mentioned previous in the paper it was determined that the existing facilities at INPP for
interim storage of solid waste are not acceptable for final disposal and the facilities do not have
formal authorisation for their use as interim storage facilities. The objective of this project is to
prepare a safety analysis in order to, if possible, obtain license for the facility as an interim storage
facility for a limited period of time.

A similar work will be carried out in parallel for the storage facility for bitumenized waste.

4.2.2. Decision making basis for a new system for short lived solid waste management

The objective of this project is to provide to INPP the necessary technical and economic
decision making basis to proceed in the next step with the design, licensing, procurement,
construction and commissioning of a modernised system for the management of short lived solid
waste. To fulfil the objective, the project needs to identify the prerequisites for the development of
such a system, including constraints related to options for the future interim storage and disposal.

Additionally, measures to reduce the amount of waste will be investigated. The aim of the latter
is to identify and provide a limited set of measures that may produce significant practical results in the
short term.

4.3. Proposed priority 2 projects

4.3.1. Safety assessment of the conversion of the existing storage for bituminized waste into a final
repository

A detailed engineering study as well as a site performance assessment in order to demonstrate
that the planned surface barriers will perform adequately through out the time period when the waste
remains hazard.



4.3.2. Generic design of modular repository for low and intermediate level waste

The geological conditions in Lithuania favours the repository of the near surface type for short
lived waste. Preliminary studies regarding conceptual design and location of such a repository will be
initiated. In a first step it will be investigated if the natural conditions at or near the INPP can offer an
environment suitable for a repository.

These two projects are planned to be carried out in a period 2000-2002.

4.4. Proposed priority 3 projects

4.4.1. Retrieval and re-disposal operation for solid waste at INPP and Maisogala

Project definition, engineering and preliminary safety analysis is planned to be carried out in a
period 2000-2002. The implementation is estimated to take some four years.

4.4.2. Minimisation of liquid waste

A study with the objective to minimise the liquid waste generated from the two units.

4.4.3. Approval/permission of existing waste treatment methods at INPP

The present methods in operation are lacking regulatory body approvals. Necessary safety
analysis will be developed and submitted to the regulatory bodies in order to obtain their approvals.

These projects are planned to be carried out in the period 2000-2002.

5. CONCLUSIONS

Thanks to a systematic approach and a constructive co- operation, especially with Sweden, the
INPP is on the way to establish an acceptable waste management system based on internationally
accepted principles.

An important factor for the success is the systematic approach based on an integrated strategy.
Another important factor is that there has been one major co-operating partner which thus has been
able to ensure an integrated approach on all different components of the waste management.

The system for radioactive waste management at INPP still suffers from shortcomings, which
called for continued national and international efforts of legal, administrative, technical and financial
nature. The continued Swedish support will be of outmost importance for the possibility for the INPP
to be able to announce, within a reasonably short time, its full compliance with the objective of the
joint convention and other international documents on good waste management practice.
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Abstract

After more than 25 years of development, the Swiss radioactive waste management programme has a well
established disposal strategy supported by an integrated R&D infrastructure. The process of implementation of
repository projects is constrained by political factors, but a dynamic R&D programme is strongly guided by
periodic integrated performance assessments and includes:

• Experimental studies in conventional and "hot" laboratories;

• Projects in underground test facilities and field test sites;

• Model development, verification and validation;

• Natural and archaeological analogue projects.

R&D in the Swiss national programme focuses in filling remaining gaps in system understanding,
enhancing confidence via validation and demonstration projects, system optimisation and maintaining state of the
art technical capacity in key areas. Increasingly, such work is carried out in collaboration with partner national
waste management organisations. In addition, The National Cooperative for the Disposal of Radioactive Waste
(Nagra) provides support services to developing programmes — which allows Nagra to widen its range of
experience while providing attractive access to a knowledge base accumulated at a cost of over 750 M CHF.

1. INTRODUCTION

Switzerland is a relatively small country with a high population density and a wide industrial base.
With a well developed economy, a secure energy supply is of considerable importance. But, as it is
poor in natural resources, Switzerland has to import about 80 % of its primary energy requirements,
predominantly in the form of fossil fuels. Electricity covers about 20 % of the energy demand; of this
about 40 % is supplied from nuclear power plants, with most of the rest being hydroelectricity.

In Switzerland, producers of radioactive waste are responsible for its safe management and disposal.
The electricity utility companies, which operate the nuclear power plants, and the Swiss Federal
Government, which is responsible for wastes arising in the fields of medicine, industry and research,
therefore set up Nagra — the National Cooperative for the Disposal of Radioactive Waste — in 1972.
Nagra is responsible for research and development work associated with realising the safe disposal of
all categories of radioactive waste.

The main source of radioactive wastes in Switzerland is nuclear power production. The first
commercial nuclear power plant went into operation in 1969 and Switzerland currently has 5 nuclear
power plants (pressurised water reactors and boiling water reactors) with a total capacity of around
3 GW(e). Most of the waste radionuclides produced during reactor operation are contained within the
fuel itself; this may be prepared for direct disposal or reprocessed to recover usable uranium and
plutonium, with the resulting wastes being solidified for subsequent disposal. To date, Swiss disposal
planning has focused on wastes returned from foreign reprocessing plants; currently, however, the
preferred strategy of the electricity supply utilities is to keep both options (reprocessing and direct
disposal) open. Additionally, it is currently assumed for dimensioning of repository projects that there



will be no expansion of the Swiss nuclear power programme and that the existing reactors will not be
replaced at the end of their planned operational lifetime (40 years). This scenario leads to very low
total volumes of high level waste — complete reprocessing would yield about 500 m5 total before
packaging, resulting from ~3000 tonnes of spent fuel.

A further important source of nuclear wastes is the diverse use of radionuclides in medicine, industry
and research (MIR wastes). Although the total radioactivity of such wastes is much less than that from
nuclear power production, they are by no means trivial in terms of quantity and may pose a particular
challenge due to their heterogeneity.

Wastes can be classified according to their radionuclide content, taking into account the type of
radiation that they emit and the half-lives of the constituent radionuclides. This leads to the general
terminology of low level waste (LLW), intermediate level waste (ILW) and high level waste (HLW).
In Switzerland, wastes are also classified according to their envisaged disposal route. Of the two
planned repositories, one is intended for short lived low and intermediate level wastes without
significant amounts of long lived radionuclides; the other is intended for high level waste and
intermediate level waste containing higher concentrations of long lived radionuclides, which is
broadly similar to the category of wastes often referred to as transuranic-containing waste (TRU) —
even though the transuranics may not be the only long lived nuclides in such waste. In this paper, the
abbreviation TRU is understood to signify long lived intermediate level waste. High level waste from
reprocessing is differentiated from spent fuel (SF) for direct disposal but they are grouped together in
the abbreviation HLW.

The precise cut-off in activity allowed in the L/ILW repository will be left open until safety criteria
are developed in the framework of licensing the repository at the proposed site at Wellenberg, in
central Switzerland.
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An overview of the sources of wastes in Switzerland and the disposal concepts considered is
presented in Fig. 1. Although the option of national disposal of HLW/TRU must be proven to be
feasible, alternative disposal of such waste as part of a multi-national programme is considered in
parallel and thus, for example, Nagra is a partner in the Pangea project (see Section 6.).

2. KEY ATTRIBUTES OF THE NAGRA R&D PROGRAMME

Although small in relative terms, the Nagra nuclear waste management programme has cost
~750 M CHF over the last 25 years or so. A major part of this expenditure was fieldwork associated
with repository site selection and characterisation, but a significant fraction supported an associated
R&D programme that included experimental studies in the laboratory and in-situ, modelling and
natural analogue projects. To maximise output from such studies, many have been organised as
international collaborations with sister organisations.

As it has matured, the R&D programme has become increasingly focused on filling remaining gaps in
the understanding of key processes, confidence building via demonstration and validation projects [1,
2, 3, 4] and fundamental studies which represent the state of the art in a limited number of specific
technical areas.

The identification of key processes is facilitated by a series of integrated performance assessments for
the two repository types, which have served to examine the sensitivity of total system performance to
the uncertainties in particular processes and parameters. Although mainly driven by milestones in
phased programmes leading to siting and licensing of the repositories, such performance assessments
have played an important role in setting R&D priorities in the Swiss programme. They have clearly
identified not only areas which are safety-relevant and where fundamental improvement of
understanding is required (e.g. colloid transport, development of a hyperalkaline plume) but also those
where understanding is sufficient and further work is not needed (e.g. short term corrosion of
borosilicate glass, illitisation of compacted bentonite).

Priorities may also be altered by pragmatic changes. The decision to change from a policy of
reprocessing has resulted in a major effort to study direct disposal of spent fuel. The move towards
higher fuel burnups and the utilisation of MOX has, in turn, required special studies focused on
disposal of these particular fuel types - which have been relatively little studied compared to lower
burnup UO2.

3. AN EXAMPLE OF INTEGRATED STUDIES: THE HYPERALKALINE PLUME EFFECT

Generally, the technical areas which, after 25 years of research, require further attention tend to be
those which are particularly difficult to study experimentally and/or to model quantitatively. A good
example is the influence of hyperalkaline fluid/rock interactions for repositories containing large
quantities of cementitious material (Figure 2). The problems involved include evaluation of a spatially
and temporally variable hyperalkaline source chemistry, heterogeneity and temporal evolution of flow
systems in the surrounding rock and the particular problem of evaluating processes occurring at sharp
reaction fronts. Experimentally, reducing / hyperalkaline systems are difficult to study in the
laboratory and slow processes are difficult to quantify in either the laboratory or the field.

In order to approach this particular problem, a multi-facetted programme has been developed which
includes laboratory studies, experiments in-situ in underground test sites, natural and archaeological
analogue studies and model development. Laboratory experiments on Swiss-specific cementitious
material leaching [5] carried out at the Paul Scherrer Institute (PSI) and the interaction of potential
Swiss host rocks with such leachates is studied at both PSI and the Water-Rock Interaction Group
(GGWW) at the University of Berne [6]. Such work is complemented by more generic studies which
are run as multi-national collaborations - e.g. the study of alteration of specific minerals by
hyperalkaline fluids carried out by the British Geological Survey (BGS) in a project co-funded by



Nagra, Nirex (UK) and SKB (Sweden). Direct in-situ studies of rock alteration by hyperalkaline water
are being carried out in 2 underground test sites in Switzerland, at Grimsel (in crystalline rock) and
Mont Terri (in the sedimentary Opalinus Clay). Both of these experiments are run as multi-national
collaborations involving co-funding by, and active participation of staff from, organisations in several
national programmes.

In order to establish an understanding of longer term interactions, a series of studies of archaeological
cement/concrete structures in relevant geological environments has been carried out by both Nagra
and partner organisations [7]. These studies involve relatively well characterised systems which are
several decades to a couple of hundred years old, complemented by older systems (up to about
2000 years old — e.g. Roman concrete) where, in general, the boundary conditions are less well
specified. In general, there is very good interaction and data exchange between the research groups
involved in such work — either through bilateral collaboration agreements or the ad hoc Natural
Analogue Working Group (NAWG).

For longer timescales, exotic geological environments have been identified where interaction of
naturally occurring high pH fluids with rocks have taken place over tens or hundreds of thousands of
years. Maqarin in Jordan is a particularly close analogue of the planned Swiss L/ILW repository
(Figure 2) and the study of this site is now moving into a 4th phase of work, co-funded by Nagra,
UK Nirex Ltd., SKB of Sweden and Obayashi from Japan [8, 9].

Specific models to simulate the evolution of hyperalkaline leachate and its transport through, and
reaction with, surrounding rock have been developed at PSI and the University of Berne [10, 11]. An
additional model has been developed in collaboration with Japan Nuclear Cycle Development
Institute (JNC) of Japan [12], which additionally provides a link to experimental programmes in Japan
carried out in the ENTRY facility. The application of these models in the experiments and analogue
studies listed above allows their calibration and, in some cases, verification (by comparison with the
output from models developed by independent partner groups) and validation (in special blind
modelling tests).

4. AN EXAMPLE OF DEMONSTRATION AND VALIDATION: FEBEX

Even in areas where fundamental process understanding is reasonably good, the special requirement
of achieving public confidence in, and acceptance of, repository projects may require special studies
focused on "Demonstration and Validation". Although the main justification for such work may be to
enhance public understanding and confidene ("technical PR"), it can also be focused to provide useful
input for system optimisation — both with regard to transparency of the safety case and to more
pragmatic factors such as practicality of implementation, ease of quality assurance and cost. A good
example here would be the Full-scale Engineered Barrier Experiment (FEBEX) project carried out at
Grimsel under the leadership of ENRESA of Spain and with extensive international participation
(Figure 3).

In FEBEX, the practicality of implementing a disposal concept for spent fuel in a crystalline host rock
was demonstrated on a 1:1 scale in a specially constructed tunnel [13]. After emplacement of the
engineered barrier system (EBS), in which heaters simulate the waste packages, the slow evolution of
temperature, water content, gas, mechanical properties and geochemistry of the system is monitored.
The monitoring data are then used to test coupled models of thermo-hydro-mechanical (TEDVI) and
thermo-hydro-geochemical (THG) processes.
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Later stages of this project will provide practical input on sensor longevity and system
decommissioning — relevant for the currently topical themes of monitoring and retrievability.

Although FEBEX demonstrates the basic feasibility of the original "1s t generation concept", the
particular problems encountered provide valuable input for studies of design optimisation which could
lead to "2nd generation concepts" which provide equivalent or better safety levels but are more
practical and less expensive [14].

5. STATE OF TFIE ART R&D

The third main category of R&D projects includes those that maintain state of the art knowledge in
key areas. For the small Swiss programme, it is clearly impossible to be at the front in all relevant
areas, but being an acknowledged international centre of excellence in a few relevant areas is
considered essential both to establish international credibility (important for national confidence
building) and to serve as a contribution for information exchange with partner organisations.

An example in this last category would be studies of the details of sorption processes of radionuclides
during transport through the far field. Even though there is international consensus that a very simple,
empirical representation of such sorption (the Kd model) is appropriate and can be applied in a
conservative manner, more fundamental studies of the mechanisms of sorption processes and the
micro-scale structure of flow paths through rocks are supported by Nagra. Although the results of
such work are, at present, too complex to be directly represented in performance assessment models,
they serve to illustrate a basic understanding of the process covered by the "lumped parameter" Kd
[15] and the simple parallel plate or flow tube transport models [16].



6. EXTERNAL SUPPORT SERVICES

Despite its small size, the Nagra programme has been one of the most diverse in the world in terms of
both waste considered (vitrified HLW, spent fuel low and high burnup UO2 and MOX, reactor
L/ILW and L/ILW arising from medicine, industry and research) and host rock (crystalline and
sediments for HLW and TRU; crystalline, sediments and evaporites for L/ILW — the latter being
incidentally distributed between three linguistic (Italian, German and French) regions of Switzerland).
Nagra is also a small organisation which depends on a closely coordinated group of highly
experienced, multi-disciplinary (and multi-national) project managers. As time pressure decreases in
Swiss national projects, Nagra teams have been increasingly sought after to provide support to other
national programmes. Such external service work is considered to be very valuable to both sides —
extending the breadth of expertise of Nagra teams while allowing partners very cost-effective access
to Nagra's resources of experience, tools and data. The latter point is particularly important to less
mature programmes, as it allows them to avoid "reinventing the wheel" (or, even worse, repeating the
mistakes of others) and, through a structured programme of information and technology transfer,
rapidly move up to the present state of the art.

The extent of such service work has increased considerably over the last 3 years and includes review
of national waste management programmes, running of training courses, provision and support of
models and databases, experimental studies making use of special laboratory or underground test site
infrastructure, waste inventory development, repository design and planning / interpretation of site
characterisation activities. General earth science expertise (integrated geology / geophysics /
hydrogeology / geochemistry) has also been applied to conventional tunnelling projects and disposal
of other types of waste. To date, support work has been predominantly for organisations in the Far
East (especially Japan) but a wide range of services have also been provided to organisations in
Europe, the USA and Australia.

The last example, supporting the Pangea project in Australia, is particularly interesting. Although still
in the concept development phase, this project is investigating options to site a repository for multi-
national radioactive waste in Australia [17, 18]. Nagra participates in this project both as a founding
partner and as a service provider. In the latter role, particular responsibilities include repository
design, review of site selection and characterisation work and performance assessment. The
characteristics of an extremely large repository in a dry, flat, tectonically stable, simple geological
environment contrast considerably with conditions in Switzerland. Nevertheless, the tools and
experience developed to demonstrate that a Swiss repository is feasible have been readily applicable
to support the Pangea concept.

7. SUMMARY AND CONCLUSIONS

This paper has overviewed the status of the Nagra R&D programme. Even after 25 years, challenging
study topics remain but these tend to focus on restricted areas which are addressed by integrated
laboratory, field and modelling studies involving long term, multi-disciplinary, international
collaborative projects. Decreasing time pressure in the Swiss programme allows extended capacity for
support services and know-how transfer to other developing national programmes.
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Abstract

The concept of the final disposal of high level wastes is to isolate the waste from the biosphere for
extremely long periods of time by emplacement of wastes into deep stable geological formations. Several
geological formations have been considered as candidate host environments for high level waste disposal and
several techniques have been developed for repository design. In this study, interrelationships of main
parameters of a general repository design have been defined and effective parameters are shown at each step.
Initial design process is based on the long term stability of underground openings as disposal galleries. For this
reason, this design process includes two main analyses; mechanical analysis and thermal analysis. Each of the
analysis system is directly related to each other by technical precautions. As a result of this design process, a
general information about the acceptable depth of the repository, layout and emplacement pattern can be taken.
Final design study can be established on the result of initial design process.

1. INTRODUCTION

High level waste repository concept includes various fields and these fields comprise their relevant
components:

Geological investigations,
Characterization of the potential host rocks,
Layout,
Emplacement method,
Multibarrier concept,
Constructibility (excavation, support systems, ventilation etc.),
Long term performance and safety assessment.

Since further information is needed for making a proper design, initial design can give only
general information about the repository by using the data about mechanical properties of the host
rock, thermomechanical properties of the waste form and the container. Initial design process includes
two main analyses; mechanical and thermal analyses. If the required data are put into these main
analysis process and an interaction between these two analysis processes can be satisfied, in this case
initial and optional depth of the repository, repository layout and the emplacement pattern of the
repository can be determined.

Young modulus (E), Poisson's ratio (v) and the strength of the host rock (ac), are the main
parameters which will be used for analyzing of the initial stability of underground openings in the
repository. Thermal conductivity of the buffer material and the host rock are some of the main
effective factors for thermal analyses. And there is a limitation for the temperature at the interface of
the waste package with the buffer, because of the boiling temperature of water and/or the negative
effects on the thermomechanical properties of the buffer material, interface temperature must not
exceed 100°C (90°C is recommended).
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FIG. 1. Initial design process layout.

2. METHOD OF INITIAL DESIGN

Figure 1 shows the initial design process layout.

The first step is to determine mechanical properties of host rock by laboratory tests and Young
modulus (E), Poisson ratio (v), and strength (ac) of host rock taking into mechanical analysis. In-situ
state of stress (ac ), is calculated according to the initial proposed depth and proposed gallery area.
Laboratory test results and theoretical strength results are compared to each other. If they are not fixed
in confidence proposed values be changed according to the in-situ strength of rock until they are fixed
properly to each other. At the end of this study, initial dimensions of underground openings are
determined.

The second step is to determine thermal properties of the rock, waste form, container, buffer
and backfill material and put into thermal analysis according to the results of mechanical analysis.
After thermal analysis, minimum distance between the emplacement holes will be determined.



During this analysis, main criteria is that the temperature at the interface of the waste package
with the buffer must not exceed 90°C. If the calculated temperature more than this value, in this case
distance between the emplacement holes is increased. Dimensions of underground openings may be
changed according to the thermal analyses. If it occurs, mechanical analysis must be done again
according to new dimensions. At the end of this analysis, dimensions of underground openings,
emplacement pattern and distance between the holes are determined.

The third step is to calculate mechanical stress around openings and thermal loads on the rock.
Total stress around openings is verified that whether it is sufficient when compared with the
mechanical strength of the rock or not. If total stress is not low enough, in this case dimensions of
underground openings must be reviewed and analysis must be done according to new values until
required stress value confidentially maintained. If total stress is in safety area, initial acceptable depth,
layout and the emplacement pattern of the repository are determined.

3. DISCUSSION

Initial design process can be used only for taking preliminary information for conceptual
design options. Although alternatives of each system and options of each parameters can be developed
in this general design process, this initial design process will be useful for getting acceptable design
factors to develop by using main parameters.

For a conceptual design, much information is required. After the site selection period, several
investigations in the underground research laboratory and especially in-situ tests by boreholes should
be done for getting realistic and site specific data.

Initial design process is based on the long term stability of underground openings as disposal
galleries. Besides of the mechanical stability of the repository, other parameters are available which
can be effective at the design process. Such as, hydraulic conductivity of the potential host rocks can
be known generally (between 10E-6 to 10E-12 m/s according to the type of the host rocks). Realistic
hydraulic conductivity requirements will be specific to the site during the excavation period according
to the geological media.
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Abstract

In broad terms there are two routes for irradiated nuclear fuel, the closed cycle involving
recycling and the open cycle culminating in direct disposal. The benefits of following the closed cycle
are presented. The environmental burdens associated with open and closed cycles are compared using
Life Cycle Assessment (LCA) for non-active burdens and human irradiation. Consideration is given to
the extension of the nuclear fuel cycle to include a proportion of MOx fuel elements within a reactor
core, and the impact in terms of total activity, waste volumes and Integrated Toxic Potential (ITP)
discussed. The potential of moving to a fast reactor cycle is also raised in support of the recycling of
spent nuclear fuel giving sustainable power generation.

1. INTRODUCTION

Nuclear power has been used to generate electricity in the UK since the 1950's and today
represents some 18% of the installed capacity and supplies some 31% of the electricity produced. In
terms of spent fuel management, UK Government policy is that it is for the owners of the spent fuel to
decide on the appropriate spent fuel management option based on their own commercial judgement,
subject to meeting regulatory requirements. In broad terms two options exist the open cycle
culminating in direct disposal of the fuel or recycling to recover products which can be utilised in
further energy production. This paper addresses some of the issues regarding the sustainability of
recycling.

2. DESCRIPTION OF THE NUCLEAR FUEL CYCLE

An outline of the nuclear fuel cycle is given in Figure 1. The open cycle refers to the mining
and milling of UjOg, uranium enrichment, fuel manufacture, nuclear power generation, intermediate
spent fuel storage, spent fuel conditioning and final disposal, whereas the closed cycle moves to
recycling following intermediate spent fuel storage, leading to the refabrication and recycling of
uranium, and the interim storage of waste prior to vitrification and final disposal.



This description of the closed fuel cycle could also be extended to include further steps in the
fuel cycle, for example the use of both plutonium and uranium oxides in the manufacture of mixed
oxide (MOx) fuel, which could be cycled through the system either once or twice; or extension of the
cycle to include future fuel cycle technology, for example fast breeder reactors.

The benefits in moving to further steps in the fuel cycle can be viewed in terms of the energy
potential of MOx and future fuel cycles per unit mass, compared to that of uranium oxide and other
forms of energy production.

Comparisons can also be made as to the value of recycling spent fuel as the majority of the
fuel is available for recycling into new fuel elements, for e.g. in the case of the LCA model [1] 94.25%
of the uranium is available for recycle (based on a PWR reactor, burn-up 40MW d/kg HM). Direct
disposal would result in the permanent loss of this energy resource, which would have to be
substituted with further uranium mining and milling or by other forms of energy production. In the
case of non renewable energy production this loss would constitute a gain in the production of
greenhouse gases.

To produce lTjoule1 of electricity from nuclear power requires 0.87 kgU in UO2 fuel. After
irradiation 0.82 kgU remains, therefore 94.25% of the uranium or potential energy value remains
(energy potential is also available in the 0.0087 kgPu in PuO2). Following recycling, further energy
can be produced over a number of UO2 cycles following enrichment. Taking one further cycle to
produce 1TJ of electricity by nuclear generation results in an emission of 10.55Te of CO2. However,
had the irradiated fuel been directly disposed of and 1TJ of electricity been produced using non
renewable energy production, the resulting CO2 emission would be for Gas 119.4Te CO2 or Coal
302.7Te CO2 [2]. Further recycling could then recover the remaining energy resource from the second
cycle.

Comparison of world resources (known and assured) demonstrates the energy value per tonne
of resource and the benefits of moving from thermal fuel cycles to fast reactor cycles. If uranium
reserves were utilised in an open cycle, then 238U and fissile uranium and plutonium would be lost
from the resource base, which could be utilised in both thermal MOx and fast reactors. This would
represent a substantial loss in energy reserves, which could contribute to a reduction in greenhouse
gases, the CO2 output per TW(h) being 3.5% of that produced by coal as shown in Table 1.

In the interests of sustainability, the effects of global warming and agreements made in Kyoto
to reduce emissions of greenhouse gases, following an open fuel cycle culminating in direct disposal
does not constitute an effective use of valuable energy resources.

TABLE 1. COMPARISON OF ENERGY VALUES, RESOURCE AVAILABILITY AND CO2

GENERATION
Energy production
Uranium/ MOx TWh
Uranium fast reactor TW(h)
Coal TWh

Tonnes
7.65
0.084
155128.6

CO2/TW(h)[2]
38000
38000
1090000

World Reserves[3]
44 TW years
4000 TW years
842 TW years.

'Note: lTWh equals 3600 TJ's.



Figure 1 Outline of the Nuclear Fuel Cycle |Solberg-Johansen
1998)
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FIG.I. Outline of the nuclear fuel cycle [I].

3. LIFE CYCLE ASSESSMENT

Life Cycle Assessment (LCA) is an approach which has been developed to assess the
complete environmental impact of a product, process or service. The concept originated in the 1970's
to determine the most environmentally efficient way of packaging beverages. Since then LCA has
developed to become a tool that is widely used to support environmental management. Development
of the LCA methodology has now progressed to the stage where associated international standards
have been developed, the ISO 14040-3 series [4], the Society of Environmental Toxicity and
Chemistry, SETAC have also published a 'Code-of-Practice' [5].

BNFL sponsored an environmental LCA of the nuclear fuel cycle in 1995 at the Centre for
Environmental Strategy, School of Chemical, Civil and Environmental Engineering, University of
Surrey, UK. The study compares open and closed fuel cycles and assesses their impacts in terms of
environmental burdens. An additional methodology was also developed to assess the impact of
discharges and wastes, proposing a new LCA impact category "human irradiation" [1].

LCA models have been constructed for the open and closed fuel cycles based on the Thorp
design flowsheet. The models consider specific facilities in the fuel cycle and allows site dependent
issues, for example ore grade, to be made transparent. The models relate to the normal operation of the
facilities concerned but do not include commissioning and decommissioning. The results from the
model allow comparisons to be made between mining and milling, and reprocessing; and between
open and closed fuel cycles overall. Models have been created using PEMS 3 LCA software
developed by Pira International to assess the non-active burdens associated with the different fuel
cycles. The Human Irradiation category was developed by Solberg-Johansen 1998 [1], as a separate
model, as currently there are no impact categories within LCA methodologies to assess the impact in
human terms of radiological discharges and wastes. Where impact is assessed it is in terms of the total
number of Becquerels, which results in large numbers being produced but with no measure of their
impact.



Within the LCA methodology, models are related to a functional unit, which denotes the
amount of a product to which the mass balance over the model has been related, in this case the
functional unit is the production of 1 TJ of electricity from a PWR reactor. Results from the impact
assessments of these models are presented below supporting the use of the closed fuel cycle. Two
mining and milling sites have been assessed Mine A, with an ore grade of 0.035% U-jOg and Mine B,
with an ore grade of 0.3% U5O8 These mines have been used to represent the range of ore grades
available on the market, they do not represent direct customers. Tables II and IV and Figure 2 show
the comparisons between reprocessing only and mining and milling, (i.e. the source of Uranium)
whereas Table III and VI compare the entire open and closed fuel cycle.

It is important to recognise at this stage that comparisons between impact categories cannot be
made as they have different units of measure as shown in Table II. Percentages in the Table refer to
the contribution to a category by one facility and dividing it with the sum of all the scores in that
category.

It can be seen from this impact assessment that reprocessing has the lowest impact in all
categories except for ozone depletion, where the impact is higher than Mine B (0.3%). This is due to
the indirect influence of electricity consumption and the method of generation in the United Kingdom,
which results in higher levels of Volatile Organic Compounds VOC's, in the UK mix of electricity
compared to Mine B (0.3%) where electricity is generated using diesel.

TABLE II. ENVIRONMENTAL PROFILES - NON-ACTIVE BURDENS (1/TJ) [1]
Environmental profiles - non active burdens (1/TJ)

Impact Categories Thorp reprocessing
Plant

Mine A uranium
Mine 0.035%

Mine B uraniun
Ming n_:y/n

Fossil reserve
depletion
Abiotic depletion
(reserve base)

Abiotic depletion
(reserve-to-use)
Human toxicity

Ecotoxicity
(aquatic)
Acidification
Nullification

Ozone depletion

Greenhouse
effect
Photochemical
Smog

kg Oil

kg/kg

year

kg body
weight

m 3

Kg SO 2

Kg
Phosphate
kg CFC 11

Kg CO 2

kg Ethylene

9.04E+O0

2.39E-14

1.70E-01

8.38E-01

1.41E-05

7.03 E-01
2.56E-O2

5.97E-04

5.55E-01

3.29E-O3

5%

0%

5%

4%

6%

4%
6%

6%

6%

8%

9.30E+01

4.88-09

1.58E+00

2.07E+01

2.87E-05

1.74E+01
3.04E-01

9.81 E-03

7.40E+02

1.59E-02

55%

50%

49%

87%

12%

87%
75%

93%

75%

37%

6.80E+01

4.88E-09

1.49E+00

2.28E+00

1.94E-04

1.85E+00
7.53E-02

1.75E-04

1.90E+02

2.38E-02

40%

50%

46%

10%

82%

9%
19%

2%

19%

55%

Mine A (0.035%) is the highest contributor to almost all the categories, due to the low grade
ore, resulting in the high usage of energy and materials in the milling step. Mine B (0.3%) generally
has a lower impact due to the higher grade of ore, exceptions are the high contributions to ecotoxicity
and photochemical smog categories. These differences are due to the fact that Mine A mine has a strict
water management strategy, there being no recorded effluents from the site, and high contributions to
photochemical smog reflecting the different forms of energy supply.

The case study indicates that reprocessing in the closed fuel cycle can contribute positively
and avoid some burdens from uranium mining and milling at both sites. For Mine A avoided burdens
are gained in the following categories, Abiotic depletion (reserved based), Human toxicity,
Acidification, Nutrification, Ozone depletion and the Greenhouse effect. For Mine B improvements
occur for abiotic depletion (reserve based) and ecotoxicity.



Comparisons made for the whole of the open and closed fuel cycles, indicate that in terms of
non radioactive burdens the cycles are broadly equal. Although this is dependent on the ore grade, the
comparison between the closed cycle (Mine A) and the open fuel cycle (Mine A) being the closest,
due to the lower grade of ore. Comparisons are given in Table III again differences in ozone depletion
are due to the method of electricity generation.

FIG.2. Comparison of reprocessing (only) with mining and milling at Mine A and Mine B.

TABLE III. COMPARING OPEN AND CLOSED CYCLES (1/TJ) [1]
Comparison of Open and Closed loop fuel cycles

Impact Category

Fossil reserve
depletion
Abiotic depletion
(reverse base)
Abiotic depletion
(reverse-to-use)
Human toxicity
Ecotoxicity
(aquatic)
Acidifiation
Nutrification
Ozone depletion
Greenhouse
Photochemical
Smog

Open Loop
(mining @
Mine A)

9.30E+01

4.88E-09

1.58E+00

2.07E+01
2.87E-05

1.74E+01
3.04E-01
9.81 E-03
7.40E+02
1.59E-02

50%

52%

50%

51%
42%

51%
50%
51%
50%
47%

Open Loop
(mining @
Mine B)

6.80E+01

4.88E-09

1.49E+00

2.28E+00
1.94E-04

1.85E+00
7.53E-02
1.75E-04
1.90E+02
2.38E-02

49%

52%

49%

44%
50%

44%
44%
19%
45%
49%

Closed
Loop (mining
@ Mine A)

9.37E-01

4.44E-09

1.61E+00

1.97E+01
4.03E-05

1.66E+01
3.02E-01
9.52E-03
7.29E+02
1.78E-02

50%

48%

50%

49%
58%

49%
50%
49%
50%
53%

Closed Loop
(mining @
Mine B)

7.10E+01

4.44E-09

1.52E+00

2.91 E+00
1.91E-04

2.38E+00
9.41 E-02
7.56E-04
2.29E+02
2.50E-02

51%

48%

51%

56°/
50%

56°/
56%
81°/
55°/
51%

As part of the development of the LCA for the nuclear fuel cycle a new methodology was
developed to assess the impact of processes in terms of Human Irradiation. This new environmental
burden category includes sub categories for direct discharges for freshwater, marine water and air. The
impacts are assessed as " the annual risk of a detrimental health effect for an individual in a critical
group." The methodology is presented in Reference [1].

The availability of data to assess the various elements of the fuel cycle varies, for spent fuel
recycling; radioactive emissions to air and water; and the categories of radioactive solid waste, are
well documented and characterised. For mining and milling however, the data is less comprehensive,



the information on active discharges and the radiological impacts from mill tailings being more
limited. Mine A has no reported effluents due to their strict water management strategies. Mine B
reports some controlled releases of effluent from their ponds. Reported emissions to air in both cases
are all non-active, except for Radon. Other radionuclides however, have not been included, the long
life alpha emitters, 238U, 234U, 230Th, 226Ra, and 2l0Po. The wastes from the mines are also classified as
LLW, but no information on the composition of these tailings was available.

To address the differences in the data sets for reprocessing compared to mining and milling,
information from the ETH inventory [6] has been used to supplement the information. The ETH
Uranium mine is a 'model' mine based on average values collected from literature, data originates from
mines with comparable ore grade to Mine B (0.3%), being representative of open cast mining of
medium to high grade deposits.

Mine A and Mine B have total risk (TJ"1) scores lower than reprocessing, however, for the
reasons stated this cannot be seen as an accurate assessment of the impacts associated with mining and
milling. When data for the ETH mine is used to supplement the data set indications are that risks from
the direct discharges are greater/ comparable to that of reprocessing (same order of magnitude). Table
IV.

It is worth noting that if the assessment of impact had been carried out based on total activity
rather than total risk the picture would have been different, which indicates the importance of applying
screening factors Table V.

Extending the assessment to the whole of the open versus closed fuel cycle, reprocessing will
reduce some of the burdens from mining and milling, however; overall the total burdens are similar.
Table VI.

This LCA of the fuel cycle currently relates to uranium oxide recycling. The fuel cycle has
been extended within the nuclear industry to include the production and use of Mixed Oxide Fuel
(MOx). It is BNFL's intention to extend the model to include the production, use and recycling of
MOx Fuel. In addition the model is based on the design flowsheet for Thorp, rather than operational
data.

MOx fuel consists of a mixture of uranium and plutonium oxides, the plutonium substituting
for fissile U. The use of this fuel enables plutonium to be utilised as a energy resource rather than
being stored or disposed of directly in spent fuel. The benefits of producing and recycling MOx fuel
have been assessed and compared to that of direct disposal. The outcome is discussed below, in terms
of the volume of waste, radioactivity and radiological toxic potential. The results are based on the
recycling of valuable uranium and plutonium products of previous irradiations and covers several
cycles of fuel irradiation, pond cooling, recycling and fuel fabrication. The scenario covers 60 years of
PWR operation split into six tranches each lasting 10 years and generating 1 GW.y of electricity. The
first tranche consists of uranium fuel exclusively, following which in the second tranche first
generation Mox (a) assemblies are utilised, to displace some of the reactor core, and after 20 years
second generation Mox (b) is available for use in the core. Both MOx (a) and (b) can be produced
from recycled products. In the open cycle the reactor uses 160t of enriched uranium fuel over 60 years,
whereas the closed cycle requires 140 t of uranium fuel, 11.6 t MOx (a) and 8.4 t MOx (b) [7].



4. VOLUME OF NUCLEAR WASTE FORMS.

Comparison can be made of the volumes of the waste streams for different fuel cycles,
including mining and milling tailings, low level waste (LLW), intermediate level waste (ILW) and
high level waste (HLW). Direct disposal (open cycle) is compared with MOx recycle in Table VII.

From Table VII it is clear that total waste arisings are lower for the closed cycle, the arisings
of mine wastes which dominate the totals are 12.5% lower for the same energy output, reflecting the
reduced uranium fuel requirement due to Pu recycling. . This benefit is extended to 25% by recycling
uranium and plutonium, indicating the potential loss of energy resource had the irradiated fuel been
directly disposed of, rather than recycled. Overall the total volumes are comparable for open and
closed cycles for HLW and ILW. The benefit comes in the amount of heat generating, long lived
waste, which requires the most careful handling and disposal, which is roughly a factor of ten lower
for the closed cycle. Similar proportions of the various waste stream categories exist for Uranium
Oxide recycling, demonstrating the benefit of recycling versus direct disposal.

The situation regarding the generation, storage, use or disposal of plutonium is also of interest.
For the open cycle although no plutonium is separated for storage or reuse there is an accumulation of
plutonium in the irradiated fuel, which will be directly disposed of in a repository. Over six tranches
this represents a quantity of 1600 kg, when ready for disposal after 40 years, the 24lPu has largely
decayed to 24lAm, leaving 1500kg in total. (This is the quantity left at the time of disposal, not the
greater quantity generated from neutron capture in the uranium, a major fraction of which was
fissioned prior to discharge from the reactor. For the same energy output, the closed cycle leaves about
750 kg of plutonium in the MOx (b) assemblies, plus the uranium and MOx (a) assemblies left after
the last generation once the 24lPu has decayed. This reduction, compared to the open cycle, represents
the quantity of recycled plutonium which is fissioned in MOx fuel. The use of

TABLE IV. AERIAL AND LIQUID DISCHARGES [1]

Human Irradiation:

Direct discharges

Marine

Freshwater

Air

Total risk (TJ"1)

Thorp

Reprocessing

1.20E-09

N/A

3.0E-11

1.20E-09

Mine A

Uranium Mine

N/A

N/A

6.40E-11

6.40E-11

MineB

Uranium Mine

N/A

2.00E-13

3.60E-12

3.80E-12

ETH Uranium

Mine

N/A

6.90E-09

9.40E-11

7.00E-09

TABLE V. AERIAL AND LIQUID DISCHARGES FROM THORP AND THE ETH MINE BASED
ON TOTAL ACTIVITY [1]

Liquid discharges

Thorp Bq/TJ

Liquid Discharges

ETH mine Bq/TJ

Aerial Discharges

Thorp Bq/TJ

Aerial Discharges

ETH mine Bq/TJ

3.26E+07 1.60E+08 2.67E+11 2.00E+09

TABLE VI. HUMAN IRRADIATION IN THE OPEN AND CLOSED FUEL CYCLE (THORP AND
ETH MINE) [1]

Human Irradiation (TJ" ) Open Fuel Cycle Closed Fuel Cycle

(direct discharges) 8.27E-09 8.78E-09



TABLE VII. WASTE VOLUME ARISINGS

Waste Arising

Uranium Mining and

Milling.

Reactor Operation

Spent Fuel Management

Cycle total

Waste Volume / GW(e)y Direct

Disposal

20,000 m3

50m3 ILW

200m3 LLW

40m3 HLW

6m3 ILW

? LLW (not available)

20,296m3

Waste Volume / GW(e)y MOx

Recycle

17,500nv recycling of Pu only

15,000nr recycling of both U and Pu

50m3 ILW

200m3 LLW

3.3-4.9m3 HLW

23 -31.4m3 ILW

92.4-105m3 LLW

17,891m3-15,391m3.

The figures quoted for the recycle case are based on the upper range of the values in the table.

the closed cycle strategy results in about a 50% reduction in total plutonium over that of the open
cycle which would otherwise be accumulated by a direct disposal strategy [7].

The overall radioactive content of the final waste products is also important; recycling of spent
fuel separates uranium and plutonium, from fission products and actinides. Besides making use of the
plutonium as a valuable source of energy, recycling results in the conversion of plutonium atoms
(other than 24lPu) having relatively long half lives, into shorter lived fission products. Consequently
there is an overall reduction in activity in the medium to long term for the full MOx recycling scenario
when compared to the open cycle/ direct disposal route. The reduction in activity, varies from a few
percent in the earlier years to over 30% in the medium and long term. This reduction is due to the fact
that at longer cooling times plutonium and its daughter products, principally americium, are the
dominant species. The significant reduction in activity in the medium and long term is entirely due to
reduced plutonium levels, reflecting the lower residual plutonium content in the closed MOx cycle.
(The activity of spent MOx fuel is dominated by short lived fission products in the early years, there
being an enhanced quantity of 244Cm. This has a relatively short half life (18 years) which after about
100 years reduces to a minimal contribution (2%)) [7].

5. COMPARISON OF OPEN/ CLOSED FUEL CYCLES IN TERMS OF TOXIC POTENTIAL.

As stated in the LCA section comparing radioactivity for open and closed cycles in terms of
Becquerels provides a simplistic method for comparing fuel cycles. This however can be misleading,
giving insufficient weight to the longer lived nuclides of relatively low specific activity, notably the
actinides. In terms of waste forms from open and closed cycles for disposal in an underground
repository adequate weighting can be given to important toxic radionuclides, by the use of a
methodology, which calculates radiological toxic potential [8].

Toxic Potential (TP) has been developed as a methodology for assessing the impact of
different waste forms. The Toxic Potential of a given quantity of any radionuclide is defined as the
volume of water into which it would have to be completely dispersed so that the water is considered
safe to drink. More specifically it is the volume of water into which it would have to be dispersed,
such that an "average" man would not exceed his annual recommended dose limit of 1 mSv if all his
drinking water came from a source contaminated with that radionuclide.

Toxic Potential (nv water) = Radionuclide Activity (Bq) x 0. 712M water/year.

Annual Limit of Intake (Bq/year)



The toxic potential of any waste or residue can be calculated by summing the toxicities of all
the radionuclides present giving a comparison for a single point in time. To compare a span over time
integrated toxic potential is used, obtained by summing the toxic potentials for each year over the time
period under investigation.

For the first 100 years the total radioactivity of the closed cycle is higher than the direct
disposal scenario, the isotopic composition also results in the integrated toxic potential being higher
for the first 500 years. This is due to the enhanced 244Cm activity in the irradiated MOx fuel. After 500
years, because of 244Cm relatively short half life, the medium to long term toxicity is dominated by
plutonium and differences become apparent between open and closed cycles. It is reasonable to argue
that, it is the timescales of several hundred years and more that are important, because no waste
repository would be expected to disperse radionuclides to the environment on shorter timescales. By
100, 000 years the integrated toxic potential for the closed cycle is around 35% lower than the open
cycle. This reflects the consumption and use of recycled plutonium, and the consequent formation of
fission products with short half lives. Reduced plutonium levels also result in lower quantities of
daughter radionuclides, such as americium, produced by radioactive decay, which contributes to the
overall reduction in toxicity over the medium and long term [7].

The above indicates the benefit of producing MOx fuel. LWR MOx recycle can be regarded as
a interim step towards a truly sustainable fast reactor fuel cycle since the MOx cycle is fully
compatible with fast reactor cycles. In that the plutonium remains useable in fast reactors, whilst
utilising fissile plutonium instead of enriched uranium, helping retain fast reactor fuel cycle options
open for whenever market conditions are right. In the absence of a fast breeder programme MOx does
not represent a negative impact on the nuclear fuel cycle over that of direct disposal as benefits have
been gained in the utilisation of reprocessed uranium and plutonium, the necessity for enrichment has
been removed, waste volumes for both mining and milling and HLW have been reduced along with
the ITP of the HLW.

Following the MOx cycle, eventually there is a build up of plutonium isotopes that are not
fissile in a thermal neutron spectrum preventing further indefinite recycle of plutonium. Fast breeders
are a much larger step towards sustainability, since all the plutonium isotopes are able to contribute to
fission's in the fast spectrum. Combined with a breeding ratio of 1.0 or more, fast reactors allow the
full energy potential of the 238U to be realised (theoretically approaching 100 times that of thermal
reactors, though realistically perhaps a little less).

The fast neutron spectrum also affects the equilibrium inventory of minor actinides (MA's)
because most of these are also fissionable to a greater or lesser extent with fast neutrons. Rather than
most of the MA's accumulating, as they do in a thermal reactor, they tend to equilibrate at lower
levels, measured in activity or ITP per GW.y of electricity [9]. There are exceptions, notably 244Cu,
which tends to accumulate, but the overall result is a benefit compared to thermal reactors.

The higher number of neutrons per fission in fast reactors allows more flexibility in the fuel
cycle. There are fast reactor cycles where the minor actinides (MA's) can be fully or partly recycled
along with the plutonium [10]. This would allow the MA's to be burnt further than in a conventional
fast reactor fuel cycle. This is just one aspect of the very high degree of flexibility fast reactor cycles
make possible.



6. SUSTAINABLE BENEFITS OF CLOSED FUEL CYCLES COMPARED TO DIRECT
DISPOSAL

Several themes have been discussed in the above paper, which address issues within the open
and closed fuel cycle. From the LCA model of open and closed fuel cycles it is evident that
reprocessing compared to, mining and milling, has the lowest impact for all non-active burden
categories, except ozone depletion which relates to the UK energy mix rather than the actual process.
Mining and milling for a range of ore grades exhibiting substantially higher burdens. When this
comparison is extended over the whole of the fuel cycle indications are that the burdens between open
and closed cycles are broadly equal.

Burdens assessed in terms of a new LCA category 'human irradiation' also indicates that
recycling, compared to mining and milling, has a 82.86% lower risk than mining. Although both levels
of risk are insignificant, risks within the nuclear industry normally being rounded up to 10"6, because
of the uncertainties of calculating risks below this level. This does demonstrate however, that the
impact associated with recycling is comparable to mining and milling. It also demonstrates the value
of assessing impact in risk terms rather than total activity, as recycling has a higher associated total
activity. Extending the assessment to the full cycle results in the risk for open and closed cycles being
comparable, in the order of 10"9.

This shows that recycling can make a positive contribution in terms of non-active burdens and
as a minimum, is no more detrimental than mining and milling in human irradiation terms.

Recycling further contributes to sustainability in that it enables energy resources to be
recovered, which would otherwise be lost through direct disposal. This not only conserves resources of
uranium, but if used to displace other forms of energy generation can contribute to the reduction of
greenhouse gases in the form of CO2. Savings per TJ are in the region of 91% for gas and 96.5% for
coal. Moving to Fast Reactor cycles dramatically increasing the energy value of this resource base.

Extension of the cycle to incorporate a percentage of MOx within the core, leads to a
reduction in the volumes of mining waste of 12.5% (Pu recycle) and 25% (U and Pu recycle) and a
shift in the proportions of HLW and ILW. HLW being a factor of 10 lower for the closed cycle,
reducing the quantity of heat generating waste, which requires the most careful handling, storage and
disposal.

A strategy of recycling plutonium rather than storage or direct disposal, into MOx cycles also
benefits the cycle in that there is a reduction of about 50% in the total plutonium over that of the open
cycle. The use of the plutonium as a fissile species in fuel also constitutes a "free" resource as it is
generated within the uranium oxide cycle, displacing the need to produce enriched uranium. The
overall activity is also reduced through the conversion of plutonium atoms (other than 24lPu) into short
lived fission products, resulting in a overall reduction in activity, in the medium to long term of over
30%. Values for ITP are also reduced, beyond 500 years due to the lower levels of plutonium, which
dominate toxicity in the medium to long term, leading to a reduction in ITP of up to 35% by 100,000
years.

Extending the closed fuel cycle to include entire thermal MOx cores or moving towards fast
reactor cycles would further extend these benefits. Fast reactors with a breeding ratio of more than 1.0,
allow the full energy potential of 238U to be realised. Activity and the ITP of wastes can also be
reduced by fissioning the MA's in fast reactors, rather than accumulating them, as occurs in a thermal

10



reactor. Further there are fast reactor cycles where MA's can be recycled along with plutonium to be
burnt further than in conventional fast reactor fuel cycles.
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Abstract

The volume of Low and Intermediate Level Waste (L/ILW) from commercial nuclear power plants (NPP)
buried annually in the USA has decreased dramatically over the last two decades. The reduction in disposal volume
has occurred for both dry active wastes (DAW) and wet wastes (e.g., resins, filters and sludges). Decreased disposal
volume has occurred at both Pressurized Water Reactors (PWRs) and Boiling Water Reactors (BWRs). The
reduction in disposal volume occurred in stages. The major driver to reduce disposal volume in the commercial
sector of the USA has been increasing burial costs. The current drive to further reduce overall NPP operating costs
to meet a deregulated electric market in the USA has unexpectedly resulted in further waste reductions. This paper
will review the stages of waste reduction and describe the current stage for NPP in the USA.

1. INTRODUCTION

The USA is a large country with many excellent sites for L/ILW disposal. Unfortunately, no
political consensus for commercial disposal siting has been achieved. There were three L/ILW disposal
sites operating in the USA in 1980. There are three sites in operation today. One site services only the
northwest, one site is limited to low activity (Class A) waste and the third site may close next year. This
lack of political will has resulted in ever increasing burial costs since 1980.

NPPs found operating costs adversely affected by the increasing burial costs. Since these burial
costs were primarily based on disposal volume, decreasing disposal volume became a prime cost control
measure. The Institute of Nuclear Power Operations (INPO) has tracked the volume of L/ILW buried in
the USA per year by NPP type. Figure 1 and 2 below depict the decreasing annual median disposal
volume trend for PWRs and BWRs respectively. The 1997 median PWR disposal volume was 18m per
unit and the BWR volume was 77 m per unit. These annual median disposal volumes include both
DAW and wet waste.
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2. STAGES OF DAW REDUCTION

2.1. Initial DAW reduction

The initial means to reduce disposal volume for DAW was to separate clean material from
radioactive and to decontaminate metallic waste. Limiting packaging material from entering the
radiological control area (RCA) was often a first step in the 1980's to prevent clean material from
becoming radioactive waste. "Green is clean" programs were established at most NPPs. Under these
programs large areas in side the RCA were surveyed and released as clean. Workers could access these
areas in street clothes and any waste collected from these areas, usually in green containers, was
considered potentially clean. This waste was surveyed and material not found to be radioactive was
released for disposal as non-radioactive solid waste. In general, 85% to 95% of the green trash has been
able to be free released. Such programs initially reduced overall DAW burial volume by up to 50% at
some NPPs.

Metallic waste was routinely decontaminated, surveyed and free released during this period. Some
NPPs obtained solvent or grit blast units to decontaminate metallic tools and waste on-site. The first off-
site commercial waste processing facility in the USA was dedicated to metal decontamination. There
was a large source of metallic waste in the 1980s since many NPP were implementing modifications in
the aftermath of Three Mile Island, incorporating improvements based on initial startup or re-racking
spent fuel pools to increase storage capacity.

2.2. Conditioning of plastic waste

NPPs in the USA had provisions for laundering protective garments. Cloth coveralls, rubber
gloves and boots worn in surface contaminated areas (SCAs) were laundered and reused. The disposable
items which completed the protective clothing ensemble were glove liners, plastic booties and tape.
Numerous disposable plastic supplies were used for contamination control. These included: bubble
hoods, bubble suits, rain suits, drip bags, sleeving, sheeting and trash bags. Most NPP in the USA were
constructed with a compactor to package these disposable items. The compactors were generally low
force units. Both drum compactor and box compactor units were available. The drum compactors
required more labor than the box compactors.

The increasing burial fees provided an incentive for off-site super compaction services in the USA.
Several vendors offered these services in the middle of the 1980's. One vendor obtained a license for an
off-site incinerator. The lower cradle-to-grave costs for incineration versus compaction drove NPPs to
limit the use of disposable plastics that could not be incinerated (e.g., PVC). Ironically, this substitution



of disposable contamination control supplies reduced procurement costs since many incinerable plastics
are lower in cost than PVC [1].

2.3 Minimization of DAW

Although, off-site processing services for DAW greatly reduced waste disposal volume, they did
not decrease NPP costs substantially. Waste processors only needed to charge slightly less than the direct
commercial disposal cost to insure waste from NPP would be sent to them. Further pressure to reduce
costs in the 1990's forced NPP operators to examine waste generation sources versus obtaining
processing services for waste that had already been generated. This examination led to the replacement
of disposable contamination supplies. In many cases the replacement was a launderable item. Examples
would be launderable trash bags and launderable booties. In other cases the need for the disposable item
was eliminated. Examples would be the use of Velcro and elastic cuffs to displace tape for protective
clothing. The application of decontamination coatings on RCA floors eliminated the need to lay down
plastic sheeting on the floor of a SCA. The use of launderable barrier material or pre-fab building units
eliminated the need for plastic sheeting to make fences or tents in SCAs. Re-use of hoses and flexible
tubing is routinely practiced inside the RCA to limit the generation of this waste [2]. Minimization of
DAW was accomplished late in the process of reducing waste volume in the USA. Figure 3 depicts the
evolutionary steps in DAW reduction.

Evolution of Nuclear Plant
Material Control Techniques

Restrict packaging materials from RCA.
• Convert nonincinerables to incinerables.

• Replace paper coveralls with rewashables.
• Replace plastic booties with rewashables.

• Replace plastic sheeting and blotter paper with rewashables.
Replace plastic bags with rewashables.
• Replace disposable rags and paper towels with rewashables.

• Replace wood and wood scaffolding with metal.
• Replace plastic rainsuits with rewashables.

• Eliminate plastic sleeving.
• Eliminate tape.

• Implement an RCA LLW lockout. *

Time

FIG. 3. Evolutionary steps in DAW reduction.

A major means to accomplish DAW minimization was to limit the use of disposable
contamination control supplies. Another major cause for DAW reduction was the economic drive to
decrease overall NPP operating costs and increase revenue. Reducing refueling outage duration is a great
way to achieve increased revenue and lower costs. Shorter outages also result in less DAW generation.
Refueling outages in the USA are routinely schedule for thirty odd days versus the 50 and 60 day
outages of a decade ago.

The benefit to other nations from reviewing the history of DAW reduction in the USA is that the
intermediate step of incinerable product substitution can be skipped. Moving directly to extensive use of
launderable items and eliminating the use of needless disposable contamination control items can save a
substantial amount of labor and cost. Off-site processing services need not be available to justify
adoption of these minimization practices since they were instituted in the USA to avoid the use of
processing services.



2.4. Current stage of DAW reduction

NPP operators in the USA have greatly reduced their generation of DAW. Top performing PWRs
may generate 25,000 kg of DAW or less per unit per year. The sources of DAW after extensive
minimization are roughly a third incinerable, a third metallic and a third non-incinerable non-metallic
waste.

There are many off-site processing options NPP operators can select from in the USA to further
reduce the volume of waste that is generated. There are several processors that decontaminate metal.
Mechanical methods are used primarily while chemical decontamination is very limited. This is probably
a result of carbon steel making up the vast majority of metallic waste versus stainless steel in the current
commercial market. This may change as more NPPs in the USA are decommissioned. There are two
smelters in the USA for commercial radioactive steel. There are now two processors that can thermally
treat DAW. There are five processors that can super compact DAW and three that can survey non-metal
material for free release.

Managing DAW in the USA has become a shopper's nightmare. That is, too many options to
choose from. To assist NPP operators in which options to use, the Electric Power Research Institute
(EPRI) has developed a computer software code called wasteWORKS '98: Solid Waste Manager [3].
This code can perform economic analysis of numerous waste processing options. This code serves as a
business tool to aid in evaluations performed each time a waste processing vendor or disposal site charge
rate changes.

3. STAGES OF WET WASTE REDUCTION

3.1. Initial wet waste reduction

Wet waste disposal volume was also reduced over the same time period. The stages of wet waste
reduction in the USA have been the reverse of DAW. Initially wet waste disposal volume was reduced
by ceasing cement solidification of spent resin and instead dewatering of this waste in 'High Integrity
Containers'. Evaporation of liquid waste was replaced by filtration and ion exchange systems at many
NPPs. Many NPP that had deep bed condensate polishers ceased regenerating the resin to avoid
generating liquid concentrates. This enabled them to take their evaporators out of service and dewater
spent condensate resin after one use. The volume of spent resin was less than the volume of cement
solidified concentrates.

3.2. Improved ion exchange

The use of selective ion exchange media, polymer addition and segregated beds in the late 1980's
greatly increased the throughputs of ion exchange media in radwaste treatment systems [4,5]. This
resulted in a decrease in spent treatment media volume and generally a decrease in NPP discharge
activity [1]. Figure 4 depicts the median liquid effluent activity trend for NPP in the USA.

Reducing liquid inputs to radwaste treatment systems was also pursued. These minimization efforts to
reduce the volume of wet waste were implemented prior to the advent of off site processing services for
wet waste.



FIG.4. Median liquid effluent activity trend for NPP in the USA.

3.3. Wet waste drying

Several of the NPPs that did continue to operate radwaste evaporators augmented these units by
adding waste dryers in the middle of the 1980's to convert the concentrates to a powder or bind the waste
in bitumen versus solidification in cement. As disposal costs continued to increase the bitumen units
were taken out of service in the 1990's. They were generally replaced by filtration and ion exchange
systems. Off site evaporation services became available in the 1990's in the USA. Some NPPs began to
ship concentrates to one of two off site processors in large casks to convert the liquid waste into dry
solids for disposal.

3.4. Thermal destruction of resin

Recently, thermal destruction of wet waste at off site processors has become available in the USA.
Much of this is focused on lower activity resin from condensate polishing and radwaste treatment
systems. These systems can reduce the burial volume of spent resin by 30:1. Many NPPs currently make
use of these processing services. Should the only high activity L/ELW disposal site in the USA close next
year, off site volume reduction services for spent resin may continue to be obtained by some NPPs to
reduce the size of shielded on site storage facilities or extend the capacity of such facilities.

3.5. Improved filtration

Further wet waste reduction has been achieved by improving filtration. For precoat filters, metal
septa have been replaced with special filters elements. Minimum precoat is applied onto these filters.
Improved run times are obtained and the volume of waste precoat is reduced.

In radwaste treatment systems, layered carbon media filter beds have been placed in service at
many NPPs. These beds not only serve as pre-filters upstream of ion exchange beds but they can also
remove organics that can foul ion exchange media. Several systems use a "top sluice" vessel for the
carbon bed that allows accumulated dirt to be removed from the top of the vessel. This feature greatly
increases the life of the carbon media.



3.6. Current stage of wet waste reduction

The current stage of wet waste reduction in the USA is seeing the application of membrane
technology in NPPs. Several NPPs have installed R/O skids and or tubular ultra filters to improve solids
separation. Rejects from these membrane systems are routed to spent resin containers or to drying units
located either on-site or off site. Effluent liquid from these units is routed to ion exchange beds. Overall
effluent water quality is improved which further reduces discharge activity.

High activity resin is generally dewatered in High Integrity Containers. Medium and low activity
resin is also dewatered. Many NPP opt to have this resin volume reduced by off site thermal processing.

On site volume reduction of high activity cartridge filters using remotely operated shielded shears
has also been adopted at several NPPs within the last few years. These units can decrease the
storage/disposal volume for cartridge filters by 4:1 [6].

Similar to the management of DAW, there are many options for wet waste processing in the USA.
EPRI has developed a computer software code called wasteWORKS '98: Wet [7]. This code can
perform economic analysis of numerous wet waste processing options. The code can serve as a business
tool to aid in the evaluation of on-site and off site treatment options. It can also be used to determine the
current cost to process liquids at a NPP. This information can be used to justify modifications to NPPs to
further limit and segregate inputs to the liquid radwaste treatment system.

4. CONCLUSION

The volume of L/ELW from commercial NPP buried annually in the USA has decreased
dramatically over the last two decades. Minimization practices (processes that avoid the generation of
waste) and volume reduction practices (conditioning processes that reduce the volume of a waste once
generated) have both been implemented to reduce disposal volumes. These practices have been applied
to both DAW and wet wastes at PWRs and BWRs. Minimization practices provide the largest benefit
and can be implemented without the need of costly volume reduction equipment or off site services.

Increasing disposal costs have been the main driver for waste reduction in the USA. Recent
pressure to further reduce overall NPP operating cost to meet a deregulated electric market has resulted
in further waste reductions. Figure 5 below depicts the correlation between capacity factor and L/ILW
disposal volume. The figure demonstrates that striving to increase capacity factor to increase revenue
and

reduce cost also decreases waste disposal volumes. In hindsight this result is self-evident. Shorter
refueling outages yield increased revenue and also result in less waste generation. Increased heat rate
improves electrical generation and also reduces input to the liquid radwaste system.

Some have criticized the American style of emphasizing cost above all else implying that this
strategy results in higher power plant emissions [8]. The actual evidence from NPP operation in the USA
indicates otherwise. The commercial L/ILW market place in the USA is a mature one. L/ILW disposal
costs are high based on the public desire to limit such disposal sites. Increased discharge activity from
NPPs will result in increased insurance costs. High disposal costs have been translated into waste
minimization practices, significant advances in waste conditioning technologies and increased
competition in waste management.



Trend Correlation Between Annual
LILW Disposal Volumes and Unit

Capability Factor

700

65 68 71 85 99 106108107106106

Number of Reactor Units

•LLW Disp Mean Value (M3)

O

O =:

FIG.5. Trend correlation between annual LILW disposal volumes and unit capacity factor.

These in turn have reduced disposal volumes. Thus, the invisible hand of self-interest in a mature market
strives to eliminate waste of all sorts, including L/ILW, providing a public good.
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Abstract

In present paper one approach used under development of radioactive waste management conception is
under consideration. This approach is based on the principle of natural and artificial radioactive series radiotoxic
equivalency. The radioactivity of natural and artificial radioactive series has been calculated for 109- years
period. The toxicity evaluation for natural and artificial series has also been made. The correlation between
natural radioactive series and their predecessors - actinides produced in thermal and fast reactors has been
considered. It has been shown that systematized reactor series data had the great scientific significance and the
principle of differential calculation of radiotoxicity was necessary to realize long-lived radioactive waste and
uranium and thorium ore radiotoxicity equivalency conception. The calculations show the execution of
equivalency principle is possible for uranium series (4n + 2, 4n + 1). It is problem for thorium series. This
principle is impracticable for neptunium series.

1. INTRODUCTION

Great quantities of radioactive waste connected with nuclear power engineering are
accumulated in the world. They require utilization to provide the radiate safe for population. There
are different ways to solve the problem connected with the decrease of nuclear power engineering
waste radiotoxicity. The waste management conceptions are developed.

In present paper one approach used under development of radioactive waste management
conception is under consideration. This approach is based on the principle of natural and artificial
radioactive series radiotoxic equivalency. The authors try to estimate the possibility of this principle
realization for the different radioactive series.

2. RADIOTOXICITY EQUIVALENCY PRINCIPLE

2.1. Natural radioactive series

The basic natural radioactive elements are included into four radioactive series as shown in
Table I. These are: thorium series, neptunium series, uranium series and uranium-actinium series.

All of radioactive series articles are bond by irreversible reciprocal transformations.
Therefore closed systems reach the equilibrium during the definite period.

Natural series contains the radioactive elements accumulated during millions of years. Great
quantities of the radioactive daughter isotopes are in equilibrium with uranium and thorium. The
series elements leave the system thanks to geochemical processes, difference of physical and chemical
properties and miming [1]. Thus the system may be opened. It causes the breach of radioactive
equilibrium. Therefore it is necessary to know the degree and time of system open state to estimate
the series radioactivity.

Present address: Institute of Physics and Power Engineering, Bondarenko sq. 1, Obninsk, Kaluga Region,
249020 Russia.



TABLE I. NATURAL RADIOACTIVE SERIES

Series
Thorium

Neptunium

Uranium

Uranium-actinium

Mass changing
4n

4n+ 1

4n + 2

4n + 3

Radioactive parent isotope
232T h

(T, 2 =1,405 x 1010y)
237Np

( T 1 / 2 = 2 , 1 4 x l 0 6 y )
238U

( T 1 / 2 = 4 , 4 7 x l 0 9 y )
235U

(T 1 / 2=7,04x 108y)

Stable daughter isotope
20SPb

209Bi

206Pb

207p b

2.2. Reactor radioactive series

Last 50 years the radioactive series are filled up by new transuranium elements.

Quantities of produced actinides increase. The safe management of long-lived radionuclides
is one of the factors defining the rates of nuclear power engineering development. The reactor
actinides are dangerous as radioisotopes of long standing. The activity dynamics of some isotopes is
represented in Fig. 1-8. Discovered artificial actinides are predecessors for defined radioactive series
[1,2]. Thus 248Cm (Ti 2 = 3,39 • 105 y) relates to the predecessors for thorium series; 245Cm (Ti 2 = 8,5
• 103 y) is predecessor for neptunium series; 246Cm (Ti 2 = 4,73 • 103 y) and 250Cm (Ti 2 = 6,9 • 103 y)
are predecessors for uranium series; 247Cm (Ti 2 = 1,56 • 107 y) is predecessor for uranium-actinium
series.

The actinide production depends on correlation between fission and capture cross-section and
neutron spectrum. Consequently it depends on fuel kind and reactor type [3]. Thus the thermal reactor
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produces more neptunium series isotopes than the fast reactor (Table II). The quantity and correlation
between actinides produced in reactor are defined by physical parameters of reactor, chemical and
isotope composition of nuclear fuel, power and time regimes of exploitation and duration of fuel
storage. Therefore the actinide spectra and their absolute value are different for the different fuel
elements and reactor types. But there are some general regularities: the most quantity of produced
isotopes is plutonium; neptunium and americium are produced less by one order than plutonium;
curium isotopes are approximately produced less by two orders than plutonium [3]. Approximate
actinide quantity submits to following correlation: Pu: (Np, Am): Cm « 1: (0,1): 0,01 (Table HI).

2.3. Radioactivity and radiotoxicity

The equivalency principle is one of the approaches under development of radioactive waste
management conception.

The radioactive series elements emit the different articles (oc,P) [4]. Part of decays
accompanied by y-quantum emission. Radioisotopes present the defined danger for health of person
exposed to radioisotope radiation. This danger depends on the character of the isotope radiation.

The radiotoxicities of equal activity isotopes are different since the decay kind and
radioactive decay energy is different (Table IV). Thus natural uranium-actinium series, taking the first
radioactivity place, takes only third radiotoxicity place (Table IV). Series radiotoxicity is changing in
the course of time because of the radionuclide decay.

The conception of differential radiotoxicity estimation is the base for realization above-
mentioned principle.



To carry out this estimation it is necessary to know:

Natural radioactive series radiotoxicity of closed balanced system;
Natural radioactive series radiotoxicity of opened systems with the different opening
times
and degrees of it differentiation for separate or group of elements;
Artificial radioactive series radiotoxicity of closed system, depending on the spectrum of
irradiation neutrons;
Artificial radioactive series radiotoxicity of open system, depending on time, opening
regime and degree of fractionation.

The radioactivity of uranium ores related to 1 kg of natural uranium is four times as large than the
radioactivity of thorium ores. The uranium ore radioactivities are changing little in the course of time
as compared with maximum equilibrium quantity. Neptunium series is exception since it has zero
radiotoxicity by present (Table IV). Therefore any measured quantity of neptunium series
predecessors produced by reactor exceeds the natural series radiotoxicity (Tables IV, V) [3]. Reactor
that does not produce neptunium series actinides is the ideal reactor to realize the equivalency
principle.

TABLE II. THE CORRELATION BETWEEN RADIOACTIVE SERIES REACTOR ISOTOPES OF
URANIUM FUEL (ATOMIC %) [3]

Series

4n

4 n + 1

4n + 2

4n + 3

Parent
isotope

240Pu
244Cm
Total

237Np
241Pu

241Am
245Cm

Total

238Pu
242Pu

242mAm

Total

239Pu
239Am
243Cm

Total

PWR-800a

20,3
0,3

20,6

3,8
12,79
2,0

1,46 x 10"2

18,6

1,69
5,00

5,39 x 10"3

6,69

53,07
1,02

3,85 x 10"3

54,09

Thermal
WWER-

440b

20,65
0,20

20,85

2,75
11,67
2,07

9,8 • 10"3

16,49

0,7
3,8
-

4,5

57,71
0,79

-

58,50

Reactors

WWER*C

22,67
0,43

23,10

2,99
11,91
2,82
3,0 x
x 10"3

17,72

1,18
5,42
2,5 x
x 10"3

6,6

51,43
1,15

2,3 x
x 10"3

52,58

BN-800d

27,31
0,04

27,35

0,14
6,75
1,46

1,8 x 10"3

8,35

0,42
4,52

1,08 x 10":

4,95

58,95
0,40

1,4 x 10"3

59,35

Fast
BN-600e

3,5
3,6 x 10"7

3,5

1,32
7 x 10"2

1 x 10"2

4,58 x 10"9

1,40

0,1
1,3 x 10"3

' 7,24 x 10"6

0,1

95,0
1,63 x 10"5

2,93 x 10"7

95,0

Uranium
daughter
isotopes,

236U
(2,3 x

xl07y)

233U
(1,6 x

x 10 6y)

23SU
(4,5 x

x 10 9y)

235U
(7,1 x

x 10s y)

a 1 year after reactor operation.
b To 2000.
*" After standing of 10 years.
d After standing of 3 years (3MO, U + Pu).
e After standing of 3 years (fuel element, U).



TABLE IE. EXHAUSTED NUCLEAR FUEL TRANSURANIUM ISOTOPE COMPOSITION FOR
THERMAL REACTOR

Series

~4n
(thorium)

4n+ 1
(neptunium)

4n + 2
(uranium)

4n + 3
(uranium-actinium)

Total 100 100

TABLE IV. RADIOACTIVITY (A) AND RADIOTOXICITY (F a) OF NATURAL SERIES

Fraction,
Atomic %

31,19

16,18

20,00

31,93

Isotopes

240Pu
244Cm
248Cm
252cf

2 3 7Np
2 4 1Pu

2 4 1 Am
2 4 5 Cm
2 4 9Bk
2 4 9Cf
2 3 SPu
2 4 2Pu

2 4 2 m Am
2 4 2 Cm
2 4 6 Cm
250cf

2 3 9Pu
2 4 3 Am
2 4 3 Cm
2 4 7 Cm
251 c f

Fraction,
atomic "A

10,49
17,85
2,77
0,08
5,51
9,48
0,54
1,27
0,05
0,03
4,17
3,89
0,02
0,18
11,71
0,03
23,03
8,11
0,02
0,75
0,02

Series

4n
4n+ 1
4n + 2
4n + 3

Parent isotope

232Th
^7Np
238U
235U

Equilibrium
establishment

period, y
5 x 103

l x 106

1 x 107

5 x 106

4,1
0
1,6
3,7

A, Bq/kg

x 107

x 108

x 108

(3)b

(4)
(2)
(1)

F,

7,37:
0
2,5 x
6,3 x

L (H2O)

x 106

107

106

(2)
(4)
(1)
(3)

a Radiotoxicity is radioactivity divided by limited permissible concentration.
b Radiotoxicity place of series.

TABLE V. RADIOACTIVITY (A) AND RADIOTOXICITY (F a) OF REACTOR SERIES

Series

4n
4n+ 1
4n + 2

4n + 3

Parent isotope

244Cm
245Cm

242,

246Cm
243Cm

A,
2,8
6,6
2,6
1,14
1,86

1 year of standing
Bq/g
xlO1 2

xlO 9

x 1013

xlO1 0

xlO1 2

F, L (H2O)
2,16 x 1010

1,01 x 108

6,4 x 1010

1,7 x 108

2,02 x 1010

10 years
A, Bq/g

7,58 x 1010

1,66 x 1010

4,73 x 108

9,85 x 109

4,5 x 109

of standing
F, L (H2O)
9,32 x 107

1,64 x 108

8,03 x 106

1,48 x 108

2,75 x 107

' Radiotoxicity is radioactivity divided by limited permissible concentration.



TABLE VI. RADIOACTIVITY (A) OF REACTOR SERIES

Series

4n
4n+ 1
4n + 2

4n + 3

Parent isotope

244Cm
245Cm
242,

246Cm
243Cm

Time
1 year

A, Bq/g
2,8 x 1012

6,6 x 109

2,6 x 1013

1,14 x 1010

1,86 x 1012

of standing
10 years
A, Bq/g

7,58 x 1010

1,66 x 1010

4,73 x 108

9,85 x 109

4,5 x 109

3. ESTIMATION OF POSSIBILITY OF EQUIVALENCY PRINCIPLE REALIZATION

Basing on the closed nuclear fuel cycle (it foresees uranium, plutonium and neptunium
inclusion), it is possible to estimate the radioactivity of radioactive waste reactor series, taking into
consideration their basic radioactive elements. For example, 1 g-samples of corresponding curium
isotope of 1 and 10 years standing each were taken as the parent isotope base (Table VI). The
calculations show (taking into consideration the relation between uranium and curium (1: 10"5))
natural and reactor uranium series (4n + 2, 4n + 1) radioactivities are commensurable and the
execution of equivalency principle is possible for these series (compare Tables IV and VI). It is
possible to realize this principle for thorium series in tens of thousands of storage years.

The equivalency principle is impracticable for neptunium series since natural series has
practically the background radioactivity and reactor neptunium series is increasing its radioactivity
during hundreds of thousands of years (Fig. 3).

4. CONCLUSION

Systematized reactor series data have a great scientific significance. It is necessary to take
into consideration the generality and correlation between series radioactive elements.

Proposed conception of differential estimation of series radioactivity for initial nuclear fuel
and radioactive waste long-lived party (actinides) is useful for equivalency principle realization. As
time is the technological parameter, it is necessary to take into consideration the opening degree of
systems. It permits to calculate the exhausted nuclear fuel radioactivity; radioactivity of technological
processes of exhausted nuclear fuel radiochemical treatment, and the radioactivity of radioactive
waste immobilization products containing actinides.

The calculations show the execution of radioactivity equivalency principle is possible for
uranium series (4n + 2, 4n + 1). It is a problem for thorium series. This principle is impracticable for
neptunium series.
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Abstract

In this paper, based on preliminary experimental studies, an improved scheme for cleaning of laundry
water is offered which allows reuse of water and components of laundry solutions and produces low amounts of
secondary radioactive waste. The principal feature of the proposed process is that waste water from rinsing (60-
80% of the total volume) is processed by hyperfiltration, but waste water from the laundry (20-40% of the total
volume) is treated by ultrafiltration. Concentrates after reverse osmosis desalination of waste liquids (after
rinsing) contain a majority of laundry waste components, since a hyperfiltration membrane efficiently retains
salts and surfactant molecules. Desalinated water (permeate) after hyperfiltration is reused, further reducing the
volume of liquid wastes.

1. INTRODUCTION

A special laundry is needed on most nuclear power stations and other major nuclear facilities,
for cleaning clothing contaminated with radioactive materials. Cleaning of waste waters from such a
laundry presents a difficult task because of the following reasons:

• laundry solutions have a high salt content (greater than 5 g/1),
• surfactants cause foaming in evaporators, used for cleanup of radioactive liquids at nuclear power

stations,
• cleaning of the laundry solution by removing from it all components causes the loss of valuable

components of laundry solution.

Levels of radionuclides in "dirty" working clothes in nuclear power stations can reach high
values. Table I shows average values of contents of radionuclides in worker clothing in nuclear power
stations of Russia (information presented by main institute of Russia on Usage of Atomic Power
Stations — VNEAES).

TABLE I. AVERAGE VALUES OF CONTENTS OF RADIONUCLIDES IN THE WORKER
CLOTHING, RECEIVED IN SPECIAL LAUNDRY OF RUSSIAN NUCLEAR POWER STATIONS

Radionuclide
ZP(137Cs)
3+Mn
51Cr
60Co
59Fe
137Cs
134Cs

Specific content, Bk/kg
8,7-103

l,6-103

l,4-103

l,0-103

6,5-102

6,0-102

2,7-102

In atomic power stations the special laundry waste is cleaned in evaporators together with other
radioactive liquids. Distillation is an expensive way of cleaning water, since distillation of 1 m water
requires approximately 288 MJ heat energy. Atomic power stations have inexpensive sources of heat
(including steam for heating of evaporation apparatus), but in other radiochemical facilities,
distillation is uneconomical, so in these facilities, laundry wastes are cleaned other ways. Even for
atomic power stations, cleaning of laundry waste by distillation is undesirable, since surfactants cause
foaming in evaporators and reduce the efficiency of water treatment.



There are two possibilities for cleaning of special laundry waste:

• cleaning of radionuclides only from water,
• cleaning of all chemicals (including surfactants) from water.

The first option is possible, when waste from which radionuclides are removed, can be
discharged into the general sewerage of the town or region. The second one is more likely in large
cities, where discharges to sewage are strictly controlled.

In first case, for the cleaning of radionuclides from water, it is possible to use [1—3]: filtration
(to remove radionuclides on suspended particles), sorption on selective inorganic sorbents, a
precipitating reagent followed by filtration and/or ultrafiltration, and a method of selective
complexing following ultrafiltration.

In second case the main problem is the removal of surfactants. The methods used most often for
the cleaning of surfactants are [4]: biodegradation in settling ponds, sorption (as inorganic precipitates
using coagulation reagents, on ion-exchange resins, on charcoal) and flocculation. Also known [5] is
use of an ozonation for destroying surfactants and reverse osmosis for the deep cleaning of water from
all chemicals [4].

2. SPECIAL LAUNDRY OF MosNPO "RADON"

The contents of oc-nuclides in the "dirty" work clothes, entering the special laundry of MosNPO
"Radon", are low, in contrast with the atomic power stations. However, in this case clothes can be
contaminated with oc-nuclides and non-radioactive toxic chemicals (Hg, Be etc.). Concentrations of
radionuclides in water, discharged from laundry machines, depends on the radionuclide content in
"dirty" working clothes, but can reach significant values. For instance, during May 1998 to September
1998, maximum concentrations of radionuclides in laundry solutions reached values of oc-nuclides up
to 12,1 Bk/1 and oc-nuclides up to 340 Bk/1.

Not all worker clothing is contaminated by radionuclides, so the fraction of non-radioactive
water, discharged from washing machines of special laundry of MosNPO "Radon", is more than 40%
(Fig.l).

The special laundry of MosNPO "Radon" in the city Moscow, discharges into the city sewage
system so it is necessary to remove all toxic chemicals to safe concentrations, defined by different
specifying documents.

3. TREATMENT OF LAUNDRY SOLUTIONS BY ULTRAFILTRATION

Earlier [3] Kichik et al have shown that it is possible to decrease secondary radioactive waste at
special laundry of MosNPO "Radon", by reuse of the laundry solution, cleaned of radionuclides. For
cleaning of radionuclides from water, a method KOUF "coagulation and complexing with next
ultrafiltration" is used. It uses coagulants reagents, transforming radionuclides to a form, which
cannot pass through ultrafiltration membranes (as colloids and other forms). For example,
hexacyanoferrate Ni or Co is used for precipitation of 137jl34Cs, polyacrilic acid (PAC) - for
complexing 60Co, etc. The recovered surfactants are added to cleaning water, and returned to the
laundry.

When using the method proposed by Kichik et al [3], two problems appear: (1) an accumulation
of micro-organisms (growing of micro-organism colonies) in concentrate in the ultrafiltration facility
and tanks; and (2) difficulties in maintaining required chemical composition of laundry solutions.
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FIG.l. Share of different sewage, discharged from washing machines of special laundry ofMosNPO
"Radon" (May-September 1998).

Both problems are sufficiently serious, since accumulation of micro-organisms can bring about
clogging of passages in the membrane devices and membrane pores, unpleasant odors and,
biodégradation of polymeric material of the water cleaning facility. Maintenance of proper chemical
composition of laundry solution is necessary for efficient cleaning of worker clothes and footwear.
There are six different compositions of laundry solution which are used in the special laundry of
MosNPO "Radon".

A small investigation was conducted of changing the chemical composition of laundry solution
using ultrafíltration and studying the influence of micro-organisms in concentrates on the efficiency
of the ultrafíltration facility. The lay out of the experimental apparatus is shown in Fig.2.

All experiments were conducted on real laundry solutions of the MosNPO "Radon" special
laundry. Leaving the laundry, the solution from the washing machine 1 (volume of laundry solution
300-500 1) passes through a filter for removing particles more than 100 цт, is collected in tank 5 and
concentrated by processing in spiral ultrafiltration apparatus 7 (average size of membrane pore 5 • 10"8

m). The solution (permeate), passes through the ultrafiltration membrane, and is accumulated in tank
8. Four cleaning cycles of the laundry solution were conducted and concentrate was accumulated in
tank 5. Concentration of laundry solution (in tank 5) by a factor of 72 was achieved. The time lag
between processing different parts of the laundry solution was 13, 26 and 9 days, respectively.

The ultrafíltration apparatus was washed after completion of concentrating of the laundry
solution. The wash water was run in the reverse direction in the ultrafiltration apparatus in order to
clean the spiral ultrafíltration element of biological silts, which had accumulated in the inner space of
the ultrafíltration element. Water with the silt particles (from the ultrafíltration apparatus) was filtered
again and directed to the ultrafíltration apparatus.

Experimental results (Fig.3) show that the capacity of the spiral ultrafíltration apparatus
continuously decreases due to contamination by biological organisms. After flushing of the membrane
apparatus its capacity had regained 75-80% of its initial capacity.



FIG.2. Schematic diagram of pilot ultrafiltration facility for cleaning of laundry solution: 1 —
washing (laundry) machine, 2 — polyethylene container (40 I), 3,6 - centrifugal pump, 4 - filter with
hydrophobic stringy material (10 I), 5 - intermediate tank, 7 - spiral ultrafiltration apparatus, 8 -
permeate tank, 9 — manometer.
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FIG. 3. Variation of ultrafiltration apparatus capacity with time: 1—4 - cycles of concentrating
laundry solution, 5 - washing (workingpressure in the ultrafiltration apparatus 0,17-0,2 MPa).
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FIG. 4. Dependency of chemical content of laundry solution with time: 1—3 - cycles of concentrating
of laundry solution. Chemical content is defined as the weight of the dry remainder in the sample of
the laundry solution after evaporation of water at the temperature +110 "C.

Small changes in the concentration of the laundry solution (Fig.4) possibly explain precipitation
of part of the chemicals in the sediment, which mainly collected on surfaces, but partly settled on the
bottom of tank 5. The chemical content of the permeate is 3% to 35% of that of the concentrate. When
cleaning the laundry solution by ultrafiltration, the concentrate pH does not change or falls by 0.1—
0.15 pH units from the used value while the permeate pH does not change or increases by 0.1-0.3 pH
units compared to laundry solution.

Results of chemical composition analysis of concentrate and permeate (table II) have shown
that the chemical composition of laundry solution changes little during ultrafiltration and mainly
depends on use of different reagents by special laundry operations. It is seen that the ultrafiltration
membrane delays organic molecules, but ions, Ca2+, Mg2+sFe2+s3+' PO43". Ions Na+, K+, NH/ , Cl", NO3"
are not delayed by the ultrafiltration membrane. Concentrations of ions HCO-f and CO32" depend
strongly on pH of the laundry solution (so named "carbonate balance"). Accuracy of chemical
analysis of SO4 " ions did not allow a degree of cleaning of laundry solution by ultrafiltration to be
determined for these ions.

Experiments on ultrafiltration of laundry solution have shown that cleaning coloured work
clothing results in a coloured laundry solution. After ultrafiltration the permeate also has a colour,
though of a smaller intensity.

Electro-oxidization in a two-chamber tubular electrolyzer with a porous diaphragm (1 |um,
TiOi) was used for eliminating discoloration of the permeate of the laundry solution. Experiments
have shown that it is possible to decolorize laundry solution by oxidation of different organic
substances using oxychlorides and chlorine, which are formed on the anode. The optimum process
scheme is passing of coloured laundry solution through the cathode chamber, then through the anode
chamber of the electro lyzer.



TABLE II. CHEMICAL COMPOSITION OF LAUNDRY SOLUTION BEFORE AND AFTER
ULTRAFILTRATION (C — CONCENTRATE, P — PERMEATE)

Chemical content, g/1
pH

Permanganate
oxidation, mg/1

Surfactants, mg/1
Na',g/1
K ,mg/l

NH4 , mg/1
Mg , mg/1
Ca2 ,mg/l
Fesum, mg/1
Cl", mg/1

NO3", mg/1
SO4

2", mg/1
HCOj", g/1
CO3

2", g/1
PO4

3", g/1

1 cycle
C

4,24
7,38
411

6,1
1,82
12,0
6,0
14,6
24,1
0,56
62

1,34
2,4
1,93

<0,01
1,56

P
3,85
8,30
68

2,4
1,79
14,1
7,6
10,9
8,0

0,26
57

0,97
<0,l
2,37
0,12
1,38

2 cycle
P

2,93
7,35
133

7,4
1,01
48,1
10,4
25,3
20,5
0,20
27

21,10
3,8
1,77

<0,01
0,90

3 cycle
C

3,10
7,60
170

7,2
1,32
23,6
12,9
23,1
20,0
0,55
58

<0,01
1,0
1,47

<0,01
1,56

4 cycle
C

2 22
8,40
129

10,7
0,80
16,6
13,0
13,4
12,0
0,25
83

0,06
19,0
1,46
0,09
0,48

P
2,13
8,50
113

6,9
0,79
16,6
10,4
11,1
8,5

0,18
85

<0,01
40,0
1,40
0,13
0,45

To intensify the oxidation of organic substances, it is possible to increase the content of Cl-ions
in laundry solution by adding NaCl. Oxidation causes precipitate to fall out, so it is necessary to filter
the solution to obtain a clear liquid.

The experiments conducted have shown that the laundry solution can be reused after
ultrafiltration, if it is processed by electrooxidation, followed by filtration and washing substances are
added (surfactants). The main condition for reuse of laundry solution is a periodic disinfecting of
tanks and other apparatus to prevent development of micro-organisms. Finally, it is not possible to use
polymeric ultrafiltration membranes, since the majority of oxidizers can destroy the active fine-porous
layer of such an ultrafiltration membrane.

4. PRINCIPAL TECHNOLOGICAL SCHEME FOR TREATMENT OF WASTES OF MosNPO
"RADON" SPECIAL LAUNDRY

The other waste stream of the special laundry is the rinse water. This water is collected after the
rinsing of laundered work clothes. It has a chemical composition, close to the composition of running
water, and forms from 60% to 80% of all waste. This water is also subject to cleaning since it
contains surfactants and other toxic components of laundry solution, though in smaller amounts. The
chemical content of rinsing water of special laundry of MosNPO "Radon" is from 0,5 g/1 to 1 g/1.

The optimum way a cleaning water of low mineral content is reverse osmosis (or hyper-
filtration). This method removes from aqueous solutions any impurities (ion molecules, colloids), and
it is necessary in the event of special laundry waste. Reverse osmosis is well studied [6] and allows
concentration of aqueous solutions up to salt content of 30-60 g/1, depending on the hardware used
and composition of water being treated.

Therefore, when processing the waste rinse water by reverse osmosis it is possible to expect a
decontamination factor from 30 to 120.

Fig.5 shows the schematic diagram of the facility for treatment all waste of the MosNPO
"Radon" special laundry. It is planned that this facility will start operation in 2001.
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FIG. 5. Schematic diagram of installation for the treatment of radioactive water of special laundry.
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Abstract

National infrastructures are needed to safely and economically manage radioactive wastes. Considerable
experience has been accumulated in industrialized countries for predisposal management of radioactive wastes,
and legal, regulatory and technical infrastructures are in place. Drawing on this experience, international
organizations can assist in transferring this knowledge to developing countries to build their waste management
infrastructures. Infrastructure needs for disposal of long lived radioactive waste are more complex, due to the
long time scale that must be considered. Challenges and infrastructure needs, particularly for countries
developing geologic repositories for disposal of high level wastes, are discussed in this paper.

1. INTRODUCTION

Considerable experience has been accumulated in processing, conditioning, transporting,
storing, and disposing of low and intermediate level waste in the Organization for Economic
Development and Cooperation/Nuclear Energy Agency (OECD/NEA) Member countries. The
national infrastructures for management of this type of waste have been established to deal with such
waste safely and economically. Drawing on this experience, the International Atomic Energy Agency
(IAEA) has developed and is developing helpful guidance and is disseminating good practice to make
this experience available to countries, which are just in the process of developing this infrastructure.

While most aspects of radioactive waste management for long lived waste, which includes
vitrified high level waste and spent fuel, are available, the main current task is disposal of this type of
waste. The nuclear community has been working on the development of the deep underground
repository concept as a promising option, but there is no repository for this type of the waste in
operation in the world. On the other hand there is no qualified alternative option to the disposal in
underground repositories [1].

I would like to elaborate on the infrastructure needs for management of long lived waste in a
broader sense, since a more dynamic approach is required to advance the development of underground
repositories, due to their very long time scale, than for the one for low and intermediate level waste.

2. RECENT PROGRESS [2]

Geological disposal is not new. Underground repositories for low and intermediate level
waste exist in Germany, Finland and Sweden. Since March 26 of this year, the first purposed-built
deep underground geologic disposal facility has gone into operation in the USA. The Waste Isolation
Pilot Plant (WIPP) in South Eastern New Mexico, takes military waste which contain significant long
lived radioactive components and places it in caverns excavated at depth of 650 metres below ground
in an embedded salt formation.

Thus, in most countries where radioactive waste management programmes are actually place,
the basic infrastructure for interaction between regulators, implementers and decision makers is well



established to proceed in societal, cultural and politically acceptable way. What is required for long
lived waste would be adjustment to specific needs, taking account of its very long time scale.

Programmes for development of underground repositories for long lived waste are making
progress towards this goal. In the USA, the Yucca Mountain project on a site in Southern Nevada has
made progress toward an important decision making point. A comprehensive viability assessment
went to congress in December 1998. In France, a decision was taken to build an underground
laboratory on a candidate site for underground repository. In Finland, one local community has agreed
to host a national repository, and a final siting decision should be made in the year 2000. In Sweden,
it is planned to start the investigation of 2 sites within a few years into the 21 st century.

Projects towards geologic disposal of high level waste have marked a considerable
development status but have been recently interrupted, based on decision in which politics and public
opinion played an important role. This has affected for example,, advanced projects in Canada, UK,
Switzerland and Germany. That is one of the reasons why I consider that a dynamic approach for
advancing repository development is necessary.

Recent experience is a sign of growing influence of the so-called non-technical stakeholders.
This will pose a great challenge for the traditionally technology-centred waste management
community not only to inform those stakeholders, but also to address and incorporate their concerns
in their thinking and work [3].

3. CHALLENGES AND INFRASTRUCTURE NEEDS

The infrastructure for nuclear power programmes constitutes a framework of the one for
waste management. Of course, general infrastructure for management of long lived waste is not
necessarily different from the existing one for low and intermediate level waste [4]. Nevertheless,
adjustment is necessary to address specific issues related to the management of long lived waste.
Since we have a tendency to discuss so-called "hard" aspects of infrastructure, I would try to shed
light on 5 major areas, what I will refer to as, the "soft" infrastructure.

(1) It is essential to increase technical confidence by carrying out field experiments, especially in
underground laboratories. Such a laboratory is considered to be an important step to develop
underground engineering and to collect invaluable data for testing of scientific and mathematical
models used in safety assessments. More than 10 facilities provide opportunities for R and D work at
locations that are not seen as repository sites, while a few others are located at potential deep
repository sites. Some have acted as a centre for international co-operative research projects [2]. The
laboratory can certainly address an emerging issue on the development and testing of engineered
barriers. There is unanimous agreement that engineered barriers play an important role in the concept
of robustness of a repository, by providing a high degree of long term containment through a
combination of physical barriers and chemical controls.

(2) It is necessary to strengthen confidence in assessment, especially understanding the evolution
process of geological media and repository, methods and data, taking into account future
development. In recent years, improved scientific understanding has provided the means and
instruments for a more realistic evaluation of the potential behaviour of geologic disposal systems.
Consequently, while being aware of all shortcomings and limits of predictive theoretical modules,
more confidence can be placed in up to date safety assessment technique [5]. Developments have
also been made in techniques for promoting comprehensive consideration of relevant features, events
and processes.

In addition, understanding has improved in assessing the role of different types of uncertainty,
e.g. due to the lack of detailed knowledge of site specific data, and a method has been developed for
handling these uncertainties. Thus, today there is more overall confidence that the result of
assessments that employ such methods, model and data are a reliable basis for reaching acceptability



of a repository site and design. International peer reviews, which the NEA has been providing, would
be an additional measure to strengthen technical confidence. [6]

(3) The regulatory framework is the most decisive part of the waste management infrastructure. It
is based on the experience which has been gained through the licensing process for facilities for
disposal of low and medium level waste through review of safety studies and support of decision
making at various stages of deep geological repositories. Regulatory guidelines are being reviewed
which set out principles and specific requirements for underground disposal. Site-specific
requirements have been set out in some countries and more detailed guidance are developed for
demonstrating implementer's compliance with regulatory requirements. A process of
regulator/implementer exchange of views has been established in many countries, including review of
the implementer's researches activities, and iterative safety assessments. This process should be also
seen as a complex network of regulators, implementers and decision makers to achieve different tasks
and fill respective responsibilities, interacting with each other and their respective environment of
political, economical and societal interests.

(4) Financial and liability aspects deserve special attention in view of the very long term risk
implications. Funds for management of long lived waste have been collected and set aside for future
needs in various forms in the NEA Member countries. The process of repository development is long,
and the operation of a repository will probably last, at least, for 50 to 60 years. When considering the
siting, construction and closing phases, the whole process could take us to 100 years. Then, the post
closure phase follows. Under the current competitive environment, special considerations would be
necessary to secure funds for long term financial and liability for management of long lived waste [7].

(5) The process for decision making requires additional attention since a variety of stakeholders are
involved. The long duration of this process, the novelty and complexity of the task imply that detailed
planning of the entire repository development process at the outset of a project is not possible.
Although discrete stages can be defined at the outset, detailed planning must proceed iteratively as
information and experience become available. A number of inter-dependent decisions must be taken
throughout the planning, construction, operation, closure of the facility and post closure actions. The
process also requires certain flexibility to allow planning and implementation to be responsive to new
findings and to possible changes in the legal and regulatory framework of a country. A flexible
approach means that alternative options are, where possible, continually reviewed and compared with
the state of the art in geological disposal including long term surface storage, retrievability, and
transmutation. On the other hand, in order to preserve credibility and confidence in this step-wise
approach itself, there must be an understanding of what is to be broadly achieved at each step, and
what would be required to make this step. Technical and scientific inputs can be also addressed in
such an open discussion [8].

4. CONCLUSION

Based on technical achievements and experience in the management of short lived radioactive
waste, as well as of non-radioactive waste, the community working on implementing geological
disposal programmes has been clarifying the technical and non-technical infrastructure requirements
for implementing geological disposal of long lived waste. But the confidence in the long term safety
of geological disposal gained by experts is not necessarily shared by non-expert groups. There is
widespread recognition, within the waste management community, that the critical path towards
implementation of repository development programmes is increasingly determined by a broader
community.

Some recent experience in major waste disposal programmes can be interpreted as an
indication that existing infrastructures for waste disposal are not well equipped to deal with complex
situations. This situation requires an integrated approach for giving attention to important but not



technically finalised issues. In other words, there is a need of institutional mechanisms for integrating
environmental, societal, economic and other factors into the decision making process.
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Abstract

In Korea, fourteen nuclear reactors are in operation and by 2015, a total of twenty eight nuclear reactors
will be in operation. The current nuclear share occupies about 34.2 % of the total generating capacity of electricity
and 46.3 % of the total production of electricity. The active nuclear program causes an inevitable increase in the
build-up of radioactive waste, including spent fuel. Therefore, the reliable and effective management of
radioactive waste and spent fuel has become a key for the continuous growth of the nuclear power program. By
2000, a total of 84 413 drums of low and intermediate level waste (LILW) shall be generated and it shall drastically
increase to 256 520 drums by 2020. Also, the cumulative amount of spent fuel shall reach 4,623 MTU in 2000 and
jump to 18 615 MTU by 2020. By the new national planning, AFR storage facilities for spent fuels shall be built by
2016 and a repository for LILW radioactive disposal shall be in operation by 2008. Even though Korea has a "wait
and see" policy for spent fuel management, several alternative studies on spent fuel management such as DUPIC
have been carried out. In parallel, R&D activities to develop the needed technologies for the permanent disposal of
spent fuel and HLW have been implemented. In addition, active R&D on the treatment of radioactive waste from
the various nuclear fuel cycle as well as the decontamination and the decommissioning of nuclear facilities are in
progress. Many of these studies are pursued in the form of international collaboration with prominent overseas
organizations.

1. INTRODUCTION

In Korea, nuclear research reactors have been in operation since the first research reactor,
TRIGA MARK-II type, started to operate in 1965. The third research reactor, HANARO, began to
operate in 1995, while other research reactors have been shut down for their decommissioning in the
future. From these reactors, radioisotopes (RI) have also been produced to meet a part of the internal
demand in medical, industrial, educational and research fields since 1963.

In addition, the nuclear power plant industry in Korea has grown dramatically since the first
commercial nuclear power plant, Kori #1, started to operate in 1978. Fourteen nuclear power plants (11
PWRs and 3 CANDUs) are now in operation and four plants (3 PWRs and 1 CANDU) are under
construction. According to the Long-term Nuclear Power Generation Plan announced by MOCIE
(Ministry of Commerce, Industry and Energy) in 1998, a total of 28 nuclear power plants will be in
operation by 2015. The total generating capacity is expected to be about 27.65 GW(e)by 2015. With this
nuclear power program, the nuclear share will be about 34.2% of the total generating capacity of
electricity and about 46.3% of the total production of electricity.

Such a growth in the nuclear power program causes an inevitable increase in radioactive waste
including spent fuel. Consequently, as in many other countries, reliable and effective management of
radioactive waste and spent fuel has become a key factor for the continuous growth of the nuclear power
program. This paper describes the status of radioactive waste management, including the low- and
intermediate-level waste program and R&D on high level waste disposal in Korea.



2. RADIO ACTIVE WASTE ARISING

2.1. Low and intermediate level waste (LILW)

Several kinds of radioactive wastes from non-power sources have been produced from the
application of the isotopes and the operations of research reactors and a fuel fabrication plant. The RI
application wastes have been collected and stored at the Nuclear Environment Technology Institute
(NETEC) under the Korea Electric Power Company (KEPCO), separate from the operational wastes
from nuclear power plants (NPP), which are being stored in the on-site storage of each NPP. Other
wastes have been stored at the Korea Atomic Energy Research Institute (KAERI) and the Korean
Nuclear Fuel Company (KNFC). The cumulative radioactive wastes collected from RI application, a
research institute, KAERI, and a nuclear fuel fabrication plant, KNFC, are shown in Table 1.

At present, wastes from RI applications are stored in two storage buildings at NETEC, and
those from KAERI are in four storage buildings on its site. Also, wastes from KNFC are stored in its
storage building on the site. A program to reduce the volume of wastes by incineration and repackaging
or by reclassification is systematically studied.

For the KAERI wastes, the surface dose rates of containers are comparatively high due to the
hot-cell operation wastes from the post-irradiation examination of PWR fuels. The major nuclide is
Cs-137, which is one of the dominant fission products in spent nuclear fuel. The spent drums are
contaminated by uranium because they are utilized as containers of natural uranium oxide for CANDU
fuel fabrication. The decommissioning wastes have been produced mainly from dismantling the old
radioactive waste treatment facilities at the Seoul site of KAERI. Wastes from KNFC are contaminated
only by uranium. The components of the combustible wastes are clothes, gloves, tissue, and etc. while
non-combustible wastes consist of steel, firebrick, lime precipitate, plastic, etc.

TABLE 1. CUMULATIVE LILW BUILD-UP IN KOREA [UNIT: DRUMS]

Year

1997

2000

2005

2010

2015

2020

NPP

49,868

59478

76,768

98,048

124,087

150,678

RI

3,152

4,870

8,781

14,527

19,888

26,730

KAERI

9,352

15,573

18,052

21,215

24,694

28,173

KNFC

2,800

4,491

7,924

12,304

17,122

21,940

Decommi

-ssioning

14,500

29,000

Total

65,172

84,413

111,524

146,094

200,282

256,520

2.2. Spent fuels

With the long term plan set for the Korea Nuclear Power Program in 1998, the projection of
spent fuel accumulation can be summarized as shown in Fig. 1. The cumulative amount of spent fuel
from existing nuclear power plants has reached 3233 MTU by the end of 1997. As shown in Table II, it
is expected that approximately 11000 MTU and 19 000 MTU will be accumulated by the year 2010 and
2020, respectively. At present, the PWR spent fuels generated from nuclear power plants have been
stored temporarily in storage pools at plant sites, while the CANDU spent fuels have been stored in
storage pools and dry storage (concrete canister) at plant sites.
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FIG. 1. The estimated accumulation of spent fuels in Korea [Unit: Mtu].

TABLE II THE ESTIMATED ACCUMULATION OF SPENT FUELS IN KOREA [UNIT:MTU]

Year

1997

2000

2005

2010

2015

2020

PWR

Annual

203

258

332

464

464

Cumul.

1,823

2,376

3,518

5,067

7,177

9,497

CANDU

Annual

376

376

376

282

282

Cumul.

1,410

2,256

4,136

6,016

7,708

9,118

Total

Annual

579

634

708

746

746

Cumul.

3,233

4,632

7,654

11,083

14,885

18,615
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3. REGULATORY FRAMEWORK

The regulation for licensing of nuclear facilities in Korea is based on the provisions of the
Atomic Energy Act, Enforcement Decree, Enforcement Regulation and Notice of the Minister of
Science and Technology.

The Ministry of Science and Technology (MOST) has the prime responsibility for nuclear
regulation and licensing and the enforcement has been entrusted by the government to the Korea
Institute of Nuclear Safety (KINS) as the safety authority. The triangle licensing system on radioactive
waste disposal, shown in Fig.2, confirms that radioactive waste will be managed safely within an
appropriate legal framework, including clear allocation of responsibilities for independent regulatory
functions.

4. LOW AND INTERMEDIATE LEVEL WASTE PROGRAM

One of the main purposes of site characterization is to provide data for license application and
approval of the safety assessment for a proposed repository site. Thus, common investigation activities
for Site Characterization Report (SCR) and Environmental Report (ER) should be arranged in such a
way that investigation results can be shared for appropriate purposes. General environmental data and
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FIG.2. Fundamental framework for licensing on LILW disposal.

preliminary engineering design data are also produced. In general, the site characterization plan includes
the following activities:

• To define the regional geological conditions,
• To refine the geological conditions in a site scale,
• To determine the location of the repository, and
• To clarify the site specific data, such as local geological and hydrogeological conditions.

Major site characterization activities are as follows:

General environmental survey,
Geological investigation,
Seismic investigation,
Hydrological and hydro-geological investigation,
Geophysical investigation,
Geo-technical investigation,
Geo-chemical investigation.

Along with the technical development, KAERI had intensively focused on the selection of a
repository site with successive national campaigns for enhancing the public awareness of radioactive
waste management since 1986. However, due to the prevailing misconception of even the LILW being
something like nuclear bombs, all attempts were completely hindered by strong opposition from the
concerned local communities backed by anti-nuclear groups. At the end of 1994, the Government
designated Guleop Island with only nine residents as a prospective site for the national site.
Unfortunately, however, the final blow against the Guleop Island Project was made at the end of 1995
by the confirmation of active fault zones near and along the island during the site investigation process.
After the withdrawal of Guleop Island, an attempt to investigate a new repository site will be started
again in the beginning of the next century. Therefore, it may be expected that the program to build a
repository for LILW will be implemented by the year 2008.



The role of overall project management for LILW was transferred from MOST and KAERI to
the MOCIE and KEPCO by the amendment of the Atomic energy Law and the Electricity Enterprise
Law. The NETEC was then established as a special organization of KEPCO for the implementation of
the following:

• Siting for LILW disposal,
• Construction and operation of LILW disposal facility, and
• Collection and treatment of wastes from RI applications.

At present, NETEC studies on the radioactive waste management strategy to support the
MOCIE for the revision of the LILW disposal program until the end of this year. This project includes
reviewing disposal methods as well as the optimum size of disposal facilities to find the most suitable
ones under Korean circumstances.

Incineration is an effective way to reduce the volume of burnable waste. In KAERI, a 30 kg/hr
scale incinerator is used to treat the wastes generated from research institutes and hospitals. KAERI
started the study of incineration technology development in 1987. Following fundamental and design
studies at the early stage, the demonstration scale incinerator was installed in 1992. Since then, a
step-by-step approach has been conducted to operate the facility and simultaneously test the burning of
various wastes. The final permission, for treating radioisotope wastes emitting only p and y rays, was
already obtained from the government, which, however, excludes the incineration of
alpha-contaminated waste. The incinerator design team in KAERI is still involved in the development of
incinerators which will be applicable also to alpha-bearing burnable wastes.

5. SPENT FUEL PROGRAM IN KOREA

5.1. Spent Fuel Management Policy

Management of the increasing amount of spent fuel remains a challenge for the future of Korea
in long-term perspectives. The management policy for spent fuel in Korea has been based on guidelines
provided by the Korea Atomic Energy Commission (AEC), the nation's top policy-making body on
nuclear energy. The Korean government has not established a definite long-term management policy on
whether to recycle or to permanently dispose of spent fuels.

The AEC, as a mid- and long-term expedient, set a main goal for spent fuel interim storage.
The national plan in the past, to build an away-from-reactor storage of spent fuel and a repository for
radioactive waste packages, had to be deferred due to the strong hurdle of public acceptance for site
acquisition. Subsequently, KEPCO has taken temporary measures to take care of the spent fuel in the
reactor sites, i.e., transshipment, increasing of storage densities, addition of dry storage systems, etc. For
the long term perspective, in the 249th AEC meeting held in September, 1998, a new plan was set up to
build an AFR storage for the interim storage of spent fuels by 2016 and a repository for radioactive
waste disposal by the year 2008, respectively.

Even though Korea has a "wait and see policy" for spent fuel management, several alternative
studies on spent fuel management have been carried out for a long time. The DUPIC program is one of
the prominent approaches among the KAERI R&D activities in this area. The program was initiated in
the early nineties for analysis of the technical feasibility of the DUPIC concept, entailed by a long-term
plan for the experimental verification of the concept. Main targets of the experimental work are to
fabricate test fuel elements and to look at irradiation performance in a test reactor. The program is
integrated with a number of associated scopes of work, such as compatibility with a CANDU reactor
system, safeguards systems development, waste management, etc. A preliminary experiment for
characterization of spent PWR fuel materials is now ready to look at key technical parameters that
would be essential for the DUPIC fuel fabrication experiments starting next year.



In parallel, Korea continues R&D activities, assuming that disposal technology will be
required for the long-term consideration of the nuclear energy strategy regardless of fuel cycle options.
The R&D on the deep geological disposal of high-level radioactive wastes (HLW) has being carried out
with the cooperation of relevant organizations such as national research institutes, universities and
private companies as well as participants from several international collaborations.

Also, active R&D on the treatment of radioactive wastes from the nuclear fuel cycles as well as
the decontamination and the decommissioning of nuclear facilities are in progress.

5.2. R&D for high level waste disposal

A site-generic concept is being developed under assumptions that an underground repository
would be located in a type of crystalline rock in Korea and an appropriate multi-barrier system would be
provided for the isolation of the HLW from the biosphere. To reach the target for the development of a
reference deep geological repository concept suitable for Korean geological circumstances by the year
2006, the basic R&D program on four fields have been set up; performance assessment and disposal
system development, geo-environmental science research, engineered barrier development, and
radionuclide migration study.

• Performance assessment and disposal system development
• Concept development of a reference disposal system and its optimization,
• Development of an integrated performance assessment code including unit models for

nuclide transport both in near-field and far-field barriers, and
• Development of safety assessment technologies, and
• Study on the geo-mechanical characteristics of rock masses around a

repository, such as hydraulic and mechanical couplings.

• Geo-environmental science
• Delineation of unstable tectonic zones throughout the geological history,
• Characterization of groundwater flow in different geomorphic conditions,
• Evaluation of deep groundwater chemistry, and
• Establishment of site characterization methods.

• Engineered Barriers
• Characterization of potential domestic buffer materials,
• Development of a reference buffer material,
• Development of a disposal container for HLW, and
• Long-term behavior of waste forms and container materials under repository

Conditions.

• Radionuclide behavior in the underground environment
• Sorption experiments of long-lived nuclides on single minerals under various

solution conditions,
• Experimental and mechanistic sorption modeling, and
• Fracture migration experiments in artificially and naturally fractured rocks.

• International collaborations

KAERI has been participating in projects and meetings organized by OECD/NEA; for example,
the ASARR (Analogue Study at the Alligator River Region) project, which has been managed by
Australian Nuclear Science and Technology Organization (ANSTO), and also PAAG and SEDE
meetings. KAERI has also been participating in two of the IAEA's Coordinated Research Programs
(CRP), titled "The extrapolation of short-term observations to time periods for isolation of long lived
radioactive wastes" and "Biosphere modeling and assessment methods". In addition, for the



development of the Korean disposal concept and the safety assessment, KAERI has been collaborating
with foreign organizations such as AEA Tech. (U.K), AECL (Canada), SKB (Sweden) and SNL (USA).

5.3. R&D for transmutation of long lived nuclides

The long half-lives of some radionuclides ultimately cause the risks of environmental
contamination due to the possible release of disposed radionuclides into the environment by a certain
reason. One of the feasible approaches to cope with this problem is nuclear transmutation because it
could basically eliminate the existence of long-lived radionuclides from the wastes. A few concepts for
the transmutation of long-lived radionuclides are being considered at present in several countries. One
of the prospective technologies for the transmutation is to utilize an accelerator-driven system, namely,
a hybrid system composed of a proton accelerator and a sub-critical reactor.

In KAERI also, a research on the concept of hybrid system is carried out focusing on the
sub-critical reactor. Since the nuclear fission in the sub-critical reactor does not occur by chain reaction
but by the neutron supplied from the outside of the fuel system, the control of the reactor would be easier.
Also, it would ease the conditions of nuclear fuels compared with those of conventional power reactors.
If fuel conditions are eased, then more impurities may be allowed in the fuel material of trans-uranium,
resulting in great advantages for fuel processing and preparation. The concept of the relevant fuel cycle
is also being studied in order to choose the optimum process. The pyro-processing option might be
preferable in the viewpoint of process simplicity, nuclear nonproliferation, and economy. However,
more intensive studies would be required to develop an applicable technology.

Fig.3 illustrates a concept of transmutation system studied on in a few countries. According to
this concept, the long-lived radionuclides contained in used fuel are recovered by the pyro-processing
and recycled to the reactor again while remaining the waste consisting of only short-lived nuclides. This
waste, therefore, would bring a great ease in disposal conditions as well as a remarkable reduction in its
radiological toxicities.
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FIG.3. The concept of transmutation system based on a subcritical reactor.
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Abstract

This study represents the basic approaches with specific activities to develop a reference deep
geological repository system with reasonable rationale from the aspects of technology, economics and long-term
safety. The safety philosophy in developing the reference concept is based on the multiple barrier principle, i.e.
safety does not depend on the performance of a single barrier. As a step-by-step process, the overall approaches
with specific activities for developing the reference repository system and the results from the relevant R&D
activities that have been performed during the past two and half years in accordance with the basic assumptions,
are briefly described.

1. INTRODUCTION

Korea Atomic Energy Research Institute (KAERI) has been undergoing a R&D program for
high level wastes (HLW) disposal technology development since 1997. The main purpose of this
program is to establish a reference HLW repository concept by the year 2006. The disposal concept
being conceived in the study is to encapsulate the spent fuel in corrosion resistant containers. The
spent fuel packages are then to be deposited in a mined underground facility located at about 500m
depth in a crystalline rock. No site has been specified but, for this study, it is assumed that the facility
should be constructed into a granitic rock mass. Then, the waste packages are placed in boreholes that
are drilled along with the centreline of the floors in a system of parallel deposition tunnels. Different
alternatives concerning the emplacement patterns of the containers are considered as well as different
waste packages. Some analysing works to determine the reference container and emplacement pattern
have been carried out.

The approaching steps for developing the reference concept of a Korean geological
repository shown in Fig. 1 are as follows:

Selection of the reference spent fuel as one of the design bases,
Establishment of the basic assumptions/ground rules and the technical/safety criteria for system
design requirements,
Selection of the most promising option(s) in the aspects of the technical feasibility, the long-
term safety and the cost,
Pre-conceptual design of a repository including surface and underground facilities, and
Sensitivity analyses to define a reference repository concept with respect to spent fuel burnup
and age, disposal capacity, repository depth, retrieval operation option (with or without
buffer/backfill, backfilling time, etc.) and usage of multi-purpose container.

The safety philosophy in developing the reference concept is based on the multiple barrier
principle, i.e. safety does not depend on the performance of a single barrier. And also, the results from
the relevant R&D activities that have been performed during the past two and half years in accordance
with the basic assumptions, are briefly described.
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Fig. 1 Approaches for Developing of a Reference Disposal System

2. STEPS 1 AND 2: SELECTION OF THE REFERENCE SPENT FUELS,
DETERMINATION OF THE BASIC ASSUMPTIONS, AND GENERAL CRITERIA

The first activity in the scheme, as shown in Fig.l, is to define a reference spent fuel to be
disposed of, such as the fuel type (PWR or CANDU), the fuel form, the radionuclide inventory, the
residual heat, etc. In the screening processes to select a reference spent fuel, it should be considered
that a broad variation of characteristics of spent fuel must be accommodated by any future repository.
As the radiological and heat sources, the spent fuel influences the basis of repository design (e.g.
container, layout and configuration of containers in underground, deposition tunnel/borehole size,
etc.). Therefore, the reference spent fuel should be a representative of the spent fuels to be disposed of
and could provide a greater confidence in the reliability of the predicted results of their behaviour in
the repository.



The second activity is to determine the ground rule and basic assumptions and to determine the
functional and technical criteria which should be applied in developing and defining the reference
repository concept. This mainly comprises the assumed disposal capacity and depth, the properties of
the geologic medium as repository host rock, the radiological safety criteria for repository operation
and post-closure phase, etc. This information, however, is not necessarily fixed, but may be changed
in parts during the course of the repository study due to new scientific information or adjustments of
waste management policies or strategies. In order to revise and improve them, more specific
information should be collected by the site characterization processes and the repository system
design and performance assessments. It is also important to investigate closely the other countries'
repository concepts and safety/technical criteria that would be developed further.

2.1. Reference spent fuels

The two types of reference spent fuels (PWR and CANDU fuels) from the existing and
planned nuclear power plants [ 1 ] were screened. The properties of the reference fuels are summarized
as :

• Types of the reference spent fuels,
- spent PWR fuel assembly

fuel rod array : 17x17
total weight and dimensions : 665 kg, 21.42 cm2 (cross-section) x 453 cm (length)
decay heat per assembly : 385 watts

- spent CANDU fuel bundle
fuel rod array : 37 rods
total weight and dimensions : 25 kg, 10 cm (diameter) x 49.5 cm (length)
decay heat per bundle : 2.28 watts

• initial enrichments and discharge burnups of the reference fuels,
- spent PWR fuel assembly

nominal burnup case : 4.0wt.% for 45,000MWd/tHM
highburnup case : 4.5wt.% for 55,000MWd

- spent CANDU fuel bundle
0.71 wt.% (natural uranium) for 7,500 MWd/tHM

• cooling time before disposal is taken as 40years.

2.1.1. Disposal capacity: 36,000 tons of heavy metal (tHM)

The total spent fuel inventories to be disposed of are estimated under the assumption that total
nuclear reactors in operation by 2015 would be 26 PWR reactors and 4 CANDU reactors and their
lifetimes would be 40 years with the exception of 30 years for Kori-1. Details are given below:

- Spent PWR fuel : 20,000 tHM (45,500 assemblies),
- Spent CANDU fuel : 16,000 tHM (820,000 bundles).

2.2. Operation period: 50 years with retrievability

The design basis for operation period of the repository and the related equipments is assumed to
be 50 years. This period encompasses the time from the encapsulation of 36,000tHM of spent fuels at
the surface facility to their emplacement into an underground facility. In general, the specific period of
retrievable operation means no retrievability in the long-term after the final closure of the repository.
However, some degree of retrieval operation has to be considered during the operational as well as the
post-closure phase. For repairring or repacking it by any failures or any incidents during or after the
container emplacement or for the reuse of the spent fuel disposed of, the container may have to be



retrieved as useful nuclear resources. Thus retrieval operation of the repository system could be an
important parameter in design and in system analyzing. The repository shall also be designed to
protect unnecessary attempts in the future to change the repository or to retrieve the waste.

2.3. Daily throughput

The estimated amounts of spent fuel to be handled daily at the repository based on the system
availability of 70% (equivalent 255 full operating calendar days per year) are:

• PWR fuel: 4 assemblies (-1.6 tHM)
20,000 tons x 1/(365 days/year x 0.7 x 50 years) = 1.565 tons/day,

• CANDUfuel: 68 bundles (-1.3 tHM)
16,000 tons x 1/(365 days/year x 0.7 x 50 years) = 1.252 tons/day.

Because the two types of fuels are quite different in their sizes and properties, whether they
will be processed in parallel or not has a considerable impact on the design of the encapsulation
process. Such effects will have to be evaluated in detail in the optimisation process of the repository
system.

2.4. Repository depth: 500 m

The depth will be of importance in the mechanical design of the engineered barrier system like
disposal container and buffer and of the deposition holes/tunnels in the near-field rock, and in the
selection of hoist or ramp access to the underground repository. It is assumed that the depth of the
repository is 500m below the surface but more specific repository depth will determined after the
repository site will be selected and characterized.

2.5. Radiation safety criteria

The radiation safety criteria for this study are prepared, based on the international
organizations' recommendations and the design bases of several countries' disposal concepts
[2-5] and on the Ministry of Science and Technology's (MOST) Notice [6]. The long-term
safety of the repository should be based on passive multiple barriers so that the degradation of
one barrier does not substantially impair the overall performance of the disposal system.

During the operational phase, the radiation dose to individuals caused by the planned activities in
the encapsulation and emplacement processes shall be less that 20 mSv/year (2 rem/year) for the
whole body. During a reasonably predictable period of time after the closure of the repository, the
doses to individuals caused by expected releases should be less than 0.1 mSv/y (10 mrem/year)
representing a risk of less than 10" /year.

Particularly great attention should be given to describing protection for the period up to the
closure of the repository and the first thousand years thereafter, with a special focus on nearby
residents. The individual dose up to about 10,000 years (that could consider the next ice age) should
be quantitatively reported as a best estimate with a margin. Environmental protection should be
described for the same period of time. After the period, qualitative assessment should be made of
what might happen with the repository, including deliberations regarding the risk of increased release.

3. STEP 3: SELECTION OF THE MOST PROMISING OPTION(S)

Under the baselines described in steps 1 and 2, the system alternative study began to find the most
feasible option that has potentials and reasonable rationale in developing the desirable concept. This
step would be done on a broad scale and logically, starting with the work to define the environmental
conditions in the bedrock. The granitic rock is merely considered as a potential host rock medium of



the repository at the present conceptual study phase. It has been considered in the aspects of technical
feasibility, cost and safety principle to select the most promising option from the alternatives, which
are the different types of containers and their emplacement methods, by the following steps.

In the step of "Fuel Packaging Options", various design concepts of the container alternatives
are considered in the aspects of the fabrication technology, the long-term integrity and the cost. Thus a
top ranked alternative will be chosen for the near-field design work, i.e. the geometry of the
deposition hole or geometry of the deposition tunnel in the case of in-tunnel emplacement. The design
of the container and the design of the near-field may be practically non-dependent of site specific
data, so that relatively detailed analysis works can be made in an early stage based on the general
information of the properties of the representative rock available elsewhere [7, 9, 10].

In accordance with the specific activities as mentioned above, one of the subsystems in the
disposal system conceived for this study is to encapsulate the spent fuel in a corrosion resistant
container. High-Ni Alloy and copper are considered as the corrosion resistant material of the disposal
container and carbon steel is the insert material. Regarding the significantly different physical
properties of spent PWR and CANDU fuels, two types of container concepts are sketched, as shown
in Fig. 2 and 3. One is the separate-packaged concept in which 4 spent PWR fuel assemblies and 333
spent CANDU fuel bundles can be separately encapsulated into each container. The other one, co-
packaged concept, is to accommodate 4 spent PWR fuel assemblies and 72 CANDU fuel bundles in a
container. This concept may reduce the number of the containers to be disposed of in the underground
repository, which results in the simplification of the handling, transportation and emplacement
processes in the surface and underground facilities.

The following step labelled "Repository Layout" is to calculate how the containers can be
configured in the underground repository. This step involves the thermal calculation to derive the
distances between deposition holes and/or tunnels, which meets the thermal and thermomechanical
safety constraints for the integrity of the near-field components. The preliminary study results show
that the maximum temperature in the bentonite buffer determines the distance between containers and
consequently the length of tunnels to be excavated, and the thickness of the bentonite buffer.

Once the repository layout is determined, the technical feasibility of the repository alternatives
with the specific deposition tunnel/hole spacing and the container emplacement mode has to be
evaluated. It would be done with regard to the constructability, the deposition and sealing technology
(including the operation safety) and the possibility of human intrusion. For the analysis of the
deposition/sealing technology, emplacement modes of the buffer and the container (e.g. buffer and
container separately or in one package, with or without surrounding radiation shield,
transportation/handling, etc.) and the sealing technology for closure are considered from a conceived
practical operational point of view.

The first activity in the comparison of the long-term performance and safety of the repository
concepts is to specify the design parameters for each alternative, such as geometry and spacing of
deposition holes/tunnels, and type of emplacement mode. Based on this information, the initial and
long-term performance of the individual barrier in each alternative, as well as, effects if interactions
between barriers are qualitatively evaluated. The sensitivity of the performance of the barriers to
future events, with a potential detrimental effect, is also qualitatively assessed.

In the next step, the individual barriers of each alternative are compared in order to get the
relative importance of the different barriers for the safety and to identify differences in barrier
performance between the alternatives. Finally a qualitative comparison between the alternative
concepts is performed based on a set of the evaluation criteria (i.e. dose limit, possibility of
validation, the sensitivity to rare events, etc.). Here, the safety evaluation of the individual barriers is
combined with an evaluation of overall safety. This will show the safety degree of the repository,
which is dependant on the performance of the total system rather than that of a single barrier.



• Canister Outer shell : Ni-Alloy
• Cast Insert (Fuel region) : Carbon steel
• Capacity : 4 PWR Spent Fuel Assemblies
• 11,375 containers
• Residual Heat in Canister: 1,540 Watt
• Total Volume : 4,513 m3

• Surface :19 m2

• Total Weight: 31,734kg
^Fuel wt. : 2,660 kg
^Cast Insert: 19,189kg
^Container wt. : 9,885 kg (Ni-alloy)

Canister Outer shell : Ni-Alloy
Cast Insert (Fuel region) : Carbon steel

Capacity : 333 Bundles (37 tubes x 9 stacks)
2,529 canisters
Residual Heat in Canister : 760 Watt
Total Volume : 4,513 m3

Surface :19 m2

Total Weight: 33,738kg
^Fuel wt. : 8,325 kg
^Cast Insert: 15,528kg
^Outer-shell wt. : 9,885 kg (Ni-alloy)

Canister Outer shell : Ni-Alloy
Cast Insert (Fuel region): Carbon steel
Capacity : 4 PWRs + 8x9 CANDUs
11,375 Co-packaged containers
Residual Heat in Container: 1,704 Watt
Total Volume : 4,513 m3

Surface :19m2

Total Weight: 32,889kg
^Fuel wt. : 4,550kg
^Cast Insert: 18,454kg
^Outer-shell wt. : 9,885 kg (Ni-alloy)

Fig. 2. Schematic Diagram of the Separated-packaging Concept for
the Disposal Containers for Spent PWR and CANDU Fuels

Fig. 3. Schematic Diagram of the Co-packaging
Concept for the Disposal Containers for

Spent PWR and CANDU Fuels.



TABLE 1. EMPLACEMENT ALTERNATIVES OF WASTE PACKAGES

Item

Vertical
Emplace-

ment

Horizon-
tal

Emplace-
ment

Case

VAT

VSA

Vcop

VAT-
SPDC

HAT

HAS

HCop

Emplacement Method

Each separate-packaged PWR
or CANDU fuel container is
vertically emplaced in
alternative deposition tunnels.
Each separate-packaged PWR
or CANDU fuel container is
vertically emplaced in
separate deposition area.
Co-packaged PWR/CANDU
fuel container is vertically
emplaced.
For PWR fuel deposition
tunnel, one container is
vertically emplaced in one
borehole and for CANDU fuel
deposition tunnel two
canisters in one hole.
Each separate-packaged PWR
or CANDU fuel container is
horizontally emplaced in
alternative deposition tunnels.
Each separate-packaged PWR
or CANDU fuel container is
horizontally emplaced in
separate deposition area.
Co-packaged PWR/CANDU
fuel container is horizontally
emplaced.

Arrangements due to thermal load

§ Borehole Spacing : 6 m
§ Tunnel Spacing : 40 m
§ Container Surface Temp.: 93°C

* Refer to note (1)

§ Borehole Spacing :10m
§ Tunnel Spacing: 40 m
§ Container Surface Temp.: 93°C
§ Borehole Spacing : 6 m
§ Tunnel Spacing : 40 m
§ Container Surface Temp.: 96°C

§ Borehole Spacing : 6 m
§ Tunnel Spacing : 40 m
§ Container Surface Temp.: 94°C

* Refer to Note (2)

§ Borehole Spacing : 6 m
§ Tunnel Spacing : 40 m
§ Container Surface Temp.: 93°C

Disposa
1

Density
(kgHM/
m2)(3)

9.0

9.0

9.0

6.1

8.5

9.3

8.8

Note : (1) PWR fuel deposition area :
Container spacing : 6 m
Deposition tunnel spacing : 40 m
Container surface temperature : 93 °C

CANDU fuel deposition area :
Container Spacing : 3 m
Deposition tunnel spacing : 40 m
Container surface temperature : 87°C

(2) PWR fuel deposition area
Container spacing : 6 m
Deposition tunnel spacing : 40 m
Container surface temperature : 97°C

CANDU fuel deposition area
Container Spacing : 6 m
Deposition tunnel spacing : 20 m
Container surface temperature : 86°C

(3) (Total amount of spent fuel to be disposed of, kg of heavy metal)/(required area to accommodate all
waste containers in accordance with the given alternatives, m2).



Excavation
volume(m3)

Deposition tunnel/borehole(PWR)

(CANDU)
Panel tunnels
Shafts

Access tunnel

Total

1,993,811

311,821
512,722

28,519

263,776

3,110,649

CANDU
tunnel

6.0m

access tunnel

T
5.0m

i

Case VSA

borehole pitch : 6m(PWR), 3m(CANDU)
tumel spacing: 40m(PWR/CANDU)

2 , 1 9 2 m [(250mx2+30m+6mx2)x4+6mx4]

^ panel :
— tunnel •

deposition •
tunnel

-central access tunnel-

No. of deposition tunnel (PWR)

No. of deposition tunnel(CANDU

No. of canister(PWR)
No. of canisters(CANDU)
Vol. for Buffering (m3)

Vol. for backfill(dep. tunnel, m3)

300

34
11,375
2,529

322,641

1,860,646

6.5m

6.0m

panel tunnel

7.96m

0 . 5 m ;

deposition tunnel
and borehole

upcast ventilation downcast ventilation
shaft shaft

perimeter
access
tunnel

PWR tunnel

service cage

service shaft

Fig. 4. Schematic diagram of the separately-packaged container arrangement and repository layout for VSA option



However, it may be practically difficult to distinguish any major quantitative difference in the safety
of the repository alternatives because their major design parameters and multiple barriers are similar
to each other. In that case, the final evaluation for a reference concept should be controlled by
differences in the results of the evaluation of the technology and cost aspects.

The containers, transported from the encapsulation facility to the underground repository, could be
placed in vertical boreholes from the floor in a disposal tunnel or in horizontal boreholes from an
access tunnel. Seven different alternatives concerning such emplacement patterns of the container are
developed, as listed in Table 1. In this table, the deposition hole spacing, the tunnel spacing are given
with respect to each alternative, which was estimated based on the thermal constraint of the bentonite
buffer material.

The layouts of waste packages in the underground repository with respect to each alternative are
sketched, and then the specific thermal loads, the required disposal area, and the excavation rates are
estimated as shown in Fig.4, as an example. Based upon this information, the alternatives are being
narrowed down to one or two most promising option(s) by a typical pair-wise comparison method.

4. STEP 4: PRE-CONCEPTUAL DESIGN OF THE REPOSITORY

The pre-conceptual design activities concern some more detailed work regarding the top ranked
repository concept selected in the previous step for developing a "Reference Disposal Concept". In
this step, the surface facilities for spent fuel packaging and the underground repository system are
designed at pre-conceptual level and then integrated into an entire repository system with the
bsketches of the necessary equipment and facilities. The key issues of this step are :

- Design and layout of the repository system in accordance with the basic assumptions and
the technical/safety criteria established in the step 1 &2,

Constructability analysis, which indicates how the repository will look like "as built",
and

- Quantitative safety assessment of the repository system.
If the key issue for accepting the reference concept is the long-term safety, a full safety

assessment is necessary to compile quantitatively from the radionuclide migration in the
geoenvironment to the radiological dose assessment in the biosphere based on the assumed reference
scenario.

4.1. Design and layout

Once the most promising package and repository system alternative are determined in the
previous step, further more detailed engineering analysis is necessary to refine the system. The
geometry of the deposition hole and tunnel is based on the criteria to keep the structural stability
during the construction and operation phase.

The layout, i.e. the configuration pattern of the deposition holes and tunnels in the rock, is based
on one specific criterion to keep the maximum temperature below 100°C in the buffer. The distances
between deposition holes and between deposition tunnels due to such temperature limit are guiding
the layout. Other factors that affect the repository layout and design are how the rock volume could be
used most efficiently and the cost for excavation and buffering/backfilling could be kept as low as
possible. The recent SKB's results [3] indicate that the rock is most efficiently used if the distance
between containers in the deposition tunnel is medium and the distance between deposition tunnels is
short. The costs, however, are lower if the distance between the deposition holes is kept as short as
possible and the distance between deposition tunnels is correspondingly larger.

For operation and technology for HLW encapsulation and container emplacement, some
necessary equipment and techniques have been used in the mine and heavy industry, so that most of



them could be directly applied in the repository operation. Others may have, more or less, to be
developed to such a detailed level. It clearly needs to show how the equipment can be constructed as
well as how the operation can take place. In addition to the analysis of the performance of the
equipment, it is important to get a rough idea of the space requirements for equipment operations.

The deposition of the container including its handling is inevitably accompanied with a potential
risk for exposing the personnel to radiation. Therefore, the handling procedure of the container has to
de designed to meet dose limits of personnel.

4.2. Constructability analysis

For the chosen designs, layouts and operation processes it is important to analyse how the
repository can be constructed. This comprises an analysis of the methods to be used for excavation
and building of underground facilities, and aims at a proposal for the construction phase that presents
alternative ways to solve difficult construction problems, like how to pass the assumed major
discontinuity, etc. Also, the deposition and sealing operation is analysed with respect to technical
feasibility and consequences for the long-term performance of the repository.

4.3. Safety assessment

The long-term performance and safety of the repository is the most important issue for the
acceptance of a reference repository system. The potential migration pathways of radionuclides from
the container to the biosphere are defined with the specific assumptions regarding the short- and the
long-term performance of the individual barriers as a reference scenario discussed. Then, the safety is
analysed and the results are discussed in relation to the safety requirements. The estimation of doses
for a reference scenario will always include uncertainties. The uncertainty mainly originate from the
limited information of the repository system and the limited identification and understanding of the
processes determining the radionuclide release. Uncertainty is also introduced in modelling by the
transformation of the systems and processes into mathematical models.

5. CONCLUSION

The approaches to develop a reference deep geological repository system with technical
feasibility, reasonable cost and long-term safety were discussed. The safety philosophy in developing
a reference concept is based on the multiple barrier principle, i.e. safety does not depend on the
performance of a single barrier. As a step-by-step process, the specific activities for developing a
reference repository system are :

(1) Selection of reference spent fuel;
(2) Establishment of the basic assumptions and the technical/safety criteria for system

design requirements;
(3) Selection of the most promising option(s) in the aspects of the technical feasibility, the

long-term safety and the cost; and
(4) Pre-conceptual design to define a reference repository system.
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Abstract

The safe management of radioactive waste is a national task required for sustainable generation of nuclear
power and for energy self-reliance. This paper describes the results, efforts, and prospects for the safe
management of radioactive wastes having been performed by the Nuclear environment Technology Institute
(NETEC) of the Korean Electric Power Corporation (KEPCO). Firstly, KEPCO's efforts and results for waste
volume reduction are summarized to show how the number of waste drums generated per reactor-year could be
reduced by about 60 % during the last 10 years. Secondly, a new treatment technology, a technology for low and
intermediate level waste (LILW) vitrification, was introduced to prospect how the technology reduces the waste
volume and increases the inherent safety for LILW disposal. It is expected that the vitrification technology will
contribute not only to reduce LILW volume to around 1/14 ~ 1/32 but also to change the 'Not In My Back Yard'
(NIMBY) syndrome to the 'Please In My Front Yard' (PIMFY) attitude of local communities/residents for LILW
disposal.

1. WORKING TOWARDS WASTE VOLUME REDUCTION

Minimization of radioactive waste volume generated from nuclear power plants (NPPs) is very
important because unfortunately Korea not only has small land but also is confronted with a difficulty
in acquisition of radwaste disposal site. The KEPCO has tried to reduce waste volumes since Kori
unit 1 generated electricity in 1978. In this respect, the KEPCO has implemented several programs
such as the encouragement of service invention, new equipment adoption, etc. To encourage the
service inventions, KEPCO offers several benefits such as awards with letters of commendation in
accordance with their contributions.

The major achievements through service invention are the optimization of waste evaporator
operation, modification of spent filter treatment method, etc. Before 1988, the evaporator was
operated without pH adjustment. This operation method resulted in several problems such as the
limitation of boric acid concentration to 12 wt. %, pipe plugging due to crystallization of boric acid in
waste concentration tank, etc. These problems were resolved, by following a service invention
suggestion, by the pH adjustment of evaporator bottoms with NaOH solution. According to the
suggestion, the pH of evaporator bottoms was controlled to around 8 in order to increase the boric
acid concentration up to 17 wt %. With this invention, the KEPCO has been able to reduce about 30
% of the waste drums from liquid waste treatment.

Spent filters had been put into cement lined drums because of their high radioactivity. This
treatment method had resulted in increase of the disposal volume. Recent planning of KEPCO is to
introduce a new treatment method based on a suggestion by the service invention. The idea is to
compress the spent filter after long-term storage in a special place near filtering equipment. Applying
this idea, the disposal volume could be reduced by 50 %.

Besides, the KEPCO has introduced new equipment such as super compactor (SC), concentrate
waste drying system (CWDS), and spent resin-drying system (SRDS). Dry Active Waste (DAW) had
been compressed with a compactor of 10 ton capability. In 1994, KEPCO purchased a mobile SC of
2,000 ton capability and it has been operated at Kori NPP. The SC can compress the number of DAW
drums to half. They will be moved to the another NPP soon. Using the SC, Kori NPP Division could
reduce 1,653 drums until the end of 1998.



Evaporator bottoms had been solidified with cement in an on-line mixing system. Cement
solidification, however, has several problems such as disposal volume increase, incompatibility with
cement and boric acid, and frequent malfunction of mixing system. Accordingly, the KEPCO has
applied the CWDS at all NPPs since 1995 in order to overcome the above mentioned problems. The
CWDS can make powder of the evaporator bottom in the drum dryer heated by steam and then mix
the powder with paraffin injected into the drum dryer. The mixture is drained to high integrity
containers (HIC) made of stainless steel (SS). Using the CWDS with paraffin solidification, KEPCO
could reduce the disposal volume by l/8th compared with cement solidification.

The spent resin drying system (SRDS) was first introduced at Kori # 1 & 2 in the middle of
1996 and at Kori # 3 & 4 in the middle of 1998. Other NPPs are planning to operate the SRDS by the
end of 1999. The objective of introducing SRDS for spent resin drying is to resolve the problem
caused by cement solidification, which is similar to evaporator bottom solidification. The SRDS dries
wet spent resin using hot air and then puts the dried resin into the HIC made of special SS. The SRDS
can reduce the disposal volume of spent resin by half compared with cement solidification.

In summary, KEPCO's continuous efforts for waste volume reduction have shown remarkable
efficiency. The waste drums per reactor-year were reduced from 225 drums in the early 1990s down to
175 drums in 1998 as shown in Fig. 1 [1].

2. WORKING TOWARDS DEVELOPMENT FOR LILW VITRIFICATION TECHNOLOGY

Currently, the waste drums are stored in the on-site storage facilities at each NPP.
However, new technology development that can remarkably reduce the LILW volume is
required because of the delay in the acquisition of LILW disposal site and the fact that the
capacity of the on-site storage will reach its maximum by 2010 as shown in Table 1.
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Figure 1. Generation Trends of Waste Drums(200 L size)



TABLE I. ON-SITE STORAGE STATUS OF RADIOACTIVE WASTE DRUMS

Site

Kori NPP
Younggwang NPP
UljinNPP
Wolsung NPP

Sum

# of NPP

4
4
3
3
14

Capacity
(200L drums)

50,200
23,300
17,400
9,000

99,900

Accumulation
(200L drums)

28,788
11,208
8,768
3,636

52,400

Saturation
(year)

2014
2014
2010
2018

* basis : Dec. 1998

The NETEC is developing new radwaste treatment technologies that can largely reduce
disposal volume as well as make all waste from NPP into environmentally safe monolith. We have
chosen the vitrification technology as the most promising one, considering both technological and
economical aspects [2].

Vitrification is attractive as a waste treatment process primarily because of the properties of the
vitrified glass product. Vitrification gives a high-quality product and flexibility in inorganic
incorporation. Glass is a rigid, noncrystalline material of relatively low porosity, often composed
primarily of silica, alumina, and oxides of alkali and alkaline earth elements. While phosphate,
sulfide, and oxynitride glasses are also important glass types, most glasses used in radioactive waste
immobilization are borosilicate glasses [3].

Hazardous constituents can be stabilized in vitrification processes by two main interactions
with the glass matrix: chemical bonding and encapsulation. Certain inorganic species can be
immobilized by chemical bonding with the glass-forming materials, particularly silica, present in the
wastes to be vitrified. Hazardous constituents may also be immobilized without direct chemical
interaction with the glass network. Since vitrification constitutes a molten phase during some portion
of the process, materials that do not interact chemically or have not completely entered solution can
be surrounded by a layer of vitrified material and encapsulated, as the melt cools. This layer of
vitrified material protects the encapsulated constituents from chemical attack and inhibits their ability
to escape from the vitrified product.

We had already completed the feasibility study on LILW vitrification from 1994 to 1995 [4].
Since 1996, we have been carrying out the second vitrification project to develop the pilot plant
including cold crucible melter heated by induction current (CCM), plasma torch melter (PTM), and
off-gas treatment system (OGTS) [5].

Fig. 2 shows the schematic diagram for the pilot scale vitrification facility to be constructed at
NETEC by June 1999. The facility consists of two melters, a CCM of 50 kg/hr throughput and a PTM
of 10 kg/hr capacity. The OGTS is composed of high temperature filter (HTP), post combustion
chamber (PCC), scrubber, selective catalytic reduction (SCR), etc. This facility might enable all liquid
and solid radioactive waste from nuclear power plants to make more stable glassy/slag waste forms
with remarkable volume reduction while minimizing the entrainment of volatile chemicals.

Shredded combustibles and spent resin are directly fed onto the molten glass in CCM through
feeding system with about 20% excess oxygen. Oxygen is also injected through bottom nozzles to
encapsulate more chemicals into molten glass and to improve mixing between molten glass and ash
that enable to give good mechanical characteristics for final glass waste forms.

The CCM is cooled with cooling water of 110 °C so that its surface contacting molten glass
could be kept at a low temperature of around 200 °C. With cooling, CCM can exclude refractory



materials which are inevitably necessary for any others high temperature melter and which make
several problems such as increase secondary waste, frequent maintenance for refractory replacement,
etc.

The plasma torch of PTM is the reverse polarity type and uses nitrogen as the plasma gas in
order to prevent the generation of NOX. The melter was designed to have an external refractory and an
internal graphite crucible. The crucible has unique structure to easily drain the molten slag and metal.
It is favorable as incombustible such as filters, metals, sand, etc can be handled with PTM. These
wastes can be loaded into PTM without any pre-treatment. Organic materials in filter media will be
completely decomposed and non-metal residue (slag) containing nuclides is on molten metal. The slag
and the molten metal can be separately drained and then molten metal might be reused after radiation
survey [6].
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FIG. 2. Schematic diagram of pilot scale vitrification facility

OGTS is common to both CCM and PTM that are separately operated. Role of the HTF is to
separate particles and to recycle them to the CCM. The PCC is designed to convert all organic from
the melter to CO2 and H2O. The PCC is heated by propane combustion and provides over 2 seconds
of gas residence time. Quencher/Scrubbers are provided for cooling and removal of acid gases from
the off-gas stream. NaOH or Mg(0H)2 is added to the scrubber solution for pH control.

Quenching water and scrubber solution are dried in a thin-film evaporator from which distilled
water is recycled to the scrubber. Clean off-gas going through the scrubbers is electrically heated to
assure the filter performance by means of prevention of condensation at the downstream of HEPA



filter. Filtered off-gas is discharged to the elevated stack through SCR which can efficiently remove
dioxin and NOX at downstream of the HEPA filter.

LILW vitrification facility will have an average volume reduction factor of 14 ~ 32. This
means that the number of glass/slag waste forms generated from 12 NPP units (1,000 MW(e) PWR
per unit) for 30 years is estimated to be 3,700 ~ 8,300 drums (208 liter size per drum) [2]. In addition,
vitrified waste forms have very good resistance to leaching of radionuclides when they are contacted
with ground water under disposal environment. Further, they have no gas generation because all
organic in waste are removed.

3. CONCLUSIONS

Environmentally sound design and construction of LILW management facility are very
important. However, new treatment technology development for LILW, which can remarkably reduce
the disposal volume and enhance the characteristics of waste forms such as leach resistance, gas
generation, etc, is more important because it can fundamentally improve the disposal safety. In
addition, the new treatment technology enables the design and management of LILW management
facility much easier.

Considering the above mentioned matters and delay being experienced in disposal site
acquisition, the KEPCO-NETEC has made lots of efforts to reduce the disposal volume and to
develop a new treatment technology. The KEPCO established the short-term goal to reduce the
number of waste drums to 250 per one reactor-year and the long-term goal to reduce the number of
drums further to 35 per one reactor-year. To reach the short-term goal, the KEPCO has encouraged the
service inventions and adopted new treatment equipment such as super compactor, spent resin drying
system, concentrate waste drying system, etc. As a result the KEPCO could reduce the waste drum per
one reactor-year to 175 drums in 1998. The short-term goal for waste volume reduction was reached
early.

Currently, the KEPCO-NETEC has developed the new treatment technology, LILW vitrification
technology, in order to both reach the long-term goal and increase the inherent safety for LILW
disposal. The vitrification technology shall be able to reduce the number of waste drum generated per
reactor-year 10 to 25 drums and to realize the production of environmentally clean waste forms. At the
same time, the technology will contribute to change the NIMBY (Not In My Back Yard) syndrome to
the PIMFY (Please In My Front Yard) attitude of local residents around disposal facilities.
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Abstract

Korea Atomic Energy Research Institute (KAERI) has developed the preliminary disposal concept for

high level wastes (HLW) and subsequent total system performance assessment tools. Three major areas

currently pursued by KAERI are FEP and scenario development, code development on probabilistic safety

assessment, and total system performance assessment (TSPA) for the preliminary disposal concept with generic

geologic data. Throughout this project, the TSPA code MASCOT-K has been developed and applied for the

assessment. Preliminary results show that the current concept would satisfy the safety target for the scenario of

normal release of radionuclides into the man-made and geologic medium.

2. INTRODUCTION

In the middle of the '90s, Korea Atomic Energy Research Institute (KAERI) started to work

on the fundamental R&D on the permanent disposal of high-level radioactive wastes in Korea. One of

the key tasks in this project is the study of performance assessment. In parallel, the Korean Reference

Disposal Concept (KRDC) is studied to develop the optimum concept for deep geologic disposal in

crystalline rock. To check the safety of the reference concepts as well as alternative options, it is

necessary to develop all needed technologies for performance assessment and then apply them to the

Total System Performance Assessment (TSPA) of disposal options suitable for the geologic and social

conditions of Korea.

The national regulatory frame on the issues of the post closure safety assessment of the HLW

repository does not exist yet. However, the guidelines given in the regulations for the disposal of low

and intermediate level wastes (LILW) can be applied to judge the safety of potential disposal concepts

in HLW. The tentative post closure safety target at this point is to check whether:

(1) The annual dose to the individual in the critical group is lower than 0.02 mSv/yr (2 mRem/yr), and

(2) The probability of risk of fatal accidents such as cancers caused by the repository is lower than

106/yr.
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FIG. I. Overview of the steps in the KAERI performance assessment method.

2. MAJOR R&D ACTIVITIES ON TSPA

Major R&D goals for the study of performance assessment to see whether the Korean

disposal system can satisfy the regulatory guidelines are:

(1) To develop the tools and database for scenario development,

(2) To develop needed computational tools and database for TSPA, and

(3) To apply the TSPA tools and database to assess the safety of the disposal concepts.
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2.1. Scenario development

KAERI currently studies the worldwide databases for FEPs to find out the relevant FEP lists

for general geologic conditions in Korea. From the list of FEPs, after working group discussions, it is

planned to extract important FEPs and then construct feasible scenarios by properly combining these

FEPs. In this process, the Rock Engineering System (RES) as well as Process Influence Diagram



(PID) methods are applied for the systematic development of scenarios on sub-systems such as natural

barriers as well as the total disposal system. Then the scenarios developed in this process shall be

reviewed by an expert group and classified as the reference scenario, feasible scenarios, etc.

Once the reference and feasible scenarios are identified, the appropriate TSPA tools for the

sequence of events in concerned scenarios shall be identified. This approach shall be valuable for the

quality assurance, potential review by outside expert groups including the regulatory body, and

continuous update of approaches to TSPA. Along with these tasks, the parallel R&D to find out the

frequencies of natural disruptive events and other external events in Korea shall be studied and

recorded into the database.

2.2. Development of TSPA tools

Currently KAERI is developing the overall safety assessment code, MASCOT-K, originally

developed for the probabilistic safety assessment of the LILW repository. In this program the response

of the sub-models, i.e. buffer and fractured rock, in the system is transferred to the adjacent sub-

system^) by the Laplace transformed functions which shall eventually be transmitted to the final sub-

system, biosphere. New sub-models suitable for the disposal conditions in Korea were and shall be

developed. For example, the GAP model was developed to see the importance of highly soluble

nuclides such as l35Cs, l37Cs, and I29I dissolved in the void gap inside canisters, which shall be filled

with intruding groundwater. New sub-models to express the congruent release, colloid transport,

multiple fracture, etc., are under development. In parallel to this approach, a new tool for Time

Dependent PSA (TDPSA) shall be developed in the future to see the effect of a potential climate

change during the time frame of post closure assessment.

In addition a study to see the coupling effects of thermo-hydraulic-mechanical (THM)

processes on the stability and safety of the repository is underway. The near term R&D target in this

study is to find out whether the decay heats from the embedded spent fuels creates new significant

groundwater flow channels in the vicinity of the deposition holes. The appropriate constitutive laws to

govern couplings are reviewed and the evaluations on thermal effects are underway.

2.3. Generic TSPA for the idealized HLW repository

During the fiscal year of 1999, the preliminary TSPA shall be pursued for an idealized

repository in the coastal area. Based on the geological study, geologic strata of the deep basement shall

be assumed. The geologic medium at the location of the disposal tunnels shall be appointed as

crystalline rocks such as granite or gneiss. Then the potential pathways as well as travelling times for

groundwater from various locations of the disposal tunnels and deposition holes shall be calculated

considering the effect of salt intrusion which shall influence the pressure profiles in the coastal area. In

addition, the retardation coefficients and solubility limits of major radionuclides shall be evaluated for



the Korean reference deep groundwater. Also the dose conversion factors for Korean critical group

shall be evaluated. All of these will be expressed in terms of probabilistic density functions and used

as input for the MASCOT-K. In 1999, the preliminary reference concepts shall be scrutinized for

safety study. By 2006 the Korean reference disposal concept and major alternative ones will be

assessed to find out whether these proposed systems can satisfy the safety targets.

3. CONCLUSIONS

The TSPA approaches are developed in KAERI to assure the radiological safety of the

disposal concept. To accomplish this mission, the systematic development of the FEP list was pursued.

Based on the KAERI FEP list, reference and alternative scenarios shall be developed. In parallel, the

total system performance assessment code for the probabilistic safety assessment has been developed.

The features added in the code recently are focused on the near field radionuclide transport. Behaviors

of congruently released radionuclides with arbitrary lengths of decay chains transported by both

advection and dispersion can be assessed in this code combined with other sub-models describing near

field, far field, and biosphere transport. By applying the TSPA code, preliminary safety assessment

was performed using the generic data set. Results showed that the current disposal concept proposed

by KAERI satisfies the safety criteria for the given radionuclide release scenario. In the future detailed

TSPA shall be performed using the Korean geologic data and more detailed disposal concept.
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Abstract

The geochemistry and environmental isotopes of groundwater in the Cretaceous granite of the
Yeongcheon area has been investigated. The hydrochemistry of groundwater belongs to the Ca-HCO3 type. The
oxygen-18 and deuterium data are clustered along the meteoric water line, indicating that the groundwater is of
meteoric water origin. Tritium data show that the groundwaters were mostly recharged before pre-thermonuclear
period and have been mixed with younger surface water flowing rapidly along fractured zones. Based on the
mass balance and reaction simulation approaches using both the hydrochemistry of groundwater and the
secondary mineralogy of fracture-filling materials, the low-temperature hydrogeochemical evolution of
groundwater in the area has been modeled. The results of geochemical simulation show that the concentrations
of Ca, Na and HCO3 and pH of waters increase progressively owing to the dissolution of reactive minerals in
flow paths. The concentrations of Mg and K first increase with the dissolution of reactant minerals, but later
decrease when montmorillonite and illitic material are precipitated respectively. The continuous adding of
reactive minerals, i. e. the progressively larger degrees of water/rock interaction, causes the formation of
secondary minerals with the following sequence: hematite > gibbsite > kaolinite > montmorillonite > illitic
material > microcline. The results of reaction simulation agree well with the observed water chemistry and
secondary mineralogy, indicating the successful applicability of this simulation technique to delineate the
complex hydrogeochemistry of bedrock groundwaters.

1. INTRODUCTION

The groundwater chemistry is very important for the performance assessment of geological
disposal for radioactive waste. Crystalline rocks such as granite and gneiss have been considered as
suitable host rocks of radioactive waste repository. A number of hydrogeochemical investigations in
crystalline rocks have been studied on the suitability for host rocks of a repository [1, 2, 3]. The
Korea Atomic Energy Research Institute (KAERI) is conducting hydrogeological and
hydrogeochemical investigations of crystalline rocks as a part of Radioactive Waste Management
Research Program. The granite area of the Yeongcheon diversion tunnel was chosen as a research site
for studying geochemical characteristics of bedrock groundwater. The Yeongcheon tunnel has been
constructed since 1994 for water supply to the Yeongcheon area, and is about 40 km long between the
Yeongcheon Dam and the Imha Dam of the Andong area. The tunnel is under construction using
Tunnel Boring Machine with a diameter of 2 m. This area is adequate for the systematic investigations
of hydrogeology and hydrogeochemistry, because of the direct observation of fractures for
groundwater flow paths and the in-situ sampling of deep groundwater without sophisticated sampling
device.

The Yeongcheon diversion tunnel is located in the Kyeongsangbukdo province (Lat. 36°7'-
36°10' and Long. 128°58'-129°5'). Previous study on groundwater of the area has been undertaken
for the mineralogy of fracture-filling materials and hydrogeochemistry in the granite area [4]. In this
paper, we interpret the groundwater geochemistry in more details by applying the multiphase
geochemical modeling on water-rock(granite) interaction and correlate the relationship between
geochemical evolution of groundwater system and the formation of secondary minerals. Furthermore,
the origin and residence time of groundwaters are inferred from environmental isotope compositions,
including oxygen-18, deuterium and tritium. Several computer programs, including SOLVEQ and
CHILLER [5], SOLMINEQ.88 [6], PHREEQE [7] and EQ3/6 [8], are available for predicting the



speciation of dissolved constituents, the determination of saturation states of water with respect to
minerals, and the evolution of water owing to progressive water-rock interaction at a given
temperature and pressure. Various available computer programs have been summarized and compared
by Nordstrom et al. [9] and Melchoir and Bassett [10]. In this study, we used the program CHILLER
with a modification to simulate continuously the appropriate geochemical evolution path. The results
of geochemical simulation were carefully compared with the data of in-situ measurements and of
water chemistry.

2. GEOLOGIC SETTING

The topography and geology of the Yeongcheon diversion tunnel area have been described in
detail in previous studies [4, 11, 12]. The geology of the tunnel area consists of sedimentary,
volcanic, and plutonic rocks in the Cretaceous Kyeongsang basin (Fig. 1). The Daegu Formation
forms the oldest unit in the study area, and consists mainly of shale, sandy shale and mudstone.
Volcaniclastic rocks consist of tuff and andesitic to rhyolitic breccias, and were intruded by dacite.
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TABLE I. GEOCHEMICAL AND ISOTOPIC DATA OF WATER SAMPLES WITHIN THE
YEONGCHEON DIVERSION TUNNEL (UNIT: mg/L).

Sample
no.

Dis. from
Portai(m)

Surface water

Y-l

Y-l1

Y-2

Y-21

-

-

-

Groundwater

Y-3

Y-4

Y-41

Y-5

Y-51

Y-6

Y-61

Y-7

Y-71

Y-8

Y-9

Y-91

Y-10

Y-101

Y-l 1

Y-ir
Y-12

Y-13

4270

4673

4673

5040

5040

5505

5505

5560

5560

5575

5650

5650

6140

6140

6150

6150

7700

8000

pH Eh
(mV)

6.52 47.3

6.93 1.2

7.05 17.1

6.77 -16.7

8.26 -56.2

8.02 -42.3

7.87 -20.3

7.82 -30.4

7.93 -21.7

8.19 -52.3

7.95 -18.7

8.13 -53.3

8.15 -27.5

7.44 -7.4

7.43 -6.8

8.02 -19.7

7.72 -24.3

7.98 -22.3

7.86 -32.8

7.72 -9.8

7.30 -5.5

7.06 15.4

TDS

46

53

52

44

135

139

130

154

124

150

130

140

124

150

149

125

184

168

184

159

144

151

log (ix>2*
(atm)

-2.48

-2.90

-2.99

-2.78

-3.41

-3.18

-3.16

-2.94

-3.22

-3.39

-3.27

-3.35

-3.49

-2.58

-2.56

-3.29

-2.80

-3.10

-2.91

-2.86

-2.41

-2.17

Na

4.4

4.7

4.4

3 6

12.2

13.4

13.4

11.3

10.9

15.4

14.5

12.5

13.2

9.8

15.4

15.9

12.1

11.3

11.2

10.7

9.5

11.1

K.

0.22

0.20

0.31

0 20

0.21

0.27

0.32

0.32

0.26

0.33

0.20

0.27

0.20

0.26

0.22

0.31

0.23

0.30

0.21

0.32

0.31

0.24

Ca

3.1

4.3

5.7

2 3

16.1

17.3

14.8

20.0

14.5

21.0

14.2

19.9

14.0

23.2

16.2

12.2

26.8

24.7

26.3

21.6

19.4

18.3

Mg

1.0

1.3

1.2

0 s

1.0

0.2

0.4

1.4

1.4

0.2

0.2

0.3

0.3

0.7

0.1

0.1

2.7

2.3

2.7

2.3

0.6

1.3

Cl

5.0

4.7

5.3

J T,

3.6

2.2

2.2

2.4

2.5

2.9

2.5

1.9

2.2

1.9

1.7

2.1

3.6

4.1

3.5

3.7

1.7

3.3

HCO3*

10.5

10.3

11.2

9 5

70.5

69.3

50.3

75.4

50.7

62.5

47.2

60.7

45.3

71.7

73.8

52.7

82.7

76.3

88.5

71.5

75.8

77.4

SO4

8.0

10.9

9.7

6 1

15.0

18.7

27.7

20.7

20.1

24.8

24.8

22.3

23.2

22.3

17.4

16.6

29.3

20.9

25.6

19.4

12.3

12.8

SiO2

12.0

15.2

11.1

19 3

15.0

16.7

19.9

20.3

21.3

19.7

25.0

21.2

23.5

18.5

22.4

23.8

23.2

26.7

22.7

27.7

21.3

24.2

F

0.11

0.11

0.14

0 12

0.89

1.07

1.42

1.88

1.95

2.03

1.07

1.37

1.78

1.58

1.53

1.81

1.59

1.08

1.89

1.92

2.62

0.98

5ISO
(%0.)

-9.05

-7.20

-8.88

-7.35

-9.59

-9.51

-9.54

-9.50

-9.56

-9.41

-9.44

-9.44

-9.51

-9.48

-9.66

-9.62

-9.16

-9.30

-9.18

-9.36

-9.38

-9.37

5ISO
(%0.)

-62.2

-46.0

-61.0

-48.2

-66.2

-62.3

-65.3

-66.0

-67.8

-63.8

-65.9

-63.7

-65.9

-63.7

-70.0

-66.5

-62.5

-66.2

-63.2

-65.5

-66.1

-64.8

Tritium
(TU)

9.6

8.5

9.1

7.6

1.1

1.4

0.7

1.1

0.2

1.6

1.0

3.1

2.4

4.1

0.2

0.9

3.0

2.0

3.3

1.6

4.5

1.71

* Calculated from alkalinity and pH using SOLVEQ [5]

Biotite granite represents the youngest rock unit in the area, and is composed mainly of quartz (25%),
plagioclase (31%), K-feldspar (30%) and biotite (6%). Accessory minerals include hornblende,
perthite, zircon, apatite and opaque minerals. The plagioclase belongs to albite-oligoclase (Oh and
Jeong, 1975)[11]. Basic dykes ubiquitously intrude the biotite granite.

This study was carried out in the area of biotite granite within the tunnel area. Calcite and
pyrite occur commonly as products of hydrothermal fracture filling in the granite. X-ray diffraction
analyses of fracture materials by Lee et al. [4] indicate the occurrence of illite, laumontite, stilbite,
quartz, smectite and calcite. KAERI [13] identified the presence of rectorite, laumontite, stellerite,
calcite, smectite and quartz as fracture-filling minerals. However, the calcite is thought to be a
hydrothermal origin (Section 3- Water Chemistry). It is also probable that the observed zeolites,
including laumontite, stilbite and stellerite, are hydrothermal alteration products.

3. WATER CHEMISTRY

Sampling of waters including tunnel seepage waters and surface waters was carried out from
totally thirteen localities between 1995 and 1996 (Fig. 1). The pH, Eh, temperature, and electrical
conductivity were measured in-situ with portable meters (Orion 290A and 190). Concentrations of
major cations were measured by the atomic absorption spectrometer (AAS) and inductively coupled
plasma atomic emission spectrometer (ICP-AES). Anions were measured by ion chromatography
(IC). Oxygen and hydrogen isotope compositions of water were determined through the conventional
CO2 equilibration method (at 25°C) and the reduction with Zn metal (at 450°C), respectively. Tritium



contents (TU) of water were measured by the liquid scintillation counting during 500 minutes after
the electrolytic enrichment of the sample from 600 g to 20 g.

Geochemical data of water samples are summarized in Table I. The measured pH and Eh
values of groundwater range from 7.1 to 8.3 and from +15.4 to -56.2 mV, respectively. Major
dissolved cations and anions are Na (9.5 to 15.4 mg/1) and Ca (12.2 to 26.8 mg/1) and HCO3 (45.3 to
88.5 mg/1) and SO4 (12.3 to 29.3 mg/1), respectively. The waters in the Yeongcheon are all of Ca(-
Na)-HCO3 type. Na and Ca in natural waters are commonly derived from dissolution of plagioclase.
The composition of plagioclase in granite of the Yeongcheon area ranges from Abioo to Ab3o.
However, Na concentration in groundwaters range from 0.4 to 0.7 mmole, and is similar to Ca
concentrations (0.3-0.7 mmole). In order to explain the enhanced Ca concentrations in waters, we
consider the difference of dissolution rate between albite and anorthite. The dissolution of clacite
may also contribute to Ca enrichment in the waters. In fact, hydrothermal fracture-filling calcites are
ubiquitously observed along the groundwater flow paths within the tunnel. K and Mg contents are
related to the incongruent dissolution of K-feldspar and biotite.

Chemical weathering of silicate minerals in granite to kaolinite consumes Yt, resulting in
gradual increase of pH of groundwater. The concentrations of major ions in waters are plotted with
respect to pH (Fig. 2). Na and Ca content tends to be increased with increasing pH, whereas no
relationships of K and Mg concentrations to pH are noticeable. Although the granite in the tunnel
area contains abundant K-feldspar (30%) and biotite (6%), K and Mg concentrations in waters are
relatively low. This fact can be explained by considering the dissolution rates of silicate minerals.
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Fig. 2. pH versus Na, Ca, K and PCO2 diagrams for water samples in the granite area. Open circles:
surface water; solid circles: groundwater.



According to Walther and Wood [14], however, the dissolution rates of silicate minerals do not
differ by one order of magnitude. Therefore, we consider that the observed low contents of K and Mg
may be explained by the removal through precipitation of clay minerals and/or muscovite. Similarly,
Ca concentrations also may be controlled by the formation of Ca-bearing minerals such as Ca-
montmorillonite.

Dissolved silica is resulted from the chemical weathering of silicate minerals, and is controlled
either by kinetic factors in the dissolution process or by precipitation of secondary minerals such as
amorphous forms of silica rather than direct precipitation of quartz [15]. The measured silica
concentrations of groundwater (15.0-27.7 mg/1) are higher than the solubility of quartz (6.0 mg/1 at
25°C). According to Hem et al. [15], an amorphous matter with the halloysite composition may be
produced by the weathering of igneous rock forming minerals and may control the aluminum and
silica concentrations in natural waters. Paces [16] also suggested that aluminum and silica
concentrations in groundwater are controlled by a metastable aluminosilicate mineral with a variable
composition between gibbsite and kaolinite, which allows higher silica concentrations in water.

SO4 in waters is likely to be deduced from oxidation of pyrite formed during hydrothermal
alteration in fractures of granite. Preliminary sulfur isotope data of groundwaters (534SSO4 = +2.6-
+4.5%o.) in the granite area indicates that sulfate is originated from hydrothermal fracture-filling
pyrites (834S = +4.2-+5.3%o.). Compared with most of the fresh waters containing F of less than 1
mg/1, the Yeongcheon groundwaters are relatively enriched in F (0.9-2.6 mg/1). Both F and Cl can be
derived from dissolution of biotite and apatite [2]. According to Tsusue et al. [17], apatite and biotite
from Korean Cretaceous granites typically contain appreciable amounts of F and Cl.

Partial pressures of CO2 (Pco2) in water were calculated from measured pH and alkalinity data
using the program SOLVEQ [5] and are shown in Table I. Calculated log Pco2 (atm) values range
from -3.4 to -2.2. The origin of carbon in groundwaters includes: (1) atmospheric CO2, (2) dissolution
of carbonate minerals, and (3) microbial oxidation of organic carbon and/or carbon dioxide from plant
respiration. Relatively higher Pco2 values (up to 10" ' atra) for Yeongcheon groundwaters possibly
indicate the roles of sources (2) or (3) in addition to atmospheric CO2.
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However, it is unlikely that source (2), a carbonate carbon, cannot be an adequate explanation in this
area, because ion speciation calculations using the program SOLVEQ show that all of water samples
examined are undersaturated with respect to calcite. Furthermore, hydrothermal calcites in the tunnel
area have SI3CPDB values around -7%o . These carbon isotope values are unlikely to form isotopically
very light carbon in groundwater (-17.1 to -17.9%o.). Therefore, we consider the contribution of
carbon from either the microbial oxidation of organic matter or carbon dioxide from plant respiration.

The mean annual evapotranspiration in Korea has been reported to be about 600 mm (540-647
mm) [18]. According to Brook et al. [19], the mean log Pco2 value in soil under the annual
evapotranspiration (AET) of 600 mm is about -2.26. This log Pco2 value is equivalent to 0.17 mmole
of aqueous CO2 at 25°C. The dissolution of silicate minerals consumes large amounts of CO2 and Hf.
If albite and anorthite were dissolved, 1 and 2 moles of CO2 are consumed for unit mole of Na and
Ca, respectively, through the following reactions.

2NaAlSi3O8 + 11H2O + 2CO2 -> 2Na+ + Al2Si205(0H)4 + 4H4SiO4 + 2HCO3"
2+CaAl2Si208 + 3H2O + 2CO2 -> Ca2+ + Al2Si2O2(OH)2 + 2HCO3"

As an example, the release of 0.67 mmole Na+ (15.4mg/L) and 0.52 mmole Ca2+ (21.0mg/L) for
a water sample (No. 6 in Table I) owing to the incongruent dissolution of albite and anorthite requires
the consumption of CO2 by about 1.71 mmole. This calculation indicates that if dissolution of albite
and anorthite is proceeded under the CO2 closed system, the amounts of CO2 required for the
dissolution is larger than the amounts of CO2 generated from biological process. Therefore, we
should consider the geochemical evolution of groundwater under partially open system in which CO2

is supplied continuously.

The chemical compositions of surface water and groundwater in the Yeongcheon area are
plotted in mineral stability diagrams for the systems of Na2O-Al2O2-SiO2-H2O and CaO-Al2O2-SiO2-
H2O at 25°C (Fig. 3). Groundwaters seem to be equilibrated with kaolinite and montmorillonite,
indicating that silica and aluminum in water through incongruent dissolution of silicate minerals are
largely conserved by the formation of kaolinite and montmorillonite. Figure 3 also shows that waters
in the Yeongcheon tunnel area are undersaturated with respect to calcite.

4. ENVIRONMENTAL ISOTOPES

The environmental isotopic compositions of waters sampled twice between Oct. 1995 and Feb.
1996 are summarized in Table I. The 8I8O and 8D values of surface waters range from -9.1 to -7.2%o
and -62.2 to -46.0%o , respectively. Groundwaters have 8I8O and 8D values ranging from -9.7 to -
9.2%o and -70.0 to -62.3%o , respectively. All isotopic data closely follow the relation of the
worldwide meteoric water line, indicating that groundwaters in the Yeongcheon tunnel have been
recharged as local meteoric waters under present climate conditions. Surface waters also tend to
show seasonal isotopic variation. It is noteworthy that isotopic compositions of groundwaters are
lighter than those of surface waters. This likely indicates that groundwaters were recharged from the
area of higher elevation than local land surface.

Tritium contents (TU) of water samples are listed in Table I. Based on tritium contents,
groundwaters discharged into the tunnel can be grouped into two types: one with TU values near 0.0,
and the other with TU values of 1.6 to 4.5. The former group with TU values of less than 1.6 is
dominant. Based on the long-term monitored tritium contents of rain waters from Pohang and Taejon
(IAEA, 1992; Koh et al., 1996), these remarkably low tritium contents suggest that most of
groundwaters represent the old meteoric waters recharged during pre-thermonuclear periods before
1953 (IAEA, 1992). Some local groundwaters belonging to the second group possibly were recharged
during the post-bomb age. In other words, these waters have the residence time of less than 45 years
(likely 10 to 40 years). The construction of tunnel since 1994 would disturb the groundwater flow



system, resulting in fast groundwater flow toward the tunnel, especially at highly fractured zones.
Therefore, it is reasonable that the second group groundwaters with higher tritium contents represent
the mixing with rapidly downward flowing surface waters (about 10 TU).

5. GEOCHEMICAL EVOLUTION

Geochemical modeling for groundwater-rock systems under low-temperature has been carried
out by a number of geochemists [3, 8, 20] in order to understand the water-rock interaction and related
hydrogeochemical evolution. In this study we used the geochemical reaction program CHILLER [5].
The CHILLER provides stepwise incremental changes in temperature, pressure, enthalpy, or
composition to a system. Following each step, both the equilibrium phase assemblage and the mineral
and aqueous compositions are recalculated. This process is continued until the calculated assemblage
is truly equilibrated. After this process, we can conduct the particular model calculation including
cooling, heating, boiling, condensation, mixing, water-rock titration, and evaporation under either
open or closed system conditions [5, 21].

Chemical speciation of groundwater samples was obtained using the aqueous speciation
program SOLVEQ [5], in order to eliminate the reactions which are invalid thermodynamically.
According to the calculations of the degree of saturation of groundwater with respect to various
minerals, it is clear that groundwater in the tunnel area is undersaturated with respect to most of the
igneous rock-forming minerals. Major forming minerals of granite, such as quartz (25%), feldspar
(30%), plagioclase (30%) and biotite (6%), are probable reactants in the reaction simulation.
Additionally, we included calcite and pyrite in the model calculation, because they are commonly
present as fracture-filling minerals and contribute significantly to Ca and SO4 concentrations in
groundwater (Section 3-Water Chemistry).

Although the mineralogy of granite is well documented, however, it is difficult to determine the
exact reactant minerals owing to uncertainties in dissolution rates of silicate minerals. Though
dissolution and precipitation rates of silicate minerals have been estimated by a number of scientists,
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FIG.4. Results of geochemical simulation, showing compositional variation (in molalities) of major
dissolved ions in groundwater during the progressive water/rock(granite) interaction.



the data are very inconsistent. Moreover, discrepancies of up to four orders of magnitude between
field estimates and laboratory measurements have been documented [22, 23, 24]. In this study, we
fitted the reactant minerals in the geochemical simulation, based on the considerations of mineral
abundance, saturation states, and reaction kinetics.

In order to simulate the geochemical evolution of Yeongcheon groundwater, rain water was
reacted with granite. In this calculation, the CO2 concentration in reactant water was set to be 10"
2l7atm (Section 3- Water Chemistry). The results of simulation are plotted in Figure 4. The
continuous adding of granite (reactant minerals) to rain water causes precipitation of minerals in the
following sequence: hematite > gibbsite > kaolinite > montmorillonite > illitic material > microcline.
It is noteworthy that the types of precipitating minerals correspond well with the observed mineralogy
in fractures [4]. Figure 4 shows the changes of dissolved ions with decreasing water/rock ratios.
Progressive water/rock interaction, namely the decreasing water/rock ratios, results in progressive
increase of Na, Ca and HCO5 in solution. The pH is constant (buffered) at initial stage of water/rock
interaction, but increases steeply when about 10" grams of reactants are added. The alteration of
albite to kaolinite and/or gibbsite consumes protons, whereas the alteration to montmorillonite
consumes less acid. The increased aqueous silica causes the precipitation of kaolinite. The Mg and K
concentrations in solution increase slowly with increasing water/rock interaction, but then decrease
with precipitation of montmorillonite, muscovite and microcline. Dissolved silica increases as a
whole due to the dissolution of silicate minerals, but decreases slightly in response to the successive
precipitation of montmorillonite, muscovite and microcline. The results of simulation match well
with measured geochemical data. However, computed potassium values are slightly higher than
measured values. We consider that potassium smectite may precipitate from the solution (although
the model calculations indicate the undersaturation with respect to any smectite; this may be related
with the large uncertainty in thermodynamic data of smectites), resulting in actual lower
concentrations of potassium.
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In the simulation, chemical evolution of groundwater is modeled under both the closed CO2 and
the fully open CO2 conditions. Under the closed CO2 conditions the pH rapidly rises far above the
measured values, while Pco2 and ion concentrations are much lower. Under the completely open CO2

condition, on the other hand, the simulated pH is too low and Pco2 high. Therefore, we consider that
the evolution of groundwater in the Yeongcheon tunnel area occurs under the partially open CO2

conditions.

The result of simulated geochemical reaction path is plotted on a mineral stability diagram in
the system CaO-Al2O5-SiO2-H2O at 25°C (Fig. 5). Water in reaction with granite would first
equilibrate with gibbsite and then kaolinite. In kaolinite field, the evolution path is accompanied with
increasing silica concentration. Figure 5 shows that the evolution path of groundwater by the
simulation is valid and reasonable geochemical process in the granite area, even though the
complexities of natural processes could not be duplicated.

6. CONCLUSIONS

The bedrock groundwaters discharged into the Yeongcheon diversion tunnel in a biotite granite
belong to Ca-HCO3 type chemically and are controlled by the water/rock interaction. The
hydrogeochemical evolution of groundwater occurs as a progressive reaction with the silicate
minerals and hydrothermal fracture-filling calcite under partially CO2 open condition. The 8I8O and
8D data of waters indicate their derivation from meteoric waters. Tritium contents of groundwaters
are mostly very low (0.2-1.6 TU), indicating that waters have been recharged during the pre-
thermonuclear period (before 1953). However, some groundwaters with higher tritium contents (up to
4.5 TU) results from the mixing of younger superficial water.

Geochemical reaction modeling using CHILLER is undertaken to identify the processes for the
chemical evolution of groundwater. The pH, Na and Ca concentrations increase progressively due to
the progressive dissolution of silicate minerals and calcite, whereas the K and Mg concentrations first
increase but decrease later through the precipitation of illitic material, microcline and Mg-bearing
clay minerals. The results of modeling approximate to actual pH, alkalinity, and major ion
concentrations of waters. Model calculations were conducted under partial CO2 open conditions, and
could trace the chemical evolution of groundwater by fitting some reactant minerals based on mineral
abundances, saturation states and dissolution kinetics. However, under fully open CO2 or closed CO2

conditions, the results do not match the measured pH and chemistry data. Although this approach
neglects the dissolution and precipitation kinetics of silicate minerals and, in turn, does not trace
hydrogeochemical evolution on time basis, the results of simulation in this study provide reasonable
interpretation on groundwater evolution in granite area. In future, however, we should consider the
dissolution rates of various reactant minerals. Such approach may be undertaken with considerations
of water/rock ratio, particle size and effective surface area of reactant minerals, and precise
groundwater age.
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Abstract

Regional geologic conditions of Korea were summarized with emphasis on rock mass and fracture system
as a part of the research program for high level radioactive wastes disposal. The eastern margin of the Korea-
China platform has been regarded as stable cratonic nature. The Mesozoic tectonic activities followed by igneous
intrusion were the most vigorous crustal movement in the entire Korean peninsula. During the Jurassic-
Cretaceous orogeny(180-130 Ma BP), igneous activity resulted in forming a large batholith of Daebo granitic
rock (Jurassic granite). Rejuvenized igneous activities during the Cretaceous period formed the Bulguksa granite
which are associated with felsic volcanic rocks and NE-SW/NNE-SSW geologic structures. The primary host
rock is considered to be Daebo granite batholiths intruded in the geologic age of late Triassic to early Jurassic
(205+15 Ma). The emplacement depths are in the range of 10-20 km and the crystallization occurs under the
geopressure of 3~7 kb.

1. INTRODUCTION

The geological formation has an important role of barrier system in a deep repository for
radioactive wastes. The strategy for the selection of suitable host rock(s) for the repository should be
based on the geologic conditions of Korea. The long-term objective of the geological research work
as a part of the HLW disposal program in Korea is to develop the evaluation technology of deep
geologic environment. The short-term objective aims to select a suitable rock mass based on the siting
criteria. The common geological parameters suitable for the repository would be assessed by a staged
and scale dependent approach. At present, the regional geologic conditions of the nation were
critically reviewed with emphasis on rock mass and fracture system in the Korean peninsula. This
paper summarizes the lithological variety and the regional fracture system in the Korean peninsula.
Most of the information is based on Geology of Korea [1, 2, 3].

2. OUTLINE OF GEOLOGICAL SETTING

The Korean peninsula is located in the area where the Eurasian continent is contacted with the
west Pacific mobile belt. Whereas the Japan archipelago is characterized by active mobile belt, the
Korean peninsula has a close affinity with the Asian continent in geology and tectonic setting.
However global tectonics in this area are not studied enough to understand the evolution of platforms
forming China continent, Korean peninsula, Japan archipelago, the extent of Quilins suture zone, and
so on. The geology of Korea is a very complex system with various rock types from Precambrian to
Quaternary. The basement rocks exposed in more than half the area of the peninsula consist of
Precambrian metamorphic rocks and Paleozoic-Mesozoic plutonic rocks, which were subjected to
several up-lifts and erosion stages after the Cretaceous time. Sedimentary and volcanic rocks of
Paleozoic and Mesozoic era were distributed on those basements accompanied with tectonic
movements.

2. 1. Geology of Korean Peninsula

In the peninsula, Precambrian rock types are quite different from Postcambrian rock types. The
former was subjected to severe regional metamorphisms, in turn to form a gneiss complex system



roughly grouped into gneisses, crystalline schists, and granites. However, the latter was only subjected
to contact metamorphism related to plutonic intrusions without any evidences of regional
metamorphism. The isotope age dating of Precambrian metamorphic rocks indicates that the oldest
rock has an age of 3,110Ma. In a broad category, the peninsula occupying the eastern margin of the
Korea-China platform belongs to a part of the shield area, but has some differences from the stable
platform. The tectonic characteristics are considered as the marginal geosyncline phenomena of
platform with superimposed tectonic elements during the Meso-Cenozoic era. The tectonic evolution
of the peninsula can be divided into three stages:

- Ancient geosyncline stage: Archean(2.6Ga)-Proterozoic( 1.8Ga);
- Stable platform stage: Middle Proterozoic( 1.76Ga)-Late Paleozoic(260Ma);
- Stage influenced by the movement of west Pacific plate: Mesozoic(230Ma)-Holocene(Present).

The Korea-China platform was converted into a stable massif after the crustal movement in the
late lower Proterozoic era (1.8Ga ago). For the geotectonic history in the peninsula, the Mesozoic
orogeny is most important. The tectonic movement in this era is explained as a transitional
development of platform into geosyncline stage. The Mesozoic tectonic activities were accompanied
by folding, fault block movement, and igneous intrusion. The tectonic movement in the peninsula can
be divided into three stages, one after the other from the middle Triassic period to Paleocene. After the
Mesozoic tectonic movements, the whole of the peninsula had been uplifted. The Cenozoic tectonic
activity was not intensive and is generally represented by mafic to intermediate volcanic activities in
limited areas. The present coastal lines were considered to be formed about 7,000 years ago.

2. 2. Topography

The topographic characteristic of the Korean peninsula is a rugged country, having about 70%
as a mountainous terrain. Higher mountains of 2,000 to 2,300m above sea level are concentrated in
the northern region and 1,400 to 1,600m in the east coast area. The dissected depth of mountains is
500 to 1,500m in the medium mountain areas, but 200 to 500m in the low mountain areas. The
arrangement of mountain ranges and other topographic features were primarily influenced by the
Mesozoic tectonic movements. During this period, intensive folding, faulting, plutonic intrusion, and
volcanism became active in East Asia including the Korean peninsula. In the early Mesozoic era, large
folds and nappe-thrusts with E-W trend were formed and then the tectonic movements in the Jurassic
period resulted in the mountains and valleys with NE-SW trends. In the Cretaceous period, the Korean
direction on NNW-SSE trend was formed.

The present geomorphologic formations were also influenced by lithological types. The
metamorphic rocks in the western region were formed as a lower land due to intensive weathering and
a prolonged denudation. The land surface of westward slope of the East mountain range is
characterized by an old age terrain with a gentle slope traversed by sinuous meandering rivers. On the
other hand, eastward slope dives steeply into the East Sea and most streams are of less than 50km
long. The coastal plains in the East Sea are poorly developed. However, the western and southern
coasts of the peninsula show extremely irregular shorelines involving peninsulas and bays. An
exceptionally high tidal fluctuation (up to 9m) on the West Sea plays a major role to develop broad
tidal mudflats.

2. 3. Tectonic division

The tectonic framework of the peninsula is based on the topographic features that are closely
related to the direction of tectonic structural elements and the formation age on lithological variety.
General principal to classify the tectonic units in Korea is based on geological provinces and geologic
time rather than tectonic distinction. Thus the division of tectonic provinces was emphasized on
lithological characteristics, formation stage and continuity of geological history.
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I. HAMBUK FOLD BELT

II. NANGNIM MASSIF

III. PYONGNAM BASIN

IV. KYONGGI MASSIF

V. OKCHON FOLD BELT

VI. SOBAEKSAN MASSIF

VII. KYONGSAN BASIN

VIII. CIRCUM-PACIFIC
VOLCANIC ZONE

FIG 1. Tectonic provinces in Korea [3].

Since the tectonic province was described in 1953 [1], several revisions have been made. More
recently the divisions on tectonic units were proposed on the basis of the stabilization time of the
original crust [2] and the characteristics of geological province [3]. In both systems, main tectonic
provinces grouped into fold belt, massif, and basin could be divided into 6-8 main systems
accompanying with several subsystems (Fig 1). With reference to radioactive waste disposal, massif
and fold belt are main interest among the tectonic units proposed:

(1) Archean-Early Proterozoic massif:
- Nangnim massif (North Korea),
- Kwanmo massif (North Korea),
- Kyonggi massif (South Korea),
- Sobaeksan massif (South Korea);



TABLE I. GEOLOGIC CHARACTERISTICS OF PLUTONIC ROCKS IN PRE-MESOZOIC ERA
(MODIFIED FROM [3]).

Rock
Series

Granitic
Rocks

Ultmbasic
To

Basic
Rnrkv

Name of Igneous
Rock Body

Buncheon
Granite Gneiss

Seocheon
Granite Gneiss

Seosan
Granite Gneiss

Leucocratic
Granites

Jungbongsan
Granites

Hongjesa
Granites

Nonggeori
Granites

Taebaegsan
Pegmatites

Wangpiri
Pegmatites

Cheongsan
Granites

Yeongdeog
Granites

Hadong
Sancheong

Anorthosites

Occurrence

batholith

batholith

batholith

batholith
stock

batholith

batholith

batholith,
dike

dike,
lenticular

dike

batholith
stock

batholith

batholith
stock

Constituents

Granites

Granites

Granites

Leucocratic
Granites

Two mica granite

Biotite granite
Two mica granite

Two mica granite
Tourmaline granite

Pegmatite

Sn bearing
Tourmaline
pegmatite

Sn bearing
Tourmaline
pegmatite

Diorite,
Granodiorite,

Granite

Diorite,
Granodiorite,

Granite

Anorthosites
Gabbroids

Age (Ma)

> 2,100

> 2,400

> 2,000

> 2,200

> 1,800

> 1,800

> 1,800

> 1,500

> 1,500

>270

Permian(?)

> 1,700

Petrogenesis

Crustal origin

Mantle
origin(?)

Crustal origin

Crustal origin

Crustal origin

Crustal origin

Crustal origin

Crustal origin

Crustal origin

Crustal origin

Crustal
origin(?)

Mantle origin

Tectonic
Environments

syn-collision

syn-collision

syn-collision

syn-collision

syn-collision

syn-collision

syn-collision

syn-collision

Late or Post
collisional in

continental arc

Late or Post
collisional in

continental arc

Intra-continental

Imgye sheet, dike Amphibolites 1,800 > age Mantle origin Continental volcanic
> 500 arc or island arc

Ogcheon Fold sheet, dike, Amphibolites M. Proterozoic Mantle origin Rift valley in the
Belt sill To continent

L. Proterozoic

Alkaline Sagju
Rocks Alkaline

Complex

stock, syenite, pyroxenite, Early Crustal origin Ultrametamorphism
vein alaklipegmatite Proterozoic at depth in the

continental crust

(2) Upper Proterozoic-Upper Paleozoic fold belt:
- Okchon fold belt (Upper Proterozoic; South Korea);



- Imjingang fold belt (Middle Paleozoic; North Korea);
- Hambuk fold belt (Upper Paleozoic; North Korea).

At present, we are considering only Kyonggi massif, Sobaeksan massif and Okchon fold belt
which are located in the southern part of the peninsula. The Kyonggi massif is located in the central
part of the Korean peninsula and bounded by Imjingang fold belt and Okchon fold belt in the north
and south, respectively. In the oldest folded basement of Kyonggi massif, metasomatic granites are
widely developed. Highly metamorphosed schists and migmatites in the metasomatic outliers exhibit
mostly amphibolite to granulite facies. Also, the metasedimentary rocks consisting of quartzite and
quartz schist are extensively exposed in the southwestern part of the Kyonggi massif. The fault
structure has largely two directions. One is parallel to the tectonic direction of NE distributed in the
south of the massif, the other has a NNE direction in the north of the massif.

The Sobaeksan massif, distributed in the southern part of the peninsula, is bounded by the
Okchon fold belt on the north. On the southeast, it contacts to the Cretaceous sedimentary basin
(Kyongsang basin). The massif consists of gneiss and schist in early Proterozoic metamorphic group
and is characterized by a ploymetamorphic region due to orogenies in many times. The crystalline
basement is exposed mainly on the northeastern part (Sobaeksan block) and various kinds of gneiss,
migmatite and crystalline schist are developed in the southwestern part (Jirisan block). Fault systems
developed are in NE-NNE, NWW and EW-NEE directions. Faults with NE direction predominate on
the southwestern part of the peninsula and faults with a NNE direction increase gradually towards the
southeast. Faults with a EN-NNE direction are characterized as thrusts inclined to the south.

The Okchon fold belt is extended over 450km in length and 50~80km in width, between the
Kyonggi and Sobaeksan massifs. The fold belt is divided into two regions on the basis of
metamorphic facies, metamorphic zone in the southwestern region and nonmetamorphic zone in the
northeastern region.

2. 4. Plutonic intrusion

The intrusive and effusive rocks in the Korean peninsula were formed from the Archean to the
Quaternary. The majority of plutonic rocks in Korea are granites and their varieties. Intermediate
plutonic rocks of mainly diorite are exposed as small stocks in the southern part of the inland and
along the east coast of the northern part. The distribution of mafic and ultramafic plutonics is almost
limited to the tectonic regions. Among these plutonic rocks, the rock mass suitable for a host rock of
repository based on the areal extent and tectonic environment is summarized in Table I.

3. MAJOR ROCK TYPES FOR A REPOSITORY

3. 1. Criteria for the host rock

The multibarrier system of geological disposal is considered to be the most favorable system to
isolate radioactive waste and to ensure the protection of environment. The geologic media in this
system are expected to provide high protection from natural and man made disturbance and to retain
the dissolved radionuclides for a long time. The research on geological environment in KAERI has
been performed to provide generic information for the host rocks for a repository and their long-term
stability in a nation-wide scale. The properties of the bedrock for a repository should provide a
suitable environment comprising the following technical requirements:

- Mechanical protection from erosion and human intrusion;
- Chemically stable conditions;
- Slow groundwater flow regime;
- Retardation properties for nuclide transport.



However, at this stage of the disposal concept development, the following are the general
criteria for identifying the rock types for further detailed study on bedrock properties of the host rock:

- The bed rock should have a large extent to provide a flexible site selection;
- The formation should be free from neotectonic region or geologically unstable region;
- The formation is relatively homogeneous and should be easy to evaluate and to predict.

3. 2. Major rock types for potential host rock

The lithology of the Korean peninsula consists of a complex structure of 29 rock types from
Archen to Quaternary. The preliminary screening among those rock types will be based on the
geological properties which are important for the barrier function of the far field such as
geohydrogical properties, geochemical characteristics, and lithological uniformity. In the present
stage, the criterion is mainly concerned on a large areal extent of rock types allowing flexibility of
siting. The major rock types distributed in the southern part of Korea can be grouped into 7 types.
Based on the distribution area of each unit the primary host rock for HLW repository will be
Mesozoic Plutonic rocks which are occupied by nearly one-third of the area. The second choice will
be gneissic rocks among Precambrian basement.

3.2.1. Crystalline metamorphic rocks

The majority of plutonic rocks in Korea are granites and their varieties formed from late
Archaeozoic to Paleogene. Igneous activities in Korea could be grouped into four periods in
chronological order:

- Late Archeozoic to early Proterozoic: The regional intensive igneous activities occurred in this
period correspond to the pre-Chiningian movements. Most of rocks were metamorphosed after
intrusion.

- Late Proterozoic to late Paleozoic: This period corresponds to the Chiningian, Caledonian and
Variscan movements. Igneous activity was not noticeable except for intrusions of small mafic to
ultramafic stocks and dikes.

- Triassic to Paleogene : From the Triassic an intensive orogenic movement accompanied by igneous
activity started from the north. The plutonic activity ceased and transformed into volcanic activity.

- Neogene to Holocene : Volcanic activities are related to the Himalayan movement.

All of the pre-Mesozoic plutonic rocks were metamorphosed and formed as a part of
unclassified metamorphic complex in the Kyonggi and Sobaeksan massifs. Majority of the
metamorphic rocks consists of schist, phyllite and quartzite with less amount of gneiss. The areal
distribution of those rocks is up to 30% of the peninsula. Three stages of regional metamorphism are
recognized in the pre-Mesozoic era. The metamorphism is accompanied with migmatization and the
final phase of deformation. Each metamorphism is overprinted on the previous metamorphic rocks.
Among this complex, Puchon granite gneiss in the northeastern area of Sobaeksan massif is exposed
as an irregular batholith of 250km2. It displays augen, banded and porphyroblastic textures and
intruded the older metasediments. The modal composition indicates to be granite of 2,100 Ma old.

Hongjesa granite gneiss which intruded the Punchon granite is distributed in the area of 30x30
km. It shows inhomogeneous composition by varying degree of pegmatitic/porphyroblastic textures
and characteristically gray in color due to gray quartz and microcline. The modal composition falls
within the range of granite to granodiorite. The major components are quartz, microcline, muscovite,
and oligoclase with a minor amount of biotite, muscovite, chlorite. The Rb-Sr age of the rock ranges
from 1,824 to 1,752 Ma. Other plutonic rocks in pre-Mesozoic era occur in limited areas as small
stocks and batholiths.



TABLE II. GEOLOGIC CHARACTERISTICS OF JURASSIC GRANITES (FROM [3]).

Characteristic Granodiorites Biotite Granites
1) Distribution

and
Occurrence

2) Shape

3) Depth of
Emplacement

4) Cooling History

5) Age of

Emplacement

6) Rock Phases,

and
Structures

7) Textures

8) Mineral
Assemblage

9) Geochemical
Characteristics

In the Gyeonggi Massif;
as a discrete pluton and a long batholith.

In the Ogcheon Fold Belt;
as a discrete pluton and a long batholith.

In the Sobaegsan Massif;
as separated plutons and a long batholith

Mainly long bands of batholiths or small stocks

Mesozone to katazone (load pressure 3-7Kb);

based on hornblende geobarometry

Slow cooling below 3OO±5OjE

In the Gyeonggi Massif; as a discrete
pluton, and a long batholith
In the Ogcheon Fold Belt; as a discrete
pluton

In the Sobaegsan Massif; as a discrete
pluton

Mainly small batholith or stock

Mesozone (load pressure 3.8Kb);

based on hornblende geobarometry

Not defined yet.

Mostly 205± 15Ma (Late Triassic to Early Jurassic) Mostly 180± 1 OMa (Middle Jurassic)

It evolved as Gabbro—>Diorite—»Granodiorite
—>Granite—>Two mica granite—^Muscovite granite—>
Pegmatite etc.

Granodiorites>Granites>Diorite>Gabbro etc.
Strong foliations resulted from strong shearings
can be seen along the tectonic boundary zones.
Sheeting or horizontal joints are common.

Equigranular, fine to medium grained rocks are

common, except fine grained ones in two mica

granites.
Surfacial characteristic is mostly grey.
Megacrystic textures of microcline in some places
can be seen.

Qtz+Mic+Pl+Bt±Hb±Mu in major minerals.

Zircon+Apatite|%Sphene+opaque minerals in

accessory minerals.

Calc-alkalic, SiO2: 67-75% common.
Metaluminus common, partly peraluminus in two
mica granites.

LREE is more enriched than that of the biotite
granites

Weak Eu(-) anomaly common,
Eu/Eu*=0.6-0.8, <Z2REE=120-200,
(La/Yb)CN=40-180, Zr/Hf=30-44

Various phase of granitic rocks are rare.
No foliation can be seen,
Sheeting or horizontal joints are
common

Mostly biotite granites with aplitic dike
are common

Occasionally pegmatite veins carry REE

mineralizations
Equigranular, coarse grained rocks are
common, except medium grained in
marginal phases,

Surfacial characteristics is mostly light
pinkish to pink

Qtz+Mic+Pl+Bt±Hb±Mu in major

minerals.

Zircon+Apatite±Garnet+Ilmenites in

accessory minerals.

Calc-alkalic, SiO2: 72-78% common.
Metaluminus common, partly
peraluminus HREE is more enriched
than that of the granodiorites. Moderate
to strong Eu(-) anomaly common,
Eu/Eu*=0.2-0.6, 02REEjAlOO,
(La/Yb)CN=0.3-30, Zr/Hf=10-30

10) Sr initial

ratios

11) Petrogenesis
(I/S/A-type)
(Mt/¥±series)
(Tectonism)

12) Mineralization

> 0.708

Mostly S-type or mixed type(?)
Partly Ilmenite-series, and partly magnetite-series.
Mostly syn-tectonic granites, and partly late-
tectonic granites

Mostly vein-type Au, Ag, Cu, Pb, Zn and
CaF2 mineralizations are associated with
quartz vein.

> 0.708

Mostly S-type or Mixed type(?)
Mostly Ilmenite-series
Mostly Post-tectonic granites

Mostly W and REE mineralization is
associated with felsic pegmatites(?)



3.3.2. Plutonic rocks

From the end of middle Proterozoic (1,300 Ma) to Triassic (200 Ma), the igneous activity was
moderate in some local regions or at a complete pause, keeping the land stable. An intensive orogenic
movement from late Triassic was accompanied with plutonic activities which are classified into three
categories in relationship to tectonic movement, orientation, lithology and age: activities related to
Songnim disturbance, Daebo orogeny and Bulguksa disturbance. The Songnim movement designated
to early Mesozoic was considered to be the prelude of the Daebo orogeny in the period of Jurassic-
Cretaceous. Jurassic granites(Daebo granite) formed by plutonic intrusion are distributed in one-
fourth area in the southern part of the peninsula(Fig 2). Whereas Triassic granites occur in very
limited area parallel to the structural direction of Okchon fold belt (NE-SW ~ NNE-SSW). The rocks
of the Jurassic pluton are dominantly granodiorite and subordinately granite.

Grandogranites show weak foliation, indicating syntectonic granites and have a well developed
sheeting joints. The detailed lithological characteristics of the Jurassic granites are summarized in
Table II. The Jurassic granites intruded in the geologic age of late Triassic to early Jurassic (205+15
Ma). The emplacement depths are in the range of 10-20 km and the crystallization occurs under the
geopressure of 3~7 kb. Rejuvenized igneous activities during Cretaceous occurred intensively in
fractures, troughs or some sedimentary subbasins. Volcanic activities were outstanding at the
beginning of the Bulguksa disturbance and then successive intrusion of granite (Bulguksa granite)
occurred. As the tectonic movement continued, the igneous activities were generally changed from
volcanic to the hypabyssal stage through plutonic.

Bulguksa Granites

X-H-l Daebo Granites

FIG. 2. Distribution of the Daebo (Jurassic) and Bulguksa (Cretaceous) granites in Korea [2].



TABLE m. GEOLOGIC CHARACTERISTICS OF CRETACEOUS GRANITES (FROM [3]).

Characteristics Other Area Gyeongsang Basin

1) Shape Round scattered plutons

2) Depth of Epizone (load pressure 0.5-2Kb), based on
Emplacement amphibole geobarometer data

3) Cooling History Rapid cooling after emplacement, based on
geothermal histories for each pluton

4) Age of Mostly 120±10, 85-70, 70-50Ma
Emplacement Early Cretaceous-Early Tertiary

5) Occurrence, Round batholiths in older granites, but small
Structure, stocks are common in others.
Rock phase Sheeting joints are common in older granites.

GranodioritesjiAlkali-Granites and
Granophyres

Round scattered plutons

Epizone (load pressure 0.5-1.5Kb),
based on amphibole geobarometer data

Rapid cooling after emplacement based on
geothermal histories for each pluton

Mostly 120-90, 90-70, 70-50Ma
Early Cretaceous-Early Tertiary

Round batholith and small stock are common.
Vertical joints are common.
Gabbro-Diorite-Quartzdiorite-Tonalite-
Granodiorite-Granites-AIkali-feldspar
Granite associated

6) Volcanic Basaltic-andesitic-dacitic-rhyolitic rocks not
Association much associated

7) Texture Equigranular, medium to coarse grained rocks
are common, except fine to medium grained in
leucocraticic granites or granophyres.
Granophyric texture and miarolitic cavities are
common in small stocks of alkali-feldspar
granites or granophyres
No foliation

B asaltic-andesitic-dacitic-rhyolitic rocks
associated

Equigranular, medium to coarse grained in
large batholiths.
Gradually change fine to medium grained
inward in many stocks.
Granophyric texture and miarolitic cavities are
common in small stocks of alkali-feldspar
granites or granophyres.
No foliation.

8) Mineral
Assemblage

Qtz+Pert.±Pl+Bt±Hb
zircon+apatite+magnetite

Qtz+Pert.±Pl+Bt±Hb
Zircon+apatite±allanite±magnetite+sphene
+sulfide

9) Geochemical
Characteristics

Calc-Alkaline Calc-Alkaline
SiO2: 62-78% in range, but 75-78% is common. SiO2: 55-77% in range, but 67-74% is common
Mostly metaluminous is common.
LREE is more enriched than that of the
Gyeongsang Basin
Strong Eu(-) anomaly is common

Mostly metaluminous is common.
HREE is more enriched than that of outside of
the Gyeongsang Basin
Weak Eu(-) anomaly is common, except strong
ones in alkali-feldspar granites and granophyres

10) Sr Initial
Ratios

11) Petrogenesis
(I/S/A-type)
(Mt/¥± series)
(Tectonism)

0.7092 - 0.7165

Mostly S-type and Mixed type
Mostly magnetite-series
Late or Post tectonic granites

12) Mineralization Mostly barren granites except Geodo,
Muamsa and Wolagsan(?) plutons

0.7040 - 0.7070

I-type, partly A-type granites
Mostly magnetite series granites
Late or Post-tectonic granites

Au, Ag, Cu, Pb, Zn, Mo, W, Bi, Sb, Fe etc
mineralizations were related

Volcanic rocks of Cretaceous-Paleogene are widely distributed along the major structural
lineament of NE-SW and NNE-SSW direction. All of the plutonic rocks within the Kyongsan basin
are associated felsic volcanic rocks and are closely related with the development of the sedimentary
basin and NE-SW/NNE-SSW geologic structures. The Cretaceous igneous rocks can be classified into



diorite, quartz monozonite, granodiorite, and biotite granite. The detailed characteristics of Cretaceous
granite are summarized in Table HI.

4. REGIONAL FRACTURE SYSTEM

The characteristics of regional fracture system are based on lineaments analyzed from the data
of geologic maps and computerized-shaded relief images from Digital Elevation Model (Fig 3).

4. 1. Analysis of Regional Fracture System

Large-scale fractures are chiefly developed in the Kyonggi-Kangwon areas in the northwestern
part and Kyongsang basin in the southeastern part. In contrast, small-scale fractures are evenly
distributed throughout the southern peninsula. Three dominant sets of NNE (N10°Wj-N50°E), NW
(N30°Wj-N50°W) and WNW (N60°Wj-EW) are defined through the rose diagram of fracture
orientation. But most of the fractures are grouped in a NNE set. According to the areal distribution of
fracture orientations, the southwestern and northwestern parts of the southern peninsula are
characterized with random orientation. The high density areas of fractures are placed in the Kyonggi
massif including the Taebaegsan mineralized area with extremely high density [4].

I. Kyonggi Massif
II. Chungnam Trough
III. Gonju Trough
IV. Okchon Fold Belt

IVa. Paleogeosyncline Zone
IVb. Neogeosyncline Zone

V. Yongdong-Kwangju Trough
Vl.Soaeksan Massif

Via. Sobaeksan Block
VIb. Jirisan Block

VII. Kyongsang Basin

FIG. 3. Fracture map superimposed on tectonic provinces in Korea [4].
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4. 2. Classification of regional fractures

Regional fractures in southern Korea could be classified into four orders designated Fi, F2, F3

and F4 on the basis of their extension. Fi order fractures include large-scale faults which have a trace
length of over 40km. They are tectonically most important in Korean peninsula. F2 order fractures
have a trace length of 20 j-40km. F3 order fractures forming local fracture zones have a commonly
trace of lj-20km. They develop evenly and abundantly throughout southern Korea regardless of
geologic settings and tectonic provinces. F4 fractures may be equivalent to outcrop-scale
discontinuities with a trace less than lkm. Therefore, they must be actually the most popular fractures.

4. 3. Characteristics by fracture scale

Most of the F i fractures are developed in Kyonsang basin and Kyonggi massif, whereas only
one Fi fracture (Kwangju fault) locates at the southwestern part of the peninsula. Chugaryeong fault
zone in Kyonggi massif and Yangsan fault in Kyongsang basin are the longest ones among Fi order
fractures with a trace more than 150km. The dominant set of Fi fractures mostly runs in NNE
direction as the majority of fractures in southern Korea. The minor set of WNW direction shows in
Kyongsang basin. It is known that Fi fractures in the Chugaryeong fault zone might be produced by
normal faulting whereas those of Yangsan fault in Kyongsang basin are strike-slip fault.

F2 order fractures are evenly distributed in the whole examined area except the southwestern
part of southern Korea, but they develop more collectively at the Taebaegsan mineralized area and
Chungnam coalfield. The orientations of F2 fractures also indicate that a NNE set is the most
dominant and a WNW set is minor like those of Fi order. It can be said that both orders are self-
similar with respect to fracture orientation.

F5 order fractures that are the most abundant on the regional fracture map are also evenly
distributed in southern Korea. The orientations of F5 fractures also have the NNE dominant set and
the WNW minor set like those of Fi order, but they have one more minor set of NW direction.
Particularly, the NNE set represents a wide range of N10°W to N50°E.

All F4 fractures are extracted from 1:50,000 geological maps because they are too short to be
interpreted on 1:250,000 and 1:500,000 relief maps. Therefore, it must be considered that a quite
small quantity of F4 fractures are put in the regional fracture map in comparison with a real world. F4

fractures are similarly represented by the NNE dominant set and the WNW and NW minor sets in
orientation. It is concluded that fractures of each order are self-similar with respect to orientation.

5. LONG TERM GEOLOGICAL STABILITY

Through the geologic history, the peninsula was experienced for a significant tectonic
movement in the period between 180 and 100 million years ago. And then subsequent tectonic
activities have been diminished and limited to in the local areas. In the present stage, the disruptive
natural phenomena such as seismicity and volcanism are in the localized particular areas, which can
be avoided by excluding certain areas in the early stage of siting.

5. 1. Volcanism

Volcanism in the peninsula has occurred thoughout most of the geological ages from Archean to
Holocene with igneous activity. But the most prominent volcanism had taken place in the period of
the Upper Jurassic~Lower Cretaceous (160~100Ma ago). Volcanic activities in these periods took
place along large fault zones and were vigorous during sedimentation in the Mesozoic basin. Volcanic
activities in the basin play an important role in establishing the stratigraphy sequence of the Mesozoic
basins. The Cretaceous volcanism continued up to the early Tertiary (50Ma ago). But it was relatively
inactive throughout the Paleogene and intermittently in the Neogene. The volcanism was continued to
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the Quaternary in several areas, i.e. Mt. Paektu, Chugaryong fault zone and Cheju island. According
to historical records, several volcanic activities in Korea were dated between 1,000 and 1,600 AD.

5. 2. Seismicity

In terms of plate tectonics, the Korean peninsula is located within the Eurasian plate. Thus
earthquakes in Korea are ascribed to the intraplate seismicity. In Korea, historical earthquake records
date back to 2 AD and the instrumental data were collected from 1905. Based on historical seismicity,
the southeastern part of the peninsula turned out to be seismic zones, whereas the seismicity of the
Sobaeksan massif and Paektu volcanic zones in the northern part is remarkable weaker than the other
tectonic provinces. The distribution of earthquakes associated with the instrumental data shows that
the seismicity is stronger in the southern and western parts of the peninsula than in the other regions.
However, deep sources of earthquakes are distributed in the northeastern part and in the east sea. In
general, the close correlation between seismicity and Quaternary tectonic in the Korean peninsula can
not be understood yet. Particularly, earthquakes having MM intensity more than 4 are related with
fault structures. It appears that many of the faults created during the Mesozoic orogenies have
generated earthquakes afterwards. Therefore, a number of major faults and tectonic boundaries of the
peninsula may be active even though they were formed before the Cenozoic.

The depths of earthquake sources are estimated to 10~12km below ground in general. The most
destructive earthquakes since 1905 were Sanggyesa earthquake on July 4, 1936 and the Hongsung
earthquake on October 7, 1978. The MM intensity of these earthquakes is VII and the magnitude of
the Hongsung earthquake turned out to be about 5.2. According to the historical earthquake records,
the strengthening period in Korea is for about 500 years and the weakening period for about 200
years. This tendency has alternated each other from 2 AD to the present.

6. CONCLUSION

The geologic condition of the Korean peninsula is characterized as a major link between the
Pacific active margin and the Asian main land. A significant research is recently carried out with an
integrated geoscience approach on the geodynamics of eastern Asian continent. However, many
hypotheses on tectonic evolution should be proved by further studies. Korea is located in a stable
platform which was subjected to major periods of significant tectonic movements between about 180
and 100 million years ago. The subsequent tectonic activities have been diminished and limited to the
localized particular areas, which can be avoided by excluding them in the early stage of siting.

The lithology of the Korean peninsula consists of a complex structure of 29 rock types from
Archean to Quaternary. In the southern part of the peninsula, Mesozoic plutonic rocks are distributed
on nearly one-third of the area. The wide distribution of plutonic rock is an important consideration as
a potential host rock allowing flexibility of siting. Thus, the competent host rock mass for a repository
will be available in the distributed area of Jurassic and Cretaceous granites.
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Abstract

Swelling and hydraulic tests were carried out to provide the information for the selection of buffer material
in a radioactive waste repository. Ca-bentonite and de-ionized water were used for the tests. The swelling
pressures of compacted bentonite were in the wide range of 0.7 Kg/cm2 to 190.2 Kg/cm2, and they largely
increased with an increase in the dry density and bentonite content. However, the swelling pressures decreased
with increasing the initial water content and beyond about 12 wt.% of the initial water content, leveled off to a
nearly constant value. The hydraulic conductivities were lower than 10"n m/s for the compacted bentonite with the
dry density higher than 1.4 Mg/m3. They increased with increasing temperature in the range of 20cC to 150°C.

1. INTRODUCTION

A repository for high-level radioactive wastes would be constructed in the bedrock deep below
ground surface. The present design concept [1,2] of underground repository includes the use of
compacted clay-based materials for the buffer. The buffer material is required to have high swelling
capacity and thus low hydraulic conductivity in order to minimize the penetration of ground water from
the host environment. Bentonite has been widely favored as a candidate buffer material, because it has
high swelling capacity, high sorptive potential and good durability under disposal environment [3,4].

When a compacted bentonite is used for the buffer, the swelling pressure should be low to avoid
excessive load to the container and the surrounding rock although the swelling capacity may be high for
its successful sealing role as a barrier. It is reported in the literature [5-7] that the swelling pressure was
in the wide range of 0.27 Kg/cm2 to 590.45 Kg/cm2 depending upon dry density, bentonite content,
initial water content, and so on.

The hydraulic conductivity of compacted bentonite may be affected by the temperature change of
the buffer, which occurs due to the decay heat from high-level wastes. Pusch [8] observed an increase in
the hydraulic conductivity of compacted bentonite up to one order of magnitude heating to 70°C.
Mingarro et al. [9] reported that the hydraulic conductivity was increased up to about one order of
magnitude with the increase of temperature from 20°C to 100°C for the mixture of bentonite and crushed
granite. Peterson and Kelkar [10] and Ouyang and Daemen [11] also investigated the hydraulic
conductivity of pure bentonite and bentonite/crushed rock mixture at a temperature up to 90°C, but the
results did not show a large temperature dependence of hydraulic conductivity. The hydraulic
conductivity measured at 90°C was only about two times higher than that at 20°C. The effect of
temperature on the hydraulic conductivity therefore should be fully understood from the viewpoint of
the long-term performance of bentonitic buffer for high-level waste repository.

This study is intended to measure the swelling and hydraulic properties of Ca-bentonite which is
considered as a candidate buffer material for a high level waste (HLW) repository in Korea. Based upon
the experimental data measured, the effect of dry density, bentonite content, and initial water content on
the swelling pressure will be analyzed. The effect of temperature on the hydraulic conductivity will be
also investigated for various dry densities.

Correspondence should be addressed to Mr. J.O.Lee.



2. EXPERIMENTAL S

2.1. Materials

The bentonite was taken from Jinmyeong mine which is located in Yangnam Kyungsangbuk-do,
Korea. It was used for the tests after being air-dried and passed through No. 200 of ASTM (American
Society for Testing and Materials) standard sieves. The bentonite was found to be of Ca-type and its
mineralogical composition was 70% montmorillonite, 29% feldspar, and 1.0% quartz [12]. The surface
area and the cation exchange capacity were 348 m2/g and 57.6 meq/lOOg, respectively. The sand that
was used in the bentonite-sand mixture to investigate the effect of bentonite content on the swelling
pressure was taken from Daekwang Mine Company, and it included quartz as a major mineral and a
small amount of feldspar and mica [12]. De-ionized water was used for the swelling and hydraulic tests.

2.2. Swelling test

The swelling pressures were measured using the following experimental apparatus. The apparatus
consists of four sections namely, a main test section, a pressurized water feeding section, a vacuuming
section, and a signal and data processing section. The main test section includes a stainless steel
cylindrical cell of which the dimension was 5x10" m in height and 5 x 10" m in diameter, porous metal
filters to avoid the loss of bentonite particles, and swelling pressure sensors mounted in both vertical and
horizontal directions. The pressurized water feeding section consists of a stainless steel reservoir and a
highly pressurized helium gas bomb that is used for feeding the water in the reservoir to compacted
sample. The stainless steel reservoir is designed to tolerate the pressure of 30 Kg/cm . In the vacuuming
section, a vacuum pump was connected to the outlet of the main test section to pull out the air entrapped
in the compacted sample. The signal and data processing section is designed to acquire swelling
pressures from the pressure sensor and then to display their values on digital indicator. The swelling
pressures were measured according to Box-Behnken's experimental design which had three levels to
each of the following three variables; dry density, bentonite content, and initial water content. The left
column of Table I shows experimental conditions designed according to the Box-Behnken's scheme for
the measurement of the swelling pressures. These swelling tests start with feeding the pressurized water
after the zero-point of pressure sensor was adjusted, and the swelling pressures sent from the sensor
were collected in a given time interval using personal computer. The effective swelling pressures are
obtained by subtracting applied pressures from the collected swelling pressures. These tests proceed
until the swelling pressure reaches steady state.

2.3. Hydraulic test

The hydraulic conductivities in water-saturated bentonites with the dry densities of 1.4 Mg/nr ,
1.6 Mg/nr and 1.8 Mg/nr were measured within the temperature range of 20°C to 150°C. A modified
constant head test was applied using constant helium gas pressure [13,14]. The apparatus used is
designed to supply water to the sample at 9 to 20 kg/cm2 depending on the dry density of bentonite. The
stainless steel cylindrical chamber has an inside diameter of 5 x 10"2m. The compacted samples with
pre-determined dry density were placed in the sample chamber, and the water flew from the bottom to
the top of the sample chamber. The penetrated water volumes were measured by weighing. The
hydraulic conductivity was determined when steady state was reached. The measurement was done on
the same bentonite specimen at different temperature, that is, the hydraulic conductivity was measured
at 20 °C for a sample placed in the chamber and then at temperatures progressively higher.



TABLE I. BOX-BEHNKEN'S EXPERIMENTAL DESIGN AND MEASURED SWELLING
PRESSURES.

ID

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Box-Behnke
n Design no.

13

10

3

9

1

12

8

6

4

11

7

15

2

5

14

Experimental conditions

Dry
density

(Mg/m3)

1.6

1.6

1.4

1.6

1.8

1.6

1.4

1.8

1.4

1.6

1.4

1.6

1.8

1.8

1.6

Bentonite
Water content

content ,0/.

65

100

100

100

100

30

65

65

30

30

65

65

30

65

65

10

6

10

14

10

6

6

6

10

14

14

10

10

14

10

Measured swelling

Vertical
(Kg/cm2)

5.84

50.11

6.62

36.68

143.52

1.16

2.81

21.23

0.96

1.10

1.39

5.84

1.36

27.16

5.84

I pressures

Horizontal
(Kg/cm2)

5.53

33.76

9.54

34.68

114.59

1.53

4.16

20.24

0.56

0.98

2.12

5.53

2.88

23.06

5.53

3. RESULTS AND DISCUSSION

3.1. Swelling pressures of compacted bentonite

Fig. 1 is an example representing the change of swelling pressures as a function of elapsed time.
As shown in the figure, the swelling pressures develop rapidly until they reach a peak in a few days.

Subsequently, they start to decline gradually to constant values. These tests ended in 30 days,
because the time-dependent behavior of the swelling pressure was regarded as reaching steady state. The
swelling pressures measured are listed in the right column of Table I together with experimental
conditions. Both vertical and horizontal swelling pressures showed similar trends in the time-dependent
behavior. The vertical swelling pressures were higher than the horizontal ones, which suggests the
anisotropic nature of compacted sample. Based upon the measured experimental data, the parametric
modeling of swelling pressure was made to investigate the relationship between the swelling pressure
and three variables which expressed which was expressed in a polynomial in a polynomial. The
following quadratic equation is used to approximate the experimental data [15].
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Fig. 1. Development of swelling pressure versus elapsed time for bentonite.

where Ps is the swelling pressure, x\ the dry density, X2 the bentonite content, x$ the initial water content,
and b the coefficient of the quadratic equation. The coefficients of the quadratic equation were
determined through multiple regression analysis of experimental data, in which the swelling pressures
were employed as log P$ to minimize the deviation in the calculation. The multiple regression analysis
was conducted using LOTUS 123 program. The polynomial equation determined was given:

log Ps = 0.766 + 0.457x, 0.753x2 - 0.045x3 O.OOlx,2 + 0.006x2
2 + 0.070x,

0.296x,x2 +0.103x1x, - 0.028x2x3

Correlation coefficient, r = 0.99

(2)

This equation explains that the dry density and bentonite content give positive and large contribution to
the swelling pressure, while the initial water content gives negative and small one.

The effect of dry density, bentonite content, and initial water content on the swelling pressure was
analyzed using the polynomial equation (2). Fig. 2 is the swelling pressure versus dry density for various
bentonite contents. The swelling pressure was in the range of 0.7 Kg/cm to 190.2 Kg/cm and it
increased with increasing the dry density. The dependence of the swelling pressure upon the dry density
was more sensitive in higher dry density. This figure also shows that the swelling pressure increases
with increasing the bentonite content, which is at a slow gradient up to about 50 wt% of bentonite
content. Above 50 wt%, there is a rapid increase in the swelling pressure. Such a behavior becomes
distinct at higher dry density. It is suggested for the mixture of bentonite and sand that the swelling
pressure is controlled largely by the bentonite content
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Fig. 2. Effect of dry density and bentonite content on the swelling pressure.

Using the concept of effective bentonite dry density [16], an attempt was made to explain the
relationship between swelling pressure and dry density for the compacted samples with various

bentonite content. The effective bentonite dry density, p e$ is defined as the ratio of the mass of

bentonite to the volume of bentonite plus void in the mixture :

mass of bentonite (\-(Qs)pml

volume of bentonite plus void in the mixture 1 - ats (pmd I ps.)
(3)

where CO s is the weight fraction of sand in the mixture, p nvi the dry density of the mixture, and p v the
true density of sand. The effective bentonite dry densities that correspond to the dry densities in the Fig.
2 are calculated using the equation (3). The swelling pressures versus the effective bentonite dry
densities are plotted in Fig. 3. As shown in the figure, the relationship between swelling pressure and dry
density can be explained by the concept of effective clay dry density. This suggests that the swelling
pressure for the mixture of bentonite and sand is dominated by the bentonite. The sand acts merely as an
inert filler material and serves only to limit the free volume into which the bentonite can be compacted.
Therefore, when the effective bentonite dry density of mixture is similar to the dry density of pure
bentonite, then the swelling pressure is close to that for the pure bentonite.

200
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Effective bentonite dry density (Mg/m**3)

Fig. 3. Swelling pressure as a function of effective clay dry density.
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Fig.4. Results of SEM analysis of the compacted bentonite with the dry densities of
1.6Mg/m3 and 1.8 Mg/m3.

Fig. 3 also shows that there is a slow increase of the swelling pressure up to a threshold dry density
between 1.6 Mg/m and 1.8 Mg/m . Above the threshold dry density, the swelling pressure rises at a
much steeper gradient. Such a behavior of the swelling pressure was also reported in Gray et al.'s
experiment with Avonseal bentonite-sand mixture[17], in which the threshold dry density was found to
be between 1.6 Mg/m and 1.7 Mg/nr. The steep increase of the swelling pressure beyond the threshold
dry density is supposed to be due to the anisotropic nature of the compacted bentonite. The SEM
analysis may offer an explanation for the anisotropy. The typical micrographs of the compacted
bentonite, when compacted to 1.6 Mg/m and to 1.8 Mg/m , are presented bentonite, when compacted to
1.6 Mg/m and to 1.8 Mg/nr, are presented in Fig. 4(a) and 4(b), respectively. Fig. 4(a) shows that the
mixture at low effective dry density consists of randomly arranged aggregates of bentonite particles
(micropeds), while Fig. 4(b) shows that, at the dry densities above the threshold value, interparticle
voids are mostly eliminated, the micropeds become fused, and the topography is relatively uniform. The
results of SEM analysis suggest that the micropeds of bentonite particles beyond the threshold dry
density are arranged in a nearly parallel orientation and thus the corresponding swelling pressures
increase steeply. On the other hand, Pusch put out for this phenomenon in his report [18] the explanation
that the force of hydration on the surface of particles or their interlamellar layers may be of significance
in the swelling pressure of highly compacted bentonite with the densities of 2.0-2.1 Mg/m .

Fig. 5 represents the effect of initial water content on the swelling pressure of bentonite with the
dry density of 1.6 Mg/m . The swelling pressure, which is in the range of from 32.1 Kg/cm to 46.5
Kg/cm2, decreases with increasing initial water content. From about 12 wt% of initial water content,
however, there is little change in the swelling pressure. This is expected to be because the bentonite
contacting with the initial water is partially swelled prior to swelling pressure test. Therefore, the lower
the initial water content is, the higher is the swelling pressure.
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Fig. 5. Effect of initial water content on the swelling pressure for bentonite (dry density=1.6Mg/rri1).
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Fig.6. Hydraulic conductivity versus the dry density of compacted bentonite.

3.2. Hydraulic conductivities of compacted bentonite

The hydraulic conductivities were calculated from the slopes of linear relationships in the flow
characteristics of compacted bentonite. The hydraulic conductivities of domestic bentonite at 20°C are
in the range of 2 x 10"14 to 3 x 10"12 m/s in case of the dry density of 1.4 to 1.8 Mg/m\ The hydraulic
conductivity of MX-80 bentonite with the dry density of 1.7 Mg/m3 is 1.5 x 10"14 m/s [19], and is
somewhat lower than that of domestic bentonite. However the hydraulic conductivities for Avonlea
bentonite with the dry density of 1.3 to 1.5 Mg/m3 are in the range of 1 x 10"13 to 1 x 10"12 m/s [14], and
those of Ca-smectite with the dry density of 1.4 to 1.75 Mg/m3 are in the range of 1 x 10"13 to
1 x 10"l2m/s [20]. These values are similar to those of domestic bentonite. The hydraulic conductivities
of all compacted bentonites with the dry densities of 1.4, 1.6, and 1.8 Mg/m3 are very low and less than
10"" m/sec. It is reasoned that the high swelling potential of the bentonite contributes significantly to
development of low resultant hydraulic conductivities. The hydraulic conductivity decreases with
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Fig. 7. Influence of temperature elevation on the hydraulic conductivity of compacted bentonite.

increasing dry density of bentonite. To investigate the relationship between the hydraulic conductivity
and the dry density of bentonite, the logarithm of the hydraulic conductivity versus bentonite dry density
has been plotted and the results are shown in Fig. 6. The relation can be fitted to a straight line, and the
expression of this line is:

logK = -4.07 pd-6.13 r2 = 0.92 (4)

Gillham and Cherry[21] showed that, if the hydraulic conductivity is less than 10"8 m/s when the
hydraulic gradient and the porosity are typical values of those of host rock in deep granite, radionuclide
migration will be controlled by diffusion. The hydraulic conductivities of compacted bentonite
increased with increasing temperature. The hydraulic conductivities for bentonites with dry densities of
1.4 Mg/m3 to 1.8 Mg/m3 at the temperature of 150°C increased up to about one order higher than those at
20°C. The hydraulic conductivities for bentonite with the dry density of 1.8 Mg/m5 as a function of
temperature are presented in Fig. 7. The change of hydraulic conductivities in the bentonites at elevated
temperatures is attributable to the change of the permeability factor, the viscosity factor and the density
factor, and these three factors are competitive with one another. Of the three factors, the change in
viscosity is most sensitive to the increase in temperature, and contributes greatly to the increase of
hydraulic conductivity with increasing temperature [22].

4. CONCLUSIONS

The swelling pressures are in the range of 0.7 Kg/cm2 to 190.2 Kg/cm2 under given experimental
conditions. The swelling pressures increase with an increase in the dry density, and they also increase
with increasing the bentonite content. On the contrary, they decrease with initial water content and,
beyond about 12wt% of initial water content, leveled off to a nearly constant value. The relationship of
swelling pressure versus dry density for various bentonite contents can be explained by the concept of
effective bentonite dry density. The hydraulic conductivities of the compacted domestic Ca-bentonite
with its dry density higher than 1.4 g/cm5 are lower than 10"" m/s, which may be enough to meet the
requirement of the preliminary functional criteria for buffer material. The temperature increase in
compacted bentonite increases hydraulic conductivity, which is most sensitive to the change in viscosity.



The experimental results obtained will be useful to the selection of a candidate buffer material for a
high-level waste repository in Korea.
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Abstract

The environmental friendliness of back-end fuel cycle options was studied. One option is the

direct disposal of spent PWR fuel. The other two options are the thermal recycling by reprocessing and

Direct Use of spent PWR fuel In CANDU reactors (DUPIC), respectively. The amounts of deep

geological disposal wastes, that is, intermediate- and high- level wastes, and the thermal and

radiological toxicities of those wastes were investigated for the three options in evaluation of

environmental friendliness during the long-term environment management of the wastes.

1. INTRODUCTION

Korea now has 14 PWRs and 4 CANDUs in operation or under construction. The basis of this

study was to compare the wastes from the three fuel cycle options with the same amount of the

electricity generation, that is, 9.6 GW.a and 4.9 GW.a from PWR and CANDU, respectively. The

electricity generation ratio of 2 to 1 by PWR and CANDU makes the best use of the DUPIC option

with the spent PWR fuels accumulated in Korea by fabricating DUPIC fuel with uniform fissile

contents. The fissile contents of DUPIC fuel are 1.0 % and 0.45 % for uranium and plutonium,

respectively, which result from the optimization study by using 3,600 spent PWR fuel assemblies in

Korea. The fissile contents of these spent fuel assemblies were very different: ± 71.4% and ±20.5% for

U-235 and Pu, respectively, with 95 % confidence level. The reference fuel burn-ups of PWR, DUPIC

and CANDU used in this study are listed in Table 1. The amounts of spent fuel arising from the three

fuel cycle options based on the same electricity generation are shown in Table II.

TABLE 1. REFERENCE FUEL BURN-UP OF PWR, DUPIC AND CANDU USED IN THE

STUDY

Fuel Type PWR DUPIC CANDU
Burn-Up, [MWD/MTU] 35 000 14 800 7000
Composition of DUPIC Fuel PWR SF(82.5%) + SEU(7.8%)+ DU(9.7%)



TABLE H. FUEL CYCLE MATERIAL BALANCE (MTU/Yr)

DUPIC

Reproces
-sing

Direct
Disposal

Fuel
Composi-

tion
PWR
SEU
DEU
PWR
SEU
NU

PWR
SEU
NU

Fresh
Fuel
100

100

100

PWR
Spent
Fuel

-

-

100

Electricity

3500
GWD

(9.6 GWY)

3500
GWD

(9.6 GWY)

3500
GWD

(9.6 GWY)

Fresh
Fuel
100
9.5
11.5

255

255

CANDU
Spent
Fuel

121

255

255

Electricity

1790
GWD

(4.9 GWY)

1790
GWD

(4.9 GWY)

1790
GWD

(4.9 GWY)

2. WASTE GENERATION

The specific amount of radioactive wastes generated from the three fuel cycle options were

estimated in terms of m3 per MTU spent fuel by using the following sources:

(1) DUPIC conceptual design study reported by Scientech and Gamma Engineering on a

DUPIC plant with a scale of 400 MTU/yr,

(2) La Hague and Thorp reprocessing plant data published and private communication, and

(3) The OECD/NEA report.

The amount of waste from Thorp is reasonable estimates averaged over the base-load fuel as the

AGR and PWR fuel for Thorp, that is, not fuel type nor burn-up specific. For intermediate level waste

some fluctuation may occur with differing fuel type and burn-up. The key area, however, is that of fuel

assembly type (reactor type): the greater metal to fuel ratio in the fuel assembly, the greater the solid

waste. For high level waste, the amount of waste is independent of fuel type but will vary slightly with

burn-up in a reasonable linear relationship.

The amounts of intermediate level waste (ILW) and high level waste (HLW), subject to deep

geological disposal, for the three fuel cycle options were estimated and are listed in Table IV. The

principal basis for this estimation is data given in Table II and Table III. Fig. 1 depicts the estimated

results. The DUPIC option uses two times higher burn-up fuel than the other options so that DUPIC

produces two times less spent fuel wastes. The ILW and HLW from the DUPIC process is also less

than that from reprocessing. Fig. 1 shows that DUPIC generates small amounts of ILW and HLW: 80%

of reprocessing and 40 % of direct disposal.



TABLE m. RADIOACTIVE WASTE ARISING FROM DUPIC

Waste Type Source Waste Form Disposal Volume
[m7400MTU] [mTMTU]

Deep
Geological
Disposal

Waste

Dirty Scrap Vitrification
HLW Cs, Ru Vitrification

Sub Total

9.93
40.44
50.37

SF
ILW

H/W
Hulls

Super Compact.
Cemented drum

35.12
30.34

FP
Gas

Kr,Xe
Iodines

Compressed
Ag-Zeolites

13.2
0.492

Sub Total
Total

119.59
129.52

0.025
0.101
0.126
0.0878
0.0758
0.033
0.0012
0.299
0.324

Shallow
Land

Disposal
Waste

LLW H-3, C-14
Operational waste

Cemented drum
Cemented drum

80
764.1

Total 844.1

0.2
1.91

2.11

TABLE IV. DEEP GEOLOGICAL DISPOSAL WASTE ARISING FROM THREE FUEL CYCLE

OPTIONS

ruei uycie
Options

DUPIC

Reprocessing

Direct
Disposal

SF,[tU/y]

100+21*

100

100

From PWR
CF,[m3/tU]

0.32

0.5

1.7

W,[m3/y]

38.7

50

170

From
SF,[tU/y] CF,

121

255

255

CANDU
[m3/tU]

1.7

1.7

1.7

w,
[m3/yl
205.7

433.5

433.5

Total
Waste, [m /yr]

244.4

483.5

603.5

* 21 is the amount of addition of SEU and NU to 100 of PWR spent fuel for DUPIC Fuel Fabrication

3. RADIOLOGICAL TOXICITIES

The long-term radiological characteristics of the HLW from three fuel cycle options were

estimated from the spent fuel compositions of PWR, CANDU and DUPIC by decay calculation using

ORIGINE-2, where the fuel composition of DUPIC fuel was transferred to WIMS-AECL to perform a

DUPIC lattice calculation.

The radiological toxicity for the three options were studied by comparing the radioactivity, thermal

heat generation and ingestion hazard of high level wastes follows: a PWR spent fuel for the direct

disposal, a vitrified HLW for the reprocessing and a DUPIC spent fuel for the DUPIC option.
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Fig. 1. Deep geological disposal waste generations from the nuclear fuel cycle options.

3.1 Radioactivity and Decay Heat

The radioactivity of HLW mainly comes from fission products and actinides made in a reactor

and decays after discharged from a reactor. Most of fission products in general consist of relatively

short lived nuclides comparing with actinides so that they play an important role in an early stage of

decay period, that is, for about the first 100 years after discharge, while actinides becomes more and

more important after 100 years.

The radioactivity from fission products in DUPIC fuel are very different from that in spent

PWR fuel, since many of the important fission products such as Cs, Ru, etc., as shown in Table V, are

released by volatilization due to high temperature of the DUPIC fuel fabrication process. These

nuclides are immobilized in DUPIC process wastes.



TABLE V. FISSION GAS RELEASE DURING DUPIC PROCESS

Elements

iH

2He
35Br

36Kr

53I

54Xe

44Ru
55CS

43 Tc

52 Te

6c

OREOX (%)
100

100
100

10
10
5
1
1
0
5

100

Sintering (%)

10
10
10

1
10
25

5
-

Total (%)
100

(50% from clad defect)
100
100
20
20
15
2

11
25
10

100

It can be seen in Fig. 2 that the radioactivities of the three options are comparable to each other

in a short period of decay up to about 100 years after discharge. The reprocessing option shows the

least radioactivity in the long term. This is mainly due to the recovery of plutonium that has a

dominant impact in the long term. The radioactivities of three fuel cycle options represent exponential

decreases with cooling time. And we can also see that the DUPIC option shows less radioactivity than

the other two options during the first 100 years. This is caused by the gaseous and semi-volatile

nuclides released from the spent PWR fuel during the OREOX and sintering process. The radioactivity

of the HLW after 100 years of cooling time decreases to a great extent, since the uranium and

plutonium was separated and recycled. After 5x104 years, some actinides and daughters built up in

spent DUPIC fuel prevent the radioactivity from decreasing radically. The release rates of decay heats

from the fuel cycle options were shown in Fig.3. In the once-through and reprocessing options, fission

products mainly contribute to the decay heat release during the first 100 years, and then the actinides

and daughters do. In the DUPIC option, however, the actinides become the principal nuclides for the

decay heat release from the initial stage of cooling.

Radioactive Ingestion Hazard

Fig. 4 and Table 6 show that the content of fission products of each fuel cycle option is the domination

factor on its radioactive ingestion hazard index during several hundred years after discharge. After this

period, a lot of fission products decay out. And then long-lived actinides and daughters become the

principal nuclides imposing a radiological hazard upon the public. Due to these reasons, spent DUPIC

fuel have less radiotoxicity rather than other two options during the first 100 years after discharge.
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TABLE VI. CONTRIBUTION OF ACTINIDES (Act.), FISSION PRODUCTS (F.P.) AND

ACTIVATION PRODUCTS (A.P.) TO RADIOACTIVE INGESTION HAZARDS OF NUCLEAR

FUEL CYCLE OPTIONS

(unit: m3 water/tHM)

Cooling Time

(years)

1

10

50

100

500

1,000

5,000

10,000

100,000

1,000,000

Act.

2.16E09

1.73E09

1.59E09

1.39E09

6.78E08

3.85E08

1.24E08

9.50E07

5.97E07

2.78E07

Spent PWR Fuel

F.P.

3.57E11

2.15E11

8.27E10

2.52E10

2.98E06

1.10E06

1.09E06

1.07E06

8.40E05

5.66E05

A.P.

6.18E06

1.55E06

5.54E04

3.01E04

2.72E03

1.15E03

7.64E02

5.32E02

2.01E02

2.00E01

Spent DUPIC

Act.

4.47E10

1.05E10

7.69E09

5.50E09

8.26E08

4.17E08

1.27E08

1.23E08

3.73E08

7.92E07

F.P.

1.30E11

6.53E10

2.51E10

7.64E09

4.69E05

4.15E05

4.10E05

4.03E05

3.23E05

2.24E05

Fuel

A. P.

1.28E10

7.73E08

9.98E06

3.39E06

2.33E06

1.74E06

1.76E05

1.34E04

2.75E03

8.09E02

Act.

6.22E08

3.03E08

1.28E08

7.86E07

3.41E07

1.82E07

4.95E06

3.66E06

2.26E06

1.92E06

HLW

F.P.

3.29E11

2.13E11

8.19E10

2.49E10

2.42E06

5.60E05

5.44E05

5.26E05

2.99E05

4.57E04

A.P.

5.36E06

1.42E06

4.86E04

2.88E04

1.85E03

3.29E02

1.85E02

1.32E02

4.83E01

7.54E-1



However, after about 10 000 years, spent DUPIC fuel represents higher radioactive ingestion

hazard index rather than spent PWR fuel. This is caused by a great deal of build-up of actinides and

daughters in spent DUPIC fuel, as seen in Table VI.

The long-term radiological, thermal and ingestion hazards of the high level wastes of the three

fuel cycle options were represented in Fig.2. We found that in a short period of time up to about 100

years the radiological hazards of the three options are comparable to each other but in the long term

that of the reprocessing option is the least due to the recovery of plutonium which has a dominant

impact in the long time. The radiological hazards of the DUPIC and direct disposal options are

comparable. This result indicates that the DUPIC option does not add much hazard to PWR spent fuel

by one more burning in CANDU reactors.

4. CONCLUSIONS

By comparing the amount of wastes and evaluating their long-term radiological impacts, we

concluded that DUPIC is the best choice among the three options from the view point of environment

friendliness. Needless to say, the proper combination of two types of reactors, PWR and CANDU, is

the prerequisite of this conclusion.
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Abstract

The catalytic activities for a hydrogen isotope exchange were measured through the reaction of a vapor

and gas mixture. The catalytic activity showed to be comparable with the published data. Since the gas velocity is

relatively low, the deactivation was not found clearly during the 5-hour experiment. Hydrogen isotope transfer

experiments were also conducted through the liquid phase catalytic exchange reaction column that consisted of a

catalytic bed and a hydrophilic bed. The efficiencies of both the catalytic and hydrophilic beds were higher than

0.9, implying that the column performance was excellent.

1. INTRODUCTION

Tritium concentrations in the moderator and the heat transport systems of a CANDU reactor have

been increased due to the neutron irradiation of heavy water. This leads to additional public exposure,

which subsequently requires the tritium removal facility (TRF) at the PHWR site to reduce the tritium

concentration to the desired extent.

The liquid phase catalytic exchange (LPCE) process combined with cryogenic distillation

(CD) is one of the available processes for practical application. A hydrophobic catalyst is essential in

the LPCE process for preventing the dramatic reduction of the catalytic activity during a reaction, and it

has been improved by Atomic Energy of Canada Limited (AECL) since the 1970s [1]. Recently,

KAERI/KEPRI have also developed a hydrophobic catalyst consisting of polystyrene support and

platinum. The catalyst has enough surface area and water expelling property for forwarding the

gas-vapor-water reaction adequately.

The overall reaction for transferring a hydrogen isotope from the liquid phase to the gas phase

consists of two steps: a catalytic reaction at the catalytic bed in gas-vapor phases, and a mass transfer

reaction at the hydrophilic bed in vapor and liquid. The efficiency of the LPCE column is, therefore,

dependent on both the catalyst and the hydrophilic packing material.

This study describes the performance of the catalyst and the LPCE column. The catalytic activity was

measured by the vapor-gas reaction in separately designed reaction column. The overall reaction

efficiency was also measured through a column in which each stage was comprised of a catalyst bed for

the gas-vapor reaction and a hydrophilic bed for the mass transfer between vapor and liquid.
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FIG.I. Schematic view of experimental apparatus for hydrogen isotope exchange reaction.
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FIG. 2. The catalytic activity change with time.

The experimental apparatus for the LPCE column is shown in Fig. 1. The column included a

humidifier to saturate the inlet gas, and two stages in which both the catalyst bed and the hydrophilic bed

were configured. The deuterium in heavy water streamed in from the top of the column and the

hydrogen gas flowed up from the bottom of the column, resulting in the transfer of deuterium from the

heavy water to the hydrogen gas. The outlet concentration of deuterium in the hydrogen gas was

measured by a gas chromatograph to analyze the column performance.

Catalytic activity was measured in a similar column. It contains a catalytic bed and a saturator.

The water was vaporized at the saturator under the catalyst bed, then mixed with the

hydrogen-deuterium gas, and the mixture flowed up to the catalyst bed. The outlet deuterium

concentration in the hydrogen gas mixture was measured to determine the catalytic activity.
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FIG. 3. Experimental results for hydrogen isotope exchange reaction.

3. RESULTS AND DISCUSSION

The catalytic activity, as shown in Fig. 2, kept its activity invariant for about 5 hours. The

measured results are comparable with other published data [2] even though the experimental conditions

are a little different. The hydrogen velocity in this experiment is 0.1 m/s that is relatively slower than the

data [2] where the velocity is higher than at least 0.15 m/s. This explains that the catalytic activity in this

figure has not significantly changed with time, while the data [2] showed remarkable catalytic

deactivation with time due to a more severe experimental condition for catalytic deactivation.

Model calculations for the outlet concentration of deuterium in hydrogen providing the

efficiencies of the catalytic bed, r|c and the hydrophilic bed, r|p are available elsewhere [3,4]. Fig. 3

shows the experimental results of the outlet concentration of deuterium, and compares them with the

computed results carried out with assumed r|c and T|p values. The column efficiency increased with the

number of stages, as shown in the figure. The increase of the molar ratio ofgas to liquid also raised the

column efficiency. The experimental results lay between the computed results with r|c=1.0 and r|p=1.0

and the results with r|c=0.9 and r|p=0.9. This implied that the column performance with respect to the

internal design configuration was excellent.

4. CONCLUSION

Activity of the catalyst manufactured by KAERI/KEPRI was measured and compared with the

published data. The results were satisfactory. The catalytic activity has not been significantly changed

for 5 hours, for the gas velocity is relatively low. LPCE column experiments were conducted and the

model calculation was used to compare experimental results and calculation results. The comparison

showed that both the efficiencies of the catalytic bed and hydrophilic bed are higher than 0.9, implying

the column performance was fair.
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Abstract

The purpose of this study is to evaluate the applicability of the fly ash ceramic foam filter to

trap gaseous cesium generated during the OREOX and sintering processes of DUPIC green pellets.

The trapping experiments of gaseous cesium generated from different cesium compounds using fly ash

filters were carried out in a two-zone furnace under air and hydrogen (Ar/4% H2) conditions. XRD and

SEM analyses were used to analyze reaction products of different cesium compounds with fly ash

filters. To manufacture ceramic foam filters, fly ash with a Si/Al mole ratio of 2.1 and polyvinyl

alcohol as binder were used. Reaction products formed by the trapping reaction of different cesium

compounds with fly ash filters were investigated. The major reaction products of gaseous cesium

generated from cesium silicate and Csl by fly ash filters indicated that pollucite (CsAlSi2O6) phase

was formed under air and hydrogen conditions when the carrier gas velocity was 2 cm/sec. The

minimum reaction temperature of fly ash filter with gaseous cesium was determined as about 600°C.

Finally, off-gas treatment system of sintering process in a hot cell of IMEF was explained as an

application example of fly ash filter for trapping gaseous cesium.

1. INTRODUCTION

Semi-volatile gaseous radioactive wastes, such as cesium and ruthenium, can be released

from the Oxidation and Reduction of Oxide fuel (OREOX) process for manufacturing the Direct Use

of PWR Spent Fuel in CANDU (DUPIC) nuclear fuels [1]. They are also expected to be released at

high temperature during vitrification processes and imaginary fire accidents during their storage.

Among semi-volatile gaseous radioactive wastes, cesium is one of the most hazardous and leachable

radioactive fission products. Among well-known cesium aluminosilicates such as cesium nepheline

(CsAlSiO4), pollucite (CsAlSi2O6) and CsAlSi5Oi2, pollucite has been recommended as a preferable

phase for fixing cesium because of its low leach rate, low solubility and good thermal stability and

leach resistance [2, 3].



Fly ash is a finely divided particle between 1 and 150 |um entrained in flue gas, which is

produced at a ratio of 15- 45% of the raw coal as a by-product when fine coal powder is burned. The

remaining amount of fly ash is stored in an ash pond after changing it into slurry form in most coal-

fired power plants. It is known that fly ash is a serious pollutant of ground water and soil due to the

leaching of potentially toxic substances from an ecological and an economical point of view. Currently,

small amounts of fly ash are utilized, mainly as a raw material in the cement industry and a composite

material of concrete [4, 5].

It was recently suggested by Park, et al., that fly ash could be used as the raw material for

trapping gaseous cesium because of Si/Al mole ratio corresponding approximately to that of pollucite

[6]. The cesium loading quantity was determined from their research. Thermal stability of fly ash after

trapping cesium was also studied [7]. Cesium compounds such as Cs2O, Csl, Cs and CsOH are

expected to be generated during the OREOX and sintering processes of DUPIC fuel fabrication.

Therefore, a fly ash filter should trap these cesium compounds, which is supposed to be used in the

off-gas treatment systems of DUPIC fuel fabrication process. To apply for these off-gas treatment

systems, it is necessary to understand trapping characteristics of gaseous cesium generated from

different cesium compounds by a fly ash filter.

Experiments are performed to evaluate trapping characteristics of gaseous cesium with fly

ash filters in a two-zone furnace of 50 mm I.D. alumina tube under air and hydrogen conditions. X ray

Diffractometry Analyzer (XRD) and Scanning Electron Microscope (SEM) were used to analyze each

reaction product from different cesium compounds with fly ash filters. Finally, the off-gas treatment

system for sintering process of DUPIC fuel in a hot cell of EVIEF (Irradiated Material Examination

Facility) at KAERI was commented briefly.

2. EXPERIMENTAL

Fly ash from Boryung coal fired power plant was used. The chemical composition is shown

in Table I. To manufacture the fly ash filter, fly ash and binding material were mixed together to make

an uniform slip solution. This slip solution was impregnated with a polyurethane sponge. Drying and

sintering processes were followed. The fly ash filter has an inner diameter of 44 mm, thickness of

9mm, average weight of 11.5g. The weight ranges from 10.1 g to 13.4g. The pore density of fly ash

filter manufactured ranged from about 20 to 33 pores per linear centimeter. The color of fly ash filter

was brown. Various cesium compounds such as cesium silicate, Csl and CsOH were used as the source

material of gaseous cesium. Cesium silicate glass was prepared mixing CsNO5 and SiO2 quantitatively

to be the composition of Cs2Si03(Cs20Si02). The mixture was reached at 1100°C for 30 minutes,

cooled, and powdered for the experiment.



TABLE 1. CHEMICAL COMPOSITION OF FLY ASH

Constituents

SiO2

A12O3

Fe2O3

CaO

MgO

Na2O

K2O

TiO2

Others

Total

w t %

62.04

25.02

5.88

1.39

0.68

0.36

2.10

0.09

2.44

100.0

The trapping experiments were run using different cesium compounds as a source of volatile

cesium, with trapping temperatures from 500°C to 1000°C for 6 hours at 2 cm/sec of carrier gas under

air and hydrogen (Ar/4% H2) conditions. The two-zone furnace of 5.0cm I.D. alumina tube is shown in

Fig. 1. In the first hot zone, cesium compounds were used to generate a controlled source of gaseous

cesium, which was scheduled to pass through the fly ash filters mounted in the second hot zone.

The XRD (Siemens, D-5000) technique was applied to analyze phases of the reaction

products. The X ray that was used was a Cu Ka ray and the scanning rate was 2° /min. The angle, 26,

was within the range of 15° to 60°. SEM (Scanning Electron Microscope, Jeol, JSM-5200) was also

used to observe reaction products of fly ash filter with cesium compounds.

Cooling water

Gas in
s source

_L
Filter

Cs Volatilization Cs trapping
zone zone

Vent

Water bottle

FIG.l. Schematic diagram of the experimental apparatus for trapping Cs.



3. RESULTS AND DISCUSSION

3.1. Observation of fly ash filter and reaction products

When cesium silicate glass was used as a source of gaseous cesium, the color of the fly ash

filter changed from brown to dark brown with temperature increasing under air condition. It changed

from gray to black with temperature increasing under hydrogen condition. When cesium iodide and

cesium hydroxide were used as a source material, the same color change was observed. In case of

cesium hydroxide, however, it changed from gray to dark blue with temperature increasing under

reduction atmosphere. The typical photographs before and after trapping gaseous cesium generated

from CsOH at 800°C under the hydrogen condition were shown in Fig. 2.

Micrographs of fly ash filters before and after trapping gaseous cesium generated from

CsOH at 800°C under the hydrogen condition are shown in Fig 3. Unreacted fly ash filter has smooth

and flat surface, but its shape is completely different from that of original fly ash particle having

spherical shape. Meanwhile, microscopic observation of fly ash filter after trapping gaseous cesium as

shown in Fig. 3, indicates that it has new rough surface, which are determined to have pollucite and

Cs-nepheline phases by XRD analysis.

(After)

FIG. 2. Photographs of fly ash filters before and after trapping gaseous cesium.

3.2. Phase analysis

The result of phase change with cesium compounds and trapping temperature was shown in

Tables II, III and IV. As indicated in Table II, pollucite was formed in the fly ash filters over 600°C

under both air and hydrogen (Ar/4% H2) conditions as a result of trapping gaseous cesium generated

from cesium silicate. It was confirmed that fly ash filter could be used to trap gaseous cesium



generated from cesium silicate. As shown in Table III, same result was obtained when cesium iodide

was used as a source material. The typical XRD result of fly ash filter after trapping gaseous cesium

from cesium iodide 800°C under air condition was shown in Fig. 4. This result corresponds to the

result of Park, et al., who performed similar experiment using cesium iodide and fly ash powder [6].

For the fly ash filter after trapping gaseous cesium generated from cesium hydroxide, pollucite was

formed from 600°C to 700°C under both air and hydrogen conditions as shown in Table IV.

Meanwhile, Cs-nepheline and pollucite phase were formed from 800°C to 1000°C under both

oxidation and reduction conditions as shown in Table IV. It was indicated that Cs-nepheline as well as

pollucite were formed from 800°C to 1000°C. The reason for this might be due to the increase of

cesium loading quantity, which should be controlled for the optimum trapping of gaseous cesium with

fly ash filter.

I I S IK V

(Fly ash filter) ( Fly ash filter reacted )

FIG. 3. SEMmicrograph of the fly ash filters before and after trappping gaseous cesium generated

from CsOH at 800"C under the hydrogen condition.

3.3. Application of fly ash filter for sintering process of DUPIC fuel

Fly ash filters will be used for trapping gaseous cesium generated during OREOX and

sintering processes of DUPIC green pellets. In order to show an example of fly ash filter to be applied

for DUPIC manufacturing process, the off-gas treatment system for sintering process in IMEF was

shown in Fig. 5. As shown in Fig. 5, it consists of Cs trapping unit, TGT (Thermal Gradient Tube) and

HEPA filter, etc. More than 90% of cesium is expected to be volatilized in sintering process, which

will be implemented at 1650°C under hydrogen (Ar+4% H2) condition during 8 hours. Cs trapping unit

of 80 mm in I. D. and 250 mm in height will be performed to trap gaseous cesium at about 800°C. Fly

ash will be mounted to in the Cs trapping unit as a form of disk of 80 mm in diameter and 7 mm in

thickness. To prevent the condensation of gaseous cesium in a connection tube between cesium

trapping unit and sintering furnace, a connection tube was designed to be heated at 500°C.



Cesium compounds such as CsOH and Csl, etc., are expected to be generated during the

sintering process of DUPIC fuel fabrication process. Therefore, gaseous cesium compound of CsOH

and Csl should be trapped on a fly ash filter as forms of pollucite and Cs-nepheline during sintering

process under hydrogen condition, which could be understood from Tables III and IV. Although the

minimum reaction temperature between fly ash filter and gaseous cesium generated from Csl and

CsOH was determined as about 600°C, real reaction temperature to be used is considered to be at

800°C because of reaction rate and reactor volume.

TABLE H. XRD ANALYSES OF TRAPPING EXPERIMENTS FOR GASEOUS CESIUM

GENERATED FROM CESIUM SILICATE GLASS

Trapping
Temperature

500°C

600°C

700°C

800°C

900°C

1000°C

Cesium <

Air condition

Cristobalite, Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

silicate glass

Hydrogen condition

Cristobalite, Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite



TABLE III. XRD ANALYSES OF TRAPPING EXPERIMENTS FOR GASEOUS CESIUM GENERATED

FROM CESIUM IODIDE

Trapping
Temperature

500°C

600°C

700°C

800°C

900°C

1000°C

Csl

Air condition

Cristobalite Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Hydrogen condition

Cristobalite Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

TABLE IV. XRD ANALYSES OF TRAPPING EXPERIMENTS FOR GASEOUS CESIUM

GENERATED FROM CESIUM HYDROXIDE

Trapping
Temperature

500°C

600°C

700°C

800°C

900°C

1000°C

Air condition

Cristobalite, Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cristobalite
Quartz, Mullite

Pollucite, Cs-nepheline
Cristobalite, Quartz, Mullite
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FIG. 4. Xray diffraction pattern of the fly ash filter reacted with gaseous cesium generated from Csl

at 800 °C under the air condition.
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4. CONCLUSION

The two-zone furnace experiments were performed to evaluate and determine trapping

characteristics and minimum reaction temperature of gaseous cesium generated from different cesium

compounds with fly ash filter. The trapping results of gaseous cesium generated from cesium silicate,

Csl and CsOH by fly ash filters indicated that pollucite (CsAlSi2O6) and Cs-nepheline (CsAlSiO4)

were mainly formed. The minimum reaction temperature between fly ash filter and gaseous cesium

generated from cesium silicate, Csl and CsOH was determined as about 600 °C.
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Abstract

The adsorption characteristics of methyl iodide generated from the simulated off-gas stream on various
adsorbents such as silver-impregnated zeolite (AgX), zeocarbon and activated carbon were investigated. An
extensive evaluation was made on the optimal silver impregnation amount for the removal of methyl iodide at
temperature up to 300°C. The degree of adsorption efficiency of methyl iodide on silver-impregnated adsorbent is
strongly dependent of impregnation amount and process temperature. A quantitative comparison of adsorption
efficiencies on three adsorbents in a fixed bed was investigated. The influence of temperature, methyl iodide
concentration and silver impregnation amount on the adsorption efficiency is closely related to the pore
characteristics of adsorbents. It shows that the effective impregnation ratio was about 10wt%, based on the
degree of silver utilization for the removal of methyl iodide. The practical applicability of silver-impregnated
zeolite for the removal of radio iodine generated from the DUPIC process was consequently proposed.

1. INTRODUCTION

During the irradiation of nuclear fuel in nuclear power plants, various hazardous radionuclides
are generated. In connection with the health and environmental impacts, specially, the preventing of
the release of these radioactive materials to the environment has become a very important issue in
nuclear-waste R&D program. Among these radioactive wastes, it is widely recognized that
radioiodines such as elemental iodines (I, I2), organic iodide (CH3I) and hypoiodous acid (HOI) are
the most important nuclides due to their volatility and the significant radiological effects on the
human body and environment [ 1,2]. Controlling the release of these species depends on the design of
the off-gas treatment and ventilation systems within each particular process of nuclear power plant
and also on the reactor type.

The removal of radioiodines from the gaseous effluents of nuclear power plant has generally
been performed using activated carbon [3-6]. Specifically, the technology for the retention of
radioiodine has been improved by the impregnation of activated carbon [3-5]. Tertiary amine-
impregnated carbons have been originally developed for the control of various halide-type toxic gases
to form the stable quaternary salts on the surface of activated carbon [5]. Their use to control the
organic radioactive halides, especially CH3I, has been introduced by Collins et al. [6]. Among these
halide complexing amines, TEDA (TriEthylene DiAmine) is widely used in the world for nuclear
facility air cleaning [4].

During the past several decades, carbon adsorbents, such as Kl-impregnated and TEDA-
impregnated activated carbons have been widely studied. Although activated carbon has been
successfully used in power plant, activated carbon cannot be considered as a primary sorbents at high
temperature systems, because of its low ignition temperature and its adverse reaction with nitrogen
oxide [5]. These factors virtually rule out the use of this material at high temperature systems like
DUPIC (Direct Use of Spent PWR Fuel In CANDU Reactor) process. As a result, the promising
approach to the problem of iodine removal under high temperature conditions is to use of inorganic
adsorbents in which a stable iodine compound is formed. Numerous studies for the removal of
radioiodine from off-gas stream of nuclear facilities have been performed with various silver-
impregnated inorganic adsorbents [7-11]. These systems in which adsorbents function as primary



filtering of radioiodine have some advantages in their simplicity and smaller amounts of secondary
radioactive wastes in comparing with wet processes. Although a number of studies have been
conducted to evaluate the loading of both elemental and methyl iodide on silver impregnated zeolite
(AgX), these studies focused primarily on the macro-scale (deep-bed) during evaluating the material
under a broad range of process conditions and contaminants for total bed loading at the time of
breakthrough. A few studies have evaluated the equilibrium and maximum loading capacities of the
AgX [7-13]. In our laboratory, preliminary performance tests for the removal of methyl iodide by
various silver-impregnated adsorbents had already been carried out [14]. However, more detailed
studies are needed to establish a silver utilization for the removal of radioiodine as a function of
process temperature.

The purpose of this study is to evaluate the characteristics of gaseous methyl iodide trapping on
the base adsorbents including AgX. In this approach, the influence of impurities such as water vapor
or nitrous oxide was not considered. The comparison of loading capacities on various adsorbents was
carried out in a fixed bed, based on the saturation of adsorption capacity in all experimental tests.
Major parameters affecting adsorption behaviors are temperature, input concentration of methyl
iodide, and silver impregnated ratio. From the standpoint of silver utilization for the removal of
methyl iodide both the optimal operating temperature and the effective silver impregnated ratio were
determined.

2. EXPERIMENTAL

2.1. Materials

The sodium form zeolite (NaX) of 8—16 mesh of Linde Molecular Sieves 13X(Supplied by
Aldrich Co., USA) was used to prepare a silver-impregnated zeolite, AgX. As a preliminary
experiment to compare the adsorption capacity of other adsorbents, zeocarbon(ZC) of 2~3 mm sphere
(ZEOBUILDER Co., KOREA) and activated carbon of 8-16 mesh granule (Supplied by SAM CHUL
RI Co.,KOREA) were also selected. Zeocarbon is composed of activated carbon (40 wt%) and zeolite
5 A (60 wt%). Table 1 shows the physical properties of various base adsorbents used for methyl iodide
removal.

TABLE 1. PHYSICAL PROPERTIES OF VARIOUS BASE ADSORBENTS

Adsorbents

Average Pore Diameter, A

Surface Area, m /kg,

Total Pore Volume, m7kg

Micropore Volume, nr/kg

MS-13X

24.5

7.99 x 105

3.56 x 10"*

2.37 x 10"*

Zeocarbon

26.6

5.29x 105

3.82 x 10"*

2.15 x 10"*

Activated Carbon

10

1.437x 106

7.67 x 10"*

4.25 x 10"*

2.2. Impregnation (or ion exchange) technique

The silver-impregnation of zeolite was prepared through ion exchange in a batch reactor. Prior
to water exposure, NaX was purged with a water-saturated air stream at room temperature for three
days to equilibrate it with moisture. This prevents bead fissure of the NaX on soaking in water.
Zeolite was washed with distilled water to remove fines. The NaX stirred with magnetic bar in the
beaker was exchanged with silver nitrite (AgNOj) for 8 hours at room temperature. After an ion
exchange, AgX was washed with distilled water to remove the excess salt ions. The AgX was dried to
a constant weight in a vacuum oven at 150°C for 24 hours. Then, silver-impregnation amount of each
AgX was obtained by weight gains from initial weight of 13X. The physical properties of AgX
measured by BET-N2 analysis are listed in Table II.



TABLE H. PHYSICAL PROPERTIES of SILVER IMPREGNATED ZEOLITE

Adsorbents

Pore Size, A

Surface Area, m /kg
Total Pore Volume, m7kg

Micropore Volume, nr/kg

NaX
(13X)
24.5

7.99 x 105

3.56 x 10"4

2.37 x 10"4

AgX
(10wt%)

24.4

7.95 x 105

3.22 x 10"4

2.05x 10"4

AgX
(20wt%)

23.4

7.2 x 105

2.88 x 10"4

1.92x 10"4

AgX
(30wt%)

23.6

6.99x 105

2.81 x 10"4

1.83x 10"4

2.3. Adsorption/desorption experimemts

The schematic diagram of experimental apparatus was shown in Fig. 1. The vapors of methyl
iodide are produced from an evaporation of aqueous methyl iodide. Gas-phase concentration is
adjusted by controlling the liquid temperature and the nitrogen flow rate to methyl iodide generators.
Dry air was used as a carrier gas at 4 l/min, linear velocity of 0.26 m/sec. All parts of the system, the
adsorption column, mixing baffle and gas flow lines, were made of glass and pyrex to prevent the
elemental iodine plate-out and methyl iodide trapping. Temperature of the adsorption column (0.018
m I.D. x 0.6 m Length) was changed up to 300°C by heating electric furnace. Constant amount of
adsorbents is packed in an adsorption bed. The gaseous methyl iodide enters to column packed with
constant amount of adsorbent. The methyl iodide concentration from the effluent was analyzed by the
gas chromatography with a pulse discharged detector (PDD) and GS-Q capillary column at oven
temperature of 140°C.

Dry Air

Vent

FIG. 1. Schematic digram of methyl iodide adsorption under a high temperature condition.



3. RESULTS AND DISCUSSION

In order to compare the adsorption capacities of methyl iodide on three kinds of base
adsorbents, such as activated carbon, zeocarbon and 13X, preliminary tests were carried out at
constant test conditions, stated in experimental section. Fig. 2 showed the variation of adsorption
amounts of methyl iodide for three base materials at a temperature range of 30°C to 300°C. It indicates
that the activated carbon has an excellent adsorption capacity at 30°C compared to the others. The
adsorption capacity, however, of activated carbon markedly decreases as the temperature increases.
On the other hand, 13X showed the higher adsorption capacity of methyl iodide as the temperature
increases. Zeocarbon shows a similar adsorption pattern of activated carbon at higher temperature
range. It implies that synergy effect due to the mixing of two materials has not appeared in adsorption
capacity. Low adsorption capacities on both activated carbon and zeocarbon at high temperature
would be caused by higher desorption rate than adsorption rate. As reported in previous investigation
[15], this result would be another evidence that activated carbon has poor methyl iodide retention at a
high temperature range compared to zeolite 13X. The increase in the adsorption capacity of methyl
iodide on 13X at a higher temperature up to 300°C is due to both physisorption and chemisorption
occurred in the zeolite matrix.

FIG. 2. Adsorption amounts of methyl iodide on various base adsorbents as a
function of temperature.

Adsorption capacities of methyl iodide on the various AgX were evaluated as a function of a
temperature and the amount of silver impregnation. Tests were conducted to determine the maximum
adsorption capacities of 13X and three types of AgX, such as 10, 20 and 30 wt%. Variations between
adsorbed amounts and desorbed amounts of methyl iodide are shown in Fig. 3 and 4, respectively. As
shown in Fig. 3, the adsorption capacity of methyl iodide on each AgX showed the maximum value in
the temperature range of 150°C to 200°C. It would be convinced that the optimal temperature for
removal of methyl iodide by AgX is about 200°C. The decrease in adsorption amounts at 300°C may
be due to the higher desorption rate than the adsorption rate including chemical reaction between
silver and methyl iodide. It is observed that a high silver impregnation amount is attributed to an
increase of adsorption capacity of methyl iodide. The adsorption amount of methyl iodide, however, is
not proportional to their silver amounts. This result would be inferred that all impregnated silver in
the matrix would not chemically react with the methyl iodide as silver amount increases. It seems that
a higher silver impregnation would causes the partial blocking of the adsorption sites to increase the
portion of the unreacted silver in the matrix.



FIG. 3. Adsorption amounts of methyl iodide on 13X and various AgX as a function
of temperature (Weight = 7.05g, Input cone. =2.5x10^ mol/l).

FIG. 4. Desorption percent of methyl iodide on 13X and various AgX as a function
of desorption temperature.

According to the previous studies [10, 13], elemental iodine and methyl iodide has a kinetic
diameter of ~ 5 A and ~6 A, respectively. In general, the average pore size of 13X is ~12A in radius.
The effective pore sizes could be slightly changed by substituting Ag+ for Na+. As indicated in Table
1, the reduction in a total pore volume of AgX, especially micropore volume seems to be almost
proportional to the impregnated silver amount. However, the decrease in surface area of AgX with
10 wt% is not so great compared to other AgX sorbents. It was also reported that no silver nodules on
AgX or AgZ were detected [10]. As a result, partial blocking of micropore due to Ag impregnation
forms AgX sites which methyl iodide molecules hardly diffuse into.

As mentioned earlier, the relatively high silver impregnation shows the increase of unreacted
portion of silver in methyl iodide adsorption. The adsorption capacity at a given silver impregnation
amount showed the maximum value in a range of 150°C ~ 200 °C. Based on a stoichometric chemical
reaction between methyl iodide and silver, the silver utilization attributed to the removal of methyl
iodide depends on the silver amount impregnated in a zeolite matrix. As shown in Fig. 5, the highest
silver utilization percent of- 85 % was obtained at the 10 wt% of AgX. It indicates that maximum
theoretical loading on AgZ (or AgX) is 237 mg I2/g-adsorbent [10, 12].



FIG. 5. Utilization percent of silver for the removal of methyl iodide on various
silver impregnated zeolite based on the chemical reaction.

The previous studies reported the reaction between methyl iodide and silver on AgZ as
following equation [10, 12, 13]:

CH3I + H2O + Ag+ o Agl + CH3OH + H+
CH3I + CH3OH + Ag+ o Agl + CH3OCH3 + it

(1)

However, the exact mechanism of reaction between methyl iodide and AgX has not yet been
reported. Therefore, in order to identify this mechanism, some experiments to analyze the following
reaction under the absence of water vapor will be performed.

2CH3I + 2Ag+ o 2AgI

4. CONCLUSIONS

or 2CH3I + Ag2O o Agl + CH3OCH3 (2)

Removal capacity of methyl iodide on various silver impregnated zeolites (AgX) was evaluated
as a function of temperature and silver impregnated amount. As the result of preliminary test, zeolite
13X as a base adsorbent showed the good performance in removal of methyl iodide at a high
temperature up to 300°C compared to the activated carbon and zeocarbon. The maximum adsorption
capacity of AgX was observed at the range of 150 to 200°C. The adsorption capacity of AgX increases
when the silver amount becomes higher. However, it was found that the 10 wt% of AgX as an optimal
silver-impregnation ratio resulted in silver utilization of about 85% for the effective removal of
methyl iodide at 150°C.
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Abstract

The two kinds of soil decontamination techniques were studied, one by electrokinetic soil processing and the
other by soil washing. In electrokinetic decontamination test, the kaolin clay artificially contaminated with Cs ion
was used. The results show that the removed fraction of Cs ion is proportionate to the applied electric potential and
time and that the electroosmotic permeability coefficient of this system is 4.27 x 10"6 cm /V.s. Decontamination
behavior of EDTA solution was examined with the soil contaminated with Co2 ion at various [EDTA], pH, and
temperature. The results show that the desorption of Co ion by EDTA takes place and the ferric ion is dissolved out
from the soil. This could be explained by the dissolution of FeO(OH) by H and CoEDTA2" ions. The amount of
desorbed Co2 ion at a given temperature is found to be proportional to that of the dissolved Fe3 ion, and the amount
of dissolved Fe3 ion is steeply increased with the solution temperature.

1. INTRODUCTION

The presence of radionuclides and toxic metals such as Cs, Co, Sr, As, Cd and Cr in soil at nuclear and
other facilities is a major environmental concern. For decontamination of the waste material, radionuclide
contaminants must be removed from the contaminated site so that the site can be returned to a useful
condition. It would be desirable to the environment to provide a comprehensive method for the removal
of radionuclides from contaminated sites with reclamation of the soil.

One technology which has recently received attention is the electrokinetic soil processing. This technique
uses low level direct current on the order ofmA/cm2 of cross-sectional area between the electrodes or an
electric potential difference on the order of few volts per centimeter across electrodes. The principal
mechanisms by which contaminants transport takes place under the action of an electric field are
electromigration and electroosmosis. Electromigration is simply the transport of a radionuclide ion in
solution, and the ion velocity is proportional to the electric field strength and ionic charge number. In
electroosmosis, a liquid containing radionuclides moves relative to a stationary charged surface. The
convective liquid velocity from electroosmosis is given by the Helmholtz-Smoluchowski relation.
Predominantly liquid movement is from the anode to the cathode due to the negatively charged soil
surface. Cs-137 is an important radionuclide pollutant arising from nuclear power plant, nuclear facility
and hospital. In addition, cesium is an alkali metal element and mainly exists in the environment as a
monovalent cesium. Cesium ion forms practically no complexes, and very few insoluble compounds.

Soil washing has been proposed in recent years for the removal of radionuclides, heavy metals and
organic compounds from contaminated soils. Contaminants sorbed onto fine soil particles are separated
from bulk soil in an aqueous based system on the basis of particle size. The remediated coarse soil can be
returned to the excavation zone, and the smaller volume of soil containing the contaminants is disposed.
The effectiveness of soil washing as a remediation technique depends mainly on the type of binding
processes that exists between the contaminants and the soil particles. Contaminants in soils may be found
adsorbed or precipitated on the soil surfaces or as distinct particles. If a contaminant exists mainly
adsorbed form, the finer soil particle fractions tend to contain higher concentrations of that contaminant.
This phenomenon can be attributed to the fact that finer particles possess greater surface areas per unit
mass than the coarser sized fractions of soils[l]. The wash water may be augmented with a basic leaching
agent, surfactant, pH adjustment, or chelating agent to help remove contaminants. A wide variety of
reagents have been used in decontamination efforts, with chelating agents generally preferred since they
form stable, water soluble complexes with a variety of metals and radionuclides. The most commonly
used are EDTA, oxalic acid, citric acid, NTA, and DTPA.



In this study, the feasibility of using electrokinetics to remove Cs+ ion from the clayey soil is discussed.
Preliminary results of the variation of the electroosmotic velocity, along with the decontamination
performance on the Cs+ ion, are presented. And, decontamination behavior of EDTA solution was
examined with the agricultural soil contaminated with Co + ion at various [EDTA], pH, and temperature

2. EXPERIMENTAL

2.1. Electrokinetic soil processing

Saturated clay samples were prepared from the dry powder kaolin clay of Showa Chemicals Inc. The dry
powder was mixed with an aqueous solution of 0.01M Cs+ ion to a liquid fraction of 40 % by weight. A
laboratory scale experimental apparatus is shown in Figure 1. The cylindrical test cell has an inside
diameter of 2.8 cm and a length of 20.0 cm. This cell was connected to the anode assembly at one end and
to the cathode assembly at the other end. Provisions were made in the anode and cathode compartments
for attaching filter papers, stainless steel sieve and titanium electrode from the soil sample end face. The
homogenized mixture was loaded into the test cell gradually. Tapping the test cell was repeated until
nearly all of the air bubbles were removed. The systems were designed to conduct in a few days. Though
the experiments did not permit the exact measurement of potential fields, they allowed the examination of
parameters in a relatively short period of time and proved to be useful in examining some of the problems
that would be identified in the large experiments. Experiments were conducted in a small one-dimensional
system. An applied electric field electroosmotically moved the saturating solution through the clay sample
toward the cathode. At the anode a purging solution was introduced at atmospheric pressure. It should be
noted that the experiments were not conducted on aged soil specimens. In such cases different purge
solutions might be required for decontamination. A power supply was connected to the electrodes to
provide the desired voltage gradient across the sample. The fraction of Cs+ ion removed was determined
as a function of liquid volume by measuring the effluent volume and the concentration of Cs+ ion.

FIG.1. A schematic diagram of experimental apparatus for electrokinetic remediation
of soil.

2.2. Soil washing

The soil was taken at a depth of 40 cm from an open grass filed in Cheong-ju City, Choong-buk Province.
The air dried and passed through a 100 mesh (150|um) sieve soil was used for this study. The soil was treated



with 1 M sodium acetate at pH 5 to remove surface carbonates, then treated with 20 % hydrogen peroxide to
oxidize organic material [2]. Some mechanical and chemical properties of the soil are presented in Table. 1.
The chemical composition of the soil was analyzed by X ray fluorescence ( Model; SIEMENS SRS 303 ). It
was mainly composed of Si, Al and oxygen. Especially, the content of iron ion was 4.63 %. The X ray
diffraction analysis ( Rigaku Denki Co., model; Reigerflex, with CuKa radiation ) of the soil was also carried
out. Comparing the XRD pattern with JCPDS card, the main soil mineral was found to be quartz. And, the soil
was mainly composed of SiC"2 and NaAlSi^Og.

Table 1. Characteristics of soil used in soil washing test

Property

Soil

pH

(1:5)

5.6

CEC

mol.kg"1

0.102

Sand

43

Silt

33

Clay

- %

24

Organic

Content

3.5

*S.S.A.

mY
17.2

Texture

Loam

S.S.A.: Specific surface area

The soil (lOOg) was contaminated with 250 ml of 0.01M Co2+ ion solution for 72 hrs at pH 5.5(25°C). The
amount of sorbed Co2+ ion on soil surface was 1.87 x 10"5 mole/g. The soil (lOg) was decontaminated
mainly with 250 ml of 0.05 M EDTA. Therefore, the change of EDTA concentration could be neglected
during the test. Here, small amounts of HNO5 or NaOH solutions were added to give a range of final pH
values. The samples were shaken for 24 hrs at 25, 35, and 55°C, centrifuged at 4000 rpm for 10 min, and
then filtered (by injection ) through a 0.2-|um Whatman polyethylenesulfone membrane filter. During the
test, it was investigated that Fe + ion was dissolved out from the soil surface. Fe and Co concentrations in
the extracts were determined by flame atomic absorption spectrophotometry (PERKTN ELMER, model; A
Analyst 300). Fraction of desorbed Co2+ ion (f) was calculated by the following relation.

f = (v -Cco)/(n .w s) (i)

where V is the solution volume(L), Cc0 is the Co2+ ion concentration(M), l~l is the amount of sorbed
Co2+ ion (mol of Co2+ ion/g of soil) ar
obtained from the following relation.
Co2+ ion (mol of Co2+ion/g of soil) and Ws is the weight of soil (g). Rd (distribution ratio) values were

_ . Co ion concentration in soil ml ...
Rd = _ 2+ • : : ',—: = (2)

Co ion concentration in solution g

3. RESULT AND DISCUSSION

3.1. Electrokinetic soil processing

The Helmholtz-Smoluchowski relation for electroosmosis has been widely used as a description of pore
fluid transport through soils under an electrical potential difference. This relation introduces the
coefficient of electroosmotic permeability, Ke, as the volume rate of water flowing through a unit
cross-sectional area due to a unit electrical potential difference. During the initial period of the experiment,
the accumulated effluent volume is directly increased with time. However, electroosmotic velocity
deviates from linearity after a given time. This can be attributed to the change of the uniform packing of
soil and to the increase of the electrical conductivity of pore solution. The volume of effluent collected
from the cathode compartment is plotted against time in Figure 2. In an experiment, when 2 V/cm was
applied, the initial electroosmotic velocity, obtained from the slope of the curve at an early time, is
1.38 x 10"4 cm/s. In the other experiment, when 1.5 V/cm was applied, the initial electroosmotic velocity
is 1.04 x 10"4 cm/s. The electroosmotic permeability coefficient (Ke) of the system calculated from the
initial electroosmotic velocity is 4.27 x 10"6 cm2 /V.s. This value coincides well with the value of Georgia
kaolinite (~ 10'5 cm2 /V.s) [3].
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FIG. 2. Accumulated volume of effluent against time.

Figure 3 shows the variation of Cs+ ion concentration of the effluent as a function of time. The
concentration of Cs+ ion is increased with time, and then it becomes to decrease. There are many
mechanisms to consider for a complete explanation of this observation. These mechanisms include
electroosmosis, electromigration of Cs+ ion, ion exchange capacity of the clayey soil, uniformity of the
applied electric field, conductivity and pH variation of the pore solution, and others. And, it would be
necessary to find the variation of Cs+ ion concentration as a function of the effluent volume. The removed
fraction was calculated from the concentration of Cs+ ion, effluent volume, and the amount of
contaminated Cs+ ion. After 72 hrs' test, 73 % of contaminated Cs+ ion was removed when the applied
electric field was 1.5 V/cm. And, more than 80 % of contaminated Cs+ ion was removed when the applied
electric field was 2.0 V/cm. This demonstrates that mobile Cs+ ion can be transported through saturated
clayey soil using electrokinetics.

After the 72 hrs' experiment at 1.0 V/cm was terminated, soil samples were removed at various positions
and the relative concentration of Cs+ ion remained in soil was analyzed by XRF. The Cs+ ions were not
detected at the normalized distance of 0.75 from the cathode. However, it was found that the
concentration was increased steeply with the decrease of the normalized distance from the cathode. A low
pH environment near the anode result in negligible Cs+ ion adsorption, while alkaline pH conditions near
the cathode favors adsorption of Cs+ ion to the clayey soil.

2.2. Soil washing

Figure 4 shows a plot of the amount of desorbed Co2+ ion per unit surface area of soil for 24hrs against
the concentration of EDTA at 25°C. Between 0 and 0.02 M of [EDTA], the amount of desorbed Co + ion
is increased steeply with the increase of [EDTA]. Above 0.02 M [EDTA], the concentration dependence
becomes to low.
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Plots of the fraction of desorbed Co ion at various solution pHs in the presence of 0.05 M EDTA
solution against time are shown in Figure 5. The desorption reaction of Co2+ ion from soil surface occurs
rapidly during the initial 60 minutes. This can be explained by the fast desorption of Co2+ ion on the soil
surface by EDTA. Then the reaction becomes to slow. This may be explained by the desorption of Co2+

ioninside the soil particles. At a given time, a fraction of desorbed Co + ion from soil surface by EDTA is
decreased with the increase of solution pH.

Figure 6 shows the variation of the distribution ratio and zeta potential with pH. Here, the zeta potential
was measured on the quartz type SiCh powder in an aqueous solution of 0.001 M KCl. The zeta potential
changes from -31.5 mV at pH = 4 to -61.6 mV at pH = 9. On the other hand, Rd value changes from 34.6
at pH = 4 to 43.7 at pH = 9. From Figures 4, 5 and 6, we can find several characteristics.

(1)

(2)

The desorption reaction can be distinguished as two parts. A fast reaction occurs on the soil
surface in an early stage of soil decontamination, then the slow reaction occurs predominantly.
Amount of desorbed Co ion at a given solution pH is increased with the EDTA concentration.
This would be explained by the competitive reaction to the Co
charged soil surface and the EDTA anion.

ion between the negatively

(3) Amount of desorbed Co ion at a given EDTA concentration is increased with the decrease of
solution pH. This would be explained by the change of the negative charge of soil surface.

Figure 7 shows the plot of the amount of the dissolved Fe3+ ion from soil against time at 35°C. During the
initial 40 minutes of the experiment, the dissolution rate is same irrespective of the presence of EDTA.
Then, the dissolution rate of EDTA solution is faster than that of the acid solution.
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From the result of the XRD analysis, we found that the iron components in soil exist as Fe2O3, Fe3O4

and FeO (OH). As Fe2O3 and Fe5O4 were not dissolved in the same experimental condition, FeO (OH)
was considered to be dissolved out from the soil. Rubio and Matijevic [4] investigated the interactions
of EDTA with a colloidal dispersion of well defined, uniform particles of FeO(OH). They reported that
the adsorption of EDTA onto the surface of FeO (OH) particles and the release of ferric species into
solution in the presence of EDTA are strongly dependent on the pH value of the medium. As EDTA
does not influence the dissolution rate, however, the dissolution of FeO (OH) is predominantly
determined by the hydronium ion in an early period of the experiment. And, dissolved ferric ion is
considered to form stable complex with EDTA (log K=27.5). This explanation is somewhat different
from that of Szecsody et al.[5]. After a given time, most of the dissolved ferric ion may be caused by
the C0EDTA2" ion that has already formed in the solution. The overall dissolution reaction is
suggested as followings.

Initial period

FeO(OH) + 3H+

Fe3++ H2EDTA2"

Fe3+ + 2H2O

FeEDTA" + 2H+

After a given time

FeO(OH) + C0EDTA2" + 3IT" ^ FeEDTA" + Co2++ 2H2O

Co2+ + H,EDTA2- O- CoEDTA2- + 2

(3)

(4)

(5)

(6)



Figure 8 shows the relationship between the dissolved Fe3+ ion and the desorbed Co2+ ion after
24 hours' decontamination of soil by 0.05M EDTA solution. The correlation factors between Fe + ion
and Co2+ ion at 25 °C and 55 °C are 0.97 and 0.98, respectively. This implies that desorption of Co2+

ion from soil surface is related to the dissolved Fe + ion at a given temperature. At pH 4.0, the amounts
of dissolved Fe3+ ion at 25 °C and 55 °C are 1.2 x 10"6 and 2.9 x 10"6 mole/m2, respectively. And, the
activation energy for the dissolution of FeO(OH) is 34.4 kJ/mole. From the results, we found that the
amount of dissolved Fe3+ ion is steeply increased with the temperature. But on the other hand, the
amount of desorbed Co2+ ion is not so steeply increased with the temperature. To minimize the
secondary waste, therefore, it is necessary to decontaminate the soil at low temperature.

4. CONCLUSIONS

When the applied electric field was 1.5 V/cm, 73 % of contaminated Cs+ ion was removed during the
72 hours' test. And, more than 80 % of contaminated Cs+ ion was removed when the applied electric
field was 2.0 V/cm. This illustrates that mobile radioactive Cs+ ion can be decontaminated from
saturated clayey soil using electrokinetics. As the reaction temperature is increased from 25 to 55°C,
the increase of the amount of the desorbed Co2+ ion from agricultural soil by EDTA was negligible.
However, the amount of dissolved Fe + ion was steeply increased with the temperature. The Fe + ion in
the decontamination solution was caused by the dissolution of FeO(OH) in soil. To minimize the
secondary waste, therefore, it would be necessary to decontaminate the soil at low temperature.
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Abstract

Sorption data base (SDB) provides readily available data for the performance assessment of radwaste

repository when site-specific data are not available and/or more reference data are needed [1]. The software

developed in the Korea Atomic Energy Research Institute (KAERI), SDB-21C, is a graphic user interface (GUI)

program that provides efficient and user friendly tools for evaluating the large amount of sorption data. The data

base of distribution coefficients compiled in the program contains about 11,000 Nuclear Energy Agency (NEA)

data and 2,000 KAERI data up to now while the addition of new data is under progress. Furthermore, the

parametric model and its compiled data sets are also included in SDB-21C.

1. INTRODUCTION

The NEA Sorption Data Base (SDB) was made to provide comprehensive and complete

sorption data for the performance assessment of radwaste repository [2]. It was designed to run on a

micro-computer operated in the OS system of MS DOS using the dBASE III plus, and mathematical

manipulation of the data and graphic representations can be performed with different software such as

Lotus 123 separately. Though the NEA SDB provides the most comprehensive source of both

published and unpublished data for radionuclide sorption measurements, the use of the SDB has been

limited because of the complexity of the manipulation. In addition, the SDB has been no longer up to

date from 1991. As a result, the demand for the modification of the NEA SDB and an update of the

sorption data has been suggested by the users and researchers.

SDB-21C was developed not only to provide a user-friendly tool for the evaluation of sorption

data but also to compile the sorption data produced in KAERI during the last ten years. Unlike the

NEA SDB, SDB-21C provides the functions of adding, searching, graphic representing and analyzing

sorption data in an integrated manner, and also contains the parametric model and its three

dimensional representation.



The application of the program can be summarized as follows:

- Determination of a single distribution coefficient value in the specific conditions of interest,

- Determination of the range of distribution coefficient when the specific data are not available,

- Estimation of overall trend of sorption as a function of experimental condition using severalgraphic

representations,

- Prediction of sorption behavior by the parametric model.

2. DEVELOPMENT OF SDB-21C

SDB-21C was developed to be run in the OS system of MS Windows 95 or later version using

Microsoft Visual C++ 6.0 that provides MFC (Microsoft Foundation Class). In order to access the data

base of SDB-21C, the function of ODBC (Open Data Base Connectivity) was used.

Three-dimensional Graph Generator was developed for the presentation of the parametric model

results. This tool creates a dynamic three-dimensional graph with the coefficient of a polynomial

equation that is provided in the data base of the parametric model. The flow chart of the structure of

SDB-21CisgiveninFig.l.

Sorption Data Base

i

r

ODBC

SDB-21C

Graphic User Interface

i

r

User

FIG. 1. The flowchart of the structure of SDB-21C.



3. COMPILATION OF KAERI SORPTION DATA

Around 2,000 distribution coefficients were collected up to now in a consistent manner, and the

addition of new data is under progress. The format for the sorption data and related experimental

information was same as that of the NEA SDB. The current status of compiled sorption data is shown

in Fig.2.

About 100 data sets for the parametric model were compiled in SDB-21C up to now. The most

of data sets were taken from the work of KAERI and ATOMIC Energy of Canada Ltd. (AECL) [3,4].

The format of the data set is similar to the original work of AECL.

4. FUNCTIONS OF SDB-21C

Many functions were included in the SDB-21C in order to facilitate the accessibility of the

sorption data base and to improve the presentation of the data. These would enable users to manipulate

the data in more efficient and convenient way.

The major functions included in SDB-21 are as follows.

(1) Search:

- Compared with dBASE HI and MS Access, the search of data base is faster.

- A variety of customized menus are provided in order to facilitate the search.

- The search system adopts a graphic user interface (GUI).
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FIG. 2. The compiled sorption data ofradionuclides in SDB-21C.



(2) Tabular and graphic representations:

- Search result can be tabulated and the table can be saved as text format, thus the result can be

exported to other spreadsheet programs such as MS Excel.

- Search result can be analyzed by three different graphic representations named K& % and

isotherm distributions.

- The data set for the parametric model can be evaluated by a dynamic three-dimensional graph.

(3) Other functions:

New sorption data can be directly incorporated into the data base of SDB-21C.

Search results such as tables and graphs can be printed out.

Sorption data (main data base) and the related information of reference and solid type

(subsidiary data base) are hyperlinked in the program.

5. CONCLUSIONS AND FURTHER WORKS

SDB-21C is a versatile tool for the evaluation of sorption data, and contains large amounts of

sorption data. By adopting a graphic user interface (GUI), it is quite user friendly. In this respect, it is

thought that the use of SDB-21C is very helpful in the field of the environmental safety assessment of

radwaste.

The development of a subroutine for the statistic analysis of sorption data is under progress to

improve the utility of the data in the performance assessment of radwaste repository. Also a specialist

or guideline system needs to be included in order to assist users to select adequate sorption data in the

environmental conditions of interest. An Internet version of SDB-21C is under development.
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Abstract

Current nuclear power plant operating practice is to extend the time between refueling from a 12
month operating cycle to an 18-24 month period. This current to longer fuel cycles has complicated the dilemma
of finding optimum pH range for the primary coolant chemistry. The International Commission on Radiological
Protection (ICRP) in ICRP publication No. 60 recommends optimization of operator radiation exposure (ORE) in
nuclear power plants. CRUD formed in the plants is the major source of ORE and its transport mechanism is not
understood. To analyze the generation of CRUD at the extended fuel cycle, the COTRAN code, which was
developed at the Korea Advanced Institute of Science and Technology (KAIST), was used. It predicts that the
activity of CRUD decreases as the pH of the coolant increases. For the same period of different fuel cycles, as the
operating fuel cycle duration is increased, the generation of the CRUD increases. In this paper, enriched boric
acid (40% enriched 10B concentration) for reactivity control is adopted as the required chemical shim rather than
natural boric acid. The effect of the enriched boric acid (EBA) is that the neutron absorption capability of the
chemical shim is maintained while decreasing the required boron and lithium concentration in the reactor coolant
system. By employing enriched boric acid, the amounts of CRUD generated are reduced, because the high pH-
operating period is extended. From the waste generation point of view, more filters or ion exchangers to remove
CRUD are required and the amounts of waste are increased at the extended fuel cycle.

1. INTRODUCTION

Light water reactors (LWR) have been commercially deployed for three decades and currently
account for approximately 85% of the installed nuclear capacity in the world. The historical design
burnups of 33 MW.d/kgU for pressurized water reactors (PWRs), which were based on much earlier
optimization studies, were used till the late 1970s because of fuel supplier warranties and assurances
of licensing and performance, no longer represent an economic optimum [1].

The discharge burn-ups of nuclear fuel for PWRs have, however, been substantially increased
from the levels prevalent fifteen to twenty years ago. Currently the average design discharge burnups
that are commercially available for PWRs are in the range 40 to 50 MW.d/kgU. Economic incentives
may exist for extending burn-up even further, to at least 60 MW.d/kgU. It is of interest to identify the
conditions under which such incentives may exist. Extended fuel cycles require higher initial
enrichment and/or more fresh fuel to provide the additional reactivity to support the longer operation,
and this higher initial reactivity requires a greater quantity of neutron absorbers to control reactivity in
the core at the beginning of the cycle.

As nuclear power plant operating practice shifts to long term fuel cycles, a new operational
method which can satisfy long term safety criteria is required. For this purpose, increasing the boron
concentration in the primary coolant is necessary. However to satisfy reactor kinetic conditions, Li
concentration must also be increased, which initiates and accelerates lithium-zirconium (Li-Zr) stress
corrosion cracking. At the same time, fuel duty is increased and the need to avoid increased cladding
oxidation is greater than before, because thickness has been reduced at high level.
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It has been a common practice that pH value of about 6.9 was maintained in the primary
coolant of PWRs to reduce corrosion product deposition on the primary loop. This practice was based
on the assumption that the corrosion product was mostly magnetite (Fe^O^. However, recent research
reveals that corrosion product is mainly composed of nickel-ferrite (NixFe3.x0.4), so corresponding
modification of the existing theoretical modeling is necessary [2]. Several laboratories' experimental
measurements for the solubility of corrosion products have concluded that a pH value of 7.4 is more
suitable compared to a pH value of 6.9 (Fig 1). And it is now generally believed that minimum
corrosion product build-up can be achieved in steam generators with the higher pH value. In Sweden,
Ringhals PWR plant confirmed the benefit of the higher pH operations with pH of 7.4 and maximum
lithium concentration of 3.5 ppm. However, other PWR plants (USA, France and Germany) retained
the 2.2 ppm concentration of lithium while keeping the pH value of 1.2-1A through decreased boron
concentration.

The operational radiation exposure (ORE) increases due to the increase of the operational
period at a nuclear power plant. The ICRP recommends in its publication No. 60 on radiological
protection, reduction of radiation buildup in the nuclear power plant as a means of optimizing
radiation exposure of workers. Our main concerns therefore, are focused on predicting the transport
and deposition of the Co radionuclides and on suggesting the optimizing method that can minimize
and control the ORE of the nuclear power plant at the extended fuel cycle.

2. EXTENDED FUEL CYCLE

2.1. Influence of extended fuel cycle

It is important to emphasize that the current movement to extended fuel cycles has increased
the dilemma of pH optimization. Typically, 12-month fuel cycles begin with no more than 1200 ppm
boron at the start of a cycle, so a maximum of 2.2 ppm lithium is required to satisfy the pH 6.9
requirement (Fig.2). Extended fuel cycles of 18 or 24 months have forced chemistry personnel to
select an operating pH regime that minimizes "negative effects" rather than maximizes "the benefits."
[3]

Advanced fuel element concepts aim at extended cycles, higher burnup, increased rod power
and higher uranium enrichment. Consequently, thicker zirconium oxide films are accumulated even if
unchanged corrosion behavior of the fuel rod cladding material (zircaoloy-4) is assumed. Thickness
of the film has to be limited for safety reasons; more neutron absorption capacity of the chemical
shim, i.e., higher boric acid concentration (initially up to 1800 ppm or over boron), is required.



Fig 2. Chemical change at modified regime.

As an adequate reserve supply of reactivity is necessary in the beginning of a cycle relative to
the length of a cycle, the power operation starts with a correspondingly higher boron concentration. At
these boron concentrations and high temperature, pH of the coolant (pH 3.00) will be below the
accepted minimum of pH 6.9 during a certain period of time [4].

In this period an increased release rate of metals and solubility of corrosion products is
expected, with buildup of raioactivity and dose rate in the components of the primary loop. For this
reason, we considered the following possibilities for pH and reactivity control during extended cycles:

• Toleration of a little, temporarily limited pH lowering
• Increase of the upper lithium limit
• Reduction of the boron concentration by the use of boric acid enriched with B-10
• Use of fuel with an increased amount of gadolinium oxide to minimize the boron concentration

at the beginning of a cycle

2.2. Use of enriched boric acid [5, 6]

In the nuclear industry, natural boric acid (NBA) dissolved in PWR primary coolant is used as
a soluble reactivity control agent. The dissolved boric acid is referred to as a soluble poison or
chemical shim due to the high cross section for thermal neutron absorption (3837 barn) exhibited by
IOB isotope contained in the boric acid. However, natural boron contains only 20 atom percent as the
IOB isotope with the remaining 80% being the nB isotope. The HB isotope has a small cross-section
for thermal neutron absorption (0.005 barn). Since HB makes up the bulk of the total boron present, it
is necessary to eliminate or reduce this isotope of boron from the total boric acid inventory to produce
boric acid enriched in the IOB isotope (EBA). If this is done, the boric acid concentration in operating
PWR plants need only be a fraction of that used at present.

The benefits of EBA are related to the changes in the primary coolant chemistry that reduces
the concentration of boric acid required for operation. The use of EBA at 75% enrichment allows for
operation at significantly reduced boric acid concentrations. Consequently, an elevated coolant pH of
7.4 can be achieved using an acceptable maximum of 2.2 ppm lithium during the entire 18-24 months
of extended fuel cycles. Operating under these conditions for a complete fuel cycle should reduce the
transport of corrosion products and the amounts of radioactive cobalt deposited on surfaces, thus
reducing plant dose rates. Operation at a lower lithium concentration also reduces corrosion products
from fuel cladding and Alloy 600. Use of EBA also eliminates the need for heat tracing in
concentrated boric acid storage systems and reduces the cost of purchasing lithium.



The B isotope by virtue of its very high cross section for thermal neutron absorption controls
reactivity changes. The philosophy of the EBA approach is to enhance the abundance of IOB relative
to HB while, at the same time, maintaining the original boron concentration throughout the plant.
Thus, the core power distribution, the moderator temperature coefficient, the rod worth and other
associated physics parameters which are dependent on the
conversion to enriched boric acid.

B abundance are unaffected by the

The evaluation based on chemistry parameters was used to quantify the Man-Sv (ALARA)
saving resulting ultimately in a dollar savings from plant operation with enriched boric acid. A
decrease in overall plant exposure rates can be related directly to Man-Sv savings for maintenance
and inspection activities. Lower radiation fields and reduced collective annual occupational radiation
exposure result from operations with enriched boric acid, ultimately establishing a dollar value saved.

2.3. Modification of simulation code

In this model the primary coolant system is divided into soluble species, particulate products of
coolant, inner oxide layer and outer oxide layer. In a PWR with recirculating flow, coolant
temperature and pH can change the solubility such that core and steam generator surface can be in
either a release or deposit mode of solubility [7]. It is important to understand that net activity
transport can take place even when there is no mass transport [8]. The driving force for mass transfer
is the mass concentration gradient, and the direction of net transport is to the lower mass
concentration. And the driving force for activity transfer can be the gradient in the concentration of
the particular radionuclide relative to the total mass of that particular element in a given volume.

c START
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Fig 3. Calculation flow diagram.



The COTRAN code was developed to estimate CRUD for only one cycle. However, this study
needs to predict amount of corrosion product not for one cycle, but for multiple cycles. In order to
predict the generation of CRUD for long-term, the COTRAN code was modified to consider
decontamination and refueling. It is known that a certain amount of CRUD is decontaminated
utilizing shutdown chemistry technique. It is assumed that 40% of CRUD is decontaminated and one-
third of fuel is refueled every cycle. The program was converted to Visual Basic language to provide a
graphic user interface. The modified code flow diagram is shown in Fig 3.

3. RESULTS AND DISCUSSION

3.1. Input data

In this study, different cycle durations (12 months, 18 months, NBA 24 months, EBA-40% 24
months) were considered to estimate relative amount of corrosion products at extended fuel cycle.
The effective full power days (EFPD) of each cycle are 300, 450 and 567. As EFPD increase, initial
boron concentrations also increase, which decrease rapidly up to xenon saturation. Each initial boron
concentration is 1200, 1500, 1900 and 950 ppm. The chemistry regime is a modified chemistry regime
that is applied to PWRs of Korea. Thus, lithium concentration is controlled in order to maintain pH at
6.9 or over. The run times are about 1800 EFPD to predict saturation time of corrosion product. These
data are shown in Table 1. The reactor type to which these conditions are applied is the Korean Next
Generation Reactor (KNGR) which is based on SYSTEM 80+.

TABLE I. INPUT DATA OF EACH CYCLE

Cycle
(month)

EFPD

Initial Boron . (ppm)

Boron Con. After Xe
Buildup

Chemistry Regime

Initial Li. (ppm)

Run Time (# of cycles)

Reactor Type

12

300

1200

850

2.2

6

18

450

1500

1200

24

(NBA)

567

1900

1560

Modified Chemistry Regime

2.7

4

3.5

3

KNGR (System 80+)

24

(EBA-40%)

567

950

780

2.2

3

3.2. Results and discussion

3.2.1 CRUD buildup

Deposition and release of CRUD depends on its solubility in the coolant water, which depends
on pH and temperature. As pH values increase, the solubility becomes lower and the temperature
coefficients of solubility shift from negative to positive (Fig 1). Thus, it is found that reduction of
CRUD transport into the core and radiation fields out of core are attained with higher pH values.
Activity decreases as pH increases, and for the same period of different fuel cycles, as the fuel cycle
duration is increased, the generation of CRUD increases (Fig. 4, 5). Consequently, the generation of
CRUD increases linearly in the steam generator and increases exponentially with core. Sensitivity to
pH is larger in the core than in the steam generator. As the operation time increases, the ratio of
58Co/60Co becomes smaller (Fig 6).



24month(NBA) 24month(EBA) 18month 12month

Fig 4. Activity ofCoM after 1800 EFPD.

24month(NBA) 24month(EBA) 18month 12month

60Fig 5. Activity of Co"" after 1800 EFPD

EFPD

Fig 6> Ctfy'Co** Eaiio at Com



1 5 - -

pH 6.9
pH 7.0
pH 7.1
pH 7.2

1000 2000 3000
EFPD

4000

Fig 7. Formula result (pH sensitivity at 24mon. cycle)

1 5 -

o 10~

A
ct

iv
ity

 (
m

ic
r

0 -

24month cycle
18month cycle
12month cycle

/ ^

/ / ' . . • • "

^ 1 • h —

_____—-

H 1 1
1000 2000

EFPD

3000 4000

Fig 8. Formula result (cycle length sensitivity atpH=7)

3.2.2 Effect ofEBA

The effect of the use of enriched boric acid is that the neutron absorption capability of the
chemical shim is maintained while decreasing the overall concentration of boron in the reactor
coolant system. Use of EBA (l0B-40%) lowers not only initial boron concentration but also lithium
concentration. In the 24-month cycle operation, the generation of CRUD decreases compared to an
18-month cycle operation cycle that uses natural boric acid (Fig 4,5). If the concentration of IOB is
higher, amount of CRUD is expected to be reduced considerably.

3.2.3 Empirical formula

Because the mathematical modelling is very complex, an empirical formula was derived to
predict amounts of CRUD using several variables (cycle length, pH, decay constant, time) more
easily. The purpose of deriving the empirical formula is to do simple quantitative analysis of CRUD
with various cycle lengths and pH values. The empirical formula was derived using the multi-variable
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regression analysis method for 3600 EFPD at constant (or equivalent) pH conditions. Among the
output data, only end of cycle (EOC) data are used in the regression analysis. The empirical formula
and code results are compared in Fig 7, 8. The graph shows that the empirical formula agrees well
with the simulated computer code results. The activity of the steam generator tubing surface follows
this formula:

A = a
(CLf 1 - exp

34.8(CL) 0.88

for Co60

for Co58

where

A
a
T
CL

a = 111, b = 1.7, c = 6.64
R-square = 0.99868

a = 140, b = 0.69, c = 3.4
R-square = 0.99522

activity ( OCi/cm )
calibration factor ( OCi/(day)bcm2)
time(day)
cycle length (EFPD)
decay constant

3.2.4 Verification of results

The COTRAN code was verified by comparing code outputs with data from the Millstone
Point 3 PWR [9] whose average cycle length is about 450 EFPD (49 MW.d/kgU) and capacity is 1150
Mw(e). The measured values of steam generator tube surface activity shows similar trends to those of
the 18-month cycle result (Fig 9, 10).

3.2.5 Aspects of Waste

Typically, CRUD is removed from the primary coolant system by the chemical volume and
control system (CVCS) that consists of an ion exchanger and filter. Most CRUD is collected at the ion
exchange resin and the rest is collected at the filter. Therefore, the amount of radioactivity collected in
the spent resin increases as the CRUD increases. These spent resins are stored in high integrity
containers or solidified by cement. For economic evaluation of the extended fuel cycle, secondary
waste treatment cost should also be considered, but was not in this study.



4. CONCLUSION

Current nuclear power plant operating practice is shifting to extended fuel cycles, such as from
a 12 month operating cycle to an 18 to 24 month operating cycle; so, new operational methods to
control reactivity and corrosion are required.

Considering these chemical conditions, COTRAN computer code was modified and applied
to the KNGR. Ultimately, the purpose of this study is to reduce ORE of PWR workers through a more
careful and precise estimation of CRUD generation. From the result of the modified COTRAN code,
the following conclusions are obtained:

(1) The fuel cycle length and pH values are dominant parameters to control the generation of
CRUD in the core.

(2) The CRUD generation increases linearly at the steam generator region and increases
exponentially at reactor core as the cycle length is extended.

(3) Increasing pH values from 6.9 to 7.4 reduces the corresponding radiation fields at in-core and
out of core surfaces.

(4) By using enriched (in B10) boric acids, the amount of the CRUD generated is reduced because
of the extended high pH operating period.

For the extended fuel cycle, to perform as chemical shim agents, initial boron and lithium
concentrations are to be increased compared to the current cycle. This reactor chemistry scheme
would raise several problems such as CRUD buildup, stress corrosion, cracking of fuel cladding, etc.
Use of enriched boric acid is considered to be one of the potential applications to solve those
problems.

The computer current code is still quite preliminary and needs to be demonstrated to be
applicable to the experimental and real plant data. Thus, more extensive studies and experiments are
required to simulate real reactor CRUD behaviour in the coolant system.
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Abstract

During the last fifteen years a significant decrease in solid radioactive waste generated by nuclear power
plants of Electricite de France (EDF) has taken place. Technology used by EDF are described, with emphasis in
innovative technologies. Experience and lessons learned are described showing how EDF has responded to meet
increasingly stringent regulations for radioactive waste management.

1. INTRODUCTION

During the last 15 years a significant decrease of solid radwastes generated at Electricite de
France (EDF) nuclear power plants has been recorded, mainly thanks to management and technical
decisions. Experience, feedback and lessons of general interest will be presented below showing how
EDF organization has moved to meet more and more stringent regulations applying to radioactive waste
management (RWM). Current technologies used for low level waste (LLW) and intermediate level waste
(ILW) will be described, especially the new ones just starting (incineration of solids and liquids, and
melting of scraps) managed by the SOCODEI Company. By now, EDF is getting more and more aware
of new constraints connected to activity (namely dose rate) concentration and meets transport regulations
using B-type containers for particular waste.

2. RW-INTEGRATED PRE-DISPOSAL SYSTEM

2.1. Flashback on French Laws and Regulations

The National Agency for Radwaste Management (ANDRA) was created in 1979 and charged
with the Manche Centre operation. In September of 1989, building of the Aube Centre was enacted and
first safety assessment report was set up by ANDRA. Safety authorities provided technical requirements
and before operating the Centre (in 1992), ANDRA had to specify acceptance criteria through its
technical prescriptions addressing the producers of wastes.

In compliance with the moratorium decided by the Prime Minister of the time, French Law 91-1381 as
of December 1991 addressed 3 fields concerning research for LLHAW (Long-Lived High Activity
Wastes), set up the National Evaluation Committee and assigned ANDRA the following :

• Assisting in definition of R&D programs,
• Designing, siting, and building new disposal facilities (including laboratories),
• Managing long-term storage facilities,
• Setting up specifications,
• Preparing an inventory of the condition and location of all RW in the country.

By that time ANDRA became a public, commercial and industrial entity reporting to 3 Ministries.

Packages to be disposed of are considered as 'Important for Safety of the Centre' and this is the
reason why Technical prescriptions are established by ANDRA in compliance with the Basic Safety
Rules (edicted by Safety Authorities) and provide radiological and mechanical criteria concerning
matrices and containers. Performances required depend on the lifetime expected for the container itself
(is it a 'durable' one or not) ands refer to its location in the disposal. Radiological criteria depend on the



nuclide (type and half-life) and on the activity allowed in the package itself: several nuclides considered
as important for safety are given mass activity levels below which only mechanical performances are
expected and beyond which added performances as to leaching are required.

Concerning transport, radioactive waste packages are considered as part of dangerous goods and
consequently, regulations applying for them are mainly issued from the IAEA recommandations. EDF
assumes complete civilian responsibility for its shipments of RW.

2.2. Consequences of regulations

Some transport rules (namely dose rate criteria regarding raw waste packed in Industrial Packages)
run against optimization of the content, so that EDF has to make a difficult choice for several filter
cartridges from the primary circuits:

• Either limiting the quantity of waste per container,

• Or developing overpacks to obtain B-type performances.

Concerning disposal, experience feedback issuing from operating the Aube Centre has resulted in
more and more stringent rules, so that particular wastes generated by maintenance operations have been
forbidden. ANDRA prescriptions are to be updated including complementary activity levels for long-
lived nuclides such as l0Be, %C1, 4lCa, 79Se and l08lllAg. EDF undertook in the 90's an important program
for radionuclides difficult to measure aiming at setting up Scaling Factors (SF) applying for its PWRs.
Although analysis on filters and resins samples are going on, about 20 SF have been already accepted by
ANDRA and are presently to be used in nuclide declarations.

The Pack Acceptance Report (to be set up by the Producer for each kind of package in compliance
with the Basic Safety Rule III.2.e) contains principally :

• A process book describing methods for collecting and packaging,

• An activity assessment book describing measurements and precising expected uncertainties,

• A characterization report mentioning mechanical (and eventually leaching) tests, results and
comparisons with the expected values,

• The overall QA system performed including records, internal reviews, anomaly treatments.

2.3. The EDF QA system

Concerning RWM, EDF applies the same Quality approach as that used for other operations. The
Quality Organization Handbook and the complementary Instructions (established by Central Services)
set up main requirements to be developed by each plant through procedures taking in account
responsibilities and relations between the different services involved in RWM.

The various tasks are performed so that the final product meets the ANDRA specifications
regarding waste collection, sorting, packaging, setting up data files and shipping. To assure there is a
follow-up of supplies and activities involved in the preparation of packs, EDF requires its suppliers and
service providers set up a quality organization which is subject to an approval to be renewed every three
years and then controlled.

One the one side, ANDRA teams regularly make sure the packages are in accordance with the
specifications and examine the producer's ability to declare anomalies spontaneously. On the other side,
Quality controls are regularly performed by EDF on-site teams.

To achieve its liability, EDF has implemented in January of 1991 a full computerized
management on each plant. Main packs data required by ANDRA and the SOCODEI are provided
through on-site PC stations connected to a host computer located near Paris. ANDRA and the SOCODEI
host computers analyse data and then give an answer for each package through a TCP-Internet Protocol



secure link. Each NPP defines its own access authorizations and is consequently the only one responsible
for its data. A national supervisor surveys internal and external links reliability, updates tables, assigns
users and analyses hardware problems. Central Services are allowed to refer to all entered data in the
'DRA tool', aiming at establishing statistics, indicators, and making available a permanent follow-up of
the performances.

2.4. The EDF organization

Implemented to assess (and increase) performances regarding waste generated and quality the
best way, the best cost and the lowest radiation exposure.

This organization operates on two grades (national and local):

• The national one drives policy thanks to experience feedback, promoting good practices
through advisory teams and setting up management and technical decisions,

• The on-site one allows complete liability to reach goals expected in the management contract.

2.4.1.Management dispositions

The management dispositions are taken mainly co-ordinate around two axes, namely
accountability and organization.

Accountability integrates:

• Safety and radiation protection which aims at keeping waste production as low as reasonably
achievable,

• Costs,

• Enhancing value of men and women.

Accountability concerns all hierarchical levels and includes service providers and suppliers. The QA
System implemented guarantees each task is carried out by duly trained, empowered and appointed
personnel. However, reducing overall volume of packed wastes must be a collective goal requiring
information, communication and controls for each task. At many a plant, a 'Mister Wastes' is assigned by
the head manager to survey application of policy and to point out failures. Such an on-going overview is
made easier and easier with the DRA computerized management enabling misdirections to be detected
and corrected in due time.

2.4.2.Technical dispositions

Technical dispositions are taken mainly co-ordinate around three axes, namely waste reduction
at sources, pack optimization and final waste optimization.

Waste reduction at sources has been obtained mainly thanks to a good overview of liquid
treatment means and limiting contaminable materials (PVC films, etc.,) in controlled areas. Good
practices pointed out for efficient sorting and compaction of maintenance wastes and dismantling or
shredding of ventilation filters have been promoted and generalized. To avoid generating 'hazardous
wastes' during particular operations, everybody is invited to wonder whether a suitable outcome for this
waste exists or not.

Pack optimization was decided in 1990 to comply with the Aube Centre specifications for a
particular kind of process waste: the filter cartridges issuing from the primary circuits. The first item
mentioned (reduction at sources) resulted in an increase of the embedded activity incompatible with the
expected performances of the concrete container in use at that time. Adding that operators were asked to
increase the number of cartridges per container (to optimize costs), the problem was hardened and it



appeared that a new-designed concrete container ensuring a suitable radionuclide retention could bring
the solution. A 3-year-development by EDF engineering was needed and by now, the EDF high
performances concrete container is the only one used for ILW at EDF plants. Both aggregate
specifications and the know-how are involved in the QA System set up by the 3 suppliers. Unfortunately
in 1992, French regulations concerning transport of dangerous goods have limited the acceptable dose
rate of the raw waste in industrial packages and the new-designed EDF product doesn't meet at all the
criteria, in spite of shields usually added to respect the external one. Special dispensations have allowed
shipping such packages till year 95 but now EDF faces the problem of B-type containers and tries to
develop overpacks.

It is true that final waste optimization is the consequence of sense. How to make a success story
for RWM if LLW and ILW are disposed of without any optimization treatment. In spite of
supercompaction performed on the Aube facility, it is obvious that the ratio of activity as to the volume is
far from the top, especially due to the low density of incoming wastes and their large variety. Given that
environmental impacts are more and more discussed at local stages, minimizing overall package volumes
was not enough and in July of 1992, French Government enacted a law which assigned industrials to
enhance value of all their waste in order to get reusable materials from these so that final wastes alone
are disposed of. The SOCODEI, a subsidiary company of EDF and COGEMA, was founded to address to
this task and thus, was commissioned to design, build and operate two LLW treatment facilities: a
contaminated scrap metal melting unit, and a solid and liquid waste incinerator. French Decree as of
August 28, 1996 enacted the settlement of the Plant called CENTRACO and located near the
MARCOULE CEA Plant.

3. CURRENT TECHNOLOGIES AVAILABLE FOR EACH WASTE STREAM

3.1. On-site packaging methods

3.1.1. Technological wastes

Technological wastes issuing from maintenance operations are currently packed in 200 litre-metallic
drums after efficient sorting aiming at pointing out and removing prohibited wastes (batteries, explosive
products, etc.,). When usable, a pre-compaction treatment on the site itself is performed; ventilation
filters are dismantled or/and shredded. Some exceptions to be noticed are the following:

• Metallic pieces, oils and solvents to be sent to the CENTRACO Plant in dedicated containers,
• Very low level waste (VLLW- mainly generated during decommissioning) to be sorted waiting for
a dedicated disposal,
• Technological wastes with dose rate exceeding 2 mSv/hour to be packed in concrete containers.

Since middle of 1998, NPPs have been sorting burnable wastes that are presently accepted and treated
in the incinerator on the CENTRACO Plant. For about 5 years NPPs have been removing and
temporarily storing on-site metallic pieces that are presently sent to the CENTRACO melting unit.

3.1.2. Ion-Exchange-Resins

Treatment depends on their mass activity.

ILW-resins generated by the primary circuits are stored in on-site tanks to be embedded in a
polymer matrix using a mobile unit (about every two years). By now, EDF uses the MERCURE mobile
unit, designed by the SOCODEI which is charged with this kind of operation. To agree with ANDRA
prescriptions, the container is a new-designed concrete one, provided with metallic shields (thickness
depending on the activity measured through a gamma-spectrometry system located on the machine itself).
EDF has got rid of the former lead-shields because toxic products are now strongly limited by ANDRA.
Moreover and in spite of their thickness, shields added ensure a usable volume for raw waste of about
400 litre. To take into account French regulation as of 1992 (see above), SOCODEI has planned to
recycle scraps after melting and centrifugation as shields to be set in the containers. The former unit



called PRECED used the Dow Chemical Process and the main problem was the security due to the
inflammation point of the solvent (styren). It's the reason why this process will not go on and the
PRECED will be soon replaced by another MERCURE unit.

VLW-resins issuing from the SG blowdowns are presently to be incinerated at the CENTRACO
Plant. The former packaging with clay in metallic drums was not in compliance with the Aube Centre
requirements, because of its weak mechanical performances. EDF didn't succeed in finding a low-cost-
process and that resulted in a temporarily storage at plants that lasted for many years. Fortunately,
activity is very low and doesn't generate any problem of human exposure.

3.1.3. Filter cartridges

The sorting criteria is the contact dose rate:

• Below 2 mSv/hour, filter cartridges are dismantled and packed in metallic drums after drying,

• Beyond 2 mSv/hour, filters are put into concrete containers thanks to a lead-cask; mortar is
poured into it and the cap (made of concrete) is finally set to close the pack. In case of high dose
rate, shields can be added before cementation to ensure biological protection.

3.1.4. Evaporator bottoms and sludges

The former treatment was a cementation in concrete containers provided with a stirrer. By now,
these wastes are sent to the CENTRACO Plant for incineration.

3.2. The CENTRACO plant

Includes 2 main facilities:

• The scrap melting unit is designed to treat 1,500 TPY (Ton Per Year) of incoming metals with a
one-day shift. Scrap metals are sorted according to their radioactivity and the metal quality -
carbon steel, stainless steel and non-ferrous metals - then dried and shotblasted if necessary. The
induction furnace runs at l,600°C and the molten bath is poured afterwards into casting casks
previously pre-heated at 850°C. Molten metal is put either in casts to produce ingots, or in a
centrifuge to manufacture tubes to be re-used as shields.

• The incineration unit is designed for 3,500 TPY of combustible solids and 1,500 TPY of liquids
and runs continuously. The furnace primary chamber achieves a combustion at a temperature of
900/1,000°C; liquid waste is injected through air atomizing nozzles and solids are moved forward
to the end of the chamber by 2 air-cooled screws so that the resulting bottom ash is collected by
gravity in special casks. Depending on the waste heat-content, support fuel or cooling water is
added; in a secondary chamber, final combustion is achieved at l,200°C. Gases are cooled in a
quench tower before filtration and fly ashes are collected at the bottom of baghouses filters; gases
treatment consists of removing halogen acids, sulfur dioxide and nitrogen oxides, dioxin and furan.

4. RADIOACTIVITY EVALUATION

4.1. Preliminaries

EDF uses different methods to set up the list of nuclides in each pack.

Measurable gamma-emitters are quantified with spectrometry equipments, either on the raw
waste or on the pack itself. In the first case measures are systematic and we call it Measured Spectrum; in
the second case measures are made from time to time to update an average composition of nuclides and
we call it Typical Spectrum. Connecting this average composition to a dose rate measurement on the
packed waste through correlative functions makes available the evaluation of activity per nuclide.

Long-lived beta/gamma emitters are quantified thanks to scaling factors connected to key-
nuclides.



Alpha-emitters are not regularly measured in PWRs because they remain far below detection
limits. Moreover, in case of severe fuel cladding crack (SFCC) when alpha concentration exceeds 4
Bq/liter, particular dispositions are to be set up as to alpha measurements, in order to declare these
emitters in the package files.

4.2. Measured spectrum

Measured spectrum available for liquid wastes (evaporator bottoms, sludges) and I.E.R., this
method consists in a gamma emitters evaluation limited to short-lived and middle-lived nuclides (half life
below 31 y). Beta-short and middle-lived emitters (such as tritium) are quantified through typical average
concentrations measured either in primary circuits, or directly on resin samples, so that an average
concentration for the package itself is fixed depending only on the quantity of waste.

4.3. Average typical spectrum

Average typical spectrum applies for heterogeneous wastes such as technological and filters.
Analysis on filter samples and on great quantities of various maintenance wastes from 900 and 1300 MW
PWRs have to be performed at due times. It results in an average composition of nuclides expressed in
percent. This concept is by now accepted by ANDRA, but it does not fit her completely because some
packages can be rather far from the typical composition. EDF is aware of this objection but answers that
global uncertainty is the most important and it decreases when the number of packs increases. The
present discussion with ANDRA is about what is « due time » to update the spectrum. At many times,
ANDRA has declared that an individual gamma-measure of the pack would be better but EDF is not yet
convinced it is the best way considering that density heterogeneity and hot spots can false results.

4.4. Correlative functions

Corrective functions connecting average spectrum to activity level of the pack needs the
implementation of a relation between activity and dose rate measured. Depending on the kind of waste
(density and geometry) and the kind of pack (thickness and shields eventually added), a particular
function for each nuclide of the typical spectrum is provided by the DRA soft, so that each dose rate
contribution is weighted and connected to the overall measured one.

4.5. Scaling factors (SF)

Scaling factors are established for French PWRs through an analysis program which started in
the 1990's. Beta/gamma long-lived emitters scaling factors (SF) are presently to be used instead of the
former ones issued from American evaluations (EPRI, NUREG). About 20 of these nuclides difficult to
measure are concerned and EDF has been asked to go on establishing ratios as to key nuclides for the
remaining ones. Best SF are obtained with 60Co and l37Cs as key nuclides and updated factors are already
entered in the DRA soft, so that their quantities in each package will be calculated automatically with the
right values.

5. PERFORMANCES ASSESSMENT

5.1. Overall volume of waste disposed

The production of RW from EDF plants expressed in volume of waste packs ready for final
disposal declined from 360 m3 (per PWR Unit) in 1985 to about 100 m3 in 1998. Main progresses
concern process wastes (ratio from 5 to 1) and are to connect to a general optimization of the liquids
treatments. At the same time, a significant decrease has also been recorded for liquid and gaseous
releases showing a full awareness of operators involved. Although less significant (ratio from 3 to 1),
reduction of technological wastes is to link to outages (numerous 10-year visits, steam generator
replacing, etc.,) and this performance is to connect to a general sensibilization of the whole personnel.
Limiting contaminable materials in controlled areas, optimizing waste volumes before packaging have



produced positive effects to be recorded from year to year in the DRA computerized management tool
and showing that former differences between 900 and 1300 plants have almost completely disappeared.

5.2. Radioactivity evaluation

Depending on the kind of waste and the kind of packaging, radioactivity evaluation is one of the
main tasks requiring duly trained and appointed personnel.

First described in the PAR (Pack Acceptance Report), methods used are analyzed by ANDRA
and then controlled through on-site inspections to make sure that dispositions expected are really
efficient; in case of not, anomaly sheets are drawn and corrective actions are required. For instance,
methods for sampling (conditions, number of samples, etc.,) are reviewed to confirm the know-how.
Dose rate measurement equipments and gamma-spectrometry systems are frequently controlled because
they provide main values to be entered in the DRA computerized management enabling calculation of
nuclide contribution.

Calculation methods set up in the DRA are also subject to an ANDRA approval and review. For
instance correlative functions implemented for heterogeneous wastes have been examined and the
resulting uncertainties been discussed. The quality follow-up of the soft is very important, mainly due to
the needed updating of tables (typical spectra, scaling factors) and the national supervisor and thus,
ANDRA and EDF teams meet frequently to assess present performances and next evolutions. Reliability
of data entered by NPPs is assessed through the ANDRA inspections mentioned before (about 3 times a
year for each Plant).

5.3. QA and organization set up

The Indicator set up to assess performances in this field is the overall number of anomalies.
These anomalies refer, not only the packages quality but also the various tasks performed from supplies
receptions to shipments. In 1998, 87 minutes have been taken by ANDRA addressing failures in the EDF
system. Given that about 14,000 packs have been produced during that time, this result could be viewed
as a good result. However, 96 percent of the overall anomalies are due to mistakes in radioactivity
declaration and EDF considers it's no more acceptable because it shakes confidence in that field. Central
Services are presently analyzing this problem.

5.4. CENTRACO

Obviously it is too early to provide any opinion about the 2 units. The scrap melting one started
in February of 99 and has treated less than 400 ton of metals; about 100 ingots have been produced till
end of May. The incineration unit started in April 1999 and has treated about 170 ton of wastes (liquids
and solids); less than 50 drums (400 liter-volume) have been produced till end of May. However, these
preliminary results (although not significant for units just starting) point out that an efficient sorting of
metals will be probably required and that incineration needs a full optimization as to the waste in-flux
and the gaseous treatment system. The SOCODEI is presently looking for the «best processing point» to
be used for current operation.

5.5. Costs

The overall cost for radwastes produced at EDF Plants to be disposed of on the Aube Centre was 50
Millions US$ in 1998. This cost does not take into account fuel-reprocessing wastes, neither R & D
Programs connected to deep repository studies.

Analysis of this cost leads to the following contributions:

• On-site operations: 49% (half part for mobile units),

• Final disposal of LLW and ILW at the ANDRA Centre: 35%,



• CENTRACO pre-operation: 8%,

• Various services (training, DRA evolutions): 6%,

• Transport of packs: 2%.

6. FUTURE PERSPECTIVES

The main concerns will focus around the following axes.

CENTRACO has to prove it provides the best way environmental protection improving solid
waste volume reduction, stabilizing the final form of the waste and making recycling of metals a reality.
Any opinion about this plant being hazardous today, in the next future EDF will particularly look after its
performances, namely the flowcharts: if these ones were far from the expected ones, correlative
annoyances (increase of costs and temporary storage of combustible wastes at NPPs) would probably
erase confidence.

To avoid increase of human radiation exposure and to keep costs within acceptable limits, EDF
will have to confirm the present productions of all kinds of wastes : limiting them at sources must remain
a priority and CENTRACO facilities must not be seen as providing ultimate treatments for any case. In
that way, EDF will go on participating in discussions with French safety authorities aiming at siting a
final disposal for VLLW.

Concerning quality assessment, EDF is completely aware of the vulnerability of the QA system
implemented, which is supported by procedures and accountability but depends mainly on men and
women. Setting up goals for all activities involved in RWM is no worth if operators do not appropriate
them. And thus, training, communication and reviews remain necessary to keep performances durable.

At least and because a suitable issue for low and intermediate level wastes is by now available in
the country, the next challenge is to assess the best outcome for high level wastes. Although the deadline
enacted by government should seem far enough, EDF has already joined other producers to drive studies
in that field and is consequently interested in their follow-up.

7. CONCLUSIONS

Significant progresses recorded as to volume reduction of RW at EDF NPPs will be strengthened
in the next future using incineration and scrap melting at the CENTRACO plant, pointing out clearly
EDF's liability to recycle what can be re-used and to dispose of only ultimate wastes. Lifetime and safety
of the Aube Centre will increase consequently, reducing environmental impact. Keeping costs within
acceptable limits and human exposure ALARA will be aimed at. EDF and its partners will go on
checking performances connected to quality and two main concerns will apply for the next future: first
making available a dedicated repository for VLLW, and second finding a suitable outcome for HLW.
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Abstract

Argentina has an active nuclear program, started in the 50's, which includes two nuclear
power plants (NPPs) in operation and one under construction, providing 12% of power generated in
the country. Together with eight research reactors, complete facilities at the front and back end of the
fuel cycle such as, radioisotope production plants and supporting laboratories in four atomic centers,
with an extensive research and development (R&D) program and an independent nuclear regulatory
authority, constitute the backbone of the country's nuclear activities, employing in total approximately
4500 people. These activities, together with the future decommissioning of nuclear facilities, generate
a considerable amount of nuclear waste which needs to be treated properly according to international
practices and standards. The safe management of these wastes has being always one of Comision
Nacional de Energia Atomica's (CNEA) top priorities.

1. LEGAL AND SOCIAL CONSIDERATIONS

The management of Radioactive Wastes generated in Argentina must comply with the
provisions of the Nuclear Waste Law (# 25.018 / 98), approved by the National Parliament in
September 1998, and with the country's environmental policy which, in the case of waste
management, takes into consideration the concurrent jurisdictions of the federal and provincial
governments. This has created a legislative net, which causes difficulties, not yet solved, in the
implementation of the actions.

The primary objective of the radwaste program is the safe management of radioactive
wastes, guaranteeing the protection of environment and public health for present and future
generations.

All the activities, which could imply radiological risk, are regulated and controlled by the
Argentine Nuclear Regulatory Authority (ARN).

Argentina is a signatory party of the Joint Convention on the Safety of Spent Fuel
Management and on the Safety of Radioactive Waste Management, adopted in Vienna on September
1997.

The major problems to be solved for radwaste management, as is the case in most countries
nowadays, are not technical but political. In the last ten years Green Groups are becoming increasingly
active in Argentina and, with their false and tendentious information, succeeded to create in the
population a negative perception of nuclear issues. It is our purpose to allow the community to judge
objectively the viability of the Program and to accept or refuse it, with a real basis and knowledge of
the truth, using a clear and transparent communication policy with different sectors of society.

2. ARGENTINE NUCLEAR PROGRAM

The Nuclear Program started formally in Argentina with the creation, the 31st of May 1950, of
the National Atomic Energy Commission (CNEA), and was always focused on the peaceful
applications of Nuclear energy.



The major activities, developed during the fifty years of the program are summarized in the
following subsections.

• * • & •

2.1. Nuclear power

Argentina has two NPPs in operation and one under construction providing 12% of the
national electricity production.

The first NPP, Atucha 1 (CNA 1), located 100 km away from Buenos Aires, the capital City,
started operation in 1974. It is a 350 MW(e) pressurized heavy water reactor (PHWR) type with
pressure vessel. The natural uranium fuel elements are placed in coolant channels, and heavy water is
employed as moderator and for refrigeration.

The second NPP, Embalse (CNE), a 600 MW(e) CANDU type plant, located in the province
of Cordoba at the central part of the Country, was connected to the grid in 1984. A third plant, Atucha
2 (CNA2), a 700 MW(e) PHWR similar to Atucha 1, is 80% completed but its construction was
interrupted, for economical reasons, due to the deregulation and privatization process in the power
sector currently underway in Argentina.

The front end of the fuel cycle includes seven uranium mines along the Argentinean territory,
one UO2 conversion plant, and a factory for fuel elements production, including manufacturing of
zircalloy tubes, uranium pellets, and assembly of fuel bundles for both NPPs.

A 200 ton/year heavy water plant is in operation in the province of Neuquen, in the southern
part of the country.

A uranium enrichment plant was designed and built in order to produce slightly enriched fuel
elements for the NPPs, as well as enriched fuel for the research and radioisotope production reactors
operating in the Country and built for export.

The back end of the fuel cycle includes a 5 ton/year pilot reprocessing plant 80% built and
construction interrupted.

2.2. Medical and industrial applications

Radioisotopes for medicine and industry are produced either in the RA-3 5 MW reactor or in
two production cyclotrons, hot cells and laboratories complete the production and research facilities.

Argentina is one of the major producers of Cobalt 60, which is obtained from the control rods
of Embalse NPP and encapsulated for export or for the radiotherapy equipment locally manufactured.
Nuclear medicine, employing radioisotopes for diagnosis and treatment, is applied in Hospitals and
Medical centers along the country.

Industrial applications include sealed sources for gammagraphy and gauge meters, sterilization
and food treatment facilities, a plant for sewage sludge treatment as well as various applications in
agriculture and farming.

2.3. Research & development

An extensive R&D program that takes place mainly in four atomic centers as well as in several
universities and research institutes supports the nuclear project.

Major R&D programs include: innovative reactors advanced fuel elements, materials, radiochemistry,
and radioisotopes, waste management, health physics, nuclear safety, etc.



Eight research reactors and several laboratories including hot cells and glove boxes facilities
support this research.

3. WASTE PRODUCTION

With only two nuclear power plants in operation, and no nuclear defense program, the
amounts of radwastes are small if compared with other industrialized countries. This reduced scale,
although beneficial in certain aspects, has negative consequences regarding funding because fixed
costs must be shared among few payers.

The major waste producers are NPPs which contribute with approx. 62 m7 year of low level
waste (LLW), 14 m7y medium level waste (MLW) and 140 ton/year of uranium as high level waste
(HLW).

It is expected that approximately 60 000 m3 of waste, without conditioning or recycling, will
be generated when the present nuclear facilities will be decommissioned. Around 90 % of this amount
will come from the dismantling of the NPPs, approximately 6000 m3 will be MLW and the rest can be
disposed off as LLW, (Table I). These volumes will be reduced when the Nuclear Regulatory
Authority will determine activity levels for clearance, recycling and reuse of materials from
decommissioning. Considering its design life, the Atucha 1 NPP, the oldest in Argentina, will cease
operation in the year 2015. As a three stages deferred strategy, ending in 2058, will most probably be
adopted for the decommissioning, the necessity to route wastes from this plant dictates the timing for
the MLW and HLW repositories. Embalse NPP is expected to cease operation in 2025 an its
decommissioning will end in the year 2065.

TABLE I. EXPECTED WASTE FROM DECOMMISSIONING ACTIVITIES

WASTE TYPE AMOUNT*

NPP OTHERS

HLW Spent fuel elements 10 000** N/A

MLW Resins, filters, liquids, metals. 5500 m3 500 m3

LLW Concrete, metals, plastics 50 000 m3 4000 m3

* Estimate amounts without conditioning or recycling
** Tons UO2, not considering reprocessing

Other waste producers including the front end of the fuel cycle, research reactors, R&D
laboratories, isotope production plants, industrial and medical application facilities. They contribute
about. 60 m3/y of LLW, 5 m3/y of MLW and 2.5 kg uranium per year as well as the HLW from spent
fuel. As can be seen, these amounts are negligible when compared with those arising from NPPs
operation and decommissioning. (Tables I and HI).

Uranium mining activities, to obtain the raw material for our autonomous fuel cycle, were/ are
carried on in 7 different ores, in Southern and Northern regions of the country. Tails resulting from the
mining and separation process, amounting approx. 6 millions tons, are confined and temporary stored
on-site. In the last decade, according to international practices, a program started to mitigate and
control the environmental impact produced by these tails. The remediation project is expected to be
finished by the year 2007. (Table II)



TABLE II: WASTE FROM MINING ACTIVITIES

SITE

Malargue
Cordoba
Los Gigantes
San Rafael
Tonco
Pichinan
La Estela
Los Colorados

TOTAL

URANIUM TAILS
Tons

700 000
57 600

2 400 000
1 900 000
500 000
145 000
70 000
136 000

5 908 000

4. WASTE MANAGEMENT

Waste generated in the activities described needs to be treated properly according to
international practices and standards, the safe management of the these wastes has being always one of
CNEA's top priorities.

Waste is being managed according to the following strategy:

4.1. Low level waste

Low level waste produced in the atomic centers, hospitals, universities and other minor
producers are collected at the Ezeiza Atomic Center where the following facilities are available:

4.1.1. LLW treatment plant

The facility has a sorting area, a 34 m / hour incineration furnace, a hydraulic compaction
press (average reduction rate 5:1), and equipment for immobilization and cementation of solid and
liquid wastes. Upon treatment wastes are packed in 200 liter drums.

4.1.2. Trenches for LL W disposal

Low level waste produced all over the country is disposed off, at present, in two trenches
engineered improved with concrete barriers in their sides and soil with a high hydraulic gradient to
allow liquids to drain to the collecting system. Trench # 1 is completely filled with 3500 drums and
was closed and sealed.

Trench # 2 (120 m long and 20 m wide) with a capacity of 6000 drums, was partially closed
and is still under operation with a remaining capacity of approx. 1000 drums.

Trenches were closed according to the following procedure: space between drums was filled with
sand and bentonite; successive layers of compacted soil, asphalt, sand, polyethylene film, loose soil
and soil with grass were deposited on top of the drums.

Solid LLW produced in the NPPs is compacted and cemented in-situ in special facilities built at
Atucha and Embalse premises, after conditioning in 200 liters drums they are shipped to the LLW
repository in the Ezeiza Atomic Center.

4.1.3. Semi-permeable trench for LLW liquid

Low level liquids, with short half lives, are finally disposed off in a trench, 20 m long, 10m
wide and 3 m deep, with a capacity of 2 m /day, which operates according to the classic principle of



retention through ionic exchange of liquids and soil. The area is controlled by surrounding monitors
and sampling.

The Ezeiza area where the present LLW repository is located is becoming increasingly
populated and, in the near future, operation of this site will be very difficult due to social pressure. In
consequence, it is foreseen that this repository will operate until the year 2017 when it will be finally
closed. From that date environmental remediation actions will start on the area and institutional
control will continue for 50 years.

It is planned that in 2020 a new near-surface, engineering improved trench type, LLW
repository will start operation in the same site where the future MLW repository will be erected.

4.2. Medium level waste

Medium level waste consists mainly in filters and ionic exchange resins from the nuclear power plants,
research reactors and radioisotope facilities, as well as activated or contaminated parts arising from
maintenance and repairs at the plants, (Table III).

TABLE HI: AVERAGE AMOUNT OF LOW AND MEDIUM
LEVEL WASTE PRODUCED BY DIFFERENT SOURCES

PRODUCER AMOUNT / Year
(Average in m )

LLW MLW

CNA1 37 4

CNE 25 10

FUEL CYCLE 6

RADIOISOTOPES 50 2

PRODUCTION

MEDICINE, INDUSTRY, R&D 3 3

TOTAL 121 19

Due to the short volumes produced up to date, medium level waste is temporarily stored either
at the NPPs (resins placed in tanks, large parts in the spent fuel elements pool), or in drums placed in
2x2x2 m concrete containers stored in a special building ( 60 x 20 x 10 m ) at Ezeiza Atomic Center.
The building has a controlled ventilation system and a remotely operated 30 Ton crane.

The amount of MLW that will be generated, specially the big amounts that will arise from the
dismantling of the nuclear facilities, indicates the necessity to have in the near future a definitive
MLW repository. It is planned to start the necessary studies for the siting of this repository in the year
2000 and conclude them around 2007. From 2007 to 2015 activities necessary to construct the
repository will take place. Starting from 2015 it is expected that all MLW generated in the country will
be dispose off in this site.

The repository will be a near-surface monolithic concrete type, similar to those erected at
L'Aube in France or El Cabril in Spain. The expected capacity will be of 60 000 drums, 200 liters
each. Drums will be placed in concrete containers (12 drums per container), which will be stored in
concrete covered vaults (23 x 22 x 7 meters). Each vault will contain approximately 4800 drums. At
the same site a near-surface engineer trench system will be constructed for the LLW.



4.3. High level waste

High level waste, consisting primarily of spent fuel elements from the nuclear power plants
and research reactors (Table IV), is managed as follows:

4.3.1. MTR spent fuel elements

The approx. 400 spent fuel elements from research reactors produced up to day are temporary
stored in a building (35 x 12 x 4 meters). Fuel is placed in 200 holes 0.15 m diameter, 2 m deep with
stainless steel lining, each bore can hold 2 fuel elements. Water circulates through the holes for
refrigeration.

Negotiations are underway to return to the USA 90% enriched fuel elements provided by them. In
such case a partial reconvertion to dry storage will be carried out in the facility.

4.3.2. Atuchafuel elements

Approx. 8100 fuel elements are stored temporarily up to date in the spent fuel pool. The pool
will complete its capacity by the year 2007 if a new rack arrangement is not decided before. A total
amount of 11 600 elements, with 2040 tons of UO2, are expected by the end of the operating life. The
last burned fuel will need to remain in wet storage for decaying up to the year 2025.

Starting in the year 2010a dry temporary storage will be erected on-site and fuel elements stored
in pools will be transferred there. Fuel will be kept in interim dry storage until a decision to reprocess
or final direct disposal will be taken, approximately in the year 2045.

4.3.3. Embalse fuel elements

The short CANDU spent fuel elements (0.5 m long), employed at the Embalse NPP, are stored
in the spent fuel pools (36 100), and in dry concrete silos (34 500). Each silo contains 9 sealed
stainless steel baskets with 60 fuel elements each. 80 silos were already built with a total capacity of
43 200 assemblies.

The strategy for the spent fuel elements of this NPP will continued to be the same as today.
New dry silos will be added to the existing ones, when needed, in order to temporary store the
expected 192 000 fuel elements that will be spent by the end of the plant life. Final disposal strategies
will be similar as those explained for Atucha 1.

TABLE IV: SPENT FUEL ELEMENTS

PRODUCER

CNA1

CNE

RA-3

CNA2

STORED*
(Qty)

POOLS DRY

8.167

36.091 34.560

440

EXPECTED A
(Qty)

11.600

192.000

N/A

23.200

t UO2)

2.040

4.100

N/A

4.080
* Status at 30 June 1999



4.4. HLW repository siting

In the 80 's CNEA decided to start feasibility studies for the siting and construction of a HLW
repository. The project was to identify a possible site to place the deep geological repository and
demonstrate that, with the available technology, HLW waste could be dispose off safely. After a
survey of different geological formations along the country a suitable granite formation, in the
province of Chubut, in the Southern Patagonia, was chosen to start with the first studies.
Several investigations were performed at the site, including photo-interpretation, geological and
geophysical characterization of the rock, seismic studies, geomorphologic and hydrogeologic analysis
of the area. Drillings down to 800 m. were performed and a conceptual engineering design was
prepared. Studies were interrupted in 1992, due to public opposition, and no other region in the
country was surveyed.

An extensive R&D program in vitrification, employing borosilicate glass by fusion and hot
pressing, and different materials for containers, was conducted in the last 20 years supporting the
Radwaste project.

Although a final decision, regarding reprocessing or direct disposal, will be taken in the future,
nevertheless independently of this decision, a final repository for HLW will be needed. The plan is
that the spent fuel elements, or the vitrified waste arising from the reprocessing process, will be finally
disposed off in a deep geological repository.

The major problem at present, regarding this option, is the adverse public opinion that impedes
the necessary studies to select the siting for the repository. It is expected that a strong communication
program, together with negotiations with local governments regarding royalties and additional benefits
for communities, will allow the selection and characterization of an appropriate site by the year 2030.
Between 2030 and 2040 a deep geological laboratory will be erected on the selected site, to gather the
necessary information for the engineering stage, and in the year 2045 the construction of the HLW
repository will start. This schedule is tentative and depends strongly on technical, political and social
issues.

4.5. Financial considerations

Until September 1998, when the National Nuclear Waste Law was approved by Parliament,
there were no specific funds for radwaste management, money was appropriated from CNEA's regular
budget. The Law establishes that CNEA is responsible for the management of all the radioactive waste
produced in Argentina but the waste producers will pay for the disposal.

CNEA charges a fare for LLW and MLW disposal according to the volume produced. For the
HLW treatment, 1% of the nuclear 'Utility's' income is being separated in a trust fund.

Utilities are responsible for the HLW management, including temporary storage, during plant
operation. After ceasing operation the license will be transferred from the Utility to CNEA who will
be responsible for the waste as well as for the NPPs decommissioning process.

Separate trust funds for each nuclear power plant were also established to take care of money
needed for decommissioning, estimations were made for the amounts the utilities will deposit annually
considering estimated costs, plants end of design life, investment rates, and a three stages deferred
decommissioning strategy. Adjustments will be made every three years.

5. CONCLUSIONS

Since the beginning of the local nuclear program Argentina showed a clear an conscientious
radwaste management strategy according to international standards and practices.
The recently approved Nuclear Waste Law strengthens the program and provides clear responsibilities
and mechanisms to collect the money needed to deal with this issue.



The amounts of waste to be generated will come mainly from the decommissioning activities,
but it is clear that, due to the small scale of the country's nuclear power program, the Government will
have to subsidize the waste management projects. We still hope that maybe in the near future an
international, or regional, agreement could be politically and socially accepted and costs could be
shared.

As is the case in most countries, the major problems faced by Argentina to implement a
complete final program for radwaste are not technical but social and political. We believe that sooner
or later people will recognize that the solutions proposed for final disposal of nuclear waste are
environmentally acceptable with the same, or even lower, risks or damages than in any other industrial
activity.
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Abstract

For the purpose of reducing the amount and/or volume of low-level radioactive waste (LLW)
arising from decommissioning of nuclear reactor, the Japan Atomic Energy Research Institute
(JAERI) has been developing four decontamination techniques. They are:

(a) Gas-carrying abrasive method,
(b) In-situ remote electropolishing method for pipe system before dismantling,
(c) Bead reaction - thermal shock method, and
(d) Laser induced chemical method for components after dismantling.

JAERI in developing techniques are also carrying out melting tests of metal and non-metal. Melting
was confirmed to be effective in reducing the volume, homogenizing, and furthermore stabilizing non-
metallic wastes.

1. INTRODUCTION

The decommissioning program of the Japan Power Demonstration Reactor (JPDR) was begun
in 1986 by JAERI under the auspices of the Science and Technology Agency of Japan. The program
involved development of efficient techniques for decontamination before and after dismantling. High
decontamination factor (DF) could be attained by developed techniques such as sulfuric acid - cerium
chemical method and wet flowing abrasive method, while a large amount of waste including
secondary waste was generated during the JPDR decommissioning. It is, therefore, necessary to
reduce drastically the amount and/or volume of waste that will be generated in decommissioning of
commercial nuclear power plants.

The JAERI has been developing advanced decontamination techniques that will generate a
small amount of secondary waste [1], [2] and volume reduction techniques that will achieve a high
volume reduction rate and stabilization [3], [4]. The present paper reports the progress of
decontamination and volume reduction techniques at JAERI.

2. DECONTAMINATION

The JAERI has been developing four decontamination techniques:

(a) Gas-carrying abrasive method,
(b) In-situ remote electropolishing method for pipe system before dismantling,
(c) Bead reaction - thermal shock method, and
(d) Laser induced chemical method for components after dismantling.

2.1. Gas-carrying abrasive method

A wet flowing abrasive method has been developed and given good results for the JPDR
decommissioning. It is, however, difficult to apply this method to the decontamination of commercial
nuclear power plants, since it will need a large pump for circulation of water and generate a large



Fig. 1 Principle of gas-carrying abrasive method.
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amount of contaminated liquid waste. The use of air instead of water can minimize the equipment,
especially circulation pump. Hence a dry method, namely, gas-carrying abrasive method has been
developed by using air as an accelerating fluid of abrasives.

Figure 1 shows the principle of gas-carrying abrasive method to which the swirling flow of air
and abrasive material are applied. This method is expected to attain high DF, since the swirling flow
will make higher collision frequency and acute collision angle of abrasive against inner wall of pipe It
also makes higher grinding power through centrifugal force of abrasive. Furthermore, the abrasive
material can be efficiently recovered and reused, hence the generation of secondary waste will be
reduced. The secondary waste is nothing but in solid form, which can be easily treated. Figure 2 shows
the experimental setup for gas-carrying abrasive method. The equipment is composed of a fluid
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accelerator for generation of swirling flow of air, an abrasive supplier, a test section with removable
specimens, a classification section for separation of abrasive and dust, and a section for dust
collection. The test section consists of 6m of horizontal pipe, 1 m of bend pipe, and 3 m of vertical
pipe. Removable specimens can be mounted on nine parts; each part has four specimens at hoop
direction.

Decontamination tests using 60Co as a radioactive tracer were carried out for stainless steel of
100 A pipe using 20 wt% of cast iron grit under the flow velocity at 100 m/sec. Figure 3 shows the
relation between grinding time and contamination density. Initial level of contamination, 150 Bq/cm ,
dropped to about 0.7 Bq/cm after grinding for 20 minuets. The gas-carrying abrasive method was
confirmed to give high DF for short time as a result of its high grinding power

2.2. In-situ remote electropolishing method

In-situ remote electropolishing method for decontamination of pipe system before dismantling
is expected to reduce occupational exposure of dismantling worker and secondary waste, since general
electropolishing technique was already demonstrated to be effective for decontamination of
dismantled pipes and components. In-situ remote electropolishing method will be applicable to
partial decontamination of pipes. It is not in need of complicated processing for liquid waste and
generate less amount of secondary waste than chemical method that is generally applied to pipe
system, and therefore this method is superior to general chemical method.

Figure 4 shows the outline of in-situ remote electropolishing decontamination system. The
system is composed of an internal cathode, a pair of balloons making a closed inside area of pipe for
decontamination, a machine traveling along inside of pipe, an electrolyte circulator, and a DC power
supply.

Decontamination tests for in-situ electropolishing method are carried out as follows:

The electropolishing part, i.e. internal cathode and balloons and the traveling machine are
inserted into pipe,
A pair of balloons is pneumatically inflated and makes closed inside area of pipe,
The closed area is filled with circulating electrolyte and electropolished,
After discharge of electrolyte, balloons are shrunk and the equipment travels next
decontamination area.

Figure 5 shows the relation between current density and electropolishing depth. Sufficient
current efficiency of 40% was obtained up to 0.2 A/cm . Figure 6 shows a traveling machine made
for pulling the 200 A type electropolishing part. As a result of performance tests, the equipment was
confirmed to be able to pass sufficiently through bend pipes and also climb vertical pipes. The in-situ
remote electropolishing technique is concluded to be applicable to decontamination of pipes before
dismantling.

2.3. Bead reaction - thermal shock method

Bead reaction - thermal shock method will be applied to decontamination for dismantled metal
components. Surface contaminant of metal is fused with a flux and converted to glassy form, and the
heated glassy contaminant is removed by thermal quenching. This is a dry process and generates a
small amount of secondary waste for which treatment is relatively easy. High DF is attained by this
method.

Figures 7 (a, b, c) shows the principle of bead reaction - thermal shock method:

(a) Coating of flux; contaminated surface of metallic waste is coated by fluxes such as borax and
borosilicate glass using flame spray technique,

(b) Fusion of contaminant with flux; the contaminant is fused with flux in an electric furnace at 750-
850 °C for 30min and converted to glassy form,

(c) Thermal quenching and removal; the heated glassy contaminant is quenched by the flow of air and
dry ice pellet and consequently removed by break of thermal strain and mechanical impact.
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Figure 8 shows the equipment for bead reaction - thermal shock method. The equipment is
composed of a flux feeder, a flame spray part, an electric furnace, a thermal quenching and removal
part, and a dry ice pellet feeder.

In order to confirm the performance of the equipment, tests were carried out using three fluxes,
i.e. borax, phosphoric alumina glass, and mixture of borax and borosilicate glass. Specimen coated
0.4 g/cm of each flux was heated for 30 min. at 750 °C, and immediately after heating the specimen
was quenched by air and 1.4 kg/min of dry ice pellet. Figure 9 shows the relation between peeling
rate and starting temperature of quenching. As can be seen from this figure, the peeling rate of glassy
contaminant is higher at higher starting temperature for quenching, and also the rate varies with the
kind of fluxes coated. Its order is as follows:

phosphoric alumina glass,
borax
mixture of borax and borosilicate glass.

Consequently, satisfactory result was obtained by using the systematized bead reaction - thermal shock
equipment.

2.4. Laser induced chemical method

Laser induced chemical method is applicable for the removal of remainder of contaminant from
the metal waste decontaminated by chemical or mechanical process.

Laser decontamination techniques have many advantages as follows:

Secondary waste generated is small, since a small quantity of working substance is used
for decontamination,
Decontamination area can be accurately controlled by scanning of laser light,
Remote control for decontamination reduces the occupational exposure of workers, since
laser light can be transmitted over a long distance using mirrors or fibers.

Figure 10 shows the principle of laser induced chemical method to which the laser ablation
phenomena is applied. It is possible to remove selectively contaminant from base metal and to
suppress its re-deposition by control of atmosphere. Furthermore, the rate of contaminant removal,
i.e. etching rate increases considerably by simultaneous irradiation of infra-red and ultra-violet lasers.

Laser beam

Ablated material

ED
Interaction of ablated

material and atmosphere

Formation of olasma

Corrosion products
+ Contaminant

Fig. 10 Principle of laser induced chemical method.

Figure 11 shows relation between irradiation energy density and etching rate of sintered metal
oxide, Fe2O5. Additional irradiation of infra-red laser to ultra-violet laser increased 30% of etching
rate for the sintered metal oxide.
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and etching rate.

3. VOLUME REDUCTION

There are various volume reduction techniques such as cutting, crushing, compaction,
incineration, and melting. Especially, melting is considered as a desirable one for reasons of high
volume reduction ratio and stabilization.

The JAERI has been carrying out melting tests of metallic waste and miscellaneous waste. The
objects of melting tests are:

To collect melting characteristics of waste,
To clarify the behavior of radionuclides during the melting process,
To examine the radionuclide distribution and characteristics of the homogenized product for
future recycling or final disposal,
To collect operational data for the advanced volume reduction system under construction in
JAERI.

3.1. Melting test of metallic waste

Radioactive metal melting tests were carried out using radioactive metallic waste arising from
the JPDR decommissioning. Test materials, i.e. cast iron, carbon steel and stainless steel were melted
by induction furnace with off-gas treatment system. Details of the experimental procedure have been
reported elsewhere [4].

Figure 12 shows an example of measured 60Co distribution in an ingot. It can be seen that
distribution of 60Co is fairly uniform. Similar tendencies were shown in the case of other
radionuclides. From these results, homogenization in melting process was confirmed [4]. The
homogenization will realize the simplicity and easiness in radioactivity measurement of whole metal
ingot by using only a small amount of samples taken from ingot.

Figure 13 shows the transfer behavior of radionuclides in melting process. Activity
measurements for the samples taken from ingots, slag, and off-gas dust indicated that most of 60Co,
65Zn and 54Mn remained in ingot, while a small fraction of these nuclides detected in slag or off-gas
dust. On the contrary, 85Sr was detected in slag without remaining in ingot. l37Cs was dispersed into
both of slag and off-gas dust. The radionuclides were distributed to ingot, slag, and off-gas during
melting under the thermodynamic and physical properties [4].
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3.2. Melting test of miscellaneous waste

Melting tests of simulated miscellaneous waste have been carried out by using a plasma-
induction hybrid melter with off-gas treatment system. Miscellaneous waste contains plastics, heat
insulator, concrete debris, glass, scrap metal, etc. The induction furnace and plasma torch are used for
melting metallic part and non-metallic part, respectively. Details of experimental systems have been
reported elsewhere [5].

Figure 14 shows an example of molten product from miscellaneous waste. As can be seen
from this figure, molten product consists of two layers; the light layer of homogenized slag is on the
heavy layer of metal.
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treatment by advanced volume reduction system.

3.3. Advanced volume reduction plan

Figure 15 shows a flow diagram of LLW treatment by the advanced volume reduction facilities
in JAERI. The construction of the waste size reduction and storage facilities was completed in this
summer. In the facilities, large scale wastes such as tanks and vessels are cut, followed by sorting,
decontamination, and storage.



The construction of the waste volume reduction facilities has just started. In the facilities, low-
level radioactive metallic waste will be melted and casted into vessels by centrifugal casting method
and recycled as receptacles for slag. Metallic waste under the clearance level, which is now under
discussion in Japan, will be stored as ingot for future.

4. CONCLUSION

For the purpose of reducing the amount and/or volume of LLW arising from decommissioning
of nuclear reactor, the JAERI has been developing four decontamination techniques and volume
reduction techniques. It is concluded that the gas-carrying abrasive method and the in-situ remote
electropolishing method are available for the decontamination of pipe system before dismantling. The
bead reaction - thermal shock method and the laser induced chemical method are applicable to the
decontamination of components after dismantling, since the advanced decontamination methods will
generate only a small amount of secondary waste. As the result of melting tests, melting is confirmed
to be effective in reducing the volume, homogenizing, and furthermore stabilizing non-metallic
wastes, so that the JAERI will push forward the advanced volume reduction plan for LLW.
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Abstract

The decontamination and decommissioning (D&D) project of TRIGA Mark- I & Mark- II (KRR -
1&2) was started in January 1997 and will be completed by December 2002. In the first year of the project, work
was performed in preparation of the decommissioning plan, start of the environmental impact assessment and
setup licensing procedure and documentation for the project with cooperation of the Korea Institute of Nuclear
Safety (KINS). In the second year, Hyundai Engineering Company (HEC) with British Nuclear Fuels pic (BNFL)
as technical assisting partner was designated as the contractor to do design and licensing documentation for the
D&D of both reactors. After pre-design, a hazard and operability (HAZOP) study checked each step of the work.
At the end of 1998, the decommissioning plan documentation including environmental impact assessment report
was finished and submitted to the Ministry of Science and Technology (MOST) for licensing. It is expected to be
issued by the end of September 1999. Practical work will then be started around the end of 1999. The safe
treatment and management of the radioactive waste arising from the D&D activities is of utmost importance for
successful completion of the practical dismantling work. This paper summarizes general aspects of radioactive
waste treatment and management plan for the TRIGA Mark-I & II decommissioning work.

1. INTRODUCTION

TRIGA Mark-JJ (KRR-1), the first research reactor in Korea, has operated since 1962, and
TRIGA Mark-HI (KRR-2), the second one since 1972. Both of them have been phased out in 1995
having served their lives and because of the start of operation of a new research reactor the 'High-
flux Advanced Neutron Application Reactor' (HANARO) at the Korea Atomic Energy Research
Institute (KAERI) in Taejon [1].

The decontamination and decommissioning (D & D) project of the KRR-1 & 2 was started in
January 1997 and will be completed by December 2002. In 1997, the first year of the project, works
were performed in preparation of the decommissioning plan; the start of the environmental impact
assessment and setup licensing procedure and its documentation with cooperation of the Korea
Institute of Nuclear Safety (KINS).

At the end of 1998, Hyundai Engineering Company (HEC) was selected, by open bid, as the
main contractor to do design and preparation of licensing documentation for D & D of both reactors.
And British nuclear Fuel pic (BNFL) is the technical assisting partner of HEC for design.

The decommissioning plan document including environmental impact assessment was finished
at the end of November 1998 and submitted to the Ministry of Science and Technology (MOST) for a
decommissioning license in December 1998, and it expecting to be issued by the end of September
1999. Practical dismantling works will be started around the end of 1999 once the license is issued. A
Company that will do the dismantling works will also be designated by open bid.



In June 1998, all spent fuels from these two research reactors were safely transported to the US
according to US origin spent fuel management policy. Therefore, an important step for the
decommissioning was completed.

Meanwhile, preparation works for decommissioning have continued from the year 1998 such as
installing radiation measuring and analysis equipment and a turn-style control gate that is equipped
with an automatic individual radiation exposure record system. Hot and cold showers for workers,
laundry equipment and some temporary storage facilities will also be installed before practical
dismantling work.

A tentative schedule for the D & D project for the KRR-1 & 2 is shown in Fig. 1. The final goal
of the project work is that all of the radioactive materials be removed and packed in containers so that
the remaining buildings and the site can be used as an unrestricted area. While it is planned to turn
KRR-1 into a science memorial museum after the removal of all radioactive materials, KRR-2 will be
completely dismantled for the general uses of the building.

Year
Activity

• D & D plan
• D & D design
documentation •
Environmental assessment
• Doc. Review for License
• Spent fuel transportation
• D & D Works
• Site restoration
• Radiation monitoring
• R & D demonstration
• Waste treatment / storage
• Waste transportation
• Site restitution

1997 1998 1999 2000 2001 2002 2003 ~2008

FIG. 1. Decommissioning schedule of KRR-1 & 2.

Fig. 2 shows a general layout of the TRIGA Mark-II & IE reactors site. The total area is
47417m2. The shaded doted buildings are estimated to be contaminated and are to be decontaminated
and/or dismantled. There are two reactor buildings, hot-cells (concrete hot-cells and semi hot-cells),
experimental laboratories, liquid waste storage tanks (old and new) and pools, liquid radioactive
waste treatment building, radioactive solid waste storage building, resin regeneration building, natural
evaporation facility and so on.

Table I summarizes general characteristics of KRR-1 & 2. As shown at the table, the main
differences between KRR-1 & 2 are the types of the reactor (fixed core vs movable core), thermal
capacities (250 kW vs 2MW), the reflector type (graphite vs H2O) and the enrichment of the U (20
% vs 70 %). The active part of each fuel moderator element consists of a solid homogeneous mixture
of uranium-zirconium hydride alloy containing 8.5 % by weight of uranium enriched.



It may be noted that the KRR-1 was initially designed and constructed to provide thermal power
up to 100 kW in 1962, but was upgraded up to 250 kW in 1969 because of its great need from the
nuclear communities in Korea.

!ffi*-ii Kit B.H3

FIG. 2. Layout of the TRIGA Mark-II & III reactor site.

TABLE I. CHARACTERISTICS OF KRR-1 & 2

Items

Reactor Type

Thermal Power(kW)

First Criticality

Shut down

Total Operating Time(Hours)

Total Generating Power (MWh)

Neutron Flux(n/cm2-sec)

Fuel
Contents of U (w/o)
Enrichment (w/o)
Cladding
Chemical composition

Moderator

Coolant

Reflector

Control rod

KRR-1

Open pool, Fixed core

250

1962.3. 19

1995.1

36000

3700

1 x io13

8.5
20
Al

U-ZrHt.o
H2O

H2O

Graphite

B4C

KRR-2

Open pool, Movable core

2000

1972.5. 10

1995.12

55000

69000

7 x 1013

8.5
70

304SS
Er-U-ZrHo.6

H2O

H2O

H2O

B4C



The KRR-1 & 2 had been operated for 34 and 24 years respectively. These two reactors were
used in research for reactor characteristics, material tests, textures studies, radioisotope production,
training, education and other basic research by using neutron beams.

2. RADIOACTIVE WASTE TREATMENT PLAN

Proper management of radioactive wastes is of utmost importance for successful fulfillment of
the project. Radioactive wastes arising from decommissioning works are very divers not only by size
(it is sometimes very difficult to reduce the volume), but also by radioactivity and by physical type.

Planning a waste management program requires knowledge of the types, the mass and volume
inventory of the waste of both the existing waste and that which will be generated by the
decommissioning activities, so that suitable methods of processing the waste and packaging the final
solidified waste materials can be determined.

The types of waste material that will be considered and encountered during the
decommissioning activities are firstly classified based on whether they are contaminated or non-
contaminated waste materials. They will also be classified by physical types (solid, liquid and gaseous
waste) and by radioactivity (low and intermediate level radioactive material). However, high level
radioactive material will not be considered because of the completion of all spent-fuel transportation
to the US. Special waste such as cadmium, asbestos, sodium lamps, HEPA filters, spent resin, lead etc.
will be considered differently.

In this paper, all the radioactive wastes will be classified for convenience by physical types-
liquid, solid and gaseous types. Preliminary inventory of the radioactive wastes shows the volume of
low-level solid wastes: about 650 m5, intermediate level solid waste; 1.5 m3 before sorting, and
operational liquid waste 400-m3 [2]. But this is just an indicative number and will be varied
depending on the contamination and activation levels.

2.1. Radioactive liquid waste treatment

All of the operational and existing liquid radioactive wastes are more or less under free
discharge level (less than 1.85 x 105 Bq/m5) with a maximum quantity of 400 m5 as shown in Table 2.
The main radionuclides contained in the liquid wastes are 60 Co and l37Cs.

Flushing and equipment decontamination as well as by washdown of radioactive areas for
contamination control. These secondary liquid radioactive wastes will be minimized by using the least
possible quantity of washing liquid.

All of these liquid wastes will be further concentrated by using the natural evaporator which is
in operation from April 1999. It has a maximum evaporation capacity of 200 t/y[3]. Such a natural
evaporation facility has been safely operating for the concentration of very low-level radioactive
liquid waste being produced at KAERI's Taejon site without any environmental risks since 1990. All
of the operating data accumulated were referred to and used in the design and construction of the new
evaporation unit at the TRIGA site [4].

A flow diagram of the natural evaporator installed on site is shown in Fig. 3. Radioactive liquid
wastes will be transported by a tanker-lorry or by a flexible hose from the storage ponds or tanks to
the evaporation unit. Liquid waste will continuously be distributed in the form of a film on the
evaporation surface. Simultaneously air from outside will be supplied by means of two exhaust fans to
increase the evaporation rate. At the end of the operation, the concentrates will be removed from the
bottom of the tank and solidified in cement or dried naturally until in the form of cake to further
reduce the final volume of waste.



TABLE II. RADIOACTIVITY OF THE OPERATIONAL LIQUID WASTE

Location
KRR-1
Reactor Pool
Bulk-Shielding Tank
Spent Fuel Storage Facility

KRR-2
Reactor Pool (Upper part)
Reactor Pool (Lower part)

Spent Fuel Storage

Out Side tanks
Long Lived Storage Pond
Short Lived Storage Pond

Very Low-level Pond
KRR-1 Old Storage Tank

Radioactive Liquid Waste
Treatment Facility Tank

a
(Bq/m3)

4.37E-04
ND
ND

ND
ND

ND

1.12E-03
3.41E-04

ND
6.81e-04

ND

P
(Bq/m3)

NDa

2.30E+03
ND

1.46E+04
5.15E+05

6.29E+02

9.14E+04
1.89E+05

ND
1.29E+02

1.43E+03

Y
(Bq/m3)

ND
ND
ND

Cs-137: 1.62E+04
Cs-137 : 9.34E+04
Co-60: 1.56E+05
Mn-54 : 1.86E+04

ND

Co-60: 1.56E+05
Co-60 : 6.59E+04
Zn-65 : 3.77E+04
Cs-134 : 3.48E+04

ND
ND

Cs-137 : 2.88E+03

H-3
(Bq/m3)

1.70E+06
-
-

4.18E+06

-

-

-

-

-
-

_

' Non Detectable

FIG. 3. Flow diagram of natural evaporation.



The result of an effective dose assessment for an individual with the most conservative data
input shows 1.01 x 10" mSv/y, which is far below the regulated dose limit of 1 mSv/y. The maximum
radioactivity calculated in the exhausted air is 4.637 x 10"14 |uCi/cc-air based on l37Cs. This is also
largely negligible compared with the maximum permissible concentration of 2 x 10"9 |uCi/cc for l37Cs
in air [5]. The final concentrate produced from the natural evaporator will be solidified in cement or
dried naturally depending on its final status, before putting it into a 200-liter drum.

Radioactive laundry and shower wastes will be treated by a membrane facility which has been
developed at KAERI and will be installed specially for the D & D project on site. This membrane
facility will also be utilized for the treatment of laundry and shower liquid radioactive wastes arising
from the HANARO research reactor in Taejon. The flow diagram of the membrane facility is shown
in Fig.4. The system consists of two membrane units (ultrafiltration module and reverse osmosis
module) and a wet oxidation unit.

Ultrafiltration (UP) is applied as a pretreatment step to remove all suspended and colloidal
solids and water-soluble species of large molecular sizes in the wastewater. A reverse osmosis (RO)
unit then treats the wastewater. The retentate of RO which is recirculated from the feed tank and the
permeate are collected separately. RO retentate containing surfactant micelles with spherical
aggregates of 50-100 surfactant molecules is again treated in the second UF unit. The UF concentrate
is finally treated by the wet oxidation (WOX) unit for the destruction of concentrated surfactant.
Ultimate permeate will then be sent to the natural evaporator. And the concentrate from the natural
evaporator will be dried and packed in a proper drum.

Waste Storage Pretreatment Step Pre-concentration Step Volume Reduction Step Decomposition Step

Concentrate

Discharge
or

Natural Evaporator

Storage Tank ! Strainer

FIG. 4. Flow diagram of the membrane equipment.

Simple and movable cement solidification equipment will be installed on site for the
solidification of concentrated liquid waste from the natural evaporator. But the drying option instead
of solidification of the concentrated liquid wastes is also available for further volume reduction.

Since the KRR-1 & 2 and research laboratories have operated for more than 34 years, all of the
liquid radioactive waste tanks and ponds are filled more or less with slurry at the bottom. The total
quantity of the slurry is estimated around 4 m3 [6]. It will be less than 1 m3 after concentration by
filtration [7]. A study on the proper treatment method of slurry waste is under way and it will be
decided in near future.



2.2. Solid free release waste

Free release wastes will result from sections of the decommissioning areas which have very
little or suspected level of contamination or radioactivity associated with them, for example outer
concrete of the KRR-1 and KRR-2 shield tank structures or miscellaneous articles from laboratories.

The volume of free release waste will be dominated by the inactive concrete waste from the
decommissioning of the KRR-1 and KRR-2 shield structures. This volume is estimated to be around
1200m but will depend on the depth of radioactive contamination of the shield structures.

Calculations, monitoring and sampling should allow the radiation protection personnel to find
an accurate boundary between non-active and active concrete of the shield structures and tank floors.
Monitoring will also be carried out to ensure that the waste is suitable for free release, for example to
the industrial burial site.

2.3. Low level radioactive solid wastes

Main production areas of the low level radioactive wastes is the reactor hall, fuel storage pond,
hot-cell, laboratories, resin regeneration facility and old and new radioactive liquid waste storage
tanks for KRR-1 and reactor hall, fuel storage areas, hot-cells, semi hot-cells, laboratories and
radioactive waste storage tanks for KRR-2. It is also expected from the waste storage building, liquid
radioactive waste treatment building and so on.

Radioactivity of solid waste produced during dismantling is generally very low. But the physical
types will be very diverse; 10 m3 and other sizes of tanks, heat exchangers, activated concrete,
laboratory equipment, filters & filter housings, ducts, pumps, pipes, reactor components,
contaminated concrete or materials, shield doors, beam ports, compactible and/or combustible waste
such as papers, cloths, gloves, shoes etc.

Trained workers under the control of radiation protection personnel most carefully segregate all
of the radioactive wastes after which volume reduction is effected by cutting and/or compaction of the
wastes prior to putting them in a proper container.

Cutting into small pieces of some voluminous tanks that are coated with lead of 1 -cm thickness
for shield purpose will be very difficult and time consuming. These tanks are therefore, directly used
as containers for low level radioactive materials taking into consideration the nuclear law in respect of
the allowable surface dose limit.

Heat exchangers and metallic shield doors will be stored as they are. But if necessary fixation of
free standing water by cement inside of the heat exchangers will be done prior to putting them in the
interim storage facility.

Compactible and/or combustible solid wastes such as papers, gloves, shoes etc will be packed in
200 liters drums. All the other non-compactible solid wastes will be packed in
a 4-m3 container or other appropriate container sizes.

2.4. Solid intermediate level waste

It is anticipated intermediate level waste, of which there will be approximately 1.5 m5, will be
comprised of the stainless steel components of the 3 research reactors (RSRs) (2 for KRR-1 and 1 for
KRR-2) and some other stainless steel components from the two reactor cores or vicinity.

Calculations were carried out to estimate the dose rates associated with the RSRs by using the
FISPIN code that was developed by AEA Technology pic.



Based on operational data from KRR-1 reactor (34 operational years, 3 years since shut-down,
maximum flux 1.0 x 1013 n/cm2-sec, total thermal power 3753MWh), activation of the stainless steel
is 25.92 mCi/g (60Co) and average flux is 5.16 x 1011 n/cm2-sec. The mass of 60Co in a KRR-1 RSR
would be 4.55 Ci giving a dose rate of 60.06 mSv/h at a distance of 1 m from the unshielded RSR.

Based on operational data from KRR-2 reactor (24 operational years, 3 years since shut-down,
maximum flux 7.0 x 1013 n/cm2-sec, total thermal power 68740 MWh), activation of the stainless steel
is 142.9 mCi/g (60Co) and average flux is 3.6128 x 1012 n/cm2-sec. So the KRR-2 RSR is estimated to
have approximately 25.1 Ci of 60Co giving a dose rate of 331.3 mSv/h at a distance of 1 m from the
unshielded RSR [8][9].

The KRR-2 RSR will be transported to the exposure tank of KRR-1 where two KRR-1 RSRs
are actually stored. These 3 RSRs will be cut to take out all stainless steel components and to put them
in a TIF (TRIGA Irradiation Fuel) for storage and future transportation.

2.5. Special radioactive solid waste

Expected special radioactive solid wastes arising as a result of the decommissioning activities
are cadmium, asbestos, ion exchange resin columns, sodium lamps, HEPA filter and lead. All of the
special radioactive solid wastes will be treated in a proper manner according to national regulation or
guidelines.

2.6. Gaseous wastes

The decommissioning areas are ventilated using the respective building ventilation systems that
provide two levels of filtration. Because of the low levels of contamination within the
decommissioning areas, it is considered that levels of aerial activity generated from the majority of
the operations will be insignificant.

However, there is the potential to generate aerial activity during the removal of the activated
concrete and the removal of the thermal columns. The use of containment with a portable ventilation
system during operation where there is the potential to generate airborne activity, ensures that best
practicable means are used to reduce environmental discharges, providing an additional two levels of
filtration to that of the building ventilation system (also HEPA filtered). All discharges to the
environment are monitored to allow the actual discharges to be compared with estimated discharges.

Where possible contamination will be removed by swabbing with a suitable decontamination
agent. However fixed contamination will be removed from concrete surfaces by scabbing. The
scabbing process will minimize the release of airborne activity during the scabbing of concrete
surfaces. The scabbing head is contained and the dust is vacuumed to a drum, the exhaust from the
vacuum is HEPA filtered.

2.7. Temporary storage of wastes

All radioactive wastes will be packed in a 4 m or in a 200 liters drum(or other adequate sizes
depending on waste status) under solid form except some particular wastes such as tanks, heat-
exchangers, shielded doors etc, which will be stored as they are and transported directly to the final
disposal facility in the future.

Waste characterization data sheets will be filled, in to record required details such as weight,
material and activity assessment. Simultaneously, the information will be saved by database for final
disposal.



All of these wastes will be temporarily stored in the KRR-2 reactor hall until 2008 when a low-
and intermediate-level radioactive disposal facility is operational. Radiation monitoring and
protection during that period will be assured by KAERI.

3. CONCLUSION

As the dismantling of the TRIGA Mark-II & IE research reactors is the first experience of its
kind in Korea, and as there is no existing well established standards and regulations, all activities
concerning not only the dismantling activities but also waste treatment and management including
exemption-level waste will be closely discussed on a case by case basis with Korean authority bodies.
Such close discussions between KAERI and KINS are just aimed to adjust the conditioning and
storage of the waste produced, to identify the ideal methods of treatment and to also determine the
future disposal needs accordingly. Future radiological surveys, by sampling of all facilities and sites
will be regularly done prior to the dismantling activities of each part to decide the exact volume of
radioactive waste to be managed.
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Abstract

For the confirmation of safety for the geological disposal of radioactive wastes, it is very
important to demonstrate the groundwater flow by in-situ investigation in the deep underground. We
have developed a groundwater flow meter to measure simultaneously the velocity and direction of
groundwater flow by means of detecting the electric potential difference between the groundwater to
evaluate and the distilled water as a tracer in a single well. In this paper, we describe the outline of
the groundwater flow meter system developed by CRIEPI and Taisei-Kiso-Sekkei Co. Ltd. and the
evaluation methodology for observed data by using it in fractured rocks. Furthermore, applied results
to in-situ tests at the Tounou mine of Japan Nuclear Fuel Cycle Development Institute (JNC) and the
Aspo Hard Rock Laboratory(HRL) of Swedish Nuclear Fuel and Waste Management Co.(SKB) are
described. Both sites are different type of fractured rock formations of granite. From these results, it
was made clear that this flow meter system can be practically used to measure the groundwater flow
direction and velocity as low as order of 1x10" ~ 10" cm/sec.

1. INTRODUCTION

In Japan, the shallow land disposal of low-level radioactive wastes (LLW) generated
from nuclear power plans was already started in 1992 at Rokkasho village, Aomori prefecture.
On the other hand, the geological disposal of high-level radioactive wastes (HLW) generated
from reprocessing plants is expected to started by middle of 2030's to middle of 2040's at
latest. For the confirmation or demonstration of safety on the LLW/HLW disposal, it
becomes more important to evaluate the groundwater flow in the disposal site. Especially, it
is a key issues on the groundwater scenario for safety assessment to evaluate precisely the
local groundwater flow behavior (velocity and direction) through pathways as in opened
fracture of rocks. We have developed the groundwater flow meter system to measure
simultaneously and precisely the velocity and direction of groundwater flow by means of
detecting the electric potential difference between the groundwater and the distilled water as

Applied results obtained within each frameworks of the joint research project between CRIEPI and
PNC (at present JNC, Japan) and the international Aspo HRL project (SKB, Sweden) are included.



a tracer in a single well. This equipment has been developed in a framework of the
co-operative research between Central Research Institute of Electric Power Industry
(CRIEPI) and Taisei Kiso-Sekkei Co. Ltd. [1].

This flow meter system has been modified to detect more precisely the groundwater
flow in a deep well. Then, we have developed the analysis method to identify the flow
characteristics with low velocity and direction of groundwater flow based on the
advection-dispersion model by which we can specify the flow component from the advection-
dispersion behavior of tracer [2] [3] [4]. The fundamental principles of this flow meter system
and the applicability of data analysis method on this flow meter are confirmed by laboratory
tests [2][3] [4].

Especially, in this report, we introduce as an example the results applied to the
Tounou mine of JNC (Japan) [4] and the Aspo HRL of SKB (Sweden) [5] where each rock
formation is granite with fracture zones.

2. MEASUREMENT PRINCIPLE OF GROUNDWATER FLOW METER SYSTEM [1] [2]

2.1. Major features of flow meter

The diagrams of the outline of measurement apparatus of the groundwater flow
meter developed by us and the schematic view of setting up this measuring system are shown
in Fig.l and Fig.2 respectively.

The major features of this measuring system are as follows:

This meter is capable of simultaneous measuring both the velocity and direction of the
groundwater flow. This can be achieved by preparing in using a single borehole;
This measurement procedure is free from any kind of water contamination problems
because of using pure water basically as a tracer;
With this measuring system, it is easy to perform successive measurements at the same
or different depths;
The diameter of equipment is 6cm, so boreholes with about 7cm-10cm diameter are
available for this measurement;
The range of groundwater flow velocity detected by this meter is basically within the of
1 x 10"3 cm/sec to 1 x 10~6 cm/sec and that the order of 1 x 10~7 cm/sec maybe detectable
by the additional data analysis based on the advection — dispersion phenomena.

2.2. Measurement principle of flow meter [1] [2]

This flow meter detects the change of specific electric resistance within a restricted space of
the probe, as shown in Fig.l, in terms of the difference in the voltage potential. This space is
termed the electrode section and contains 13 electrodes, 12 of which are located in radial on
the circumference of a circle with a diameter(30—60mm), and one of which is a common pole
in the center.
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FIG. 2. Schematic diagram of groundwater flow system.



This room with electrodes is basically filled with glass beads of 1 mm diameters and the
tracer solution, which has the electric resistance adjusted to be larger than the measured
groundwater, is still set into the pipe of central electrode. When groundwater flows into the
electrode section, continuous measurements are made within each of the 12 sets of the
electrodes for the specific electric resistance changes that occur during the replacement
process of the tracer solution with the groundwater flow. The variation of the specific electric
resistance with time is detected as the difference in the electrical potential (A V) between the
central electrode and the each of 12 circumference electrodes by data logger.

2.3. Data analysis method [1] [2]

As for the data analysis, it is clearly evident that the tracer initially set into the
cylindrical electrode transported with groundwater flow between a distance of Ax from
central electrode (where A V = 0.0) to the surrounding electrodes by the advection-dispersion
process. Inprinciple, A V becomes maximum when the plume of tracer is located at the center
of Ax. Thus, for a laminar flow, the average flow velocity within the electrode section can be
estimated by the following Eq. (1).

V o = A x / ( 2 A t ) (1)
where

Vo is the velocity within the electrode section
Ax is the distance between central and surrounding electrodes
At is the time that A V becomes maximum

As shown in Fig 2, The data from all 12 sets of electrode intervals are recorded
similarly in terms of the difference in electrical potential, AV and time, t. The measured
velocity, Vo which represents the average flow velocity inside the glass beads in the electrode
section, is obviously different from the real flow velocity, Vd through the objective
underground. In this flow meter system, the grass beads are enclosed by a thin cylindrical
mesh which is surrounded by a standard sand layer and the well structure influence the
groundwater flow characteristics in the measurement field, so that the flow velocity, Vd can
be converted by the following Eq. (2).

Vd = p • Vo (2)
where

ft is the correction factor which is related to the effects of the glass beads, cylindrical
mesh and sand filter, is determined from the calibration curve prepared empirically or
analytically for practical purposes.

On the other hand, the horizontal component of the flow direction within the electrode
section can be easily determined from the data for the largest A V of electrode.

In the velocity field of larger than the order of lxlO"5 cm/sec, generally, these simplified
methods of data analysis may be applicable. But, in the less velocity field than that, it is
necessary to identify the velocity component by using the advection-dispersion analytical
techniques as mentioned above.



3. EXAMPLE OF APPLIED RESULTS TO IN-SITU TEST IN FRACTURED ROCKS [4][5]

We have applied this groundwater flow meter system to the in-situ tests that has been
performed as co-operative research projects in fractured rocks at JNC's Tounou mine in Japan
and SKB's Aspo HRL site in Sweden.

3.1. In-situ test at Tounou mine of JNC, Japan [4]

We applied this groundwater flow meter to the groundwater flow survey with a
single well termed No.AN-1 borehole of Tounou mine that is owned by JNC and located in
Mizunami-cily, Gifu-prefecture. This study forms a link in the chain of a cooperative research
work, which is aimed to establish the technique for evaluation on the characteristics of
fractured rocks, between JNC and CRIEPI.

Fig.3 shows the comparisons between observed and calculated results on the
differences of electric potential for three measurement points within about 150 m depth with
AN-1 well in Tounou mine. On the other hand, Fig.4 shows the shadow flow vectors
simulated on the fracture plane at each depth based on the observed data. As a result, we had
good prospects for being able to detect the direction and the velocity as slow as the order of
lxlO"7 cm/sec by using the groundwater flow meter system mentioned above.

The groundwater flow velocity in rocks is generally so slow that we can't ignore the
effect of diffusion of the tracer (distilled water) in comparison with advection. Then, we
developed a method of analysis, that is based on a addiction-dispersion equation and is able
to specify the advection component (flow), for the velocity and direction of groundwater flow
[2] [3] [4].

From these results, the measurements of local flow characteristics (velocity and
direction) of groundwater flow could be performed more effectively than usual by using this
groundwater flow meter.
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Fig. 5. Features of conductive fracture(B) by borehole TV and core image of Aspo HRL
(KA3510A).

3.2. International Joint Project at Aspo Hard-Rock Laboratory of SKB, Sweden [5]

CRIEPI has participated to the Aspo HRL international joint research project by
SKB, Sweden from 1991. The objective of this experiment is to measure directly the velocity
and direction of groundwater flow in fractures of borehole KA3510A, because that it is
important to evaluate the groundwater characteristics in major fractures of Aspo HRL.

The borehole KA3510A is located at about EL-460m in the Aspo HRL tunnel and is
150m length inclined about 30° from horizontal.

Fig.5 shows the features of a selected fracture zone investigated by the borehole TV
and core image of conductive fracture. We selected the target zones of fractures by these
results in this measurement. The measurement results by the groundwater flow meter is
shown in Fig.6 and the shadow flow vector simulated on the fracture plane, through which the
borehole KA3510A penetrates, is shown in Fig.7. From these results, it is evaluated that the
groundwater flows downwards through the major fracture zone at about 5 X 10"4 cm/sec order
of velocity.



Fig.6. Observed results of groundwater flow in a fractured zone (SKB's Aspo HRL).
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Major Fracture Zone
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Fig.7. Groundwater flow measurement by CRIEPI's flow meter: outline of the estimated groundwater flow in a
major fracture zone (Aspo HRL).



6. CONCLUSION REMARKS

In this study, we have developed a groundwater flow meter to measure
simultaneously the velocity and direction of groundwater flow by means of detecting the
electric potential difference between the groundwater to be measured and the distilled water
as a tracer in a single well.

' 6 '

In this paper, we introduce the outline of the groundwater flow meter system
developed by us. Furthermore, we have applied this groundwater flow meter system to the
in-situ tests that had been performed as co-operative research project in fractured rocks at
JNC's Tounou mine in Japan and SKB's Aspo HRL site in Sweden. The geological formation
of both sites is granite, but the feature of fractures and the measurement results of
groundwater flow are different from each other.

From these results, it was made clear that this flow meter system can be practically
used to measure directly the groundwater flow direction and velocity as low as order of about
lxlO"3~ lxlO"7cm/sec.
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Abstract

In Japan, the high-level radioactive waste (HLW) disposal project is expected to start fully after

establishment of the implementing organization, which is planned around the year 2000 and to dispose the wastes

in the 2030s to at latest in the middle of 2040s. Considering each step in the implementation of the HLW disposal

project in Japan, this paper discusses the execution procedure for HLW disposal project, such as the selection of

candidate/planned disposal sites, the construction and operation of the disposal facility, the closure and

decommissioning of facilities, the institutional control and monitoring after the closure of disposal facility, from a

technical viewpoint for the rational execution of the project. Furthermore, we investigate and propose some ideas

for the concept of the design of geological disposal facility, the validation and demonstration of the reliability on

the disposal techniques and performance assessment methods at a candidate/planned site. Based on these

investigation results, we made clear a milestone for the execution of HLW disposal project in Japan.

1. INTRODUCTION

In Japan, the implementing organization for the high-level radioactive waste disposal project will
be established in the year 2000 and it is expected to start the operation of HLW disposal facility by
2030s to at latest middle of 2040s (Atomic Energy Commission of Japan (AEC))[1J. The Advisory
Committee on Nuclear Fuel Cycle Backend Policy and the Special Committee on HLW Disposal of
AEC made recommendations in which a concept on the step by step framework for site selection and
confirmation by the government in Japan and the milestone of the second progress report (entitled H12)
by Japan Nuclear Cycle Development Institute (JNC) are noted [2, 3]. The AEC Guidelines specify the
objectives of the HI 2 report as [4, 2]:

Demonstrating the technical reliability of geological disposal in Japan;
Providing the technical basis for selection of potential disposal sites and establishment; of safety
standards, both of which are required for the realization of the disposal project.

On the other hand, the Central Research Institute of Electric Power Industry (CRIEPI) and the
Federation of Electric Power Companies (FEPC) had investigated the execution procedure for HLW.
Work performed within a framework of the join research project between Central Research Institute of



Electric Power Industry (CRIEPI) and the Federation of Electric Power Companies (FEPC)
on the disposal project in Japan, such as the selection of candidate/planned disposal sites, the
construction and operation of the disposal facility, the closure and decommissioning of facilities, the
institutional control and monitoring after the closure of disposal facility, are discussed from a technical
viewpoint for the rational execution of HLW project in Japan, considering each step of implementing
the HLW disposal project [5][6]. These results have been referred to many parts of the H12 draft report
[4]. In this paper, we discuss the outline of the results, especially focused on a concept for
demonstration of geological disposal techniques and implementation approach of HLW disposal project
in Japan.

2. BASIC CONCEPT OF HLW DISPOSAL

2.1. HLW disposal program in Japan [1] [4]

According to the national basic policy on HLW management presented in the document entitled
"Long-Term Program for Research, Development and Utilization of Nuclear Energy"(AEC,1987) [1],
the HLW should be solidified in a stable form, held in interim storage for 30 to 50 years to allow cooling
and then disposed of at a depth of more than several hundred meters in a stable geological formation.
The implementing organization is scheduled to be established in the year 2000, will then proceed to
select the candidate sites and a potential site, and carry out the demonstration on the reliability of
disposal technology. Following licensing by the Japanese Government, the operation of repository is
expected to start by the 2030s or the middle of the 2040s at the latest.

As for the siting approach, three steps of selecting a potential sites are recommended such as the
candidate sites, the planned site and disposal site by the AEC's special committee on High-Level
Radioactive waste Disposal [3]. Fig.l shows the outline of the basic program on geological disposal
project of HLW in Japan.
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confirmation by government
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R&D
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Second progress report (H-12)
"( 2000)
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•to provide scientific & technical basic for
siting process and regulatory criteria

R & D after 2000
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Application of license /licensing
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2030s-
mid. 2040s Construction & operation of

disposal facility

Establishment of
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FIG. 1. National Program for Disposal project of HLW in Japan.



2.2. Concept of geological disposal and safety goals

In this study, the total volume of disposed wastes is supposed to be about 40,000 vitrified wastes
which are returned from the oversea reprocessing plant and generated from the JNFL's reprocessing
plant et al. from the year of 2000 to 2035. These HLW are held in interim storage facility for 30 to 50
years to allow cooling and then disposed of at a depth of more than several hundred meters in a stable
geological formation. The long-term safety for geological disposal of HLW in Japan is basically based
on the waste isolation with the multi-barrier system composed of the engineered barrier (vitrified waste,
over-pack and buffer material) and the natural barrier (deep geological formation) as illustrated in Fig.2.

The criteria to assess the long-term safety of geological disposal are also necessary to be specified.
The individual maximum permitted dose (1 mSv/y) and risk (lO'Vy) are recommended by the
International Commission on Radiological Protection (ICRP) to be used as a safety indicator,
respectively which humans are expected to receive in the future due to the disposal of radioactive
wastes [7]. The International Atomic Energy Agency (IAEA) has suggested a safety rules which state
that the safety of future generations should not fall below a level which is acceptable to the current
generation and so on [8]. In some countries and international organizations, safety standards for the
geological disposal of HLW have been established within a regulatory framework [9]. In Japan, the
individual dose limit used to assess the low level radioactive wastes disposal at the Rokkasho site by
JNFL is 10"2 mSv/y. The safety regulations for the HLW geological disposal in Japan has been carrying
on discussions by the Advisory Committee on Radioactive Waste Safety Regulations of the Nuclear
Safety Commission.

3. IMPLEMENTATION APPROACH OF HLW DISPOSAL PLOJECT

Considering each step needed for implementing the HLW disposal project as shown in Fig.l, in
this paper, the execution procedure, such as the selection of candidate/planned disposal sites, the
construction and operation of the disposal facility, the closure and decommissioning of facilities, the
institutional control and monitoring after the closure of disposal facility, are investigated from a
technical viewpoint for the rational execution of HLW project in Japan based on the siting approach by
the AEC's guidelines[3]. Based on these milestones on the HLW project, we proposed a framework for
the execution of HLW disposal project in Japan (Fig.3).
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FIG. 3. Framework assigned for Execution of HLW Disposal project in Japan.
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FIG.4. Schematic diagram of investigation for execution of HLW disposal.



4. STUDY ON EXECUTION TECHNIQUES OF HLW DISPOSAL PLOGECT

In this study, we made investigations for the rational execution of HLW disposal project in Japan
based on the approach as shown in Fig.4. The investigated results from this study are shown as follows.

4.1. Setting up of geological conditions

Strategy and contents of investigation and evaluation for site selection for the high-level
radioactive waste disposal was discussed with regard to requirements for the safety assessment and
design of disposal facility according to the proposed master schedule of high-level radioactive waste
disposal. And a definite investigation program including the content, process, accuracy etc. should be
made up on the basis of the following geological requirements in Japan (Table I).

TABLE I. MAJOR GEOLOGICAL REQUIREMENTS FOR SITE SELECTION

1. Exclusion of disruptive geological processes

2. Sufficient characteristics of rock formations

3. Exclusion of potential natural resources existence
4. Exclusion of environmental preservation

Rapid uplift/ Erosion
Major fault movement
Volcanic activity
Volume
Strength
Geology/Geohydrology
Future development of natural resources
National natural parks
Historic site

In Japan, the more potential geological formations are sedimentary rocks and crystalline rocks
(granite). In this study, we set up the imaginary geological conditions for both type of geological
formations of sedimentary rock and granite based on the obtained literatures and data.

4.2. Design and production of engineered barrier

Ensuring the physical integrity of engineered barriers for an extremely long time period is
necessary for geological disposal of high-level radioactive wastes. In this study, we investigated the
design process and the designed configurations of both overpack and buffer as engineered barriers.

Carbon steel was selected as a structural material of the overpack and the specification of the
overpack was determined, assuming disposal in the depths of 1000m below surface of crystalline rock
site. Fig.5 shows a basic design flow for establishing the specification of overpack in this study.

The mixture of bentonite and sand (80% sodium bentonite and 20 % silica sand by mass) was
selected as a buffer material from mainly its low permeability and characteristics of self-sealing by
swelling in a gap of disposal hole.

Welding method of a lid onto the main body of the overpack, uniting method of a
corrosion-resistance layer and the structural component in the case of a composite overpack and
manufacturing procedures of both blocks-type and monolithic-type buffers are also investigated.
Manufacturing procedure, quality control and inspection methods were also summarized in this study.
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FIG. 5. Design flow for establishing of basic specification for overpack.

FIG. 6. Example of design for engineered barriers.

Fig. 6 shows the example of specifications for designed engineered barrier system in this study for
both emplacement types of waste forms in a vertical pit or horizontal disposal tunnel.

4.3. Design and construction of underground disposal facility

In Japan, several kinds of techniques needed for high-level radioactive waste disposal have been
researched and developed for the deep underground rock formation which is distributed from several
hundreds meter to one thousand meter below the surface [1][4][5].
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FIG. 7. Investigation flow for setting up layout of underground disposal facility.

In order to confirm roughly the feasibility for the construction of disposal facility, as a first step,
in this study, a fundamental design concept of the underground facilities necessary to dispose of about
40,000 waste forms was investigated, and the depth and scale of disposal facility were estimated. Then,
an example of the basic layout design for disposal facilities finally was demonstrated under the above
discussion.

In the second step, we discussed the more detail design, such as the shape and dimension of
tunnels, the types and materials for tunnel timbering, the minimum distance between adjacent tunnels or
waste forms and the ventilation and drainage system. Fig.7 shows the basic flow of investigation for
setting up the layout of underground disposal facility in this study. Then, under the above discussion,
we demonstrated an example of the detailed layout design of total disposal facilities as shown in Fig.8.

We also investigated the some construction techniques such as the excavation method, the
carrying out method of excavated rocks, the grouting method for rocks around tunnels and the grouting
materials and the equipment for ventilation, air-cooling and drainage in tunnels. Then, we proposed
roughly a method for construction management based on the present available techniques.

4.4. Emplacement of radioactive wastes and back-filling of underground facility

Based on the principle of radiation protection, we investigated the handling and emplacement
procedure of waste and buffer materials. Then, we showed the handling flow diagram, conceptual
drawings of handling and emplacement facility in two cases of emplacement; vertical emplacement in a
disposal pit and horizontal emplacement in disposal tunnel. Based on the current technologies, the
procedure and materials available for backfilling and plugging have been investigated and an example
of the system for handling of waste forms and materials (Fig.9).



FIG. 9. Overview of transportation and emplacement vehicles (vertical emplacement)

4.5. Performance assessment and safety assessment of disposal facility

Scenarios for the geological disposal of high-level wastes were developed in order to assess the
safety of the HLW disposal and the performance of the repositories. The list of features, events, and
processes (FEP) related to the disposal and their influence on others, called process influence diagram
(PID), were utilized to construct the scenarios. As a result, the scenario involved in groundwater flow
can be divided into a reference scenario and alternative scenarios. In addition, the latter are composed of
upheaval/erosion, submergence, permanent glacial epoch, permanent interglacial epoch, and



higher-temperature inclination with depth. According to the scenario analysis, the performance
assessments of barriers were conducted for both types of host rock for granite and sedimentary rocks.
Fig. 10 shows an evaluation scenario set up in this study for the safety assessment of HLW disposal
system. From the evaluated results, the lower values of individual dose resulting from the disposal were
obtained for the sedimentary rock site than those for granite site and those values were less than 10 Sv/y.
Because, the lower values of groundwater velocity and higher distribution coefficients in the
sedimentary rock site conditions than those in the granite site were set up in this case study. In addition,
the dose for the upheaval/erosion scenario gave rise to the highest value.

geology, hydrogeology, climatology
and so on

The potential effect by the
geological disposal on the
human and the environment

Groundwater scenario

Radionuclides reach human
through the groundwater

Reference scenario

Engineered barriers change within the
assumed range but geological
conditions never change

Alternative scenario

Geological conditions will change
within the assumed range

Wastes encounter
human scenario

Wastes encounter human directly

Note:
definition of geological conditions n

Natural disruptive
events scenario

By lifting, erossion and seismic
activities, wastes encounter human
directly

Human intrusion
scenario

Human intrudes the repository
intentionally or unexpectedly and
encounter the wastes

FIG. 10. Evaluation scenario for safety assessment of HLW disposal system.
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FIG. 11. Basic concept for validation & demonstration of HLW disposal techniques
at planned site.



4.6. Demonstration and Confidence building on execution techniques of HLW disposal

The validation and demonstration of execution techniques of HLW disposal are key issues for
confidence building as well as licensing application. In Japan, it is shown in AEC's guideline [1] that
the underground research laboratory (URL) for HLW disposal should be established for each candidate
host rocks. However, it is the present situation in Japan that full scale of underground research
laboratories are necessary more times to proceed with public acceptant. So, it is very important to have
more flexible approach for validation, demonstration and confidence building on execution techniques,
utilizing the existent mine tunnels in Japan, advanced URL of abroad and so on.

Furthermore, Fig. 11 shows a basic concept for validation and demonstration of disposal
techniques, proceeding in details at each steps of HLW project at the candidate or planned sites.

Based on this concept, we made a plan for validation and demonstration of disposal techniques
needed for proceeding the execution of HLW project after establishing the implementing organization
in the year 2000.

5. CONCLUSION

Considering each step of implementing the HLW disposal project in Japan, in this paper, the execution
procedure for a series of HLW disposal project was investigated from a technical viewpoint for the
rational execution of HLW project in Japan.

The major conclusions are summarized as follows:

From this case study, simulating a series of works, from site selection to closure of disposal
facility, the technical issues and preparing R&D plans necessary for executing rationally the
HLW disposal project in Japan.
In order to confirm implementation schedule, availability of data and license acceptability, a
tentative license application plan was examined, so that a lot of important technical issues were
picked up.
These results have been reflected or utilized for preparing the H-12 technical report by JNC [4]
and the estimation of cost for HLW by the Nuclear Subcommittee of the Advisory Committee for

Energy, MITI (1999) [10].
Based on these investigation results, we could to show more concrete milestones for the
execution of HLW disposal project in Japan.
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Abstract

The U.S. used nuclear fuel management program is at a critical juncture. It has been 17 years since the
U.S. Congress authorized geologic disposal of used nuclear fuel and 12 years since Congress elected to study
Yucca Mountain, Nevada, as the nation's lone long-term disposal option. During this period, Yucca Mountain's
ability to isolate long-lived radionuclides was the subject of considerable scientific study. Concurrently,
specialists expended significant design effort on the engineered barriers that work in conjunction with the
proposed repository's natural features to ensure that health protection standards are met. Confidence as to the
soundness of the geologic disposal option is high. While technical progress on geologic disposal is substantial,
policy level decision-making needed to move the program forward remains lacking. A number of important
policy questions concerning used fuel management remain unanswered as this fuel accumulates at 103 operating
U.S. commercial nuclear power reactors at 65 sites. Wet fuel storage space at those locations is becoming
increasingly scarce. This paper will review both the scientific successes and policy challenges on the road to
geologic disposal. It will outline the nation's used nuclear fuel storage needs, highlight what the nation's scientists
have learned about geologic disposal, discuss what is being done to meet near-term interim storage requirements,
describe the emerging regulatory framework associated with the program and summarize the ongoing policy
debate.

1. HISTORICAL PERSPECTIVE AND BACKGROUND

Since the start of the U.S. nuclear energy program, disposal of used nuclear was the province
of the government. The first U.S. reactors were government designed, built and managed. When
privately financed electric utilities began building commercial power reactors in the 1950's, the
government retained ownership of the fuel.

In the 1960's, ownership of the fuel was transferred to the utilities with the understanding that
ultimate responsibility for the fuel would return to the government at the end of the fuel cycle.
Throughout the early decades of the U.S. nuclear industry, the U.S. Atomic Energy Commission (the
predecessor agency of both the Nuclear Regulatory Commission and the Department of Energy)
actively promoted commercial nuclear power ventures with this understanding in mind.

Despite its decision against reprocessing commercial used nuclear fuel, the U.S. government
did not address the pressing waste disposal needs of a once-through nuclear fuel cycle. Nonetheless,
the government sponsored numerous technical studies of various waste disposal options—from
surface, underground, and ocean bed disposal to launch of the material into outer space. These
studies—and the associated policy debate—culminated in the Nuclear Waste Policy Act of 1982, and
the act's 1987 amendments. Together, these required the Department of Energy (DOE) to develop a
deep, mined geologic repository for high-level waste; a facility for temporary used fuel storage; and a
transportation system that safely links power plants with the two facilities. The Act also required the
DOE to begin moving used fuel from nuclear power plant sites by January 31, 1998.

Presented by, on behalf of the Nuclear Energy Institute, Regis Matzie, Vice President of Nuclear Systems,
ABB Combustion Engineering Nuclear Power, Inc. (ABB CENPI).The opinions and views presented in this
paper do not necessarily reflect the views of ABB CENPI

2The Nuclear Energy Institute is the nuclear energy industry's Washington-based policy organization.



The 1987 amendments named Yucca Mountain as the nation's sole site for a geologic
repository. The repository, originally scheduled for completion by 1998, is at least 12 years behind
schedule. No site has been selected for an interim storage facility. On January 31, 1998, the
government defaulted on its obligation to begin moving used fuel from nuclear power plants. This
prompted a number of utilities to file lawsuits against the government and spurred further efforts in
Congress to enact legislation to reform the program. Against this political backdrop, an impressive
array of scientific study at Yucca Mountain continues to provide evidence supporting construction of
a geologic repository at the site.

2. THE NEED FOR A REPOSITORY

2.1. National importance of nuclear technology

Used nuclear fuel is currently stored at 65 operating commercial nuclear power plant sites
located at approximately 130 locations throughout the country (shutdown reactors, government
storage facilities and research institutions make up the remaining 65 sites). Figure 1 shows the
location of nuclear materials destined for geologic disposal. Clearly, this is an issue which touches the
lives of all Americans. These plant sites produce approximately 20 percent of the nation's electricity,
contribute the "lion's share" of the avoidance of environmental emissions, and enhance the national
well being through world class scientific research. Nuclear power plants met 40 percent of the
nation's increased electricity demand over the past 25 years, while simultaneously displacing billions
of barrels of oil, billions of tons of coal, and trillions of cubic feet of natural gas. In so doing, nuclear
energy prevented a 25-30 percent increase in harmful emissions. Over the same period, the United
States won the cold war, advanced material science and technology, and fostered immense progress in
nuclear medicine—none of which would have been possible without nuclear reactors.
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2.2. Current used nuclear fuel storage situation

The byproduct of the significant accomplishments of the U.S. nuclear industry over the past
five decades is the accumulation of approximately 40,000 metric tons uranium (MTU) of used fuel.
This is expected to grow to 89,000 MTU by 2040 (86,300 from commercial power reactors and the
remainder from government managed and research reactors) as America continues to reap the
economic and environmental benefits of nuclear energy. Figure 2 provides an estimate of the
cumulative spent fuel that will be discharged from U.S. reactors over the life of the plants (assuming
no new plant orders or life extension).

Virtually all of the U.S. industry's used fuel continues to be stored at reactor sites—
approximately 95 percent of it in reactor pools that are rapidly filling up.

Note cnange in vertical scale oelowsuuu M I u

3oi f l»: OCfTWM Projections Baaedon Hislorioai Data fivm HA. assuming no new ordsis or Melime extensions

yr-hqcc.FH7 As of January?. 1998

FIG. 2. Projection of spent fuel discharges as of January 1999 from Commercial Nuclear Activities

2.3. Constraints on the continued availability of the U.S. nuclear option

The substantial efforts undertaken by U.S. reactor owners to make maximum use of their
existing on-site used fuel storage capabilities are described in the next section of this report. To date,
used fuel storage limitations have not adversely affected the operation of the nation's power reactors
because the reactor owners have taken counter measures. Improvements in plant safety and efficiency
continued to increase nuclear energy's share of the U.S. electricity market in spite of the fact that no
new nuclear power plants have come on line in the past five years. For this to continue an even greater
effort will be required to resolve the used fuel issue. If additional interim used fuel storage options are
not available, more than half of the nation's nuclear power plants will lose full core discharge
capability within the next decade. Figure 3 indicates how rapidly the full core discharge capability is
lost over the next 10 years.

Equally important, a number of plants are facing decisions on whether or not to apply
to the Nuclear Regulatory Commission (NRC) for operating licenses renewal. The degree to which
such renewals will be pursued—let alone new plant construction—is likely to depend on the amount
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FIG. 3. Reactors with full core discharge capability

of confidence that plant owners have in the government's ability to effectively manage used nuclear
fuel. While interim measures are likely to allow the industry to continue to operate, until additional
progress is made on long-term used fuel disposal, the full potential of nuclear power in the United
States will be constrained.

3. INTERIM MEASURES

3.1. Used fuel pool capacity extensions

Older used fuel pools and storage racks were designed assuming that the fuel would be
reprocessed (or at least removed) after a minimal cooling period. Although this assumption became
less tenable for newer power plants, no reactor used fuel pool was designed to accommodate all of the
fuel generated over the life of a plant. As reprocessing and timely removal became less likely—and
storage space more limited—utilities began to look for ways to increase the capacity of their existing
used fuel pools.

The most common method of increasing pool capacity was to replace original storage racks
with higher density racks. This process, known as reracking, is considered to be the lowest cost
alternative for expansion of on-site used fuel storage capability and has been performed at least once
at the majority of U.S. reactor sites.

Another option for increasing in-pool storage capability is rod consolidation. An intact fuel
assembly has fuel rods arranged in an open array with spacing between fuel rods to promote cooling
and neutron moderation. Rod consolidation can reduce the fuel volume by a factor of two by
removing the fuel rods from the fuel assembly hardware, and reconfiguring them into a metal storage
canister in a closely packed array. Non-fuel bearing components are then stored separately in either
the pool racks or a dry storage system. Several U.S. plants have pursued this option.

Additionally, utilities owning multiple reactors were able to take advantage of variations in
available capacity between reactors by shifting fuel from one used fuel pool to another. One utility
was able to utilize pools constructed for two canceled reactors to store used fuel from two reactors
operating on the same site.



3.2. "At-Reactor" dry storage

After more than a decade of actively applying pool capacity extension methods, reactor
owners are finding that few options remain. A growing number of sites are addressing their used fuel
pool capacity limitations with at-reactor dry storage facilities. This method involves building
Independent Spent Fuel Storage Installations (ISFSI) located outside the used fuel pool (normally
outdoors on the reactor site). One benefit of dry storage is that it is a modular technology, i.e.,
additional storage capacity can be added (and paid for) as needed. Dry storage alternatives include
metal or concrete casks, dual-purpose casks, concrete modules and modular vaults. The NRC has
approved a number of dry storage systems of each type for use. To date, 11 such facilities have been
licensed and 17 more are at various stages of planning. Figure 4 shows a typical ISFSI facility.

3.3. Centralized interim storage

With the federal government estimating that a permanent repository for nuclear waste will not
be ready until 2010 at the earliest, the industry is advocating that a temporary centralized storage
facility be sited in the vicinity of Yucca Mountain. Centralized temporary storage has several
advantages over the ISFSFs currently being used.

• It would free individual sites of the burden of constructing and licensing their own ISFSFs,
resulting in considerable operational efficiency and cost savings.

• It would open up the dry storage option to reactors that currently face local opposition to
additional on-site used fuel storage.

• It would allow reactors that have been permanently shut down to be decommissioned more
expeditiously.

• It would give the industry a head start on addressing transportation issues that will eventually be
faced once a permanent repository is opened.

Legislation will be required before a temporary storage site can be built. Although various
supporters introduced such legislation numerous times, the administration has rejected the proposals
on the grounds that a final decision on Yucca Mountain should precede any movement of fuel to
Nevada. Supporters of a temporary storage facility have been unable to muster the votes needed to
override this veto. Although stalled, the argument for interim storage at Yucca Mountain continues to
be bolstered by progress on the scientific front that provides ever increasing confidence that the site
will be found suitable as a permanent geologic repository.



In the absence of a government temporary storage site, a number of private initiatives are
pending. Two such options—one on the Goshute Indian reservation in Utah and another at Owl Creek
near Shoshone, Wyoming—are in the early planning stages. Both of these projects are being
supported by U.S. nuclear electric utilities. An application for an NRC license for the Goshute project
is in process, with NRC approval expected sometime in the year 2001. The Governor of Utah and
other local politicians actively oppose the project. The Owl creek project is not as far along, but is
anticipating applying for an NRC license sometime within the next four years. A third alternative for
temporary used fuel storage is being put forth by a group proposing an international site on Wake
Island in the Pacific Ocean.

3.4. Costs

Meanwhile, the additional costs of maintaining 130 separate and scattered interim storage
facilities continues to mount. As of 1998, dry storage at operating reactors—and maintaining storage
on-site at shut down reactors—cost electric utilities $6.3 billion. By 2010, these costs are expected to
reach $13.6 billion. It is estimated that between $1 and $7 billion would be saved by siting a central
temporary storage facility in advance of the permanent repository.

4. PROGRESS TOWARDS GEOLOGIC DISPOSAL AT YUCCA MOUNTAIN

4.1. Basis for choosing Yucca Mountain

The United States is fortunate to have within its borders a site which combines a dry climate,
a stable geologic environment, a repository horizon that is both 1000 feet above the water table and
1000 feet below the surface, and is isolated from populated areas. Yucca Mountain is located 100
miles northwest of Las Vegas, Nevada—along a 6 mile flat top ridge that has remained unchanged
after a million years in a desert climate (receiving less than 7 inches of rain per year), (cf.., Figure 5.)
The natural characteristics of the site provide an excellent environment for the four essential attributes
of safe long-term radioactive waste disposal:

FIG. 5. Yucca Mountain site



• Long waste package lifetime
• Limited water contact with waste packages
• Low rate of radionuclide release from breached waste packages
• Reduction in the concentration of radionuclides as they are transported from breached waste

packages

Since the 1987 decision by Congress to study geologic disposal at Yucca Mountain, a
considerable effort has been made to characterize the site and evaluate the extent to which its natural
features—working in conjunction with a robust engineered repository—would satisfy the above
criteria.

4.2. The DOE's Yucca Mountain project

The current repository schedule calls for the administration to make a suitability
determination regarding Yucca Mountain in 2001. If a positive suitability determination is made,
DOE will then apply to the NRC in 2002 for a license to construct a repository and eventually deposit
used nuclear fuel at Yucca Mountain. An important step toward these milestones was reached in
December 1998 when the DOE completed its "Viability Assessment of Yucca Mountain." This report
concluded that:

Over 15 years, extensive research has validated many of the expectations of the scientists who
first suggested that remote, desert regions of the Southwest are well-suited for a geologic
repository. Engineered barriers can be designed to contain waste for thousands of years, and
the natural barriers can delay and dilute any radioactive material that migrates from the waste
packages.

The viability assessment also outlined in extensive detail, the remaining tasks to be completed and the
expected costs to characterize, design, construct, and license an operating repository in 2010.

4.3. Evolving repository design

In April of 1997, DOE completed construction of a 4.9 mile-long tunnel through Yucca
Mountain known as the Experimental Studies Facility (ESF). An additional 1.5 mile-long tunnel—
penetrating deeper into the welded tuff volcanic rock formation where used fuel may eventually be
placed—has since been added. These tunnels form an underground laboratory for research and testing
necessary to develop and evaluate the proposed repository design. Should this work continue to
progress as indicated in the viability assessment, the tunnels—which reach the surface at two
locations known as the north and south portals—will be used as the entrance ramps for moving waste
packages into the underground repository. Figure 6 shows the reference design concept for the Yucca
Mountain Project.

The completed repository will consist of an emplacement block of parallel tunnels and access
tunnels having a total length of approximately 90 kilometers, covering an area of approximately 1000
acres. The emplacement tunnels will be approximately 5.5 meters in diameter. The spacing between
the tunnels is currently expected to be 81 meters, a distance determined as a function of the project's
thermal goals for managing the decay heat associated with the used fuel. The repository's thermal
performance has been an area of significant concern in the design work conducted to date. It is
expected that waste package surface temperatures will reach as high as 350° centigrade, and the
temperature of the tunnel walls will likely exceed the boiling point of water for some time. The wide
spacing between tunnels will allow much of the water in the rock, which is driven away from the
tunnels during the period of maximum heat load, to be shed between tunnels instead of returning to
the tunnels as they cool. This will help reduce corrosion.
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FIG. 6. Repository reference design concept

Some scientists have advocated a cool design that keeps the wall temperatures below boiling
point at all times in order to minimize uncertainties regarding thermal-mechanical effects on the water
in the rock, as well as the rock itself. Although DOE needs to finalize its design in preparation for the
suitability determination, the thermal performance debate in the scientific community is far from over.
A drift scale heater test is currently underway in the ESF as part of an effort to answer many of the
lingering questions about the effects of decay heat. The increased spacing between tunnels represents
an enhancement over the design evaluated in the viability assessment. Another thermal-motivated
enhancement in the latest post-viability assessment design is an active ventilation system that will
help cool the repository until closure (approximately 50 to 100 years after initial emplacement). DOE
plans to build the repository as it goes, completing only five percent of the emplacement tunnels
before initial waste emplacement begins, and constructing the remaining 95 percent in parallel with
repository operations.

In the emplacement tunnels, waste packages containing used fuel and other high level waste
material will be placed end to end, horizontally. Gaps between the packages will be minimized to
provide for even thermal loading within the tunnels to further reduce temperature uncertainties. The
cylindrical waste packages are expected to be constructed of a two-centimeter thick Alloy 22 outer
casing over a five-centimeter thick stainless steel inner casing for optimum corrosion resistance. The
packages will be sized to contain up to 21 pressurized water reactor or 44 boiling water reactor used
nuclear fuel assemblies. Non-commercial used fuel and other materials will be placed in canistered
waste packages having similar size and thermal performance characteristics. Figure 7 shows the
reference design concept for the waste packages.
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FIG. 7. Reference Waste Package Design Concept

Waste packages will sit on waste package supports and piers above the drift floor to allow
heat to dissipate more evenly. The support system will, in turn, sit on concrete inverts lining the
bottom of the tunnels to provide support and drainage away from the waste packages. The latest
enhanced design also protects the waste packages with a two-centimeter thick corrugated titanium
drip shield. The possibility of including back fill to protect against falling rocks and to divert water
away from the packages is also being studied. Currently a steel set ground support system of rock
bolts and wire mesh is planned to prevent against rock fall. All of these measures are being taken in
an effort to meet the engineered barrier system design goals of preventing breach of the waste
packages for 3000 years, and preventing seepage water from contacting the waste for at least 10,000
years.

At the surface, facilities are being designed to handle the approximately 700 transport casks
of used fuel per year. As the transport casks will not be used for disposal, a significant fuel handling
operation will be needed. A 440,000 square foot, six level concrete waste handling building is
proposed to accommodate these operations. It will include:

• A large bay for unloading truck and rail carriers
• Three assembly transfer lines
• Two-canister transfer lines
• One large cell for handling, staging, and welding disposal waste packages
• One small cell for loading a waste packages onto an underground transporter
• A recovery cell for remediating off-normal waste packages
• Operating galleries, maintenance areas, laboratories, equipment rooms and other support areas

The degree to which this entire configuration assures the protection of public health and
safety, both during the pre-closure operational period and for a post-closure period, is being evaluated
by probabilistic analysis known as performance assessment. The results of the latest version of the



performance assessment were published in the viability assessment and showed that anticipated
regulatory thresholds for radiation exposure can be met. Nevertheless, it was pointed out that much
work remains to be done to reduce a number of uncertainties, and considerable rigor needs to be
added for the work if it is to withstand regulatory review. Revisions of the performance assessment
are planned to incorporate proposed design enhancements to the engineered barriers, and additional
information about Yucca Mountain is being gained from ESF. Preliminary indications are that future
performance assessments will show even lower radiation doses, providing greater certainty that the
license application will be successful.

The US DOE is currently spending approximately $300 Million annually characterizing the
Yucca Mountain site. The total repository cost to closure (in approximately year 2116) is estimated to
be $43.7 Billion. Figure 8 shows the component expenditures of this life cycle cost estimate.

FUTURE YUCCA MOUNTAIN REPOSITORY, WITH 76 YEARS OF MONITORING, 1999 - 2116
Cost to License Application $1.1 Billion

Surface Facilities 4.5
Subsurface Facilities 3.6
Waste Package 4.0
Performance Confirmation 1.1
Regulatory, Infrastructure and Management
Support 1.6
Monitoring (Reference Case, 2034 - 2110) 3.5
Closure and Decommissioning (2110 - 2116) 0.4

Note: All costs are in FY 1998 dollars, or as otherwise noted.

| VIABILITY ASSESSMENT TOTAL, 1999-2116 19.8

TSLCC INCREMENT, 1983 - 2116
Historical First and Second Repository Costs 5.1
Transportation and Waste Acceptance 6.8
Construction of Nevada Rail Line 0.8
Payments to Nevada Equal to Taxes and Benefits 2.7
Costs for Over 70,000 MTU Emplacement 4.5
Program Integration & External Oversight 4.0

I TOTAL ESTIMATE FOR REPOSITORY PROGRAM 43.7

Historical Program Cost, 1983 - 1998 $ 7.1 billion (constant FY 1998 dollars)*
Program Cost, 1999-2116 (117 years) $ 36.6 billion (constant FY 1998 dollars)
Total Estimate for Program $ 43.7 billion (constant FY 1998 dollars)

* Historical Program Cost is $5.9 billion in year-of-expenditure dollars, as of 1998.

FIG. 8. Total system life cycle cost estimate

5. REPOSITORY REGULATIONS

The NRC is charged with regulating the proposed geologic repository. The NRC
demonstrated strong leadership by publishing the proposed standard for a Yucca Mountain repository
in February 1999—even while the policy debate continued. The proposed rule is a risk-informed
regulation based on the 1994 recommendations of the National Academy of Sciences. One important
aspect of the standard remains undefined. Congress granted the Environmental Protection Agency
(EPA) the authority to set the specific public radiation protection threshold for Yucca Mountain. The
precise value at which the EPA will set this threshold—and how it will be calculated—remains the
subject of much discussion. The EPA recently submitted its proposed standard for interagency review
within the U.S. government and will soon publish the proposal for public comment.

10



6. POLICY DEBATE

6.1. Politics of waste disposal

Even while the scientific determinations about Yucca Mountain are promising—and the costs
of continued storage of used fuel at approximately 130 scattered sites soars—action to move fuel
away from plant sites has been slow in coming. Over the past two years, legislation to reform the
nation's used nuclear fuel program has stalled in Congress under the threat of a residential veto. The
administration continuous to maintain its position that no fuel should be moved until a final decision
on long-term storage is made. Opponents of nuclear power find the delay supportive of their argument
that the nation should first shut down reactors before undertaking efforts to dispose of used fuel. The
longer fuel remains on site, the more difficult it will be for reactors at those sites to remain
economically competitive in a deregulated U.S. energy market.

Local opposition to temporary storage in Nevada, Utah and Wyoming also contributes to the
failure to reach a timely decision. Both opponents of nuclear power and grassroots anti-repository
movements enlist additional support from communities across America that are concerned about
being located along transportation routes for used fuel. All of these factors have contributed to a
policy stalemate even though recent polls continue to show that the majority of the American public
supports nuclear power.

6.2. Transportation issues

Although the U.S. has successfully executed over 2000 shipments of used nuclear fuel
without any adverse consequence to public health and safety, transportation remains an emotional
issue. The technology for used fuel transport is proven, and NRC safety regulations have been in
place for many years. Nevertheless, public acceptance of used fuel transportation remains low—
largely because of the emotions associated with the issue. The recent success of DOE's Waste
Isolation Pilot Project in receiving shipments of low level transuranic waste from defense sites at a
repository near Carlsbad, New Mexico, provides the industry with hope.

6.3. Public Acceptance and Risk Communication

If U.S. policymakers are to site a repository at Yucca Mountain, there will need to be
significant improvements in the manner in which the undertaking is communicated to the public. The
chairman of the NRC's Advisory Committee on Nuclear Waste, has repeatedly called for a "plain
english" version of the performance assessment analysis that will explain the long term performance
of the repository. To date, this call has largely gone unanswered. Both DOE and the NRC struggle to
explain to the public the complexities and uncertainties inherent in evaluating geologic, hydrologic,
meteorological, and engineering aspects of safely storing radioactive material for thousands of years.
While unique in many respects, used fuel is not the only product that man has created that may affect
our planet for millennia to come, yet it certainly is the first to garner such intense interest. In its
proposed risk-based regulation, the NRC constructed a credible platform for demonstrating what these
affects might be. The viability analysis indicated that conservative low radiation standards can be met.
Nonetheless, much doubt still exists and a significant amount of public discussion remains ahead
before narrowly understood scientific information can be translated in to widespread acceptance.

7. CONCLUSION

The fate of the U.S. used nuclear fuel management program remains tangled up in a far-
reaching policy debate, while the costs of indecision continue to mount. These costs are being borne
by U.S. utilities and passed on to their rate payers. But gradual progress is being made toward what is
termed, "a decision based on science." As this decision nears, the U.S. used nuclear fuel management
program remains at a critical juncture.

11



IAEA-SM-357/84

INTERNATIONAL PERSPECTIVE ON REGULATION
AND RADIOACTIVE WASTE MANAGEMENT

P.W. BRENNECKE
Bundesamt fur Strahlenschutz (BfS),
Salzgitter, Germany

Abstract

In recent years, within the framework of national as well as international programmes, notable advances
and considerable experience have been reached, in particular in the areas of minimisation of the production of
radioactive waste,, conditioning and disposal of short-lived low and intermediate level waste, vitrification of
fission product solution on an industrial scale and engineered storage of long-lived high level waste, i.e. vitrified
waste and spent fuel. Based on such results near-surface repositories have successfully been operated in many
countries. Furthermore, geological repository development programmes are now being pursued, addressing the
development and application of appropriate methods for site-specific safety assessments, too. In addition to
scientific-technical areas, issues regarding economical, environmental, ethical and political aspects have been
considered increasingly during the last years. Hence, there is a need for the examination of such issues in more
detail and, if appropriate, for introducing respective results in further radioactive waste management and disposal
options and/or planning work. Taking differences in national approaches, practices and constraints into account,
it is to be recognised that future developments and decisions will have to be extended in order to include further
important aspects and, finally, to enhance acceptance and confidence in safety-related planning work as well as
proposed radioactive waste management and disposal solutions. In particular, international expertise and peer
reviews are to be integrated.

1. INTRODUCTION

At present, worldwide, about 430 nuclear power plant units are in operation and about 40 in the
construction stage. In total, an output of approximately 2,300 TW.h was achieved in 1998. During the
operation of nuclear power plants operational radioactive waste and spent fuel assemblies are
generated. Waste containing fission and activation products is generated also in the back end of the
nuclear fuel cycle as well as from the decommissioning and dismantling of power reactors or back end
fuel cycle facilities.

The safe management of radioactive waste generated from the production of electricity using
nuclear energy has always been recognised as an issue of utmost importance for the protection of
human health and the environment now and in future. In particular, exchange of information and
consensus on the safety of radioactive waste management are of benefit to all countries having either
an advanced or limited experience in the nuclear field, in order to manage radioactive waste properly,
safely and without detrimental effects. Thus, having this in mind, main regulative issues, technology
related aspects and experiences gathered so far regarding the management of all types of radioactive
waste from nuclear power plant operation and back end nuclear fuel cycle activities will be addressed
and a respective survey will be given.

2. ACHIEVEMENTS MADE IN THE MANAGEMENT OF RADIOACTIVE WASTE

In recent years, within the framework of national as well as international programmes, a
number of different waste management and disposal strategies and concepts have been implemented
or are being developed to deal with all types of radioactive waste originating in particular from the
operation of nuclear power plants and back end nuclear fuel cycle facilities. Short-lived low and
intermediate level wastes, generated comparatively in large volumes, have successfully been managed
worldwide.



This involves various steps such as waste minimisation, segregation, collection, treatment, processing
and packaging (conditioning), transportation, interim storage and disposal. Adequate processes,
technologies and equipment have been developed to maturity and have been used for many years.

Compared to that, progress in the management of long-lived low and intermediate level waste
(i.e., alpha bearing waste) as well as high level waste (i.e., vitrified fission product solution and spent
fuel) has been made slowly and different approaches have been followed. The management of these
wastes comprises many different steps. A closed nuclear fuel cycle with reprocessing of spent fuel is
the preferred route of high level waste management for some countries, whereas others tend to lomg
term engineered storage of spent fuel without reprocessing and to direct disposal or to keep open both
options in order to identify flexible and economically favourable solutions. Up to now, there has not
been a repository in operation for high level radioactive waste.

Nevertheless, evaluating the management of all types of radioactive waste, notable advances
and considerable experience have been reached in particular in the areas of:

Avoiding or minimising the production of radioactive waste at source,
Conditioning (in particular the application of volume reducing techniques), handling,
transportation and disposal of short-lived low and intermediate level waste
(including the management of "historical" waste, i.e. waste generated some
decades ago),

Vitrification of fission product solution on an industrial scale,
Engineered storage of long-lived high level waste, i.e. vitrified waste and spent fuel.

Although national strategies differ, the approach and methodologies are often quite similar,
thus creating a sound basis for the exchange of information and other co-operative activities.

As far as disposal is concerned, one of the achievements reached by these programmes is the
establishment of a consensus between most of the experts in various countries that repository sites can
properly be identified and characterised, that repositories can be designed such that no short-term
detriment to human health and the environment will result from waste disposal, and that an acceptable
level of safety is provided for times far into the future, up to and beyond any period of regulatory
concern [1]. It is common opinion that disposal of long-lived radioactive waste in deep geological
formations using a system of natural and engineered barriers represents the most appropriate solution
to the lomg term management of this type of waste. Hence, the feasibility of geological disposal of
long-lived waste, including spent fuel, has been established at a technical level and, as a result, many
countries are now pursuing respective repository development programmes. This has in particular led
to notable advances in:

The establishment of organisational structures and regulatory frameworks to govern the
construction and licensing of such facilities,
Technology for site characterisation,
Conceptual repository design,
The development and application of appropriate methods for site-specific safety assessments.

There is interest, and resources are being spent, in research in the partitioning and
transmutation of long-lived radionuclides in order to reduce the amounts of long-lived radioactive
waste. The overall balance of financial and practical aspects of this process is, however, still being
debated. It is accepted, in particular, that partitioning and transmutation would not remove the need to
dispose permanently of long-lived waste [1]. Finally, some countries have a continuing interest in the
possibility of regional, or multi-national, repositories.



3. PROGRESS MADE IN AREAS OF SPECIAL IMPORTANCE

In addition to the achievements given in Section 2, for instance, some of the major challenges
currently faced by national and international programmes shall be discussed in more detail.

3.1. Regulatory issues and recommendations

Most programmes of international organisations encompass activities that benefit countries
regardless of their degree of sophistication in the uses of nuclear energy. Consequently, with respect
to the importance of safety in radioactive waste management and disposal, there is a need for the
awareness of international developments and the considerations of their implications at a national
level.

In response to safety-related requests for providing assistance and fostering consensus on
necessary steps, the International Atomic Energy Agency (IAEA) has been establishing standards for
the safety of radioactive waste management, including disposal, through its Radioactive Waste Safety
Standards (RADWASS) programme. The RADWASS publications represent a comprehensive series
of documents internationally agreed upon, to assist in the derivation of new, or to complement
existing, national criteria, standards and practices.

One if the most important achievements in international agreements and guidance represents
the establishment of the Joint Convention on the Safety of Spent Fuel Management and on the Safety
of Radioactive Waste Management of September 1997. The main objective of this Convention is to
achieve and maintain worldwide a high level of safety in spent fuel and radioactive waste
management, through the enhancement of national measures and international co-operation,
including, where appropriate, safety-related technical co-operation. Thus, the Joint Convention
addresses the demonstration of appropriateness, adequacy and quality of respective national
programmes. It considerably contributes to a higher degree of transparency in national radioactive
waste management and disposal programmes not only for countries developing such a programme but
also for countries having an established system.

The IAEA has also been a promoter of the fostering of exchange of information in this
controversial subject area. For instance, in August 1995, it hosted a seminar on Requirements for the
Safe Management of Radioactive Waste [2], and will organise an international conference on the
Safety of Radioactive Waste Management in Cordoba, Spain, in March 2000.

Further safety-related activities are being pursued by the European Union (EU), the
International Commission on Radiological Protection (ICRP) and the Organisation for Economic Co-
operation and Development/Nuclear Energy Agency (OECD/NEA). Thus, additional guidance and
recommendations are given that have direct impact on national programmes. For example, the EU
Council Directive 96/26/Euratom of May 1996 laying down basis safety standards for the protection
of workers and the general public against the dangers arising from ionising radiation or the new ICRP
radiological protection policy (ICRP Publication No.77) and the forthcoming update of ICRP
Publication No.46 shall be mentioned. The OECD/NEA recently published an essential document
dealing with confidence in the lomg term safety of deep geological disposal, and the ways in which
this confidence can be obtained and communicated [3]. Furthermore, the OECD/NEA provides
advisory and peer review services. At present, an international peer review of progress in the Japanese
HLW programme (H 12-study) is being performed. It may be noted that the H 12-report documents
R&D which support the demonstration of technical reliability and safety of HLW geological disposal
in Japan.

All these international activities successfully contribute to the fostering of exchange of
information and consensus on the safety of radioactive waste management in order to help countries
in managing and disposing of radioactive waste safely.



3.2. Radioactive waste conditioning

For the conditioning of radioactive waste appropriate infrastructures to process and to package
short lived or long-lived low, intermediate and high level wastes are available. Various treatment and
conditioning techniques have been developed and successfully applied for many years. This
comprises rather simple techniques as well as very advanced processes depending upon the respective
national nuclear energy programme. The selection of a conditioning process depends on factors like
the requirements of interim storage and disposal, acceptance of the process, and number/total volume
of the resulting waste packages. This shall be discussed in some more detail focusing on the
interaction between conditioning and disposal.

Waste acceptance requirements are relevant to the safety of a near-surface and/or geological
repository in its operational and post-closure phase. In addition, both the guidance to waste
conditioning given by them and the costs for disposal, e.g. per m waste package volume, basically
offer a sound basis to decide upon waste conditioning concepts and strategies taking in particular
economical aspects into consideration. Technical and economical issues resulting from a repository
help to increase the awareness of thoughtful practices in the proper selection of appropriate
conditioning techniques and/or the adjustment of existing methods and procedures. The validity of
waste acceptance requirements offering security as well as fixed disposal costs are the most decisive
prerequisites for decisions to be taken in waste conditioning.

Thus, a repository being available, it is to be anticipated that the most economical solution of
waste treatment and conditioning will eventually be addressed and applied in practice. Having
existing waste conditioning techniques in mind, this may result in the decision that rather simple
comparatively low-priced and well-proven conditioning techniques as packaging of waste into drums,
decantation/dewatering or immobilisation and grouting of waste may increasingly be applied, as
compared to advanced conditioning techniques aiming at volume reduction and the use of self-
shielded packagings. Nevertheless, such developments depend on the respective waste acceptance
requirements and require careful technical analyses and detailed economic considerations. The costs
of particular waste conditioning techniques must be evaluated and compared with the respective
number of waste packages produced as well as with the related shipment and disposal costs. Further
aspects, e.g. radiation exposure, should additionally be taken into account. As a result, optimised
procedures for waste conditioning are to be expected whereby the required safety of a repository in its
operational and post-closure phase will always be ensured.

3.3. Near surface and geological repositories

Disposal of short-lived level waste has already been practised and high level waste disposal
projects have been launched. In order to outline the current status, a couple of typical examples is
referred to.

3.3.1. Realisation of disposal programmes

In various countries near-surface repositories of different design have been operated. For
instance, in France, the Centre de TAube disposal facility started operation in January 1992. Its
capacity amounts to 1,000,000 m short-lived low-level and intermediate-level radioactive waste.
Subsequent to conditioning on-site, waste packages are stacked in engineered concrete boxes 25 m
long and 8m high. On average, about six concrete boxes are annually filled with a waste package
volume of about
15,000 m3 in total. As the Centre de V Aube is designed to accept an annual waste package volume of
35,000 m , the operational lifetime of this facility is estimated to last more than 50 years.

As to geological disposal of radioactive waste, in the United States of America, the Waste
Isolation Pilot Plant (WIPP) near Carlsbad/New Mexico started operation in March 1999. This facility



is the world's first approved geological repository specifically designed for the disposal of long-lived
low and intermediate level radioactive waste. Its capacity amounts to 175,000 m5 alpha bearing waste
including hazardous chemicals generated during the production of nuclear weapons (so-called mixed
waste). Waste packages are stacked in disposal rooms at the emplacement level at a depth of
approximately 655 m. Up to now, mixed waste originating from the Los Alamos National Laboratory,
the Idaho National Engineering and Environmental Laboratory and the Rock Flats facility have been
disposed of. The operational lifetime of this facility is expected to be about 35 years; the total activity
to be emplaced amounts up to the order of magnitude of 10l7Bq.

With respect to high level radioactive waste the French government just signed three decrees
for the continuation of feasibility studies concerning a repository in deep geological formations. Thus,
in a first step, an underground laboratory will be constructed in a clay formation at a depth of 500m.
In the United States of America, a site at Yucca Mountain/Nevada has been studied over the past 15
years to determine whether it is suited to host a disposal facility for spent nuclear fuel and high level
radioactive waste. Work should proceed towards a decision in the year 2001 whether to recommend
the site for further development as a geological repository.

3.3.2. Re-examination of disposal programmes

Despite the fact that confidence of most experts in the safety of a repository during its
operational and post-closure phase has been confirmed, this is not necessarily matched by an equally
favourable attitude of politicians, regulators, critical experts or non-expert groups. Thus, several
repository-development programmes are undergoing increased scrutiny and are expected to be
adjusted according to political decisions, new findings or specific evaluations. In the Federal Republic
of Germany and in the United Kingdom the hitherto radioactive waste management and disposal
programmes are presently being re-examined and revised programmes are to be developed seeking
national consensus in both countries, respectively.

In the Federal Republic of Germany, as a result of the September 1998 federal elections, a
coalition of the Social Democrats and Alliance '90/The Greens has come into power. Based on the
coalition agreement of October 1998, the new Federal Government makes a pronounced change in
energy policy intending to irreversibly phase out of nuclear energy use for electricity generation. This
shall be performed in a gradual procedure including consensus talks with representatives of the
utilities as well as legislative measures.

As to waste management, the coalition parties particularly agreed on the following [4]:

Development of a new national radioactive waste management plan for the legacy of
radioactive waste,
Restriction of spent fuel management to direct disposal; termination of the reprocessing of
spent fuel as soon as possible,
Extension of interim storage capacities at reactor sites; transport of spent fuel will be only
approved when storage capacity on-site is exhausted and responsibility for this exhaustion is
not with the utility's owner,
Disposal of radioactive waste must remain a public responsibility and must not be privatised,
Suitability of the Gorleben salt dome as disposal site is doubted. Therefore, its exploration shall
be interrupted. The suitability of further sites in different host rock formations shall be
explored. Based on a new set of site selection criteria still to be elaborated, potential sites shall
be identified. The final site shall be selected based on a comparison of the potential sites,
A single repository in deep geological formations is sufficient for the disposal of all types of
radioactive waste.

The implementation of these objectives into practical policy is currently elaborated. The new
policy will be enforced by changes of the legislative basis; necessary amendments are in preparation.



As far as the disposal of radioactive waste in concerned, up to now, the Konrad und Gorleben
repository projects have been considered and the Morsleben repository was operated. The present
status is as follows:

Konrad repository project:
. the licensing procedure will be continued until a decision can be taken,
. at present, possible effects due to waste package contamination are evaluated,
. the need for the Konrad repository will be reviewed, especially with respect to economic

aspects;
Gorleben repository project:
. underground investigations shall be stopped prior to clarifying the avoidance of

compensations,
. evaluation of issues, e.g. retrievability, gas production, role of natural and technical barriers

and human intrusion,
. review of assessment basis,
. despite safety issues Gorleben is not considered to be unsuitable; it will be part of a

forthcoming site selection process;
Morsleben repository:
. emplacement of radioactive waste stopped due to court order at the end of September 1998,
. licensing procedure for decommissioning in progress.

With the rejection in March 1997 of the Nirex planning application for a rock characterisation
facility at Sellafield, as a step towards the development of a repository in deep geological formations,
the United Kingdom was left with no practical plan for the disposal of most of its radioactive waste.
Present policy for radioactive waste management is fragmented. There are wastes for which no lomg
term management option has yet been decided and there are a number of significant materials, for
which no use is foreseen, which are not categorised as waste at all. This leads to uncertainties in the
planning of future facilities and to the continued storage of hazardous materials in an essentially
temporary state.

Therefore, in order to proceed, the HM Nuclear Installations Inspectorate developed guidance
taking into account current waste management activities in the United Kingdom including the
prospect of long term interim storage of waste packages in the absence of disposal route. In particular,
a House of Lords report dealing with the future policy for radioactive waste management and disposal
in the United Kingdom was prepared [5]. The most important findings and recommendations are the
following:

The future policy for radioactive waste management will require public acceptance,
Phased disposal in a geological repository is feasible and desirable,
The recommended phased approach would allow decisions to be taken in a considered way as
technical confidence and experience develop, and would avoid premature decisions which may
be difficult to reverse,
The establishment of a Nuclear Waste Management Commission is recommended, to be
charged with the development of a comprehensive strategy widely accepted,
If phased geological disposal is adopted a Radioactive Waste Disposal Company is
recommended, to be charged with the design, construction, operation and eventually closure of
the repository (or repositories),

Government has to take a positive role in the development and implementation of such a
strategy and Parliament has to endorse the strategy and to renew its support regularly during
implementation.



4. AREAS FOR FURTHER DEVELOPMENT

4.1. Groundwater related safety aspects

According to the existing legal regulations to water in some countries, in radioactive waste
disposal attention must be paid not only to radiological impacts but also to chemical impacts of
certain waste constituents. For instance, in order to demonstrate the safety of a geological repository
particularly in its post-closure phase, possible releases of organic and inorganic contaminants via the
water path, resulting in a pollution of near-surface groundwater, are to be investigated. Thus, in
addition to an assessment of radiation exposure and radiological impacts during the operational and
post-closure phase of such a facility, it has to be clarified whether non-radioactive toxic substances in
the waste packages present an additional lomg term hazard to future generations. In this context, it
must be recognised that radionuclides are the minor mass fraction in the waste to be disposed of. The
major mass fraction is made up of non-radioactive organic and inorganic material including
chemotoxic substances. A complete site-specific safety assessment must therefore cover hazards and
impacts associated with both, radioactive and non-radioactive constituents of the waste to be disposed
of. The procedure and assessment of non-radiological groundwater-related impacts in radioactive
waste disposal were successfully demonstrated, for the first time, within the licensing procedure for
the German Konrad repository project [6].

4.2. Retrievability

The defining characteristic of the post-closure status is that no further engineering measures are
expected to be necessary in order to ensure proper future performance of the disposal facility. In a
geological repository, for example, the post-closure phase pertains to the period of time following
final shaft sealing and surface facility decommissioning. Nevertheless, a geological repository may
provide the possibility of retrievability in early periods of time. Thus, it should be helpful to examine
how far the present concept of radioactive waste disposal in deep geological formations would need to
be modified to ensure retrievability at several time scales. This also introduces the issue how to
determine the timing closure based on environmental and ethical concerns.

5. STATUS OF INTEGRATED, OPTIMISED AND COST EFFECTIVE RADIOACTIVE WASTE
MANAGEMENT SYSTEMS

In addition to scientific-technical areas the consideration of issues regarding economical,
environmental, ethical and political aspects has been increased during the last years. Hence, there is a
need for the examination of such issues in more detail and, if appropriate, for introducing respective
results in further radioactive waste management and disposal options and/or planning work. For
example, the elaboration of criteria for choosing a candidate repository site from a number of
potentially suited sites should be faced or human intrusion into and retrievability of waste packages
from geological repositories (cf. Section 4.2) be re-assessed and transferred to broadly accepted
solutions. As far as economical aspects are concerned, respective considerations, to some extent, still
seem to be rather in their initial phase and need a better understanding. If, for example, a potential site
has carefully been investigated, this investigation finally resulting in its suitability to host a
repository, then possibly required investigations of further sites in different host rocks must be
evaluated considering in particular economical aspects, too. Thus, specific features of a nationally
implemented waste management system may be favoured (or not) and, consequently, adjusted in an
appropriate way.



6. CONCLUSIONS

Reviewing the current status of and examining the perspectives for the technological
infrastructure needed for the safe, environmentally sound and effective management of radioactive
waste originating in particular from the operation of nuclear power plants and back end nuclear fuel
cycle activities including decommissioning and dismantling, respectively, it can be concluded that:

The technology is available to manage, in a cost effective manner, the waste originating in
particular from power reactors and back end fuel cycle facilities,
Feasible methods have been developed and mature solutions found to deal with waste issues,
Schemes have been developed and adopted to ensure that the resources needed to implement
waste management programmes are available.

Nevertheless, taking differences in national approaches, practices and constraints into account,
it is to be recognised that future developments and decisions will have to be extended in order to
include further important aspects and, finally, to enhance acceptance and confidence in safety-related
planning work as well as proposed radioactive waste management and disposal solutions. In
particular, international consensus on the safety of radioactive waste management and disposal,
including the respective procedures and steps to achieve this, will be one of the essential key elements
with respect to the protection of human health and the environment.
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Abstract

This paper describes the existing radioactive waste management scheme of KANUPP. The radioactive
wastes generated at KANUPP are in solid, liquid and gaseous forms. The spent fuel of the plant is stored under-
water in the Spent Fuel Bay. For long term storage of low and intermediate level solid waste, 3m deep concrete
lined trenches have been provided. The non-combustible material is directly stored in these trenches while the
combustible material is first burnt in an incinerator and the ash is collected, sealed and also stored in the trenches.
The low-level liquid and gaseous effluents are diluted and are discharged into the sea and the atmosphere. The
paper also describes a modification carried out in the spent resin collection system in which a locally designed
removable tank replaced the old permanent tanks. Presently the low level combustible solid waste is incinerated
and stored, but it is planned to replace the present method by using compactor and storing the compacted waste
in steel drums underground.

1. INTRODUCTION

Karachi Nuclear Power Plant (KANUPP) is a 137 MWe CANDU PHWR. It is located at Paradise
Point on the Arabian Sea coast 25 Km west of Karachi. The reactor has been generating power since
October 1971. Till the end of 1998 the plant has produced over 9.2 billion units of electricity.

The plant faced many challenges during its 28 years of operation mainly due to withdrawal of
vendor support; but, through indigenous efforts the plant continues to be operational till now. KANUPP
now operates with its fuel bundles manufactured in Pakistan.

There are generally two ways of waste management: concentrate and store or dilute and disperse.
Both these techniques are used at KANUPP. Highly active waste is stored in underground concrete
trenches and low level activity waste is diluted and dispersed into the sea or atmosphere. Presently
Pakistan does not have a permanent storage facility for radioactive waste, so all the waste storage is
temporary for short or medium duration until a permanent disposal facility is available.

KANUPP faithfully adheres to its original safety and public risk targets. The average personnel
radiation exposure has been well within the limits prescribed by the International Commission on
Radiological Protection
(ICRP). The release of radioactive material through gaseous and liquid effluents has been less than 4%
of the maximum permissible limit.

2. RADIOACTIVE WASTES AT KANUPP

A wide variety of radioactive wastes e.g. solids, gases and liquids of various activity levels and
half-lives result from the operation of a nuclear reactor. These are handled and disposed of by a
corresponding variety of methods such that they are not hazardous to the public.

Some of the gases and vapours produced are argon, krypton, xenon, iodine and tritium. The noble
gases do not constitute an internal hazard, but Tritium and Iodine are very hazardous. The solid wastes



comprise a great variety of material such as laboratory waste, secondary floor covering, disposable
plastic suits, rubber gloves, which are all combustible items, and active piping, components of valves and
pumps, filters, ion-exchange columns etc., which are non-combustible items. Liquid radioactive wastes
arise from laundry and personnel shower effluents, evaporator distillates, effluents of the
decontamination centre, spent fuel bay water clean up, accidental spills, ion-exchange column
regeneration and evaporator concentrates etc.

Three different classes are loosely defined, as low level, medium level and high level wastes. For
radioactive waste it is often quite unnecessary and also tedious to determine the exact radioactivity
content. For solids, the low, medium and high level waste containers are those which show, on the
surface, dose rates less than 2 mSv/hr (200 mR/hr), between 2 - 1 0 mSv/hr (or 200 - 1000 mR/hr) and
higher than lOmSv/hr (1000 mR/hr), respectively. For liquids, the respective limits are less than 10
|uSv/hr (< 1 mR/hr), between 10 |uSv/hr and 0.5 mSv/hr (1 and 50 mR/hr) and more than 0.5 mSv/hr (50
mR/hr), respectively. Obviously, this categorisation is arbitrary.

3. MANAGEMENT OF RADIOACTIVE WASTES

3.1 Solid waste storage

The largest amounts of radioactive waste are the spent fuel bundles. These are stored underwater
within the plant building in a specially designed spent fuel bay. The water temperature and purity is
carefully controlled. The spent fuel bay is designed to contain and keep all the spent fuel for the life of
the plant.

For other solid wastes a waste disposal area has been allocated near the plant. This area, measuring
about 36m x 70m, about 1 Km north of the plant and within plant's boundary has been provided for a
long-term, retrievable storage of the plant's solid waste.

The combustible waste with only trace amounts of radioactive contamination is first burnt in an
incinerator to reduce its volume before the ash is collected in plastic bags, sealed and placed in
concrete-lined trenches. The most active items stored there are the filters from primary system,
moderator system, vault cooling and bay water system. A trench, when nearly full, is topped by about
60cm dirt to seal it off from the environment and is then topped by a lid.

A highly active waste is the spent resin from ion-exchange columns from the moderator system,
primary system, and other active systems. The spent resin is collected in underground storage tanks.
Previously there was no provision to remove the resin when the tanks filled up. Now a removable tank
system has been incorporated which allows the spent resin filled tanks to be removed and buried in the
waste disposal area.

All radioactive waste that cannot be immediately disposed of must be placed in suitable storage, to
take its radioactivity out of circulation. The natural decay of radioactivity reduces the degree of hazard.
Temporary storage of predominantly short-lived radioactive waste results in the decay of a major part of
the radionuclides. Long-term storage facilities are required for the more hazardous long-lived wastes.
Putting the high-level waste containers in concrete-lined trenches in a suitable area marked off for this
purpose may act as a relatively long term storage.

3.2 Low level fluid waste dispersal

The ultimate disposal of almost all low-level fluid waste is its dilution and dispersal into the
environment. Adequate dilution has to be carried out so that the resulting concentration of radioactivity
is too small to pose any hazard. This dilution may be carried out either before the release to the
environment or after release, as a result of natural phenomenon. In some cases, it may be more



advantageous to evaporate the waste (instead of diluting it) and to fix it in a concrete block, which may
then be treated as a high level solid waste and buried in a concrete lined trench.

4. RADIOACTIVE EFFLUENT MONITORING

Strict control is maintained on the quantities of low-level active wastes released with the liquid
and gaseous effluents of the plant to ensure that no public hazard arises on account of the radioactivity
releases. A continuous monitoring is carried out to assess the contents of various kinds, which are being
released with liquid and gaseous effluents. For the KANUPP site, the Directorate of Nuclear Safety and
Radiation Protection (DNSRP) has approved the amounts of radioactivity of various kinds that may be
safely released in an year. The basis for derivation of these limits is as follows:

(a) From gaseous effluents, a hypothetical person staying continuously at the point of maximum
concentration resulting from plant's releases (about 1.5 Km downwind), in average weather,
should not receive a dose in excess of what is permitted for general public.

(b) For liquid effluents, the radioactivity content of the released liquid, at the point of its discharge to the
sea must be less than the maximum permissible concentration of Sr-90 in drinking water. In order
to make the most pessimistic and safe assumption, the entire radioactivity released with liquid
effluent is assumed to be due to Sr-90 which is the most restrictive radionuclide. Also, no
advantage is taken of the further dilution provided by the sea.

The purpose of the effluent monitors is to keep a continuous record of the activity releases and to
raise alarm if the established safe limits are ever exceeded.

4.1. Gaseous effluents

The gaseous effluents are released at the top of a 45m high stack after passing though absolute
filters. The effluents are continuously monitored by a set of different radiation monitors for radio-iodine,
noble gases, radioactive particulates and tritium.

If the released radioactivity in the control room approaches 10% of the permissible limits, alarms
are annunciated in the control room so that, if necessary, additional filtration or hold-up may be
incorporated.

The derived release limits for some of the radionuclides in KANUPP are as follows:

Tritium 8140 TBq per year
Noble gases 8140 TBq per year
1-131 4.2 TBq per year
Particulates (including Sr-90) 1.4 TBq per year

(excluding Sr-90) 141 TBq per year

So far the only radioactivity released from KANUPP has been tritium and the quantity has been
generally less than 4 % of the derived limit.

4.2. Liquid effluents

Two in-line monitors, consisting of well-shielded sodium iodide detectors are utilised for
measuring the beta-gamma radioactivity escaping with the liquid effluent. One of these is monitoring the
drainage which is normally expected to be non-radioactive while the other is the active-drainage monitor.

Liquid effluent from all the active areas of the plant, which could generate radioactive effluent e.g.
decontamination area etc, is collected in 32,000L hold-up tank, AD-TK3. When this tank fills up, its
contents are transferred to one of the two 180,000L dispersal tanks AD-TK1 or AD-TK2. When this tank



is nearly full (in about 2-3 weeks) its contents are analysed in radiation laboratory to determine its
radioactivity content and identify of its radionuclides. The effluent is then pumped out to the sea after
mixing it with the plant cooling water to such an extent that the discharge point radioactivity level of the
effluent is below the permissible set limit. Drainage monitor continuously monitors the discharge.

If the pre-set safe discharge limit is exceeded the monitor blocks the flow of the active effluent and
diverts it into the hold-up tank AD-TK3 where its storage plus further dilution may render it safe for
discharge.

5. NEW REMOVABLE RESIN TANK

Ion-exchange resin columns installed in the primary system, moderator system, bay water system
and vault cooling system carry out the removal of contaminants, the highly radioactive fission and
corrosion products from the systems. As a result, the resin becomes highly contaminated. When spent,
the resin is flushed into storage tanks by remote handling. In the original KANUPP design two tanks of
22,600L capacity each (DU-TK1 and DU-TK2) were provided for long-term storage of the spent resin.
The tanks are buried underground, normally inaccessible and their capacity was originally expected to be
adequate for storage of 30 years of plant's output of spent resin. However, both of these tanks (DU-TK1
and DU-TK2) were completely filled a long time ago.

Various alternatives were considered namely, digging out the old tanks and putting a new one in,
evacuating one of the two tanks to make room for more spent resin, putting in a third tank next to the
first two, etc. It was decided that for further storage of spent resin, a new smaller tank of about 2000L net
capacity, be installed in the vacant space of bay water circulating equipment room. The tank, 2.4m high
and lm diameter, made of stainless steel is fixed on a 1.2m x 1.2m platform, which is fixed on castors.
The tank is shielded with 2.5cm thick lead bricks. The whole tank assembly, when installed is further
enclosed in thick concrete walls. This tank (designated DU-TK3) is sufficient to store the resin generated
during plant's one-year operation. The total weight of the tank assembly, including its trolley, shield and
resin is about 7000 Kg. The shielding provided around the tank (lead and concrete) is adequate to reduce
the dose rate in its immediate vicinity to the permissible level.

This tank, when filled with spent resin, is removed and transported to KANUPP waste disposal
area for long-term storage in a reinforced, concrete-lined trench. A new tank of similar description is
installed in its place for further storage. Three such tanks have already been filled up, transported and
buried in the KANUPP waste disposal area.

6. COMPACTOR

Presently the low-level radioactive combustible solid material is burned in an incinerator and
then the ash is collected and stored in concrete lined underground trenches. It is now proposed to
eliminate the burning and to compact the waste using a heavy-duty compactor and store it in steel drums
directly in the trenches.

7. CONCLUSION

KANUPP has been operating safely since 1971 and continues to manage all the radioactive
wastes being produced in the plant in a safe and effective manner. Up till now no radioactive emission
has exceeded any limit imposed by the national and international standards.
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