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HANDLING OF SPENT NUCLEAR FUEL AND FINAL

STORAGE OF VITRIFIED HIGH LEVEL REPROCESS-

ING WASTE

SUMMARY

In april 1977 the Swedish Parliament passed a Law, which stipu-
lates that new nuclear power units can not be put into operation
unless the owner is able to show that the waste problem has been
solved in a completely safe way. The task of iavestigating how
radicactive waste from a nuclear power plant should be handled
and stored was previously the responsibility of the National
Council for Radiocactive Waste Management (PRAV). This Council was
formed in November 1975 as the result of a proposal made by the
Government Committee on Radioactive waste (the AKA Committee).

In response to the Govermment bill proposing the Law, the power
industry decided in December 1976 to give top priority to the in=
vestigation of the waste problem in order to meet the require-
ments of the Law. Therefore, the Nuclear Fuel Safety Project
(KBS) was organized. The first report from the KBS project cn=-
titled "Handling of spent nuclear fuel and final storage of
vitrified high level reprocesslng waste" was submitted in De=

- cember 1977,

The requirements of the Law regarding completely safe storage

The Law stipulatek that the owner of a reactor must show how and
where a completely safe storage can be provided for either the
high level reprocessing waste or the spent, unreprocessed nuclear
fuel. "The storage facility must be arranged in such a way that
the waste or .the spent nuclear fuel is isclated as long a time as
is required for the activity to diminish to a harmless level™.
“These requirements implies that measures should be taken which,
during all phases of the handling of the spent nuclear fuel, can
ensure that thers will be no damage to the ecological system".

In the strictest meaning of the word, no human activity can be
considered completely safe. The fact that such an interpretation
of the wording of the Law was not intended is evident from the
formulation of the statements made by the Govermmen: in support
of the Law indicating that the storage of waste shall fulfil "the
requirements imposad from a radiation protection point of view
and which are intended to provide protection against radiatiom
damage”. Questions regarding protection against radiation Jdamage
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are regulated by the Radiation Protection Act. This means that

- the requirements 1mposed on the handling and storage of high-

level waste are, in principle, the same as those which apply for
other activities involving the hand‘1ng of radioactive sub=
stances.

This interpretation is supported by the statements msde by the
Committee of Commerce and Industry in its review of the Law, in
which the Parliament also concurred. The Committee thus finds the
expression "completely safe" to be warranted in view of the very
high level of safety required, but considers that a “purely
Draconian interpretation of the safety requirement” is not in-
tended. Draconian means "excessively severe, inhuman”.

The requirements of the Law regarding the scope of this report

In the statements made by the Government in support of the Law it
is said: "The descriptions to be submitted by the owner of the
reactor shall include detailed and comprehensive information for
the evaluation of the safety. Consequently, over-all plans and
drawings will uot suffice. Furthermore, it should be specifically
stated in which form the waste or spent nuclear fuel is to be

stored, how the storage is to be arranged, how the transportation

of the spent nuclear fuel or of the waste will be carried out and
whatever else may be required in order to ascertain whether the
proposed final storage can be considered completely safe and
possible to construct."

To fulfil these requirements, this report presents relatively de-
tailed information on the design of facilities and the transpor—
tation systems which are part of the handling and storage chain.
Certain parts of this information are relatively unessential for
evaluating the safety of the waste storage, while others are
vital. A detailed evaluation of the safety aspects of the propos—
ad design is presented in a safety analysis. The handling and
processing carried out abroad is also descrxbed, although more in
general.

The alternatives gﬁven in the Law

prnasnady

The Law requires a description of the handling and final storage
of either the high level reprocessing waste or the spent, unre-
processed nuclear fuel. This report deals with the first alterna-
tive. An application to the Goverrnment to charge nuclear fuel to
a new reactor based on rhis alternative must, in addition to this
report, include an agreement which covers in a satisfactory
manner the anticipated need for reprocessing of spent nuclear
fuel. This aspect is, however, not dealt with in this report.

A report on the second alternative, i.e. speat unprocessed fuel,
is planned for publication during the firsthalf of 1978.
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'Layout of the report

This report has been divided into five volumes as follows:

1 General

II Geology

III Facilities

IV  Safety analysis

v Foreign activities

In order to provide a basis for the report, KBS has carried out a
great number of technical-gscientific investigations and surveys.
The results of these are published in KBS Technical Reports. 56
volumes of these reports have so far been published, (see

volume I, appendix 3.)

Voluma I (General) can be read independently of the other volum=

- es, It comprises mainly a summary of the more detailed reports

presented. in volumes II, III and IV.

Chapter 3 in volume I is a summary of the proposed method for
handling and storage of nuclear fuel and high-level waste from
the nuclear power plant fuel pools up to and including flnal
storage in Swedish bedrock.

Chapter 13 in volume ! summarizes the more detailed presentation
of the safety analysis in volume IV, This chapter summarizes the
safety evaluations of the whole handling chain from a radiclogi-
cal point of view, The effects of radiation have been calculated
for normal conditions and for accidents. Special emphasis has
been placed on the long=term aspects of the final storage of high
level waste.

Final stage of nuclear fuel cycle

[Povnr Stati Cantral Storege Reprocesing i E

Siorage peulath

Final Storege

The handling chain for spent nuclear fuel and high~level repro-
cessing waste is illustrated in the above block diagram.

Nuclear power stations always have storage pools for spent
nuclear fuel. They are needed so that the fuel can be discharged

- from the reactor and also to provide storage space for spent

nuclear fuel before it is dispatched for reprocessing or for
storage elsewhere.

Today, the available reprocessing capacity is limited, and it is
not clear to what extent spent nuclear fuel will ke reprocessed.
As a result, it is necessary to extend the storage capacity for
spent nuclear fuel. For economic reasons and for the planning of
the back end of the nuclear fu«l cycle, the extended capacity
should not be provided at the nuclear power stations. Instead, a

’
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central fuel storage facility should be constructed. This faci-
lity is needed regardless of whether the ‘spent nuclear fuel is to
be reprocessed or not before final storage. The fuel can be
stored in this facility for about ten yeares.

As a rule, radicactive waste must be stored in the country where
it is produced, The high-level reprocessing waste will be sent
back to Sweden in vitrified form in 1990 at the earliest. The

‘vitrified waste will be contained in stainless steel cylinders

having a diameter of 40 cm and a height of 1.5 m. If all of the
fuel is reprocessed, 9 000 cylinders will be obtained from 13
reactors that have been in operation for 30 years.

The waste cylinders will be placed initially in an intermediate
storage facility where they will remain for at least 3) years be-
fore being transferred to the final storage. The cylinders will
be kept in dry conditions in the intermediate storage facility,
and radiactive substances cannot be released to the enviromment.
During this storage period, the amount of heat generated by the
waste will be reduced by half, thus simplifying final storage.
Intermediate storage postpones the date when final storage must
commence, thus providing more time to optimize the final storage
method, A longer storage period than 30 years is entirely possib-
le. Such a prolonged storage period is considered in France, for
example. However, intermediate storage requires a cartain amount
of sup2rvision, even though this supervision is very limited.

It is planned that tae final storage, which will not have to go
into operation until 2020 at the earliest, will be constructed in
rock abcut SO0 metres underground. The facility is designed in
such a wvay that it can be sealed and ultimately abandoned. In the
final scorage, the waste will be exposed to the ground-water in
the rock. After intermediate storage and before the waste cylin-
ders a-e transferred to the final storage, they will therefore be
encapsulated in a canister made of titanium and lead. These ma-
terials have good resistance to corrosion.

The siting of the facilities for the various handling stages may
be arranged in different ways, in accordance with what is deemed
to be practical.

Spent. fuel has already been shipped abroad from Sweden for repro-
cessing. Similar transports will also be reqnired between the
various phases of the handling. The design and procurement of

- transport casks and vehicleg thus form part of the waste

handling.

Geological requirements for a fincl storage

Extensive investigations and testuy have been carried out to de-
termine the suitability of Swedish bedrock for final storage. In
this connection, interest has been concentrated on precambrian
chrystalline rocks. In other countries, studies have been made of
storage in salt, shale and clay depending upon the natural pre-
requisites of each country. ' '

Field investigations have been carried out at five sites, three
of which have heen selected for more detailed studies. A number




v

of holes have been drilled to a depth of 500 metres. It should be
emphasized that the objective of this work was not to find a site
now to be proposed for final storage. The purpose was to show
that suitable bedrock is available within Sweden for such a faci-
lity. . : ‘

The factors that will determine the suitability of a rock forma-
tion for final storage are its permeability and strength, the
composition of the groundwater and its flow pattern and the de-
laying effects on radioactive substances when groundwater passes
through cracks in the rock. Of special interest is also the risk
of rock movements which could affect the pattern of groundwater
flow or damage the encapsulated waste.

Assessing these factors, a depth of about 500 metres is com~
sidered to be suitable. At this depth, the bedrock contains fewer
cracks and has lower water permeability than closer to the sur-
face. This depth also gives a satisfactory protection against
acts of war and such extreme events as meteorite impacts and the

~effects of a future ice age.

The investigations and surveys carried out have shown that the
three sites selected offer satisfactory conditions for final
storage. At these sites, the bedrock consists of Sweden's most
common types of rock - granite, gneiss and gneissified granodio-
rite. Consequently, it is reasonable to expect that vock forma-
tions with equivalent conditions are also available at many other
places within Sweden. )

Safety of the handling chain

The ertensive safety analysis carried out has shown that the re-
leagse of radioactive substances which could occur in connection
with normal operation or with an accident in the different stages
of the handling chain within Sweden, would be insignificant in
comparison with corresponding conditions at a nuclear power sta-
tion. This is because the vitrified waste has a low temperature
and is encapsulated without overpressure. Consequently a sudden
and extensive release of radioactivity can not occur. The safety
of he steps of the handling chain, which will be carried out
al.oad (reprocessing and vitrification), will be evaluated by
Govermment authorities in the country concerned and are dealt
with in a more superficial manner in this report.

Radioactive substances from a final storage zan only be released
by the groundwater. The finel storage must be arranged in such a
way that such a release cannot damage the ecological system. It
is then important to remember that the activity of the radioac-
tive substances in the waste diminishes very slowly. The final
storage is therefore arranged so that the migration of these sub-
stances is either prevented or delayed for a long time, thus en-
suring that the concentration of radioactive substances which may
reach the biosphere will be harmless. For this reasom, the design
of the final storage provides for a number of successive barri-
ers.

For any release of radioactive substances in. the waste to the em
vironment, the groundwater must first penetrate both the canister
nade of titanium and lead and the stainless steel container.




These materials have excellent resistance to corrosion. The waste

cylinders will be placed in holes drilled into good-quality rock
and surrounded by a buffer material consisting of quartz sand and
bentonite. Since the buffer material has a low permeability, only
very small amounts of water will be able to affect the encapsu-
lated waste.

In the event of the penetration of the canister and the stainless
steel container, the groundwater can affect the vitrified waste.
However, the glass has a very low leaching rate under the con~
ditions that prevail in the final storage.

The low flow rate of the groundwater, the long distance which the
water must cover to reach the biosphere and the chemical process—-
es in the crack system in the rock and in the buffer material
provide effective barriers that prevent and delay the migration
of the radioactive substances. Moreover, dilution in huge volumes
5f groundwater will take place before entry into the biosphere.

The safety of the final storage of high~level waste is domi-
nating the safety issue. The safety analysis is based, in each
phase that entails uncertainty, on assumptions and data that pro-
vide a reassuring margin of safety. Possible routes for the mi-
gration of radioactivity to the biosphere have been studied in
the safety analysis, and the group of people which can be exposed
to the highest level of radiation has been identified (the cri-
tical group). The critical group consists of persons taking their
drinking water from a deep well drilled in the vicinity of the
final storage. Under unfavourable circumstances this group can be
exposed to a maximum radiation (individual dose) of 13 millirem
per year in addition to natural background radiation.

This maximum additional dose of 13 millirem per year will not
vccur until after about 200 000 years. This long delay is caused
by the retainment in the buffer material and the rock of the:
radioactive substances providing the highest additional dose.
Radioactive substances which are not delayed relative to the flow
of water in the bedrock could come into contact with the bio-
sphere after only some hundreds of years. However, the additional
dose attributable to these substances is very much lower than the
value given above.

An individual dose of 13 millirem is considerably lower than the
dose recommended by the International Commission on Radiological
Protection (ICRP) as the upper limit for permissible additional
doses for individuals namely 500 millirem per year. This limit is
intended to protect individuals against delayed radiation effects
such as cancer and genetic effects.

Governmental authorities impose lower limits for the operation of
nuclear pover plants. In Sweden, operational restrictions can be-
imposed and other measures taken if the additional dose tends to
exceed 50 millirems per year for people livir; near the power
plant.

In order to reduce radiation exposure as much as reasonably
possible, the Swedish Radiation Proftaction Inatitute requires
that nuclear power plants be designed and constructed so that the
expected additional dose for the critical group living ia the
vicinity of the plant is less than 10 millirems per year.
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As mentioned above, the assumptions and data used in the safety
analysis were selected with safety margins. It is considered pro-
bable that the dosage will be approximately 1/100th of the maxi-
mum value of 13 millirems per year given above. One reason for
this is that the very low rate of water flow in the bedrock is
not sufficient to break through the encapsulation or leache the
vitrified waste at the rates assumed in the safety analysis pre-
sented in this report. However, verification of this lower value

'would require additional investigations not yet been completed.

The following bar~chart shows the dose rates mentioned above. It
also indicates the dose rates from natural radiation in Sweden.
As appears from the bar—chart local variations in natural radia-
tion are considerably greater than the maximum contribution from
a final storage of high-level waste obtained from 13 reactors
which have been in operation during 30 years. The bar-chart also
shows that the doses obtained from radium in natural drinking
water in Sweden often lies considerably above the level reported
for a final storage.

Moreover, the safety analysis shows that radiation doses for
large population groups attributable to a final storage will be
virtually insignificant and that the longterm effects on health -
will be negligible.

The design of the back end of the nuclear fuel cycle presented in
thig report thus fulfils the requirements set forth in the Law
for a completely safe final storage of the high-level reprocess=
ing waste.

Stockholm November 1977
NUCLEAR FUEL SAFETY PROJECT (KBS)




viii
Individual dose

per yoar in millirems

5001

3004

2004

CRP limit
for individuals

Radiym in drinkirg water
from singie rock weill

Naturai radiation
in Sweden

Limit for nucleer
power plants

Radiunt in drinking watee

Derign gosl for
nuclear power plants

Maximum for well
near finad repository

Bar graph showing the calculated maximum annual radiation doses which the final repository can
give 1o a nearby resident and the annual dose to man from some narural radiation sources phus
same established dose limits. The dose from drinking water comes frcm radium-226,




e e e e e e

TABLE OF CONTENTS FOR ALL FIVE VOLUMES

VOLUME 1 GENERAL

1 Introduction

1.1 Background

1.2 Requirements to be fulfilled by the
nuclear power industry

1.3 The KBS project

2 Premises and alternative methods for

managing spent nuclear fuel and vitrified
high-level waste

2.1 Data for spent nuclear fuel

2.2 Alternatives for fuel management

2.3 Storage times and quantities of

vitrified waste )

3 Handling and storage of vitrified waste from
Swedivh reactors

1 Swedish alternatives and combinations

.2 Flexibility and development possibilities

4 Central storage facility for spent fuel

4,1 Need for central storage {acility for spent
fuel

4.2 Design of facility

4.3 Operation of facility

Reprocessing and solidification
1 International review

2 Swedish reprocessing contracts
.3 Processes

4 Properties of vitrified waste

Intermediate storage and encap.uiation
1 General

2 Description of facility

.3 Properties of encapsulation material

4 Operation of facility

Geology

1 General

2 Objective

.3 Study areas and results
4 Groundwater conditions




NN
o a
~NOh s

WO O OO a0 00 0o 0 O
. . s & o e
W N e

N
w e

(o]
.
'S

10
10.1

"10.2

10.3
10.4
10.5

11
11.1
11.2

11.3
11.4

12.7
13

13.1
13.2
13.3
13.4
14

References

FURUN e [P

Retardation of waste substances
Rock movements
Summary evaluation

Final storage

General

Description of final repository
Operation of final repository
Permanent closure

Transportation systems

Transport casks, general

Design of transport cask

Design of a Swedish transportat1on system for
spent nuclear fuel

Transpor:ation of vitrified high—level waste

Protection

Working environment
Rescue service
Radiation protection
Physical protection
Wartime protection

Siting aspects

Site requirements

Envirommental impact

Joint siting

Coordination with facilities for other types
of radiocaciive waste

Laws, standards and grounds for evaluation
General

Laws and regulations

International recommendations

Swedish radiation protection standards and
criteria

Design standards

Grounds for evaluation with regard to final
storage

Mankind's current radiation environment

Safety analysis
General

-Safety in connection thh handling, storage

and transportation

Radioactive substances in high-level waste
glass

Safety in connection with final storage

Skeleton plan for continued work

T AT ~r




R

VOLUME II GEOLOGY

1 ~Background

2 The geological study program

2.1, Purpose

2.2 Scope

2.3 Stripa experimental station

3 . Choice of study areas

4 Study resulrs

4.1 General

4.2 Karlshamn area

4.3 Finnsjo area

4.4 Krikemdla area

4.5 Other areas

5 . Groundwater conditions _. _

5.1 Groundwater hydrology

5.2 Groundwater composition

6 Retardation ahd retention of waste substances
7 Future bedrock movements

7.1 Rock movements at Karlshamn

7.2 Fault movements in the vicinity of the study

areas
7.3 Faults in Skine
7.4 Recent rock movements of the fault type
7.5 Rock mechanics studies
7.6 Fracturing forecast
7.7 Land elevation and glaciations
7.8 Earthquakes in Sweden

] Summary and evaluation

9 Stripa experimental station

9.1 Overview '

9.2 Studies under the auspices of XBS

2.3 Studies under the cooperstion agreement with
US ERDA

References

VOLUME IIXI FACILITIES

Lad

Introduction

Transportation systems.

1 standards and govermment regulations

2 General principles, flow chart

.3 Existing equipment and systems

4 Design of a Swedish transportation system

5 Transportation of vitrified high~level waste

*

L



D

[V RV RV RV R RV RV,

NN N NN

LiWwWwwuL
e a o .0
Woe W N

& bbb
.
& LN

[~ 0 a3 A= o = e O
. .

Central storage facility for spent fuel
General

Design requirements and principal data
Design of facility

Service life and decommissinning
QOperation of facility

Reprocessing and vitrification
Reprocessing

Vitrification

Solubility of the vitrified waste
Durability of the waste glass

Intermediate storage and encapsulation
General V
Description of facility

Characteristics of encapsulation material
Operation of facility

Quality control

Decommissioning

Drawings

Final storage

General

Description of facility
Properties of sand/bentonite fill

Operation of facility

Quality control
Permanent closure
Drawings

Safety

Working environment
Rescue service
Radiation protection
Physical protection
Wartime protection

References

VOLUME 1V SAFETY ANALYSIS

1ntroduction :

Goal, scope and implementation of safety
analysis

Safety requirements - general

Laws, standards and grounds for evaluation
General
Laws and regulations

International recommendations

Swedish radiation protection standards and
criteria

Design standards

Grounds for evaluation with regard to
final storage
Mankind's current radiation envirorment

W




. -
s k3
3 Radioactive substances, radiation sand decay
heat in spent fuel and high—level waste
3.1 Waste quantities
3.2 Radioactive substances in spent fuel
3.3 Decay heat in spent fuel
3.4 Fractionating in connection with reprocessing
3.5 ‘Radioactive substances in high~level waste
3.6 Decay heat in hngh-level waste
3.7 Relative toxicity of the rad1oact1ve substances
4 Safety in handling, storage and transport
4.1 Introduction
4.2 Method for failure analysis
4.3 Central storage facility for spent fuel
4.4 Transportation of spent fuel and vitrified
high-level waste
4.5 Intermediate storage, encapsulation and
deposition of vitrified waste
5 Safety principles for final storage of
, vitrified high level waste
5.1 Barriers
5.2 Temperature conditions }
5.3 Radiation levels

6 Dispersion processes
6.1 General about the dispersion process
6.2 Canister damage i
6.3 Leaching of radioactive substances from '
vitrified waste
) Water movements in the bedrock
5 Nuclide migration and retardatxon in the
bedrock
6 Models for transport in the biosphere
7 Paths of transport and exposure situations’
8 Radiation doses and medical effects
9 Consequence analysis of slow dispersion

Influence of extreme events
1 Bedrack movements

2 Meteorite impacts

.3 Act3 of :ar and sabotage

4 Future disturbance by man

8 Summary safety evaluation

8.1 Handling, storage and transportation of spent
fuel and vitrified waste

8.2 long~term effects of the final storage of
vitrified high-level waste

References

[ ]



s e - s e e a.ew

VOLUME V FOREIGN ACTIVITIES

International cooperation

1 Some international organizations
.2 International radiation protection
' organizations

1.3 Nordic cooperation

The United States

1 President Carter's Energy Plan

.2 Organization and delegation of
responsibilicty

2.3 Existing facilities

2.4 Future facilities for high-level waste

France

1 The French objective

2 Research and development
I3 Existing facilities

4 Planned facilities

Great Britain
1 Laws and authorities
2 British policy regarding high-level waste
3 Existing facilities
4 Planned facilities
5 Research and development

5 West Germany

5.1 Reprozessing and final storage of radioactive
waste

5.2 Research and development

Other countries

Some Western European countries
Some Eastern European countries
Canada

Japan

.

[ - B~ A= =
s .
&N —

Safety analyses and research
General

The United States

Canada

The Common Market (EEC)
Great Britain

France

West Germany

Final comment

NN N NN NN
.

.
Q0 =~ QA BN

References




c s s s s » »

Cod L L NN N BN
« o« o
W N

. .
o .
(VS

MNRNRNNRNRNNNNORN
-
~N -

TABLE OF CONTENTS FOR GENERAL VOLUME

INTRODUCTION o 1

Background

General

The Aka committee
Requirements to be fulfilled by the nuciea: power
industry

Goveriment Statement of Policy

Conditions Act '

Accountability of the nuclear power industry
The KBS project ~

Objective

Organization

Premises governing the work of the project

PREMISES AND ALTERNATIVE METHODS FOR MANAGING
SPENT NUCLEAR FUEL AND VITRIFIED HIGH-LEVEL WASTE 21

Data for spent nuclear fuel

Technical data

Quantities of spent fuel

Quantities of spent fuel in Sweden
Alternatives for fuel management

General

The reprocessing alternative

The direct disposal alternative
Storage times and quantities of vitrified waste

Storage time for spent nuclear fuel

Quantities of vitrified waste

HANDLING AND STORAGE OF VITRIFIED WASTE FROM
SWED1SH REACTORS 29

Swedish alternatives and combinations
General
Proposed alternative
Barriers against dispersal of radioactive
substances
Flexibility and development possibilities

e

R .

&



“ e s »
. .

L inununnm

&SN
. )

WD -

wn
“
&
N
w

~
) . « o = a
AN S S PR WL W D W N -

.

SN N N N N NI N N S N N N N N N NNy
.

CENTRAL STORAGE FACILITY FOR SPENT FUEL

Need for central storage facility for spent fuel
Design of facility

Description of facility

Reasons for storage in rock

Expandability

Service life and decommissioning
Operation of facility

REPROCESSING AND SOLIDIFICATION

International review
Current situation for reprocessing in
Europe
Current situaticn for reprocessing in
other countries

Swedish reprocessing contracts

Processes

Properties of vitrified waste
Dimensions and radioactivity content
Fabrication of borosilicate glass
Leaching from borosilicate glass
Thermal and mechanical properties of
borosilicate glass
Resigtznce of borcsilicate glass to
radiation

INTERMEDIATE STORAGE AND ENCAPSULATION

General

Descripticn of 12cility

Properties of encapsulation material
Operation of facility

GEQLOGY

General
Objective
Study areas and results
Rarlshamn araa
Finnsj¥ area
Krikemala area
Other areas
Groundwater conditions
Groundwater flows
The pattern of groundwater flow
Groundwater age
Groundwater chemistry
Retardation of waste substances
Retardation effects
Retention of waste substances
Rock movements
Recent faults
Rock stresses

37

43




11

11.1
11.2
11.3
11.4

- .-

T

Effects of a future ice age
Tidal effects
Earthquakes

Summary evaluation

FINAL STORAGE

General

Deseription of final repository
Operatiou of final repository
Permanent closure

TRANSPORTATIONS SYSTEMS

Transport casks, general
Design of transport cask
Design of a Swedish tramsportation system
for spent nuclear fuel.
Preparatory work
Scope of transports
Transportation by sea ‘
Transportation of vitrified high~level waste
General
Scope of transports

PROTECTION

Working environment
Rescue service
Radiation protectinn
Physical protection
Wartime protection

SITING ASPECTS

Site requirements

Environmental impact.

Joint siting

Coordination with facilities for other types of
radioactive waste

LAWS, STANDARDS AND GROUNDS FOR EVALUATION

General

Laws and regulations

International recommendations

Swedish radiation protection standards and
criteria ‘
Design standards o

Grounds for evaluation with regard to

final storage

Mankind's current radiation environment

69

75

81

88

91

@



@

13 SAFETY ANALYSIS
13.1 General
13.2 Safety in connection with handling, storage
and transportation
1%.2.1 Handling stages and methods
13.2.2 : Radiocactive substances in spent fuel
13.2.3 - Central storage facility for spent fuel
13.2.4 Transportation of spent fuel and vitrified,
high-level waste
13.2.5 Intermediate storage, encapsulation and

deposition of vitrified waste
Radioactive elements in high-level waste glass

13,3

13.3.1 General

13.3.2 Composition of high~level waste

13.3.3 Decay heat in high—level waste

13.4 Safety in connection with final storage

13.4.1 General background

13.4.2 Factors involved in tha slow dispersal
, of radioactive substances

13.4.3 - Consequences of the slow dispersal of

radioactive elements

13.4.4 Congequences of exireme events

13.4.5 Sunmary safety evaluation of final storage

14 SKELETON PLAN FOR CONTINUED WORK

References

Appendix 1 STATUS REPORT ON DIRECT DISPOSAL OF SPENT FUEL

Appendix 2 CONTRACTED AND CONSULTING COMPANIES,
"INSTITUTIONS AND EXPERTS

Appendix 3 LIST OF KBS TECHNICAL REPORTS

97

127

131

133

149

155




1

e
-en.cm

11

INTRODUCTION

BACKGROUND

General

As of the end of 1976, 187 nuclear power reactors for civilian
energy production were in operation in the world. The total in-
stalled capacity 80 GW(e); corresponds to 80 reactors of 1 0Q0
MW(e) each.

Sweden's first commercial nuclear power plant, a lightwater re~
actor in Simpevarp outside of Oskarshamn, was commissioned for
electrical power production in 1972. Since then, a number of re-
actors have been completed and there are now six nuclear units in
operation in the country.

Facility Owner Commissioned Capacity
Oskarshamn 1 OKG ) 1972 450 MW
Oskarshamn 2 OKG ‘ 1974 580
Ringhals 1 Swedish State Power Board 1976 760
Ringhals 2 Swedish State Power Board 1975 820
Barsebdck 1  Sydkraft 1975 580
Barsebdck 2  Sydkraft 1977 580

An additicnal six units are in different stages of constructiom
and planning. :

Facility ' Qwner Ready for Capacity
fueling '
Ringhals 3 Swedish State Fower Board 1977 900 MW
Ringhals 4 Swedish State Power Board 1979 900
Forsmark 1 FKA ‘ 1978 900
Forsmark 2 FKA 1980 900
Forsmark 3 FKA ? 1 000
Oskarshamn 3 OKG ? 1 000

Throughout the '70s, there has been an intensive public debate in
Sweden concerning problems pertaining to the safety aspects of
nuclear power production and whether such productiom is degirable

. at all. From having been concentrated on problems associated with

normal operation and failures during the first years, the debate
has shifted emphasis in recent years to questions concerning the
management of the radicactive waste arising from nuclear power
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production. The problems involved with these radioactive wastes
were studied by a working group appointed by the Swedish National
Institute of Radiation Protection in June of 1971. This working
group submitted a report in May of 1972 containing proposed
guidelines for the management of radiocactive waste /1~1/. This
report concludes that the management of high-level waste from
spent nuclear fuel "entails problems to which as yet only partial
soluticns have been found".

In December of 1972, the S -dish Govarnment decided to appoint an
ad hoc committee to investigate the problems related to high-
level waste from nuclear power plants called the Aka Committee.
The Axa Committee's findings are discussed in greater detail
under 1.1.2 below.

The Government which entered office following the 1976 election
set up certain conditions for the granting of permissiom for
power utilities to charge new nuclear reactors with nuclear fuel.
These conditions stipulated that the plant-owner must demonstrate
where and how z2n absolutely safe final storage of the high-level
waste can be arranged. The conditions are set forth in the "Con-
ditions Act" ("lLaw concerning special permissinn for charging

" nuclear reactors with fuel") which was passed by the Swedish Par~-

liament in April 1977 /1-3/.

In order to produce and compile material for the reports required
by the Conditions Act, the power utilities formed the Nuclear
Fuel Safety Project (KBS). The findings of the Aka Committee con-
stitute the basic point of departure for the work of this Pro-
ject. Research work initiated by the Aka Committee within, for
example, the field of geology has ueen carried further by KBS.
The present KBS report deals with the handling and final storage
of vitrified high-level waste obtained from the reprocessing of
spent nuclear fuel.

The Aka Committee

The Governmenr Committee on Radioactive Waste (Aka Committee)
appointed in 1972 was given further dirzctive in May of 1974 to
extend the scope of their study to include the handling and
storage of low- and medium-level waste as well.

The Aka Committee submitted its findings to the Government in
April of 1976 /1-2/. Its conclusions and proposals concerning the
handling and final storage of high~level waste can be summarized
as follows: :

1 Current technology already provides satisfactory means for
handling and storing spent nuclear fuel and radioactive
waste.

2 It is imperative that the Swedish power utilities procure a

transportation system for spent nuclear fuel as soon as
possible. It is recommended that spent Swedish nuclear fuel
and radioactive waste which requires heavy radiation shield-
ing be shipped by rail or sea, whenever possibla.

3 A central facility for the storage of spent nuclear fuel is
neeéded in the country.

v —
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4 The preliminary planning of a Swedish reprocessing plant

should commence as soon as possible.

5 A decision to build a Swedish reprocessing plant should also
include a plant for the manufacture of plutonium-enriched
fuel.

6 Solidification of the high-level waste from reprocessing in
glass or ceramic material is the best method currently
available for converting liquid high-level waste to solid

. form.

7 Studies aimed at further elucidating the requirements which
must be met for the final storage of non—reprocessed spent
nuclear fuel should be commenced.

8 Final storage of radioactive waste should be effected in
bedrock.

9 Detailed geological studies of sites suitable for final
storage should be initiated at once. »

10 T The power producer shail defray all costs associated with

the handling and storage of spent nuclear fuel and radicac-
tive waste.

11 It is proposed that a special government orgamnization bce
formed to assume responsibility for the long=term management
of radioactive waste and associated activities.

12 The propr sals made by the Aka Committee regarding the
managerznt of spent nuclear fuel and radiocactive waste re-
quire a comprehensive programme of research and development.

The Committee was unanimous in its proposals. Special supplemen-
tary statements were submitted by two members.

Reactions to the conclusions and proposals of the Aka Committee's
report are largely positive. Criticism has been directed at those
parts of the Committee's report which deal with the final storage
of high=level waste, more particularly at the report's assessment
of the rate of corrosion of the canister material and the extent
of cracking in the bedrock. The need for further research is
emphasized by many parties, especially with regard to the proper—
ties of the bedrock at greater Jepth. Many parties warn against a
hasty commitment to a particular method for the handling of the

‘spent fuel and the final storage. The need fur a safety analysis

is also emphasized.

KBS has now completed studies within the above-mentioned areas
designated by the Aka report as being urgent for further study,
except for the preliminary planning of a Swedish reprocessing
plant. Aspects of organization and financing have not been
covered by the KBS Project.

e
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1.2

1.2.2

1.2.3

REQUIREMENTS TO BE FULFILLED BY THE NUCLEAR POWER INDUSTRY

Government Statement of Policy

The Government summarized its views on nuclear power in its
Statement of Policy dated 8 October 1976:

"Nuclear power involves great problems and hazards. Foremost
amcng these is the handling of the spent fuel and the high-level
waste. A commitment to nuclear power cannot be made until these
problems and hazards have been satisfactorily brought under con-
trol. In view of these problems, nuclear energy plants currently
under construction may not be commissioned until the power com—
pany cuncerned can present an acceptable agreement for the re~-
processing of spent nuclear fuel and demonstrate how and where an
absolutely safe storage of the high-level waste can be effected.
Barsebdck 2, which is completed, will be taken out of operation
if a reprocessing agreement is not produced by 1 October 1977.
The Government intends to enter into negotiations concerning
these matters with Svensk Kirnbrinslefsrs8rijning AB (Swedish
Nuclear Fuel Supplies Inc.) and the concerned power utilities as
soon as possible."”

Conditions Act

The "Law concerning special permission for charging nuclear re-
actors with fuel"™ /1-3/ sets forth the condxtlons contained in
the Government Statement of Policy.

§2 of the Act provides for the commissioning of nuclear reactors:

"It an application for final approval for the commissioning of
the nuclear reactor has not been submitted to the Nuclear Power
Inspectorate as of October 1976, the reactor may not be charged
with nrclear fuel without the special permission of the Govern-
ment. Permission may be granted only providing that the reactor
owmner

1 has produced an agreement which adequately satisfies the re-
quirement for the reprocessing of spent nuclear fuel and has
demonstrated how and where an absolutely safe final storage
of the high~level waste obtained from the reprocessing can
be effected, ar

2 has demonstrated how and where an absolutely safe final
storage of spent, un-reprocessed nuclear fuel can be effect~
ad.”

Accountabilitz.gg the nuclear power industry

The Conditions Act specifies that reports submitted by power
station owners concerning the final storage of waste from repro-
cessed nuclear fuel shall describe the absolutely safe storage of
"the high-level waste obtained from reprocessing'.

Various definitions have been used for the term "high-level
waste”. The Aka Committee has, for example, used two definitions:

- —————— e o o
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- High-level waste is waste which contains such a high level

' of radioactivity that it requires not only effective radia-
tion shielding but also cooling in order to be stored in a

safe manner / 1-4, page 34 /, and

- High-level wasta ~ the waste containing fission products
which is separated from the spent fuel Auring reproccssing
/1-2, part 11, page 201/.

A more precise definition based on the origin of the waste is

"uged by the Nuclear Regulatory Commission {NRC) in the United

States:

- "High-level liquid radioactive wastes" means those aqueous
wastes resulting from the operation o»f the first cycle sol-
vent extraction system, or equivalent, and the concen*rated
wastes from subsequent extraction cycles, or equivalent, in .
a facility for reprocessing irradiated reactor fuels /1-5/.

Definitions based on the level of radioactivity per unit volume
have also been used /1-6/.

Radioactivity and cooling requirements change with time during
the handling and long-term storage of waste. For this reason, a
definition of high—-level waste based on the origin of the waste
has been deemed most suitable.

In the KBS Project, the "high-level waste obtained from repro-
cessing"” has been defined as:

- ‘the waste with a high content of fission products which is
obtained as the aqueous phase [n the extraction process in
the reprocessing of spent nuclear fuel.

This high-level waste will be converted to vitrified form and
eventually returned to Sweden.

Other types of radioactive waste which can contain small quanti-
ties of uranium and plutonium is also obtained from reprocessing.
This long-lived "alpha waste’ must be specially treated prior to
final storage. Methods for this treatment are not dealt wich in
this report. Final storage of this waste can be effected in a
manner which is similar to but simpler than that which has been
proposed for high~level waste. Nor does the report deal with the
use of the uranium and plutonium which is obtained from repro-
cessing and which cannot be regarded as waste., The recovered ura-=
nium is reused in the production of nuclear fuel. The plutonium
can also be used for this purponse. The use of plutonium extracted
from Swedish nuclear fuel requires Government approval.

In a special explication of the Conditions Act, the accountabili-
ty requirements imposed on power plant owners for describing
waste storage methods have been specified in greater detail.
These requirements are summarized below:

1 It is the responsibility of the reactor owner to demonstrate
concrete solutions to the waste problems associated thh
nuclear power production.

¢
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1.3

1.3.1
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In order to be granted permission to commission nuclear re=
actors, owners must demonstrate that the spent nuclear fuel
and the high-level waste it contains will be handled in such
a manner that the ecological system will not be damaged. The
reactor owner must demonstrate a) how the spent nuclear fuel
or waste will be handled, and b) that the handling method
will provide adequate safeguards against harmful effects.

The basic premise must be that the high-level waste from re=
processing and the spent nuclear fuel which is not repro-
cessed are to be kept separated and isolated from all forms
of life.

Detailed and rnomprehensive information must be provided for
a safety. evaluation. Thus, rough plans and sketches are not
enough. In addition, it should be concretely specified:

- In what form the waste or the spent nuclear fuel will
be stored.

- How the storage aite will be arranged.

- How the spent nuclear fuel or waste will be transport=
ed.

- Whatever other infcrmation is required in order to de=
termine whether the proposed final storage can be deem=
ed to be absolutely safe and practically feasible. The
primary consideration here is whether the storage
scheme can meet requirements for satisfactory radiation
prutection.

The storage site shall permit the isolation of the waste or
the spent nuclear fuel for as long a time as is required for
the radioactivity to diminish to a harmless level.

The possible dispersion of the waste or spent nuclear fuel
to the biosphere as a result of natural processes, accidents
or acts of war shall also be taken into account,

It is not necessary that a storage facility is completed
when the application for permission is submitted.

THE KBS PROJECT

Objective

KBS was formed by the following four nuclear power utilities:
Statens Vattenfallsverk (The Swedish State Power Board), Oskars-
hamnverkets Kraftgrupp AB (OKG), Sydkraft AB and Forsmark Krafe:
grupp AB (FKA) in order to meet the requirements of the Condi-
tions Act which pertain to the handling and final storage of
spent nuclear fuel or high-level waste.

The objective of the KBS Project is:

to demonstrate how high~level waste or spent fuel can be
handled and finally stored,

to demonstrate where a final storage of high-level waste or
spent fuel can be situated, and '
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- to describe the safety of the proposed arrangements for
handling and storage.

Organization '

KBS is organized as an independent project within Svensk Kidrn~-
brinslefdrsdrjning AB (SKBF - Swedish Nuclear Fuel Supplies
Inc.). The work is being conducted in consultation and collabo-
ration with organizations, corporations and institutions active
within the field of radiocactive waste haandling or other technical
fields of importance to the KBS Project.

The KBS Project Board has the following members:

Gdran Ekberg, Sydkraft, Chairman

Bo Aler, Atomenergi

Olle Gimstedt, OKG

Lars Halle, Asea-Atom

Jonas V. Norrby, Swedish State Power Board
Erik Svenke, SKEF .
Ingvar Wivstad, KBS, Project Director

Of these members, all e‘cep: Lars Halle are alsc members of the
Board of SKBF.

The Project Management Group is responsible under the Board for
the implementation of the project and is made up of the following
persons from the power utilities:

Ingvar Wivstad (from the Swedish State Power Board) ’
Per~Erik Ahistrtm (from the Swedish State Power Board)
Lars B, Nilsson (from OKG)

A technical committee with an advisory function is subjoined to
the Project Management Group. Its members are:

Olle Gimstedt, OKG, Chairman
Tage Arnell, FKA

Lars Halle, Asea-Atom

Yngve Larsson, Sydkraft

Lars Ake N&jd, Atomenergi
Erik Svenke, SKBF

The KBS organizatiom is illustrated in figure 1:1.

The work has been directed by a central group of some 20

persons consisting of the Project Management Group, programme
leaders (for the programme specified in the organization plan,
P11 etc.) and staff functions. In addition, some 450 persons were
engaged through the contracting of consultants, corporations and
research institutions at technical institutes and universities.
KBS has also collaborated with srganizations in France, the
United States and Canada which are active within the same field.

The direction of the work, various alternatives and results were
discussed in reference and working groups outside ¢f the organi-
zation itself. Through these groups, KBS was able to benefit from
the expevience of specialists and experts not directly engaged in
the KBS project. '
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the KBS Project are listed in Appendix 2 to this volume.

Project Manegement Group
Project secretary Administration ‘;]
information secretary

1L 1" T Design studies
P 11| Safety snelysis N nt Finel
ralE ‘ot o Transportation
Stripa experimental
713 | Glass studies " station
) | paq | Ge0lOgY, Nydrogeoiogy.
P4 | Reprocessing - pa togy 7 |
| Beck-up studies | Cj Cantrat fuel storage
L—{m Back-up studies ;
J

Figure I-1. Organization plan for the Nuclear Fuel Safety Project (KBS).

The companies, institutions and experts engaged or consulted by

Premises governing the work of the project

According to agreements entered into with reprocessigh companies,
specific quantities of spent fuel from four reactor fflocks in

_ Sweden -~ Oskarshamn blocks 1 and 2, Barsebdck 2 and Ringhals 3 -

will be reprocessed. Some of the waste from this reprocessing. i
will presumably be returned to Sweden for final disposal. i

Reprocessing agreements are currently lacking for other reactor
blocks. It has not previously been possible to sign agreements
for reprocessing of the fuel discharge from Swedish reactors
after 1979. The uncertain intermational situation and the limi- !
ted capacity of existing reprocessing facilities (chapter 1:5)
make it urgent to plan for a final stocage of spent nuclear fuel
without prior reprocessing as wells

12

For these reasons, the KBS Project is considering both alterna—
tives in the Conditions Act: The handling and final storage both
of vitrified waste from reprocessed spent nuclear fuel and of un~
reprocessed nuclear fuel.

Development work on the final storage of high-level waste in
other nuclear-power-producing countries has thus far been con—
centrated on vitrified waste fr-m reprocessing. These problems

-
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have been studied primarily by countries with their own repro~
cessing projects. As a rule, these countries plan to build
storage facilities in salt formations, which are considered to be
extremely stable and impervious to water penetration. The glass
is enclosed in stainless steel containers and then emplaced in
direct contact with the salt,

In recent years, however, attention has been turned to the final
storage of high-level waste in clays and crystalline rock. The
Aka Committee /1-2/ found that Sweden's primary rock formations
fulfil the necessary requirements for a safe final storage of
radioactive waste. KBS has arrived at the same conclusion and has
therefore concentrated its work on final storage in rock.

The present report describes the handling and. final storage of
vitrified high-level waste from the reprocessing of spent nuclear
fuel. A corresponding report on the handling and final storage of
non-reprocessed spent nuclear fuel is planned for publication in
the spring of 1978. A status report for this alternative is pro=-
vided in Appendix 1 of this volume,

e
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PREMISES AND ALTERNATIVE METHODS FOR
MANAGING SPENT NUCLEAR FUEL AND
VITRIFIED HIGH-LEVEL WASTE

DATA FOR SPENT NUCLEAR FUEL

Technical data

In order to generate energy in a nuclear reactor, the reactor is
charged with uranium fuel which contains the fissionable isotope
uranium 235. This fuel is consumed as energy is produced. Fission
products and elements which are heavier than uranium are also
formed. After some time,new fissionable material must be supplied
and the spent fuel must be taken out of the reactor. Normally,
roughly 1/3 of the fuel is replaced each year in a pressurized
water reactor (PWR) and 1/5 per year in a boiling water reactor
(BWR).

A BWR such as Forsmark 1 produces approximately 220 kWh of elec~-

trical power from each gramme of uranium. The corresponding value
for a PWR is approx. 260 kWh rer gramme of uranium. The composi-

tion of the fuel changes during the operation of the reactor. The
spent fuel discharged from the reactor consists of:

Uranium—~235 0.7
Uranium=236. 0.4
Uranium=-238 : 95.2
Fissionable plutonium 0.5
Other plutonium 0.2
Other transuranic elements 0.0
Fission products 2.9

The newly—formed elements are generally unstable and decay to
form stable atoms while emitting radiation. The radiation from
the spent fuel comes mainly from fission products and diminishes
as the elements decay. The content of radiocactive elements, their
half-lives and the heat generated in the spent fuel are dealt
with further in 1:13.3.

Quantities of spent fuel

The expected quantities of spent nuclear fuel dischaized from the
world's civilian nuclear energy production is dependen® o~ the
rate of construction of new reactors.
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Table 2=1 shows the planned schedule for the construction of
light-water reactors (PWRs and BWRs) in some countries up to
1990. These countries are expected to account for more tham 85%
of the world's total installed electric power generating capacity
in the form of light-water reactors in 1980 (Easte:n Europe and
Chiaa not included). The figures are from the Nuclear Assurance
Corporation's report of July 1977 /2-1/. The figure of 9.4
GW(e) for Sweden is based on the assumption that 12 reactors wil)
be in operation by 1985. .

Table 2-1

Expected pcwer generating capacity of light-water reactors sche-
duled for construction up to 1990 in GW(e) for each country and

year, .
Country 1976 1980 1985 1990
Sweden 3.2 7.4 9.4

Finland 0.4 2.2 3.2 4,2
France 0.3 14.9 39.9 58.1
West Germany 4.0 i3.0 - 25.5 42.0
USA 40.1 76.0 158.0 225.0
Japan : 6.9 14,6 30.1 59.0

Table 2-2 gives the quantities of spent nuclear fuel based on the
expected construction schedule. Fuel discharge is assumed to be
28 tons of uranium per GW of installed electrical output.

The tabulated years refer to the years in which the reactor is
charged with fuel. The fuel is discharged some 2 years later.
Less fuel is discharged in the initial period of operation of a
reactor, causing deviations from the equilibrium state assumed in
the table.

Table 2-2

Quantity of spent fuel in stat. ~f equilibrium, based on the fi-
gures in table 2-1 (tons of ur:=1um per year).

Country 1976 1980 1985 1990
Sweden 90 210 260

Finland 11 62 90 120
France 8 420 1100 1600
West Germany . 110 360 710 1200
USA ) 1100 2100 4400 6300
Japan 190 410 840 1700

In 1985, the quantity of spent nuclear fuel in Sweden would
comprise approximately 42 of the total quantity of nuclear fuel
from light-~water reactors in these countries,

PESNEN o o~ o
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Table 2=3 gives the expected accumulated quantity of spent fuel
obtained from the operation of the 13 reactor blocks specified
by the 1975 Swedish Parliament as the framework for Sweden's
nuclear power plant programme up to 1985. The table also shows
che accumulated quantity from the 6 reactor blocks in operation

in 1977. The dates assumed for the sta

Ylocks are:

- Ringhals 3

- Forsmark 1

- Ringhals 4

- Forsmark 2
Forsmark 3

- Oskarshamn 3

- Unit 13

1978
1978
1979
1980
1984
1984
1986

rt-up of the uncomrissionzd

It is assumed that Barsebdck 2 will continue to operate and that
the availability factor for all blocks will be 60% during the

first three years and 70Z thereafter.

Table 2-3

Accumulated quantities of spent fuel ir tons of uranium from the
operation of 6 or 13 reactors in Sweder.

At year—end

Reactors in operationm

1-6 1-13
1977 28 28
1978 120 120
1979 270 280
1980 380 420
1981 470 600
1982 570 790
1983 670 980
1984 770 1200
1985 870 1400
1990 1400 2700
1995 1900 4000

The annual quantities of spent nuclear fuel from the currently
opesative Swedish reactor blocks are given in table 2-4.

[
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Table 2-4
Annual quantities of spent fuel from operative Swedish reactors
in metric tons of uranium. (R = Ringhals, O = Oskarshamn, B =
Barsebick)
Year of Discharge R1 R2 0Ol 02 Bl B2
1977 : - - 13 15 - -
1978 ' - 25 15 15 .35 =
1979 , 42 29 15 17 18 32
1980 23 19 12 16 18 18
1981 21 18 12 16 17 16
1982 21 18 12 16 17 16
1983 21 18 12 16 16 16
1984 21 18 -~ 12 16 16 16
1985 © etc. ‘
2.2 ALTERNATIVES FOR FUEL MANAGEMENT
; 2.2.1 General

Energy production in a reactor consumes fissionable material
while forming waste products so tiiat some of the fuel must be re-
placed. The spent fuel from a reactor contains: -

T T Y

- unconsumed uranium from which additional energy can be ex-
tracted, '
- plutonium formed in the process, which can also be used for

further energy production,
- elements formed by nuclear fission (fission products) or by
neutron capture in uranium {(transuranium elements) and which
; ' ' cannot be utilized for energy production in nuclear reac-
i tors, It is isotupes of these elements which are responsible
' for most of the radiation from the high-level waste.

Before further energy can be obtained from spent nuclear fuel,
fission products and transuranium elements must first be separat-
ed from the uranium. This process is called reprocessing. After
reprocessing, uranium and plutonium can be reused for fuel pro=
ductinu while the remainder comprises waste. The high-level waste
(which consists of fission products and trarsuranium elements se-
parated in the extraction cycle in the reprocessing process) is
converted to solid form by the addition of vitrifying substances.
The vitrified waste must be stored wich absolute safety for a ve=~
ry long period of time.

1f the spent fuel is not reprocessed, all of the fuel constitutes
waste which, following suitable treatment, must be stored. This
form of handling of spent nuclear fuel is called direct disposal
and also requires storage with absolute safety for a long period
of time.

In order to avoid making a commitment to a specific method of
handling which may require highly capital-intensive investments
and binding agreements, reactor-owners may store the spent fuel
for a long periods of time in the expectation that one of the al-
ternatives will display clear advantages over the others.
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The reprocessing alternative

After the fuel has been removed from the reactor, it is allowed
to cool for a certain period of time in the station's spent fuel
pool and may also be stored in a central storage facility for

‘spent nuclear fuel. After this, it is transported to a reprocess-

ing plant, where the fuel is reprocessed after some mcre years of
storage. The fuel rods are chopped into short pieces and treated
with acid, which dissolves the fuel. The fuel cladding is not
dissolved and is removed. Uranium and plutonium are separated
from the other elements by means of extraction with organic sol-
vents. '

The recovered uranium can be enriched in a manner similar to na-
tural uranium and then reused as a nuclear fuel.

Plutonium in the form of a mixed oxide can also be used as
nuclear fuel, in which case it replaces some of the otherwise
necessary quantity of urarium—235. Through this recycling pro=
cess, the uranium enrichment requirement is reduced by 15-20%.
Reusing plutonium and uranium reduces the natural uranium re-

as fuel in breeder reactors. The separated high-ievel waste is
stored for several years in liquid form in tanks, after which it
is converted to solid form by the addition of vitrifying sub-
stances. The glass is then stored for a number of decades in or—
der to allow the rate of heat generation of the waste to-drop,
after which it is encapsulated for final storage. The basic
handling chain is illustrated schematically in figure 2-1.

. E generats
Fuel production oy neration
Envichment Storage of spent fuel

Uranium | (Plutonium)

Natursl ursnium ‘ }
Reprocessing o LOW and medium-level [

Higivlevel waste

Vitrification

Intermediate storage
and encapsulation

Finel storage

Figure 2-1. The reprocessing alternative. Flow scheme for the fuel cycle with reprocessing of spent
fuel and vitrification of the high-level wasre,
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2.2.3

2.3

2.3.1

There are currently 4 reprocessing plants in operation in Western
Europe. Two of these, La Hague in France and WAK in West Germany,
can reprocess fuel from light-water reactors, while Marcoule in
France and Windscale in Great Britain mainly reprocess fuel from
gas-graphite reactors. Three new reprocessing plants are current-
ly in the planning and design stage. Total available capacity for
the reprocessing of fuel from light-water reactors in the 19803
will not meet the Jdemand. Consequently, additional capacity for
the storage of spent fuel is planned.

In the USA, the licensing of privately-owned reprocessing plants
for civilian purposes has been postponed indefinitely, as has
permission for the recycling of plutonium into the fuel cycle.
Reprocessing and solidification are dealt with in greater detail
in chapter 1:5.

The direct disposal alternative

The risk that plutonium may be stolen for use in terrorist ac~
tions or for unauthorized weaponry is cited as an argument
against the processing of spent fuel which produces pure plutoni-
um at any stage. It is also feared that a proliferation of repro-
cessing technology will increase the risk for an accelerated pro-
liferation of nuclear weapons.

The United States has taken the initiative for an internmational
evaluation of the nuclear fuel cycle with regard to the risk for
the proliferation of nuclear weapons (International Nuclear Fuel
Cycle Evaluation, INFCE). One alternative course of action for
the handling of spent nuclear fuel which should reduce this risk
and which is also being considered in the United States is to re-
gard the spent fuel 23 waste, i.e. not to separate and reuse ura-
nium and plutonium (direct disposal).

In this case, the fuel is first stored to allow its radioactivity
to decay. Prior to final storage, the fuel is encapsulated in a
highly durable material which forms a barrier against the escape
of radiocactive elements to the environment. The waste is finally
deposited in a final repository. The basic aandling chain for the
direct deposition alternative is illustrated in figure 2-2.

STORAGE TIMES AND QUANTITIES OF VITRIFIED WASTE

Storage times for spent nuclear fuel

The expected quantities of spent nuclear fuel from Swedish
nuclear power blocks were given in 2.1.3.

An agreement for the reprocessing of spent fuel has been conclud-
ed between OKG and BNFL in Great Britain with regard to Oskars-
hamn 1 and 2 and between SKBF and COGEMA in France with regard to
Barsebdck 2 and Ringhals 3. These agreements apply to fuel which
is discharged during the 1970s.

The power stations have some storage capacity in existing spent
fuel pools. This capacity can be expanded by the acquisition of
new fuel racks which permit a more ccmpact emplacement of the

e - s
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; L. Energy production
Fuel fabrication in ‘ot
1 |
Encichment _ Storage of spent fuel
T - hnnnndhu:ywnp
Natural uranium '"d“"“i:m“‘m
Final storage

Figure 2-2. The direct depasinbn altminﬁve. Flow scheme for the fuel cycle with direct storage
of the spent fuel without reprocessing.

fuel elements. Table 2-5 gives the earliest datcs by which the -
fuel must be removed from the various units, assuming an expanded
storage capacity in the pools and a retainad reserve capacity for
uriloading the complete reactor core.

Table 2-5

Dates for earliest required removal of spent fuel,

Reactor unit First shipment
) Year
Oskarshamn 1 1984
Oskarshamn 2 1983
Ringhals 1 1984
Ringhals 2 1983
Ringhals 3 1989
Ringhals & 1990
Barsebdck 1 1984
Barsebick 2 1985
Forsmark 1 1987
Forsmark 2 1989

(From: PRAV, Central storage facility for spent fuel; a prelimi-
nary study, 1977).

In order to provide additional storage capacity for jwedish spent
nuclear fuel pending shipment for either reprocessing or final
storage of the un-reprocessed fuel, a central storage facility
for spent fuel is required. A preliminary study of such a facili-

.ty has been carried out by the National Council for Radioactive

Waste Management (PRAV), The study was published in July 1977
/2-2/ and is discussed in greater detail in I:4. According to
this study, the fuel storage facility should be designed for
3 000 tons of spent fuel.

(@
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Quantities of vitrified waste

#When the fuel in a reactor is replaced, the spent fuel elements

are placed in pools at the station in order to permit short-lived
radioactive elements to decay. After storage for at least 6
months and (if needed) storage in a central storage facility for
spent fuel, the fuel is transported to a reprocessing plant. The
fuel is stored for approximately 1 year in the plant's reception
pools prior to reprocessing. The reception pools serve mainly as
a buffer store for the reprocessing plant, so the storage time in
thege pools can vary. During the early 1980s, the shortage of re-
processing capacity may result in long storage times.

Uranium and plutonium are separated and can be reused in the fab-
ricarion of new fuel or stored. The separated high—level waste is
concentrated and stored in liquid form in tanks equipped with
cooling systems. It is converted to solid form by the addition of
vitrifying agents, after which the waste glass is cast in steel
cylinders.

Under the terms of signed and planned reprocessing azreements
with COGEMA, the waste cylinders will be returned to Sweden not
earlier than 1990. If 13 reactors are commissioned and all of the
fuel is reprocessed, no more than the following quantities of
vitrified waste can have been returned to Sweden. The figures are
based on 150 litres of vitrified waste per ton of uranium in the
spent fuel. )

Year Number of waste Quantity of Corresponding
cylinders waste in m3 quantity of fuel in
tons of uranium

1989 0 0 0
1990 280 - 42 280
1995 1 200 180 1 200
2000 ’ 2700 400 2 700

-
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HANDLING AND STORAGE OF VITRIFIED WASTE’
FROM SWEDISH REACTORS

SWEDISH ALTERNATIVES AND COMBINATIONS

General

As was pointed out in the introduction, Swedish work is being
concentrated on the final storage of radioactive waste in crys-'
talline rock formations. One of the problems which must be taken
into account here is the possibility that the water in the bed-
rock could eventually penetrate the encapsulation material around
the waste .d come into contact with the actual vitrified waste
itself.  .e waste is emplaced at a depth of several hundred
metres in rock of low permeability where it can safely be assumed
that the water will move extremely slowly (see chapter I:7). Ion
exchange reactions and other chemical processes ensure that the
dispersal of most radioactive substances which are dissolved in
the water takes place at a much slower rate than the movement of
the water. .

Knowledyge regarding the movement of water and chemical conditions
in rock at depths of several hundred metres was extremely limited
when the KBS Project was started. KBS is therefore conducting ex-
tensive investigations into these subjects. A data base of limit-
ed scope has been assembled in the available time. In evaluating
the safety of waste storage, it is therefore necessary to make
conservative assumptions with regard to water movement and chemi-
cal reactions at great depths. In order to demonstrate today how
the vitrified high-level waste can be finally disposed of with-
out risking unacceptable dispersal of radioactive substances, a
system involving a number of barriers against such dispersal is
progosed.

Proposed alternative

The method for handling spent nuclear fuel which is presented in
this report is based on the following principles:

1 Final storage of the waste in precambrian crystalline bed-
rock.
2 A series of barriers against dispersal of the radicactive

substances from the final repository.

-aniiw
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Flexibility in the handling chain in order to preserve free-
dom of action and permit the application of further
technical developments.

No technical-economical optimization of the facilities, handling
methods and final storage method has been carried out.

? The following handling chain is proposed in order to ensure a

1

transported to reprocessing.-

'The fuel is reprocessed 2-10 years after it has been- taken

safe final storage of the high-level waste and simultaneously re-
tain high freedom of actiom and adaptibility to future technical
develaopments: .

Afrer the spent nuclear fuel has been allowed to cool for at
least 6 months at the power stations, it is transported to a
reprocessing plant or to a central storage facility for
spent fuel.

The fuel can be stored at the central fuel storage facility
for up to about 10 years in water-filled pools. The design
of the central fuel storage facility is described in chapter
1:4., From the central fuel storage facility, the fuel is

out of the reactor and the high-level waste from reprocess-
ing is converted to sclid form = vitrified. (See chapter
1:5.) Vitrification is carried out using the French AVM pro=
cess, which is now applied on an industrial scale.

BRI ST A S * g Al

The product of vitrification is high~activity cylindrical
glass bodies enclosed in vessels of stainless steel - waste
cylinders. Each cylinder contains the waste from approxi-
mately 1 ton of uranium. The cvlinders are stored at the re-
processing plant until at least 10 years has pasced from the
time the fuel was discharged from the reactor. According to
current agreements, Sweden has to take back waste from re-
processing in 1990 at the earliest. The propert.es of the
glass are described in greater detail in chapter I:5.

From the reprocessing plant, the waste cylinders are shipped
to an intermediate storage facility for high-level waste.
This is designed as an air-cooled dry storage facility situ=
ated in rock with an approximately 30 m thick rock cover b
(ses chapter I:6). The waste can be stored in this manner

for a very long period of time. The capacity of the central

fuel storage facility and the intermediate storage facility

is sufficient to store waste from 13 reactors. A period of

30 years has been chosen for storage in the intermediate

storage facility. This ensures plenty of time for optimiza-

tion of the final storage method. Intermediate storage can

also be extended beyond 30 years. Over a 30-year period,

radiation and heat flux from the waste declines to about

half.

In this study, the intermediate storage is assumed to be
located adjacent to the final repository. This is not, how—
ever, intended as a nec2ssary restriction of the location of
an intermediate storage facility (see chapter I:11).
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After 30 years of storage in the intermediate store, the
waste cylinders are encapsulated in an extremely durable
casing., The casing is made of titanium and is 6 mm thick. In
order to reduce radiation through the titanium casing and
thereby the radiolytic disintegration of the groundwater in
the rock, a 10 cm thick layer of lead is inserted between
the stainless steel cylinder surrounding the glass and the

" titanium casing. Lead also possesses excellent durability.

The entire canister is shown in figure 3~1 and described in
greater detail in chapter I:6. The total weight of the waste
cylinder and the casing is approximately 3.9 metric tomns,
The external dimensions of the canister are approximately
0.6 m diameter and 1.8 m length.

The encaosulated waste is' then taken to a final repository
approximately 500 m down in the bedrock. The repository is
designed as a system of tunnels approximately 3.5 m wide and
high -and spaced at approximately 25 m intervals. Storage
holes approximately 1 m in diameZer and 5 m deep are drilled

Identical gripping heeds

110 -

: a0 . Titanium shell, t = 6 mm

. Prefabricated

Lead J

4 Vitrified weste

N Chromium-Nickel stesl,
t=3Imm

N €% e

~ Cast leadd
!

Titanumiid

SN Contqt wid 1 |
\Y‘ \ Purformed in a csit
#4620
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Figure 3-1. Lead-tiranium canister, Waste cylinder with virrified high-tevel weste enclosed ina
canister of lead and titanium:, Total weight approx. 3900 kg.
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in the floors of the tunnels. One wvaste canister is stored
in each hole. The centre-to~centre distance between the hol~
es is approximately 4 m. The layout of the tunnel system
wvith holes is illustrated in figures 32 and 3~3. A buffer
mass consisting of a mixture of quartz sand and bentonite is
packed around the waste canister. Bentonite is a clay which
swells when it absorbs water. The primary purpose of the
huffer mass is to fix the canister and to serve as a mecha-
nical barrier. The material has been chosen for its mechani-
cal stability and high durability. It also possesses low
water permeability and an ion—exchanging capacity for many
of the radioactive elements in the waste. The final reposi~
tory is described in chagter I:8.

Backfill of the storage holes with buffer mass takes place
immediately after deposition. Overlying tunnel systems can
be kept open and ventilated as long as deposition is pro=-
ceeding in the facility. During this time, retrieval of the
deposited waste is in principle a simple matter. Such re=-
trieval has not been studied more closely since it is better

e

-oncw

to extend storage in the intermediate store in-case of doubt -

with regard to starting final storage. Such doubt may stem

from current technical developments in the field of alterna-
tive uses for the waste products or a desire to await prac-
tical experiences from foreign facilities for final storage.

After all bore holes in the entire tunnel system have been
filled with canisters, th2 tunnels are filled with a mixture
of quartz sand and bentonite similar to that used in the

M.!'II ‘“' '

Skip shaft
Ventiiation sheft .
Hoist shatt for weste canistery
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Figure 3-2. Perspective drawi»2 of final repository with plant for intermediate storage and
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Figure 3-3. The sealed final repository. Tunnels and storage holes are completely filled with &
buffer material consisting of quartz sand and bentonite.
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storage holes. Access tunnels and shafts are filicd in a
similar manner. :

10 Spent nuclear fuel can be transported using techniques which
are already in use and have already proved their worth. With
some slight modification, the same transport casks can be
used for the transportation of vitrified high-level waste.
The safety aspects of transporting high-level wastes are
regulated by IAEA regulations. Transportation is dealt with
in chapter I:9, :

The handling chain is illustrated by figure 3-4. The dates and
quantities given in the figure merely illustrate the interrela=
tion of different types of storage facilities for a nuclear power
programme of the scope outlined in the 1975 parliamentary
resolution, i.e. with 13 light-water reactors in operation by
1985, If these reactors are operated for 30 years and if all

the spent fuel is reprocessed, a total of approximately 9 000
waste canisters will be obtained and will have to be disposed
of. A change in the assumed scope of nuclear power production in
Sweden would require modification of the quantities specified in
the figure. But the time schedule for the implementation of the’
various phases would only be altered slightly.

Stored quantity
of uranium
(tonnes) Intermediate storage full
9 MJ TR \ NN NN
. 3 ::\\\ W \\\ s Q N ‘\\\ \:
8 000 = = \\\\\\\\\ Final repository XX
s —AlNITTTARY
-,{nsf\ﬁwo§3§§§§\\
_ IRE SR SR AR \§§ N
3@1 ." o ey SR = \ \\1‘\\\§
4 : - i \‘\_\\ \\
0 i L7 VQAZ&%Vﬂ R O NN
0 10 2 2 0 50 60 70 Years
4 $ ¢ ¢ 4
| 3
gt 2 5 s%
Eé eg 5§ §§ égg-
LE i 28:%
%} %3 i =3 §5§§
gz if LI 5358

Figure 34. Diagram showing capacity requirements for the central fuel storage facility and final
repository at different points in time. :
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Barriers against dispersal of radioactive substances

The proposed handling chain ensures the safe handling and final
storage of the high~level waste. This is shown in greater detail
in chapter I:13, Dispersion of the radioactive substances from
the final repository is prevented or retarded by the following
means: :

- The radiocactive elements are bound chemically in a glass
which possesses high resistance to dissolution in water un=~
der the conditions prevailing in the final repository.

- The high-level waste glass is enclosed in a canister con=
sinting of three successive metallic layers:

- 3-4 mm stainless steel
- 100 mm lead
- 6 mm titanium

Under the conditions prevailing in the repository, both ti=-
tanium and lead possess outstanding resistance to penetra-
tion, so it is unlikely that water will come into contact
with the actual waste glass fovr many millenia after deposi-
tion (see chapter I:6).

- The buffer material which surrounds the waste canister
possessas good stability and very low water permeability.
The circulation of water around the canister will therafore
be roughly the same as in the surrounding rock.

- The buffer mass and the rock have an ion-exchanging capacity
so that many radioactive subs*ances would, if the' were
dissolved in the groundwater, be dispersed much mure slowly
than the rate of flow of the water.

- The rock formation chosen for the locativn of the storage
tunnels must be selected with care. Groundwater movements
must be small and have such a direction that it takes a long
time for the water to flow from the final repository into
areas in contact with the ecological system. The geological
surveys carried out by the Geological Survey of Sweden (SGU)
for KBS have shown that primary rock formations possessing
the desired characteristics exist in 3weden (see chapter.
1:7). :

The Finnsj3 region 16 km west-southwest of the Forsmark nuclear
power station has been used in this report to provide certain
studies with a geographical point of reference. This does not
mean that this region is actually being proposed for the site of
a future final repository. :

FLEXIBILITY AND DEVELOPMENT POSSIBILITIES

The handling chain proposed here entails considerable flexibility
with .egard to future options and technical development.

A ceatral fuel store with the proposed capacity will permit con~
siderable flexibility with regard to the quantities of spent
nuclear fuel which may be scheduled i>r reprocessing over the
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next 10 years. In the piesent situatior, with a shortage of re-
processing capacity and a monopoly s-tuation ir this area, such
flexibility is essential. The currerc debate regarding the future
use of plutonium also makes a flexible strategy desirable.

One advantage of being able to postpone a final decision on the
question of large~scale reprocessing is the fact that new methods
for converting the waste into solid form may be develcped. These

-new methods may make final storage simpler and less expensive.

An intermediate storage facility for high-level waste provides.
extra time for a technical-economical optimization of the final
storage method with unimpaired high safety. The tir~e for final
storage can be chosen when the results of the development work
which is currently in process in various countries are available.
The final storage site can be selected on the basis of thorough
investigations of all the ecological, technical, economic and so-
cial factors which are of importance. The suitability of the site
can be verified and demonstrated to the public by means of long-
term tests. Studies concerning methods for utilizing the waste
products can also be conducted. -

The canister may be made of other materials than titanium and
lead. The materials discussed in the status report on direct dis-
posal (Appendix 1), i.e. copper or aluminium oxide (corundum,
A12b3), may be suitable for use in the encapsulatlon of vitrified
waste,

It is hoped that future hydrogeclogical studies will reduce
current uncertainty with regard to water movements etc., whereby
simpler encapsulations may prove to be satisfactory. The tunnel
system and the emplacement of the waste canister have been chosen
on the basis of conservative considerations. Further data on the
properties of the rock will probably permit a more closely packed
storage of canisters as well as multi-level storage. Studies of
the design of the final repository in other respects may also
prove necessary in order to find simpler and cheaper solutionms.
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NEED FOR CENTRAL STORAGE FACILITY FOR SPENT FUEL

All nuclear power plants have storage poals for spent nuclear
fuel, These pools are needed so that tne fuel in the whole reac~
tor core can be taken out if necessary and so that spent nuclear
fuel can be stored before it is sent on to reprocessing or
further storage elsewhere. The spent fuel pools must be installed
close to the reactor. Space here is limited and the pools norm=
ally only have room for at most 2 or 3 years spent fuel above and
beyond space for the temporary removal of the reactor core fuel.
This capacity is fully adequate, provided that there is good
access to reprocessing capacity or storage space. This has not
been the case in the past. Sweden, 2long with other countries
with nuclear power, must therefore expand its storage capacity
for spent nuclear fuel. Additional storage capacity can be creat=
ed in three ways:’

- The storage capacity of existing pools can be expanded, al-
though only to a limited extent.

- New pools can be built at every nuclear power plant.

- A central fuel storage facility serving a number of nuclear
power plants can be built.

The latter altermative has been chosen as the best means of cn=-
suring sufficient storage capacity in the long run. Compared with
the total cost of storage facil®ties at each nuclear power plant,
a central storage facility is considerably cheaper. Installations
which depend not at all or only slightly on the size of the stor=
age facility need only be built at one site. This applies, for
example, tc a receiving station for transport casks and to most
of the auxiliary systems, both of which comprise sizable cost
items. On the other hand, the transportation equipmen: required
for a central storage f:2ility is more expensive. Hwwerer, the
additional cost for transportation equipment is only asproximate-
1y 102 of the total cost {or a central fuel storage facility, so
a saving on this item would not compensate for higher costs in
the other areas.

Obviously, the amount of storage capacity which is required de-
pends on how much fuel is to be sent for reprocessing and when
this can be done. Regular shipments of fuel for reprocessing will
hardly be possible before the available reprocessing capacity in
Europe has been expanded so that it is in equilibrium with the
annual production of spent nuclear fuel. This will probably occur
no sooner than the late 1980s. Transports may also be delayed by
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the fact that other countries have considerable quantities of
fuel awaiting reprocessing. Thus, it is important from the view=
point of toth preparedness and negotisting strength that the
central spertc fuel storage facility be large enough to meet Swe=
dish needs through the early 1990s. 1his corresponds to a storage
capacity of 3 000 metric tons of uranium. It is assumed that the
facility will be located near a harbour.

DESIGN OF FACILITY

Description of facility

When PRAV (the National Council for Radioactive Waste Management)
was formed at the sugge: tion of the Aka Committee its work sche-
dule included a preliminary study of a central storage facility
for spent nuclear fi-21. This preliminary study was carried out
under the guidance of PRAV during 1977 by personnel from SKBF and
the Swedish nuclear power utilities. The description given here
is based on PRAV's preliminary study. PRAV has now handed the ma-
terial over to SKBF, who are responsible for ccntinued work on
the planning and design of the fuel storage facility and applica-
tion for siting approval. Certain parts of the facility may be
subject to modification in this connection.

Most of the facility wiil be situated underground with a rock
cnver approximately 30 metres thick to provide protection agair ¢
external forces such as acts of wars and sabotage.

The receiving and storage section is situated in a rock cavern
approximately 280 m long and 20 m wide. Its height viries between
25 and 35 m. A smaller rock cavern is tuilt parallel to this one
to accommodate auxiliary systems, mainly electriczal systems. A
transept containing the plant control centre and communications
and changing rooms will connect the two caverns. The subsurface
facility will be connected to the surface buildiag by means of a
vertical shaft. Besides personnel transports, the vertical shaft
will also be used to carry ventilation ducts, cables and pipes.
Heavy transports will take place via a descent tunnel.

The surface building will accomodate offices, personnel quarters,
auxiliary power units, ventilation fans and a seawater cooling
system.

The construction and function of the facility is described in
greater detail in chapter IITI:3.

In terms of function, the facility can be divided into a receiv—
ing section, a storage section and an auxiliary systems section
(see figure 4-1).

The receiving section contains an area for transport vehicles,
where the arriving transport cask is inspected externally, after
which it is lifted off the vehicle and placed in a holding pen.
The cask is then cleaned externally, after which it is connected
to a water loop for internmal cooling and cleaning. The transport
cask is then transferred to a discharge pen (reception pool),
where the cask is opened and the fuel elements are lifted out one
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by one by a hanaling machine. The elements are then placed in
special caseettes. . :

The receiving section also houses areas and equipment for chang-
ing and cleaning the transport cask linings.

The cassettes with the fuel elements are transferred to the stor~‘

age section in a water-filled conveyor channel by means of a
handling machine.

The storage section consists of 6 water-filled pools with a water
depth of 12 m.

The auxiliary systems section contains cooling and cleaning sys-
tems for the rec:iving and storage sections and systems for

handling the radiocactive waste. Electrical power systems and mo-
nitoring and ventilation equipment are located separate from the

_ radioactive systems.

Reasons for storage in rock

The facility is located in rock for environmental and safety'

reasons. A rock cavern with a 30 m rock cover provides good pro—
tection against damage due to acts of war and sabotage. Since
there is good bedrock at the sites which are being considered for
a central fuel store, the cost difference between a rock-enclosed
facility and a surface facility with a corresponding level of
protection is small. Since the buildings are large, a surface in-
stallation would have considerable impact on the landscape pro-
file.

The above-stated reasons for locating the facility in rock apply

" especially to the storage section, while the receiving section

could be located on the surface. Such a solution is being studied

in connection with the planning of a central storage fac’lity.

Expandability

The design concept of the facility with the storage pools arrang=
ed one after the cther as separate units provides ample opportu—
nity for expansiun in stages. The rock caverns are blasted and
the auxiliary systems are designed in such a manner as to facili-
tate future expansion.

Should the need arise for additional storage capacity during the
1990s, a similar facility can be built adjacent to the oue which
is now being planned. Potential for future expansion is being

taken into consideration in the evaluation of alternative sites.

Service life and decommissioning

It is estimated that the central storage facility will have an
economic life of approximately 60 years. This does not mean that
the facility will no longer be useful for its purpose after this
time. Continous maintenance and renovation of machinery and
equipment can prolong this life.
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When the central storage facility has served out its life, de~-
comnisgioning is facilitated by the location of the facility in
rock. Decommissioning may proceed as follows:

- Fuel is removed to another storage facility, to reprocessing
or to direc: disposal,

- Active components other than fuel are removed to final depo—
sition.

- The facility is thorougly decontaminated. Scrap and building

components which constituta low- and medium=-level waste are
taken away for disposal.

The facility can then be used once again for nuclear or other ac-
tivities. If the rock caverns are not to be utilized for other
purposes but rather sealed off, the work of dismantling and de-
contaminating can be reduced.

The decommissioning of a central fuel storage facility poses few=
er problems than the decommissioning of a nuclear power plant.
This iy primarily due to the fact that the central storage faci-
lity does not contain heavy equipment or permanert installations
which are highly radioactive.

OPERATION OF FACILITY

A central store for spent nuclear fuel will be under the supervi-
sion of thy same authorities as a nuclear power plant, namely the
National Nu:lear Power Ingpectorate, the National Institute of
Radiation Protection etc. These autohorities issue directives and
regulations governing both the design and the operation of the
facility.

Administrative surveillance of the fuel will be carried out unde:
the supervision of the Swedish Nuclear Power Inspectorate (SKI)
and the International Atomic Energy Agency (IAEA).

The cjperating personnel, an estimated 100 or so persons, will re-

ceive both theoretical and practical training in matters such as

radiation praotection, criticality, design and function of systems

and components and operating and maintenance technology. Practi- v
cal training of the personnel will include on-the—job duty with a |
special emphasis on fuel handling at operative nuclear power. . |
plants.
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REPROCESSING AND SOLIDIFICATION

Power Station Carrral Storsge Rep ing g:L"“ Evcapsulation

Final Storage

INTERNATIONAL REVIEW

Current situation for reprocessing in Europe

There are currently four reprocessing plants in operation in
Western Europe, and design work has been started om an additional
three.

The first French reprocessing plant, UP1l in Marcoule, was built
to reproccas fuel from the gas~cooled graphite-moderated reactors
in Marcoule. It was completed in 1958 and has been in operation
since that time. Marcoule will now gradually take over the repro-
cessing of fuel from other French reactors of this type as well,
which was formerly done in La Hague. Marcoule also reprocesses
fuel from a French heavy-water reactor and some fuel from the
Phenix breeder reactor. The reprocessing capacity of the plant at '
Marcoule is approximately 1 000 metric tons per year. The PIVER

plant in Marcoule has been batch-producing high-level glass since

1969. The high-level glass has been cast in containers made of
chromium-nickel steel. At present, vitrified waste with an acti-

vity of around 5 million curies is stored in a subsurface air-

cooled concrete storage facility in Marcoule.

The other French reprocessing plant, UP2 in La Hague, started

routine operation in 1967. From the start, the plant was intended

for the reprocessing of fuel for the gas-graphite reactors. In

1971, the construction of a "head end" for the reception, chopp= i
ing and dissolution of light-water reactor fuel was commenced at i
La Hague. The plant for the separation of uranium, pluteonium and
high~level waste is the same for gas-graphite fuel and light=
water reactor fuel. The plant is currently operated alternately
with either one or the other type of spent fuel. Trial operation
of this section began in 1976, when 15 tons of fuel from the
Swisa boiling water reactor in Milhleberg were reprocessed. The
next operating period with light—-water reactor fuel will begin at
the end of 1977. The strike at La Hague in the autumn of 1976 has
delayed the operating schedule.

In November »f 1976, the French government-ownea nuclear fuel
company COGEMA and its personnel organizations appointed an ex-
panded committee for hygiene and safety with directives to pro=
pose improvements in the working environment. In June of 1977,
this committee published a report with proposals for improvements
in the working enviromment covering 47 points which were to be




implemented by 1931. COGEMA has decided %o implement this pro-
gramme in its entirety. Some of the proposals have already been
put into effect.

The capacity of the plant at La Hague is i1 000 wmetric tons of
gas-graphite reactor fuel per year. Starting i 1978, the plant
will gradually shift emphasis to the reprccessing of light-water
reactor fuel. The capacity of the plant for such fuel is 400 tons
of uranium per year. This capacity will be increased to 800 tons
per year as of 1981 by means of supplementary installations.

The British reprocessing plant in Windscale, which is owned by
the National British Nuclear Fuyels Ltd. (BNFL) was commissioned
in 1964, It was built for the reprocessing of gas-graphite re-
actor fuel, but was then modified to permit the reprocessing of
light-water reactor fuel as well. Some light-water reactor fuel
was renrocessed in the early 1970s, but after an incident in
1973, the rebuilt section was closed down,

The plant in Windscale now reprocesses fuel from the British gas=
graphite reactors. Its annual capacity is about 1 00C tons per ’
year. The spent light-water reactor fuel is currently ctored in
water pools for later reprocessing. After the rebuilding of a
"head end", the reprocessing of light-water fuel will be resumed.

The first industrial demonstration of reproces:.ng of ligth-water
reactor fuel took place under the auspices of the joint Western
European project Eurochemic, which constructed and operated a
small installation at Mol in Belgium. The plant was run for 7
years and reprocessed, among other things 190 metric tons of
light-water reactor fuel. After running~in and debugging, the
plant operated satisfactorily. But experience showed that the
process would have to be modified for a larger—scale industrial
plant.

Operation of the reprocessing plant in Mol was discontinued in
January of 1976. The decision to shut down the plant was made a
couple of years earlier by its Western European proprietors, who
foresaw a reprocessing overcapacity in Western Europe, in which
case it would no longer be economical to operate a small-scale
plant such as Eurochemic. The situation has now changed and the
Belgian utilities are investigating the possibility of resuming
operation of the plant for Belgian needs.

Another demonstration of the reprocessing of light-water reactor
fuel is in progress at the West German reprocessing plant of WAK
near Karlsruhe. This plant, which has an annual capacity of 40
metric tons, was commissioned in the early 1970s. After a couple
of years with various operational problems, it has run smoothly
over the past few years and is now reprocessing light-water re=
actor fuel.

Three new reprocessing plants are currently being planned in Wes-
tern Europe. All will be designed especially for light-water re=
actor fuel. COGEMA will build a new plant in La Hagua-called UP3A
with an annual capacity of 800 tons and a scheduled starting date
in 1984/85, Plans call for the commissinoning of a similar plant
with the same capacity, UP3B, a couple of years later.

BNFL is planning a new plant in Windscale called THORP 1 with a
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_capacity of 1 000 tons per year. It is scheduled te start opera-

tion in 1985 at the earliest. The British Minister of the En-
vironment decided in December 1976 that a public hearing should
be held regarding this plant, so it is uncertain at the present
time when and if the plant will be built.

Both COGEMA and BNFL plan to utilize their plants to meet both

their own countries' needs as well as the needs of other count-
ries, primarily in Western Europe and Japan. Plans call for the
financing of the new plants by having domestic and foreign cus-
tomers sign long-term reprocessing contracts involving advance

payments.

The power utilities in West Germany have formed a joint company,
DWK, which plans to build a large reprocessing plant. Discussiuns
regarding the location of the plant are currently being held.
According to present plans, such a plant would be commissioned in
1988.

Current situation for reprocessing in other countries

The Soviet Union is expected to start reprocessing light-water
reactor fuel on a large scale during the early 1980s. It is esti=-
mated that the Soviet capacity will cover Eastern European needs.

Japan has constructed a reprocessing plant with French technology
in Tokai-Mura with an annual capacity of 200 tons. In July ot
1977, the plant started accepting spent nuclear fuel. An agree-
ment has now been reached betwezen the United States and Japan
sanctioning Japanese plans to commence the reprocessing of spent
fuel in the near futnure.

In the USA, where reprocessing technology was developed during
the 1940s, federal reprocessing plants are in operation in Han~
ford and Savannah River. Today, these plants are reprocessing
both military fuel and fuel from research reactors.

W - e
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The reprocessing and recycling of plutonium from civilian nuclear

power reactors in the USA will be postponed indefinitely, accord=
ing to President Carter's Energy Plan.

SWEDISH REPROCESSING CONTRACTS

OKG has a contract with BNFL for the reprocessing of spent
nuclear fuel from the Oskarshamm 1 and 2 reactors in England
which will cover the needs of these reactors up until 1980. SKBF
has signed a contract with COGEMA for the reprocessing of spent
nuclear fuel from the Barsebiick 2 and Ringhals 3 reactors, which
will also cover the discharged fuel needs of these reactors up to
198Q.

For the present, pending resolution of the situation in the UK,
SKBF is negotiating only with COGEMA regarding the reprocessing
of nuclear fuel during the 1980s. Most of the fuel would be re-
processed in the planned UP3A plant,

The description of the properties of the waste glass provided in
this chapter and in chapter III:4 is based on studies and infor—
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mation from COGEMA. Some of the claims have been supported by
Swedish verification studies of the waste glass from COGEMA.

SKBF's reprocessing agreecent specifies a lower content of _
fission products in the vitrified waste than current French prac-
tice. This has been done to reduce the heat generation of the
waste, thereby facilitating handling and storage of the material.
Properties which stem from this change are easy to calculate.

According to the reprocessing agreement, SK3F and COGEMA will
reack a formal agreement some time in the early 1980s on contract
specification for the waste glass which are scheduled to be
returned to Sweden no earlier than 1990. The product characteris-
tics which will be specified at this time will not deviate sub-
stantially from the properties specified .. this report. In any
case, any deviations will be insignif’.4ant for an evaluation as
to whether the high—-level waste in the form of glass can be
handled and stored in an absolutely safe uraner.

PROCESSES - T

The plaats for the reprocessing of spent nuclear fuel which have
already been erected, are under construction or are in the
planning stage are all based on variations of the American Purex
process. In short, the basic process involves chopping the fuel
rlements, dissolving the fuel in nitric acid, separating uranium
and plutonium from the fission products in the fuel by means of
extraction with an organic solvent, separating the uranium and
plutonium from each other and final refinement of the uranium and
plutonium.

Reprocessing of the spent fuel divides the fuel into four frac=-
tions containing uranium, plutonium, cladding waste and high-
level waste in. solution. Figure 5-1 shows a simplified flow

scheme of the reprocessing of spent nuclear fuel from light-water
reactors.

Uranium  Plutonium

©

Reception and . .
storage of Chopping of fuel :ﬁ:: Seperstion
spent fuel

Cladding waste Cladding waste Fission products

light-water reactors.

Figure 5-1. Flow scheme of the various stages of the reprocessing of spent maclear fuel from
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The high-level waste solution containe an estimated 0.1% of the

o cmwm

S os.cw

original quantity of uranium and 0.52 of the original quantity of.

plutonium plus the total quantity of fission products and other
transuranium elements. The solution is evaporated in cooled and
monitored stainless steel tanks. After a period of storage, the
liquid high-level waste is converted to solid form. The repro-
cessing plant at La Hague will first convert the high-level waste
to a calcinate. The calcinate will then be melted down together
with borosilicate glass and cast in coatainers made of chromium=
nickel steel. When a container is filled with waste glass, it
will be hermetically sealed by the welding=on of a lid. The ocut=
side of the container (waste cylinder) will be decontaminated by
rinsing with water under high pressure, thereby simplifying the
subsequent handling of the waste cylinder., The cylinder will then
be transported to a cooled store at the reprocessing plant.

The high-level glass will be fabricated by remote controel in "hot
cells” with tihick concrete walls and with lead glass windows
through which the process can be followed. Experience of non~con=
tinuous glass manufacture in the PIVER plant has been gained in
Marcoule. A larger industrial plant for glass production by means
of a continuous process, AVM (Atelier de Vitrification de Mar-
coule), is completed and is currently being tested with inactive
glass. Production of high—level glass from Marcoule will commence
in early 1978. The design of a similar vitrification facility for
the reprocessing plant at La Hague has been commenced.

PROPERTIES OF VITRIFIED WASTE

Dimensions and radioactivity content

The vitrified waste arrives in Sweden in cylinders made of

. chromium~nickel steel. Each cylinder is 400 mm in diameter,

1 500 mm in length and contains 150 litres of glass (see figure
5-2). The density of the glass is 2.8 g/cm3. Each cylinder weighs
470 kg and contains high-level waste from the reprocessing of 1
ton of uranium in spent nuclear fusl. This means that the fission
products content of the glass is reduced from 207 to approx. 9%
by weight, as prescribed in SKBF's reprocessing contract with
COGEMA, Heat generation from each cylinder is thereby reduced ta
values which comply with KBS proposals for the handling and
storage of vitrified waste, .

According to the current contract, the waste cylinders will be
returned to Sweden no earlier than 10 years after the fuel was
taken out of the reactor, at which point the total radiocactivity
per cylinder is 4.105 curies. 30 years later, the amount of ra=
dioactivity will have dropped to 2.103 curies. Heat flux per cy-
linder is then a maximum of 525 W. '

Fabrication of borosilicate glass

Researchers at the French Atomic Energy Commission initiated la-
boratory trials for the production of waste glass back in 1957. A
pilot plant for the production of waste glass called PIVER was
commissioned in 1969. This plant vroduces high~level glass from
the reprocessing of gas-graphite fuel in Marcoule. Since 1969,

> -
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Figure 5-2. Waste cylinder. The vitrified waste is cast in a container made of chromium-nickel steel,
The container is sealed with a weided-on lid. The feet enable the waste cylinders to be stacked on
top of each other. .

high=level waste with a radioactivity of 5 million curies has
been vitrified in the PIVER plant, resulting in the production of
12 tons ¢f glase. This glass is now being stored in a dry, air-
cooled d¢po% in Marcoule.

But the capacity of the PIVER facility is too small for the in-
dustrial production of high—level glass. A new plant has been
built for continuous glass production on a larger scale in Mar=
coule, where operation with active material is expected to start
in early 1978, :

From the beginning, the French researchers concentrated their in-
terest on borosilicats glass. The atoms in this glass are not
arranged in an orderly fashion as in crystalline substances. Omly
atoms of a certain size can be incorporated in a crystalline
structure., Glass, on the other hand, is able to dissolve the
different atoms of varying size which occur in high-level waste.
In addition, the structure of glass can adjust to the radiocactive
disintegration which takes place in the fissiom products and
actinides and which results in their conversion to new elements.

Borosilicate glass is composed of silicon dioxide, sodium oxide
and boron oxide. In the production of French high-level glass, a
prefabricated inactive borosilicate glass is mixed with calcined
high-level waste from reprocessing. The advantages of borosili-
cate glass are:

ta
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- good chemical resistance to ieaching in water, 7
- good mechanical resistance to rapid temperature fluctu-
ations,
- low crystalllzatxon rate,
- ' little increase of leaching rate if the glass crystalllzes
and .

- good resistance to radiation damage.

Leaching from borosilicate glass

If groundwater comes into direct contact with glass, 1 very slow
leaching of ions from the glass to the water takes place. At Mar=-
coule, the leaching rate for borosilicate gicse containing 20%
fission products from ligth-water :eactor fuel ha. been deter~
mxned in flowing water (dynamic leaching). The leaci ing rate at
25°C has been calculated to be 2.10~7 g/cm2 per day, vhich
corresponds to a dissolution of 0.003 mm of glass thicknece ner
yedr, or approx. 1 mm every 3 000 years. This applies for leach-
ing with flowing water. In the case of stationary water (static
leaching), which corresponds more closely to the conditions pre-
vailing in a final repository, researchers in Marcoule have
measured leaching rates which are lower than for dynamic leach-
ing. Borosilicate glass containing only 92 fission products can
be exported to exhibit a slightly lower leaching rate than glass
with 202 fission products.

Experiments in Marcoule with water quality varying from tap water
to seawater show virtually the same leaching rate. The leaching
rate does, however, increase at low and high pH values. Measure-
ments have found an increase of the leaching rate by a factor of
10 at pH 3 and a» increase by a factor of 20 at pH 14 as compared
with the leaching rate at pH 8. At less extreme pH values, the
increase is less. At pH 11, for example, which exceeds the pH
value which can be e.;pected in a final repository, the leaching
rate does not deviate significantly from the rate at pH 8.

Inotrials with French glass, a temperature increase from 25°

70°C increased the leaching rate by a factor of 10. The tempera-
tures wh1ch can be expected in a Swedish final repository lay be-
tween 20° and 70°C.

Samples of high-level borosilicate glass from gas-graphite reac-
tors in Marcoule which were manufactured and tested in 1966 were
subjected to test leaching again in 1976, The leaching rate
proved to be virtually unchanged, 107 =7 g/cm? and day, with an
otherwise identical procedure. Nor is any significant change in
the leaching rate expected to occur over very long periods of
tlm.

Experiments are being conducted at Studsvin with the leaching of
high-level glass from Marcoule and of high~level glass with an
extra=high plutonium content. The ieaching expariments are being
conducted with water grades which correspond to the groundwater
around a final repository. Results obtained thus far agree in
essence with the French trials.

e - enrst
B TN

@



50

5.4.4

5.4.5

counteracts the formation of molybdate phase.

Thermal and mechanical properties of borosilicate'glasd

When the glass has been cast in the chromium-nickel steel cy~
linder, it will be subjected to compressive stresses due to the
shrinkage of the cylinder as it cools. The a*ility of the glass
to resist such stress is very good. However, the rapid cooling
which takes place during decontamination ot the cylinders may
cause the glass to crack. Studies in Marcoule have shown that a
surfacze enlarpzement corresponding to a factor of 2-3 takes place
upon extremely rapid cooling. The maximum surface enlargement in
‘handling and transport has been estimated to be a factor of 10.

Heat is generated inside the glass. At temperatures above 550°¢,
there i3 a risk that some of the glass wiil crystallize. Experi-
ments have been conducted in Marcoule 1n which high-level glass
blocks were held at temperatures of 800°C for 100 hours. The
blocks had not cracked and the leaching rate after the heat test,
exhibited only a slxght change. The temperature in the cenire of
the glass cylinder is kept below 100 °C in the final repository -
well below the 550°C which can be critical. The centre tempera-
ture is below 550°C during intermediate storage as well, even in
the event that all ventilation systems stould fail,

The fission products in the fuel contain inactive molybdenum. In

industrial glass manufacture, this molybdenum can give rise to

the formation of a molybdate phase in the glass if the holding

time at 800°C is lorg. This phase consists mainly of sodium mo-

lybdate but also contains strontium, lanthanum and perhaps some

cesium and americium. The molybdate phase is soluble in water.

Under the most unfavourable conditions, 0.5Z of the glass could i
consist of molybdate phase. This phase can contain some quanti-
ties of strontium and cesium. A low fission products content

Resistance of borosilicate glass to radiation ' !

The effects of radiation on borosilicate glass have been studied
using high doses of beta radiation corresponding to 1.2 . 10-11 .
rad. Storage for 1 000 years leads to a total dose of 2.4 . 10 -1l
rad. The results of tests of irradiated samples show

- no energy accumulation (Wigner effect), ' '
- no change of leaching rate,
- no change of structure.

The greatest risk with radiation comes from alpha rai'ation (he= }
lium particles). In order to study this risk, alphaemitting ac- '
tinides (americium241, plutonium-238, curium-244) were added to

glass in such great quantities that a dose corresponding to that

which is obtained over 1 000 years for high-level glass was ob-

tained in 1-2 years. This type of accelerated experiment entails

a more severe test than a lower dose rate over a longer period of

time. This is due to the fact that the helium atoms have less

opportunity to diffuse out of thy glass and that the glass struc~

ture is forced to adjust more rapidly to containing a certain

quantity of helium. This type of experiment has shown that there

is little chango in the mechanical properties of the glass. As a

comparison, there are natural vulcanic glasses which contain as

much as 200 mm3 gas per gram glass without becoming brittle.
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INTERMEDIATEISTORAGE AND ENCAPSULATION

Power Station Cantrel Storage Rep i Intermediate Encapulats

Fiel Storage

GENERAL

An intermediate storage facility and an encapsulation station for
the waste cylinders from the reprocessing plant are constructed
adjacent to the final repository. Possibilities for alternative
siting of these facilities are discussed in chapter 1:11.

The main purpose of intermediate storage is to reduce the heat

flux from the waste and thereby simplify final storage. An inter-
mediate storage period of 30 years is foreseer. during which time
heat generation decreases to approximately orehalf. However, this
storage period can be extended, the only limitation being how
long supervised storage is considered to be desirable rud accept-
able.

The time during which the waste is kepr in intermediate storage
can be used for further development and optimization of the en—
capsulation procedure and the design of the final repository.

The pulpone of ti.2 encapsulation following intermediate storage
is to enclove the vitrifiied waste in a corrosionresistant and

. tight canistor prior to deposition in the final repository. The

vitrified waste cannot be leached out unless the encapsulation
material has first been penetrated due to corrosion caused by the
groundwater. The canister also serves as a radiation shield which
reduces radiolysis of the groundwater to a level which is neglig-
ible from the viewpoint of corrosion and simplifies handling of
the wasta cylinders.

4
The plant has a storage capacity; of 6 000 waste cylinders and can
receive and encapsulate 300 cylinders per year.

For a more detailed description of the intermediate storage faci-
lity and -he encapsulation procedure, see chapter. 111:5 with
appurtena’ drawings. :

DESCRIPTION OF FACILITY

Most of the plant will be located underground with a rock cover
about 30 metres thick in order to provide protection against ex-
ternal forces such as acts of war and sabotage. The only surface
facilities will be an entrance building with administration and
service quarters and ventilation inlets and cutlets (see fig.
6-1). :
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Entrance building

Hoist shaft for .
waste canister _ po—eeee Miziny shaft
U
\J!/To final repository
To final r‘mtowl

KEY PLAN

Figure 6-1. Perspective J/ muwing of plant for intermediate storage and encapsulation. It is located
underground with a rocx cover approaimately 30 metres thick. The plant is located above the final
repository.
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The various stages involved in the handling of the waste cy-
linders in the plant are illustrated in figure 6-2.

The waste cylinders arrive at the plant in a special transport
cask on a trailer (see I:9) through an access tunnel. In the re=
ception section of the plant, the waste cylinders are. unloaded
from the tramnsport cask to the unloading cell. If the waste cy-
linders are found to be damaged or contaminated, they are provid-
ed with a new outer container in a recanning cell. The waste cy=
linders which are stored in the intermediate storage facility are
tharefore not radiocactively contaminated on the outside.

From the unloading cell, the waste cylinders are transfecred in-
side a radiation—shielding transfer cask, to the intermediate
storage where they ares placed in steel pits in concrete trenches
covered by a concrete slab. Each rrench containg 150 steel pits,
each with room for 10 waste cylinders stacked one on top of the
other -~ for a total of 1 500 per trench. The facility has four
trenches in two groups with a total capacity of 6 000 waste cy-
linders.

e

—-—er. . m

In order to dissipate the heat emitted by the waste, air is cir~

culated through the storage pits by means of a ventilation system
with ample reserve capacity. But even in the event of o total
failure of all fans, natural ai: convection will provide suffi-
cient cooling to keep the temperature of the waste glass well
below the critical level above which the glass may crystallize.
Since the waste cylinders aie clean externally, the ventilation
air which is released to the atmosphere via a ventilation shaft
and a chimney is not contaminated. The ventilation system can
nevertheless be provided with filters and equipment for radioac-
tivity measurement as an extra safeguard.

The concrete slab over the storage trenches is sufficiently
thick, and the holes in the slab above the steel pits are sealed
in such a manner, that sufficient radiation shielding is provided
for the hall above the storage facility. Furthermore, the air
pressure in the hall is maintained at a higher level than that in
the trenches, so air from the trenches cannot enter the hall.

At the end of the intermediate storage period, the waste cy=
linders are transferred in the radiation—shielding transfer cask
to the encapsulation part of the plant. There they are placed in
an encapsulation cell, where they are enclosed in a lead-titanium
canister (see fig. 6-3). After quality control, the encapsulated’
waste is transferred to the final repository.

PROPERTIES OF ENCAPSULATION MATERIAL

In the final repository, the waste canisters are subjected to the
action of the groundwater in the rock. It is therefore imperative
that the waste glass be protected against leaching during the pe-
riod when the waste is highly hazardous (toxic, see fig. 6-4).
Protection against leaching is obtained by enclosing the waste’
glass in a corrosionresistant canister.

The chromium—nickel steel container in which the vitrified waste
is delivered from the reprocessing plant is not accredited with
any protective life of its own, Instead, the real protection is

T
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Figure 6-2. Reception and intermediate storage. The transport casks arrive in the reception section
and the waste cylinders are unloaded. Damaged or contaminated cylinders are encased in an outer
container of chromium-nickel steel The waste cylinders are rransferved to intermediate storage

encapsulation cell,

inside a transfer cask. After storage for at least 30 years, the cylinders are rransferred to the
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Figure 6-3. Lead-titanium canister. Waste cylinder with vitrified high-level waste in a canister of
lead and titanium. Toral weight approx. 3900 kg

afforded by a canister made of lead and titanium, both of which
materials poscess good resistance to corrosion. The lead alseo
serves as a radiation shield which reduces the radiation level
and the radiolysis of the groundwater to a level which is
negligible from the viewpoint of corrosion. '

The corrosion resistance of the titanium casing derives entirely
from the creation of a protective passivating layer. Under pre-
vailing conditions, this passivating layer is self-healing when
damaged. As long as this layer is intact, general corrosion of
the material is extremely slow. Under the envirommental con=-
ditions which are expected o prevail around the canisters in the
final repository, local corrosion of titanium has not been ob-
served at all., The titanium casing can be expected to remain in-
tact for a very long period of time.

As far as the lead is concerned, general corrosion can be disre=
garded, since the lead is protected by the titanium casing. If

@
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Figure 6-4. Graph showing how the toxicity of the vitrified waste { hazard irdex ) and the external
surface temperature of the canister vary with time. Note that the hazard index and time scales are

logarithmic.
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the titanium is penetrated, however, some pitting corrosion may
be expected on the exposed surface. The quantity of lead which
can then go into solution is estimated to be slightly more than 2
kg over a period of 1 00U years. The attack will penetrate down
into the lead at a diminishing rate. It is tentatively estimated
that pitting will penetrate the lead lining at the earliest about
500 years after the titanium casing has been penetrated, but this
figure is probably grossly underestimated.

The Swedish Corrosion Research Institute and its reference group
of specialists within the field of corrosion and materials was
commissioned by KBS to examine the corrosion resistance of the
proposed encapsulation materials. In a status report dated 27
September 1977, which is reproduced in KBS Technical Renort No.
31, the life of the canister is estimated by some members to be
at least 1 000 years and by others to be at least 500 years. How~
ever, a final assessment will not be forthcoming until the re-
sults of current in-depth studies are available.

In one of the supplementary statements submitted by the members
of the reference group, it is claimed that the estimates given in
the stazus report are conservative and represent a lower limit
for the durability of the encapsulation material. It is further-
more submitted that on the basis of existing knowledge, it is
highly probable that turther study will reveal a considerably
longer life for the encapsulation material. KBS shares this
opinion. See also III:5.3. :

OPERATION OF FACILITY

Operation of the reception sectiun and the cncapsulation section
is bared on remote-~controlled handling in closed cells. The ope-
rating nersonnel, whose main function is one of surveillance, are
protected against radiation by thick concrete walls and radia-
tion-shielding windows. If necessary, the equipment :an be moved

~from rhe cells to prepared areas where it can be repaired and

maintained. This techno’ogy has bveen proven and has been used for
many years in a similar storage facility in Marcoule in France.

The plant and its operation will be under the supervision of the
Swedish Nuclear Power Inspectorate and the National Institute of
Radiation Protection in the same manner as a nuclear power sta-
tion. The plant will be designed in compliance with the regula-
tions which these authorities and the occupational safety autho~
rities issue, following consuitaticn with conrerned personnel or=-
ganisations. With regard to working environment and safety, see
chapter 1:10.

When the facilities for intermediate storage and encapsulation
have served out their useful lives, decommissioning will be
facilitated by their emplacement in rock. Decommissioning proce-
dures are basically the same as those described for the central
storage facility for spent fuel in section I1:4.2.4.
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GEOLOGY

GENERAL

The feasibility of safe terminal storage and disposal of high-
level waste in geological formations has been under comsideration
for some time in various countries. Since it has generally been
assumed that the waste is to be finally disposed of in the
country where it is produced, different types of formations have
come under consideration: salt, clays, shales, crystalline rock =

" depending upon the occurrence of these formations in different

countries. In Sweden, interest has been concentrated on precamb-
rian crystalline rock formations (granite, gneiss).

KBS has concluded an agreement with the Geological Survey of

- Sweden (SGU) concerning the execution of a comprehensive pro~

gramme of geological field studies and theoretical investiga=-
tions. The programme entails the drilling of 10 boreholes to a

" depth of about 500 metres, examination of cores and boreholes,

water injection tests, groundwater analyses, hydrological tracer
tests in crystalline rock and theoretical studies of groundwater
movement.

Parallel to and in connection with SGU's investigations, various
regsearchers have, under commission from KBS, carried out studies
and surveys of the properties of the bedrock and potential move=-
ments in the bedrock in different parts of the country, patterns
of wovement and compogition of the groundwater and various re-
tardation effacts on dissolved material as the groundwater passes
through the buffer material and cracks in the rock.

An experimental station where observations and experiments can be
carried out in a granite massif at a depth of 360 metres has been
established in the Stripa mine.

Matters concerning geology and rock mechanics have been dealt
with by an advisory group of experts.

On two occasions (in February and October of 1977), matters of
importance for a final repository in the precambrian bedrock of
Sweden have been discussed at spccial conferences attended by
many of Sweden's geological experts.

A more detailed report on the geological surveys and the results
obtained £ -m them is provided in volume II.
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7.2

7.3

7.3.1

OBJECTIVE

The geological study programme carried out by SGU for KBS was
aimed at elucidating the bedrock and groundwater conditions which
are determinant for the long-term safety of a storage facility in
the crystalline basement rock of Sweden. The studies span a
number of different disciplines, The bedrock at the site which is
finally chosen must consist of a suitable type of rock of suffi~
cient extent both horisontally and vertically. The occurrence of
discontinuities and fracture zones :an affect the design and
safety of the rock repository. As regards the groundwater, in=-
formation is required on its chemical composition, how much water
can come into contact with the waste and for how long a time the
water resides in the bedrock. It is also important to elucidate
where the groundwater from a repository approaches the surface of
the ground and how much it is diluted on its way to the surface,
as well as how well the bedrock is able to retard and retain
certain waste suhstances if they should escape into the ground-
water,

Field studies have been conducted at five sites, three of which
have been selected for further study. It should be emphasized

‘that the present work was not aimed at finding a suitable site to

be proposed for the location of a future rock repository at this
point in time.

Tte geological surveys comprise a part of the work aimed at
satisfying the requirement of the Conditions Act to demonstrate
where an absolutely safe final storage of high~level waste can be
effected. The selected areas are examples of sites where a final
repository might possibly be located and whers the natural con-
ditions have been studied both from the surface and in depth. The
studied areas contain our most common types of rock which are
highly unlikely to be of interest for mining - namely gneiss,
gneiss-granite and granite - and are each representative of many
other parts of southeastern Sweden. Areas with less common types
of rock which might offer special local advantages have not been
studied.

STUDY AREAS AND RESULTS

The locations of the studied areas and of the experimental sta=
tion in Stripa are shown in fig. 7-1. Studsvik, where certain
field experiments were conducted, iz also shown.

Rarlshamm area

The studies in the Karlshamn area were conducted on the grounds
of the Karlshamn oil-fired power plant. Of the different study
areas, this is geologically the best~known. It is situated in a
district of Sweden where the regional interrelationships between
bedrock structures and groundwater conditions have been subjected
to more scrutiny than anywhere else, and it is the only one of
the KBS study areas where data is also available from existing
rock cavernms.

The study area is composed of a grey gneiss - Blekinge coastal
gneiss. It contains few joints and little groundwater. Moreover,
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Figure 7-1. Map of study sites. Test drillings down
to a depth of about 500 m have been undertaken
at Karishamn {Sternd ), north of Oskarshamn
{Krdkemdla and Avré } and Forsmark (Finnsjo Lake
and Forsmark). The KBS experimental station is
located in the Stripa mine. Field experiments have
also been conducted at Studsvik,
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the directions of the fractures vary and do not exhibit any pro-
nounced main orientation. These facts are reflected in the sta=-
tistics on the existing oil storage caverns in the gneiss. Re-
ported data on water inflow into the rock caverns, which total
over 700 000 m3, exhibit low values. The need for reinforcement
following blasting has been remarkably low. The seepage data can
be used to calculate the water permeadility of the surrounding
rock, which is expressed in m/s. Values of around 10™9 m/s are
found, which is lower than normal for rock caverns at a depth of
30~-50 m. !

A core drilling within the area to a depth of 500 m shows good
rock conditions at greater depths as well, These conditions stem
from the fact that the gneiss, ever since its plastic folding
more than 1 300 million years ago, has reacted as a rigid and
highly resistant body in relation to tbe surrounding rock.

A special study in the area showed that displacements along ex-
isting fissures have been small for a very long period of time.
The average rate of displacement is below 0.02 mm per million
years. Existing cracks are largely mineral-filled. A fracture
zone filled with swelling clay minerals was found north of the
study area. No gubstantial shattered zones were found.

If the permeability of the rock and the slope of the free ground-
water table is known, it is possible to calculate how much water
flows through a given cross—section of the rock within a certain
period of time. Due to the large differences in elevation in the

e;)
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terrain in the Karlshamm area, the slope of the groundwater table
is fairly steep, approximately 1:20. From the obtained data, the
groundwater flow at a depth of 500 m can be calculated to be
about 0.2 litres per m® and year. A level area with a similar
bedrock would exhibit even lower flows.

Finnsj8 area

The Finnsj¥ area is located 16 km west=-southwest of the Forsmark
auclear power plant in northern Uppland. Geological and geophy=
sical surveys have been conducted here. Rock conditions have been
studied in depth in three core boreholes - one vertical to 500 m
and two at inclinations of 50° to between 500 and 550 m vertical
depth. The area is composed of older granite, which is a rela-
tively uniform,weakly gneissified granadiorite rock. It is rather
heavily fractured internally. But the cracks are mostly irregu-
lar, of varying direction, and largely filled with minerals.
Small amounts of swelling clay minerals are found locally. On the
east, the area is bounded by a fault which borders on an approx-
imately 300 m wide belt with stronger fracturing. The central
parts of the area, on the other hand, are distinguished by large
blocks of little fractured bedrock with surface areas of up to
100 000 m?, Between these blocks are fracture zones, some of
which are filled with crushed material. The cores from the bore-
holes reveal sections of several hundred metres with permeabili-
ties belew 1079 m/s, interrupted by a few zones with higher
values. From the obtained data, the groundwater flow in large
sections of rock at a depth of 500 metres can be calculated to
about 0.1 litres per w? and year or less, Fracture zones with
heavier flows are also found. Rock mechanics tests on drill cores
show very good strength., The Finnsjd area represents a common
type of bedrock in the Swedish crystalline basement rock and has
been chosen as a reference area for some of KBS's studies.

Krikemdla area

The Krdkemdla area is located 7.5 km north-northwest of the Os=
karshamn nuclear power plant at Simpevarp, between the Baltic Sea
and Gitemaren Lake. Geological and geophysical surveys have been
conducted here. Three core boreholes have been drilled, two ver—
tial ones to 500 and 600 m, respectively, and one with a 50° in=-
clination to a vertical depth of 570 m. The area is composed of a
very uniform, undeformed granite, the Gdtemar granite. It is
characterized to a large extent by a sparse but regular network
of perpendicular, straight and long fissures. The walls of the
fissures are lined with the minerals in the granite and with
chlorite and calcite. Pyrite also occurs in the fissures, sowme=
times abundantly, as does fluorspar. Smectite, a swelling clay
mineral with a good capacity to retard certain waste substances,
occurs in small quantities. Drill cores from Krikemila exhibit
congiderably lower strength than those from Finnsjdn.

In the boreholes, at a depth of between 300 and 500 metres, long
sections are found with a water permeability of less than 10~9
m/s. However, these are surrounded by zones of higher water per~
meability and water content. The groundwater flow in the more im—
pervious sections is estimated to be about 0.15 litres per m? and
year or less. Considerably higher flows are found in fracture
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zones, which is why rock wells in this granite often yield so
much water.

Qther areas

The two other areas where drillings were made are Avrd, just
north of Simpevarp, and Forsmark, approximately 3.5 km west of
the Forsmark power station. After introductory studies, both of
these areas were judged to have less favourable rock conditions
than the three preceding areas, so the studies were discontinued.

GROUNDWATER CONDITIONS

Groundwater flows

Flows of 0.1-0.2 litres per m2 and year have been calculated for
the three study areas on the basis of model scudies calculated on
the basis of potential field theory and available permeability
data obtained from rock caverns at shallow depth and from direct
measurements in boreholes. The borehole eguipment did not permit
determination of permeabilities below 1077 m/s. In the Stripa
mine, however, values down to 101l m/s have been measured in
granite. Tor these reasons, the actual flows should be consider-
ably less than the specified figures of 0.1-0.2 litres per m? and
year. Thus, if nuclear waste is stored in any of the study areas,
the low water flow rate can be cxpected to minimize both corro-
sion and leaching of the waste glass. However, time has not
permitted the detailsd studies required to verify these factors
(see 1V:6,2,2 and 6.3.10).

1f the groundwater flow is known, it is possible to calculate how
much the dissolved substances from the waste will be diluted on
their way towards a recipient. For example, the substances re-
leased from a final repository at a depth of 500 m within the
Finnsj& area during one year would be diluted in at least 500 000
m3 of water in the fault which borders the area on the east. The
portion of the dissolved substances which reached Finnsjdn would
be diluted in a water volume approximately 50 times greater.

The pattern of groundwater flow

The flow of the groundwater is determined by the precipitation
and terrain features in the area as well as the nature of the
ground and the bedrock. Computer programs have been developed
which can be used to calculate the flow pattern for vertical
sections through an area. Among the assumptions which must be
made are that slopes run perpendicular to the plane of the sec-
tion and for a large distance in this direction and that the
permeability of the bedrock is constant or changes with depth in
a regular manner. By varying the conditions it is possible to
shed light upon the flow paths in a given area despite these
limitations. This has been done by meana of mathematical models
which illustrate a few simple typical cases as well as models
adapted to the conditions existing in the Finnsjd area.

The results show that, as expected, the groundwater flows down-—
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ward into the bedrock in elevated areas, after which it turns and
flows upward again towards large adjoining valley floors, where
it can reach the surface at points of groundwater inflow into -
lakes, waterways and springs. The influence of terrain features
often extends down to a depth of several thousand metres. The
longer the slopes are, the deeper their influence reaches. The
surface areas where groundwater from great depths issues are
small, and the upflow is accompanied by a very heavy dilution of
the groundwater by water from higher levels.

One consequence of these general conditions is that the ground-
water movements in an area lacking extensive, flat aquifers are
divided into smaller flow cells and that groundwater transport is
predominantly of a Jical character.

This effect is rairforced when the valleys follow steep fracture
zones in the bedrock, where the vertical permeability is high.
Models of the Finnsj3 area show that the flow there is directed
towards Finnsjd Lake and towards the fault valley in the east.

The calculations have been extended to include the upflow over a
rock repository which is caused by the heat generation of the
waste at the start of the storage pericd. In agreement with
earlier American estimates, it was found that this heating leads
only to an ingsignificant pertubation of the prevailing flow
pattern in the vicinity of the final repository. The effect of
drainage of the rock formaticn around the final repository during
the construction and deposition period has also been investigat-
ed.

Groundwater age

The time during which the groundwater resides in the bedrock is
of importance in view of the natural decay of the radioactive
substances and their retardation and retention by the rock. In

the same rock volume, the residence time for the water is least

in the larger, water-bearing fracture zones. In the intervening

bedrock blocks with low permeability, the residence time is many

times greater.

Age determinations of water samples were carried out using the.
carbon 14 method, which tells how much time has passed since the
water seeped down through the surface layers of the ground. Four
water samples from the boreholes in Krikemila have been studied
thus far. Ages of between 4 300 and 11 000 years have been found-
ed, .

The uncertainty inherent in these determinations is only +100
years. Greater uncertainty in the age determinations is associat=-
ed with the sampling and drilling procedures. During drilling,
surface water was used for flushing, and heavy drainage pumping
was carried out prior to sampling. Disturbances which lead to age
underestimations may therefore have occurred. It appears most
likely that the differences in age between the samples reflect
differences in the permeability of the surrounding sections of
rock. o

Similar age data were previously obtained from a deep well in
bedrock in Finland and a tunnel at a depth of about 300 metres at



7.4.4

7.5

7.5.1

N

-~ -

65

Storjuktan, Sweden. With the support of such age data, the re-
sidence time of the groundwater at the depths in question can be
estimated to be more than 10 000 years. When this figure is used
as a basis for estimating the transit time of the water from a
final repository to the biosphere, it is necessary to take iato
congideration the location of the repository and local topo-
graphical aad hydrological features, which are dealt with in
greater detail in volume II.

Groundwater chemistry

The chemical composition of the groundwater is of importance for
the lifetime of the canisters in which the waste is enclogsed. Re-
tardation effects in the buffer mass and in cracks in the rock
can also be affected by the composition of the groundwater. The
level of chlorides and dissolved oxygen in the groundwater is of
particular importance.

An evaluation of data from KBS and other studies shows that
chloride cor :entrations of mote than 300 mg/l have been found .in
groundwater only in rare cases. The occurrence of fossile ground-
water in some areas might give rise to higher values. For this
reason, analysis of the local groundwater chemistry constitutes
an important part of the preliminary studies which precede the
final choice of a site.

e i

Both the known occurrence of bivalent iron in the groundwater and
direct analyses have shown that groundwater at great depths can
only contain extremely small quantities of dissolved oxygen,
normally below the level which can be determined by standard ana-
lytical methods.

DR~ ED % o

The pH values which have been measured in groundwater are only
rarely less than of 7.2 or greater than 8.5. The proposed buffer
material of quartz sand and bentonite (see chapter 111:6) should
stabilize the pH value to between 8 and 9. The buffer material
does not 2ffect the level of chlorides and dissolved oxygen in
the groundwater.

RETARDATION GF WASTE SUBSTANCES

Retardation effects

Laboratory studies of buffer material and samples from the
Swedish bedrock as well as field studies have been conducted in
order to investigate the retardation of the radiocactive waste
substances in the bedrock. The measurements show, in agreement
with the large body of data in the literature, that all of these
substances, with the exception of iodine and technetium, are re-
tarded to different degrees in relation te the movement of the
groundwater,

Retardation factors have been calculated under the assumption
that the groundwater moves in smooth-walled, plane-parallel,
continuous cracks. Retardation factors calculated in this manner
ave in good agreement with results from field tests conducted in
fractured rock at Studsvik.
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The field test at Studsvik were conducted at a depth of 70 metres

. in fractured rock of high water ccntent and permeabilities around

1079 m/s. In an initial test series, the transit time for certain
nuclides in the unconditioned rock was measured and compared with
the transit time of the groundwater along the.same flow path. The
same rock section was than sealed by means of injection with
bentonite, which 1s a natural material many millions of years old
consisting primarily of smectite minerals. Smectite occurs fre-
quently as natural crack filler in the Swedish bedrock and has
aizo been found at Krdkemila and Karlshamn. It is in chemical
equilibrium with the groundwater and the other minerals in the
bedrock. After this grouting, the measurements were repeated and
2ce still in progress. Among other things, it has been found
that, strontium added to the water has not, after 4 months,
arrived at the metering point located 50 metres from the borehole
where it was injected.

Retardation effects are discussed in greater detail in section
I1:13.4.2.

Retention of waste substances -

During their residence time in the bedrock, the elements atronti~
um=-90, cesium~137 and americium=241 and =243 decay completely.

. Other elements participate in chemical reactions so that they are

retained or retarded in the rock. Such a fixation of cesium has
been demonstrated in laboratory experiments. Other experimental
studies have shown that hydrogen sulphide or minerals containing
bivalent iron can precipitate insoluble uranium dioxide from so-
lutions of carbonate complexes of hexavilent uranium by means of
reduction at room temperature. Theoretically, the same should
occur with plutonium, neptunium and other transuranic elements.

The same reactions occur in nature. There are examples of large
uranium ore deposits which have been formed by precipitation in
this manner. In Sweden, uranium dioxide occurs as fissure filler
in the crystalline basement rock in such areas as northern Upp-
land and at Pleutajokk in Norrbotten County. In both of these
caseg, the mineral has been retained in the rock for more than

1 500 million years. It has also been shown that naturally formed
transuranium nuclides in the Oklo uranium field in Gabon have not
been dissolved by the groundwater.

ROCK MOVEMENTS

Recent faults

A number of studies have been carried out in order to establish
whether the safety of a rock repository can significantly de=-
teriorate during the long storage periud due to new fracturing
and movements in the bedrock. A briel survey has been made of
recent fault movetients throughout the country, whereby it was
found that these fault movements follow older fault zones to a
great extent. This agrees with the results of a theoretical study
of the process of deformation in fractured rock. It shows that
even large deformational movements are distributed over existing
cracks in a granitic rock of normal fracture content without the
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creation of new cracks or any radical changes in individual
cracks. By locating the final repository in an area without any

" 'major fault lines and by avoidiag emplacing waste canisters in

existing shear zones, canister damages resulting from rock move=
ments ca.i be avoided. It ha3s also been found that only insignifi-
cand movement has taken plzce along fissures in southeastern
Sweden, over the past 570 million years, even during the large-
scale deformations which 1led to the formation of the Caledonian
mountain range. The current period in European geological histo.y
is characterized, as far as we know, by declining deformation. Tt
can therefore safely be assumed that rates of dislocation during
the required period of waste isolation will remain below the mean
rates which have been determined in the KBS study and which are
insignificant from a practical point of view.

Rock 3tresses

According to some measurements, the nearly horisontal shear

streas in the Swedish bedrock rock is close to the strength limit

of the rock just below the surface. Other studies give lower
values. If the strength of the rock were exceeded, fracturing
would occur. However, the shear strength of the rock increases
with depth due to the increase in pressure. In fact, the risk of
shear fractures decreases rapidly with increasing depth, since
the shear stress at greater depths is probably much the same.
Special calculations show that the changes in the rnck induced by
blasting and the estimated increase in temperature are very local
and that the risk that new groundwater flow paths will be created
as a result of the formation of new fractures is negligible.

Effects of a future ice age

Fracture formation in connection with the current land elevation
and bedrock movements during a future ice age .can be assessed on
the basis of the present distribution of cracks in the bedrock.
Permeability values from drill cores show that the fracturing is
largely restricted to the top 100 or 200 metres of the bedrock,
while deeper portions still possess good integrity after 10 to 20
Quaternary glaciations. One more ice age is not expected to alter
the situation. :

Tidal effects

A special study of the gravitional effects of the sun and the
moon on the Swedish bedrock and other influences which affect the
groundwater in the bedrock has been conducted. No detrimental
effects for a rock repository have been identified.

Earthguakes

A review has been made of the statistics on earthquakes in Sweden
through 1975 and of certain studies concerning earthquake~caused
ground accelerations. The analysis shows that southeastern Sweden
has a very low frequency of earthquakes and tha* the ground acce-
lerations which can be expected will not cause damage to the re-
pository or to the waste canisters.
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1.7 SUMMARY EVALUATION

The above information, together with the safety analysis, pro-
vides the necessary basis for an evaluation of the three study
areas of Karlshamn, Finnsjdn and Krikemila. It shows that these
areas fulfil the basic requirements for a safe rock repository
for high-level waste, provided that the design of the facility
takes into account the geometry of the low-permeable rock forma-
ticns. - :

On the basis of existing knowledge, the coastal gneiss region of
'Blekinge is frcm a geological point of view, the most attractive
area for a firal repository.

The gneissified granitmid rcck at Finnsjén also appears to offer
» ' large volumes of low permeability. However, existing intermal
fractures and crush zones may entail certain technical problems
of the type which are normally encountered in tunnelling and rock
cavern excavation. Compared with the Blekinge coastal gneiss,
this type of rock permits greater freedom of choice in the lo-
‘ cation of a future rock repository, since similar rock conditions
- are found throughout large parts of southeastern Sweden.

The G3temar granite at Krdkemila exhibits, despite sections of
low permeability, a number of features which may require more ex—
tensive reinforcement and grouting during the construction phase.
These features include lower strength, a regular fracture system
with extensive horizontal fracture surfaces and high local
groundwater flows.

) The three study areas can be clearly arranged in order of priori-
ty: the Blekinge gneiss, the gneiseified granodiorite in the
Finnsjd area and the undeformed stocklike granite in the Krikemi-
la area. This con:irms previous experiences regarding the struc-
tural and water-bearing characteristics of these types of rocks.

. Against this background, other gneiss areas besides the one in

3 Blekinge may be of interest.
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FINAL STORAGE
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The encapsulated waste will be sent to the final repository for
final disposal.

The final repository is situated in rock underneath the facility
for intermediate storage and encapsulation at a depth of approxi-

mately 500 metres below the surface. a

Whereas the waste in the intermediate storage facility is stored
under dry conditions, requiring surveillance of e.g. the drainage

system, the final repository is designed to be sealed and finally

abandoned. The encapsulated waste will therefore be exposed to
the action of the groundwater.

As mentioned in chapter 1:5, the leaching rate for the vitrified
waste is very low. In the encapsulation station, the waste
cylinders are provided with a4 lead-titanium canister with

high resistance to corrosion (chapter 1:6). Finally, the storage
holes, tunnels and shafts in the final repository will be back-
filled with a buffer material of quartz sand and bentonite with
low permeability and ionexchanging properties. Bentonite is a na-
turally occurring clay material.

Thus, vitrification and encapsulation of the waste, the buffer
material and the rock constitute four barriers which prevent or
greatly retard the migration of radxoactxve elements via the
groundwater to the biosphere.

The final repository has been designed for a total capacity of
9 000 canisters and a deposition rate of 300 canisters per year.

For a more detailed description of the final rvpository, see
chapter I11:6 with appurtenant drawings.

DESCRIPTION OF FINAL REPCSITORY

The final repository consists primarily of a system of parallel
storage tunnels located approximately 500 metres below the sur=
face, with appurtenant transmort and service tunnels and shafts
(see fig. 8-1). The final repository covers an area of approxi-
mately 1 square kilometre. The geometric layout of the tunnel
system will be adapted to the geological conditions prevailing on
the selected site. Vertical holes drilled in the floor of the
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Figure 8-1. Perspective drawing of final repository with plant for intermediate sturage and
encapsulation. The final repository consists of a system of parallel storage runnels situated 500 m
beiow the surface.

storage tunnels constitute the final storage compartments for the
waste canisters. Tunnels and shafts will Le excavated by means of
conventional wining and construction cathods.

The centre-to-centre distance between the storage tunnels (25 n)
and between the storage holes (4 m) has been determined on the
bagsis of rock mechanics considerations: and the effects of the
heat released by the canisters (see fig., 8-2). The storage holes
have a diameter of 1 m and a depth of 5 m. With the spacing se-
lected, the increase in the temperature of the rock wil) not ex-
ceed 40°C. Studies show that this increase will not give rise to
new cracks or new flow paths for the groundwater which could
affect the safety of the final storage.

The various stages of the handling chain for encapsulated wvaste
in the final repository are depicied in fig. 8-3. '

The canisters are transferred from the encapsulation station to
the final repository in 2 radiation=e* “:lded trausfer cask mount-~
ed on a wagon which runs on rails and is driwn by an electric
tractor. They are then taken down to the storage turnels in an
e¢levator which travels in a vertical shaft. The elevator is
equipped with safety devices which virtually eliminate the possi-
bility of an accident.

When the transfer cask reaches the level of the repository, it is
taken from the elevator through the tunnel system and placed in
position over the hole inm which the canister is to be deposited.
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Figure 8 2. Crosssection and longitudinal section of storage tunnels in the final repository. Each 4
storage hole is designed for one canister. :

A mobile radiation shield at the top of the hole protects the
personnel when tne canister is lowered into the hole.

The canister is lowered into the hole onto a bed of sand/bento=-
nite. The transfer cask and the mobile radiation shield are then '
removed and the hole is filled with sand/bentonite. The fill is :
compacted to give it good bearing capacity and low r-~rmeability.
Finally, a 1id is placed over the hole. The filler material pro-
vides sufficient radiation shielding for the personnel working in
the storage tunnels. The properties of the quartz sand and ben=-
tonite mixtnre ave described in section III:6.3.

OPERATION OF FIN. ... REPOSITORY

Deposition of the waste canisters begins when approximately one=
fourth of the storage tunnels have been completed. The facility
has been designed for complete physical separation of the con-
struction work from the canister handling work.

The handling system for the canisters is similar to that which-is
used in the intermediate storage faciiity and is based on known
technology. The method of applying sand/bentonite fill is based
on the robot spraying technique which has been used for many
years in tunneling work.

The facility and its operation will be inspected and supervised
by such authorities as the Nuclear Power Inspectorate and the
National Institute of Radiation Protection in the same way as a

)
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nuclear pywer station. It will be designed in accordance with the
regulations issued by these authorities and in consultation with
concerned personnel organizations. With regard to working en=
vironment and occupational safety, see chapter I:10.

PERMANENT CLOSURE

When the final repository has been fillad with canisters to de=-
sign capacity, the facility can be kept open and inspected as
1ong as surveillance and maintenance of the drainage and ventila-
tion systems and otier essential auxiliary svstems are considered
desirable. The facili:,; can then be sealed and finally abandoned.

When it is sealed, the tunnel system is filled with a mixture of
quartz sand and bentonite similar to that used to fill the holes
around the canisters (see fig. 8~4). The lower part of this fill
is carried out using conventional earthmoving and compacting
methods and the upper part by spraying. The application technique
and the swelling of the bentonite as it absorbs water ensure that
the tumnel section will be filled completely., A mixture of sand
and bentonite is also used to fill vertical shafts. Boreholes
which have been drilled to investigate the bedrock are filled
with pure bentonite. .

In this way, all cavities in the rock are filled with a material
which is at least as impervious as the surrounding rock. In the
storage hole, the fill material protects the canister from minor
movements in the surrounding rock.

It is assumed that observations and measurements of the ground-
water system, rock stresses, temperatures etc, will be performed
for a certain period of time following the closure of the final
repository. A schedule for such activities will be drawn up in
cooperation with the concerned authorities.

—
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Figure 5-4. The sealed final repository. Tunnels and storege holes are completely filled with a
fer matenal consisting of quarrz send and bentonire.
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TRANSPORT CASKS, GENERAL

Relevant portions of the IAEA's transport regulations shall be
observed in connection with the transportation of spent nuclear
fuel and other radioactive material (see chapter I1:12).

Both the spent fuel and the vitrified high-level waste contain so
much radioactivity that thev must be transported in containers
which meet international requirements. The requirements which are
applicable here are the IAEA regulations for TYPE B containers,
which are described in greater detail in chapter I1I:2.

Every planned transport must be preregistered with the Nuclear
Power Inspectorate, including specification of identification da-
ta for the selected fuel elements and a preliminary timetable for
the transport. Administrative routines for this work will be es-
tablished by the Nuclear Power Inspectorate before the transpor-
tation system is put into operation. Physical protection of the
transports will also be arranged in accordance with the directiv—
es of rhe Nuclear Power Inspectorate.

The European transport casks which are currently in use weigh be=-
tween 30 and 70 metric tons and can transport between 1 and 2.5
tons of nuclear fuel. They are of French, German or English de-
sign. These three countries are currently operating a joint com=
pany called Nuclear Transport Limited (NTL) which more or less
has a monopoly oa the European market.

Figure %1 shows one of NTL's transport casks which is used for
the transportation of spent fuel from the Oskarshamn plant to the
reprocessing plant in Windscale, England.

During the period 1966-1977, some 700 metric tons of spent
nuclear fuel have been transported from light-water reactors to
various European reprocessing plants. In the beginning, only re-
latively low burn-up fuel was transported, while in recent years
transports have been carried out with high burm-up fuel (30 000
MWd/t) after only 6-9 months of cooling time at the reactor.

Transport cas«s with a maximum weight of 40 metric tons are norm—
ally carried on the public road network, while transport caskts of
higher weight ate shipped by rail. The transportation of spent
nuclear fuel from Itsly, Spain, West Germany, Holland and Sweden
to the Eaglish reprocessing plant at Windscale has been done by
boat.
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Figure 9-1. Trailer and transport cask outside of the Oskarshamn plant. This equipment has been
used to transport spem: fuel to the harbour for further shipment to the reprocessing plant at
Windxcale.

Free~ar= or 4

The trend is towards larger transport casks. Transport casks are
now being planned with a weight of 100 tons and a capacity of 6

tons of nuclear fuel. Such a transport cask is expected :to be in
operation some time in 1973.

DESIGN OF TRANSPORT CASK

A transport cask consists of the following main components:

- An inner cask fitted with a neutron-absorbing substance |
usually made of a heat-conducting material. :
- A heavy~duty gamma ray shield made of a heavy material such
as lead or steel.
- A neutren shield to reduce neutron emission.
- Heat-dissipating flanges on the outside of the transport
casks or an air-cooling system.

- A shock absorber to protect the traraport cask's cover and
its connections. C

A transport cask for spent fuel or for high-level waste must meet
the safety requirements of the IAEA transport regulations for
TYPE B containers. This means that it must be able to withstand:

- A 9-metre free fall onto a hard surface.
- Free fall from a height of 1 metre against a solid steel cy-
linder with a diameter of 15 cn.
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- Heating for 30 minutes to 800°C.
- Submersion in water to a d:pth of 15 metres.

Furthermore, the transport cask must meet the requirements im—
posed on TYPE A containers according to the IAEA regulations.
DESIGN OF A SWEDISH TRANSPORTATION SYSTEM FOR SPENT NUCLEAR
FUEL

Preparatorv work

In parallel with the conceptual study on the central fuel storage
facility, SKBF is examining various alternatives for secu-i .g a
reliable supply of transport regsources within Sweden.

Swedish transportation needs have been studied for the period
1976~1991. Annual discharges of fuel elements expressed in tons
of uranium are reported in cﬁapter I1:2. These quantities are
based on the six reactors now in operation and on continued
expansion to thirteen reactors. -

In 1976, discussions were initiated with European and Ameri an
organizations which work with the transportation of spent .iclear

fuel for the purpose of examining the possibilities of pi -curing t
transport casks.

Nuclear Transport Limited (NTL-Europe) currently seems to be the
leading company in this field. In recent years, NTL has carried
out hundreds of transports in Europe to such destinations as |
Windscale and La Hague. During 1978, NTL will put into use the
largest transport cask ever available on the market - the NTL 12,
which can transport up to 6 tons of nuclear fuel. A slightly
smaller version called NTL 17 is in the design stage. It will be
able to transport up to 3 tons of nuclear fuel. The NTL 11, which
has already been put into operation, has the same capacity. The
types of transport casks used by NTL are well-adapted to Swedish
transportation requirements.

The American consultancy firm Nuclear Assurance Corporation (NAC)

has designed four transport casks which go under the type de~

signation NAC-1 and are now in routine operation in the ;
USA. NAC is currently designing a transport cask with a maximum :
capacity of 3 tons of nuclear fuel. This cask is equally well=-

adapted to Swedish requlrements.

SKXBF is currentiy awaiting further developments on the transporta-
tion market. One of the reasons for this is that COGEMA announced
in July of 1977 that they plan to enter the nuclcar fuel trans-
portation field. It is important that any transportations system
which is adopted be compatible with any existing standard Euro=-

‘pean system.

Scope of transports

Different alternatives have been studied in calculating the annu-
al transport volume to the central storage facility. The required
number of fransport casks and the annual number of shipments by
sea will depend on the following factors:

*®
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facility, the number of casks to be transported each year will be

-  Number of reactors in operation.

- Location of the central storage facility for spent nuclear
fuel. '

- Reception capacity of the central starage facility for spent

nuclear fuel.

The annual discharge volume in the equilibrium state after ex-

' pansion to 13 reactors will be approximately 1 400 fuel clements

per year, corresponding to approximately 300 tons of uranium per
year. A transport cask such as NTL1ll, NTL17 or the equivalent can
transport max. 3 tons of nuclear fuel, When a state of equilibri-
um uas been attained, i.e. after the fuel accumulated at the
nuclear power plants has been transferred to the central storage

approximately 100. 6-8 casks are cequired for this volume.

Transgortation by sea

It is assumed that it will be possible to transport spent nuclear
fuel to the central storage facility by sea. The construction of
a ship especially adapted for that purpose is considered economi-
cally justifiable.

A suitable size for such a ship is approximately 1 000 tons dwt.
Such a ship can take up to 8 transport casks of the foreseen
size, e.g. NTL11 or 17, at a time. Avaiable Swedish tonnage in
this size class is very limited. Moreover, it’'is difficult to
adapt existing ships to the requirements which must be met by a
ship which is used regularly for the transportation of spent !
nuclear fuel. Existing ships could be chartered for occasional
transports, but cince fuel will be transported thrcughout most of
the year, this alternative would be uneconomical in the long run.

The transport vessel must be equipped with particularly effective
steering and mooring equipment. Its draught will be iimited to 3-
4 m, which means that existing channels and harbours can be used.
The ship will be designed either for conventional cargo handling
or for roll-on roll-off. With conventional handling, the cargo is
lifted directly down into holds by means of dock-based cranes.
This method is used today at the nuclear power plants. With roll-
on roll-off handling, the transport vehicle - the trailer - can
drive both onto and off of the ships without requiring any lifts
by harbour cranes. The harbours at all of the nuclear power
plants can be adapted for such rational handling.

The cargo must be anchored in the transport vessel in such a man-
ner that it will not come loose in the event of a collision or if
the ship runs aground. The hold is divided by watertight bulk-
heads for added security against sinking. Should the ship never-
theless go to the bottom, it must be easy to locate. It will
therefore be equipped with some such device as s underwater
transmitter which i3 automatically activated if tne ship should
sink. The shipping lanes and channels are shallow en»cugh to
permit salvage of both ship and cargo.

The hull of the ship must be designed for running through ice.

But a versel of the size in question cannot function as an ice-
breaker, which means that the assistance of icebreaker will be

required under difficult ice conditions.
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The time for delivery of a vessel of the type described hers from
a Swedish shipyard is currently 1 1/2 to 2 years.

TRANSPORTATION OF VITRIFIED HIGH-LEVEL WASTE

General

The transportation of the waste cylinders containing the solidi-
fied high-level waste from European reprocessing plants is handl~
ed by the reprocessing company or by a transport organizatiom
contracted by the company.

The waste cylinders will be transported from the reprocessing

" plant to Sweden in transport casks which are virtually identical

to those used for spent nuclear fuel. NTL12 is one of the casks
which may be used. It can transport up to 6 tons of nuclear fuel
with a maximum permissible heat flux of 100 kW. Calcuiations

carried out for this transport cask show that 15 wasre cylinders

~ can be transported. The heat flux is thereby 17 kW, which is far -

below the values permitted for the cask. The gamma ray and neu-
tron shield is fully adequate to satisfy IAEA standards.-

Scope of transports

After expansion to 13 reactors, the annual volume of fuel dis-
charged from Swedish nuclear power plants will be about 300 tons
of uranium, which corresponds to 300 waste cylinders. The ships
which are used today have a cargo capacity corresponding to 6
transport casks of type NTL12. A transport ship will thus be able
to carry a maximum of 90 waste cylinders, corresponding to 3-4
shipments per year if all nuclear fuel is reprocessed.
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PROTECTION

The word "protection” is used as a collective term to cover work-
ing environment, rescue service, radiation protection, physical
protection and wartime protection. These matters are dealt with
in greater detail in chapter 1I1:7. Matters of this nature are
also dealt with in the descriptions of the design and functions
of facilities and transportation systems. The working environment
at plants for the reprocessing of nuclear fuel is dealt with in
section II1:4.1.4,

WORKING ENVIRONMENT

The Workers' Protection Act and various other statutes regulate
matters of occupational hygiene in connection with the design,
erection and operiation of facilities. These matters shall be
dealt with by inspection authorities and employee organizations
before the facilicie. in question are erected. This report pro-
vides informaticn on the nature of the working environment issues
and on how the design and operation of the facilities are affect-
ed by attention to such matters.

RESCUE SERVICE

According to the Fire Protection Act, rescue scrvice activities
are aimed at minimizing damage to human beings, property or the
environment in the event of fires, floods or other emergencies.
Fires can cause severe damage to subsurface facilities, so speci-
al attention must be devoted to fire protection aspects in the
‘design of such facilities. Responsibility for such matters in
Sweden rests with county and municipal authorities.

RADIATION PROTECTION

Matters pertaining to the handling of radioactive waste and occu-
pational hygiene conditioms in connection with work in a radioac-
tive environment are dealt with by the National Institute of
Radiation Protection with the support of the Radiation Protection
Act. A proposal has been submitted for certain alterations in the
legislation. The recommendations of the International Commission
on Radiological Protection (ICRP) comprise the basis for detes:-
mining permissible radiation doses. ' '
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Principles and rules for the handling of radiation' protectionm
macters shall be examined by the National Institute of Radiation
Prctection. Data on individual doses shall be reported to the in—
stitute. The precautions which are required to achieve good radi-
aticn protection hygiene in connection with the transport, handl-
ing or storage of high-level waste are not expected to pose any
particular difficulties.

PHYSICAL PROTECTION

The expression "physical protection™ is a collective term for a
series of safeguards against theft, sabotage and other acts of
violence. The National Nuclear Power Inspectorate, with the sup=
port of the Atomic Energy Act, is the inspection authority in
charge of the physical protection of fissionable material and
nuclear power plants. The inspectorate issues directives and re=
gulations and supervises and enforces compliance therewith. For
the police activities which may be required in connection with.
such activities, the Nuclear Power Inspectorate cooperates with
the National Police Board, which is responsible for keeping sub-
ordinate agencies up-to-date on current .regulations.

The physical protection safeguards at cperating nuclear power
plants are gradually being augmented to comply with the tentative
regulations issued by the Nuclzar Power Inspectorate. At present,
there are no corresponding regulations for facilities for the
treatment and storage of high-level waste. These facilities are
considerably less technically complicated than nuclear power
plants and probably of less interest to saboteurs, so the regula-
tions regarding their physical protection should be simpler.

In the KBS study, however, it has been assumed that the protec-
tion at such facilities shall be largely equivalent to that at a
nuclear power plant. This means that physical protection is di-
vided into three main components: district or peripheral proutec-
tion, shell protection {which is provided by robust building
structures) and special protection for equipment included in vit-
al safety systems. This last type of protection may include, for
example, redundant auxiliary systems or administrative rules for
authorized entry.

Physical protection in connection with the transportation of
nuclear material shall comply with the guidelines issued by the
Nuclear Power Inspectorate and already applied to the transporta=
ticn of spent fuel.

WARTIME PROTECTION

The requirement for wartime protection is justified primarily by
the fact that protection is required against damage which would
lead to the escape of radioactive materials. It has therefore
been deemed appropriate that the Nuclear Power Inspectorate, in
consulation with the Commander-in-Chief of the Swedish Armed
Forces and the National Institute of Radiation Protection, issue
the directives and guidelines which may be considered necessary
from the viewpoint of wartime protection. However, this question
has not yet been formally regulated.

Mt o
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The emplacement of facilities for the handling and storage of
high-level waste in rock permits a solution which adequately sa-
tisfies the demands for protection against conventional weapons.
The final repository, with a rock coverage of 500 metres, pro~
vides adequate protection against nuclear weapona as well,

BRI -2 o - o
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SITING ASPECTS

SITE REQUIREMENTS

The transportation system comprises a vital link in the handling
chain. Since all Swedish nuclear power plants, as weli as the
European reprocessing plants in question, are situated on water—
ways, all long-distance transports are expec:ed to be made by
sea. Only transports between harbours and plants will be made by
land. The transportation system therefore requires access to
suitable shipping lanes, channels and harbour sites. From the
viewpoint of transyortation, it is an advantage if the various
facilities can be situated on or near the coast.

The central fuel storage facility described in chapter T:4
‘should, in view of the large concentration of radioactive materi-
al there, be provided with good protection apainst acts of war
and sabotage. The storage section at least should therefore be
situated in an underground rock vault. Site choice is determined
primarily by proximity to the coast, availability of suitable
bedrock, possibilities for coordination of manpower resources and
service facilities with existing facilities and potential for fu-
ture expansion.

A preliminary study carried out by PRAV has recommended Forsmark,
Oskarshamn and Studsvik as suitable alternative sites,

The intermediate storage facility for waste cylinders described
in chapter 1:6 imposes basically the same site requirements as
the central storage facility.

The encapsulation station described in chapter I:6 can also be
Jocated to advantage in a rock cavern. Buvt in view of the limited
quantities of radioactive material which are present in such a
station at any one time, this should not be made as a require-
ment. Local conditions and coordination with other plant sections
should determine whether the station is to be located in rock or
on the surface. In the present study, the encapsulation station
has been located in a rock cavern adjacent to the intermediate
store,

The final \ep051toty deseribed in chapter 1:8 requires primarily
‘that the site have a stable bedrock with small and slow ground=
water movements. Due to limited time and resources, KBS has chos=
en to restrict its investigations to three areas with somewhat
different types of bedrock, namely around Forsmark, Oskarshamn
and Karlshamm. The studies of the final repository have been

——
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applied to the geographical and geological conditions existing at
Finnsjon near Forsmark. This site was chcsen merely to give the
study some geographical anchorage and is not necessarily more
advantagecus than other possible sites. Before a decision is made
regarding the location of the final repository, comprehensive
studies and investigations should be conducted over a number of
years within possible areas. Existing knowledge of the charac-
teristics of the bedrock in various parts of Sweden indicate that
the coastal areas from Uppland to Blekinge contain many sections
of rock which are well-suited for a final repository.

ENVIRONMENTAL IMPACT

The environmental impact of radioactive releases is dealt with in
chapter I:13.

During the construction and operation phases, which partially
overlap, the following environmental effects are possible:

- Interference with local residential, communication and in--
dustrial structrures.

- Alteration of the landscape profile.

- Noise.

- Polluting discharges.

The extent of such impact can be limited by giving preference to
sites which are of less interest for housing and industrial de-
velopment. On the other hand, relatively closely situated housing
accomodations ard social services will be required for the con=-
struction persomnel during the construction phase, so the dis=-
tance to the nearest community should not be too great.

The landscape profile will be affected not onlv by the actual
construction site, but also by access roads, power lines, harbour
facilities etc. as well as stockpiles for surplus materials. If
surplus materials from rockworks are used as backfill or as con-
crete aggregate or road-building material, the size of such
stockpiles can be limited.

The noise control measures which are required to make the con-
struction site acceptable from the viewpoint of occupational hy-
giene can also be assumed to be sufficient from the environmental
viewpoint, The same applies to the control of dust from stone
crushers and material stockpiles.

Warm ventilation air will be discharged from the intermediate
atorage facility and the final repository. But due to rapid
dilution in the atmosphere, little environmental impact is fore=-
seen. - »

o ‘i¢'4¥
In the encapsulation station, certain chemicals may be used for
cleaning transport casks and glass éylinders. These chemicals
shall be.haniled aad disposed of in accordance with current regu-
lations #nd government directives. Methods for this are known and
have been used previously at nuclear power plants.

-



113

37

JOINT SITING

The question of how different facilities can suitably be jointly
sited is contingent upon the following factors:

- Loral conditions.

- Possibilities for rational coordination of activities.

- . Deadlines for completion of the facilities.

- Time required to obtain the necessary information through
studies.

In principle, the encapsulation station can be located at any

point iu the chai: reprocessing = intermediate storage - final repo-

sitory. One factor in favour of having encapsulation near the fi-
nal repository in both time and space is the fact that technical
developments during the intermediate storage phase can be ex-
ploited in the final design of the encapsuiation process.

Theoretically possible siting altermatives are illustrated in
fig. 11-1. The following comments can be made regarding the
various alternatives.

Alternative 1

The comprehensive studies and licensing procedures which must
precede a deci<ion on the siting of the final repository cannot
be completed by the time when the site of the fuel storage faci-
lity must be decided. There is therefore no reason to consider
this alternative.

Alternatives 2 and 3

These alternatives are feasible provided that the site for the
fuel store is chosen so that sdyace and suitable btedrock is avail-
able for other required facili:ties as well. But altermative 3
should be given priority, sinc2 there are closer constructional
and operational ties hetween encapsulation and final storage than
between intermediate storage and encapsulation. The dates by
wihtich the various facilities have to be completed also speak for
alternative 3.

Alternative 4

The present study is based on this alternative for the following
reasons:

- Good possibilities for raticnal cecordination of service and
manpower resources.

- Only three external transport phases.

- The siting is not bound to the fuel storage facility

One disadvantage is that the dacision on the location of the
final repository must be made at the same time as the site for
the intermediate storage facility is decided, i.e. at least 15-20
years earlier than is actually necessary (see T1:14).

-

—_
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Alternatives 5 and 6

These alternatives provide poorer opportunities for coordination
of resources than the previous altzrnatives, since they require
the establishment of an additional site., Of the two, alternative
6 is preferable for the same reasons given for alternatives 2 and
3. '

Alternative ?
This alternative provides the poorest opportunities for coordina-

tion and the most external transport stages and should therefcre
be discounted.

Summary .

Of the siting alternatives shown in fig. 11-1, alternative 4 was
chosen for presentation given in this report.

But it is possible that future studies will show that alternative

3 is preferable. Activities at the central fuel storage faciiity
and the intermediate storage facility for waste cylind2rs are of
the same charaéter and considerable savings can be made at an
early stage by coordinating service facilities ard personnel.
This will be especially true if there is little reprocessing of
Swedish nuclear fuel in the near future. In this case, only a few
wagte cylinders will have to be disposed of in Sweden during an
initial phase and the separate location uf an intermediate stor-
age facility would b less attractive.

COORDINATION WITH FACILITIES FOR OTHER TYPES OF RADIOACTIVE
WASTE : :

In keeping with the provisions of the~CoAditions Act, KBS has on-
ly dealt with high-level waste from nuclear fuel. Mathods and fa-
cilities for disposing of medium~ and low-level waste are cur-
rently being siudied by PRAV. In designing the requisite fa-
cijities, optimum coordination of the handling of all types of
radioactive waste should be considered,
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LAWS, STANDARDS, AND GROUNDS FOR
EVALUATION

GENERAL ,

In general, very stringent safety rules are applied to nuclear
power activities, as a result of which the risks to human health
and the environment associated with nuclear power are very low.
This high level of safety is a direct consequence of the exten-
sive work on criteria and standards aimed at creating safe de-~
signs and the rigorous radiation protection recommendations for
plant personnel and the genaral population issued by the Inter-
national Commission on Radiological Protection (ICRP), whose
principles have been accepted in all countries.

The work of other organizations, such as the World Health Orga-
nization (WHO) and the International Atomic Energy Agency (IAEA),
as well as national authorities, has also contributed towards the
safe and environmentally hygienic peaceful utilization of nuclear
power.

Loss liability in the area of nuclear energy is regulated in most
western Eueopean countries by the Paris Convention. The Paris
Convention and its supplementary convention are complemented by
the Brussels Convention, which regulates less liability associat-
ed with the transport of nuclear fuel by sea. In Sweden, such
liability is regulated by the Atomic Liability Act of 1968 (SFS
1968:45). which places thr "iability for an atomic accident with
the plant owner. However, tue plant ownmer's liability is limited
to SKr 50 million per accident. Sums in access of this are paid
by the State up to SKr 350 million, and after that up to approxi-
mately SKr 600 million by the states which have ratified the
Brussels Convention. '

Nuclear activities in Scandinavia must also comply with the Nor-
dic Environmental Protection Convention. This convention was ra-
tified by Sweden in 1976.

The dumping of wastes, incl-ling radiocactive waste, in the sea is
regulated by the London Convention. The Swedish Parliament, how-
ever, has prohibited the dumping of Swedish radioactive waste at
sea al ogether.

LAWS AND REGULATIONS

In Sweden and other countries, nuclear activities are regulated
by a number of mutually complementary laws aimed at ensuring

DR %




e

92

12.3

safety and protection for plant personnel, the general population
and the environment. The central law within the field of nuclear
power in Sweden is the Atomic Energy Act (SFS 1956:305), which

. requires purmission from the Government or an authority appointed

by the Government for the erection and operation of nuclear power
plants or plants for the processing of nuclear fuel.

The supervisory authority designated by the Atomic Energy Act is
the Swedish Nuclear Power Inspectorate, which is responsible for
such matters as examiaing the safety of nuclear facilities and
the design of various safety systems. Fissionable material safe~
guards and permits for . the transportation of fissionable material
also come under the authority_of the Inspectorate.

The Radiation Protection Act contains provisions governing work
with ionizing radiation, among other things. Permission for such
activities is required from the inspection authority, the Na-
tional Institute of Radiation Protection. Conditions and direc-~
tives governing such activities are also issued by this authori-
ty. Matters pertaining to radiation protection in both the work-
ing enviromment and the external enviroument are also regulaced

‘by the Institute, which issues directives concerming:

- Maximum permissible occupational doses and the measurement
and reporting of such doses. _ _

- Maximum permissible releases of radiocactive substances and
how such radioactivity is to be measured and reported.

- Environmental monitoring with sampling and analyses of

different types of samples as well as direct measurements.

Other Swedish laws which govern nuclear activities are:

- Environmental Protection Act
- Workers' Protection Act

-~ Building Act

- Emergency Planning Act

INTERNATIONAL RECOMMENDATIONS

International organizations such as the International Commission
on Radiological Protection (ICRP), the United Nations' Interna-

tional Atomic Energy Agency (IAEA), the World Health Organization _

(WHO) and the OECD's Nuclear Energy Agency (NEA) agree on the
following fundamental principles:

- No activity which entails the irradiation of personnel or
population shall be accepted unless it can be demonstrated
that its advantages outweigh its disadvantages from the
viewpoint of society.

- The activity must be acceptable with respect to radiation
risks. '

- All radiation doses shall be kept within limits which are

- regarded as reasonable on the basis of economic and social
considerations.

- No individual shall be subjected to radiation doses which
exceed the dose limits recommended by the ICRP, either now
or in the future.

The most recently updated edi;ion of the ICRP recommendations
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(12-2) was published in September of 1977. The intentions of this

‘and previous relevant publications from the ICRP served as a

basis for the work of this project.

The recommendztions concerning maximum permissible radiation
doses have not been changed. Thus, the following limits ag.: ;s

- Radiation dose to personnel in radiological work, 5 rems per
year.

- . Radiation dose to individuals in the population, 0.5 rems
per year,

The term "weighted whole-body dose" has been introduced. The

purpose of this is to weigh together all doses to different or-
gang to arrive at a representative whole-body dose.

The term "dose comitment'' has been introduced. By dose commit=-
ment is meant the sum of the annual radiation dcses which are the
results of releases over one year. This means that the annual ra-
diation dose in a future postulated state of equilibrium is equal
to the dose commitment from the releases over a single year. Dose
commitment can also designate the total dose load from acc’dental
releases.

g

The term "collective dose" refers to the sum of all of the indi-
vidual doses within a given population. The purpose of setting a
lirit for the collective dose is to limi® the future mean dose -
and thereby the number of injuries - from a fully expanded

nuclear power industry. v 2

SWEDISH RADIATION PROTECTION STANDARDS AND CRITERIA

New regulations governing the release of radioactive substances
from nuclear power plants were adopted by the government in 1977
on the basis of proposals from the National Institute of Radia-
tion Protection (i2-3). These regulations will enter into effect
in 1981. Transitional regulaticns will apply until then.

The new regulations stipulate limits for whole~body doses to
nearby residents and collective doses to the entire population.
Tha - alues which are specified are:

- The sim of the weighted whole-body dose to nearby residents
should be less than 10 mrems per year.
- The global weighted collective dose commitment should be

less than 0.5 manrems per year and MW installed electrical
output - (MWe).

These limits are considerably more stringenmt than former limits.

.They have been determined on the basis of an evaluation of what

is currently the lowest dose load which can reasonably be achiev-
ed.

If these requirements are fulfilled, acute injuries to any indi-
vidual will be entirely eliminated. The safety margin to direct
health effects is severai orders of magnitude.

The limits stipulated by the new standards aim at minimizing che
risk of delayed effects, both somatic and genetic. The reference
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value of 10 mrems per year contributes less than 102 to the
normal radiation environment.

The regulations gaoverning releases of radiocactivity from nuclear
power. plants also include provisions concerning:

- Countermeasures in the event of elevated release levels.
- Routines for inspection and reporting.
- Scope of enviconmental studies.

The transport regul-tions of the International Atomic Energy
Agency, Regulation for the Safa Transport of Radioactive Materi-
als (1AEA Safety Series No. 6), govern the transport of spent
nuclear fuel and other radiocactive material. There are also Swe-
dish and international rules governing transports via various
means. The supervisory authorities are the Nuclear Power Inspec—
torate and the National Institute of Radiation Protection.

DESIGN STANDARDS

" Special rules for nuclear facilities other than nuclear power

plants - such as central storage facilities for spent fuel, final
repositories and intermediate storage facilities for high-level
waste and encapsulated spent fuel - have not yet been issued in
Sweden. But the general principles established for nuclear power
plants should also be applicahle to the safety measures and the
evaluation of safety and environmental aspects in these areas.
Some modifications may be necessary depending on the nature of
the facilities and processes. General protection principles have
already been established for the transportation of spent fuel and
fnr the storage and treatment of such material.

Some design standards concerning the storage of spent nuclear
fuel and radiocactive waste liave been established in the United
States as weli as in West Germany. These standards apply to
temporary storage. Standardization work is currently underway in
these countries cuncerning the later stages of the nuclear fuel
cycle, including the final storage of high-level waste.

In the USA, the Nuclear Regulatory Commission (NRC) is pursuing a
broadly-based programme aimed at establishing standards and li-
censing requirements with regard to the location, design and ma-—
nagement of facilities for radioactive waste. This programme in-
cludes criteria aimed at ensuring the safety of the environment
and of the personnel in the handling, transport, storage and
final disposal of vitrified high-level waste. The initial
results of this work are expected to be published during 1978.
Work is also currently under way on design criteria for storage
rooms for high-level waste. These criteria are expected to deal
with the following points:

- Quality assurance measures for design and construction.
- Performance requirements for containment barriers.

- Requirements on nuclear safety.

- Compatibility between waste forms and containment media.

- Protection against mechanical damage.
- Security requirements.

‘These pending licensing requirements in the area of nuclear wasce
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have been given the working title 10 CFR 60 "Licensing of Radio-
active Waste Management Facilities". More detailed design direc-
tives in this connection are expected to be presented by the NRC
in Regulatory Guides.

A more thorough description of the situation concerning stan-
dardization work in the USA is provided in a KBS report
/12-1/. ’

GROUNDS FOR EVALUATION WITH REGARD TO FINAL STORAGE

Safety criteria for final storage have not yet been established,
but work is being pursued in this area in many different count-
ries and in international cooperation. One of the requirements is
that the long-term environmental load must be acceptablec.

As regards the final repository, special attention must be paid
to the ICRP's rule that no individual, either now or in the fu-
ture, shall receive radiation doses which exceed the dose limits
recommended. by the ICRP. The current limit for individuals is 500
mrems/year from all activities which can give rise to radiation
with the exception of medical uses of ionizing radiation. On the
basis ot congiderations of what is technically feasible and
economically reasonable on the one hand and improved protection
on the other, national regulations for nuclear power plants have
been issued which stipulate 10-50 mrems/year for nearby resi-
dents.

——
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Thus, the release of radioactive substances from a final reposi-
tory shail not give rise to more than a fraction of 500 mrems/
year and person to nearby residents for all future time. Beyond
this, the usual rule that all measures which are socially and
economically acceptable shall be adopted to reduce the dose load
shall apply.

In order to protect large population groups against genetic
effects in the long run, a rule concerning the limitation of
collective doses similar to the one which is currently applicable

‘to nuclear power plants should also be applied to waste and fuel

management facilities.-

In this connection, Sweden and the other Nordic countries are !
campaigning for the adoption of a rule which would specify a dose

limit per unit of electrical output for nuclear power as a whole,

namely 1 manrem/MWe per year (12-4). Since 0.5 manrem/MWe per

year has been allocated for the operation of nuclear power sta- i
tions, 0.5 manrem/MWe remains for the other parts of the fuel

cycle, including the final repository. All dose loads during the

entire nuclear power era shall thereby be taken into considera=-

tion, whereby long-lived elements shall be totalled over 500

years. In the ~1se of extremely longlived radicactive elements,

the annual r.. .tion doses shall remain low in relation to the

natural radiation level. The choice of a level of 1 manrem/MWe is

based on the goal of a maximum of 10 mrems/year and person and

the assumption of an average global electrical power prnduction

from nuclear energy ol 10 kW per person. This greatly exceeds the

present total power consumption per inhabitant in the industrial

countries and entails a large safety margin. As a comparison, it

can be mentioned that electrical power consumption per person is
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highest in Norway, with an average of more than 2 kW per year
(1975). The corresponding figure for Sweden is 1.1 kW.

MANKIND'S CURRENT RADIATION ENVIRONMENT

Radioactive elements exist in nature and ionizing radiation from
these elements is responsible fur a portion of the natural back-
ground radiation level. Additional irradiation of man stems from
a numbcr of different sources, for example from buiiding materi-
als in residences and from the medical use of radiation.

The hackground radiation occurring in nature comes from cosmic
radiation, radiation from radioactive elements in the bedrock and
radiation from radioactive elements absorbed in the body. The na-
tural background radiation level in Sweden is between 70 and 140
mrems/year (12-5). The body's natural absorption of potassium=40,
uranium, thorium and radium along with their daughter products
gives an average dose of 20 mrems/year in Sweden.

The-radiation dose from building materials in buildings wvaries
widely. Radiation doses between 20 and 200 mrads”/year in connec-
tion with uninterrupted presence indoors for the whole year are
common (12-6). Values up to 700 mrads/year have been measures as
external doses (12-7)., The weighted internal whole-body dose
caused by radon in our homes is betw=2en 10 and 1 000 mrems/year
(12-8). Medical irradiation provides an extra annual dose cf
approximately 40 mrems per person.

Most products in our environment, both natural and manufactured,
are weakly radioactive. Drinking water in Sweden contaiuns, for
example, radium226 at levels which vary between 0.1 and 40 pCi/l
(12-9). On the basis of the same calculating principles used for
the final repository, this gives doses between 1 and 400 mrems/
year. Natural waters also contain uranium at levels which are
normally between 0.1 and 5 pCi/l, but extreme values of up to

1 500 pCi/l have been measured (12-10).

L The absorbed dose is given in rads, while the biologically
veighted dose is given in rems. Except in the case of alpha
radiation, the rad and rem values are numerically equi=
valent,

—py p——
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SAFETY ANALYSIS

GENERAL

The handling chain for spent nuclear fuel and vitrified high-
ievel waste described in chapters 3 to 9 has been thoroughly ana-
lyzed as regards safeguards against the dispersal of radioactive
substances. The emphasis has been placed on those processes which

are intended to.be_carried out in Sweden. Reprocessing and vitii-.

fication will be done abroad, and these stages have not been ana-
lyzed in detail by the project. For all of the other processes,
including all transport operations, an analysis has been carried
out in an attempt to assess the normal releases of radioactive
substances which might occur and the prcbability and consequen:es
of releases in connection with accidents.,

Final storage has been analyzed with respect to the different
phenomena which can contribute towards the slow dispersal of ra-
diocactive substances. The possibilities of various extreme events
in connection with final storage have been surveyed.

In order to provide a basis for determining whether handling and
final storage can bte effected in an absolutely safe manner, a
compariscon is made with the grounds for evaluation described in
chapter 12,

This chapter summarizes the detailed report on the safety ana-
lysis which is submitted in voluwe IV.

SAFETY IN CONNECTION WITH HANf)LlNG, STORAGE AND
TRANSPORTATION '

Handling stages and methods

Safety in connection with the handling, storage and transporta-
tion of speat fuel and vitrified high=level waste is described in
a brief summary. A more detailed treatment is provided in chapter
1v:4.

The following handling stages are dealt with (see figure 13-1):

- Transportation of spent fuel elements from the reactor sta-
tion to a central storage facility.

- Reception and storage in the central storage facility for 10
years.

- Discharge of spent fuel from the central storage facility

T —
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Figure {3-1. Handling chain for storage of spent fuel and vitrified waste.

and trensportation to a foreign plant for reprocessing,
where the high-level waste is vitrified.

Transportation of vitrified waste back to domestic interme-
diate storage facility.

Storage of waste for 30 years in intermediate storage faci=-
lity. ,

Encapsulation of vitrified waste in canisters of titanium
and lead. ‘
Deposition of the encapsulated waste in a rock repository
approx. 300 m down in the bedrock.

Personnel and the environment may be subjected to radiation in
connection with both normal operation and incidents. Shielding
and other normal radiation protection measures shall be institut-
ed and implemented to such an extent that dose loads are limited
in compliance with the 1 :commendations and requirements of the
ICRP and the National Institute of Radiation Protection. Protec~
tion for personnel engaged in the operati-n and maintenance of
the facilities is dealt with in chapter III:7.

In the safety analysis, various safety precautions have been
studied and normal radioactive releases have been evaluated. The
analysis of accidents or failures has dealt with failures which
can damage one or more of the barriers which protect against the
escape of radivactive substances.

A —————=r
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The failure analysis assesses the release of radioactive sub-
stances in connection with various failures and zccidents and the
probability that such inadvertent releases will accur.

The radiological consequences are described in.the form of the
individual dose for the most-exposed population group and the
collective dose commitment, which is a measure of the long-term
dose load on the population.

Adverse environmental effects due to accidents at plants and
during transportation and from rormal releases are juiged to be
much less serious than in the case of nuclear power plants, bhoth
as regards srooability and consequences., This is due to the fact
that pressure and temperature are lower and that the radiocactive
substances are constantly encased and isolated from the eaviron-
ment. The chances cf a sudden and heavy release of radioactive
substances are nill or negiigible., Furthermore, such events de-
velop much more slowly and ullow more time for countermeasures.

Radicactive substances in spent fuel

(mmediately after reactor shutdown, power generation in the fu.l
eiements declines sharply, but some heat continues to be gene-
rated as a result of the decay of the radicactive elements formed
during reactor operation, One minute after shutdown, hcat genera-
tion has dropped to 57 of operating output and then continues to
decr2ase rapidly. After a month, it i5 around 0.17. Radivactivity
declines at roughly the same pace.

Transportation of spent fuel from the reactor to a central stor-
age facility takes place at the earliest 6 months after discharge
and normally even later. The calculations in the safety analysis
are based on the transport of cne-year-old fuel to the central
storage facility.

In the transport safety analysis, cesium134 and cesium-137 are
the main sources of radiation doses in the event of a failure.
Hcwever, the only radioactivity which is available for leakage is
that which has been released from the ceramic fuel and has accu-
mulated in cavities i-zide the canning. This portion has been
assumed to be 12 for cesium, which available information indi-
cates is on the pessimistic side. Burn up has been assumed to be
33 000 MWd/tor uranium.

Central stnrage facility for spent fuel

The safety analysis was carried out for the type of central stor-
age facility for spent nuclear fuel which is described in a pre-
liminary study conducted by PRAV. Certain modifications may be

made in the follow-up study which is currently being conducted
within SKBF, '

The facility is designed with a special emphasis onm:

Keeping the dose load on the personnel as low as possible.
- Preventing the release of radiocactive substances which could
escape tc the environment.

e
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The radiological safety of the personnel is guaranteed by a num—
ber of safeguards, such as:

- Amply dimensioned radiation shields in the form of e.g. con=
crete walls and water barriers,

- Monitoring instruments for chnckxng direct radiation and
airborne activity,

- Remote control of active components and systems.

- Dose monitoring of personnel.

The storage pools are located underground with a 30 m rock cover,

which provid's the stored fuel with an effective barrier against
external forces.

The ventilation systems are sized to guarantee acceptable tempe-
rature and humidity. The areas for fuel discharge and other areas
where there is a risk for aiiborne radicactivity are maintained
at a lower pressure than the surrounding parts of the building.
Radinactive substances are collected in filters before the venti-
lation air is dischirged to the atmosphere.

The storage poouls will be designed as free-standing thick-walled
units lined with stainless steel. The external walls of the con-
crete structure are accessible for inspection and any leakage.can
be diverted via collection ducts behind the welded joints in the
stainless steel plate and collected in a drainage system. This
permits leakage to he detected at an early stage.

The pools do not have any low-level pipe connections. This pre-
vents inadvertent emptying of the pools. The cooling system is
degigned ‘or malnta1n1ng the water temperature at 25-30°C nor-
mally and below 50°C in the event of isolated component failures.
1f external cooling should fail completely, despite redundant
components and a back-up .power system, the temperature of the
water in the pool will rise. If no coimtermeasures are adopted,
it will take more than a week betcre the pools reach the boiling
point, But the fuel can be cooled by make-up feed, so the fuel
will not be damaged due to exposure.

The configuration of the fuel in the tanks has been analyzed for
criticality. The calculations show a good safety margin to criti-
cality, ever for unirradiated fuel. It is improbable that. the
fuel will be redistributed due to an accident to a configuration
which possasses higher reactivity than the normal storage confi-
guration. Since the fuel in the central storage facility is
spent, there s no risk for a zritical configuration.

In order to mnimize the fire hazard, the facility is divided in-
to fire cells and equipped with an automatic fire alarm system,
fire ventilation and fire extinguishing equipment adapted to the
nature of the different areas. The fire load is low throughout.

The risk of rock collapse can be aliminated by means of conven=
tional construction methods, such as rock reinforcement.

The 70~110 ton cask for spent fuel is transported from the har-
bour to the reception rection nn a trailer towed by a tractor ve=
hicle, In order to reduce the risk of transport accidents, trans-
port speed has been linited to 10 km/h. The grade in the tunnel
is a maximum of 1:10 .nd long straightaways have been avoided.
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The transport cask is moved horizontally within the reception
section by means of an overhead crane over a reinforced floor
section., Where vertical movements are required, lifting heights
are limited as far as possible and the overhead cranes are
equipped with extensive safety devices,

Many years of experience has been gained in the storage cf spent
fuel in water pools. There is normally some small leakage of
radioactivity from the fuel to the water in the pool, This is
disposed of by cleaning circuits in the same way as in nuclear
power plants. Small quantities of krypton=85 and tritium are en-
trained in the ventilation air and released to tl.: atmosphere.
Traces of iodine and particulate-activity may also be released to
the atmosphere. But most remains in the water and is collected by
the ion-exchangers in the cleaning circuits.

Normal releases of radioactivity to the environment are very
small and give rise to insignificant radiation doses to nearby
residents (on the order of 0.0001 rexs/year).

The central storage facility has been designed to reduce the pro-
bability of major failures to a very low level. The accidents
which could nevertheless conceivably occur are restricted to mi-
nor incidents with moderate releases of activity.

The following accidents have been analyzed with respect to conse-
guences and probability:

- Transport cask dropped
- Fuel cassette or other object is dropped
- Fuel element is drupped

These accidents would en%ail a release of max. 4 000 Ci krypton-
85, which gives radiation doses less then 0.1 millirem. The pro-
bability of the maximum releases has been estimated to be about
0.0004 per year.

A central storage facility for spent nuclear fuel thus entails
negligible radiation risks to the enviromment,

Transportation of spent fuel and vitrified, high-level waste

A description of the transportation system is provided ina chapter
I1:9. Type B containers are used for the transports. These con-~
tainers comply with the rules issued by the IAEA (Intermational
Atomic Energy Agency in Vienna) for design, construction and
testing. The aim of these rules is to ensure that the transport
cask for the radioactiva material is designed to provide suffi-
ciewt security against the escape cof radiocactive substances as a
result of accidents. The intention is that all transports shall
be possible with the use of conventional, generally available ve~
hicles and without any special radiation surveillance. The rules
therefore prescribe the £ollow1ng categorical tests, which are
designed to simulate a serious accident:

Fall from 9 m onto a hard, flat surface.
Fall from 1 m onto a solid steel cylinder with a Jdiameter of
15 cm.

——p-
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- Heating for 30 minutes to 800°c.
- lmmersion in water at a depth of 15 m for & hours.

The first three tests shall be carried out in sequence on the
same cask., The cask shall pass these tests without any leakage.

Specified reqnirements are also made on radiation shielding and
cooling.

The cask shall be handled in accordance with detailed insfruc~-

tions. Transports outside of the plant area must be registered

with and approved by the authorities in the concerned countries
in advance,

Safety can be further enhanced by the use of specially-made
ships. The ship which is planned for the purpose shall be equtp-
ped with special safety-enhancing equipment:

- Reinforcement for travel thcough ice.

- Monitouring equipment for radiatiom.

- Carbon dinxide system for fire extinguishing.
- Automatic sprinkler system.

- Device for tracking after sinking.

- Extra communication =juipment.

Observations after actual transport accidents as welil as special
full-scale collision tests show that the casks can actually with-
stand greater stresses than those specified in the testing direc-
tives. But in order to investigate the potential environmental
consequences of various transpoit accidents and failuras, it has
been assumed that the casks can be damaged in rare cases.

There are three different tvpes of transports between plants:

- Transportation of fuel elements frow the reactor =tation to
the central storage facility.

- Transportation of fuel elements from the central strorage fa-
cility to a fcreign reprocessing plant.

- Transportation of vitrified waste from a foreign reprocess-

ing plant to a Swedish intermediate storage facility.

The types of accidents and failures which have been considered
are:

1 The transport cask is dropped in connection with loading or
unloading. '

The ship runs aground or sinks.

Ship collision,

Long~lasting fite onboard.

Collision and fire onboard.

Trailer collision with and without fire.

[« JRU_ - RV N )

The most severe case is a ship collision with fire onboard. The
probability of such an accident has been calculated to be

3 x 1076 per year (three such acciderts every million years).
Some cesium and krypton-85 could then be released. The maximum
collective dose to the population in the event of such an acci-
dent has been calculated to be about 30 000 manrems. This assumes
that the accident takes pldce near a major city. Thus, the pro~
bability of this worst consequence is considerably lower than the
actual average value given for this type of accident.




¢ ]

- - - TN A e —— -~

103

The safety analysis shows that transport of spent nucleai -fuel
entails very small risks for the escape of radioactive substanc=~
es. Even in the event of such an improbable event occuring, the
consequences of any release of radioactive substanc;s would be
slight,

Intermediate storage, encapsulation and deposition of vitrified
waste

The intermediate storage facility is designed on th2: basis of ex-
periences from the Marcoule plant in France. Design criteria si=
milar to those for the central fuel storage facility have been
used., Safety requirements played an important role in determing=-
ing the design of the plant.

The emplacement of the intermediate storage facility in rock pro-
vides good protection against exzernal forces, acts of war etc.

The waste cylinders are thoroughly decontaminated from surface
activity but must be radiation—-shielded in order to permit hand-
ling. The concentration of radioactive waste in the glass is
approx.. 92, The waste has cooled for about 10 years before it is
transferred to the intermediate store. As a result, heat flux has
declined to about 1.2 kW/cylinder. The waste cylinders arrive
protected by tne transport cask. The waste cylinders are handled
in closed rooms with thick radiation-shielding walls, constant
underpressure and instrumental monitoring.

Transfer casks with built-in radiation shielding are used to move
the waste cylinders. They are handled by overhead cranes and the
cylinders are transported very close to the floor. The most im—
portant safety precaution is to main‘ain cooling of the storage
section, Normally, cooling is provided by two fans connected in
parallel. A third fan can be turned on when needed. There is also
a fourth fan on the surface. A diesel generator provides an aux-
iliary pgwer supply. Normally, the exhaust air temperature is
about 80°C. If one fan fails, the ba:k-up fan is automatically
switched on. When only one fan is used for cooling, the tempera-
ture rises to about 119°C after 40 tours. 1f all fans should fail
in an extreme case, a by-pass duct with an automatic damper per-
mits air to circulate Hlth natucal convection. The temperature
then rises to max. 340° C, which is attained after 40 hours. This
does not lead to any release of activity.

The steel casing around the glass body is carefully cleaned dur-
ing fabrication and all handling of waste cylinders is performed
under dry conditions, so the risk for surface contamination is
small. Since the waste is incorpcrated in the glass, which is in
turn enclosed in tightly welded cylinders, no radicactivity is
reieased during the storage period. Ten years of experience in
the storage of high-level glass is available from Marcoule plant
in France. During this time, no radicactivity has been detected
in the ventilation filtars,

The probability of failures in the plant has been limited by de-
sign precautions. Overheating to such high temperatures that vo-
latile nuclides are vapourized does not occur even in the event

of a total cooling failure as described above. The probability of
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damage due to fire is reduced by a low fire load and adequate

‘fire protection.

The possibility of mechanical damages which could lead to the re=
lease of airborne activity is deemed to be non-existent.

After approximstely 30 years of storage, the waste cylinders are
lifted up out of their storaye positions and transferred in a'
transfer cask to a cell for encepsulation. The encapsulation sec~
tion contains a number of work and inspection stations in a radi-
ation~-shielded cell, A'lead shell with a titanium casing is plac-
ed over the cylinder and lead is poured into the space between
the shell and the steel casing around the glass. The canister is
then sealed with a titanium lid which is tightly welded. The en-
capsulation procedure is carried ou: in its entirety by means of
remote control. The encapsulated waste is lifted into a traunsfer
cask which is transferred on a wagon to the repository's elevator
shaft.

The elevator which carries the encapsulated waste down to the fi-
nal ctepository is equipped with at least two independent brake
systems and the hoist cables can carry 10 times the design load.
If an elevator should fail, the fall will be damped by the water
pool at the bottom of the hoist shaft. Even if the canister
should be damaged, the glass cannot shatter into particles of
such small size that they can become airborme.

RADIOACTIVE SUBSTANCES IN HIGH-LEVEL WASTE GLASS

General

The core of a light-water reactor contains uranium fuel in the
form of uranium dioxide enclosed in "cans” made of a zirconium
alloy (nuclear fuel). The amount of uranium in a reactor core va-
ries with the size and type of the reactor. The Swedish reactors
have cores which contain between 70 and 126 metric tons of urani-
um. A boiling water reactor (BWR) has a lower power density and a
larger quantity of fuel at a given size than a pressurized water
reactor (PWR). The nuclear fuel is gradually replaced in connec-
tion with the annual shut-downs for fuel replacement and other
maintenance. Each fuel element is irradiated between 3 and 5
years before it achieves full burnup. This is 25 000 - 28 00C me-
gawatt~days per ton uranium (MWd/tU) for BWRs and 31 000 - 35 000
MWd/tU for PWRs. The typical composition of the spent fuel is
specified in section 2.1.1.

During the burnup of the uranium fael, radinactive waste is
created by nuclear fission, which produces fission products, and
by neutron capture, which produces activation products. The most
important activation products in the fuel are elements which are
heavier than uranium - the transuranium elements - neptunium
(Np}, plutonium (Pu), americium (Am), curium (Cm) etc. Other ac-
tivation products are formed in the cans and structural compo-
nents. These latter activation products constitute medium-lcvel
waste and are not discussed further here.

The high—~level waste obtained from the reprocessing of the spent
fuel contains most of all the fission products plus all of the
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transuranium elements except for plutonium and small residual
quantities of uranium and plutonium. Reprocessing and vitrifica-
tion of the high~level waste has been described in chapter 5. In
reprocessing, certain gaseous fission products are separated,
mainly kryptom=85 and 1od1ne-129 but all othecrs are present in
the high-level waste.

Composition of high-level waste

As was mentioned above, the vitrified high-level waste contains
almost all of the fission products and transuranium e¢lements ex-
cept for plutonium. The residual quancities of uranium and plutn-
nium left in the waste glass may vary depending on the type and
burnup of the fuel and on the detailed nature of the reprocessing
process, Just as in the Aka Committee report (13-1), it has been
assumed that 0.1%Z of the uranium and 0.5 of the plutonium in the
spent fnel will be present in the high~level waste.

Recent French findings indicate that the uranium content can be
expected to correspond to approximately 0.22 of the original ura-
nium and th~ plufonium content to about 0.15% of the original
plutonium. As noted in chapter IV:3, doubling the uranium content
leads to an insignificant increasc in calculated activity disper-
sal, while a reduction of the plutonium content tJ 30X leads to a
considerable reduction of activity dispersal.

It should be noted that separation of plutonium from uranium and
the precipitation and conversion of these elements entail further
losses of uranium and plutonium. These lost quantities are pre=~
sent in the low— and mediumlevel waste and are normally slightly
greater than the quantities in the high-level waste. According to
guarantees from the reprocessing company, total losses will not
exceed 3% plutonium and 22 uranium. Lower losses have been ob-
tained in operating plants.

The most important fission products in the high~level waste as
far as final storage is concerned are those with long and very
long half-lives. The following table gives the half-~lives of the
important nuclides.

Nuclide Half-life
hydrogen-3 (tritium)’) 12.3 years
selenium=79 65 000 years
kryptom85*) 10.8 years
strontium90 28.1 years
zirconium93 . 1.5 millior years
technetium-99 210 000 years
antimony-126 100 000 years
iodine~129*) 17 millicn years
cesium—135 3 million years
cesium137 30.0 years

+) tritium, krypton and iodine are removed in connention with
reprocesgsing. However, it has been assumed in the safety
analysis that 12 of the iodine~129 is present in the vitri=~
fied waste,
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Nuclide Halflife
yrometium=147 '2.62 years
samarium=151 87 years
europium-154 16 years

Of the nuclides listed in the table, s:rontium=90 and cesitvm137
are the most important for evaluating safety during the first 500
to 1 000 years of final storage. For very long-term safety, tech~
netium-99, iodine-129 and cesium~135 are of safety interest.

The residual quantities of uranium and plutonium, the other
transuranics and the decay products of these elements comprise
the heavy nuclides. The waste contains a hundred or so different
heavy nnclides. A detailed list of these is provided in volume
1V, chapter 3. The following table gives the heavy nuclides which
are most important for evaluating the safety of the final reposi-
tory.

Nuclide Half-life Parent nuclide

americium-243 7 650 years ,

americium=241 433 years plutonium=241

plutonium=241 14.6 years

plutonium-240 6 760 years

plutonium=-239 24 D00 years

plutonium238 89 years

neptunium=237 2,13 million ' ears ' americium=241

uranium238 4 510 million years

uranium-235 710 million years

uranium-234 247 000 years piutonium238,
' uranium=-238

uranium-233 152 000 years neptunium-237

thorium=230 80 000 years uranium=234

thorium—-229 7 300 years uranium=233

radium—226 1 600 years thorium-230

The column headed "parent nuclide” indicates that the nuclide in
question is formed by radioactive decay of the parent nuclide.
Thus, successive decay of plutonium=241 leads to the formation of
americium=241, neptunium237, uranium=233 and thorium=229.

The activity of radiocactive elements in ruries per ton uranium as
a function of time is illustrated in figure 13-2. The unit "curie
per ton of uranium" is roughly the same as curie per waste cylin-
der in this case.

. The fission producté cesium=137 and strontium~90 heavily dominate

during the first 100 years. Technetium99 then dominates among
the beta-emitting fission products for over a million years, af~
ter which it is followed by cesium135. Of the alpha-emitting
beavy nuclides, americium=241 and -~243 dominate in the beginning,
followed by 'a period of plutonium239 dominance and finally tho-
rium-229 dominance. Since alpha-radiation is more dangerous than
beta~radiation on a per-curie basis, the toxicity of the waste
after approximately 200 years will be determined primarily by the
latter heavy nuclides.

Te quantities give in figure 13-2 apnly for PWR fuel which has

~——
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Figure 13-2. Radioactive elements in h.gh-level waste. It is assumed that reprocessing takes place
ten years after discharge of the spent fuel from the reactor.

been reprocessed ten years after full burnup has been acheived
and the fuel has been discharged from the reactor. This time is
of some importance for the activity of the high-level waste. Plu-~
tonium-241, which is a beta-emitter, decays with a half-life of
14.6 yvears to americium-241. The longer the wait for reprocess-
ing, the more of this nuclide will be present in the waste. If
the waste is only stored for three years before reprocecsing, the
amount of americium=241 given in figure 13-2 will decrease to
about 40%. If a much lorger time passes before reprocessing, the
amount >f americium241 will increase to roughly double the valua
given in the figure. The daughter nuclide neptunium~237 is not as
greatly affected, since « significant portion of this nuclide is
formed directly in the reactor via other nuclear reactions.

The amount of plutonium formed in BWR fuel is somewhat lower than
in the case of PWR fuel, and the porticn of hezvy nuclides is
somewhat lower for the same amount of fission products.

It has been assumed throughout the safety analysis that the high-
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level waste comes from PWR fuel which has been reprocessed ten

vears following discharge from the reactor and irradiated to
33 000 Mwd/tU.

13.3.3 Decay heat in high-level waste

Figure 13-3 shows the decay heat in spent fuel and high-level
waste obtained from reprocessing after two and ten years, respec-
tively. The decay heat is given in watts per ton uranium, which
is equivalent to watts per waste cylinder for the high-level
waste. The curves are plotted for a residual uranium level of

0.5 Z, but the other parameters are the same as in the ; .eceeding
section.

13.4 SAFETY IN CONNEZCTION WITH FINAL STORAGE

13.4.1 General background

In crder to achieve a safe final storage of the high-level waste,
the radioactive substances arz enclosed in a number of consecu-
i tive barriers: :

——ry

- chemical bonding to the low-~soluble borosilicate glass |
- encapsulation of the glass in a number of metal casings F
- storage of the encapsulared waste cylinders in good rock at

a depth of 5C0 m. ‘

Decay heat, W/ton uranium
n"

|
!
|
|

Figure 3-3. Decay heat in spent fuel and high-level waste from pressurized water reactor.
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Each one of these barriers provides protection against dispersal.
But each one possesses different protective properties and there-
by also different protective functions which both reinforce and
complement one another.

In the final repository, the waste cylinders are deposited in
boreholes on the floor of the tunnel. A buffer mass between the
canister and the rock keeps the waste cylinder fixed in position.
Escape and dispersal of the radioactive substances is also re-
tarded by sorption effects in the buffer mass and in tissures in
the rock in the even:t the radioactive substances should penetrate
through the inner barriers. '

Requirements on isolation of the radioactive substances diminish
as their radiodctivity decays. Only a combination of flowing wa-
ter and penetrated barriers can lead to a dispersal of radioac-
tive substances from the final repository.

A distinction can be made between:

- Slow processes.
- Extreme events which lead to sudden dispersal of radioaciive
substances.

Slow dispefsal of the radioactive substances is discussed in de-
tail in volume IV, chapter 6, so only a brief summary will be
provided here. The probability of extreme events which can break
through the rock barrier and cause rapid dispersal of the radio-
active substanceg 1s extremely low. The most important cases and
consequences thereof are discussed in volume IV, chapter 7, and
summarized here.

Factors involved in the slow dispersal of radiocactive substances

Th~ analysis of the slow dispersal of radioactive substances en-
tails a series of calculations pertaining to various phenomena.
In order for the results of the final calculation to reflect the
most unfavourable situation which can be postulated, the assump=-
tions and data used in the various stages of the calculation must
be chosen with a ccnsiderable margin of safety. As more reliable
data Jecome available, these margins can be reduced. In the ana-
lysis reported here, a series of large safety margins have been
stacked on top of each other. The calculated final result there-
fore provides a picture which is probably several orders of mag-
nitude less favourable than what might actually be the case.

In order for the slow dispersal of radioactive substances to be
possible at all, the etallic canisters around the glass bodies
must be damaged in such a way that water comes into contact with
the waste glass. If this happens, a slow leaching of the glass
begins.

Canister damage
Two cases of canister camage have been studied in the safety ana-

lysis: a) a canister is damaged at the time of deposition, and
b) the canister is slowly corroded.
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The metallic canisters will be fabricated under very rigorcus
quality control. The canisters will also be inspected aftcer fab=-
ricarion for both leakage and weld flaws.

In the industrial fabrication of metallic components under high
standards of quality control, defect frequencies on the order of
1 in 10 000 to 1 in 100 000 have been achieved. The canister in
question is made in three metallic layers - stainless steel, lead
and titanium. This should even further reduce the frequency of
damages which completely penetrate the canister. The probability
of initial canister damage is therefore judged to be considerably
lower than 1 per 10 000 canisters. The total number of canisters
will be approximately 10 000.

One reference case which is studied is a damaged canister in the
final repository. This single waste body is dealt with in the
analysis as if it were unencapsulated and the entire glass sur-
face were accessible for leaching. This case is therefore also
equivalent to damage to a number of canisters with only part of
the glass surface exposed. Cases involving more than one or two
initially damaged canisters are deemed to be so improbable that
they do not have to be considered.

The encapsulation materials have been selected with the intention
of achieving very good durability and service life under the pre-
vailing conditions. The properties of the canister materials are
dealt with in section 6.3. The question of the service life of
the canister is also discussed in a report issued by the Swedish
Corrosion Research Institute (K1) and a speciully anpointed re-
ference group.

Some of the members of this reference group estimated the peri.d
of time during which the canister is completely intact to be at
least 1 000 years, while others estimated its life to be at least
500 years.

It is clear from the KI report that these estimates assume that
local corrosion could be determining for *he time during which a
canister is completely intact. However, local penetrations of the
canister after 1 000 (or 500) years do not necessarily mean that
the glass body in its entirety is exposed to the groundwater and
its leaching action.

It was not possible to perform a systematic analysis of how long
a time it can be expected to take before the entire glass body is
exposed after the capsule has been breached. Considering the time
it takes for the zeneral corrosion of titanium and the corrosion
rate for lead in relation to the total amount of lead in each
canister, it would probably take tens of thousands or hundreds of
thousands of years. However, in lieu of more precise data, it is
necessary to make an analysis on the basis of hypothetical cases
which can be regarded as being more unfavourable than actual
cases in order to be on the safe side.

As a reference case, it i.as been assumed that the canisters are
broken down gradually during the period from 1 000 to 6 000 years
following the commencement of final storage.

Calculations show that it is relatively ingsignificant for -the
overall risk assessment whether the service life of the canister

~— —
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is taken to be at least 500 years or at least 1 000 years (see
chapter IV:6.9.4).

Glass leaching

I£ water comes into contact with the waste glass, a very slow
leaching of the substances in the glass takes place. The leaching
rate depends on a number of factors, the most important of which
is the composition and temperazure of the glass, the surface area
with which the water comes into contact and the water flow rate.
Other factors which can be of importance are chemical conditions
and changes in the structure of the glass due to ionizing radia-
tion from radioactive substances or due to variations in the fab-
rication of the glass. (See also sections 5.4 and IV:6.3).

Expcerimental studies in France have established a leaching rate
of 2 x 1U”7 per cm? and day at a temperature of 25°% for typical
waste glass produced by the French method. At a temperature ~f
70"C, this leach rate increases by a factor of 10, and at 100°¢
by a factor of 35, The temperature of the waste glass reaches a
magimum of about 70°C and declines after 2 00 years to about
30°¢. :

The geometric surface area of a waste body is about 2 mz. How-
ever, cracks may form during the manufacture and handling of the
glass, As a result, the surface area which is theoretically
accessible to water is greater than the geometric surface area.
Normally, the surface area is increased by a factor of about 2-3,
but in unfavourable cases, surface enlargement may be by a factor
of 10. As an average value for the leaching surface, 10 m? per
glass body has been used in the safaty analysis - i.e. 5 times
the geometric surface area.

Using these values for leached surfaces and leachirg rate, a
leached fractior of 1.7 x 1072 (17 millionths) per year and glass
Pody weighing approx. 420 kg is obtained. This would result in a
cemplete dissoluvion of the glass after about 60 000 years assum—
ing that the dissolved weight per year remains unchanged. In the
calculations which have been carried out for one of the reference
cases, a glass leaching period of 30 000 years has been used.

During the first 150-200 years after commenced final storage, the
tenperature of the glass is considerably higher than 25%C. a
glass leaching time of 3 000 years is therefore used for the case
invelving an initially damaged canister.

At final storage, the canister is emplaced, packed in a buffer
mass, in rock through which the water flow rate is very low. Geo-
logical studies have shown that 0.1-0.2 litres per m¢ and year is
probable. In such an environment, the leaching rate will be li-~
mited by the water supply. This makes it difficult to carry out a
precise analysis of the leakage of radiocactive substances from
the glass. Preliminary esiimates indicate leaching rates which
are only abcut 17 of those given above.

Transit time for dissolved substances

The trausit time of the radioactive elements through the rock

~— e -
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from the final repository to the biosphere is dependent upon two
factors. One factor is the time it takes for the water to flow
from the final repositcry to the primary recipient. This time
varies widely depending on local conditions and the properties of
the rock in question. Age determinations of groundwater indicate
flow times of several thousand years from a suitably located
final repository. To be on the safe side, a transit time for the
groundwater nf 400 years in impervious rock has been used in the

calculations carried out for ths safety analysis. (See section
7.4.)

The second factor which determines the transit time for the ra-
dioactive elenents is the retardation effect obtained through
chemical reactions between these elements and the buffer material
and the rock material. Different :ypes of chemical reactions
occur, mainly ion-exchange processes, ion absorption, reversible
precipitation and mineralization. These processes cime under the
general heading of sorption.

Mineralization and precipitation are the most favourable process-
es from the viewpoint of safety. They iead to very low residual
levels in the groundwater and effective retardation of the radio-
active c¢lements. It can be assumed on good grounds chat many of
the elements in the wast> participate in mineralization and pre-
czipitation reactions - for example cesium (mineralization) and
protactinium and americium (precipitation),

However, sorption has been treated purely as an ion-exchange pro=
cess in the calculations of the transit time for radioactive ele-
ments. As a result, the magnitude of the retardation has been un=-
derestimated. The vetardation is described in the calculations by
means of a retardation factor which is defined as the ratiz he-
tween the flow velocity of the water and the transport velocity
of the element in question.

The retardation factors can be calculated on the basis of chemi-

cal equilibrium constants which have been determined experimen-

tally. Within the project, such determinations have been carriecd

out for various elements in contact with the groundwater and the

buffer material (10% bentonite and 90% quartz sand) or granite.

Comparisons have been made with foreign measurements. The follow-

ing table gives the retardation factors for the most important .
elements in the waste, both for impervious rock with a permeabi- ' '
lity of 10~9 m/s and for pervious rock with a permeability of

109 m/s.

Retardation factors for certain radicactive elements

Element Impervious rock Pervious rock
Strontium 57 ?
Zirconium 8 400 450
Technetium 1 1
Todine 1 1
Cesium 840 90
Radium 700 76
Thorium 5 200 280
Uranium 43 3
Neptunium 260 15
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Element Impervious rock Pervious rock
Pluconium 1 100 58
Americium 84 000 4 500

A retardation factor of 1 means that the element migrates at the
same rate as water, while a retardation factor of 700 means that
it takes 700 times as long for the element to move the same dist-
ance as the water. The given retardation factors are mean values.
Ditferent fractions of the dissolved quantity of a given element
Will have longer or shorter retardation periods. This is taken
into account in the calculations.

The retardation factor for strontium ir pervious rock (permeabi-
lity approx. 1973 m/s) given in the table has been confirmed by
means of field tests conducted at Studsvik.

The retardation of the elements radium, thorium, uraniim, neptu-
nium, plutonium and americium is of great importance for the
long-range safety of the final repository. The values of the re-
tardation factors for neptunium and plutonium used in the calcu-
lations are probably toa low by at least a factor of 10 (see
chapter 1V:6.5).

Primary tecipient

Escape of the radioactive elements through the various barriers
(canister, buffer material, rock) can eventually lead to contact
with the biosphere. Since the elements are dispersed with the
groundwater, such contact is achieved primarily in a receiving
body of water.

Three main cases of primary recipients have been studied:

- deep-drilled well close to the final reposxtory
- lake close to the final repository
- Baltic Sea

These main cases ave illustrated !hematically in figure 13-4.

The annual leached quantities of radioactive elements which reach
the primary recipient will be diluted in a relatively large vol-
ume of water. In the case of the well, this has been calculated
to be 500 000 m> and in the case of the lake 25 million m3. The
calculations are based on the local -onditions at Lake Finnsjdén
near Forsmark. These conditions are judged to be relatively un-
favourable in the case of the well, but representative for a
larger number of sites in the case of the lake. (See section
7.4.1.)

When the radicactive elements have reached the biosphere via the
primary recipients, they can reazh man in basically two different
ways. The elements can be ingested into the body either through
food and water or through inhalation. As long as they remain in
the body, they can give rise to so-called "internzl irradiation".
Knowledge concerning the transport and enrichment of the radiocac-
tive substances in the food chains is therefore of zreat import-
ance for being able to calculate the dose load on man.
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Figure 13-4, The three main cases uf trensport of redivective substances to the biosphere,

Human beings can also be irradiated by radiocactive elements out-
side of the bodv - "external irradiation’”. Figure 13-5 illustrat-
es some of the paths through which radiocactive elements in our
environment can reach man. In order to establish the dose load,
the radiation doses from inhalation and from the consumption of
water and food have been calculated. Irradiation doses trom the
handling of fishing tackle and from ground deposits and water,

for example in connection with bathing, have also been calculat-
ed.

A matter of primary interest is to establish which individuals
may receive the highest radiation doses. These persons can be
identified cn the basis of the occupation, diet, living condi-

; tions etc. If this information is combined with knowledge regard—
; ing where the radiocactive substances from the final repasitory

may reach the biosphere, the so-called "critical groups"” can be
identified.

Inhalats
\
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Figrure [3-5. Paths of humen exposure in the local ecosystem.
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From the three nutflow ;ouints ~ wells, lakes and the Baltic Sea

- the radioactive substances disperse into the local ecosystem.
In the model which is used in the safety analysis, this is assum—
ed to comprise 0,25 k2 of agricultural land plus a small lake
such as Lake Finnsjin near Forsmark or Lake Gitemaren north of
Oskarshamn. Irrigation in the area employs well water or lake
water at the rate of ahout 200 litres per day. It is assumed that
the same supplies are used for both irrigation and drinking
water.

The radivactive elements which enter the local ecosystem accumu-
late in the surface layer of the ground. They are transported
first by the groundwater and then by the surfare runoff. How fast
the elements cen enter into the natural water cvcle depends on
the sorption properties of the ground. Fxposure has bcen calcu-
lated on the basis of the activity which reaches the local eco-
system via irrigation and the activity level which is obtained
through long-term accumulation in the ground.

In the case where the outflow is into the Baltic Sea, the criti-
cal groups in the coastal zone are exposed throuzh sea water, se-
diment and fish. The ecosystem is a 2 km wide and 30 km long
coastal section where the radiocactive substances from the rock
vepository enter the Baltic Sea. From the local ecosystem, they
are further dispersed tn other parts of the biosphers. How this
happens 1s described in volume IV, chapter 6.7,

Consequences of the slow dispersal of radiocactive elements

The consequences of a slow dispersal of the radioactive elements
have been analysed for the following case:

C - the encapsulation on the waste containers is penetrated af-

ter 1 000 years and all waste glass bodies are completely
exposed to the groundwater after another 5 000 years

- the glass is leached at a rate which leads to complete
dissolution in -30 000 years

- the transit time of the water in impervious rock from the
final repository to the biosphere is 400 years

- as the radioactive substances pass through the rock, they

are retarded in the manner described above.

These presumptions entail a number of conservative assumptions
which lead to an overestimation of the calculated radiation doses.

The highest radiation dose in rems tc a human being over a 30~
year period has been calculated as a function of the time from
the start of final storage. The period of 30 vears was chosen in
accordance with the common practice of counting this period as
one generation and since only relatively small radiation doses
com? into question here.

Figure 13-6 shows a comparison between calculated maximum indi=-
vidual doses for the cases well, lake and Baltic Sea as primary
inflow sources into the biosphere. As is evident from the figure,
the well case gives approximately 15 times higher maximum doses
than the lake case and approx. 1 500 times higher values than the
Baltic Sea case.
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Figure 13-6. Cakculated maximum individual doses to crifical group (nearby residents) for vanious
primary recipients.
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Figure 137, Calculated maximum individual doses to critical group (nearby residents) from
different nuclides. The calcuilations were made for a weil as the reciprent, ’
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Figure 138 Calculated maximum individual doses to critical group (nearby residents] for the
two main cases of carister damage. The cases are a) slow decomposition of all canisters during
the period from {000 to 6000 years, and b/ initial damage to one canister. The primary recipient
isa weil

Figure 13-7 shows the calculated maximum individual dose as a
function of the time for different nuclides for the case where a
well is the primary inflow recipient.

The results show that the dominant nuclides are neptunium—237,
uranium=233, radiwr226 and technetjum99. It is noteable that no
radiation doses appvar until after more than 1 000 years, due to
the fact that the lead-titanium canister remains fully intact for
at least 1 000 years and that the transit time for water is 400
years, .Strontium90 and cesium~137 decay completely during this
time, Furthermore the nuclides of americium and plutonium are re-
tarded for such a long time that they do not contribute signifi-
cantly to the calculated radiation doses.

The dominant nuclides for the lake and Baltic Sea cases are cesi=-
um=135 and neptunium—237.

The dominant exposure paths in the well case are via drinking wa-
ter., The dominant radiation doses in the lake and Baltic Sea
cases are those due to fish consumption.

A comparison between slow decomposition of the canister and an
initially damaged canister (treated as a glass body without any
canister at all) is illustrated for the well case by figure 13-8.
The latter case gives certain low radiation doses which appear
after about 200 years, but the doses are far less than for the
former case. The radiation doses due to slow decomposition of the

—r—




118

canisters are approximately 6 000 times higher than those from an
initially damaged canister.

Since it has been shown that the case with a well as the primary
recipient gives rise to the highest radiatioa doses, the other
alternatives are of less interest in a discussion of maximum con-
sequences for individuals. As mentioned above, the data and
assumptions used in the chain of calculations have been selected
with safety margins which are quite considerable in some cases.
This leads to the radiation doses given by the upper curve in
figure 13-9, 1f we instead use data and assumptions which can be
regarded as more trealistic, the calculations lead to the radia-
tion doses within the area under the curve "probable conditions"
in figure 13-9.

The dose limits applied to nuclear plants are also iacluded in
the same figure for purposes of comparison (see chapter 12). In
addition, the range of variation fcr natural ionizing radiation
in Sweden and for the radiation doses which can be obtained from
natural drinking water in Sweden are also given. The latter
values have been calculated on the basis of measured levels of
radium=226, using the same dose conversion factors as in the
otner calculations. Only a few measured values are given for
drinking water within the upper part of the variation range. The
median value for all the 61 measured values corresponds to a
radiation dose of 0.15 rem per 30 years.

ICRP fimit
- for individusis

0.001 - — — -

1 ) 100 1000 0000 100000 1000000  Years

Figure 13-9. Calculated upper limit for rediation doses to people who live near 1*.¢ final repository
{cnitical group ). The calculations pertain to the siow decomposition of the canster with a weil as
the primary recipient. For purposes of comparison, the dose load from several natural radiation
sources as well as a mumber of established dose limits have also been piotted in the diagram,
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As is evident from the figure, the calculated radiation doses
from radioactive aubstances which may escape from the final repo-
sitoty - even when large margins of safety are included in the
calculations - are considerably below the limit recommended by
the International Commissioa on Radiological Protection (ICRP).
They are also well below the value used for nuclear power plants
in Sweden, although slightly above the recommended value used as
a design goal for new nuclear power plants. The ranges of varia-
tion for natural ionizing radiation and for radiation doses from
natural drinking water are considerably greater than the calcu-
lated radiation dose from the final repository.

In addition to the maximum radiation dose to a human being, the
collective dose to the earth's total population has also been
calculated. This calculation is rather cmplicated (see volume iV
for a more detailed description).

The collective dose to the earth's total population has been cal-
culated both for the most unfavourable 500 year-period and for
the first 10 000 years following the commencement of final stor-.
age. The results are largely independent of the path of entry
into the biosphere. The collective dose from the final repository
for the most urifavourable 500 year—period has been calculated to
be about 2 000 manrems, i.e. 0.007 manrem per MWe and year of
operation for 13 reactors with a combined output of 10 000 MWe
which are operated for 30 years., These 500 years occur after
several hundred thousand years. A collective dose of 30 000
manrems is cbtained for the first 10 000 yea*s, i.e. 0.1 manrem
per MWe and year of operation. These collective dose values are
based on the same unfavourable conditions as were specified
above. Both values are clearly within the guideline limit set by
the radiation protection authorities of 1 manrem per MWe and year
of operation for the entire nuclear fuel cycle. '

Consequences of extreme events

Certain types of extreme events might have a considerable effect
on the escape of radioactive substances from a final repository.
Such extreme events include e.g. movements in the bedrock in
connection with earthquakes or the creation of new cracks due to
other causes. Other events within this category include meteor
impacts, acts of war, sabotage or some form of future human dis-
turbance.

Rock movemewts, earthquakes

Rock movements could damage a final repository, either by creat=
ing new paths for groundwater flow or by damaging the canisters.
However, limited damage to the canisters will not substantially
change the assumptions of the safety analysis, since a case with
initial canister damage has already been considered.

A number of studies have been conducted for the purpose of es=
tablishing the probability of bedrock movements which might af-
fect the safety of a final repository.

The level of seismic activity in Sweden is very low, and very few
earthquakes have caused Jamage to the ground surface.

——y
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The faults which have been observed in the Swedish bedrock are
largely the resul: of the tectonic and seismic events of approxi-
mately 1 800 million years, where the movement from millenium to
millenium is on the crder of a tew mm. However, larger fault
movements have been observed and reported in areas with special
zones of movement, for example in northwest Skiane and in Norr-
botten County. The land elevation which followed the melting of
the inland ice and is still proceeding is probahly the primary
cause of these recent bedrock movements.

Bedrock movements are discussed in greater detail in chapter
I1:7.

Studies of the occurrence of earthquakes in Sweden show that
earthquakes have been concentrated to certain belts. Qutside of
these belts, there are large areas where no seismic activity at
all has been observed. Magnitudes greater than 3.5 are rare, even
within the most active areas.

The following relationship between magnitude and displacement has
been estimated:

Magnitude Displacement
3.5 0.3 cm
4.0 0.6 cm
4.5 1.5 m
5.0 3.6 cm

The Swedish bedrock exhibits a pattern of fracture zones of vary-
ing size. Geological observations show that new fissures and
faults will be locafred in already existent joint planes. In
simple terms, this corresponds to the principle that it is the:
weakest link in a chain which breaks.

The probability that a final repository covering 1 km2 will be
affected by a fault movement has been estimated to be less than

1072 per year for Sweden as a whole.

1t has also been shown that vertical rock displacements must be
several dm in order to jeopardize the sealing capacity of the
clay material. However, stresses in the canister material can
reach considerable proportions in the event of displacements of
only a few cm.

In summary, studies carried out by KBS of bedrock movements which
could have an adverse effect on the safety of the final reposito~
ry have shown that:

- the prubability of such movements in the Swedish bedrock is
very low
- vithin areas which are surrounded but not intersected by

fracture zones, the probability of new flow paths (cracks in
the rock) onening is extremely low

- sections of rock which are found to have a high fracture

content during the construction of the final repository
should not be utilized for storage

T ——
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- neither the proposed buffer layer nor the canister will be
damaged, even if bedrock movcments of considerable propor=-
tions by Swedish aio~‘ard <houid occur in the final reposi-
tory.

The risk of damage to part of the final repository as a result of
bedrock movements is thus extremely low. If such damage should
nevertheless occur, it will probably affect only a few percent of
the canisters. The consequences of such damage are deemed to be
of the same magnitude as those which have been calculated for
slow canister decomposition.

Meteorite impact

If a meteorite should hit the surface of the earth directly above
a final repository, a crater would be created which could weaken
the geological barrier or, at worst, eliminate it completely.

Studies of meteorite impacts which have occurred over a period of
2 000 million years show that the probability of meteorite impact
which would create a crater approximately 100 m deep is roughly
10-13 per year and km?. Historical cxperience also confirms the
assumption that a meteorite impact is not a risk which has to be
considered in this context.

—aar

Acts of war and sabotage ) L

In the long time perspective which must be applied to the final
repository, acts of war cannot be considered to be "extreme
events". On the other hand, the possibility that acts of war
might lead to serious consequences for the safety of a terminally
sealed final repository at a depth of some 500 metres in the
Swedish bedrock must be considered to be remote,

Ground detonations of nuclear devices of 10-50 megatons create
craters in the rock with a depth of roughly 110~180 m. Thus, the
geological barrier would not be broken through, but may well be
weakened. In such a situation, however, this would be of subor=
dinate importance, sinte any release of radioactivity from the
final repository would represent only a fraction of the radiocac-
tivity caused by the bomb, which would remain in the area for a
long period of time.

Wartime damages to the final repository and the encapsulation
station during the deposition stage are, naturally, conceiveable.
But the probability is low, since these facilities are not likely
to be primary targets for military actions. The consequences of
bomb hits and similar occurrences wil! also be limited compared
to the situations which would otherwise be a result of such acts
of war.

Safeguards against sabotage as described in section 10.4 will be

provided during the intermediate storage, encapsulation and final
deposition stages. After the final repository has been closed and
sealed, effective acts of sabotage are impossible.

Compared to other installations which experience has shown to be
more likely targets for sabotage in terrorist actions, the faci-
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lities described here are less attractive to potential saboteurs
and are roughly comparable to other industrial plants where en-
vironmentally hazardous material is handled.

Future disturbance by man

It is conceibable that the knowledge of where the final reposito-
ry is located may be lost in the distant future and that man at
that time may, for some reason, perform drilling or rock work
which results in contact with the waste. The final repository is
situated in one of or'r most common types of rock which does not
contain any valuable minerals which could conceivably be consi-
dered for profitable extraction. The depth and low water content
of the impervious rock selected for this purpose makes it highly
improbable that deep wells will be drilled for water in the
future. No reason can be seen for seeking out such great depths
for the constructiun of rock storage vaults or the like. Further-
more, the loss of the knowledge of the location of the final re-
pository would presuppose that our current civilization would be
destroyed as a resuit of some catastrophic event such as a global
war of extermination or a new ice age. If the country is then re-
populated again, the risks mentioned here would arise, but only
after the new population had achieved a level of technological
development which permitted advanced rock work. In such a case,
it is probable that such a civilization would also possess the
ability to detect the radioactivity in the final repository and
act accordingly to avoid damage to the repository. A new glacia-
tion of the country would not be expected to affect the integrity
of the final repositcry. (See section 11:7.7.)

Summary safety evaluation of final storage

The high-level waste from the reprocetsing of spent nuclear fuel
is vitrified and encapsulated in lead-titanium canisteis after
which it is emplaced in goud .ock at a depth of 500 m, where it
is packed in a bed of buffer material (907 quartz sand and 107
bentonite). The safety analysis of such a final storage shows the
following:

1 During the period of at leust 1 000 years when the leadtita-
nium canister is completely intact, the elements strontium—
90 and cesium~137 decay almost completely.

2 Initial damage to an individual canister would not lead to
any measurable increase of :he radiation level.

3 A slow breakdown of the canister could, after several thou-
sand years, lead to a slighr increase of the level of radio-
activity in the environment. The elements plutonium and ame-
ricium are retained in crachs in the rock etc. This slight
increase comes primarily frum neptunium-237, te-hnetium-99,
radiumr226 and uranium-233 25 well as cesium=135 and iodine-
129.

4 In the most unfavourable case - a deep~drilled drinking wa-
ter well near the final repository - the radiation dose to a
human being in the future could increase by a maximum of 13
millirems per year. This increase is less than the local
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variations which occur in the natural radiation at various
places in Sweden. (See figure 13-10.)

The calculated maximum radiation doses are considerably low—
er than the maximum permissible radiation dose for indivi-
duals recoomended by the ICRP.

The calculated maximum radiation doses are well below the
Swedish limit for nuclear power plants, but of roughly the
same magnitude as the guideline value which is applied as a
design goal in the construction of new nuclear power plants.
(See figure 13-10.)

The probable amount of additional radiation is less than 1%
of the maximum value specified in point 4. This is due to
the fact that the decomposition of canisters and leachiang of
glass at the low water flows which occur at a depth of 500 m
in solid rock can be expected to take place at a considerab-
ly slower rate than what has been assumed in the calcula-
tions. Furthermore, these calculations were based on a re~
tardation factor for neptunium and a water transit time
which have both been conservatively selected.

The regional and global dose load on large population groups
has been calculated over the most unfavourable 500-year pe-
riod in the future. In the very long run, a maximum 500-year
dose of aporoximately 2 000 manrems can be obtained, which
corresponds to 0.007 manrem per MWe and year of operation.

Even in the most unfavourable case, with extremely conserva-
tive data in the calculations, the health hazards are ex-
tremely small, if any.

The calculated collective doses correspond to 0.4 cases cf
cancer and 0.4 cases of genetic defects for the population
of the entire earth over a period of 500 years. The present
frequency of mortalities due to cancer in Sweden is approxi-
mately 20 00Q per year. Of all persons born, approximately
37 are afflicated with natural hereditary defects, which
means that some 3 000 cases occur annually in Sweden. The
given values for medical effects have been calculated on the
basis of the internationally accepted relationships between
radiation dose and maximm medical effects. Many factors
indicate that these assumptions overestimate the medical
effects at the low dose values and dose rates which are in
question here.

The calculated increase of the level of radicactive elements
in the recipients to which the waste products may conceivab-
ly spread is comparable to the natural levels of such sub-
stances. Neptunium-237 can be compared to uranium and cesium
to potassium. The following table shows the ranges of varia-
tion for the level of certain elements in natural water and
levels which have been calculated for the various primary
recipients in the most unfavourable case.

Rk TP

———
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Individusl dose
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ICRP limit
| for individuals
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& Radium in drinking water
;. from single rock well
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i Figure [3-10. Bar graph showing the cal~lated riaximum annual radiation doses which the final
i repository can give to a nearby resident and the anmual dose to man from some natural radiation
; suurces plus some established dose limits. The dose from drinking water comes from rodium-226.
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Radioactive Levels in natural Maximum calculated
element . water in Sweden increase of level in
(pCisl) primary recipients
' near the final
repositorya)
Drinking Sea b3 Well Lake
water water '
Radium~226 0.1-40 ) 0.3 0.1 0.002
Uranium 0.1-1500 3 - 30 0.6
Neptunium=237 - - 90 2
Potassium-409) ca 20 330 - -
Cesium1354) - - 25 0.5

a) Expected maximum values are approximately 100 times
less.

b) With 3.5Z salt content.

¢) Natural water (not necessarily drinkin- water).

4) Potassium40 and cesium-135 arc biologically compar-
able.

The radiation dosc from radium—226 in drinking water is

shown in the comparison :llustrated in figure 13-10.

Even in the case where a number of unfavourable assumptions
have been made, the calculated changes in the radiation en-
vironment are .onsiderably less than normally occurring na-
tural variations. Trese natural variations do not have any
effects on either man or ecological systems which can be de-
monstrated today. The calculated maximum radiation doses due
to leakapge from a final repository are below the limit val-
ues for nuclear power plants which have been issued by the
radiation protection authorities in Sweden. The proposed
metited for the/ final storage of high-level waste glass is
thevefore deefed to be absolutely safe.

/
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SKELETON PLAN FOR CONTINUED WORK

The studies conducted under the auspices of the KBS Project have
largely been concerned with the review and processing of existing
knowledge and data, but the work in a number of areas has been of
a development nature. The need for further research and study is
urgent in a number of areas in order to gather suflicient infor—
mation to serve as a basis for a technically/economically optimum
design of the various phases in the handling and storage chain.

Thus, the work which has been done by KBS should be followed up,
both by development work and by efforts aimed at gradually in-
creasing the degree of specification for the facilities whose
construction is most imminent. It is of the utmost importance
that activities and developments in other countries be continuos=
ly followed and that opportunities for co-operation be fully ex-
ploited.

The various plants for the handling and storage of high-level
waste have to be completed at very disparate points in time, as
shown in chapter I:3. The transportation system and the central
fuel storage facility must be commissioned within a few years and
an intermediate store by 1990, while the encapsulation sta*ion
and final repositury will not be required until around 2020.

The skeleton plan shown in figure 14=1 provides an approximate

schedule for the completion of the various installations in vari-

ous phases. The major feature of the activities pursued during
the different phases are described below.

Phasz 1 (1977-1978)

This phase encompasses a KBS activity period which is expected to
continue 1> mid-1978. Efficient completion of the activities be-~
gun by KBS requires that the question of responsibility and or-
gani . must be decided before the end of this phase.

Phase 2 \1973-1984)

During this phase, the transportation system and the central fuel
storage facility will be completed and commissioned.

Study and development work during this phase will be pursued in
accordance with a multi-year plan aimed at a presentation of the
total results at the end of the phase. The plan will rncompass

hydrogeclogical studies, refinement of models for the migration
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Figure 14-1. Skeleton plan for contimued work on the final stages of the miclear fuel cycle.

of nuclides in the groundwater, continued studies of buffer and
encapsulation materials and design of the final repository.

During this stage, a major non-radicactive experiment should also
be conducted whereby the function of various barriers can be
studied on a relatively large scale under conditions which stimu=~
late the actual envivonment in the final repository. The heating
tests which are being conducted at Stripa in co-operation between
the USA and KBS/SKBF will be completed during this phase and the
results can be used in future tests.

A considerable intermaticnal exchange of knowledge and experience
will be pursued during this phase.

Phase 3 (1985~1999)

During this phase, the intermediate store for vitrified waste is
expected to be completed and put into operation. The schedule for
these activities will be contingent upon when the waste is re-
turned to Sweden. According to an agreement between SKBF and
COGEMA, this will be 1990 at the earliest. The question of the
joint siting of the encapsulation station together with the in-
termediate store or the final repository (see chapter I:11) must
be clarified before design work on the intermediate storage faci-
1ity can commence.

Efforts with respect to encapsulation methodology and the design
of the final repository will primarily entail a follow—up of the
technical developments and some complementary internal efforts.
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Phase 4 (2000-2010)

If a final repository is to be reday to accept high~level waste
by 2020, the final choice of the site should be made at the be-~
ginning of this phase.

Full certainty as to whether the studics conducted from the sur-
face have provided a correct picture of the actual conditions be-
low the surface will not be obtained until certain shafts and
tunnels have been built. A final verification that the rock in
the selected area possesses thé required characteristics should
therefore be carried out in tunnels constructed at an early
stage. If it is thereby found that the area is unsuitable, an-
other area must be selected. Even though such a development is
highly unlikely after the extensive preliminary studies which
have been carried out, the schedule should take into account such
a contingency.

During the 10-year period from the time when the first shaft has
been sunk and the work on the main parts of the repository has

been begun, there is sufficient time to build and study a pilot
plant at the right depth and in the right environment. But it is
doubtful whether such a pilot plant is economically justifiable.

Phase 5 (2011-2020)

Final engineering and design work will be completed during this
phase, aloag with construction of the encapsulation station and
parts of the final repository.

Phase 6 (2021-7)

During this phase, the encapsulation station is in operation and
the final repository is gradually filled with waste canisters.
Construction of the final repository is completed simultaneously
during the first part of the phase.

After the repository is filled with canisters, tunnels and shafts
are sealed, surface installations are dismantled and the land-
scape is restored. The authorities can be expected to prescribe
certain measurements and other control measures after the closure
and sesnling of the final repository.
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STATUS REPORT ON DIRECT DISPOSAL OF SPENT
FUEL

INTRODUCTION

Parallel with the present study of the handling and sforage of
vitritied waste from reprocessing, the alternative method of di-
rect disposal of spent fuel has been studied. Following is a re-
port on the status of these studies, which will be presented in
greater detail later on in a separate report.

FUNDAMENTAL PRINCIPLES

In the case of direct disposal the spent fuel is placed directly
in final storage without prior reprocessing.

As is the case of the reprocessing waste, and for the same rea-~
sons, deposition in the final repository will be preceded by a
period of intermediate storage followed by encapsulation.

The intermediate storage facility will have water—filled pools in
which the fuel elements will be s%ored dry in containers of
stainless steel. This storage method is similar to the one used
in the central fuel storage facility, except that the fuel does
not come into contact with the water. The surrounding water pro-
vides the necessary cooling and radiation shielding. In this way,
the intermediate storage facility will provide a natural continu=-
ation of the function of the centrai fuel storage facility. It
has therefore been assumed that the intermediate storage facility
will be located adjacent to the central fuel storage facility.

While the spent fuel is being kept in intermediate storage, it
may be decided that reprocessing would be desirable in order to
recover the remaining energy content of the fuel instead of depo=~
siting it directly in a final repository. The stainless steel
container is therefore designed in such a manner as to permit
removal of the fuel elements from the container.

As in the case of vitrification, a storage period of at least 30
years in the intermediate storage facility is foreseen. The fuel
can then be deposited in a final repository of a design similar

to the one proposed for vitrified reprocessing waste. Beforc de-
position, the fuel will be encapsulated in a canister in an eu-~

capsulation station situated adjacent to the final repository.

The intermediate storage facility is designed for a capacity
corresponding to 6 000 metric tons of uranium :nd the final repo-
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sitory for 9 000 tons - the same capacity as for the reprocessing:

alternative. Since we do not know at this stage to what extent
the two alternatives will be used, this report is tased on the
theoretical choice of "either or". In actuality, both alter-

natives may very well be employed, whereby the facilities will
have to be adapted agcordingly.

CHOICE OF ENCAPSULATION MATERIAL

GENERAL

As with the vitrified waste, the purpose of encapsulation is to
provide the fuel with a corrosion-resistant casing to protect it
from the groundwater in the final repository. Metallic encapsu-
lation materials shall also provide radiation shielding to reduce
radiolysis of the groundwater to a negligible level.

Since the toxicity of the spent fuel declines more slowly than
that of the reprocessing waste, an inventory of possible encapsu-~
lation materials has been carried out aimed at finding materials
wvith longer service lives than the combination of lead-titanium
chosen for the vitrified reprocessing waste. Availability, econo-
my and ease of fabrication have been taken into consideration.

On the basis of the results of this inventory, copper and two ce-
‘ramic materials - alpha-aluminium cxide and a glassceramic mate-
rial of the beta—-spodume type - have been selected for closer
study. :

A’ pha—aluminiun oxide (corundum) is one of the most durable cera-
m; ¢ materials known. It w.us proposed by ASEA, who have developed
a potentially suitable fal rication method based on high-pressure
isostatic compaction.

Work is being done on the glass—ceramic alternative in collabora-
tion with Corning Glass Works in the United States. But this work

has not yet reached the point where aany definite conclusions can
be reported.

COPPER

Copper does not react at all with oxygen-free, pure water, which
is verified by thermodynamic calculacions. However, copper can
react with oxidizing substances present in the grouncwater, which
may be present in concentrations of a few tenths of a milligram
per litre. These oxidants are mainly oxygen, radiolysis products
and sulphate and/ur sulphide in combination with bacteria.

Groundwater experts are agreed that very little dissolved oxygen
is present in the groundwater at the depths in question here.
There is also little formation of oxidizing substances as a re-

sult of water radiolysis, due to the fact that the canister has
thick walls.

The question of whether sulphate and/or sulphide can, in combina-
tion with bacterial actiom, cause corrosion to copper is under
investigation.
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The maximum attack on copper is limited to that caused by the
oxidizing substances in the water which come into contact with
the surface of the copper canister, whereby diffusion effects
must be taken into consideration. By limiting the quantity of
these oxidizing substances, it is possible to limit material
losses due to copper corrosion.

Section 4.3 below describes a method of surrounding the canister
with the same mixture of quartz sand and bentonite which is used
for the reprocessing alternative. The canister is deposited ho~
rizontally in the storage tunnel, whereby it is enveloped in a
thick bed of this material, which possesses very low permeabili~
ty. If the ccrrosion attack on the canister is evenly distributed
and if only small quantities of water can come into contact with
the canister, it can be shown that corrosion is negligible, even
over a period of millions of years.

Corrosion attacks on metals can, however, be of a local nature
and may take the form of, for example, pitting. In pitting, ero-
sion of the copper metal can be concentrated to a small part of
the copper surface, whereby the time required for penetration is
reduced proportionately. On the basis of earlier corrosion tests
conducted on copper in various surface soils, the time required
for the penetration of 20 cm of copper has been estimated to be
at least 5 000 years. Continued study of pitting in the environ=-
ment surrounding the canister will probably rcveal a considerably
longer canister life.

Detailed studies have shown that cracks are unlikely to oc:cur in
the buffer material surrounding the canister. If such cracks
should nevertheless occur, there may be a local inflow of oxidiz-
ing substances to the surface where a crack is in contact with
the canister, resulting in local corrosion.

Investigations of buffer materials other chan quartz sand and
bentonite are underway. The characteristics of compacted bento-~
nite, asphalt and a mixture of MgC and SiO2 are being studiad.

A design proposal for a copper canister is shown in figure Bl-1.
The canister is fabricated from pure copper by the forging of a
cast block which is then turned down on a lathe to the desired
final external dimensions. After boring of the internal cavity,
the opening end is turned to receive a lid. The 1id is in three
parts which are fastened by means of electron beam welding
followed by helium leak-tracing on each part.

ALUMINIUM OXIDE

’
In aluminium oxide, aluminium is in its stable oxidation state,
which means that no redox reactions will take place in an aqueous
¢nvironment. The concentration of oxygen in the groundwater is
therefore of no significance in this case, umlike in the case of
copper.

But the oxide is not thermodynamically stable in water. A hydra-
tion takes place on the surface. At temperatures lower than
1C0°C, aluminium hydroxide is thereby obtained in amorphus or
crystalline form. Crystalline aluminium hydroxide occurs in

e
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Figure Bi-1. Copper canister ;jor direct disposal of spent muclear fuel. The canister has 7 containers
with fue! elements from a boiling water reactor. The wetshr of the canister without fuel is cbout
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nature ac the mineral gibbsi:e and is m:re stable and less
soluble than the amorphous form.

In freely flowing water at 90°C and PH 7, a corrosion rate of 0.2
ym/year has been measured. On the basis of other results, the
corrosion rate at PH 9 is estimated to be 2 um/year. Assuming a
constant rate of corrosion, the latter value would correspond to
a material loss of 20 mm in 10 000 years. In the case in ques~
tion, much less corrosion is expected, due to a lower tempera—-
ture, the presence of ions in the groundwater (which can produce
a less soluble surface layer) and the slow rate of water flow.
Under these conditions, corrosion can be expected to be prac~
tically negligible.

Local corrosion in the.form of pitting and crevice corrosion does
not occur on ceramic materials. Intercrystalline corrosion can
also be disregarded in the case of aluminium oxide, providing the
material is of sufficient purity. A factor which must be taken
into cousideration, however, is a form of stress corrosion crack-
ing which can lead to delayed fracture. This form of stress
corrosion cracking occurs in oxide-based ceramics in aqueous en-
vironments. Tensile stresses in the material lead fo intensified
corrosion at the apex of cracks, which gradually grow and can
iead to fracture. ’

In order for delayed fracture to occur, he material must contain
3 defect of sufficient stress-raising character as vr=gards depth,
extent and form. In a single-phase material such as aluminium

- ._..,_,m". b Tad .
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oxide with small grain size, it is improbable that intercrys—-
talline corrosion will lead to defects of such a critical magni-
tude.

In order to sirplify canister fabricatior, the canister should be
shorter than what would be required if it were to accommocate
full-length fuel rods. A method for rolling fuel rods encased in
a tight metal casing into spiral form has therefore been develop-
ed. The rolls are placed on top of each other in the canister,
whose length is determined by the number of rolls which it is to
contain.

A design proposal for a ceramic canister is shown in figure Bl-2,
The capsule is fabricated at a pcessure of 1 0C0 - 1 500 bar and
a temperature of 1 350°C. The ceramic thermal barrier inside the
canister is intended to keep the temperature of the fuel down
when the semispherical l1id is joined to the canister.

SUMMARY

In view of the fact that further investigation and development
work remains to be done on ceramic canisters with respect to
corrosion properties, risk of delayed fracture and fabrication
technique, attention is being concentrated primarily on direct
disposal of the spent fuel in copper canisters. The work with ce-
ramic canisters will continue. The choice of encapsulation mate-
rial and deposition technique may also be influenced by the fact

LONGITUDINAL SECTION
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Joint fuel rod rolis
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(thermal barrier)
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Figure Bi-2. Ceramic canister of aluminium oxide. The fuel rods are rolled intc spirals prior to
placing in the canister. '
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that the buffer mixture around the canister may be replaced by
some other material.

The Swedish Corrosion Research Instituie and its reference group
of specialists in the field of corrosion and materials has, under
contract from KBS, studied the corrosic. resistance of the
proposed encapsulation matérials. In a stacus report dated 27
September 1977 (and reproduced in XBS technical report No. 31),
the following assessment of the service life of a copper canister
and of an aluminium oxide canister is presented:

"Copper is a relatively noble metal and is therefore thermo—
dynamically stable in oxygen~free, pure water. The ground-
water which comes into contact with the canister will pro-
bably contain oxidants which may cause some local corrosion.
But a service life of at least 5 000 years is considered a
realistic estimate, on the vasis of our present state of
knowledge.

Some uncertainty exists, however, with regard to whether
sulphate in the groundwater could, in combination with bac-
terial action, cause an attack on the copper. Such an attack
would require access to organically bound carbon. In order
to reduce the risk of such attacks, a low concentration of
organic substances in the groundwater and in :he buffer ma-
tarial is desirable.

Local corrosion due to the action of sulphate should be
studied more thoroughly.

Aluminium oxide is not a thermodynamically stable material
under the conditions in question, A hydration of the surface
layer and some dissolution takes place upon contact with the
groundwater. But on the basis of currently available know—
ledge, both the dissolution and the growth of the hydrated
zone appear to proceed very slowly.

The risk of delayed fracture in this material cannot be ex—
cluded in theory, but it should be possible to fabricate and
emplace the canister in such a manner that the risk of de-
iayed fracture with the proposed design is negligible. Pro-
vided that it is possible to fabricate a canister of this
material of sufficient purity and quality (as regards e.g.
cracks and internal stresses), this alternative would appear
to provide the necessary prerequisites for achieving a very
long service life. Before a final evalua%tion can be made,
however, more detailed investigations of corrosion in the
environment in question would be desirable - especially with
regard to hydration and delaved fracture."

The specialists in the Corrosion Research Institute's reference
group are in unanimous agreement with these conclusions. Supple-
mentary statements by some members of the reference group were
appended to the Institute's status report.

In one of the supplementary statements, it is stated that the es-
timates given in the status report are cnnservative and represent
a lower limit for the durability of the encapsulation material.

"
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I. is furthermore submitted that on the basis of existing know='
ledge, it is highly probable that further study will reveal a
congiderably longer life for the encapsulation material. KBS
sharea this opinion.

DESIGN OF FACILITIES

INTERMEDIATE STORAGE

It is assumed -that the intermediate storage facility will be lo=
cated underground adjacent to the central fuel storage facility
(see 1:4),

In the central fuel storage facility, the fuel is stored in di-
rect contact wit™ the water in the spent fuel pools, which pro=
vides good cooling., After about 10 years of storage, the heat ge-
neration in the fuel has decreased to such a level that dry
storage is possible without the fuel becoming excessively hot.,

When the fuel is to be transported to the intermediate storage
facility, it is conveyed underwater in a channel from the central
fuel storage facility up to a position underneath a cell (see
figure Bl=~3). The cell is enclosed in concrete of sufficient
thickness to provide adequate radiation shielding. The fuel ele=~
ments are handled in the cell via remote control. They are lifted
up out of the water into the cell and allowed to dry. They are
then placed in a stainless steel container with 2 mm thick walls,

. Cooling snd clesning systems
Ventilation

Lmad
e

Reception Encapsulstion Storage of 6 000 tony
Storage of in comtainers
3 000 tom

Figure B1-3. Intermediare storage focility for spent fuel

e
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4.2

one element in each container. The container is fitted with'a
1id, which is welded tightly. Following quality control, the con-
tainer with the fuel elements is lowered into the water in the
channel underneath the cell and placed in a cassette with room
for a number of containers.

The cassette with the fuel containers is carried on a wagon which
runs on tracks in a channel to the rock cavern in which the con-
tainers are to be stored. The rock cavern contains storage pools
similar to those found in the central {uel storage facility. The |
cassette is placed in position in a poul by means of an overhead
crane. The intermediate storage facility has two rock caverns,
each with a storage capacity corresponding to 3 000 metric tons
of uranium. The total capacity of the facility is thus 6 000 met~
ric tomns.

The central fuel storage facility will have a capacity of 3 Q00
metric tons. If the total quantity of fuel to be stored is 9 000
tons, these two pools may also be used for storing fuel contain-
ers, rendering further expansion of the intermediate storage fa-
cility unnecessary.

The fuel i3 stored dry in hermetically sealed containers. The
water in the pools surrounding the containers provides adequate
cooling and radiation shielding.

oy

A

The advantage of drv storage is that the fuel is not exposed to
the corrosive action of the water. The water in the pools is not
contaminated by damaged fuel,so the demands on. the filtering sys-
tems can be reduced.

DS a-g

After at leasc 30 years of storage, the fuel containers are
checked for leakage and transferred to the encapsulation station
at the final repository. The same transport casks which are used
to transport fuel from the power station to the central fuel
storage facility are used to transport the containers to the
final repository.

If the fuel is to be sent away for reprocessing, the containers
could be opened and the fuel elements removed in the same cell
wvhich was used to encase the fuel in the containers.

ENCAPSULATION STATION

In the encapsulation station, which is located above ground ad-

jacent to the final repository, the fuel containers are encased

in a copper canister before being deposited in the final reposi-
tory. )

The reason why a surface location has been chosen in this case is
that the facility requires a relatively large building volume.
Locating the facility underground would involve testrictions on,
among other things, maximum spans, making it more difficult to
optimize the design of the plant. The quantity of fuel which can
be handled in the station at any one time is relatively small,
Furthermore, the fuel is continuously enclosed, either in the
container in which it vas placed in the intermediate storage fa-
cility or, at a iater stage, by the copper canister as well.
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The design of the facility is shown in figure Bl-4.

The transport cask arrives from the central fuel storage facility
at the station's receiving section, where it is lifted from its
trailer, cooled and washed. it is then lowered in two stages into
a pool and placed on a wagon which takes it to an unloading posi-
tion. Here, the fuel containers are lifted out of the water into
a cell, where they are dried, inspected and placed in a copper
canister. The canister shown in fig. Bl-1 can hold 7 BWR ele~
ments. A canister which is 100 mm larger in diameter is used for
PWR elements. It holds 4 PWR elements.

The filled canister is transferred via a lock, where it can be
washed down with water, to an encaps.lation cell. In this cell,
the canister is fitted with a lid wuich is fastened by means of
electvon beam welding. The 1id is in three parts, due to the pe=-
netration limit of existing equipment for this type of welding.
It will probably be possible in the future to weld thicker mate=
rial, in which case the lid can be made in two parts.

The weld is inspected ultrasonically and by means of helium leak-
age tracing. The canister is then ready to be transferred to the
final repusitory.

FINAL REPOSITORY

As in the case of the reprocessing alternative, the final reocsi-
tory consists basically of a system of parallel storage tunnels
situated approximately 500 metres below the surface, with appur~
tenant transport and service tunnels and shafts (see fig. B1-5).
The storage tunnels, however, are of greater height - 4.9 m -and
the repository occupies a slightly larger area ~ 1.2 km<.

The repository has been designed for horizontal deposition, i.e.
the canisters are emplaced horizontally in the longitudinal di-
rection of the tunnel (see figs. Bl-6 and Bl-7). Because the ca-
nister is so long (4.9 m), deposition in vertical holes - as in
the vitrification alternative - is less convenient and requires
considerably greatcr tunnel height. Horizontal deposition also
permits a much thicker layer of buffer matirial (sand/bentonite)
around the canister than is possible with a vertical, drilled
hole. As was noted in section I[11:6.3, a compacted sand/bentonite
fill possesses such low permeability and other properrie< that
only very small quantities of water can come intc contact with
the canister. :

The quartz sand and bentonite filler is deposited as follows:
first, a bed of material is laid down and compacted in the sare
manner as the core of an earth dam for a hydroelectric powe: sta-
tion. The copper canister, which is transported from the encapsu-
lation station down to the level of the final repository via an
elevator and then on to the deposition site via a specially de-
signed vehicle, is then deposited in a channel in the bed (see
fig. Bl1-7). The channel is formed by compacting the upper part of
the bed around a dummy canister with the same dimensions as a
real canister. When all canisters have been emplaced in this man-
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Figure Bl4. Encapsulation station for direct disposal of pent fuel
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Figure B1-6. Storage tunnel for direct disposal of spent fuel. The copper canister is placed
horizontally. Buffer material is placed in layers to a height of 1.4 m in the tunnei and compacted,
The top part of the tunnel is filled by spraying of buffer matenal. (Cf. figure Bl-7).

ner in a storage tunnel, the tunnel is filled completely with
sand/bentonite, which is applied by spraying. The ends of the
storage tunnel are sealed with concrete walls.

All work associated with the deposition of canisters and the
spraying of buffer material is performed with equipment in which
the personnel are protected against radiation. A temporary radia=-
tion shield can be pasitioned above the canisters when they are
emplaced in order to permit persons to enter the tunnel without
radiation protection. This temporary protection is then removed
when the canisters are to be covered with buffer material.

When the entire repository has been filled with canisters, tran-
sport tunnels, shafts and other cavities in the rock are sealed
in the same way as was described for the vitrification alterna-
tive in section III:6.7.

TRANSPORTATION SYSTEM

The same transportation system as is used for transporting spent
fuel from the nuclear power plants to the central storage facili-
ty can be used for trancryrting the fuel from the intermediaie
storage facilitv to the encapsulatinn station at the final repo-
sitory. The required number of transport casks and sea _ransports
is also the same.
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SAFETY ANALYSIS

GENERAL

- The main differences between the direct disposal of spent fuel

and the final storage of vitrified high-level waste which may Le
pertinent to safety considerations are:

- The amounts of uranium and plutonium which are deporited as
wagte in direct disposal are 200 times greater than in the
case of high~level vitrified waste. The waste alse contains
a number of other radioactive products which woulf otherwise
be separated in reprocesstng.

- The first barrier ronsists of the relat1vely inso.uble fuel
and its cladding instead of the borosilicate glass

- The canister is made of copper or a ceramic material.

- The canister is deposited horizontally in the storag> tunnel

and embedded in a buffer material of considerably greater
thickness than in the case of vitrified reprocessed wa:te.

RADIONUCLIDE INVENTORIES

In the direct disposal of spent fuel, uranium and plutonium are
deposited as waste. One secondary effect is that radium is formed
as a daughter product of uranium. Kryptun=-85 and the tritium and
carbon~14 which is left in the fuel are also deposited.

The radionuclide inventories for the two altermatives are report-
ed in chapter 1V:3.

THE FUEL AS A BARRIER

The uranium dioxide fuel possesses very low solubility in water.
90-99.9% of the fision products are present in the uranium diox-
ide itself and are therefore inaccessible for leakage in the
event of canister failure. Practical experience is available from
many years of storing damaged fuel canisters in pools of water.
This experience shows that such storage entails little release of
radioactivity.

Special experimental studies are being conducted at Batelle
Northwest Laboratories in Richland in the USA aimed at deter-
mining the leaching rate of irradiated fuel. Preliminary results
indicate a leaching rate which is comparable to that for borosi-
licate glass. A special experimental study is also being conduct-
ed at Studsvik with a modified technique which also permits
comparisone.

THE CANISTER

Encapsulation of the fuel in a 20 cm thick copper container pro-
vides a highly durable barrier against penetration by water. The
copper shell can only corrode in contact with oxygenated water.
Water at great depth usually contains only small quantities ~f
oxygen. Low levels of oxidants can be formed by radiolysis. The

BT e
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importance of this phenomenon from the viewpoint of corrosion is
being studied. Equilibrium levels are considerably lower than the

solubility of oxygen and hydrogen. This means that no gas will be
evolved. : )

The thick canister reduces the radiation field on the outside and
provides good mechanical protection. The canisters are sealed by
several lids in order to guard against weld defects. The probabi-
lity of initial canister damage and the migration of radiolysis
products to nearby canisters is currently under investigation.

Encasement in an aluminium oxide canister provides a highly
corrosiomresistant barrier. Technical fabrication considerations
make it desirable to limit the length of the canister to about 3
metres, which means that the fuel must be converted into shorter
units prior to encapsulation. This is to be done in a special
handling process. In order to counteract the risk of dispersal
and release of radiocactive substances, this handling is performed
in concrete cells with special ventilation systems and filters. A
special safety analysis for this process will be carried out.

FINAL STORAGE

Emplacement in the centre of the tunnel section in a metre—thick
bed of quartz sand and bentonite provides protection against
possible fault movements and contributes towards the sorption of
escaping nuclides.

T ——
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INDUSTRTAL AND CONSULTING COMPANIES

AB Atomenergi (= Atomic Energy Company of Sweden)
Ahlgell AB .
ASEA :

ASEA-ATOM AB

ASEA-Hafo AB

ASEA~Kabel AB

Avesta Jernverks AB

Forsgren Produktion AB

The Mining Industries' Work Study and Consultancy Progranme
Hagby Bruk AB

H Folke Sandelin AB

Hagconsult AB

Hydroconsult AB

IFY Electric Higspinning AB

IPA=-Konsult

Keman.a konsult AB

Orrje & Co AB, IngenjSrsfirman

Salénrederierna AB

Stabilator AB .

The National Swedish Institute fcor Materials Testing
Stillbergs Grufveaktibolag

The Swedish Acadermvy of Engineering Sciences
Teleplan AB

AB Vattenbyggnadsbyrin

WP-system AB

INSTITUTIONS OF HIGHER LEARNING

University of Lund

Division of quartermary geology E Lagerlund, Ph.D,

University of Gotheani&

Division of marine microbiology Professor K Gundersen
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‘ Department of geulogy

University of Stockholm

Department of geology
Department of microbial gea—

chemistry
Department of statistics

University of Uppsala

Department of Seismology

Lund Institute of Technology

Department of inorganic chemistry

Chalmers University of Technology

Departmant of nuclear chemistry

Department of engineering metals
Department of inorganic chemistry

Royal Iustitute of Technology

Department of rock engineering
Departnment of physical chemistry
Department of geodetics
Department of chemical engineer-
ing design

Department of agricultural hydro-
technics

Department of nuclear chemistry
Department of inorganic chemistry
Department of engineering electro-
chemistry and corrosion science

Luled Institute of Technology
Division of rock mechanics

Division of geotechnics

OTHER INSTITUTIONS

Cement and Concrete Research
Institute, Stockholm

National Defence Research Insti-~
tute, Stockholm

Glass Research Institute, Vixjd

Dr. ¥-A M3mer
T Flodén, Ph.L.
Dr. R Hallberg

Dr. T Thedéen

Dr. O Kuihinek

Dr. Sten Andersson

L Bergstrdm, Ph.D.

Professor J Rydberg

B Allard, D.Eng.

Dr. I Olefjord

Professor N—G Vannerberg

Professor I Janelid
Dr., C Leygraf
Professor A Bjerhammar
Professor 1 Neretnieks

Professor Y Gustafsson
Professor 1 Larsson
Dr. T E Eriksen
Professor 1 Grenthe
Professor G Wranglén

Professor O Stephansson
Dr. K Réshoff

Professor R Pusch

A Jacobsson, Ph.D.

Professor S G Bergstrom
G Walinder

B Simmingsk5ld, Lic. Eng.
T Lakatos, Ph.D.




Institute for Metals Research G Eklund, D.Eng.

Corrosion research Institute, Professor E Mattsson
Stockholm L Ekblom, Lic.Eng.
Swedish College of Agriculture, Professor L Fredriksson
Uppsala .

Swedish Silicate Institute, R Carisson, Lic. Eung.

Gothenburg
Tandem accelerator laboratory in Professor A Johansson
Uppsala
Geolagical Survey of Sweden Dr. O Brotzen
U Thoregren, Ph. L.

EXPERTS AND RESEARCH WORKERS

Dr. Sten G A Bergman
Claes Helgesson, D. Eng.

FOREIGN ORGANISATIONS AND COMPANIES

The Ris3 Research Station -
ROSKILDE, Denmark

Royal Norwegian Council for
Scientific and Industrial Research
KJELLER, Norway

Frauenhofer—Gesellschaft
Institut fir Silicatforschung
WURZBURG, West Germany

Lehrstuhl fiir Glas und Keramik
Institut fir Steine und Erder
CALUSTAHL-ZCLLEFELD, West Germany

Saint Gobain Techniques Nouvelles
PARIS, France

COGEMA
PARI1S, Francs

University of Western Ontario
Professor W Fyfe
LONDON, Ontario, Canada

Corning Glass Works
CORNING, New York, USA

Electric Power Research Institute
PALO ALTO, Califormia, USA

Department of Energy
WASHINGTON D.C., USA

Dr. Ralph E Grim
URBANA, Illinois, USA
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Lawrence Berkeley Laboratory
University of California
BERKELY, California, USA

Nuclear Regulatory Commission

WASHINGTOWN D.C., USA

Office of Waste Isolatiom
Union .Carbide Corp.
OAK RIDGE, Tennessee

Personnel from the Swedish State Power 3Board, Oskarshamnsverkets
Kraftgrupp AB (OKG), the Swedish Nuclear Fuel Supplies Company
(SKBF), the Swedish Central Power Supply Board (CDL) and the Na-
tionzl Council for Radioactive Waste Management (PRAV) have also
contributed their services to KBS. The project has organized re-
ference and working groups within the following areas:

GEOGROUP

Dr. Sten G A Bergman

Dr. Otto Brotzer
Professor Y Gustafsson
Dr. Rudolf Hiltscher
Professor Ingvar Janelid
Dr. U Lindblom

Professor Roland Pusch
Profassor Ove Stephansson

REFERENCE GROUP FOR SAFETY ANALYSIS

Stig Bergstrdm, M. Eng.
Professor Arne Bjerhammar
Professor Lars Fredriksson
Tore Nilsson, M. Eng.

Professor Jan Rydberg

Bo Simmingskdld, Lic. Eng.
Jan Olof Snihs, Ph. L.

Dr. Thorbjdrn Thedéen
Dr. Gunnar Walinder

REFERENCE GROUP FOR CORROSION
Roger Carlsson, Lic. Eng.

Chief Engineer Thomas lt.ckered
Lars Ekbom, Lic. Eng.

Céran Fklund, D. Eng.
Professor Iangemar Grenthe

Dr. Rolf Hallberg

Sture Henriksson, M. A.
Professor Einar Mattsson

Stocksund

Geological Survey of Sweden i

Royal Institute of Technology i

Saltsj&—Boo

Royal Institute of Technology

Hagconsult

Lulea Institute of Technology

Lule3 Institute of Technology )
i

AB Atomenergi

Royal Institute of Technology
Ultuna College of Agriculture
Swedish Nuclear Power Inspec-
torate

Chalmers University of Techno-
logy

Glass Research Institute
National Institute of Radia-
tion Protection

Iniversity of Scockholm
Narional Defence Research
Institute 2

Swedish Silicate Research
Institute

Nuclear Power Inspectorate
Corrosion Research Institute
Inso*itute for Metzls Research
Roya! Institute of Technology
University of Stockholm

AB Atomenergi

Corrosion Research Institute
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Professor Nilg-Gdsta Vannerberg

Professor Gosta Wranglén

BUFFER GROUP
Bert Allard, D. Eng.
K3ire Hannerz, Lic. Eng.

Arvid Jacobsson, Ph. D.
Professor Ivars Neretnieks

Professor Roland Pusch

PROGRAMME GROUP P21/22

Alf Engelbrektsson, M. Eng.

A-M Eriksson, M. Eng.
Gdran Froman, M. Eng.

Bo Gustafsson, Eng.
Bertil Mandahl, Eng.
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ApPENDIX LIST OF KBS TECHNICAL REPORTS

Kdllstyrkor i utbrdnt brinsle och hdgaktivt avfall frin en
PWR beriknade med ORIGEN

("Emission rates in spent fuel and high~level waste from a
PWR, calculated using ORIGEN")

Nils Kjellbert

AB Atomenergi, 77-04-05

PM angdende virmeledningstal hos jordmaterial

("Memorandum concerning the thermal conductivity of soil™)
Sven Knutsson

Roland Pusch

Luled Institute of Technology, 77-04-15

Deponering av hogaktivt avfall i borrhil med buf fertsubstans
("Deposition of high~level waste in boreholes containing

"buffer material™)

Arvid Jaccbsson
Roland Pusch
Luled Institute of Technology, 77-05-27

Deponering av hégaktivt avfall i tunnlar med buffertsubstans
("Deposition of high—level waste in tunnels containing
buffer material)

Arvid Jacobsson

Roland Pusch

Luled Institute of Technology 77-06=01

Orienterande temperaturberikningar f&r slutférvaring i berg
av radioaktive avfall, Report 1

("Preliminary temperature calculations for the final storage
of radiocactive waste in rock')

Roland Blomqvist

AB Atomenergi, 77-03-17

Groundwater movements around a repository, Phase 1, State of
the art and detailed study plan

Ulf Lindblom

Hagconsult AB, 77-02-28
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Q7

08

Q09

10

11

12

13

14

Resteffekt studier fSr KBS ("Decay power studies for KBS")

Del 1 Litteraturgenomgang ("Part 1 Review of the litera- -
ture")

Del 2 Berdkningar ("Part 2 Calculations™)

Kim Ekberg

Nils Kjellbert

G8ran Olsson

AB Atomenergi, 77-04~-19

Utlakning av franskt, engelskt och kanadensiskt glas med
hégaktivt avfall

("Leaching of French, English and Canadian glass containing
high-level waste')

Céran Blomqvist

AB Atomenergi, 77-05-20

Diffusion of soluble materials in & fluid filling a porous
medium

Hans Higgblom

AB Atomenergli, 77-03-24

Tiranslation and development of the BNWL-Geosphere Model
Bertil Grundfelt
Kemakta Konsult AB, 77-02-05

Utredning rdrande titans limplighet som korrosionshirdig -
kapsling {8r kdrnbrinsleavfall

("Study of suitability of titanium as cor.osion-resistant
cladding for nuclear fuel waste')

Sture Henriksson

AB Atomenergi, 77-04-18

Beddmming av egenskaper uch funktion hos betong i samband
med slutlig fSrvaring 2+ kdrnbrinsleavfall i berg
("Evaluation of properties and function of concrete in
connection with final storage of nuclear fuel waste in
rock™)

Sven G Bergstrgm

Gdran Fagerlund

Lars Rombén

The Swedish Cement and Concrete Research Institute, 77-06-22

Urlakning av anvint kimbrinsle (bestrilad uranoxid) vid di-
rek tdeponering

("Leaching of spent nuclear fuel (irradiated uranium oxide)
following direct deposition™)

Ragnar Gelin

AB Atomenergi, 77-06-03

Influence of cementation on the deformation properties of
bentonite/quartz buffer substance

Roland Pusch

Lulei Institute of Technology, 77-06-20
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Orienterande temperaturberdkningar f&r slutfdrvaring i berg
av radioaktivt avfall .

("Preliminary temperature calculations for the final storage
of radioactive waste in rock")

Repert 2

Roland Blomquist

AB Atomenergi, 77-05-17

Oversikt av utlindska riskanalyser samt planer och projekt
rérande slutfdrvaring )

("Review of foreign risk analyses and plans and prejects con~
cerning final storage')

ke Hultgren

AB Atomenergi, August 1977

The gravity field in Fannoscandia and pestglacial crustal
movements

Arne Bjerhammar

Stockholm, August 1977

Rérelser och instabiliteter i den svenska berggrunden
("Movements and instability in the Swedish bedrock'")
Nils-Axel M&rner

University of Stockholm, August 1977

Studier av neoteknisk aktivitet i mellersta och norra Sveri-
ge, flygbildsgenomgang och geofysisk tolkning av recenta
fdrkastningar

("Studies of neotectonic activities in central and northerm
Sweden, review of aerial photographs and geophysical inter—
pretation of recent faults')

Robert Lagerbidck

Herbert Henkel

Geological Survey of Sweden, September 1977

Tektonisk analys av sddra Sverige, Vittern - Norra Skdne
("Tectonic analysis of southern Sweden, Lake Vittern -
Northern Skine)

Kennert R&shoff

Erik Lagerlund

University of Lund and Luled Institute of Technology,
September 1977

Earthquakes of Sweden 1891 - 1957, 1963 -~ 1972
Ota Kulhinek

Rutger Wahlstrém

University of Uppsala, September 1977

The influence of rock movement on the stress/strain situa=
tion in tuonels or boreholes with radioactive canisters em=
bedded in a bentonite/quartz buffer mass

Roland Pusch

Luled Institute of Technology, 1977-08-22

Water uptake in a bentonite buffer mass
A model study

Roland Pusch

Luled Institute of Technoiogy, 1977-08-22
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24

25

26

27

28

29

30

31

32

33

- Tom Lundgren

"Ber3kning av utlakning av vissa fissionsprodukter och akti-

nider fridn en cylinder av franskt glas

("Calculation of leaching of certain fission producte and
actinides from a cylinder made of French glass")

G3ran Blomqvist ,

AB Atomenergi, 1977-07-27

Blekinge kustgnejs, Geologi och hydrogeologi

("The Blekinge coastal gneiss, Geology and hydrogeology')
Ingemar Larsson Royal Institute of Technulogy
‘Swedish Geotechnical Institute
Ulf Wiklarder Geological Survey of Sweden

Stockholm, August 1977

BedSmning av risken f3r f&rdr3jt brott i titan
("Evaluation of risk of delayed fractura of titanium")
Kjell Pettersson

AB Atomene:gi, 1977-08-25

A short review of the formation, stability and cementing
properties of natural zeolites

Arvid Jacobsson

Luled Institute of Technology, 1977-i03-20

Virmeledningsfsradk pd buffertsubstans av bentonit/pitesilt
("Thermoconductivity experimente with buffer material of
bentonite/pitesilt”)

Sven Knutsson

Luled Insvitute of Technology, 1977-09-20

Deformationer i sprickigt berg
("Deformations in fissured rock")

Ove Stephansson

Luled Institute of Technology, 1977-09-28

Retardation of escaping nuclides from a final depository
Ivars Neretnieks

Royal Insiitute of Technology, Stockholm, 1977-09-14

Beddmning av korrosionsbestindigheten hos material avsedda
for kapsling av kidrnbridnsleavfall.

("Evaluation of corrosion resistance of material intended
for encapsulation of nuclear fuel waste'.) Status report,
1977-09=-27, and supplewmentary statements.

Swedish Corrosion Research Institute and its reference group

Long term mineralogical properties of bentonite/quar:z
buffer substance )

Preliminary report, November 1977

Final report, February 1973

Roland Pusch

Arvid Jacobsson

Luled Institute of Technology

Required physical and mechanical properties of buffer masses
Roland Pusch '
Luled Insticute of Technology 1977-10~19

—per -




34

35

36

37

38

39

40

41

159

Tillverkning av bly-titan kapsel
("Fabrication of lead-titanium canister")
Folke Sandelin AB
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BACKGROUND

The possibility of disposing of high~level waste in geological
formations has been under discussion for many years. It has gene-~
rally been assumed that the waste is to be disposed of in the
country where [t was produced, and different types of formations
have come under consideration in different countries, depending
on their occurrence (salt, clay, shale, crystalline rock). In
Sweden, interest has been concentrated on Precambrian bedrock
formations {(gneiss, granite), :

The geological studies conducted for the AKA Committee (The
Government Committee on Radioactive Waste) have beer. supplemented
by studies performed by the .iational Council for Radioactive
Waste Management {PRAV). Equipment for water injection testing
and geophysical borehole logging as well as a special borehole
pump have also been developed by PRAV. Since the KBS project com=
menced in early 1977, the geological investigations have been
concentrated on thig project. '

In February of 1977, an agreement was reached between KBS and the
Geological Survey of Sweden (S5GU), which is the central govern~
ment agency for geological matters, concerning a geological study
programme aimed at ascertaining the feasibility of a final stor-
age of high~level waste in the Swedish bedrock. A summary of the
contents and principal results of the programme is provided in
this chapter. More detailed accounts of the methods and results
of the investigations are provided in the reports referred to
under section A of the list of references.
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THE GEOLOGICAL STUDY PROGRAMME

PURPOSE

The goal of the geological work programme is to carry out studies
within several geographical areas in order to obtain basic data
on the bedrock and groundwater conditions which determine the
long~term safety of a final repository for high-level waste.
These studies are complemented by theoretical studies.

The work is aimed at establishing whether the bedrock is composed
of a uniform, suitable type of rock of sufficient extent down to
depths of several hundred metres. This is important, since infe-
rior conditions may exist at the boundaries between different
types of rock. The occurrence of fissures and fracture zcnes with
may influence the design or safety of the repository must also be
elucidated.

As regards the groundwater, information is needed on how much
water may come into contact with the waste. This requires mea-
surements of the permeability of the rock and theoretical calcu-
lations of hew the water flow in the rock decreases with depth.
Such calculations also provide a basis for determining the final
dilution of the water which has been in contact with the waste
canisters. '

When the waste or the canisters come into contact with the
groundwater, some digsnlution may oeccur. The extent of this dis-
solution depends on the properties of the materials and the che-~
mical composition of the water. The programme therefore includes
sampling and analysis of the groundwater at the depths in ques-
tion.

If the waste substances go into solution, it is important to know
their residence time in the rock. 1f this time is long, certain
radicactive elements will decay before they reach the biosphere.
Information on the residence time can be derived from the ige of
tha groundwater.

Most waste elements are retarded on their way through the bedrock
due to sorption effects and chemical reactions. Such retardation
has been investigated by means of laboratory work, theotretical
analyses and field testsa, of which the latter fall within the °
framework of the geology programme.

Tue Guestion of wvhether and to what extent geological conditions
of importance for the safe final storage of high-level radioac-
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tive waste may change in the future must be answered. This in-
cludes the study of the geographical and chronological distribu=
tion of movements in the bedrock.

The geological programme has concentrated primarily on gathering
information to serve as a basis for the siting and design of an
absolutely safe rock storage facility adapted to the conditions
which prevail in Swedish bedrock. Time has not yet permitted a
more fundamental analysis of the data.

SCOPE

SGU has been commxssxoned by KBS to perform the followxng main
studies:

- Geophysical ground measurements, mapping of outcrops and
joints, drilling, evaluation of drill cores, borehole logg~
ing and TV examination of boreholes. .

- Water injection tests and calculations, water sampling for
chemical analysis and age determination.
- Theoretical studies of groundwater movements (carried out

through the Department of Land Improvement and Drainage at
the Royal Institute of Technology in-Stockholm).

- Field tests usxng tracer elements in fissured rock before
and after injection {previously begun by PRAV).

The total cumulative length of drilled core boreholes amounts to
slightly more than 5 000 m, distributed among five study areas,
three of which have been chosen for further study ~ namely,
Sternd near Karlshamn, Krdkemdla near Oskarshamn and Finnsjé near
Forsmark. The bedrock in these areas varies and the choice of
study areas was determined partially by the fact that knowiedge
was desired on the characteristics of the different types of
rock.

In addition to the above studies by SGU, KBS has commissioned the
following:

- a compilation and supplementation of known data on the Ble-
kinge coastal gneiss,
- a mathematical model study of grouncwater movements and rock

atresses in and around a final repository,
- a theoretical mathematical study of the expected formation
of new fractures when a rock mass is subjected to simple

shearing,
- studies of the chemical composition of the groundwater,
- studies of sorption effects which may be encountered when

various waste substances are transported with the ground-
water in buffer material and rock fissures,

- studiegs of post-precambrian rock movements and recent earth-
quakes.

The results of these studies will complément the results of SGU's
own studies.

In early February of 1977, KBS and PRAV invited a large number of
geologists to a conference for 2 discussion of questions of imr
portance concerning a final repository for high~level waste in
the Swedish bedrock. Among other things, the probability that
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movements in the bedrock would jeopardize the safety of the repo=
sitory was discussed. A number of proposals for studies were sub-
mitted by the conference participants and many of these proposals
led to investigations sponsored by KBS. In early October of 1977,
the results were reported and discussed at a second conference
arranged by KBS,

A group of speéialists called the "GCeogroup" has been estéblished
within KBS. Its function is to:

- serve as a forum for the discussion of questions concerning
geology, hydrogeology and rock engineering,

- participate in the formulation of plans for investigations

and experiments, .
- asgist in the follow-up and evaluation of results of inves-
tigations and experiments.

The report submitted in the following chapters 2 through 8 has
been prapared by SGU. It is based not only on SGU's own siudies,
but also on the above-mentioned special investigations cairied
out on commission from KBS. ‘

STRIPA EXPERIMENTAL STATION

The experimental programme being conducted by KBS at the Stripa
mine is described in chapter 9. Mining operations were recently
discontinued at the mine and the opportunity was offered to con=
duct practical experiments in a granite massif at a depth of
about 350 m. These experiments are aimed at studying the proper-
ties of granite at this depth, both in the unconditioned state
and after heating, and at studying fracturing resulting from the
blasting of tunnels. An agreement has been concluded with the US
Energy Research and Development Administration (ERDA) concerning
cooperation in the execution of a large~scale heating experiment.

‘The tesults of this experiment will not be available for a couple
of years. KBS' own experiments also require such a long time that

the most relevant results cannot be reported here. But the expe-
riments are of such a nature that they will not affect the basic
conclusions, but will rather primarily serve as a basis for an
optimization of the detailed technical design of a final reposi-
tory.

-
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CHOICE OF STUDY AREAS

The preliminary work for the studies has been concentrated on
finding areas with suitable bedrock of sufficient extent near the
east coast of Sweden between Uppland and Blekinge. On the basis
of the selected design capacity = waste from the operation_of 13
reactors over a period of 30 years - an area of about 1 km* is
required. Proximity to the coast is desirable in order to avoid
long overland transports. The locations of the nuclear power
plants and the desirability of avoiding seismically active areas
has restricted the preliminary work to the east coast between
Uppland and Blekinge.

In order to be able to complete in-depth drillings and studies in

the short time which was available, it was necessary to exclude a

number of geologically promising areas where the ownership of the
land are complex or where it was not possible to obtain the per-
migsion of the proprietor.

Flat areas with nuch exposed rock have been sought after. The
gradient of the water table in such areas is generally low,
resulting in a low potential for groundwater movements. Another
factor of importance is that the Sracture zones in the bedrock in
such areas are slso normally widely spaced and narrow, with large
intervening volumes of good rock. Between the large fracture
Zones, the bedrock should contain relatively widely spaced, small
and irregular fissurss, so that the groundwater permeability of
the rock is low., This can be studied where the rock is exposed in
outcrops. Outcrop mapping also shows whether the bedrock is
uniform and consists of some common type of rock ~ granite or
gneiss = which is of little value and therefore unattractive for
future mining. The final areas were chosen to provide examples of
the conditions in a massive granite which postdates orogenic
upthrusting and folding, a gneissic granite and a clearly folded
gneiss. Together with the vein gneiss previously studied for the
ARA Committee investigation, this makes a totnl of four different
typical types of precambrian bedrock which have been investigat=
ed.

In order to find suitable areas, topographical, economical and
geological maps - supplemented with satellite and aerial photo-
graphs - have been examined. This has made it possible to compare
terrain, ownership relation and the distribution of diffe~-

rent types of rock in different areas and to chart the major
fracture lines in the bedrock. Following this analysis promising
areas were inspected in the field. In order to determine the
features of the bedrock in unexposed parts and in depth as well,

]
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geophysical measurements were carried out, primarily using elec-

tromagnetic methods which detect the groundwater-bearing zones in
the bedrock on the basis of their increased electrical conducti=-

vity. : ‘

In certain cases, seismic methods were used to measure the velo=-
city of shock and shear waves in the bedrock in order to gain
some insight of its elasticity constant and fissure content.

Three areas were finally chosen for fhrther study and drilling-
(cee fig. 3~1). .

- Karlshamn, i.e. the area around the Xarlshamn power plant.
- Finnsjdn, an area east of the northern part of Finnsjd lLake,

some 16 km WSW of the Forsmark nuclear power plant in north-~
eastern Uppland. '

- Krikemila, an area 1.5 km NW of Krikemidla and 7.5 km NNW of
the Uskarshamn nuclear power plant at Simpevarp in eastern
Smd land.

In addition, certain studies were conducted at the following
places:

- Avrd, about 1.5 km N of Simpevarp

- Bussvik, about 4.5 km NNW of Simpevarp

- forsmark, about 3.5 km W of the Forsmark nuclear power
plant. ’

Figure 3-1. Map showirg study areas Test drillings to a depth of about 500 metres were under
taken at Karishamn (Sterné), north of Oskarshamn (Krikemdla and Avro), and at Forsmark

{ Finnsjén and Forsmark). The KBS experimental station is located in the Stripa mine. Field
studies were carried out at Studsvik,

—
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graphs. Flat cracks oi varying direction and dips up to 30° ge-
nerally comprise the top surfaces of the rock slab. The varying
direction of the steep cracks is shown in the fracture diagram
(see fiz. 4-4), which shows broad and low peaks in the NW and NE.
The peak at N30°W corresponds to the direction of the Finnsjd
line and the fault valley which borders the study area on the
east, The peaks around N60°W and N45°E corresgond to more regu~
lar, straight and intersecting fractures. N60 W characterizes the
metabasites in the study area, but also an important group of
partially open, wide and very long fracture zones which are
spread over this entire part of the country from Singd and Fors=
mark to the Storvik region /see Svedmark 4-8, Lundegirdh 4-9/.
They are characterized by the fact that the openings are often
lined with beautiful crystals of quartz and calcite. Small quan=
tities of bitumenous substances, known as "rock pitch", are also
found. The fractures which run in this direction in the outcrops
in the Finnsjd area are filled with the same material. A hori-
zontal longitudinal displacement of 0.3 m has been found for one
of these faults. But the faults here are few and insignificant
and are generally less than 1 cm wide. It must instead be assumed
that whatever major fracture zones may exist are not visible in
the outcrops, but are rather located in the soil~covered zones
between them. The aerial photographs have therefore been examined
carefully to determine the location of any fracture lines (see
fig, 4-5). Ground examination has shown that these lines for the
most part correspond to the edges of outcrops, bog lines and
zones of heavy plant growth. Their direction coincides with the
direction of the aforementioned shear zones. The only really
clear line from the study area runs in a north-south direction

Figure 4-4. Diagram showing the direction of 448 steep fractures within the soudy area at Finnsid

Lake. The fractures ave irregularly oriented in widely varying directions. (Bedrock Bureau, Geo-

logical Survey of Sweden).
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and exhibits a "horsetail” towards the south. In order to gain
further knowledge of the structure of the rock, the area has been
covered by geophysical measurements and examined by weans of
drilling. :

Geophysical ground measurements

An area nearly 2 kmz in size has been surveyed with a magnetomet-
er and an electromagnetic method (slingram). These magnetic mea-
surements do not indicate any distinctive structures, The sling-
ram measurement shows that there is one distinct zone of higher
electrical conductivity. It is located in the southerm half of
the area and runs with some interruptions from near its western
edge for aporoximately 500 metres in an easterly direction and
seems to ccincide with the photogeologically most clearly indi~
cated east-west line within the area. Other lines have not given
any magnetic loop indications.

Drillings

Finnsjd 1 Core Borehole ~ length 500 m, diameter 55 mm - sunk
vertically in good rock, approx. 50 m from the interpolated core
line for the electrically conductive zone indicated by slingram
measurement.

In brief, the borehole shows that the bedrock is uniform and con-
sists of granodiorite with insignificant variations down to a
depth of 500 m. It contains insignificant pockets of isolated,
thin pegmatites and metabasites. Below 85 m, the fissure content
of the rock is low. More high-fissured zones are found in the
sections 214~228 m, 336-362 m and more generally between 432 and
500 m. To a great extent, the fissures are filled with chlorite,
quartz (Si0,) and calcite (CalD,). The zones of disturbance ex~
hibit a genéral transformation with reddish coloration of the
feldspars,

The permeability of the rock is low, around 10 3 m/s or lower.
Higher values are found in the surface layer and below 432 m,
where a slight increase is noted in connection with a rising
fissure content and chlorite content. This is probably connected
with the fact that the borehole at this point approaches an
electrically conductive zone, as indicated by slingram measure-
ment from the surface. Permeability and RQD diagrams are shown in
fig. 4-6. .

Finnsjd 2 Core Borehole - diameter 56 mm, length 698 m, depth
approX. 525 m = sunk at a 50° angle towards N20°W. It is situated
at the western edge of the survey area and crosgses the eastwest
fracture zones, including the extention of the electrical disture
bance zone towards the west. ln this way, information is obtained
on the boundary of the low-fissured central bedrock blocks to-
wards Finnsjd Lake. At the far north, the hole was also expected
to contact the southern branches of the major zone of disturbance
which runs through the measuring area in a northeasterly direc~
tion without giving rise to any electrical indications.

Bedrock conditions in this borehole are very similar to those in
borehole 1. Between 36 and 110 m, however, there is a general
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Figure 4 7. Diagram of rock permeability in core borehole 2 at Finnsio Lake. ‘The borehole was
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fissuring which is accompanied by reddish colouration and the
formation of chlorite, calcite and quartz - both in the rock and

- as crack filler. Between 102.6 and 103.6 m, a lamellar chlorite

dyke containing some smectite was found, which caused both core
and water losses. The dyke was followed by a zone of intensive
crushing. This location coincides well with a vertical projectien
of the extension of the electrical disturbance zone and the
corresponding photogeologically indicated fracture zone.

At 688 m, a crush zone which was filled with a finegrained crush
product between 688 4 and 688.9 m was drilled into at an acute
angle (approx. 20°). The material from this 50 cm~wide zone fill-~
ed 4.5 m of the core tube. This remarkable increase in volume in-
dicates the presence of swelling clay minerals which have a low
water content to start with and begin to swell when they come in-
to contact with the flush water and the groundwater which
collects in the borehole. A corresponding "dry" filler, also in
the north-easterly main zone, would explain why no electrical in=~
dication of this zone was obtained., Alternatively, this zone may
be composed of mylonite.

The borehole was stopped at 698 m (apnrox. 525 m vertical depth),
still in broken rock. Between 110 and 680 m the bore core con~
sists of predominantly good rock. Those cracks which do occur zre
largely filled with chlorite. calcite, quartz and pnrehnite,
which, like the conditions in the Finnsjs 1 borehole, prov1de
good imperviousness (see fig. 4=7).

Samples of granodiorite and the chlorite dyke at a depth of 103 m
and the crushed material from 688.4 m have been examined vy means
of X~ray diffraction in order to determine what minerals the
groundwater is in contact with. The results show that the rock
has some illite, that the chlorite dyke contains smectite and
perhaps some mixed strata mineral and that the crushed material
contains swelling minerals of the mixed strata type. This means
that both the rock and the disturbance zones contain ion-exchang-
ing minerals and that the disturbance zones contain swelling mi-
nerals which can have some self-sealing effect.

Finnsj& 3 Core Borehole ~ diameter 56 mm, length 700 m, depth

55C m -~ sunk at a 500 angle towards the south at the eastern edge
of the survey area in order to obtain information on its rela-
tively highly fissured border zone towards the fault valley in
the east., The rock here is also uniformly granodioritic, but is
more intensively fractured and therefore exhibits reddish co-
loration and an elevated quartz content. Here as well, the
fissures are filled to a large extent with minerals. Despite many

. small fracture and crush zones, no large dyke zones have been

encounter. i here.

Due to the angle of the borehole towards the fault valley, its
distance to the valley increases with increasing depth, The re~
sults obtained so far indicate that the zone of impaired rock
quality extends some 300 m in from the valley side, It is warth
nothing that all boreholes in the Finnsj# area have shown that
the zones of disturbance are surrounded by reddish~colour rock
with mineral-filled cracks. This means that when a rock reposi-~
tory is bdeing planned and built, warning will be obtained in
plenty of time that on2 is approaching such zones. Virtually no
core logses were recorded in connection with drilling through
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these zones. Nor are they expected to give rise to any special

petrological problems.

KRAKEMALA AREA

Location and topography

The study area in Krikem2la is located appreximately 7.5 km NNW
of the Oskarshamn nuclear power plant at Simpevarp and approx.
1.5 km NW of the village of Xr3kem3la between the Baltic Sea and
Lake Cdtemaren (see fig. 4~8).

The Krikemila area is located near the transition between the
subcambrian peneplain along the Baltic coast in the south and the
fractured countryside which characterizes the cvastal regions of
northern Smiland and Ostergstland. The countryside is characte~
rized by flat landscape broken by pronounced fracture valleys
running primarily in north~south, east-west and northwest direc~
tions (see fig. 4-9). -

The study area comprises the eastern portion of a local watershed
between the Balric Sea and Lake G&temaren, whose average water
level is only 1 metre above sea level. The nearly horizontal
surface of the area falls from 20 m above sea level in the west
to 15 m in the east, where it is bounded by a north-west fraccure
valley with a pass point about 10 m above sea lzvel between
Bussviken Bay (in the Baltie) and the outlet of Lake GStemaren.
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The -fracture valley is partially filled with sand and gravel.
deposits. The bottoms of some very small gravel pits reach the
local watertable. The soil cover is generally thin and large
areas consist of exposed rock.

Bedrock conditions

For an overall picture of bedrock conditions in the area, see the
geological map-sheet for Oskarshamn /4-10/. The region is com~
posed of Smiland granites while the actual study area is located
within the GStemar massif - a body of young granite, the Gitemar
granite, with a circular outcropping about 9 km in diameter. Its
age ha2s been determined at about 1 380 million years /ARberg

4-11/. The massif was recently described by Kresten and Chyssler
/4=12/.

The G3temar granite is composed of four subtypes which occur in
different parts of the massif and which differ primarily with
respect to grain size,

A coarse-grained red granite with a grain size of around 15 mm
dominates in the study area. This granite consists orimarily of
microcline (60~757), quartz (20-351), biotite and accessory mi=
nerals. In the western part of the area, it borders on medium-
grained granite with a grain size of less than 10 mm, often some-
what lighter and muscovitebearing but otherwise of nearly identi-
cal composition. Chemical analyses of the rocks in the Kridkemidla
area are reported in table 4-3.-

Flat, horizontal bodies ofipegmatite in which the grain size can
reach around 10 cm are encountered frequently in both types of
granite, They are seldom more than 0.5 cm thick and a metre or so
long.

The general pattern of fractures in the region has been analyzed
by Asklund /413/ and Nordenskjsld /4-14/.

The Gitemar massif is very uniform with respect to tock struc-
ture. It exhibits four pronounced fracture directions. Stecp ver-
tical cracks parallel Lo the circumference of the massif make up
a concentric pattern which is complemented by a radial system
which, together with the concentric set, produce a very regular,
nearly perpendicular patterm of fractures in each local section
(9ee fig. 4-10 and 4~11). In addition to these, there are dia-
gonal fractures and widely dispersed, nearly horizontal fractures
areas which are 3130 responsible for the flat rock surface within
the study area. The varicus types of granite in the massif are
characterized by varying fissure density (see fig. 4-12). The
coarse granite especially is of unusually low fissure content at
the surface, which was one of the reasons for choosing this study
area. ‘

The same fracture pattern recurs in the surrounding Smiland gra-
nite, where it is filled with granite and pegmatite veins which
are associated with the G¥temar granite. This, along with the de-
posits of primary minerals such as muscovite on the fracture sur—
faces, show that these cracks belong to a late phase in the for—
mation of the Gitemar granite and are therefore just as old,
wvhile more recent deformation is of much less importance.

——
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4.4.3

Gotemaren

Figure 410. Diagram showing the direction of 327 steep fracrures within the study erea at
Krdkemdia. The cracks are regulorly oriented and deviate little in terms divection. (Bedrock
Buresu, Geological Survey of Sweden).

An early tensional event with a probable age of around 1 200
miliion years is represented by a diabase vein which cuts through
the granite in a NNW direction. East-west fractures, which are
undeformed and filled with sandstone of precambrian age, indicate
the proximity of the subcambrian peneplain.

More recent post-Cambrian mpvements can be discerned locally.
These include the north-soggh fault which runs through the massif
approximately 5 km west offthe study area. The east-~west fault at
Ménsterds, which constitutes the northern limit of the precambri-
an sandstone there, can be seen at a greater distance.

Geophysical ground measurements

Two square kilometers within the Krikemila area were previously

surveyed magnetically, electrically and seiswmically by Eriksson
/4~15/ on commission from PRAV. The measurements showed, in
agreement with the fracture pattern, that the coarse Gitemar gra-
nite possesses very low electrical conductivity, but is subdivid-
ed into blocks bounded by zones of higher conductivity. The elas-
tic properties of the rock were determined seismically. The
following values were obtained: modules of elasticity 45-55 GPa,
imodules of shear 22.18 GPa, Poisson’'s ratio 0.25.
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Figure 4-11. Joint map of stone quarry north of Krdkemidle (location, e figure 4-12). It
illustrares the regular patrtern of cracks. SS marks cracks filled with $50 milion-yearoid
Cambrien sndstome. | Bedrock Buresu, Geologicel Survey of Sweden).

e K1, K2, K3 Borsholes
o Quarry .
—— Roed
~—— Profile
(977 Fine-grained granite, meen joimt macing < 5dm
[ZZ] Medinn-grained granite, mesn joint spacing 5- 10 dmy
£33 Coers-grained granite, meen joim spacing 1-5 m

Figure 412 Map of stredy ares at Krdkemdla showing the waristions in the grain sice of the
gromite. The I core boreholes are marked. The memn joint spacing in the different types of
grenite varies berween (.5 snd 5 m. {Bedrock Burees, Geologicsl Survey of Sweden),
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Table 4-3, Chemical composition of the rock in the Krikemila
area, after Kresten and Chyssler, 1976.
1z 3 4 s 6 7 8 9 10 1 12 13

SiO2 13.2 M1.9 75.9 72,2 72,6 76,1 76,4 71,7 74.9 73.8 733} 76.1 67.1
Tioz 0.41 0.42 0.15 0.36 0.3 0.08 0.13 0.05 0.13 0.07 0.26 0.14 0.80
AXZOJ 13.7 13.8 12,6 13.2 122 12.6 14.8 15.9 12.7 14.3 13.0 12.5 14.5
l‘e203 0.8 0.9 0.1 0.8 0.7 <0.1 0.1 -0,1 0.2 0.1 0.5 0.1 1.5
FeQ 0.6 0.9 0.5 o0.8 1.t 03 0.1 0.3 0.6 0.3 0.8 0.4 2.3
o 0.04 0.06 0.03 90.03 0.05 0.02 0.01 0.18 0.07 0.06 0.04 0.04 0.07
MgO 1.2 1.2 08 1.3 1.2 0.5 0.3 0.10 0.6 0.10 1.1 0.5 1.1
Ca0 0.6 0.6 0.08 0.33 0.36 .02 0.2 0.02 0.08 0.4 0.25 0.06 1.9
Na,0 137 e )7 36 A2 2.9 61 39 4D 3LS 40 3.1
K20 4,3 5.3 5.0 5.1 S.1 A4 41 4O 46 5.2 5.1 4.5 5.1
H200 - - 0.4 0.4 0.3 0.3 -~ 0.3 0.5 0.3 0.3 0.2 0.6
H20~ - - 0.1 0.1 0.1 <0.1 = <0,1 0.1 0.1 0.1 <0.1 0.1
PZOS - - 0.01 0.08 0.07 <0.01 -  <0.01 0,02 <0.01 0.05 0.01 0.22
CDZ - - 0.03 0.01 0.11 0.04 =~ 0.03 0.03 0.02 0.19 0.01 0.12
F 0.49 0.56 0.56 0.59 0.51 0.)1 0.06 0.41 0.5% 0.2& 0.51 0.32 0.18
S - - <0.02 «0.02 <0.02 <0.02 ~ <0.02 <0.02 <0.02 <0.02 <0.02 0.04
820 0.08 0.08 0.02 0.08 0.08 0.01 0,02 <0.0f 0.01 0.01 0.0% 0;01 0.13
Sum 98.32 99.32 99.78 99.11 99.26 98.88 97.02 99.09 98.99 99.20 99.05 98.99 98.86
=G for

F, § 0,21 0.24 0.24 0.25 0.2%1 0.13 0.03 0.17 0.23 0.10 0.21 0.13 0.09
Total 98.11 99.08 99.54 98.86 99.05 98.75 96.99 98.92 98.76 99.10 98.84 98.86 98.77
Norm: .
Q 5.7 27.2 "33.7 29.1 29.8 32.9 40.0 19.4 32.9 28.1 31.7 33.7 26.9
Ab 28.7 33.7 32.9 34.0 J33.0 38.4 27.1 54.8 35.9 36,5 32.1 36.6 26.6
Or 23.3 29.0 27.3 27.6 27.3 25.0 24.5 22.8 25.9 30.7 27.7 25.6 126.8
An 30 30 0.2 1.2 1.3 0.1 110 0.1 0,2 2.0 0.9 0.2 6.8
Bi 4.6 4.3 3.7 5.2 5.6 2.4 1.1 1.3 3.2 0.9 49 2.4 6.0

1. GUT 11 Coarse~grained granite, 2. GUT 24 Coarse~grained gra-
nite. 3, SL31A Coarse-grained granite. 4. GG 14 Coarse-grained
granite. 5. GG J Coarse-grained granite. 6. GG 8 Medium-grained
granite. 7. GUT 26 Medium~grained granite, pale pinkish. 8. SL363
Fine= to medium~grained granite, white, with garnet and topaz.

9, SL1A Fine-grained granite, porphyritic. 10. G4a Mediumgrained

granite. 11. GG 2 Granite porphyry, dyke north of the massif.

12. GG 7 Porphyritic granite, eastern margin of the massif,
13. GG 1 Smiland granite, reddish grey, porphyritic variety.
Wall-rock to the north. -

e p—— P2




4.4.4

29

Drilling

The first hole was drilled in order to determine whether the fun~
damental characteristics of the rock as regards vertical extent
and uniformity vere suitable. When this was found to be the case,
further holes were drilled. Borehole 2 illuminates the western
boundary of the low-fissued, coarse-grained granite, where the
medium-grained granite begins. Borehole 3 runs through the border
zone of the study area towards the fracture valley which consti-
tutes its boundary towards the east,

Krikemila 1 Core Borehole = diameter 56 mm, length 504.65 m - was
sunk vertxcally in good rock and runs throughout nearly its en-
tire length through uniform, coarse-grained, red massive granite.
There are, however, five bands of fine-grained aplitic granite
with a combined thickness of 12.2 m. Coarse—-grained granite thus
comprises 97.6% of the core. At a depth of between 60 and 76 m,
the granite exhibits scattered grains of pyrite and molybdenitae.

The disiribution of fractures is depicted by the RQD diagrams =~
see fig. 4~-13. The majority corisist of fresh fractures straight
through the born core, and many were created during drilling.

The water 1n3ect1on tests show that the permeability of the rock
down to 50 m is distributed around 107 m/s (see fig. 4~-13),
while a clear division into high and low valués is found at the
deeper levels, The high values here are also around 10~7 m/s,
while the low values are at or below the measuring limit, i.e. no
water loss could be measured by means of the equipment which was
used. Thig means that the permeability of the rock is less than
1.9 x 10”9 m/s at a pressure of 0.2 MPa and less than 8 x 10-i0
m/s at a pressure of 0.6 MPa. Only four 2-metre sections along
the entire secticn between 320 and 496 m exhibited measurable
water loss. These sections contain smooth, deposit-filled frac=~
tures while the sections containing the more common fresh cracks
do not give rise to any measurable water loss.

The fractures in the G3temar granite exhibit varying mineral con-
tent. Sample scrapings from the walls of the cracks in the bore
core from Krikemdla 1 were therefore subjected to closer study.
Aside from the usual minerals in the granite and general crack
minerals such as chlorite and calcite, the cracks also contained
sulphur pyrite and lead glanre as well as fluorspar, kaolinite
and smectite. Kaolinite was found with certainty in only a single
sample near the surface, while smectite was found in four samples
down to 326 m, although in little quantity.

Krikemila 2 Core Borehole ~ diameter 56 mm, length 604.8 m ~ was
sunk vert1cnlly in good rock near the western boundary of the
coarse-grained red granite. This is reflected in the core by many
(25) bands of fine-grained granite, which together constitute 147
of the entire length of the core, and a generally higher fissure
content - see fig. 4-14. This borehole also exhibits gnod imper—
viousness between 330 and 495 m, with values for water loss which
lie below the measuring limit. At greater depths, fissure content
increases again. It is therefore realistic to assume that this
borehole marks the western boundary of the volume of rock vhxch
is suitable for housing a rock repository.

L
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Figure 413. Diagram of rock permeability (r@r} and fissure content expressed as RQD factor
{left) in core borehole | at Krdkemila. { Bedrock Bureau, Geological Survey of Sweden )
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Krikemila 3 Core Borehole = dxameter 56 mm, length 760 =, depth

approx. S60 m - was sunk with a 50° angle towards the WNW in good
rock on Solberget, which is a low~fissured rib between two northe
westerly fracture valleys east of the geophysically studied area.
Bedrock conditiong in this borehole are very similar to those in
Krikemdla 1. Despite the frequency of fissures and narrow crush
zones in the upper parts, the fissure content of the rock de~
creases with depth. This indicates that fissuring of the rock
around the topographlcally promlnent valleys in the Krikemila
area is limited.

OTHER AREAS

xv:a

Avrd is located 1.5 km north of Simpevarp, and most of the land
belongs to Oskarshamns Kraftgrupps AB (see fig., 4-8). Topographi~-
cally, it is an island with many small fracture valleys. The bed-~
rock consists of red to grey, mediumgrained and unstratified to
weakly gnexssxc Smiland granite. An eastwest steep diabase was
observed in one exposed rock slab. ceophysxcal measurements indi-~
cate that the entire area is divided into blocks with interven-
ing, slightly electrically conductive zones. A seismic study re-
vealed the following data: modulus of elasticity 25-43 GPa, modu~
lus of shear 10-17 GPa, Poisson's ratio 0.25.

Xvrd 1 Core Borehole - diameter 56 mm, length 502.2 m ~ was simk
vertically in good rock in an area of high resistivity. The core
shows red granite, which, despite considerable fissure content,
has permeabilities below 10~7 m/s. Diabase was encountered in
four sections, but the lengths of the sections are probably much
greater than the thicknesses of the diabases, due to their steep
angles. Below 400 m, the granite in this borehole is heavily
crushed and highly permeable. The studies were therefore not
carried to completion.

Bussvik

Bussvik Bay is located 4.5 km northwest of Simpevarp (see fig.
4~8) and was only studied geologically and seismically from the
surface. The area is characterized by large, relatively low~
fissured surface slabs of Smiland granite. Good seismic values
wvere measured: modulus of elasticity 50-60 GPa, modulus of shear
20~24 GPa, Poisson's ratio 0.25. No drillings have yet been
carried out in Bussvik.

Forsmark

Forsmark is located about 3.5 km west of the Forsmark nuclear
power plant (see fig. 4—3) and within an area around the pover
plant which has been surveyed by means of geophysical aerial mea-
surements. Surface geology and geophysical measurements indicate
that the area comprises a single coherent bedrock block with high
resistivity and a low fracture frequency. The bedrock is composed
of mediunr-grained, weakly gneissic grey quartz diorite, which
borders on leptitic gneiss on the south with a northwesterly

Wrare
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strike. The leptite is partially folded and has s predominantly
northeasterly dip. :

Forsmark 1 Core Baorehole ~ diameter 56 mm, length 478.3 m ~ was

sunk vertically in good rock. Down to 219 m, the hole runs
through a rather low~fissured diorite with a varying content of
hormblende and biotite, and occasional layers (2 m thick) of peg-
matite and aplite. At increasing depth, a nearly horizontal band-
ing becomes increasingly pronounced, and below 375 m, banded,
light, partially leptitic gneisses predominate. At the same time,
the quality of the rock deteriorates considerably. Drilling was
therefore terminated at. 478.3 m. The drilling results indicate
that the study area describes a U-shaped convolution and that the
diorite is not sufficiently deep. The area must therefore be re-—
garded as less suitable for a deep rock repository.
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GROUNDWATER CONDITIONS

GROUNDWATER HYDROLOGY

Radioactive waste which is stirea deep down in the bedrock can be
dispersed only via the groundwater. The magnitude of the ground-
water flow in the areas under consideration, as well as its velo-
city, retention time and pattern of movement, are therefore of
great interest.

The metallic or ceramic material which is used to encapsulate the -

waste can be subjected to corrosion attack when it comes into
contact with the groundwater. The nature and rate of the corro-
sion attack depend upon the chemical composition of the ground-
water, which is therefore another crucial factor.

Permeability of the bedrock

Ag was related in chapter 4, the permeability of the bedrock was
measured in a number of boreholes in 2 m (in some cases 3 m) long
sections from the surface of the rock to the bottom of the bore-
hole., The results can be summarized as follows.

The upper part of the bedrock, which may extend dawa to a death
of anywhere between 20-30 and a few hundred metres, is often
characterized by relatively high permeability, owing to an ex-
tensive and coherent network of fissures. The upper sections of
the bedrock correspond most closely to the model for fissured
rock developed by Snow /5-1/ on the basis of a large number of
drillings and permeability determinations down to a depth of 100
m. With increasing depth, the abundance of sections of very low
permeability increases, and there is a transition to conditioms
characterized by large formations of predominantly impervious
rock, interrupted by narrower wate-—bearing fracture zones. The
lower sections therefore exhibit the conditions for crystalline
rocks at great depth described by Webster et al. /5-2/.

Most of the groundwater flow in the bedrock takes place in the
upper part of the rock, where permeability is often between 10~3
and 1077 m/s. Hydraulic coherence in this section is generally
good, which gives rise to a continuous and level water table./see
Larsson et al. 5~3/.

A smaller portion of the groundwater flows through the deeper
part of the bedrsek, where its movement is for the most part re~
stricted to certain water-bearing zones. Water—bearing zones of
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high saturation have been found in Swedish mines down to a depth
of 900 m. Intervening sec:i?us of rock have a permeability of
less than 10”2 m/s. 5 x 10~!! w/s has been measured in the gra=-
nite at Stripa /5-4/. Hydraulic coherence between the individual
fissures at great depth appears to be severely restricted, as is
evidenced by the fact that no measurable water flow was found in
sections where both the drill core and TV examination indicate
the existence of fissures. Considerable differences in the chemi=-
cal composition and age of the water alsc indicate that hydravlic
coherence between the waterbearing zones in the same boreholes
can be limited at these depths. But there is always some hydraul-
ic coherence via the more permeable upper part of the bedrock.

Groundwater flow

The rate of groundwater flow is determined by the profile of the
water table, the permeability of the bedrock and depth below the
water table. The water table follows the contours of the land-
scape, with some smoothing-out.

In order to calculate the groundwater flow, a large number of
two-dimensional models with different water table profiles and
permeability conditions have been simulated by means of special
computer programs /5-4, 5-5/. Figure 5-1 shows the groundwater
flow underneath an island, from its centre outwards. The calcula-
tion is based on the fact that permeability is known near the
surface and decreases with depth in a regular manner. This dia-
gram has been used as a model for the Karlshamn area, which is
situated on a peninsula. At a depth of 500 m, a subsurface per-
meability of 1077 m/s and a water table slope of 0.05, a flow of
about 0.2 litres per»m2 and year is obtained.

Figure 5-2 shows the groundwater flow underneath a kilometre-long
slope. In the calculation, it is assumed that permeability does
not vary with depth, which leads to groundwater flows down to
great depths. This model has been applied to the areas at Finnsjd
Lake and Krakemdla. For the Finnsid area, a flow of 0.1 litres
per m and gear is obtained at a depth of 500 m, with a permeabi-
lity of 1077 m/s and a water table sloge of 0.008. For the Krike-
miia1 area, a flow of 0.15 litres per m¢ and year is obtained at
the same depth and permeability with a water table slope of
0.012.

The flow values calculated above are probably wuch higher than

the actual values, since the average permeability of the rock is
lower than the value of 10~9, which was the measurability limit.

The pattern of groundwater flow

The path of the groundwater through the bedrock can be illustrat-
ed by means of the same type of diagram as is shown in figures
5-1 and 5-2, provided the calculations are adjusted to the actual
elevations within a given area. For two-dimensional calculations,
it is assumed that slopes and other landscape contours are ori-
ented perpendicular to the plane of the figure and extend far in
this direction. In order to be realistic, the calculations must
be made with regard to a plane which is perpendicular to the di-
rection of the dominant valley. Furthermore, the permeability of

-
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Figure 5-1. Diagram of the caiculated groundwater flow under an island from the centre our-
wards, The height and length scales are in metres. The top chart shows lines for equal flow
expressed in 10— 9 m3/s and a cross-s.c tionai area of | m2. The lower chart which shows flow
lines and equipotential lines, assumes an impenetrable bottom surface at a depth of 1000 metres
and a su cial permeability of | o9 m/s. Permeuability then decreases exponentiaily to

5. 1079 m/x at a depth of 1000 metres [5-5/.

the rock within the area must be assumed to be constant or change
with depth in a regular manner. The influence of individual zones
of higher permeability, which are responsible for much of the
flow in the deeper parts of the bedrock, can therefore not be
simulated by the model. By varying the assumptions for the
calcvlations and thereby distributing the effects of the indivi-
dual zones over greater volumes, it is neverthele<s possible to
shed light upon the general flow conditions. This has been done
for the Finnsjé area (see fig. 5-3 and 5-4),

The diagrams show, as was already known, that the groundwater
flows downward into the bedrock in elevated areas, after which it
turns and flows upward again towards lavge adjoining valley
floors, where it can reach the surface at points of groundwater
inflow into waterways. The influence of terrain features often
extends down to depths of several thousand metres. The longer the
slcpes are, the deeper their influence reaches. The surface areas
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Figure 5-2. Diagrem of calculated groundwater flow under a slope. The height and length scales
are in merres. The top char: shows lines for equal flow expressed in 10~° m3/s and a crosy
sectional area of 1 m2. The lower chart shows flow lines and equipotential lines. No botrom
surface at a finite depth is assurned in this case. Permeability is constant at | g% m/s. /5-5/.

where groundwater from great depth issues are small, and the up-
flow i3 accompanied by a very heavy dilution of the groundwater.

Ore consequence of these general conditions is that the ground=-
water movements in an area lacking extensive, flat aquifers are
divided into smaller flow cells and that groundwater transport is
predominantly of a local character. This pattern becomes more
pronounced if the valleys follow fracture zomes ia the bedrock
where permeability is higk.

The diagrams for the Finns)d area show that the flow there is di-
rected towards Finnsjd Lake and towards a valley approximately
2.5 km ncrtheast of the lake. There is probably alsoc some upward
flow in the fault valley which borders on the study area towards
the northeast. No cold springs have been found here or in other
parts of the area, which indicates that none of the deep ground-
water reaches up to the surface. The groundwater should therefore
frllow roughly the pattern iliustrated by the diagram.
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Figure 5-3. Diagram of groundwater flow pattern in a noriseasterly section through the irea at Finnsjo. An impenetrable bottom surface at
finite depth is not assumed in this case. Permeability is assumed 10 decline by 507 fur every 100 metres. The flow lines are chusen so that the
flow decreases with depth by a facior of 10 000 between two flow lines. /5-5/.
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3.1.4

Figure 54. Detail from figure 5-3. The flow lines are chosen so that the groundwarer flow de
creases with depth by a factor of 10 between two flow lines. A marks Finnsid Lake, B marks the
groundwater divide, C marks a fauit valley, ard D marks the outflow area. The repository is
marked with & heavy line under B. Note that the groundwater flows through the repository in e
downrwerd direction and does not reach above & depth of 500 metres until it reaches the outflow
areas. {The figure was taken from [5-5/, but the repository is shown in amother position ).

Dilution effects

The diagram in figure 5-4 can serve as a hasis for an assesswent
of the dilution of the groundwater which could come into contact
with the waste canisters in a rock repository in the Finnsj3
area. Assume that the repository is located at & depth of 500
metres in the middle of the dowrward groundwater flow at pnint. B
in the figure. The repository containsg 9 000 canisters with a
length of 1.8 m and a diameter of 0.4 m. The cross-sectional area
of a canister is thus 0.7 m?. The flows to Finnsj3 Lake and
towards the northeast each come into contact with half of the
number of canisters, with an area of about 3 000 mZ, and amount
to 3 000 x 0,1 = 300 litres per year.

As is evident from the diagram, the flow at the repository is in
a downward direction and then remains for the most part at a
depth greater than 500 m, until it swings upward undermeath
Finngjd Lake (A in figure 5~4) and under the valley in the
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northeast (D in flgure 5=4), It is thun out of reach of normal
rock wells along its path.

In Finnsjd Lake, the groundwater is diluted by surface runoff and
groundwater from the Finnsjs catchment area, which is about 100
km?. With an annual precipitation of SSOIMD and an evaporation of
300 ma, a total water volume of 2.5 x 107 m3 is obtained. As was
mentioned above, a groundwater flow of max. 300 litres per year
is expected to come into contact with the waste canisters and
then flow into Finnsj8 Lake. Its dilution there will then be
approximately 1 part in 8 x 10/,

A similar dilution of the water from a catchment arca of 10 knz
takes place under the valley at D. The dilution is then 1 part in
8x1

As regards the fault which borders the Finnsjd area towards the
northeast at C in figure 54, it is conservatively assumed that
an upward flow takes place, It is even more conservatively assum-
ed rhat this upward flow is so heavy that it leads to a complete
and thorough mixing of the groundwater down to the level of the
fina) repository. Dilution takes place by the groundwster from an
infiltration area of 2 kmZ, whose volume is calculated to be

0.5 x 106 m3. Runoff within the area is regarded as negligible.
The dilution ratio is then about 1 part in 1.7 x 106, which
applies to the water which may be taken out from a rock well. If
the upward flow does not reach the surface and mixing of the
groundwater in the fault zone is incomplete, the well will tend
to be filled by groundwater closer to the surface which has not
been in contact with the waste. The dilution ratio will then be
conaiderably greater.

Effects of vaste heat generation

Calculations have also been carried out in order to elucidate the
effect of the upward flow over a rock repository which may be
caused by the heat generated by the waire during the early phase
of the storage period. In agreement with previ-us American esti-
mates by the National Academy of Science /5-6/, this factor has
been shown to give rise to an insignificant perturbation of the
prevailing pattern of flow in the vicinity of the rock reposito-
TYy.

Lowering and recharging gi the aquifer

The effects of the drainage pumping of a rock repository during
the construction and deposition phases have also been investigat-
ed /5-4, 5-7/. These calculations are of importance for future
planning and engineering design work. The recharge time for the
aquifer around the final repository, after it has been sealed,
can be expected to be lengthy on the basis of experience from
abandoned mines, During this period, there can be no outflow from
the area.

oy
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Short-term variations 12_525 groundvwater level

A review of the literature and Swedish studies of short-term va~=

riations in the groundwater level has been carried out /5-8/, It

shows that the groundwater level in the Swedish bedrock exhibits
certain short-term variations which occur without the water con=
tent of the rock changing. The level is affected by such factors
as tidal movements in the bedrock due to the influence of the sun
and the moon and changes in air pressure. Severe earthquakes at
distant points on the globe, for example off Portugal and in
Japan, also affect the groundwater level. All of these variations

‘are small in comparison with seasonal and precipitational varia-

tions and no effects with any appreciable bearing on the condi-~
tions in and around a rock repository have been found.

Groundwater age

The time during which the groundwater resides in the bedrock is
of importance in view of the natural decay of the radioactive
elements and their retardation and retention by the rock. In the
same rock volume, the residence time for the water is least in
the larger, water-bearing fracture zones. In the intervening bed-
vock blocks of low permeability, the residence time is many times
greater., Regsidence time in the fracture zone was ascertained by
means of age determinations carried out on vater samples from the
boreholes,

Age determinations on water samples were carried out using the
carbon 14 method, which tells how much time has passed since the
water became isolated from the atmosphere. Four water samples
from the borehole in Krikemila have been studied thus far.

70 litres of water are required for each det=rmination, as a re-

sult of which samples could only be obtained from zones with high
water flow. '

Two samples from depths of 291 and 510 m in borehole No, 2 gave
ages of 4 400 and &4 275 years respectively. Two samples from 407
and 493 m in borehole No, 1 gave 11 055 and 8 205 years, respec=
tively. The determinations were carried out by the laboratory for
radioactive dating. Correction for exchange with carbonate mine~
ral was made on the basis of carbon=13 content.

The analytic uncertainty inherent in these determinations is -
about *100 years. However, larger errors in the age determina-
tions may result from various measures undertaken in the bore=
holes prior to sampling. During drilling, large quantities of
"younger"” surface water were pumped down into the holes for
flushing purposes, and heavy draiage pumping was carried out pri-
or to sampling. These disturbing influences resulted in water of
different ages being mixed, presumably resulting in age underes-
timations. Judging from the chemical composition of the water
samples, the sample of the highest age is the one which is least
disturbed by surface water.

The difference between the results 4 275 and 4 400 years is
within the analytical error limits, The differences between the
age results of 4 000 years on the one hand and 8 000 and 11 000
years on the other can probably be explanined by the different
positions and permeability conditions of the boreholes, insofar
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" as they are not the result of the nfortmgntioﬁcd disturbances.

Borehole No. 1 is located on a nearly horizontal plateau-like
part of the study area = not far from the fracture valley vhich
comprises the boundary of the area on the northeast. The water
table is therefore nearly level. And since the core from this
borehole shows a large portion of impervious rock, the rate of
groundwater flow is low, the residence time of the water long and
its age high. The differences between the agea and compositions
of the water samples from the fissures in this hole clearly show
that the fissures have little hydraulic coherence.

Borehole No. 2 in Krikem#la is located closer to the local water
divide between Lake GStemaren and the Baltic Sea, and the water
table here is located about 10 m below the surface of the ground.
This would indicate that the groundwater here is flowing down~
wvard, vhich, together with the predominantly higher permeability
of the rock, could explain the lower age of the water.

The Krikemdla area is certainly not an exceptional case with
respect to groundwater age. The general groundvater turnover rate
here ig, in fact, probably higher than in the ather two study
areas. Only a few age determinations on groundwater from great
depths in the bedrock from other locations are known. One age de-
termination of 4 010 years on mixed water from a depth of 136 m
from a well in zne bedrock in Finland /Donner and Jungner, 5-%/,
and another determination of 9 785 years on a mixed water from a
depth of about 300 m at Storjuktan carried out by the Geological
Survey of Sweden on behalf of the National Council for Radiocac~
tive Waste Management, show that the age determinations from Kri-
kemdla are not exceptional. The sampling conditions in both of
these cases were slightly different, but mixture with younger va-
ter should have led to underestimations of age.

The age determinations show that it takes at least 11 000 years
for the wvater to travel from the inflow area to one of the samp-
ling points in the Krdkemila 1 borehole. Since the dated sample
was taken from a water-bearing fissure at a depth of about 400 m,
it may be concluided that groundwater which passes through a deep
rock repository located in the inflow area in a rock formation of
low permeability should require even more time to return to the
surface.

The residence time of the groundwater in the rock has been calcu~
lated for a number of typical cases with the aid of the flow mo-
dels mentioned previously., The results vary videly, however, de-
pending on the choice of conditions. As a rule, the calculated
residence times are lower than the ages determined by means of
the carbon 14 method. This is due, among other things, to the
fact that the measured permeability values which wers used in the
calculations are higher than the actual values, and that their
directional dependence, as well as the hydraulic factors which
prevail at great depth, are not yet sufficiently well understood.

GROUNDWATER COMPOSITION

The chemical composition of the groundwater plays a decisive role
in determining the durability of the waste and encapsulation ma-
terials and in determining the ability of the bedrock to retard
and retain the waste substances. The decisive factor which deter—
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mines the composition of the groundwater is the fact that it is
in long-term contact with the minerals in the bedrock, which are
s0lid phases of relatively constant composition. The fissure-
filling minerals are especially important in this connection.
This contact results in chemical equilibriums which give rise to
a given groundwater composition, regardless of local or random
disturbances /Garrels 5~10, Eriksson and Khunakasem 5-11, Jacks
5-12, Eriksson and Holtan $-13/. An example of such equilibrium
reactions is that groundwater which can locally become acidic
will rapidly return to a pH of around 8 as a result of reactions
with the bedrock. If the water should locally become oxidizing
due to oxygen infusion, this oxygen will quickly be consuwed by
reactions with the bivalent iron prnsent in the rock mineral.
This has been.illustrated by several introductory experiments
perfoimed in the presence of atmospheric oxygen:

- Sarplas from the Finnsj3d area consisting of granodiorite and

chlorite plus crushed material from a crush zone were finely
ground in air and mixed with distilled water with a pH of 5.6 and
a redox potential of Eh + 610 m V. Following centrifugation in
sealed tubes, the Eh of the water dropped to +0.315, +0.267 and
+0.084 m V, respectively, while the pH rose to 8.9, 9.2 and 9.4
respectively.. . .

Groundwater analyses from rock wells in Sweden have not been sys~
tematically compared. But an extensive body of data is available
from Fir.land, which has the same type of bedrock and groundwater
as ‘Sweden. Laakso /5~14/ reviews these data, which specify mean
concentrations and ranges of variation for most of the principal
substancas in water from some 1 100 analyses of samples taken all
over Finland, and Lahermo /5-15/ presents a selection from the
coastal region of southeastern Finland. However, these data gene-
rally apply to shallow wells. The only analyses of water samples
from depths of around 500 m which are available apply to mine
water, which for many reasons cannot be regarded as being repre-
sentative in this context.

Water samples from the boreholes in Krikemila and Forsmark were
analyzed. In Forsmark, samples were taken from a depth of 450 m
by means of an apparatus designed to prevent contact with atmos-
pheric oxygen /5~16/. These analyses show that the oxygen content
of the groundwater is less than 0.01 mg/l (which is the measur-
ability limit) and that all dissolved iron is bivalent, plus that
the water has a sulphide content (in the form of hydrogen sul-
phide) of 5 mg/m.

Table 5-1, which is taken from /5-16/, gives the results of ana-
lyses of water from a number of wells and boreholes in northern
Uppland. The table also indicates the estimated range of varia-
tion of the analysis values,

. ——
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RETARDATION AND RETENTION OF WASTE
SUBSTANCES |

Various sorption effects and other chemical processes generally
lead to a retardation of the substances dissolved in the ground-
vater in relation to the movements of the groundwater. Laboratory
studies and field tests have been conducted in order to shed
light on these factors by Allard /6-1/, Landstrém et al. /6-2/
and Neretnieks /6-3/. The results are generally in agreement with
what is reported in the literature /Burkholder et al. 6=4/.

On the basis of the exberimen:al data, retardation factors can be
calculated for the different subszances /Grundfelt 6-5/.

These and related matters are dealt with in greater detaii in
volume IV, chapter 6.5.

Field tests concerning such retardation effects were conducted at
Studsvik for the National Council on Radioactive Waste Management
(PRAV). In these tests, tracers were injected into boreholes at a
depth of 70 m in fissured rock with heavy water flow and permea-
bilities around 1073 m/s. The groundwater flow was accelerated by
means of pumping in another hole and samples were taken from a
hole detween the injection hole and the pump hole as well as from
the discharge wvater. The transmit time of the water was determin-
ed with the aid of a water tracer. The test confirmed the retar-
dation effect on strontium and cesium.

In a later study, which was commissioned by KBS, the tests were
repeated after the same rock sections had been sealed by means of
bentonite grouting. Bentonite is a commonly occurring natural
mineral many millions of years old consisting primarily of smec-
tite minerals. Smectite occurs frequently as a natural crack
filler in the Swedish bedrock and has also been found at Krikemi-
la and Karlshamm. It is in chemical equilibrium with the ground-
vater and the other minerals in the bedrock /Garrels, 5-10/. The
tests are still in progress, but it can be noted that strontium
added to the water has not yet (after 4 months) arrived at the
metering point located 50 metres from the borehole where it was
injected /Landstrém and Klockars, &-6/. The transit time of the
groundwater over this distance was about 10 hours prior to seal-~
ing.

Certain elements take part in chemical reactions so that they are
retained in the rock. Such a fixation of cesium has bdeen demon-
strated by laboratory expeviments /Levi and Miekely, 6-7/. Other
experimental studies have shown that hydrogen sulphide or mine-
rals containiag bivalent iron can precipitate insciuble uranium
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dioxide from solutions of carbonate complexes of hexavalent
uranium by means of reduction at room temperature /Rafalsky,
Miller, 6-8, 6-9/. Theoretically, the same should occur with plu=
tonium and other transuranium elements.

Many examples of such reactions are found in nature. Thus, ex-
tensive uranium ore deposits have been formed by precipitation in
this manner /Adler, 6~10, Dahl and Hagmaier, 6~11/. In Sweden,
uranium dioxide occurs as fissure filler in the crystalline base-
ment rock in such areas as northern Uppland and at Pleutajokk in
Norrbotten county /Adamek and Wilson, 6-13/. In both of these
cases, the mineral has been retained in the bedrock for more than
1 500 willion years. It has also been shown that naturally formed
transuranium nuclides in the Oklo uranium field at Gabon have not
been dissolved or carried away by the grcundwater /6-14/,
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FUTURE BEDROCK MOVEMENTS

Special studies have been devoted to the question of whether
current rock conditions may significantly deteriorate during the
long period of waste storage in a rock repository due to new
fracturing and future movements in the bedrock. The formation of
new fissures could then lead to higher permeability in the rock.
Future displacements could also cause damage to the vitrified
waste bodies and their canisters. These questions are further
explored below.

ROCK MOVEMENTS AT KARLSHAMN

The exposed rock at the Karlshammn power station provide a good
opportunity for examining the extent of the displacements and
dislocations which have occurred due to fracturing in a selected

area of bedrock, There are recentiy blasted vertical road cuts as

weli as large, smooth and clean sectiong of rock outcrops along
the shore with a combined area of many thousands of square
metres. The bedrock contains numerous slices of light pegmatite.
At points where these slices of light pegmatite are crossed by
fractures, the magnitude of the vertical (in the road cuts) or
“ziizontal (in the shore outcrops) displacement in each individu-
al fracture since the formation of the pegmatite can be measured.
The pegmatites were formed 1.45 . 107 years ago /Welin and Blom—
qvist, 7-1/. ‘

Two independent observers have studied the area. There is no sig-
nificant difference between their reports. The regults are summa-
rized in the following table:

Displacement {(mm) 1 1-~2 -5 5-10 10-20

Number, observer 1 ()2 25 11 5 1
Number, observer 1I 37 16 15 4
Pearcent 51 26 16 6 1

a) Calculated in proportion to the number of cracks exhibiting
major displacement.

The studied areas of rock have been exposed to glacial action
frost bursting and other disintegration processes (blasting in
the road cuts) which have acted on the exposed top surface of the
rock. Rock elements at greater depths would have been subjected
to uniform constraint from all sides by the surrounding rock. It
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can therefore be concluded that the total vertical and horizontal
movements caused by similar fractures at greater depths are less
than 20 mm. The resulting average displacement has thus been less
than 0.02 mm per million years. Similar observations at Finnsj®
Lake indicate a value 15 times greater. The time dependence of
the movements will be discussed later on.

FAULT MOVEMENTS IN THE VICINITY OF THE STUDY AREAS

Besides internal fissuring, the bedrock also exhibits continuous
fracture lines, sometimes many miles in length. These fracture
lines divide the bedrock into blocks of varying size which have
been displaced more or less in relation to each other. Such frac-
ture zones are called faults. The magnitude of the vertical dis-
placements (throws) in the subcambrian peneplain (see 4.3.1) can
be established both in the region around Finnsjd Lake and around
Krikemdla. In northern Uppland, such displacements are generally
less than 15 m, while the fotal movement in the Oskarshamm di-
strict is around 30 m. This gives an average vertical displace-
ment in these zones of movement of approximately & cm per millien
years or less during the 570 million years which have passed
since the peneplain was formed,

Of special interest is the north-south fault which runs through
the Gitemar granite west of the study area at Krikemila, The sub-
cambrian peneplain here has been displaced some 25 m, while the
total movement is estimated on the basis of crvstalline bedrock
geology to be around 500 m /Kresten and Chyssler, 4~12/. This
shows that about 952 of the movement took place more than 570
million years ago, and that the average speed at that time was
about 10 times higher than afterwards.

FAULTS IN SKANE

One of Europe's major zones of movement runs through Skine and
can be followed towards the southest ail the way to the Carpathi-
ans /Yanshin et al., 7-2/. In Skine, this zone marks the boundary
of the Scandinavian Precambrian shield towards the younger bed-
rock to the south. The boundary zone is characterized by faults
which have exhibited major movements during the past 570 million
years as well,

RSshoff and Lagerlund /7=-3/ have studied two of these faults in
relation to the sedimentary rocks of Skine anc their ages, and
were thereby able to establish the vertical displacements which
have taken place during four different geological periods: over
180, 200, 130 and 65 million years, respectively. The result ob-
taxned for the larger fault was a total vertical thrcw of nearly
2 000 m and an average vertical throw of 3.4 m per million years.
Average displacements of similar magnxtude were noted for the
different periods - the variaticn is between 4.9 m per million
years and 2.6 m per million years. The smaller fault exhibits a
total vertical throw of around 240 m and its average ratei vary
in a gimilar manner betwseea 0.59 m and 0.23 m per million years.
Réshoff and Lagerlund emphasize that these data are mean values
taken over long periods of time and that it is assumed that the
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movements took place in rapid steps separated by. long periods of
little or no movement.

‘It is also of intcrest that the younger rock formations in Skine

exhibit fewer faults than the older underlying Precambrian bed-
rock. The number of faults in chalk deposits is only about 20I of
the number in the bedrock. Approximately one-third of the faults

‘in the Silurian strata and half of the faults in the Triassic.

strata do not extend down into the Precambrian bedrock. Condi-
tions are similar in many other areas with edimentary bedrock,
and have also been simulated in instructive model studies /7-4/.

RECENT ROCK MOVEMENTS OF THE FAULT TYPE

Rock movements which occurred in Sweden during or ;since the ice
age and are still in progress have been known for a long time,
but have often been regarded with some doubt. The {AKA Committee's
repor° made special mention of the occurrence of Quch movements.
in south-eastern Sweden. Since ~hat time. new and 'more definitive
observations have been made. A review of these observations and a
general regional inventory of recent fracture zones in southern
Sweden has been carried cut by R&shoff and Lagerlund /7-3/. A si-
milar study for central and northern Sweden is reported by Lager~
bick and Henkel /7-5/.

According to these reviews, the most important examples of recent
faults are to be found at Kullaberg in Skine and in certain re-
cently geologically surveyed parts of Norrbotten and Vidsterbotten
counties. An area exhibiting indices of tecent fissuring of an-
other character has also been noted on the Fulu massif in Dalar~
na. The irregularities in the land elevation process noted by
Mrner /7-6/ should also be mentioned here.

The inventory of fracture zones has included studies of satellite
pictures and a review of topographical maps and aerial photo~
graphs. No certain, previously unknown, recent faults have been
found, with the possible exception of a fracture zone at Ekorva
on the Asheda topographical map~sheet.

This is no guarantee that recent faults have not occurred in
other areas, but it does indicate that large parts of Sweden lack
clear examples of such zones of movement. In particular, it
should have been possible to discover recent faults, if such ex-
istad, in the very flat areas where KBS bedrock studies were
conducted.

Further studies are required to obtain a complete picture of the
formation and importance of reported recent rock movements. But
an important factor which recurs in the cited reports is that
thegse recent movements are associated with older zones of move=~
ment in the Precambrian bedrock. It is said that the faults at
Kullen in Skdne were initiated more than 570 million years ago,
and that subsequent movements have taken place during several
geological periods, including since the ice age. It is also noted
that the recent faults in Norrbotten and Visterbotten counties
conform largely to older faults. M&rner also shows that the
irregularities which he reports in shorelines and in the land
elevation rate are caused by the fa.i that movements are still
taken place in the contacts between different t: pes of rock and
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in the fault lines in the bedrock. This agrees with the basic ge=
ological observation that large cracks and fissure zones are very
old and have been reactivated in recent periods of deformation
/Cloos, 7-7/. This has also been confirmed by a large-scale s:udy
of the entire structure of Eurasia by Yanshin et al. /7-2/ and in
Scandinavia by Tuominen et al. /7-8/ as well as Strémberg /7-9/.
Knowledge of existing zones of fracture is of great importance in
planning .a rock repository. By locating the repository in an area
without major fault lines, and in a block of bedrock which is
hounded by joinc planes where any existing stresses can be re=-
leased, it is possible to isolate the repository ftom the effects
of recent fault rovements.

ROCK MECHANICS STUDIES

One reason why recent fracture and fault movements follow older
fracture lines is that such fracture lines represent already ex-
isting joint planes where stresses can be released more easily.
This has been elucidated by means of rock mechanics calculations
by Stephansson /7~10/., The results show tnat the risk of fissur=
ing decreases as the number of existing fissures increases and
the distance between them decreases. A sample calculation shows
that a displacement of 10 m/km in rock with a fissure interval of
2 metres does not give rise .to new fissures. Instead, the move-
ment is distributed over existing fissures, and the change in
fissure width, and thereby in permeability, is negligible.

In this context, it should also be noted that certain rock mecha-
nics parameters have been determined in the laboratory for drill
core samples from thc areas at Finnsjd Lake and Krikemdla. Tests
on materials from Karlshamn are still in progress. The results
obtained thus far are presented in table 7-1.

No measurements of the internal stresses in the bedrock have been
undertaken within the study areas. However, a relatively large
number of stress measurements have been carried out in Scandina-

vian bedrock at varying depths down to about 900 m over the years

1951-1576. The results show a very wide spread both geographical-
ly and locally. Some of this spread seems to be a result of the
fact that earlier wmeasurements /7-11/ indicated considerably
greater stresses than recent measurements /7-12, 7-13/ using im=
proved and more well-defined measuring methods. There are, never~
theless, undoubtedly genuine wide regional and local variations
in the internal stresses in the rock due to various geological
factors, topography ete. /7-13/.

In general, it can be concluded. that the measurements indicate
the existence of larger horizontzl stresses than couid be expect-
ed on the basis of purely theoretical elasticity considerarioms.
The same applies for the maximum shear stress, which determines
the risk of fracture in the rock mass. However, the shear
strength of the rock increases almost linearly with increasing
depth due to the pressure of overlying rock masses /7-14/. Judg-
ing from the rock stress measurements which have been made, it
can therefore be concluded that, apart from isolated cases, ade-~
quate safety margins against rock fracture exist at the depths. in
question due to the internal stresses of the rock. The same con=
clusion can be drawn on the basis of the results of the earlier
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Table 7-1. Rock mechanici parameters from drill cores, deter-
‘ mined at the Division of Rock Mechanics at the

Luled Institute of Technology.

Compressive Tensile Modulus of Poisson's

strength strength elasticity, ratio

502 breaking
load ’
Krikemdla 1  MPa MPa GPa |
(6 samples) ' l
M (Mean value) 188.2 8.92 6l.4 0.20
d (Standard 17.8 0.94 4.3 0.03
deviation)

Krdkemila 2
(6 samples)
M 152.7 6.77 57.1 ©0.21
d 18,7 1.59 - 6.7 0.05
Finnsjon 1 a
(6 samples) i
M 252.5 13.47 81.5 0.18 :
d 7.7 2.30 3.6 0.01 b
Finnsjén 2 i
(6 samples) i
M 228.8 13.50 83.6 0.21
d 11.2 1. 50 2.4 0.02

measutements. This conclusion is also in full agreement with
practical experience from mining operations at varioug depths.

Naturally, measurements of rock stresses will be included in the
arsenal of preliminary stuiy methods which will be used to deter-
mine a suit-ble location for a final repository.

FRACTURING FORECAST

It is possible to forecast the formation of new fractures and
fracture movements during the storage period on the basis of
average values and their expected deviation. Such considerations
can be based on the age of the bedrock and the loecal frequerncy of
fractures in each area., The existing fractures in the bedrock
constitute a natural record of all previous occasions on which
permanent cracks were formed.

As an example, consider a 1 000 m long section of a rock forma-

" tion which is 1 000 million years old and where the number of
cracks is also 1 000 (in other words, the average distance
between th2 cracks is 1 metre). This means that an average of one
new fissure was formed every million years. Assume that this

.
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section is representative for the rock surrounding a rock reposi-
tory. A storage period of one million years with an average
amount of rock movement would then lead to an increase in the
fissure content of the rock, and thereby its permeability, by a
factor of 0.001 of the present value. A more qualified forecast
of this type of future has been worked out by Ringdahl et al.
/7-15/. Such a forecast is dependent vaon whether the rock move=
ments during the forecast period are greater or less than aver-
age. Another factor which must be taken into consideration is
that the risk that a deformation will generate a new fracture di=-
minishes as the distance between existing fissures decreases.

The question of whether the rock movements which will occur dur-
ing the storage period will correspond to an average frequency
for a very long period of time can be clarified by considering
the rock movements in their chronogeological context. It is im=
portant to begin Ly noting that the most of the fracturing of the
Precambrian bedrock ocutside of Skine took place more than 570
million years ago, i.e. prior to the formation of the subcambrian
peneplain. In the Karlshamn area, the fracturing took place pri-
marily about 900 million years or more agc. The fracture pattern
at Krikemila is for the most part | 300 million years old. The
general mineralization of the fractures in the Finnsj3 area and
their proximity to the Jotnian rock formations at Givle indicate
a similar or greater age /see Wiman 7~16, Welin 6~12, Gorbatschev
7-17 and Welin and Lundqvist 7-18/,

The generally small amount of movement in the Precambrian bedrock
over the past 370 million years is evident in the large extent
and limited deformation of the subcambrian peneplain and in the
largely undisturbed stratification of the overlying aluminous
slates and limestones. Disturbances in the pen2plain consist of
an elevation of the land surface of up to several hundred metres
which can be followed from the west coast to Skellefte3d and which
comprises the western boundary of the peneplain. Then there are
also the previously mentioned faults, which divide the bedrock
into blocks. The faults are normally steep and the displacement
is predominantly vertical,

All of this shows that fracturing and movements in the precamb—
rian bedrock over the past 570 million years have been small and
below the average for a longer period of time. The above-cited
data from the Gitemar fault show that the aggregate dcformation
there was about 20 times less, and the deformation rata between 3
and 10 times lower, during this period than previously. Similar
conditions have also been reported for other parts of the country
by Réshoff and Lagerlund /7-3/. This abating tendency in rock
movements indicates that the previous forecast is based on ex-
cessively high average values. Thus, change in the rock during
the storage period will be considerably less than calculated.

However, movements in the bedrock have not been constant during
the past 370 million years either. Peaks in the fissuring process
can be established on the basis of the general connection which
exists between the fissuring of the earth's crust and volcanic
activity. The following age determinations have been reported for
volcanic formations in Sweden which are younger than the Precamb-
rian bedrock /see Klingspor 7-19, Bystrtm et al. 7-20, Kresten et
al. 7=21/:
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- 540 million years, alkaline rocks from Alndn and Avike near
Sundsvall.’

= 450 million yeare, bentonite from Kinnekulle in Vdstergdt-
land.

- 295-280 million years, basaltic rocks in northern Skine and
Vistgdtaberg, alkaline rocks in Sdrna.

- 167 million yeats, basalts, northern Skine.

- 108 million years, basalts, northern Skare.

No more recent basaltic. volcanism has occurred in Sweden, but
faults in the chalk deposits in Skine indicate movements which
have taken place during the past 65 million years.

These data show that the past 570 million years, with their lower
average fracture movement data, have also had periods of higher
activity. The concentration of these events in Skdne is clear.

Age determinations make it possible to consider movements in the
Precambrian bedrock in a larger context. Three major and exten-
sive deformation periods during the pasc 570 million years have
led to extensive orogeny, granitization, fracture movements and
volcanism in the areas between the Mediterranean-Sea and the
North Atlantic. During all of this period, the Nordic bedrock has
remained an extremel!y stable area, whose low level of deformation
is proved by the subcambrian peneplain and supcérimposed rock
strata. It may be added that many other precambrian rock areas in
the world exhibit a similar appearance, while areas with more
active rock movements and volcanism are also characterized by
different conditions with respect to age, rock types and geologi-
cal structural features. Probing deeper, it can be noted that
basalt volcanism in Sweden and associated break-up of the sub-
cambrian peneplain approximately 290 million years ago coincides
with similar activities in Greenland, Europe, East Africa, Mada-
gascar and Western Australia /see Kent 7-22, Turner and Verhoogen
7-23/. Similarly, more recent basaltic volcanism and fault move-
ments in Skine can be chronologically associated with other
areas, of which the North Atlantic and the continental part of
Eurcpe north of the Alps are of the greatest interest as far as
our forecast is concerned.

A survey of bedrock movements and their age relationships in the
North Atlantic was recently submitted by Bott /7-24/. Volcanic
activity in the area is summarized by Turner and Verhoogen. The
geological development which is described began some 180 million
years agn and culminated about 40 million years ago. At that
time, volcanic activity extended from Greenland, Jan Mayen and
Spitzbergen all the way to Ireland, at the same time as northern
Europe separated from horth America. The rock movements in Skine
can be regarded as a marginal part of this progression, where
volcanism comprised an introductory phase. The same progression
also affected other parts of northwestern Europe, although with
much less intensity. This probably explains the weak upwarping
which constitutes the western boundary of the subcambrian pene=
plain in Sweden, the much greater upfaulting which gave rise to
the steep Atlantic coast of Norway and the subsidence of the
previously forested parts of the Baltic Sea, which are the source
of Baltic amber. The studies in the North Atlantic make it
possible to follow developments over the past 100 million years
as well, although observations in Sweden concerning this period
of time are very incomplete. The decrease in rock movements over
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Figure 7-1. Diagrem of fault movements, deformation periods end volcanism over the past | 350
million years. The diagram shows the elevetion ir metres of the upthrown rock block in reiarion
10 the subnded block at four studied falts. The curves connecting the points were dnrwn on the
basis of the pemepiain formation of the Precambrian rock [ flat portions), voicanism (deep por
tions) and the cherecter and thickness of the secimentary bedrock. The values on the flatter por-
tions of the curves for the elevations of the faults in Sycdala end Veilinge are approximate between
the measured points. The lerge movements derween 400 end 600 million yesrs ago in Skdne
{Svedals and Vellinge} have only insignificant counterparts within the Precambrian rock ares.
Ovwdy the Gorernar fauit can be followed back ferther than 600 million yrars. Bensonite indicates
extensive volcamism in the ares of the Scandinavien mountain chain (the Caledonigns). Eocene
voicanism took place outyide of Scandinavia. The thickness of the verticel axis corresponds (o
the next 4 million yesrs,

The following deformetion periods are marked on the time axis:
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the past 40 million years, as well as the fact that volcanism is
currently restricted for the most part to Iceland, show that the
entire region is now in a period of insignificant and abating
rock movement.

A similar picture is obtained of the continental part of Europe
north of the Alps /Rutten 7-25/. This region once contained a
somewhat fragmented volcanic province which extended from France
to Poland. This volcanic activity has been connected with later
phages in the formation of the Alps. As in the North Atlantic,
volcanism in this province reached a waximum during the Tertiary
period and has diminished steadily since that time. The most re~
cent volcanic eruption occurred 11 000 years ago in southern Ger~
many. The rock movements in Scandinavia can also be regarded as a
part of this phase. '

The movement: which took place in connection with certain faults
in Sweden during various periods and which can be derived from
geological observations are presented in figure 7-1 in order to
depict schematically the progression of movement and the diffe-
rence between the Precambrian shield and adjacent areas.

Thus, extensive regional observations support the conclusion that -

movements in the Swedish bedrock constitute part of an extensive

and long-range process which is clearly in slow decline. Realis-

tic estimates of how soon new fractures can be expected to occur

must therefore be well below the mean values obtained from fore-

casts based on the age of the bedrock and the local fracture fre-
quency alone. From this it is evident that changes in the fissure
content and permeability of the rock due to rock movements during
the storage period will be so small that they cannot have an ad~

verse effect on the function of a rock repository which is suit-~

ably situated in relation to existing fracture and crush zones.

LAND ELEVATION AND GLACIATION

The current land elevation in Sweden has been studied on the
basis of field observations /Mdrner 6-7/ and on the basis of
gravitational considerations /Bjerhammar 7-26/. Despite the
differences in basic data and aralysis techniques, quite simiiar
results were obtained. But there are certain discrepancies which
should be the object of further study.

In summary, it can be said that the land elevation following the
ice age reached a maximm of nearly 1 000 m on the coast of Ang-
ermanland. For the most part, the land elevation represents a
rebound of the land following its depression by the weight of the
inland ice. According to Mérmer, this rebound ceased 2 000 ~

J 000 years ago, and the current land elevation has other causes.
A rebound from the elevation of western Scandinavia and sub~
sidence of the Baltic Sea, which was dealt with in the previous
section, could possibly explain this process. According to Bjer=
hampar's analysis, the land is still rebounding from the depres—~
sion caused by the inland ice.

Fracturing and movements in the bedrock in connection with the
land elevation and in connection with a future ice age can be
assessed on the basis of the present distribution ot fractures in
the bedrock. Permeability values from the study boreholes show
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that fissuring is limited for the most part to the uppermost 100
or 200 m of the bedrock. Deeper portions which have undergone the
same movements still possess good imperviousness. This shows that
the land elevation.and the preceding depression did not affect
the permeability of the bedrock. Furthermore, there have been a
total of 10 to 20 Quarternary glaciations /Kukla 7-27/ and the
present state of the bedrock reflects the cumulative effect of
all of these. This leads to the conclusion that one more glacx-
ation would not disturb a deep rock repository.

EARTHQUAKES IN SWEDEN

The effects of earthquakes on a rock repository are discussed in
recent studies by Dowding /7-28/ and Yamahara et al. /7-~29/. The
latter concentrated primarily on Japanese conditions. He notes in
his introduction that no serious earthquake damage has been re~
ported from Japan's many mines and tunnels., He also shows by
means of rock mechanics calculations that earthquake movements in
rock abate rapidly with increasing depth. At a depth of about 100
m, rock movements are only about 1/4 to 1/3 of what they are at
the surface. The greatest induced rock strnss at_a depth of 100
metres when the surface acceleration is 2.24 m/s? is only 1.2

MPa. Even the severest conceivable earthquake in Japan would give

rise to a maximum stress which is estimated to be only 3.0 MPa.
Thegse stresses are negligible in relation tc the strength of the
types of rock in question in Sweden. Dowding uses practical cases
to show that no damage was caused to rock caverns by earthquakes
where acceleration on the surface was 1.9 m/s? or less. This
corresponds to an intensity of VII - VIII on the Modified-Mer-
calli Intensity scale {MM), which is a measure of the effects of
earthquakes on the surface. Minor damage, falling stones and
cracking were observed at accelerations up to 5 m/s2, correspond-
ing to an intensity of VIII-IX. The severest known earthquake in
Fennoscandia, at Oslo in 1904, had an intensity of VII-VIII. The
tunnels and storage holes in the reposxtory are filled with
compacted soil material, rendering minor damage to superficial
rock insignificant.

Earthquakes are rare and weak in Sweden. The earliest known
earthquake occurred in the year 1497. Since 1891, systematic sta=
tistics have been kept on earthquakes /Bith 7-30, 7-31/, Since
1951, earthquakes have been registered by means of sensitive in=
struments which can detect quakes at gea and in uninhabited re-
gions as well. A review of known observations up to 1972 was pub~
lished in a study by Kulhanek and Wahlstrdm /7-32/. A map of Swe-
dish earthquakes during “ .e period 1951 - 1976 with comments and
other material was obtained from Bith /7-33/,

The frequency of earthquakes exhibits wide vaviations during the
observation period. The geographical distribution of earthquakes
in Sweden and adjoining areas has, however, remained relatively
unchanged.

Southeastern Sweden exhibits extremely few earthquakes. QOun the
preliminary map in figure 7-2 provided by Bith /7-33/, only 3
quakes near the RoxemMotala fault zone are shown for the period
1951 - 1976, Most of the quakes are instead Jocated in a belt ex~
tending from the west coast, across the Lake Viner district -
where they are relatively numerous ~ towards G4vlie and then along
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the coast of the Gulf of Bothnia. From the northermmost part of
the Gulf »f Bothnia, the belt turns towards the northwe:t and
then agai.: towards the southwest in the North Sea and runs along
the coast of Norway, thereby forming a circle around central
Scandinavia /7-34/. The distribution of the quakes is thus relat~
ed to bedrock movements on and off the Norwegian coast, and in
Sweden a connection can be seen wich the fault lines in the
Védnern-Vittern region, the western boundary of the subcambrian
peneplain and the areas of recent rock movement in Skine, Vister—
botten and Norrbotten. This would indicate - as is maintained by
Kvale /7-35/ - that the Scandinavian earthquakes are related to
bedrock movements which are independent of the ice age.
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SUMMARY AND EVALUATION

Bedrock and groundwater conditions have been studied in five
areas: at Karlshamn, Finnsj3 Lake, Krikemila, Avr3 and Forsmark.

In the first three areas, large volumes of uniform and sound rock
with a permeability of around 10~9 m/s or less have been found.

The Karlshamm area exhibits the least occurrence of crush and
fracture zones. ‘ - -

The groundwater flow in sound rock at depths of around 500 m
within the areas has been calculated at 0.2 litres per square
metre and year or less.

Determinations of groundwater age show that the transit time of
the groundwater up to the surface of the earth from a rock repo-
sitory in an area of inflow can amount to several thousand years.

Deep groundwater samples have been found to be oxygenfree and
weakly alkaline with a pH of between 7 and 9. They contain biva-
lent iron in solution. Sulptide, determined as hydrogen sulphide,
has been found in the groundwater at Forsmark.

The radioactive waste elements, with the exception of iodine and
technetium, are retarded in the bedrock in relation to the move-~
ments of the groundwater.

Uranium, plutonium and other transuranium elements can be preci-
pitated in the form of insoluble oxides of bivalent iron and
sulphide or in the form of hydrogen sulphide in solution.

The effects of future rock movements in rock formations without
major zones of fracturing ard movement can be neglected.

The changes around a rock m Jository which are caused by blasting
and the heat generated by t»e waste are of a highly local nature.
The risk that new flow paths for the groundwater will be created
in this manner is negligibla.

The above conclusions, together with the safety analysis, provide
a basis for the judgement that the three closely studied areas of
Karlshamn, Finnsj® Lake and Krdkemdla fuifil the basic require-
ments for a safe rock repository for high-level waste. This
assumes that the rock repository is properly situvated in relation
to the geometry of the existing formations of low permeability.
The study areas on Avr3 and at Forsmark have been found to be
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less suitable and the studies there have not been carried to
completion. :
9 v Onlthe basis of current knowledge, the Blekinge coastal gneiss

area is the most attractive from a geological point of view of
all the studied areas for a rock repository.

The slightly gneissic granite at Finnsjd Lake also offers large
volumes of good imperviousness, Existing internal fracture and
crush zones, however, may present certain technical problems of
3 - the type which ares normally encountered in tumneling and rock

cavern excavation. Compared to the Blekinge coastal gneiss, this
type of rock permits greater freedom cf choice in the location of
a future rock repository, since similar rock conditions are found
throughout large parts of southeastern Sweden.

The Gitemar granite at Krikemila exhibits, despite sections of
very low permeability, a number of features which may require
more extensive reinforcement and grouting during the construction
phase. These features include lower strength, a regular fracture
system with extensive horizontal fracture surfaces and high local
Zroundwater flow, which may also be associated with radon pro~
blems. :

' The three study areas can be clearly arranged in order of priori-
» ! ty: the Blekinge gneiss, the gneissic granodiorite in the Finnsj8

' area and the undeformed stocklike granite in the Krikemila area.
This confirms previous experiences regarding the structural and
wvater-bearing characteristics of these types of rock. Against

this background, other gneiss areas may also be of interec:.




9.1

9.1.1

63

STRIPA EXPERIMENTAL STATION

OVERVIEW

Reasons for an experimental station

Only a very limited quantity of basic data on rock at great
depths below the ground surface (500 - 1 000 m) are available to-
day. Additional data should be obtained cn which to base deci-
sions regarding the siting, design and construction of a final
repository for high-level waste. For this purpose, an experiment~
al station at great depths is of great value. It also provides an
opportunity for the demonstration of working methods and the de-
sign of the various sections of the final repository. '

When KBS was organized in late 1976, it was decided that an expe-
rimental station should be established in the Stripa Mine, 15 ki-
lometres north of Lindesberg. The ore in the mine was nearly
played out and iron ore mining was scheduled to be discontinued
in early 1977. Immediately adjacent to the mine is a granite
massif which is directly accessible at a level 350 m below the
surface. Since the personnel and equipment required for irmediate
commencement of the rock work was available, considerable savings
in time and costs could be made in comparison with the alterna~
tive of constructing a new experimental station somewhere else.

An experimental station in rock permits the following studies and
tests to be conducted:

- testing and demonstraticn of working methods for a final
waste repository,
-~ detailed characterization and surveying of a rock massif a
© great depth, :
- analyses and comparisons between the results of various

measuring methods and actual conditions in nrder to evaluate
the accuracy of the methods to be used in future rock stud-

ies,

- studies of how blasting, heating and , -outing affect the
rock and its characteristics,

- analysis of groundwater movement and groun.water composition
at great depth,

- studies of the properties of the materials which may be used

in a final repository.

A number of researchers and institutions with special éxperties
in the field of petrology were contacted for assistance in plan~

-
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Time scaled hewter test{LBL)

ning appropriate studies. An advisory group of experts, the "Geo~
group”, was formed and instructed to propose suitable studies at
Stripa. The group also participazes in the evaluation of the test
results.

Studies within the following subject areas have been initiated at
Stripa:

- The 2ffect of blasting on surrounding rock
- - Rock characterization
- Rock stress measurements

- Material properties of the Stripa granite

- Permeability of the rock at dlfferent pressures and tempe-
ratures

- Thermal stresses

- Injection studies

=  Water analyses

Most of the results obtained from KBS experiments at Stripa will
be reported during the first quarter of 1978.

Construction work

Blasting work for the test station started in December of 1976.
The final appearance of the excavated rock caverns is illustrated
in figure 9-1. The tunnels were blasted using a technique known
as smooth blasting and with nearly circular or oval sections in
order to minimize stresses or the rock. Cross-sectional tunnel

Messurement. of total
leaicage water entry (LBL)

Figure 1. KBS experimental station at Stripa. The layout of the excavated rock caverns and
the sites of the various tests are Jlustrated in the figure.
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area varies from 12 mz to 26 mz, depending on the space required
for construction machines or testing activities.

The qiality and strength of the Stripa granite is very good.
Reinforcement boliing has not been considered necessary and nno
rock fall has been obzerved.

In order to permit the execution of planned experiments and
tests, a large number of holes of varying length and diameter
have been drilled from the tunnels. A total of approximately

1 500 metres of holes have been drilled for K35's own tests, be-
yond those required for the blasting work. Most of the holes have
been diamond drilled to a diameter of 56 mm.

Blasting and driiling work has been in pfogress for about 10

" months and has employed around 20 men.

Cooperation with the gg ERDA

KBS's experimental programme in Stripa has attracted intermatio-
nal interest, and in the spring of 1977, KBS was contacted by a
grcup from the USA in order to discuss the pnssibilities of a
joint research project concerning waste storage in crystalline
rock. The conditions for such a joint project at Stripa were
clarified during the early summer, and an agreement was signed
between SKBF (Swedish Nuclear Fuel Supplies Inc.) and the US ERDA
(United States Energy Research and Development Administration).
According to this agreement, SKBF shall be responsible for hold-
ing the mine open through October of 1979 and for all rock blast-
ing work, rock drilling (approx. 3 800 m) and certain services on
the worksite. The US ERDA will be responsible for and defray the
costs of the actual study work. KBS is responsible for Swedish
commi tments during its period of activity.

The US ERDA has contracted Union Carbide to administer and exe-u-
te an extensive development project concerning the final deposi-
tion of high-level waste. A special unit has been organized for
this purpose within Union Carbide - OWI, Office of Waste Isola-
tion. Tha execution of the Stripa programme has in turn been en-
trusted to a group of researchers at the Lawrence Berkely Labo-
ratory, LBL, at the University of California.

The research programme was drawn up by LBL, but SKEF/KBS are kept
continuougly informed concerning the plamning and execution of
the tests aud experiments and also have a voice in planning the
experimental programme. The results of the tests will be the com=
mon property of the parties.

STUDIES CONDUCTED UNDER THE AUSPICES OF KBS

Rock characterization

In order to be able to evaluate the alternative sites for a repo-~
sitory for high—level waste, reliable and economically feasible
methods are required to establish the properties of the rock. The
experimental station at Stripa provides an opportunity for the
testing and nvaluation of such testing methods. For this purpose,
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the properties of the Stripa granite must be well-known. For this
reason, a rock characterization must be carried out. This includ=
es!

- assemb11ng all available geological information on the area

in questhn.

- mapping of the network of fractures on the rock surfaces
which have been exposed for the tests,

- core surveys and TV examinations of diamond boreholes near
the tunnels before and after blasting,

- studies in a vertical deep borehole from the bottom of the
mine (from the 410 m level to the 900 m level),

- water injection tests in all boreholes. In cases where

blarting has been carried out near the hole, this test is
performed both before and after blasting.

Tha dominant type of rock in the experimental area in the Stripa
mine is a red to grey, medium~grained, unstratified granite. The
granite contains a few narrow, steep veins of pegmatite and
younger d1abase.

~ The grain size of the essential materials in the granite varies

between 1 and -5 mm. A typical sample exhibits the followxng mine=
ral composition:

quartz YA 4
plagioclase {partially altered) 392
microline 122
chlorite 32
muscovite ‘ 22

The granite at Stripa can be said to be representative of a large
group of younger granites in central Sweden.

Despite its relatxvely high fracture frequency, the granite is
highly impervious, with permeability values around 107 10 m/s.
This can be explained by the high degree of crack filling.

Rock stress measurements

The purpose of the tests is to establish the primary stress tate
in the Stripa granite, This information is required for certuin
other tests and as a basis for theoretical calculat1ons of stress
and flow conditions.

Three-dimensional stress conditions were measured at 19 , .8
along a 20 m long berehole from a side drift. Mesasurement cells
based on Leeman's method were used in the procedure. The measure=-
ments showad that the maximum main stress is 10 MPa and is ori-
ented parallel to the strike cf the granite. The intermediate
main stress, 5.7 MPa, is nearly horizontal and is oriented per=
pendicular to the contact. The minimmn main stress is 2.7 MPa.
The measured vertical stress, 9.8 MPa, is of the same order of
magnitude as the theaoretically calculated stress of 9.2 MPa. A
detailed report of obtained results is provided in KBS technical
report No. 49 /9-1/, :
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Properties of 'the Stripa granite

In order to interpret the obtained data and carry out theoretical
calculations, information is required on the mechanical and phy=
sical properties of the rock. Theoretical calculations and prac=
tical test results can then be compared in order to provide a
more reliable basis for the evaluation of planned areas for waste
disposal. :

The following data have been obtained:

- Modulus of elastiuvity, Poisson's rat;o and unxax;al gomp=
ressive fracture stress at 25°C, 50°C, 100°C and 200°c.

- Compressive fracture stress and e'asticity properties as a
. function of normal stress.
- Coefficient of linear expansion as a function of radial
load.
- " Brazilian tensile frazture stress.
- Residual shear strength as a function of normal stress.

- Anisotropy ratios in strength and elasticity properties,
- Coefficient of thermal conductivity.

The following data have been calculated for the Stripa granite
and do not exhibit any significant deviations from normal data
for central Swedish granite.

Poisson's ratio 0.21

Young's modulus 69.4 GPa
Uniaxial rompressive strength 207.6 MPa
Tensile strength 15.0 MPa
Thermal conductivity 3.0-3.6 W/C%n

A detailed account of obtained results is provided in KBS techni-
cal report No. 48 /9-2/.

Permeability of the rock at various pressures and temperatures

This test is intended to provide information on variations in the
permeability of the rock at different temperatures.

The test equipment is shown in fig. 9=2. The leakage water flow
into a 300 mm diameter and 10 m long vertical borehole was
measured in the test., In a circle at a distance of approx. 1 m
from the 300 mm hole, 16 3" holes were drilled. Water was pumped
into these hoies at a-given pwassure and temperature. The rock
Mmass was heated to the desired temperature by circulating hot
water in the boreholes. By changing the water pressure at diff-
erent temperatures and measuring the quantity of water leaking
out of the ceatre hole, permeability can be determined as a
function of pressure and temperature. The results of the tests
are then compared with theoretical calculations.

Measurements of the permeability of the rock carried out thus far
have given values which are approximately 10 times lewer than re=
sults from conventiomal "packer test'" measurements., The test used’
here probably gives mere correct values of the actural permeabi-
lity of a large rock formation. This indicates that the permeabi-
lity values obtained from boreholes ia the field studies may be
too high. Preliminary test results have also shown that permeabi-~
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Figure 9-2. Permeability measurements. By varying the water pressure and the temperature, the
manner in wich the permeability of the r:ck varies with pressure and temperature is measured.

lisy decreases to about half when the rock is heated from 10° to
40°C.

Thermal stresses

This test is aimed at elucidating changes in existing rock
stresses and fracture conditions which occur in a rock formation'
in connection with local heating. Owing to the low thermal con-
ductivity of the rock, a relatively long test period is required
for such a test,

The test set-up is illustrated in figure %3. The primary 3-di-
mensional rock stresses in the rock adjacent to the test drifc
are measured. The heaters and measuring holes are oriented so
that their direction coincides with the direction of one of tne
main stresses.

The heat source consists of a specially designed 5 kW electric
heater which is lowered into a 300 mm borehole, Three 1 kW auxi=-
liary heaters are lowered around this centre hole at a distance
of about 1.25 =. Temperature and rock stresses are then measured
continuously in ten boreholes parallel to the centre hole and lo=-
cated in three directions and at a distance varying between 2 m
and 6 m from the centre hole. The instruments also register
changes in the width of major fissures within the test area.

The test is also aimed at recording cenditions during a cooling-
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9.2.6

9.3

off period after a max. temperature of 60°C has been reached in
the central portions of the test area. The obtained resules will
be compared with theoretical calculations,

Groutins

A final repository for radioactive waste should be located in
rock which is as impervious as possible. Nevertheless, allowance
must be made for the fact that some local rock volumes will be of
higher permeability. It is then possxble to inject such forma-
tions with material which will remain intact over a very long pe-
riod of time,

A suitable grouting material seems to be silica (quartz). This is
a highly durable material and is also available in very fine-
grained form so that it can penetrate into very small fissures.
However, during the preparatory work for a planned experiment,
the permeability of the rock was found by hydraulic testing to be
so low that grouting was not considered necessary.

Water analyses

The chemical composition of the groundwater is of importance for
the rate of corrosion of the encapsulation and buffer materials
and for the leaching rate of the waste glass.

Relatively few data are available on the composition of ground-
water at great depths.

At Stripa, the groundwater is accessible at various levels from
350 m down to about 900 m below the surface. Since the mine has
been drained for a long time - the mine was opened about 500
years ago — the grounduvater conditions are disturbed, especially
down to the level of the lowest point in the mine (~490 m). The
samples which have been collected are therefore not rapresenta~
tive of groundwater at corresponding levels under undisturbed
conditions.

The following available results fram analysxs of the groundwater
are worth mentioning:

- ites age 340 m delow the surface of the ground is about 15-20

years, )
- jts chemical composition shows low mineral and salt contents
and

- the pH of the water is about 8.5,

STUDIES UNDER COOQPERATION WITH US ERDA

A large~scale programme of tests and studies is planned by LBL at
Stripa. The content of this work can be summarized in the follow=
ing points:

1 Investigation of how the properties of the rock (pressure,
expansion, thermal conductivity etc.) are affected by local
“heating.

)
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2 Mapping of the fissures in the rock (extent, size, direction
contents etc.) with the aid of borehole studies and geophy=
sicali surveys.

3 Laboratory determination of various material data for the
tock (microcracks and permeability as a function of pressure
and temperature).

4 | Measurement of the total leakage of water into a rock cavern
for determination of the permeability of the rock.

] Measurement of rock pressure by forcing water into boreholes
to the point of fracture (hydraulic fracturing).

As previously mentioned, these experiments are planned to be
carried out during 1978 and 1979. The first results of the tests
will therefore probably not xe available until 1978. Consequent-~
1y, no results can be reported in KBS's main report, and only in-
complete results will be available when KB3 concludes its acetivi-
ties in the middle of 1978, '
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INTRODUCTION o

The KBS project was initiated in response to the requirements of
the '""Conditions Act", concerning the safety accountability of
nuclear power facilities and was commenced in early 1977. The ob=
jective has been to describe a safe way of handling and storing
high-level radioactive waste. In order that current schedules for
the fueling of nuclear power plants under construction could be
me:, it was necessary for KBS to submit am initial report in late
1977.

This means that KBS had approximately 9 months to prepare the
present report. In this short period of time, it has not been
possible to study all alternative solutions in detail. Instead,
it has been necessary to make an early selection of those
approaches which were deemed to have the best potential for
achieving satisfactory results from the point of view of safety.
Nor has there been enough time for cost calculations with satis-
factory accurancy. The design presented here does therefore not
make any claims on technical-economical optimality; it is pre-
sented merely as one possible alternative.

The faciiities which are described here are designed for the
handling and storage of vitrified high-level waste. Corresponding
facilities for spent nuclear fuel will be described in a later
report. The status of the work for this later report is described
in Appendix 1 to Volume I. '

The constructior and operation of the described facilities is
based on technology for which experience is available from pre-
vious nuclear installations or from other fields.

Certain parts of the report are based on work done outside of
KBS. Thus, the preliminary study on transportation systems and a
central fuel storage facility conducted by PRAV (Swedish National
Council for Radicactive Waste Management) comprises the basis for
chapters T11:2 and I1I:3. The continued work on facilities design
and the preparation of a siting application for the central fuel
storage {acility is being pursued within SKBF (Swedish Nuclear
Fuel Supplies Company). The design of the central fuel storage
facility as presented in the preliminary study and this report
may therefore be subject to revision. The intermediate fuel! stor-
age facility for waste cylinders described in chapter 11I:5 is-
modelled 'after a similar plant at Marcoule in France, whose de-~

signers - St Gobain Technique Nouvelle - have collaborated in the
KBS project.
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As in the AKA Committee (Government Committee on Radiocactive
Waste) study 1t 1s assumed that the final disposal of the high-
level waste will be accomplished by deposition in crystalline
bedrock possessing the appropriate properties., The calculations

and evaluations in this report are based on a repository depth of
300 m.

The facilities described here have been designed for a total
waste capacity corresponding to approximately 9 000 metric tous
of uranium -~ which is the quantity which would be produced by 13
reactors operating over a period of 30 years. It should be empha-
sized that the technical solutions which are presented here would

not be significantly altered hy an increase or decrease of this
figure.

The schedule for continued study work and construction of the fa-
cilities 1s presented in chapter I:14. This schedule includes the
following main dates.

1987 Ciioice of site for intermediate storage facility

1990 Intermediate storage facility completed and ready for
reception of vitrified waste

2000 Choice of site for final repository (incl. encapsula-
tion station)

2020 Encapsulation station and final repcsitory completed
and ready for reception of vitrified waste.

——e ———
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2.1

2.2

TRANSPORTATION SYSTEMS

Power SWH Contral Storage Reprocesing H Sl;'— di Encapeulstion

l

Finel Storsge

STANDARDS AND GOVERNMENT REGULATIONS

Relevant portions of the IAEA's "Regulation for the Safe Trans=-
port of Radioactive Materials" must be observed in connection
with the transportation of spent nuclear fuel and other radioac~
tive material /2-1/.

Both the spent fuel and the vitrified high-level waste contain so
much radioactivity that they must be transported in containers
which maet international requirements. The requirements which are
applicable here are the I\AFA regulations for type B packaging,
which are described in greater detail in section 2.4.3.

Fvery planned transport must be preregistered with the Nuclear
Power Inspectccrate, including specification of identification
data for the selected fuel elements and a preliminary time-table
for the transport. Administrative routines for this work will be
established by the Nuclear Power Inspectorate before the trans-
portation svstem is put into operation. Physical protection of
the transpovts will also be arranged in accordance with the di-
rectives of the Nuclear Power Inspectorate.

GENERAL PRINCIPLES, FLOW CHART

Figure 21 shows in the form of a flow chart the various trans-
ports involved in the back end of the fuel cycle. Solid lines in-
dicate the transports which require type B packaging while broken
lines indicate internal transports where type B packaging is not
required.

The Swedish nuclear power plants are situated on the coast and
have their own harbours. It is assumed that the central fuel
storage facility and the intermediate storage facility will also
be located near harbours. The transports will therefore be
accomplished primarily by sea, with only short road transports to
and from the harbours.

Tranaport stages A, D, F and G (Fig. 2-1) are thus road trans-
ports wiere the transport cask is carried by a t.ailer. This type
of transport has already been practised in Sweden at, for examp-
le, the Oskarshamm plant in connection with the shipping of spent
fuel to the English reprocessing plant at Windscale (Fig. 2-2).

When the transport cask is loaded oato the ship for shipment to a

e ey en————— -
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£ | Harbour F G | Harbour
Fuel storage |— fa:::m“""@ |—=1 Fuel storage
tacility facility
, |
Al Harbour B : C |Harbour D | Intermediate :
Power | °11 oower Repr ing inter mediate storaze — :e"“‘- ;
station siation {storage facility facility positian

Figure 2-1. Flow chart of transportation within the back end of the fuel cycle. ;¥ packaging is
required for transport stages A—H. Transports A, D, F and G go by road.

Figure 2-2. Trailer and transport cask { B packaging) outside of Oskarshamn plant. This equip-
ment has heen used ro transport spent fuel 10 the harbour for further shipment to the reprocess-
ing plant at Windscale.




2.3

reprocessing plant, responsibility for the transport cask is
assumed by the reprocessing company's transportation organiza-
tion. The Swedish transportation orgarization assumes responsibi-
lity only when the casks containing the vitrified high-level
waste are unloaded in a Swecish harbour (fransport stages B, C
and H). S ‘

=

Shipments of spent fuei from the variocus power plants to the
central fuel storage facility by sea are handled by the Swedish
transportation organization (transport stage E).

EXISTING EQUIPMENT AND SYSTEMS

The transportation of spent nuclear fuel imposes special require-
ments on the transport equipment and on the supervision of the
transports. The fuel contains fission products which make it
highly radioactive. It also generates heat. Since the nuclear
fuel contains fissionable material as well, the risk of critica=-
lity must be taken into consideration. This imposes special de-
mands on the design of a transport cask. A large cooling surface
area is required for effective heat dissipation. At the same
time, the surfaces of the cask should be smooth in order to faci-
litate cleaning. The radiation shield must incorporate a material
of high density in order to shield gamma radiation, but also a
material of low density in order to shield neutron radiation.

European transport casks currently in use weigh between 30 and 70
metric tons and can transport between 1 and 2.5_tons of nuclear
fuel. They are of French, German or English design. Tu2se three
countries currently operate a joint company called Nuclear Trans~
port Limited (NTL) which dominates the European market.

During the period 1966-1977, somé 700 metric tons of spent
nuclear fuel have been transported from light-water reactors to
various European reprocessing plants. In the beginning, only re-
latively low burnup fuel was transported, while in recent years
high burnup fuel (50 000 MWd/t) has been transported after only
6-9 months of cooling time at the reactor. Fuel has been trans-
ported to the following plants through 1976:

- WAK, Karlsruhe, West Germany 85 tons
- La Hague, France 255 tons
- Windscale, England 270 tons
- Eurochemic, Mol, Belgium ‘ 90 tons

Transport casks with a maximum weight of 40 metric tons are nor-
mally carried on the public rovad network, while transport casks

of hipher weight are shipped by rail. The transportation of spent
nuclear fuel from Italy, Spain, West Germany, Holland and Sweden

to the English reprocessing plant at Windscale has been done by
boat. :

J—

[
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Table 2-1. Western European transport casks for spent nuclear fuel.
Type NTL 2| NTL 3 | NTL 4 |NTL 5 {HTL 8 [NTL 5 NTL. 10 NTL 11| NTL 12 NTL 14 ] Ex] 13/3A] Exi 14 ©
Government F 59 1106 1132 1124 | F 136A 1146 1154 1126/1141 | 1147
approval No. ‘ 1 o
Government Lic. Lic. Lic. Lic. Lic. Lic. Pending | Lic. Pending| Lic. Lic. Pending
approval |
| (Present status) o | |
Owner NTL + NTL NTL NTL I NTL NTL NTL r NTL : NTL NTL BNFL BNFL
—_ — - = + - -1
Capacity ? ! .
Fuel elements/mm ¥ ‘
PWR 4/200] 7/200 7/200| ‘7/200|3/125 | - 12/230 7/215 12/215 | 5/230 5/215 5/215
RWR 9/114 - 19/114)12/140) —- | 7/140 - . 17/140 | 30/140 - 14/140 14/140
4 f -
Thermal capacity 15 30 35 35 35 25 100 42 100 50 30 40
kW ) o _ ]
Weight (metric 32 52 65 69 16 34 104 75 95 82 72/72.5 100
tons) o e
Payload (metric 1.1 2.0 2.3 2.3 1.4 1.4 6.2 3.3 5.7 2.7 2.7 2.7
tons of uranium) | - m_ I
Cavity length (mm)| 3875 33380 4370 {4675 (4280 4520 5050 4630 4580 5160 E 4674/47176 | 4887
diam. (mm)| 440 | 864 864 864 Ix230 ;474 1220 914 1220 914 ' 864 914
Coolant Air Water Water |Water |Air * Air Alr Water | Air Water  Water Water
(wvater) (water) P
Means of Road | Rail Rail |Rail }Road Roal Rail Rail/ | Rail/ Rail/ Rail/ Rail/ TQg}W
Lransport | . sea sea sea sea sea . =
Number of casks 2 3 1 1 2 2 - - - - 3/4 - '
in operation ‘ ] L ~ . __4
Number of casks - 1 - - - - l 5 1 2 - -
in production
or on_g;der 1 D




Table 2-2. American transport casks for spent nuclcar fuel.
Type NFS-4 NAC 1/2 TN-8 TN-9 IF-300 NLI 10/24
Government approval No. 6698 9010 9015 9016 9001 9023
Covernment approval Licensed Licensed Licensed Licensed Licensed Licensed .
(present status)
Owner NFS
NAC NLI TNY TNY GE NLI
Capacity
PWR (fuel elements/mm) 1/215 1/215 3/215 - » 7/2158 10/215
BWR ( " vy 27140 2/140 - 7/140 18/140 24/149
Thermal capacity, kW 11 11 35 25 61 70
Weight (metric tons) 22 22 36 34 64 9%
Payload (metric tons of 0.5 0.5 1.4 1.4 3.5 4.7
uranium)
Cavity length (mm) 4521 4521 4280 4520 4578 4559
Cavity diameter (mm) 343 321 3x230 C 474 953 1143
Coolant Water Air Air "Air Water Air/He
Means of transport Road Road Road Road Rail Rail iq
Number of caska in 6 3 - - 4 -
operation
Number of casks in produc-{ - - 2 3 - 4
tion or on order :
®

T

11
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2.4

2.4.1
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N

The trend is towards increasingly lavge transport casks. Trans-
port casks are now being planned with a weight eof 100 tons ani a
capacity of 6 tons nuclear fuel. Such a transpert cask is expect-
ed to ba in operation some time in !978.

The current situation with regard to available and vplanned trans-
port casks in western Europe is presented in table 2-1. The situ-
ation on the American market 1s presented in Table 2-2. As is
shown in the tables, western Europe (NTL) currently occupies a
leading position as ,a supplier of transport casks for spent
nuclear fuel.

DESIGN OF A SWEDISH TRANSPORTATION SYSTEM

Genecral

In paralle! with the conceptual study on the central fuel storage
facility, SKBF is examining various alternatives fcr securing a
reliable supply of transport resources within Sweden.

Swedish transportation needs have been studied for the pericd
1976=19921. Annual discharges of fuel elemerts expressed in tons
of uranium are reported in chapter I:2. These quantiries are bas-
ed on the six units now in operation and on continued expansion
to thirteen units.

In 1976, discussions were initiated with European and American
organizations which work with the transportation of spent nuciear
fuel for the purpose of exploring the possibilities of procuring
transport casks. i

Nuclear Transport Limitsd (NTL-Europe) currently seems to be the
leading company in this ti21¢. In recent years, NTL has carried
out hundreds of transports in Europe to such destinations as
Windscale and La Hague. The types of transport casks used by NTL
are well-suited to Swedish transportation requirements.

The American consultancy company Nuclear Assurance Corporation
(MAC) has designed four transport casks, designated NAC~1, which
are currently in routine operation in the USA. NAC is currently
designing a transport cask with a capacity of wax. 3 tons of
nuclear fuel. This cask is also well-suited to Swedish require-
ments.

SKBF is currently awaiting further developments on the trarspor-
tation side. One of the reasons for this is that COGEMA ar.aounced
in July of 1977 that they nlan to enter the nuclear fuel trans-
portation field. It its important that any transportatiun system
which is adopted be compatible w'th any existing stanuard Euro-
pean system.

Capacity considerations

(apacity considerations are based only on the need for transports
within Sweden, Transports of spent nuclear fuel to foreign repro-
cessing plants and return transports of vitrified high~level
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waate to Sweden are anticipated to bde 1nelud.d in the comaitments
of the reprocessing company. C e

In calculating the annual transport volume to the central storage
facility, various alternatives have been studied. The required
number of transport casks and the annual number of sea transports
will depend on the number of reactors in operation and on the
following factors:

- Location of the central storage ficiiity for spent nuclear
© fuel.

Of the three studied <ites for the central storage facility,
two ~ Forsmark and Oskarshamn - are located in connection
vith nuclear power plants, which means tha® nuclear fuel
from the reactors at these sites will be tranaported direct~
ly by trailer to the cenrral facility., In the case of Studs~
vik, all transports will arrive by se-, which means more
shipments, requiring more transport casks, since thc average
cycle time per cask will be longer.

~  Reception capac1ty of the central stsrage factlxty for spent
nuclear fuel.

The reception capacity of the central fuel storage facility
will depend on how many casks can be handled simultaneously
in the receiving section, the average receiving time per
cask, the amount of space available to accomodate casks and
equipment and the size of the personnel force in the receiv~
ing section. On the basis of the proposed design of the
facility, it is estimated that an average reception capacity
of one cask per day could be achieved.

In determining the capacity of the transportation system, the
accumulated quantity of fuel which is stored at t'te nuclear power
plants when the central storage facility is commissioned must be
taker into account. In addition to an annual fuel quantity
corresponding to the volume of fuel discharged from each reactor,
the amount of fuel to be transported will also include this accu-
mulated quantity, which muat be transferred to the central fuel
storage facility as soon as possible,

The annual discharge volume at equilibrium aftcr expansion to 13
reactors will be approximately 1 400 fuel elemunts per year,
corresponding to approximately 300 metric tons c¢f uranium per
year. A transport cask such as NTL 11,IN 17 or the equivaleut
(see 2.4.3) can transport max. ? tons of nuclear fuel. When equi-
librium has been achieved, i.e. after the fuel accumulated at the
nuclear power plants has been transferred to the central storage
facility, the annual number of cask transports will be approxima-
tely 100. 6~8 casks will be required for this volume. The trans-
port distance for the sea transports from the nuclear nower
plants to the three studied sites for the central fuel storage

facility (Forsmark, Oskarshamm and Studsvik) vary from 200 to
1 100 km. . .

A single shipload may consiset of 4=8 transport casks. On the
average, it is assumed that 24 hours will be required for all
handling of each cask at the nuclear power plant. There will be a
certain amount of overlap so that one cask will be transported
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into the statior and prepared: for handling before the immediately
preceding cask is returned to'the ship filled with fuel. Approxi=-
mately one extra day will therefore be. requireg for a single
shipload, for example a totaliof 7 days will be required for 6
casks.

24 hours will also be requived for the 12ception of each filled
cask at the central storase facility plus cleaning and arepara-
tion. An extra dav is also expected to be required here before
the ship is ready for departure, loaded with empty casks.

The various transport stages are described briefly below. The
assurptions are A casks per suipment, a total cravelling time
one=way of 38 hours and no uninreseen delays. However, ailowance
must be made for both foreseen .and unforeseen delays - such as
poor weather, unplanned production stoppages at the power plants
and at the rentral storage facility etec. - in planning the total
annual transportation capacity of the system,

Typical times required for the transportation of 6 transport
casks from a nuclear power plant to a centra! storage facility:

Transport stage Time required

1.

Journey to nuclear power plant
with 6 empty transport casks
onboard.

48 hours is assumed in
this example.

2. Transfer from ship to trailer 24 hours/cask plus 24
of one cask ot a time. Lift from hours for entire ship-~
trailer via reactor hall level ment equal 7 days for
to pool, where cask is filled 6 casks.
wizh fuel. Despatch.

3. Return journey to central stor- Same as trip to plant.
age facility. In this example,

48 hours.
4. Receptinrn in the central storage 24 hours/cask olus 24

The time required for an entire transportation cvcle will thus he
18 davs, and the number of sea transports per vear will be 16=-17.

facility. Ceoling, cleaning, un-
loading of fuel. Preparation of
casks for new shipment. Loading
of transport casks on ship.

Trnncportvrnsks

hours for entire ship-

ment, i.e. total 7 davs.

A transport cask consists of the following main components:

An inner cask fitted with a neutron-absorbing substance und

usually made of a heat-conducting material.

A thick gamma ray sbield made of heavy material such as lead

or steel.

A neutron shield tv reduce neutron emissicn, mainly from

curtum242 ard =244,

Heat-dissipatinz flanges on the ontside of the transport

rask or an air-cooling system,
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- A shock ahsorber to protect the transport cask'o cover and
its connections. .

A transport cask must also meet the safety ?éiﬁirements cf the

14EA transport regulations for type B packagings. This means that

it must be able to withstand:

- A 9~metre free fall onto a hard surface,

- Free fall from a height of 1 metre against a solid steel cy-
linder with a diameter of 15 cm.
Heating for 30 minutes to 800 C.
Submersion in water to a depth of 15 metres.

The transport cask must also mect Lhe requirements imposed on
type A packaging by the IAEA regulations.

The transport casks which will be used for the transport of spent
fuel in Sweden will most probably be of European design. The
casks which are the most likely candidates are NTL 11 and NTL 12:

NTL 11 ’Fig. 2=3) is a refined version ot the English Exellox
transport cask, which has been used for transport between Oskars-
hamn and Windscale. NTL 11 was put into commercial operation in
the autumm of 1977 for transport from the Wurgassen reactor in
Germany to the French reprocessing plant at La Hague. The cask
consists of an outer steel container, which serves as rhe
pressure vessel, plus an inner lead container, which serves as’
the gamma ray shield. The inner lead container is covered with a
stainless steel lining in order to facilitate internal cleaning
of the transport cask. NTL 11 will be used exciusively for "wet"
transports, in which the transport (ask is filled with water dur-
ing fuel transportation.

NTL 12 (Fig. 2=4) is of French design and has the largest capaci-
ty of any transport cask on the market. The cask consists of a
300 mm forged steel container which constitutes both the pressure
vessel and the gamma ray shield. The transport cask is lined with
stainless steel. In order to provide adequate neutron shielding,
the steel cask is covered with a 100 mm thick organic material.
The large quantities of heat (max. 100 kW) are dissipat~d by a _
large mimber of copper fins, 30 cm in length, on the outside of
the transport cask.

NTL 12 can be used for the transport of spcnt fuel with either
water or air as p coolant.

At present, one NTL 12 cask is being manufactured in Germany and
will be ready for use some time in 1978. The French reprocessi: g
company COGEMA recently ordered 5 NTL 12 casks. The NTL 12 cass

will be used primarily for transports from nuclear power plants

and the central fuel storage facility to reprocessing plants.

A number of Swedish and western European nuclear power plants
(BWR) of somewhat older vintage are not equipped for the handling
of NTL 12 casks. For this reason, the manufacture of a slightly
smaller version of the NTL 12, designated TN 17, is planned. TN
17 will be ready for operation in 1579-1939,

As was mentioned under 2.4.1, the French company COGEMA has
announced its plans to enter the spent ruclear fuel transporta=~

UV,
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Figure 2-3. NTL 11 transport cask for spent fuel (left).

Figure 2. NTL 12 trunsport cask. This cask can be used for either speit fuel or vitrified waste
(right).

tion field and plans to manufacture transport casks designated LK
80 3 and LK 100 #., Data aside from capacity and dimensions have
not vet been obtained For these casks.

Sea transports

It is assumed that spent nuclear fuel will be transported to the
central storage facility by sea. The construction of a ship de-
signed especially for that purpose is considered warranted.

A suitable size for such a ship is approximately 1 000 tons dwt.
Such a ship can take up to 8 transport casks of the foreseen
size, e.g. NTL 11 or TN 17, at a time. Available Swedish tonnage
in this size class is very limited. Morecover, it is difficult to
adapt existing ships to the requirements which must be met by a
ship which i8 used regularly for the transportation of spent
nucleat fuel. Fxisting ships could be chartered for vccasional
transports, but since fuel will be transported turoughout most of
the year, this alternative would be uneconomical i the long run.

The transport vessel should be equipped with effective steering
and mooring cauipment. Its draught will be limited to 3-4 i,
which means t(hat existing channels and harbours can be used. The
ship will bhe designea for conventional cargo bandling or for
rall=on roll=-off. With conventional nandling, the cargo is lifted
dirvectly down onto the holds by means of dock-based cranes. This
method 1s nused today at the Swedish nuclear power plants. With
roll=-on roll=off handling, the transport vehicle - the tratier -
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can drive on and off the ship without requiring any lifts by hare
bour cranes. The harbours at all of the nuclear’ pouet plants can
be adapted for such rational handling. L

The cargo must be secured in -the transport vessel in such a
manner that it will not come loose in the event of a collisicn or
if the ship runs aground, The hull is divided by watertight Fulk-
heads for added security against sinking. Should the ship never-
theless go to the bottom, it must he easy to locate. It will
therefore be equipp2d with some such device as in underwater
transmitter which is automatically activated if the ship should
sink. The <hipping lanes and channels are shallow enough to per=
mit sdlvage of both ship and cargo. :

The hull of the ship must be designed for running through ice,
But a vessel of the size in question cannot function as an ice=
breaker, which means that the assistance of icebreakers will be
required under difficult ice conditions.

* preliminary study for a ship project has been conducted /2-2/.
according to this study, the time for delxvery of a vessel of the
type described here from a Swedi<h shipyard is currently 1 1/2 to
2 years.

Operation of the system

Below is an outline of a possible Swedish transportation organi-
zation:

- The transportation organization {(personneil, material etc.)"
is a unit within the orvganization of the central fuel stor-
age facility.

- Transport casks are procured by cooperation with an existing
transportation organization. Alternatively, manufacturing
under license may be considered.

- Auxiliary equipment (trailers, tractors etc.) 1s procured bv
the transportation organization.

- The transport vessel is built and owned by a Swedish shiopp-

" ing company. The transportation organizatiom charters the
ship as needed (probably year-round).

- The transportation organization is contracted by the Swedish
nuclear pow.r industry to undertake the necessary trans-
ports. '

TRANSPORTATIO! ¢ VITRIFIED HIGH-LEVEL WASTE

General

The transportation ot vitrified high=level waste in the form of
waste cylinders from Eurupean teprocessing plants will be under-
taken by the reprocessing company or by a transportation organi-
zation contracted by the reprocessing company.

Waste cylinders will be transported from the reprocessing plant

to Sweden in transport casks which are in principle identical to
those which are used for spent nuclear fuel. NTL 12 is one of the
types which may be used. This cask can transport up to 6 tor of
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nuclear fuel with a maximum permitted heat generation of 100 kW.
Calculations carried out for this transport cask show that 15
waste cylinders can be transported. 17 kW of heat is thereby ge-
nerated, which is well below the permitted limigs: fur the cask.
The gamma rav and neutron shield is fully adequate to meet IAEA
standards. '

Scoge of the tiansports

After expansion of the Swedish nuclear power industry to 13 reac-
tors, the annual volume of discharzed nuciear fuel will be about
300 metric tons of uranium, corresponding to 300 waste cylinders.
The ships which are used today for the shipment of transport
casks have a cargo capacity corresponding to 6 type NTL 12 casks.
One transport vessel would thus be able to transport a maximum of
90 waste cylinders, corresponding to 3-4 shipments, per year, if
all nuclear fuel is reprocessed.
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- CENTKAL STORAGE FACILITY FOR SPENT FUEL

“o

Power Station Cenusl Storepe R _ ! st E

 Finet Storsge

GENERAL

The following chapter is based on the conceptual stidy carried
out by the National Council for Radioactive Waste Management
{PRAV) concerning 3 central storage facility for spent nuclear
fuel /3~1/.

The size and design of the central storage facility has been bas-
ed on a total storage capacity of 3 000 metric tons of spent
fuel. The fuel will be stored in the central sturage facility for
an estimated maximum period of 10 years, after which it will be
transported either to reprocessing or other storage.

The central storage facility will alsc be used to store discarded
compone nts from the reactor core. In some cases, these components
will undergo mechanical treatment prior to storage in the fuel
pouls. It is assumed that the facility will be situated in rock.

The facility has t“ir.e main sections: Receiving section, storage
section an. auxiliary systems section (see Fig. 3-1 and 3-2).

The fuel arrives at the central storage fadility in transport
casks which are unloaded, cleaned and cooled in the receiving
section, after which the fuel is unloaded.

The fuel is stored a the storage section in a number of fuel
pools of thea same basic type as those in a nuclear power station,

The auxiliary systems section contains equipment for cooling,
cleaning of the coolant water, waste treatment, process monitor=
ing and power supply.

Storing spent fuel in water-filled pools is basi:zally a retative=-
ly simple operation, from which many years of experience are
available from nuclear power plants, However, due to the high
handling frequency and large volume of fuel stored in the central
storvage facility, careful thought must be given to layovt and
systems design before the design of the facility can be finaliz~
ed. The design goals shall be optimum operational availability,
safety and economy. The design described below is tentative in
certain respects, but nevertheless provides an idea of the basic
principles for the handling and storage of spent fuel in a cent-
ral storage facility.

‘
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Figure 3-2. Cross-section of central storage facility for spent fuel. (me conceptuel snudy by

N'+tional Council for Radioactive Waste Management )

DESIGN REQUIREMENTS AND PRINCIPAL DATA

Principal data’

The capacity of the facility is based on the following design da=

ta.
Storage capacity, fuel . 3 000 tons uranium
Storage capacity, BWR elements 12 000
" , PWR elements 1 800
" , core components 700 tons
Storage cassettes, 25 BWR elements 480
Storage cassettes, 9 PWR elements 200
Number of storage pools 6 .
Normal amount of uranivm per pool S00 tons
Water volume per pool 2000m
Total max. cooling requirement ’ 6.5 MW
Seawater flow for cooling 400 kg/s
Temperature increase of coolant seawater 5 c
Pool temperature, normal 20-30 C

, max. in normal operation 60 C
" , max. at reduced cooling 100°¢

capacity

Receiving capacity 1 transport cask per day
Total excavated rock 250 000 m3

Design principles

The plant will be designed and constructed to modern technical
standards in compliance with government laws and regulatioms.

The design of the facility shall be based on a

service life of at

least 60 years. Exceptions can be made for replaceable compo-

nents.

Buildings and systems shall be designed to provide some protec-
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3.2.3

3.2.4

3.2.5

3.2.6

tion against sabotage and acts of war. The fuel storage pcols and
a system which supplies them with water will be earthquake-proof-
ed. : AN

The faciiity will be equipped with diesel genefators for stand-by
power supply in the event of a failure of the external mains pow-
er system.

Separation and redundancy
— e,

Systems which provide cooling of. the fuel or prevent or restrict
the release of radioactivity shall be designed with redundant
configuration. This redundancy shall be desigued to ensure high
operational availability and so that the malfunction of one com—
ponent will not jeopardize the function of the system.

The temperature of the water in the fuel pools will be allowed to
rise to max. 60°C if only one heat exchanger or one pump is out
of service. Air temperature and humidity will also be allowed to
rise in the event of the failure of one component. 1f the regular
cooling system fails completely, the temperature of the water in
the pools will rise to 100 C after about one week. In order to
guarantee that the fuel is kept covered with water, the facility
will be equipred with a make-up water system which can supply the
required quantity of make~-up water to the pools from a storage
tank. This system will be physically separarved from the pooi's
normal cooling system and will not require an electrical supply.

The pools will be designed.to withstand the stresses to which
they can be subjected in connection with boiling.

Fire

The facility will be equipped with fire detection and exZinguish-
ing systems. Fire zones will be designated for evacuation and
fire fighting.

A {ire must not be able to disable the electrical power supply to
both pnol systems. A fire in the operation control centre may be
permitted to temporarily disable both process lines. Manual start
of at least one of the process lines shall he possible from a
place other than the operation control centre.

Operation control centre

The fa'ility will have an underground operation control centre
and a number of local control rooms. It will also be possible to
monitor certain vital process parameters from a monitoring sta-
tion on the surface.

Type of fuel transport

The systems and equipment in the receiving section will be de-
signed to receive water-filled fuel transport casks. Casks for
dry transport of the fuel will not be used for fuel transpovrts to
the facility, but may be used fotr transports from rhe facility.
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The saturation pressure in the cask ia normally 2-3 bar when it
arrives filled with fuel.

1t is assumed that the facility will be 1b¢a;ea'n¢.r a harbour.

&

DESIGN OF FACILITY

General

The facility will be located in ruck in order to satisfy require-
ments on protection, especially of the storage section, from sa-
botage and acts of war. Since it has been judged expedient to lo=
cate the receiving section directly adjacent to the storage sec-
tion, the storage and receiving sections will be located in a
line in a rock tunnel approximately 21 m wide, 25-35 m high and
280 m long (see Fig. 3~1 and Fig. 3-2).

The facility's waste system and the cooling and cleaning systems
for the receiving and storage pools will be located in the lower
part of the receiving se.tion.

Electrical power supply and monitoring equipment for the equip=
ment in the rock caverns will be located in a gallery which runs
parallel to the gallery for reception and storage and in a tran~
sept between these galleries.

Ocher auxiliary system components will be installed in a building
on ground level. The antry, administration and service sections
of the facility will be located in connection with the auxiliary
system section on the surface.

The surface units will be connected to the rock caverns through a

vertical shaft for communications, pipes, cables and ventilation.

Nuclear fuel. core components and other heavy mater1als w111 be
transported into the facility through descent tunnels from ground
level down to the receiving section and auziliary systems section
at a Jepth of 50 metres below the surface. The gradient in these
tunnels will be about 1:10. One loop of the transport tunne’! will
also pass through the far end of the storage section. Additional

tunnels may be required to expedite quick and economical blasting
of the rock caverns.

The receiving and storage sections wilil be designated as con-
trolled areas in accordance with radiation protection regula-
tions.

Personnel will be admitted to these areas via the shaft from the
surface installation down to the changing quarters in the tran-
sept between the two galleries.

The only controlled area on the surface is the exhaust fan area.
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Receivin& section

Most handling of arriving and departing radioacgiﬁé?haterial
takes place in the receiving section. The gallery measures 20 m
in width and 35 m in height.

The receiving section contains equipment for reception, cleaning,
cooling and unioading of the fuel from the transport casks. Next
to the receiving section is a workshop for maintenance of the
transport casks.

After the transport ~ask has been unloaded from the ship, it is
transported down to the off-loading statioun in the receiving sec-
tion on a trailer. The off-loading station is designed as a lock
and is situated in a transverse passage underneath the floor of
the receiving hall,

The transport cask with its transport cradle are lifted up
through the transport opening in the lock by an overhead crane
and placed in one of the radiation-shielded holding pens at floor
level.

In the holding pen, the shock absorber and the fastenings which
anchoruvd the cask during transport are detached. A special lift-
ing yoke :s connectad to the cask, after which it is raised bv
the crane and carried e special cells for testing, cooling and
cleaning of the water in the casks.

The cask is first provided with a jacket which protects the cool-
ing flanges from contamination during the following cperations.
[he condition of the fuel is then checked by sampling the water
in the cask. The cask 1s then connected to a special circulation
system for cooling and cleauing which reduces the temperature and
thereby alsc the pressure in the cask. The radioactivity level in
the outgoing water 1s checked during .the process, providing
further indication of any defects in the fuel cladding and of the
progress of thie cask-rinsing operation.

Following this phase of the reception process, the cask is remov-
ed to a receiving pool. With the proposed design of the receiving
section, this can be Jone in two different ways, depending on the
type and design of the cask which is used.

Casks. of standard type intended for Swedish transportation re-
quirements will be lowered down in a shaft and placed on a trans-
port wagon which can be moved via a horizontal transport passage
to a holding pen underneath the receiving pool.

The top part of the cask 1s connected to a transport opening in
the bottem of the pool by means of a mobile mechanical sealing
device.

The above-described means of transport te the receiving pool re-
quires a certain type of cask and can therefore not be cpplied
generally. Other types of casks may also be used, e.g. fu. trans-
po-ts to foreign reprocessing plants. These casks are lowered di-
re:tly down into the receiving pool in the conventicnal manner.
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The advantage of the former method is that contamination of the
outside of the cask during unloading can de conpletcly eliminat~
ed. -

The unloading process takes place under water in the receiving
pool. The fuel is unloaded by a series of tools which are stored
in the pool or are mounted on a gantry crane waich covers the en=
tire work area. The gantry crane is equipped with a telescopic
device for handling the fuel elements and with li{ting equipment
for handling of tools, transport cask covers and linings etc.

The unloading operations are basically the same for a transport
cask in the pool as for a transport cask in the holding pen un~
derneuth the pool. The folléwing operations are carried out:

- The cover is removed and nlaced next to the cask.

- The fuel elements are lifted out of the cask by means of the
telescopic device and taken to a storage cassette in the re=
ceiving pool. Each element can be inspected for cladding da=
mage and, if necessary, the positions in the cassette can be
covered with a 1id and connected to a vacuum extraction sys=
tem. .

1f the cask insert has to be replaced for the transport of an=-
other type of element, the following operations are performed:
B L)

- The insert if lifted up by the auxiliary hoist on the gantry
crane and moved over to a side part of the pool which con=
tains equxpment for decontamination of the entire insert.

- A new insert is installed in rhe cask.

When the cask has been emptied, the cover is fitted. If the cask
has been immersed in the pool, the cask and its protective jacket
are externally washed during the lifting operations to prevent
contamination of the transport path across the floor. If the cask
has been in the holding pen underneath the pool, washing in con=
nection with transport up to floor level should not be required.

The cask is then conveyed to a station for decontamination +nd
inspection tefore it leaves the facility. This station is located
adjacent to the :ooling station and, like the cooling station,
consists of a sub=floor cell. The protective jacket is removed
and external parts are washed so that the surface activity of the
cask is reduced to acceptable values.

After transport to the holding pen and placement on the transport
cradle, the cask is ready for despatch and loading onto the ship.

The capacity of the receiving section has been estimated to be
about one cask per day.

Storage section

The storage section consists of six water-filled pools connected
with each other and with the receiving section through a trans-
port channel There is a door in each pool leading into the trans=
port channel. Tie pools are located separately and in a row, one
after the other, in the rock gallery, which is about 20 m wide
and 25 m high at this point.

]
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Each pcol normally containg_about 500 tons_of'fuglfﬁhd has a w.-
‘ter volume of about 2 GO0 m” and a depth of abodt 12 m.

The pools are lined with stainless steel so as to permit inspec-
tion for leakage. Furthermore, the pools are equipped with a spe-
cial leakage monitoring system and are covered.

The fuel is stored vertically in special cassettes in the pools.
The cassettes are portable and are also used for transporting the
fuel from receiving pool to storage pool. A special cassette-
handling crane, which runs on beams on either side of the pools,
is used to transport the cassettes. .

The cassettes are of standard dimensions. One cassette for BWR
fuel can hold 25 elements, while one cassette for PWR fuel can
hold 9 elements. A total of 680 cassettes will be required for

3 000 tons of uranium, with the expected distribution between BWwR
and PWR elements. .

The spent core components consist primarily of the fuel channels
(boxes) which enclose the fuel elements in a BWR reactor, spent
control rods, neutron emitters and detector equipment from the
reactor cores, It i3 assumed that this material will be stored in
stainless steel cases with the same external dimensions as the
fuel storage cassettes after reduction of their volume by means
of chopping and compacting of bulky components. An estimated 20-
30 or so storage cases will be required up until 1990.

Adjacent to the receiving pool section is a special pool for
handling (chopping and compacting) of core components.

Catwalks run alongside the receiving section outside of the paths
of the overhead crane. Supply and discharge pipes for pool cool-
ing run underneath these levels. The supply pipes are connected
to the pools on the long sides, while the discha je pipas carry
water away from the overflow weirs along the short sides of the
pools.

Auxiliary systems section

The auxiliary systewns section is divided into above-ground and
underground installations. The radiocactive systems are located
underground and close to the receiving section in order to mini-
mize the number of radioactive pipes and avoid long radioactive
pipe ducts. There is also an inactive "uncontrolled” unit under-
ground, which mainly contains electrical power supply and moni-=
toring equipma2nt for the underground systems, and an operation
control centre from which the facility is controlled and monitor-
ed.

The surface systems include a saltwater cooling system, parts of
an intermediate cooling system, a compressed air system, ventila-
tion system, power supply, switchgear, diesel generators etc.

Radioactive cooling and cleaning systems

The cooling systems for pool water are located in connection with

the storage prols and between the storage pools and the receiviag
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pools. The discharge ptpes frca the pools lead to a level control
well underneath the receiving hall. The pumps and- heat exchangers
for the pool cooling systems are located on the -level below the
level control well. These heat exchangers are cooled via an
intermediate cooling system. The heat exchangers for the inter~’
mediate cooling system are located in the surface building and
are in turn cooled by seawater. The intermediate cooling system
is connected to the pool cuvoling system via pipes in the cowmu-
nications shaft,

The cooling and cleaning systems for cask and pool water are io=
cated next to the delivery lock ard close to the cask handling
positions in the receiving section. A radioactive pipe duct runs
between the two handling lines in the receiving section.

The filters for the cleaning systems are located on either side
of this pipe duct in radiation—shielded cells. A service room for
these filters and a charging room from which the filters are
covered with filter material are located on the level above the
filter cells.

Underneath the filters are pipe and ventilation ducts and under-
neath these are tanks for used filter material. The filter mate-
rial is pumped out of these tanks via a radioactive pipe duct to
trancport casks for spent filter material. These casks are sta=-
tioned in radiation-shielded positions in the waste secticn of
the receiving section next to the transport lock, from which they
can be transported out via the lock and the transport tunnel.

1
Besides equipment for spent filter material, the waste systems
include systems for recovery, treatment and discharge of water,
These systems incorporate an evaporator and a number of collec-
tion tanks for water of various grades and in various stages of
the treatment piocess. They are located for the most part under-
neath the workshop section next to the receiving hall. Pipés run
via the radioactive pipe duct.

A control station for controlled areas is located uadermeath the
transport lock and in connection with the waste systems. Certain
parts of the process can be monitored and controlled from this
control station.

Electrical systems

The entire electrical section is an uncontrolled, i.e. inactive,
area with the exception of certain personnel and ventilation
areas. Personnel enter tihe electrical section at one end of the
rock chamber via the commumications shafte.

The facility's operation control centre is situated so that it
provides a direct view over the receiving and storage halls. Per-
sonnel quarters are located adjacent to the operatlon control

. centre.

The electrical caction is divided into fire cells to that elec-
trical systems which belong to different redundant components and

sub~systems are physically and atmospherically isolated from each
other.

[ ]

>
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Auxiliary systemz on the surface

The surface buiiding contains an elec;rical.ségeiqn, diesel gene-
rators, couling system, ventilation system and office and service
quarters. The uJiesel generator section contains an extra ventila-
tion level and the ¢lectrical section has an undergrnund cable
level,

The surface facility is an uncontrolled area, with the exception
of certain areas for ventilation of the controlled parts of the
rock cavern facility.

The surface building is entered from the ovtside via an entrance
hail on ground level which is supervised from a guard room. The
guard room is also situated to permit supervision cf the entrance
to the communications shaft. The communications shaft is surroun-
ded by a thick concrete missile shield. Office ard personnel
quarters are located adjacent to the entrance hall.

The ventilation systems are divided into a controlled section,
which serves the underground controlled receiving and storage
sections, and an uncentrolled section, which serves the under-
ground electrical systems and the surface building.

The controlled surface ses~tion is entered via a changing room in
the surface personnel section.

The cooling system consists of pumps and heat exchangers which
belong to the seawater cooling circuit and serves the intermedi-
ate cooling system for the pool water cooling and treatment sys-
tems.

The power supply systems are located at ground level above a
cable level which is connected with the cable !evels for the un-
derground electrical svstems via cable conduits in the communi-
cations shaft,

SERVICE LIFE AND DECOMMISSIONING

It is estimated that the central storage facility will have an
economic life of approximately 60 years. This does not mean that
the facility will no longer be useful for its purpose after this
period of time. Naturally, machinery and equipment nust be main-
tained and renovated as needed during the lifetime of the facili-
ty, but it serves no purpose to anticipate a longer service life
at this time.

When the central storage facility has sarved out its life, de-
commissioning is facilitated by the location of the facility in
rock. Decommissioning may proceed as follows:

- Fuel is removed to another storage facility, to reprocessing
or to dire:t disposal.

- High-level compcnents other than fuel are removed to finatl
disposal.

- The facility is thoroughly decontaminated. Scrap and build-
ing components which constitute low- and medium—vaste are
taken away for disposal.
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The facility can then be used once again fot'nucleat or other ac~
tivities, If the rock caverns are not to be utilizéed for other
purposes, but rather sealed off, the work of dlumantlxng and de~
contamination may be reduced.

The decommissioning of a central fuel storage facility poses few=
er problems than the decommissioning of a nuclear nower piant.
This is primarily due to the fact that the central storage faci-
lity does not contain heavy equipment or permanent 1nstallatton|
vhich are highly radioactive,

OPERATION OF FACILITY

The central storage facility for spent nuclear fuel will be under
the supervision of the same authorities as a nuclear power nlant,
namc ly the National Nuclear Power Inspectorate, the National In-
stitute of Radiation Protection etc. These suthorities issue
directives and regulations governing both the design and the
operation of the facility.

Administrative surveillance of the fuel will be carried out under
the supervision of the Swedish Nuclear Power Inspectorate (SKI)
and the Internmational Atomic Energy Agency (IAEA).

The operating personnel, an estimated 100 or so persons, wiil re-
ceive both theoretical and practical training in matters such as
radiation protection, criticality, design and function of systems
and components and operating and maintenance technology. Practi-
cal *raining of the personnel will include on-the=job duty at
operative nuclear power plants with a special emphasis on fuel
handling.

¢
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REPROCESSING AND VITRIFICATION
Poweer Station Comral Storage Repr . g:::"‘ Encapsulstion
Firnl Storsge

The spent nuclear fuel which is to be reprocessed will be trans~
ported either directly or via the central fuel storage facility
to a reprocessing plant. No such plants are currently planned in
Sweden, so reprocessing services must be purchased from abroad.
For this reason, the design and operation of these plants will be

" dealt with in less depth than the other plants which are included

in the nuclear fuel cycle. The main emphasis of this chapter is
on the properties of the vitrified waste which will be returned
to Sweden for final storage.

REPROCESSING

Processes

The plants for the reprocessing of spent nuclear fuel which have
already been cerected, are under construction or are in the
planning stage are all based on variations of the American Purex
process. In brief, this process. involves chopping the fuel ele-
ments, dissolving the fuel in nitric acid, separating uranium and
plutonium from the fission products in the fuel by means of ex-
traction with an organic solvent, separating the uranium and plu~-
tonium from each other and final refinement of the uranium and
plutonium,

Reprocessing of the spent fuel divides the fuel into four frae-
tions containing ucanium, plutonium, cladding waste and high-le~
vel waste in solution. Fig. a=1 shows a flow scheme of the repro=
cessing of spent nuclear fuel from light-water reactors.

Light-water reactors, which dominate new reactor construction,
use fuel elements with uranium in the form of an oxide. Burnup in
this fuel amounts to about 30 0CO MW per day per ton of uranium.
This is much higher than in the English and French gas-cooled
power reactors and in military reactors. Most reprocessing expe-
rience is for fuel from the latter type of reactor.

Processing ttis fuel presented more technical difficulties than
expected. The problems were associated with the mechanical chopp~-
ing of the fuel, the dissolution of uranium oxide, the separation
of solid particles from the liquid and the higher radiation le-
vel, which leads to some disintegration of the organic process
liquids. The reprocessing of light-water reactor fuel has now
been demonstrated in 5 plants. Eurochemic in Belgium, WAK in West

&
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Figure 4-1. Process scheme for reprocessing of spent fuel from lighi-water reactors.

Germany, Windscale in England, La Hague in France and Nuclear
Fuel Service in the USA.

Parallel to the main process are a number of auxiliary svstems
for treatment of the solvent to rende. it suitable for reuse, ve-
covery of nitric acid and treatment of gas—borne and liquid
waste. These systems require expensive and advanced technology
for process control as well as for personnel protection.

The fuel entering the plant is stored in water pools which. pro-
vide cooling and radiation shielding. The fuel is taken out of
the pools after a cooling period of at least one year for pre-
rreatment, in which the fuel elements are freed of their external
structural parts and chopped into 5~8 cm long pie :es.

The chopped material is transferred in a basket to a iissolver,
where the uranium oxide with its fission products an¢ transurani-
um elements is dissolved in boiling nitric acid. The leached
hulls remain undissolved and are transferred to waste canisters
for storage. This scrap contains induced radicactivity in the
zircaloy cladding as well as traces of fuel. Gaseous fission pro—
ducts - mainly ioding, krypton and tritium - are evalved. The
iodine is sz2parated in the exhaust gas system Oy means of alka-
line scrubbing and special filters., Methods are also available
for separating krypton from the exhaust gas.

The 'solution containing the fuel dissolved in nitric acid is fed
into a system where two immiscible liquids - the nitric aszid-fuel
solution and arn organic solvent - flow in opposite directions
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wvhile the liquid phases ar> alternately remixed and separated
(countercurrent extraction). Uraniuvm and plutonium are highly so-
luble in the. organic solvemt under the prevailing conditions,

while the solubility of the fission products is very low. The li-

quid phase flowing out of the systen contains 99.9% of the
fission products /4-21/. This liquid contains the high~level
waste, :

The high-level waste solutisn then goes to processing stages for
concentration and storage. After separation in the first extrac-
tion stage, the product flow is delivered o another extraction
stage. Here, conditions are adjusted so that plutonium is conver=
ted to a chemical form which is virtually insoluble in the orga-
nic phase, while the solubility of the uranium remains unchanged.
As a result, uranium and plutonium are separated from each other.
By means of additional refinement stages, both uranium and plu=
tonium achieve the desired purity. '

Uranium is finally obtained in the form of uranyl nitrate solu~
tinn, which is calcined to uranium trioxide. The calcinate is.
transported to a plant for conversion to uranium hexafluoride and
renewed enrichment. Plutonium is stored in the form of plutonium
rnitrate gsolution and converted to plutonium dioxide before it can
be used for fuel manufacture.

The high~level waste colution contains 99.9% of the fission pro-
ducts, about 0.12 of the original quantity of uranium, about 0.5%
of the original quantity of plutonium and all of the other trans-
uraniim element.. The solution is evaporated and normally stored
for a periond of time in the form of liquid concentrate in cooled
and monitored stainless steel tanks. After storage, the high-le=
vel waste is calcined and vitrified.

Reprocessing plants

The high-level processes in a reprocessing plant must be carried
out behind radiation shields in "hot ceils” with metre-thich con-
crete walls. The sections in which uranium or plutoniumbearing
substances are handled must be designed for absolute security
against criticality. This is achieved by geometric delimitation
of the process equipment, limitation of the quantity of fissile
material in the solutions or the addition of neutron~absorbing
svbstances. '

A reprocessing plant is divided into differeat sections on the
basis of radialion levels and activity conients. A number of pro~
tective barriers are used. For example, the stainless steel ves-
sel for dissolving tne fuel is provided with special ventilation
wvhich maintains a negative presaure in the vessel. The dissotver
is enclosed in a cell whose flour and walls are lined with stain-
less steel. The cel]l is ventilated so that it is at a lower
pressure than surrounding spaces with lower activity levels.

The principles of plant maintenance are very important in the de=
sign of a reprocessing plant. Remcte-controlled maintenance is
tormally required for the mechanical equipment in the cell where

the fuel elements are chopped up. The cell is 2quipped with mani="

pulators and other equipment which permit repairs without human
contact. )
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A high surface finish is of vital importance to permit thorough
cleaning (decontamination) of pipes and vessels prior to main-
tenance. Traps, pockets and sharp corners in pipelines where ra-
dioactive sludge could accumulate and be difficulf‘to remove must
also Ye kept to a minimua. )

Whzreever highly radiocactive liquids are transferred between pro~
cess vessels, an attempt is made to avoid the use of equipment
with moving parts (mechanical pumps etc.). Instead, steam injec—
tors, gas lift pumps or level differences between the vessels are
used. This reduces the risk of leakage and minimizes maintenance.

Operational experience

The reprecessing industry has a 30-vear history. Since the 1940s,
fuel from military production reactors, research and experimental
reactors and gas—cooled power reactors have been reprocessed. The
technology for such reprocessing has been demonstrated in Europe
on an industrial scale for many years at Windscale, Marcoule, la
Hague and Eurochemic.

Experience from the first stage in reprocessing - receiving and
storage of the fuel in pools - have led to the installation of
more efficient systems fcr cleaning the pool water. Equipment for
isolating and covering leaking fuel is another means to reduce
the dose load on personnel who work in the receiving section.

High reliability in the wmit for choppine :he fuel elements is of
fundamental importance in ensuring high operational availability
in reprocessing. At the reprocessing plant in Karlsruhe (WAK),
the chopping cell has not been entered since it was put into ser—
vice 4 1/2 years ago. A La Hague, where the entire fuel bundle is
chopped, there have been some initial! difficulties, but these
seem to have been overcome now.

A large quantity of insoluble fission products is obtained from
the dissolution of high-burnup oxide fuel as compared with fuel
from gas-cooled reactors. These fission products are obtained in
the form of a fine powder. In addition, zircaloy chips are formwed
when the fuel rods are chopped. The solid particles can interfere
with the extraction process and must therefore be separated. This
can be accomplished by means of centrifuging or filtering.

One of the main problems in the extraction process for high-burn-
up fuel has been e radiolysis of organic solution accompanied
by the precipitation of zirconium butyl phosphate, which can dis-
rupt the process. The extraction apparatus must therefore be de-
signed to provide minimum contact time between the organic sol-
vent and the radioactive solution. Pulse columms and centrifugal
contactors can give ~ontact times which are a factor of 10 lower
than mizer-sidimenters. The French atomic energy commission has
developed special multi-stage centrifugal contactors which will
be used at the plant for oxide fuel in La Hague.

Zirconium and ruthenium are the fission products which are most
difficult to separate from uranium and plutonium in the first ex-
traction cycle. They can therefore contribute to a higher radia-
tion level in the following stages for separation and purifica-
tion of the uranium and plutonium solutions. This has been a
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problem in plants where the equipment wvas e-igxn.lly desizned for
fuel of lower burnup.

The exhaust gas cleaning pracess in & rcptoceasnng plant oust be
able to separate the iodine isotopes I-131 and I-129 efficiently.
1-131 is short-lived (half-life 8 days) and need only be taken
into consideration when the spent fuel is reprocessed less than 6
months after it is discharged frr= il reactor. This is not a
possibility which need be ‘considered in the case of light-water
fuel, Ouxng to reduced llpxts for the release of 1-129 and
problems in the handling 'of 1od1ne-conta1n1ng alkaline washing
solutiuns, solid filters;with silver-impregnated catalysts are
now being used to an increasing degres. Tests of such filters
have shown that they reruce iodine releases to less than
1/1000¢h. /

The Eurochemic, WAK, W/ndscale and La Hague plants have demon—~
strated the reprocessifig of oxide fuel on ar industrial scale. At
La Hague, improved apjjaratus has been developed and tested for
the chopping .of oxide’ fuel, the separation of solid particles and
1iquid extration with short contact time. The outlook is there-
fore favourzble for Xatisfactory operational reliability and
plant availability ih future large-scale operation.

Working environmen:/ and safety
v

The main factor which disctinguishes the working environment in a
reprocessing plan’ from the working environment in other chemical
plants is, of cotrse, the level of radioactivity. The radiation
envirorment in a'reprocessing plant can be kept under control by
effective measurement and monitoring of radiation levels and re-
gistration of personnel doses. Such direct registration and moni-
toring are often not possible with respect to chemical environ-
mental factors; The recommendations of the International Commis-
sion for Radioclogical Protection (IRCP) limit tlie annual dose to
raniologically employed personnel to a maximum of 5 rems. The
{undamental goal of radiation protection work shall be to keep
radiation dodes as low as is practically posetible.

The internal enviromment at La Hague

' The new receiving plant .for fuel from light-water reacto:s has

been in eperation for a short period of time. Experienc:'s from
the processing of fuel from gas-cooled reactors are, however,
considerad sufficiently representative to provide a picture of
the expected working environment situation which will be associ-~
ated with operation with light-water fuel.

The reprocessing plant has a unit for company medical services
(Service Médical de Travail; SMT) as well as a medical laboratory
(Laboratoire d'Analyse Médical; LAM, which performs routine toxi-
cological and radiotoxicological analyses. The SMT unit employs
12 persons while the LAM unit employs 16 /4-22/,

Radiation protection of the plant is under the supervision of

_ Service Central Protection de la Radiation Ionizée (SCPRI) an

agency under the Ministry of Public Health. ICRP standards are
followed, The mean dose per employee in radiological work was

@




LN

%

N

W

36

350 mrems/year in 1975. Employees in the decladding section
(approx. 60 persons) and employees who work with decontamination
(approx. 50 persons) had received a mean dose of 1600-1700 mrems
per year. These two groups are exposed to the hlghest doses in
the reprocessing plant. it
Exposure data and cther working environment matters are evaluated
and discussed monthly by a committee which includes representa-
tives of both COGEMA and the trade union.

There has been a health and safety committee at La Hague with lo-

~ cal repres eftatlves from the employees and the company management

for many xears. Following a strike, a larger health and safety
committee was appointed in November of 1976 with representatives
from the employees' central trade union associations and the com-
pany management in Paris. This committee submitted its final re-
port /4-23/ in June of 1977. The committee's recommendations are
unanimous. They contain 47 points aimed at improving the working
environment. The different points are of varying scope. 11 of the

" points had been acted on by June of 1977. There is a timetable

for each point .and all points are to be implemented by 1981.
COGEMA's board has decided to implement the 47-point programme in
accordance with the committee's proposal.

The 47-point programme is divided into the following sections: _

- short~ and mediumr-range reforms
- medium—range large-scale investments

- recruitment of new personnel (such as radiation protection
personnel)

- safety equipment

-  organization and methods

- studies

- training

- technical problems
- personnel problems
- technical organization and methods

Representatives of the employees on the health and safety com
mittee agree that safety is good /4~24/, but that the 47-point
programme must be implemented in order to provide adequate safety
marging,

External environment
Releases into the air and water from the plant at La Hague are

carefully monitored. The French radiation protection authorities
have established the following limits for water releases:

8-radiation 40 00Q curies/year
tritium 60 000 "
a-radiation 90 "

Water releases were measured at 8 = 32 000 curies, tritium =
11 000 curies and a = 13 curies for 1975. B releases were reduced
in 1976 to 19 000 curies /4-25/.

. An extensive network of momitoring stations at La Hague measures

atmospheric emissions (mainly krypton) and water releases and
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analyzes the levels of radicective elements in the enviromment,
In 1975, 2 200 samples were taken, on which 6 800 analyses were
performed /4~26/. Samples are taken from the.air, rainwater,
streams, groundwater, plants, milk, seawater,_sand and sediment,
algae, crustaceans and fish. Samples are aaken bothr near the
plant and farther away.

In summary it can be said that radiocactivity releases from La
Hague to the most highly exposed group of people are estimated at
1 mrem/year from the cousvmptior of fish and crustacean and 5
mrems/year from atmospheric emissions, mainly of krypton-85.
Additional information is provided in /4-26/. These values can be
compared to the natural external radiation level at La Hague,
which is 100 mrems, and internal radiation from potassium~40 in
the human body, which is 25 mrems /4-21/,

VITRIFICATION

Methods for the infusion of the high-level waste in glass are
currently being developed in a number of countries. At the French
PIVER pilot plant in Marcoule, 15 tons of high~level glass of the
borosilicate type have been produced. A batch process using a
special furnace is employed. The material is evaporated, calcined
and melted to glass in the same apparatus. The furnace which is
used is made of inconel and is heated by means of induction /4~
27/.

The waste solution is mixed with a weak nitric acid solution
which is added to the furmace and which contains the vitrifying
additives in the form of tiny particles. The temperature is in~
creaced at the rate of 100°C per hour up to 1 150°C, at which
point calcination takes place and vitrification bégins. After 3-4
hours, the molten glass is allowed to run down into » container
of chromiumrnickel steel /4-20/.

An initial industrial prototype plant, AVM (L'Atelier de Vitrifi-
cation de Marcoule) is based on previous experience from the
PIVER plant and is currently being trial-operated with inactive
material. The plant will be put into radioac:tive operation in
early 1978 /4-28/. It will solidify the high-level waste from the
reprocessing of relatively low-burnup fuel from gas-cooled reac-
tors and fuel from research reactors. The construction of a simi-
lar plant for the solidification of waste from reprocessing of
oxide fuel is also planned in La Hague.

The AVM process is continuous. First, the high-level liquid is
dried to a powder (calcinate) which is_then fused with borosili-
cate glass in a furnace at about 1 100°%C. A homogeneous glass if
formed, since the borosilicate glass mass dissolves all of the
metallic oxides in the high-level waste. The glass is then cast
in a chromium-nickel steel container. When the container is full,
a lid is welded on so that it is hermetically sealed.

There is an intermediate storage facility for high~level waste at
Marcoule where 154 waste cylinders with a total activity of 5
million curies have been stored for the past 6~8 years. The stor-
age facility is located underground and is of concrete construc-
tion with vertical round holes in which the glass cylinders are
stacked on top of one another. A 1 1/2 m thi¢k concrete plug is
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ingerted into each hole. There is no danger to persons above the
storage facility.

SOLUBILITY OF THE VITRIFIED WASTE

Time dependence of leaching rate

The glass is made up of a network with a coherent, three-dimen-
sional structure containing silicon, boron and aluminium oxides.
Other substances are then bound in this network.

The substances incorporated in the glass are leached out in two
different ways /4-1/. Elements integrated in the network are
dissolved directly from the surface. This mechanism applies for
example to silicon, boron, aluminium and plutonium. In the case
of cesium and strontium, the elements are first replaced by hy-
drogen ions in the glass lattice. This results in a diffusion-
controlled leaching rate which diminishes with time. After a pe-
riod of a few weeks or less, leaching of these >lements as well
will be determined by a direct dissolution of the surface /4-2/.

The exact shape of the leaching curves depends on the structure
of the silicic-acid-rich film which is formed in contact with the
leaching solution. It has been found experimentally that even
elements which initially exhibit great differences in leaching
rate will have very similar leaching rates after a few months.
This means that the leached quantities will be proportional to
the levels of the various elements in the glass dissolved from
the surface, and that the rate of suriace dissolution can be
equated with the leaciing rate.

In the case of laboratory—fabricated French glass of the light-
water reactor type which contains 20% fission products, it Rhas ,
been found after about 3 months that the leaching rate per day is
const: * in tests with high water flow rates. The leaching rates
are th ( about 2.1077 grams pervr em? and day at room temperature.
This corresponds to a dissolution rate of -3,107 =4 mm per year

/4=3, 4-29/. Even lower values (down to 5.10"1l grams per cm? and
day) have been obtained for strontium after 15 years in field
tests with burxed blocks of Canadian nepheline syenite glass
l4=4/.

In order to calculate the leaching of a radiocactive element from
a glass body, the leaching rate is first multiplied by the sur-
face available for leaching and then by the fraction which the
radioactive element comprises of the glass.

In the final repository, the water flow around the encapsulated
glass will be very low (see I1:5). The leachirg rate will theraby
be lower than the rates determined at high rates of water flow
/4~30/. This question is treated in greater cepth in section
Iv:6,.3.

Influence of groundwater composition

Variations in the composition of the leaching agent can affect
its attack on the glass. This applies especially to its content
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of substances which can break up the Si~0 bonds in the retwork.
Hydroxide and fluoride ions react in this mamer /f4=5, 4-6/,
vhich means that the pH of the water can be an important factor.
The concentration of fluoride ions in most groundiaters is low,
and they have maximum effect at low pH values. Low pH values do
not necessarily mean low water flow rate, since the lesching
mechanism for glass generates a borate-silicate buffer with a pH
of about 9. Bentonite also stabilizes the pH value at this level.

Leaching resistance can theoretically also be affected by the
substances incorporated in the glass itself which, upon long-term
contact between a2 small quantity of leaching liquid and glass,
can build up to hisher concentrations in the liquid /4-7/. When
glass of this type is used - as it will be for the vitrification
of radiocactive waste ~ sodium, boric acid and silicic acid con-
centrations of several hundred ppm may. build up. Sodium ions may,
bv rediffusion into the glass, reduce the corrosion rate some-
what. French expcriments with salt sclutions and solutions con-
taining fission products indicate that the effect of the dissolve
ed substances on the leaching rate is slight /4-8/.

Other substances in the leaching solution may at least temporari=-
1y reduce the leaching rate by forming a protective film of e.g.
catbonates or sulphates on the surface under stationary condi-
tions, At the pH which can be expected to prevail in the ground-
water, precipitation reactions will also take place in the li-
quid, for exammle of carbonates, as well as the complex:ng of
uranium and plutonium, which affects the further transport of
these elements. An important factor in this respect is the hydro~
gen carbonate concentration. Chloride, whizh piays an important
role in the corrosion of metallic materials, does not influence
the corrosion of French glass., This has been shown both by the
fact that it does not affect the mechanism of glass leaching and
by the aforementioned French experiments.

It can be added that English experiments have found leaching
rates which are 10~30 times higher for ion-free water than for
natural water /4=9/. But ion~{ree water has never been encounter=
ed and cannot exist in the Swedish bedrork.

Influence of pH on resistance to leaching

Experiments have been conducted at Marcoule in France /4~8/ with
glass coniaining radioactive fission products in order to study
the influence of the pH on the leaching rates, especially for
cesium=137 and strontium=30.

The experiments, which were conducted on a French glass, showed
that the leaching resistance of the glass did not change within
the pH interval 4-11. At pH 3, the leaching rate was 10 times as
great, and at pH 14 it was 20 times as great as at pH /4=11/.
These tesults indicate that glass with incorpor.ted fission pro-
ducts is considerably less pH-sensitive with respect to the
leaching rate than ordinary soda glass. This is especially true
within the alkaline range, where a substantial increase in the
leaching rate is noted for ordinary glass at pH 9-10. Resistance
to acid, however, is poor according to information from Euroche-
mic and Marcoule. However, pH values below 4 a-e extremely im—
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: probable under the conditions which prevail around the glall body

in final storage.

In order to confirm the resistance of the borosilicate glass to
moderately alkaline solutions, measurements are being carried out
at Studsvik of the leaching at 70°C of an inactive borosilicate
glase at pH 10.5 and 8.5. This glass has a chemical composition
vhich is the same as the glass which is to be used for final
storage, i.e. with about 31 fission products. Results obtained to
date indicate a doubling of the leaching rate at pH 10.5 in
comparison with pH 8.5. The leaching rate at pH 8.5 is comparable
to that for radiocactive French glass.

Among the prerequisites which must be fulfilled by potential
sites for a final repository for high—level waste in Sweden is
the condition that the storage site must have a very low ground-
water flow (on the order of a few decilitres per m2 and year).
This means that only a relatively small quantity of water will
come into contact with a large area of glass. Since the wechanism
for the reaction between glass and water leads to the release of
alkali, one would expect the pH to rise.

However, measurements at Studsvik performed on a borosilicate
glass contaxnlng inactive sxmulated fission products show that
the pH remains below 9.5 at 70°C. The original pH of the leaching
agent was thereby 8.5, In another experiment, in which ground-
water was in contact with pulverized glass containing simulated
fission products at room temperature for about 9 months, a pH of
about 8 was measured. In this experiment, the ratio between the
glass surface area and the leaching volume was fairly similar to
the ratio for the glass bodies at low water flow. One reason why
a greater pH increase is not obtained is that the glass contains
boron oxide, which neutralizes dissolved alkali when it goes into
solutijon and stabilizes the pH via a buffer system of borates.

The large quantity of filler material which surrounds the waste

- also has a similar stabilizing effect on the pH value, keeping it

between 8 and 9.

Influence of temperature

All experience from leaching tests with glass of varying composi-
tion shows that the leaching rate and thereby the rate of attack
on the glass increases sharply with the temperature. This is an
important parameter, since the waste will heat the surrounding
bedrock. Measurements have been made at Marcoule of the increase
of the leaching rate for cesium and strontium, whereby it was
found that the leachxng rate is about 4 times greater at 50° ¢, 10
times Jsreater at 70°C 74-11/ and 35 times greater at 100°C than
at_25°C. Interpolaticn gives } times greater leaching rate at
40°C than at room tcmperature.

Trxals are being conducted at Studsvik at room temperature and at
60°C.

The temperature conditions in the final repository are illustrat-
ed in Fig. 4-2. Naturally, leaching cannot begin until the canis-
ter and the chromiumnickel cylinder have been penetrated.
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Figure 4-2. Temperanwre of the vitrified waste in the intermediate storage faciliry and the finel
repository.

Leaching tests with French glass at Studsvik

Tests were begun in July of 1977 with the leaching of French
glass containing high-level fission products. In addition to
gaining experience in the testing of radioactive glass, these
tests are aimed at exploring the effects of the conditions which
can be expected to prevail in a final repository in the Swedish
bedrock. The variables which are of greatest interest in this
respect are temperature, pH and groundwater comprsition. The ra-
dioactive glasses containing waste from light-water fuel which
are now being leached contain 20X fission product oxides in com~
parison with the approximately 92 which are planned for the final
storage of reprocessed Swedish waste.

The active glass is leached in an apparatus which is similar to
the one used in France /4~8/, An initial stage of dynamic leach-
ing is followed by a stage of static leaching (at higher tempera-
ture).

The compoaition of the leaching agent was as follows (pH 8.5):

HCOJ = 300 mg/1 - L,5m/l K - 2ng/l

cl- - 27 mg/i Na® - 12% mg/1 ng’ - 3mg/l
s0; -~ 9me/l Cal - & wmg/l si0, - 8§ mg/l

¢
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Of the glasses which were leached, twu were of types which are
being considered for the solidification of light-water reactor
waste, but in this case with: approxxmately 0% fllslon products.
Radioactivity was about 1 000 Ci, which means that most of the
fission product content consisted of simulated fission products.
Another cylinder contained light-water reactor glass with simu-
lated fission products and approximatecly 3% plutonium dioxide.

The leaching solutions from the glasses containing radioactive
fission products were meastvred with respect to strontium-99 and
cesium-137. The leaching solutions from the plutonium~bearinrg
glass were measured with respect tv plutonium and, in sceme
cases, americium. It should be noted in this connection that nor-
mal glass c¢ontaining fission products only contains about 0.02%
plutonium. It was necessary to boost the content by a [actor of
more than 100 so that the plutonium could be analyzed in the
leaching solutiom.

The French glasses give leaching rates of 2. 10-7 g per cmz and
day after about 100 days at room temperature. The value for the
plutonium glasses is roughly the same.

Results obtained to date gt Studsvik for strontium and cesium
show leaching rates at 25 C of 6.10~7 and 2.107® g per cm? and
day after 40 days.

The leaching rates for strontium and cesium declined during the
test period, which lasted for 40 days. If the experiment had been
extended to 100 days, it is estimated that the leaching rates

would have approached the same value which was obtained at Mar—

coule, namely 2. 10~7 g per cm? and day. In order to permit the
measurement of leaching rates at higher temperatures, the tempe-
rature was increased after 40 days to 60 C. The first values at
60°C show that the leaching rate increased by a factor of 10
f4=12/.

The leaching rate for plutonium at 25°C has been measured at
Studsvik to be about03.10‘7 g per em? and day after 30 days. The
first values fiom 60 C shcw that the change of the leaching rate

with temperature is less than in the case c¢f strontium and cesium
f4=12/.

When evaluating the results ot the teats at Studsvik, it is im-
portant to note that they were conduzted with approximately 20%
fission products in glasses containing 42.9 and 46.0% Si0;, re-
spectively. In their reprocessing contract with COGEMA, SKBF has
chosen a glass with only about 97 fission products, which means
that the SiJ7 content will be more than 50%Z., The glass will
therefore have a lower leaching rate for fission products and ac-
tinides /4-18/.

DURABILITY OF THE WASTE GLASS

General on glass = an amorphous material

Glass possesses a certain amount of fluidity. This property is
valuable for withstanding the stresses whicn arise over a long
period of storage. Certain observations confirm this:

. — o ———
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a) Energy accumulation due to ionizing radiation is low and re-
lease does not take place 1natantaneously. D{siocatxons can
be absorbed by the "plastic™ glass structuie better than by
crystalline materials. ’ :

bd) Helium formation in glass caused by alpha radiation over a
long period of time does not lead to embrittlement. The un=
ordered glass structure contains voids which can absorb
large quantities of gases in the dissolved state. These
gases can diffuse more readily through the glassy structure,

¢) Electron irradiation over long periods of time does not pro~
duce any demonstrable effects, but the same energy dose in a
short period of time sometimes leads to the formation of
small bubbles. The glass structure has a certain "selfheal-~
ing" capacity.

Glass seems to have a good capacity to dissolve the highly vari-
able mixture of radionuclides contained in the waste. There are a
total of about 40 different elements in the waste, and as time
passes, many of these e.ements are transformed into new elements
by radioactive decay, which means different-sized atoms and new
chemical properties. An unordered structure can more easily ab-
sorb these changes than an ordered crystal structure /4-18/,

Resistance of French borosilicate glass to radiation

Radiation damage may be caused by gamma, beta, alpha and neutron
radiation, Alpha radiation, which consists of the heaviest par-
ticles and is quickly retarded in the glass, is congsidered to
present the greatest risk for radiation damage.

Gamma radiation could only damage the glass structure indirectly
by the formation of secondary electrons. Possible damage by gamma

radiation is therefore covered by experiments with beta radiation
/4=33/,

Beta radiation

In order‘to study the effect of internal beta radiation in high=
level glass, specimens have been irradiated in French laborato=

"ries at Saclay /4=~11, 4~13, 4=14/,

The beta dose for waste glass containing 9% fission products at
various periods of time after vitrification is shown below

(vitrification 10 years after discharge of spent fuel from reac~
tor).

Years after vitrification Rads
1 5.8 . 1020
10 5.2 ., 1011
30 1.2 . 1011
100 2.2, 1011
300 2.4, 1011
500 2.4 ., 10
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The additional increment of beta radiation after 500 years is ve-
ry slight. SRR
In the Ffrench tests, irradiation lasted 12 dayé vith a total dose
of 1.2 . 1011 rads. Such accelerated radiation tests are thought

" to place a heavier lnad on the glass specimen than tests at nor-

mal dose rates, since the glass structure has less time to adjust
to any structural changes.

When the irradiated glass specimens were compared with unirradi-
ated specimens, it was found:

- that no accumulation of energy (Wigner effect) could be de-
monstrated; ’

- that the leaching rate for cesium~137 and strontium=90 had
not changed due to irradiation;

- that structural ecamination by means of X-ray diffraction

did not reveal any crystallization due to irradiation. Exa-<
minations by means of infrared spectrometry and scanning
electron microscopy did not reveal any structural changes
either.

British experiments /4=33/ with beta radiation in high-voltage
electron microscopes showed that borosilicate glass was not
affected by a beta radiation dose which was 100 times higher than
the expected total dose to the glass. The tests were conducted at
room temmerature. ‘

Alpha radiation

The greatest risk for radiation damage can be expected from alpha
radiaticn /4~11, 4-13/. In order to examine the effects of such
radiation, glass specimens were prepared which contained alpha
emitters which emit a dose corresponding to storage for 1 000
years in a period of only 1-2 years. Actinide levels are then
about 100 times higher than in normal waste glass. Tossible
cffects include formation of helium, accumulation of energy,
structural changes, changes of leaching values and changes of
mechanical properties.

German experiments /4-34/ involving doping the glass wi.th curium
isotopes show that no significant change can be expected in the
properties of borosilicata glass even after storage for 10 000
years.

Table 4-1 shows the load to which waste glass containing 97
fission products is subjected by alpha radiation when the spent
fuel has been reprocessed 10 years after discharge from the reac-
tor. This late reprocessing leads to a high level of americium-

. 241 in the glass. If ‘he fuel is instead reprocessed 3 years af-

ter discharge from the reactor and the high-level liquid is vit-
rified 10 years after discharge, all of the figures in the table
can be divided by a factor of approximately 2.5,
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Table 41, Al .Ra radiatiom for wasce glass concains 9R fission vroducts.
0.5% of Pu to the waste. NMenrocessing 10 years aftear discharge
from reactor. P :

&

Himber of Number of Number of Number of Developed Developed He
years after alpha nar alphs par- rads energy 3 :
discharge ticles ner ticles per xWh/ 1) /g moles/
from reactor cylinder 8 flass glass cylinder
10 6.9.10% 1.76.10"7 1.4 .10 103 6.5 0.119
100 2.1.102% sa.10'? s 10 nz 20 0.343
00  4.8.108% 1.23.00'% 9.7 .10"° 693 % 0.797
1000 9.6.108% 2.5 .10'% 2.0 .10" 1 817 9 1.60
3000 128002 12.10"% 290" 1808 120 2.08
10 000 1.52.10%% 3.6 .10'% 2.9 10" 2108 140 2.6
10 000  1.68.10°% a.3.10% 340" 248 160 2.79
100 000 2.11.10%% 5.4 .10'% 430! 3N 200 3.50
24 18 no
00 000 2.77.10%% 7.1 .10 56 0! o056 260 4.60
1000 000 5.71.10°% 1.46.10'7  1.1s.10'? 0 aszs sk 9.48
3000000 1.17.10°% 3.0.10'7 2.4 .10% 17220 1100  19.4
10 000 000 - 1.76.10%° 4.5 .10"7 1.6 .10'2 26110 1700  29.2

The following specimens were fabricated in order to simulate
these gffects:

Weight. of Weight of Energy kWh per
actinide . glass block iitre and year
Americium241 50 g 2 000 g 70
30% plutonium=238 50 g 2000 g 100
Curium-244 0,6 3 50 g 810

Virtually all of the developed energy is dissipated in the form
of heat. A smaller quantity of energy is accumulated in the
glass. This quanrity has been measured to be about 40 joules per
gram glass after one year of storage with a high actinide level.
This energy is released gradually in connection with heating. So
there is no sudden, rapid release of energy resulting in a rapid
rise in temperature.

Helium formation

The tests with americium and plutonium have now been in progress
for 597 and 525 days, respectively. Calculations show that 5
(5.2) mm? of He have been formed per gram glass. The test with
curium has not yet been completed. It is estimated that 50 mm3 of

He per g glass have already been formed in this test.

The unordered structure of the glass can dissolve hc¢lium, but if

s 4 G—— -
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.or diffuse through the glass to the open space at the top of the

the quantity becones too great, there is a risk that tiny bubbles

. will form and that che glass will become more brittle.

The results of the test with amcricium indicate ho change of the
mechanical properties of the glass after 597 days, while the sp2-
cimen with plutonium was difficult to measure in the first place.
This is because a high level of plutonium results in phase sepa=-
ration in the glass - a problem which is not encountered at nor=—
mal plutonium levels in the waste glass.

In order to obtain comparative data regarding the solubility of
gases in glass, natural vulcanic glass which is_absut 400 000
years old nas been analyzed. It contzins 200 mm”’ of gas per g
glass (of which 70% Hj) and was found not to be brittle. The en-
trained gas is evolved upon heating to 1 050°C /4-11/.

Table 4=1 shows that helium formation in tests on glass with a
high actinide ccntent corresponds to relatively short storage pe-
riods for out waste glass. The curium test corresponds to a stor=
age period of about 300 years. The natural glass containing

200 mm3 He/g, however, corresponds to a storage period of 100 000
years /4=-32/. ‘

Helium which is formed inside the glass can either remain in
place, in which case the amount of helium per g glass increases,

¢ylinder. The diffusion rate of helium increases with inc¢reasing
temperature in the glass. British tests /4-33/ reveal significant
helium diffusion at 170°C. Even if all the heiium which is formed
diffuses to the top of the cylinder, however, the gas pressure in )
the cylinder after 10 million years will only be about 30 atg,
which is lower than the water pressure on the outside.

Neutron radiation

Neutron radiation in the gfass originates primarily from the
(1-n) reaction, The maximum estimated neutron emission rate is
tvo neutrons per willionm .ipha particles. Approximately 607 of
th= neutrons have an energy of more thau 1 MeV. The effects of
neutron radiation are slight in comparison with alpha radiation
/4=32/.

-

Mechanical properties

When the glass has been cast into the chrowmium-rickel steel cy-
linder, a lid is welded on, producing a hermetically sealed com
tainer. When the cylinder is cooled, the steel will shrink more
than the glass, which means that the glass will be subjected to
compressive stress /4-16/. The glass is very réesistant to such
stress. Upon rapid cooling, cracks may form in the glass, resul-
ting in surface enlargement. The cylinder may be cooled in
cunnection with decontaminaticn or lowering into a water pool.
COGEMA has conducted experiments at Marcoule involving the ex-
tremely rapid cooling of inactive cylinders, after which the
glass cyli.ders wJere examined. When the glass is cast, it becomes
bonded to the chromium-nickel steel surface, making it difficult
to determine whick cracks formed due to cooling and which formed
when the metal was pried loose. According to these tests, surface
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enlargement corresponds to a factor of about 2-10. If excessive
surface enlnrgement is suspected, the glass can be remmited in
its steel container by heating to about 1 000°¢C int gradull

cooling without tlhermal shock. =

Thermal stability = crystallization

Most data on Frenct borosilicate glass concerns waste from gas-
cooled reactors. Te.ts have also been conducted on borosilicate
glass from light-water reactors, however. The composition of such
glass is:

sio, 50. 602 ,
Nazo 8.602
3203 14.00%2
NiO 1.002

Fission products 25.802

Tnis glass has a melting temperature-of about 1 000°C, minimum
crystallization temperature 640°C and maximum crystallization
temperature 930°C. The maximum crystallxzatxon rate is 0.01 um/
minute at about 800°C.

At the transformation point (approx. 550°C), there is no risk of
crystallization for borosilicate glass with approx. 50% silicon
dioxide, even over a long period of storage.

Since. no experience is available from the storage of borosilicate
glass+for thousands of years, however, it was decided that it
would be of interest to study which factors influence the rate of
crystal growth and what would happen if crystallization should
eventually occur over a’ long period of time.

The tests at Marcoule /4~11/ show that crystallization tendency
increases as the level of fission products increases and as the
level of molybdenum increases. For glass with 97 fission products
and approx. 202 boron oxide, crystallization tendency is low.

In order to study the effects of crystallization on borosilicate °
glass, test blocks were heated at Harcoule for one year at 500 C
and 600°C as well as for 100 hours at 800 %¢ /4=11/. Aiter heat
treatment, the specimens remained intact and were not cracked. It
is known that the size o¢f the crystals in glass which has crys-
tallized at 800 C are relatively large. But if crystallization of
the borosilicate glass were to occur over a long period of time
at a temperature below 550°C, the crystals would be smaller. The

rlsk of cracking is then even less than for crystallization at
800°C.

Leaching tests were conducted on glass blocks which were heat
treated and thereby crystallized.

The leaching rate for these specimens was compared with the
leaching rate for non—heat-treated specimens. It was found that
heat treatment increases the leaching rate slightly fcr certain

s S ST
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elements, such as cesium, wtile it reduces the leaching rate for
other elements, such as strontium. The same tendency was noted in
inactive Swedish tests /4=-17/. The difference in .lesching rate
are small -~ on the order of 50%. The probable. exglanation is that
upon crystallization, the glass forms a glass—-ceramic material in
which certain elements are bound more tightly in the crystals,
while other elements are concentrated at the boundaries between
the crystals and are thereby more easily leached cut.

The conclusion is that:

- the risk of crystallization is low below 550°C;

- if crystallization should nevertheless occur over a long pe-
riod of time, the glass will not crack and changes in leach=-
ing rates will be small.

At the Glass Research Institute in Vixjd /4-17/, glass bodies
have been fabricated of French type borosilicate glass containing
37 inactive simulated fission products. The composition of the
flasg is given in table 4-2.

Table 4-2. The compoéition of the teat glass is:
Consti= I by Consti=- 7 by Consti- 7 by
tuent weight tuent weilght tuent weight
5i0, 53.0 Ba0 0.46 cdo 0.026
haZO 11.3 \203 0.15 S$n0 0.014 f
3203 19.4 ZrO2 1.28 Sb203 0.0036

1
I\1203 c 2.1 MoO3 1.63 CeO2 0.75
1
L02 3.9 MnO2 0.77 13203 0.71

i

FeZO3 1.3 Co0 0.21 NdZOJ 1.21
CSZO 0.88 Nio 0.37 Pr203 0.35
St0 0.26 Ag,0 0.011

In order to study phvsical changes in connection with crystalli-
zation, some of the glass bodies were heat-treated at 800°C for
14 days, whereby a certain amount of crystallization occurred.
The results show that crystallization does not have any signifi-
cant effect on strength, coefficient of expansion, transformation
point, softening point or density. Nor do the speciments crack.
In the case of cesium, the leaching rate after crystallization
increased by about 507, while the leaching rate for strontium de-
creased.

Maolybdate phase

The fission products- contain inactive molybdenum which, after
calcination is present in the form of molybdenum oxide /4-17/. At
a fission product level of 97 in the glass, the molybdenum level
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{s about 1.6% MoOj. When the glass is melted together vith the
fission products, it may sometimes happen that a phase consisting
primarily of sodium molybdate separates from the glass. Under the
most unfavourable circumstances, Bonniaud at Mardoule found that
0.52 of the glass would consist of a separate tolybdate phase
/4=31/. This separation Brobably takes place within fixed tempe-
rature interval (600-800 C, according to British findings), after
which the phase redissolves in glass at higher temperatures. The
molybdate phase consists mainly of inactive components, but may
also incorporate some active strontium and cesium. It night also
possibly dissolve small quantities of actinides. The molybdate
phase is soluble in water, whereby the constituent strontium and
cesium will also come ocut in the water.

The development work on high~level glass has thus far indicated
the following methods for counteracting the formation of tolyb=
date phase:

-~ A lower level of fission products in the glass (low Hoo3
content).

- A high boron oxide level reducea mnlybdate phase, according
to French experiments.

- Avoid contamination with sulphate - reduces molybdate phase,

according to English experiments /4-19/,

At Marcoule it is estimated that no more than 1% of the glass cy-

linders will contain molybdate phase.

Important parameters for French borosilicate glass

The .following parameters characterize French borosilicate glass
which i3 obtained in the vitrification of high-level waste

J4=15/:

- Leaching rate at 25%: 2.10-7 grams per cm2 and day.

- Factor for increase of leaching rate at 70°C: 10 times.

- Increase of gurface area in connection with handling and
transport: 2-10 times.

- . Transformation point (= temperature below which crystalliza-

- tion does not take place): 550°C.

- Increase of leaching rate if crystallizationm occurs: 502,

- Density: 2.8 g per cm”.

- Thermal conductivity: 1.2 W per metre and degree Calcius.

The chemical composition of French waste glass from light-water
reactors is:

Z by weight
5102 54.9
Na,0 ' 11.7
8203 20.0
AIZO3 2.2
NiQ + Fezo3 1.1 (from structural components of the fuel
bundles)
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Actinide oxides

Fission products

A typical composition of the actinide oxides is:

UO2

NoO,

Pqu

Am203

szo3

2 by weight

1.1

9.0

Z by weight

0.8

0.19

0.0074 a)

0.14

0.003

«) COGEMA calculates that 0.152 of the plutonium in spent fuel is
retained in the waste glass at La Hague, which corresponds to a
level of 0.0074% Pu0;. The safety analysis, however, has assumed
a Pu0y level in the glass which corresponds to 0.5%7 of the levei

in the spent fuel.

Typical contents of the most important fission products are:

Mo0
Nd203
Zro
Ce0
RuQ
Ba0
Cs, O

Gd203

Z by weight
1.63
1.21
1.15
0.66
0.61
0.55
0.54

0.54

Pr.0
P40

RbZO

Tczo3

Sm203+Eu203

Y04

Rh203

S0

%2 by weight
0.40
0.40
0.27
0.27
0.27

0.18

The distribution of the fission prnducts varies with the degree
of burnup of the spent fuel and the time after discharge.
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The steel cylinder in which the waste glass is cast is made of a
heat~resistant stainless steel (type Z 15 CN 24~12: chromivm 242,
nickel 12-13%, carbon 0.15Z). The cylinder is.illustrated in Fig.
4-3, Its dimeusions and weight are given below:”

Di ameter ‘ 400 ms
Overall height - 1 500 om
Thickness, stainlesa steel 3 mm, cylinder shell
. 4 mm, cylinder ends
Glass volume 150 litres
Glass weight 420 kg
Total weight, approx. 470 kg
>N
\\\ 2 S|
Moy e Chramim-Nickel scosl

Vitrified waste

N
SNN\&
"'\N Volume: 150 litres
\
Y

150¢

T
/AA

Figure 4-3. Weste cylinder. The vitrified waste is cast in & container made of chromiem-nicke!
steel. The container is sealed with ¢ welded-on lid. The feer enable the waste cylinders 1o be
stacked on .y of each other.
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INTERMEDIATE STORAGE AND ENCAPSULATION

Finst Svorepm

GENERAL

An intermediate storvage facility and an encapsulation station for
the waste cylinders from the reprocessing nlant will be con~
structed adjacent to the final repository. (Possibilities for ale-
ternative siting of these facilities are discussed in chapter
1:11).

The waste cylinders will be stored for 30 year§ in the intermedi-
ate storage facility (this storage period can be extended). The
purpose of intermediate storage is:

= . to reduce heat flux from the waste in the final repository.
During a JO~year period, heat flux decreases from approx.

1 200 W to aoprox. 525 W ner waste cylinder /5-1/

- to postpcne the encansulation of the waste and the construce
tion of the final renository. This provides time for further
development and ootimiza.ion of the encapsulation nrocedure
and the design of the final repository.

Before the waste cylinders are nlaced in the intermediate storage
facility, they pass through a receiving section, where they are
unloaded from the transport cask in which they arrive at the fa-
cility and vhere the inside of the transport cask is checked and,
if necessary, decontaminated.

When the waste cylinders are to be transferred to the final repo~
sitory after the end of the storage period, they pass through ar
encapsulation station, where they are encased in a lead-titanium
canister. The purnose of this canister is to nrovide long-term
resistance to corrosion and radiation shielding. The radiation
shielding reduces radiolysis of the groundwater in the final re-
pository to a negligible level and also simplifies handling.

The plant thus has three main sections: receiving, iutermediate
storage and encapsulation. Most of the facility is located und~r-
ground to provide protection against external forces (acts of war
and sabotage). The facility can store 6 000 waste cylinders and
receive and encapsulate 3)C per year. The design of the facility
1s based on existing technnlogy. The intermcuiate sturage facili-
ty is similar to the storage facility for vitrified waste which
is currently in operation at Marcoule in France., The Marcoule fa-
cility was designed by the French company Saint Gobain Techniques
Nouvelles, which has also been engaged by KBS for this nroject
/15-2/.
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5.2

5.2.1

5.2.2

For a more detailed description of the facility, see the drawings
at the end of this chapter.

DESCRIPT!ON OF FACILITY

Laxqgs

The layout of the plant is illustrated by Fig. 5-1, which also
shows its location in relation o the final repository.

The surface installationa consist primarily of an entrance build-
ing with administration and service premises., This building is of
conventional design and is not described further in this report.
The other parts of the facility are located underground with a
rock cover aonroximately 30 metres thick.

The underground part of the facility consists of two rock galle-
ries laid out in the form of a T with reception and encapsulation
in a line and with intermediate storage perpendicuiar to them.
The two rock galleries are separated fr-m each other (communica-
tion is provided through two smaller tuncels) in order to avoid
large spans at the noint of intersection. The rock galleries have
a maximum span of 20 metres and a height of 30 metres, which is
not exceptional comvared to existing rock cavern facilities in
Sweden and in other countries. Th2 rock galleries are stabilized
by means of conventional canstruction methods,

The underground part of the facility can be entered via a tumnel,
through which the transport cask with the waste cylinder arrives
on its trailer, or via a vertical shaft for nersonnel etc. Con-
nection with the final repnository is provided through a horizont-
al tunuel from the encapsulation section to a vertical shaft
which leads down to the final repository.

See 1:14 for the schedule for the construction of the facility.

Reception

The waste cylinders from the reorocessing plant arrive at the fa-
cility in a transport cask on a trailer (see chapter 2). The cy-

linders have a diameter of 40 cm, a height of 150 cm and a volume
of 150 litres. An NTL 12 transport cask can hold 15 waste cylin-

ders.

After external washing in the arrival hall, the transport cask is
lifted from the trailer through an air lock into the receiving
room (see Fig. 5~2), where it is nlaced on a wagon in-a vertical
position. The radioactivity of the air which is blown through the
cask is monitored to check whether the cask is internally conta-
minated. The bolts which retain the cover are removed, and the
cask is moved to a position underneath the unloading cell and
connected to an ooening in the floor of the cell. When all glass
cylinders have been lifted out of the transport cask into the un-
loading cell, the cask is flushed with water if the monitoring
indicated that its inside was contaminated. The transport cask
can then bde returmed to the reprocessing plant.




Hoist shaft for
waste canister

To tinel repository

To finel repository

KEY PLAN

Figure 5-1. Perspective drawing of plant for intermediste storage and encapsulation. It is located
underground with a rock cover approximately 30 metres thick. The plent is located above the
. fimal repository.
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damaged or contaminated
waasts cylinders
--_._J —— -

KEY PLAN

Figure 5-2. Schematic diagrar: of reception. In this section, transport casks are received and the
waste cylinders are unioeded. Damaged or contaminated cylinders are encased in an outer contai-
ner of chromiurm-nickel steel.
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The cylinders are unloaded from the transport cask in the unload~
ing cell. This cell is enclosed in concrete of sufficient thick-
ness to provide radiation shielding for the nersonnel. The cell
has four handling stations, each equipped with a radiation=

~ shielded window and a pair of master-slave telemanipulators seo

that work in the cell can be done from the outside.:

Materials are moved ingide the cell by means of a remote~con~

trolled overhead crane with a lifting capacity of 8 tons, When it

is not being used or when it requires maintenance, the crane is
moved to an intervention cell through an opening which can be
closed by a radiation-shielded slidingy door.

The waste cylinders are brought into the unloading cell through
an cpening in the floor which is connected to the transport cask
in the receiving rmom. The opening is closed by means of a radi-
ation=shielded sliding door when it is not being used.

When tfhc transnort cask has been zonnected, its ¢ ver is removed
by the overhead crane and placed in a sealed box in order to nre=
vent spread of any contamination,

The waste cylinders are lifted out of the transport cask and
placed in a temporary storage in the cell by the overhead crane,
which is equinped with a special grapple.

When a waste cylinder is to be transfervred to the intermediate
storage section, it is placed by the crane in a position under~
neath an opening in the roof of the cell. This opening is coverad
by a radiation-shielded siiding door when it is not being used.

If the inside of the transport cask has be:n fcund to be contami-
nated, all waste cylinders from such a cask are assumed to be
contaminated and are taken to the recanning cell, where they are
encased in an outer container similar to the one with which they
were provided in the reprocessing nlant in order to prevent con-
tamlnatlon of the intermediate storage section.

The recanning cell has two handling stations, each equipped with
a radiatiom~shielded window and a pair of master-slave telemani~-
pulators. It is connected to the unloading cell through two oven=
ings in the roof, one to lower the waste cylinders into the cell

and one to lift them out. The openings can be sealed by concrete
plugs.

A radiation-shielded arrangement makes i: npossible to bring empty
outer containers and their lids into the cell from the mairte-
nance cell. They are placed on a cdrousel which brings them into
a position where they can receive a waste cylinder as it is
lowered from the unloading cell through the opening in the roof.
In the next position, the lid is placed on the filled outer
container and welded in place. It is then moved into a position.
underneath the second onening and lifted up into the unloading
call by the overhead crane.

In the unloading cell, the outer containers are decontaminated
externally by washing with water under high pressure. They are

‘then moved by the overhead crane into a position underneath the

opening in the roof of the cell for transfer to the intermediate
storage system.




Interm.diate storage

The waste cylinders are transferved to the intermediate storage

section inside a radiation-shielded transfer cask.

The transfer cask is enclosed in a lead jacket 25 mm thick which
is lined on the inside with stainless steel and covered on the
outside with a 20 cm thick layer of polyethylene. These layers
provide adequate radiation protection for the operating ner-
sonnel. The transfer cask has its own ventilation system with a
fan and filters at the air intake and outlet. When a waste cy-
linder is inside the transfer cask, the ventilation system is
used for cooling (when required) and.to check whether the outside
of the waste cylinder is contaminated by monitoring of the
radioactivity of the filter at the air outlet.

The transfer cask is nositioned over the opening in the roof of
the unloading cell, which is covered by a radiation-shielded
sliding door. There is g similar door in the bottom of the trang-
fer cask, and both doors are opened simultaneously. The waste cy=-
linder, which is positioned underneath the opening in the urload=-
ing cell, is then lifted into the transfer cask by the hoist with
which the cask is equipped. When the waste cylinder is ins.de the
cask, both sliding doovrs are closed and the transfer cask is
taken to the intermediate storage hall by-a portal crane on rails
to a position where it can be reached by the overhead crane in
the intermediate storage hall.

In the intermediate storage section, the waste cylind:rs are
stored in steel pits inside a steel frame in a concrste trench
(see Fig., 5-3). Each trench contains 150 steel nits spaced at
centre-to-centre intervals of just under 1 metre ard each with
room for 10 waste rylinders stacked on top of one ancother. Each
trencih thus holds 1 500 waste cylinders. The intermediate storage
section has four trenches in two groups with room for ventilation
equipment between the groums. Each group has its own ventilation
system. The total storage capacity of the facility is thus 6 000
waste cylinders.

The storage trenches are covered by a concrete slab which is
thick enough to provide radiation protection for the intermediate

storage hall above it. Furthermore, the air pressure in the hall

i3 maintained at a higher level than that in the trenches, so0 air
from the trenches cannot enter into the hall. Above each storage
pit, the concrete slab has a hole which is sealed with a remov—
able concrete plug.

The waste cylinders are cooled by the circulation of air through
the storage pits by the ventilation systems in the intermediate
storage section. The ventilation systems communicate with the at-
mesphers through ventilation shafts and stacks on the surface
(see also under 5.2.5).

When a waste cylinder is to be deposited into a storage nit, a
mobile radiation-shielded sliding door and a nlug removal cask
are positioned above the pit. Aftev the nlug has been lifted into
the cask, the sliding door is clos.d and the cask with the vlug
is lifted away. The transfer cask containing the waste cylinder
is then positioned on top of the sliding door, which is opened at
the same time as the transfer cask door. The waste cylinder is
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Figure 5-3. Intermediate storage. The waste cylinders are transferrec to the intermediate storage

section inside a transfer cask. After s:orage for at least 30 ywars, the cylinders are ransferred 10
the encapsudation ceil.
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5.2.

then lowered into the storage pit by means of the hoist in the
cask. The doors are then closed, the transfer cask is removed and
the plug is replaced by the reverse of the procedure which was:
used to remove it. All handling is done by the overhead crane in
the intermediate storage hall, which has a lifting capacity of 35
tons.

Encapsulation

When the waste cylinders are to be transferred to the final repo-
sitory after 30 years (or more) in intermediate storage, they are
moved to the encapsulation cell by means of a procedure which is
the reverse of that which was used when they were transferred
from the unloading cell to the intermediate storage section.

Like other cells, the encapsulation cell is enclosed in concreta
of sufficient thickness to provide radiation protection for the
operating personnel.

. + .
The cell has five handling stations, each with a radiation=
shielded window and a pair of master-slave telemanipulitors (see
Fig. 5-4).

Inside the cell, material is moved by means of a remote-controll-
ed overhead crane with a lifting capacity of 8 tons. When it is
not being used or when it requires maintenance, the crane is
moved to the intervention cell through an opening which can be
closed by means of a radiation—-shielded door.

The waste cylinder is brought into the cell from the tr:nsport
cask through an opening in the roof of thé cell (which is closed
by means of a radiation-shielded sliding door when it is not
being used) and is placed on a wagon which serves the five hand~
ling stations.

At the first station, a prefabricated part of a lead-titanium ca-
nister is placed over the waste cylinder. This part of the canis-
ter (which is fabricated outside of the facility) is brought into
the cell through an opening in the roof. The opening is sealed by
a concrete plug when it is not being used.

At the second station, the canister is turned over so that the
waste cylinder is upside=down and molten lead is poured into the
canister, filling the space between the prefabricated part and
the waste cylinder as well as the space above the waste cylinder.
The lead is brought into the cell from a furnace situated in a
room above the cell. ‘

At the third station, the surface of the lead which was pured at
the preceding station is machined (following cooling) in order to
facilitate the attachment of a titanium 1lid.

At the fourth station, a titanium lid is nlaced on the canister
by means of a remote—-controlled handling device and is welded to
the titanium shell of the prefabricated part by an automatic wel-
ding machine. After welding is finished, the canister is turned
to the upright position again.

At the fifth station, the canister 1s rotated so that the 1lid




A prefsbricated leed-titarium canister s
placed over the waste cylinder

Casting of lead in the canitier
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Figurn 5-4. Schematic diagram of the encapsulation,
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weld passes before an X-ray transmitter, which exposes a film in
a device which permits film to be changed from the outside of the
cell, The canister is then placed in a box in which its tightness
is checked by means of helium under vacuum. :

The finished canister (see Fig. 5~5) is then placed in nosition
underneath an opening in the roof of the cell and is ready to be
taken to the final repository.

The prefabricated part of the canister is fabricated using a lead

. casting technique which is also used in the fabrication of trans-

port casks.

An alternative method of fabricatiom is extrusion, which is used
in cable manufacture /5-3/. In this technique, a lead cover is
joined to the prefabricated part by means of pressing in the
cell, whereby a homogeneous lead container is obtained. In this
version as well, the prefabricated part has a titanium shell and
a titanium lid is welded on, after which the canister is checked

identical gripping heeds -

Titanium shell, t = 6 men |

1800
1710
1500

L euwe 160

Figure 5-5. Lead-titanium canister for waste cylinders with vitrified waste. Totel weight approx.
3.9 ron.
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as described above. In this method, lead is not cast in the cell.
The final choice of fabrication method will be made on the basis
of a technical-ecunomical evaluation.

Auxiliary systems

The facility will contain systems for decontamination of trans-
port casks and waste cylinders, for floor and groundwater drain=
age etc. These systems are similar to the ones in a nuclear nower
station. "Oun" low= and medium~active waste (water, filters, so-
1id waste etc.) will be collected and sent to nlants which are
equipped to receive and treat such material.

Diesel-powered generators will sumply auxiliary nowar to vital
systems (ventilation, draiage etc.) in the event of an external
pover failure. In the event of malfunctions of pumps for the
groundwater draiage system, the water will be collected in a
basin with enough canacity to prevent the facility from being
flooded, even in the event of an extended power failure.

A cascade of pressure differentials will be muintained by the
ventilation system in the underground part of the facility in
accordance with the potential risk of contamination in the vari-
ous areas. The intake air will be filtered and conditioned to
provide pleasant working conditions.

Air for the unloading cell and the encapsulation cell will be
supplied by means of a screw device equipped with a damper and
non-return valve in such a manner as to prevent positive pressure
in the cell.

The ventilation svstem for the intermediate storage section is
desigred to maintain negative gressure in the storage trenches.
It has a capacity of 150 000 m’/h for each group of two trenches.
The air enters through a low pressure chamber on the surface and
passes through a bank of filters before entering the storage
trenches.

All exhaust ventilation air from the underground part of the fa-
cility passes through absolute filters with an efficiency of
99,997 before it is released into the atmosphere. (It is nossible
that modificationt in the design of the facility will eliminate
the necessity of guch filters in parts of the ventilation sys-
tem,) '

Air ia circulated in the storage trenches by two fans, with a
third fan in reserve. These three fans are located in a room next
to the storage trenches. A fourth fan, with the same capacity but

.located on the surface for better accessibility in emergency si-

tuations, nrovides additional reserve capacity.

1f only one fan is in operation, 657 of the air flow provided by
twa fans can be maintained. In +he event of a failure of all
fans, a bypass line with an automatic damper nermits air to cir=~

culate with natural convection without vnassing through the filter
systems.

rnonormal oneration, the temperature of the exhaust airowill be
80°C /5=2/ when the. temperature of the sunply air is 20 and when

@
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the total heat produced by the waste cylinders is maximel (3 000
kw). Hgth only one fan in operation, this temperature increases
to 112°C after 40 hours. If all fans are out of operation and the
storage section is being cooled by natural air convectxon alone,
the temperature of the exhaust air will be 336°C after 40 hours.
The surface temperature of the hottest cylinder will only be a
few degrees higher than the temperature of the exhaust axr and
the centre temperature of the glass will only be 20-30° higher
than the surface temperature. Since the glass does not crys-
tallize at temperatures below 550°C (see chap*er 4), the waste
cylinders will not be damaged even if all fans are out of opera-
tion.

The facility has been designed in such a manner that the hot air
will not cause any damage to building structures and installa-
tions. To this end, the storage trenches and ventilation ducts
are lined with steel sheet with an air space between the sheet
and the concrete.

(JHQRAATTERJSTTCSlDF'EN(D\PSlHA\11(”iHh\TERIAL

General

In the final repository, the waste canisters are subjected to the
action of the groundwater in the rock. The encapsulation material
should therefore possess good resistance to such action.

The waste glass exhibits a very low leaching rate in water (see
chapter 4), providing an essential barrier against the escape and
dispersal of the radioactive substances. But the solubiiity of
the glass increases with the temperature, so the glass should not
come into contact with the groundwater during the period when its
temperature is high due to the heat generated by the waste. An
additional barrier against the escape of radioactive substances
to the biosphere should also be provided during the period when
the toxicity of the waste is very high (see Fig. 5-6).

However, the chromiumnickel steel container in which the vitri=-
fied waste is enclosed in the reprocessing plant is not accredit-
ed with any appreciable service life in chloridic groundwater
/5-4/. Encapsulation with corrosion-resistant material is there-
fore necessary to prevent the glass from coming int¢ rontact with
the groundwater for a long time after deposition.

A combination of lead and titanium will be used for this encapsu-
lation. The lead also serves as a radiation shield.

Corrosion pronerties of titamium

A detailed study has been conducted concerning the suitability of
titanium as a corrosion-resistant encapsulation material for

\ trifiey high-level waste /5-5/. The study was based not only on
data from the literature on the corrosion behaviour of titanium
in the corrosive environment in question (which is assumed to be
equivalent to Baltic seawater at a pH of 4-10 and 100° C) but ai-
so on information from prominent titanium vescarchers in England,
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Figure 5-6. Graph shawing how the toxiciry of the vitrified weaste (hazard index, see [V :3) and
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Japan, the USA and Cermany. The types of corrosion whxch are
dealt thh in zhe study are the following:

- general corroéion, i.e. - .uniformly distributed attack on
the titanium surface caused either by oxidation or by a gra-
dual dissolution of the passive film of titanium dioxide
which protects the titanium

- local corrosion in the form of pitting, crevice corrosion,
stress-corrosion cracking c: corrosion fatigue
- hydrogen embrittlement as a result of the diffusion into the

encapsulation material of hydrogen formed by corrosion or
radiolysis of the water.

General corrosion

As can be seen from a pH notential diagram, the thermodynamically
stable form of titanium under the storage conditions which will
exist in the final repository is titanium dioxide (7i0;). This
oxide, which has the same chemical composition as the stable ti-
tanium material which occurs in nature (rutile), is formed spon-
taneously oun the surface of the titanium (the titanium is passi-
vated) in contact wi:h water and protects the metal against con-
tinued corrosion. The thickness of this passive film is about 30
& at room temperatutre. The passive fiim resists corrosion at nH
2-14, regardless of the oxygen content of the water /5~13/.

Since general corrosion in water does not normally have to be
taken into con51derat10n, the literature contains very few values
for oxidation or corrosion rates at temperatures below 200°C. In
one case, however, a corrosion rate of 0.25 um/year was measured
in both air-saturated and argon-saturated 3.57 NaCl solution at
60°C. This value, which was obtained under conditions which are
fairly similar to those which are expected to prevail in the fin-
al repository, gives by linear extrapolation a corrosion depth of
0.25 mm over a periud of 1 000 years. Another value obtained from
9 months of exposure in water from the Pacific Ocean gives a
corrosion rate of 0.1 mm per 1 000 vears, and the results of au-
toclave exposures still in progress at AB Atomenergi at 100 and
130°¢ nge a maximum of 0.5 mm per 1 000 years /5-6 and 5~7/. The
corrosion environment in the latter experiment, which has now
been in progress for 100 days, is Baltic seawater adjusted to a
pi of 4.5 to which 10 ppm F~ has been added.

The above corrosion data are very low and do not limit the ser-
vice life of the 6 mm thick titanium casing for thousands of
years. They must also be regaried as very conservative, since
they have been calculated under the assumption of a constant
corrosion rate over this long period of time. In actuality, the
oxidation of titanium decreases with time.

Local corrosion

Of the foims of local corrosion mentioned above, corrosion fati-
gue can be excluded, since cyclical tensile stresses cannot occur
in the canister. Stress corrnsion in seawater is theore:ically
possible, but requires such large fracture indications and stress
intensities that this type of local corrosion can also be pre-
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vented if the canister is cabricated under adequate control pro~
cedures.

Pitting and crevice corrosion of titanium have been dealt with by
some researchers as two separate forms of corrosion. The present
study shows, however, that in actual practice, local corrosion
consists mainly of crevice corrosion. The following principal
criteria must be met in order for crevice corrosion to occur in
titanium:

i Very narrow crevices and a sufficiently large exposed tita-
nium surface for the initiation of crevice corrosion via an
oxygen concentration cell with the crevice as the anode and
the surrounding titanium surface as the cathode.

2 A certain critical temperature which declines with rising
chloride concentration and falling pH in the solution. Cre«
vice corrgsion in unalloyed titanium has not been vbserved
below 120°C in contact with chloride solutions up to the
concentration of Atlantic seawater (3.53% NaCl).

3 A mechanical roughening or cold working of the surface (for
-example due to scratching, grinding, etc.) appears to have
an accelerating effect, This is nrobably due to the effect
of microcrevices.,

4 Contamination with base metals, especially iron, is not an
absolute prerequisite, but promotes the initiation of cre=-
vice corrosion. Corresponding treatment with halogenide
salts, with the exception of fluorides, is said to have a
similar effect /5-8/.

The above-mentioned conditions for rrevice corrosion on titarium
are, of course, based on relatively short~term laboratory tests.
However, nearly 25 years of experience with titanium as a design
material for components which come into contact with seawater,
such as heat exchangers, pipes and pumps, shtow that titanium's
susceptibility to crevice corrosion does not increase over such a
period of time. Both Swedish /5-9/ and foreign experiments /5-10/
indicate that incubation times longer than 500 hours are unlike=
ly, probably due to an equalization of the oxygen gradient
between the c¢ravices and the surrounding titanium surface.

No local corrosion has been observed after 100 days of testing at
100~130°C in acidified (pH 4.5) Balti¢ seawater despite narrow
crevices and scratching of the surface with iron /5-8/.

For the above=cited reasons, unalloyed titanium can be expected
to have a very long service life (at least thousands of years),
even when local corrosion is taken into consideration. In choos~
ing the site for the final repository and in designing the manner
of storage, appropriate measures will be taken to make sure that
extremely high chloride levels in the groundwater are avoided.
The system for watering the storage woles which is described in
greater detail in section 6.2.3 is designated to eliminate the
risk of salt enrichment (due to evaporation) during the period
immediately folle .ng deposition and to keep the temperature of
the canister at an adequately low level (approx. 65°C).

e e - am—
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5.3.3

Hydrogen embrittlement

The risk of hydrogen embrittlement caused by hydrogen - created
by radiolysis of water or by corrosion = diffusing into the tita~
nium and causing hydride formation has been thoroughly investi=
gated.

The total quantity of hydrogen generated by radiolysis of water
over a period of 10 000 years has been estimated to be on the or-
der of 1073 g/cm which corresponds to an increase of only about
4 ppm of the or1g;na1 hydrogen content of the titanium of 10-20
ppm. Hydrogen due to corrosion can only be formed after crevic:
corrosion has been initiated and has atarted to grow. If this
extremely improbable situation arises, a local hydration will be
of subordinate importance compared to the damage which has al-
ready occurred,

Thus, the presence of hydrogen is judged to be negligible, and
even if a sufficient juantity of hydrogen should come iato com=
tact with the titanium surface, diffusion data show that it would
take hundreds of years before the titanium would be hydrated to
brlttleness.

In order to guarantee that the original hydrogen content of the

titanium cannot be enriched to stress concentrations, and thereby

lead to delayed fracture over the long run, a hydrogen content of

max. 20 ppm has been specified for the titanium used in the ca-

nister. This value corresponds to the solubility of hydrogen in

titanium at room temperature and thereby renders hydride precipi- !
tation impossible.

Corrosion properties of lead

—

Like titanium, lead depends for its corrosion resistance on the )
formation of a protective film on the surface which impedes or
prevents further-corrosion. The composition and properties of the
protective film depend on. the nature of the surrounding medium.
In a suitable enviromment, the film can exhibit considerable re-
sistance to corrosion. Obviously, lead corrosion is not even a
possibility until the titanium casing has been nenetrated.

Besides resisting corrosion, the lead in the canister functions
as a radiation shield which reduces the radiation level outside
the canister to such a low level that it is of no nractical im
portance to the corrosion behaviour of the titanium. Calculations
show that concentrations of oxidizing agents induced by radiation
are very low /5-11/. .

Since the lead is protected by the titanium casing, general
corrosion can be disregarded.

If the titanium casing is penetrated, however, some local corro-
sion may be expected on the lead surface which is thereby expos-
ed. )

This corrosion will thereby be highly localized and will develop
in the form of pitting. If it is assumed that the reactiom will
be limited by the available supply of oxidants - oxygen in the
surrounding water, radiolysis products etc. - the amount of lead
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which can go into solution is 1.24 kg per 1:000 years and metre
of canister length, i.e. slightly more than 2 kg ver canister
(total weight 3 900 kg). The corrosion attack will penetrate into
the lead at a diminishing rate. It iz tentatively estimated that
pitting will penetrate the lead lining after about 500 years, but
this figure is probably grossly underestimated /5-11/.

Summary

The Swedish Corrosion Research Institute was commissioned by KBS
to investigate the corrosion resistance of the proposed encapsu=~
lation materials. The institute in turn appointed a reference
group composed of specialists within the field of corrosion and
materials to conduct the study.

In a status report dated 27 September 1977 and reproduced in KBS
Technical Report No. 31 /5=12/, the institute and its reference
group submitted the following assessment of the service life of
the lead-titanium canister:

“The corrosion resistance of the titanium casing is based

entirely on the existence of a protective passivating film. .

Under the conditions prevailing in a final repository, this
film has a self-healing capacity in the event of damage of
limited extent. Under the assumed circumstances and on the
basis of current knowledge, the titanium casing should have
a service life of more than 1 000 years. However, this esti-
mate is subject to a certain degree of uncertainty in that
previous exverience of pitting and crevice corrosion in ti-
tanium comes from experiments and applications of relatively
(in this context) short duration. In order to reduce the
risk of local ccrrosion, the storage esite and storage method
should be se'ected to avoid the possibility of extremely
high levels of C1” in the groundwater.

If the titanium casing is penetrated as a result of mechani~
cal damage or local corrosion, the lead lining thus exposed
may be attacked by galvanic corrosion. The rate of this
corrosion is determined by the supply of oxygen and other
oxidants which are present in the groundwater or are created
by radiolysis as well as by corrosion-inhibiting constitu~-
ents in the water, for example hydrogen carbonade ions. In
contact with the postulated storage environment, it has been
concluded that the lead lining will greatly prolong the ser-
vice life of the canister.

The service life of the lead~lined titanium canister is
currently estimated by some members to be at least 1 000
years, while other members estimate the service life to be
at least 500 years. Before a fins]l assessment is made,
further study should be conducted in this area.”

The conclusions of the Corrosion Research Institute are supported
unanimously by the specialists in the reference group. Surplemen~
tary statements by members of the reference group have also been
appeuded to the status report.

In one of the supplementary statements, it is claimed that the

estimates given in the status report are conservative and repre-

¢
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documentation of varivus quality-guaranteeing measures should be
divided between the owner and an official institution, such as
the Swedish Plants Inspectorate, in a manner similar to that
which is followed in the case of nuclear power plants. This divi-
sio1 shall be based on competence and on safety considerations
and shall be approved by the Swedish Nuclear Power Inspectorate
(S5K1). Responsibility for coordinating such activities shall rest
with the owner, who shall. also submit periodic reports te SKI.

The owner shall also submit a report to SKI, in good time before
the start of construction, specifying a programme for the organi-
zation and functions of quality control and quality assurance.
Supplementary instructions shall subsequently be issued as re-
quired and the prcgranme shall be subjected to continuous follow~
up by SKI. The programme shall include the following points:

- Definition of the application of the programme to various
building sections and installationy based on safety classes,
- Description of the owner's organization and cooperating or-

ganizations, with specification ¢f areas of responsidbility
and channels of contact.

- Directives for design examination. Designs should be examin~
ed by an independent body.’

- Purchasing directives with respect to quality requirements.

- ' Inspection and identification of purchased material.
Production and installation control appropriate to the im—
portance of the product for plant safety and operational

availability.

- Frogramme for recurrent perlodlc testing and inspection of
certain plant components.

- Directives for operation and maintenance of the facilicy,

including comprehensive instructions for abnormal operatio~
nal situations and events.

- Routines for the submitting of reports to the supervisory
authority.

A quality control plan for the vitrified waste and the canister
should include the following points:

Glass body:

- Compositional analysis

- Hardness testing
- Leaching test

Chromium=nickel cylinder:

- Compositional analysis of wmaterial

- Tensile testing of material

- Material identification

- Dimensional check of material

- Welding procedure check

- Supervision of welding work

- Visual and dimensional inspection of welds

- Penetrant testing of welds before and after filling
- ldentification of cylinder material before filling
- Visual and dimensional inspection of cylinder before filling
- Marking and issuing of test certificate
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5.5

sent a lower limit for the durability of the encapsulation mate-
rial, '

It is furthermore submitted that on the basis of existing know-
ledge, it is highly probable that further study will reveal a
considerably longer life for the encapsulation material. KBS
shares this opinion,

OPERATION OF FACILITY

Only some 30~40 persons will be required for the operation of the
facility. ' ‘

The entire underground part of the facility is classified as a
controlled area and is divided into zones according to the poten-
tial risk of contamination, in the same manner as in a nuclear
power station.

All handling of waste cylincers is done by remote ccntrol when
the cylinders are in radiation-shielded cells or with the aid of
a radiation~shielded transfer cask. If a power failure should
render motor-driven equipment inoperable,. the work can be done
manually.

All cells are connected to an intervention cell to which all
equipment in the cells can be transferred via remote control and
in which minor repairs can be effected. 1f major repairs are re-
quired, the equipment can be decontaminated and taken out of the
intervention cell into a metal-lined room situated above the
cell. From here, the equipment can be sent away for repair.

The facility's operating systems area based on existing technclogy
and on experiences from similar systems in existing facilities.

The facility will be under the supervision of auhorities such as
the Swedish Nuclear Power Inspectorat=s and the Nutional Institute
of Radiation Protection in the same manner as a nuclear power
station. The facility will be designed in compliance with the re-
gulations issued by these authorities and by the occupational
safety authorities and in consultation with concerned personnel
ovganizaticns.

With regard to working environment and safety, see III:7.

QUALITY CONTROL

In order to satisfy the stringent requirements on safety and
aperational availability which are imposed on the activities
described here and in order to ensure absolute safe final stor—
age, the quality of plant and material must conform to a suffi-
ciently high standard. This requires effective quality assurance,
which entails that all measures aimed at achieviug and maintain-
ing the necessary level of quality shall be planned, systematic
and documented.

The owner of the facility shall also be responsible for ensuring

that quality control and quality assurance activities are organ-
ized and executed in a satisfactory manner. The execution and
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DRAWINGS

DRAWING

HORIZONTAL SECTION -43.0

HORI2ONTAL SECTION -54.0/-52.5

HORIZONTAL SECTION -60/-59.S

LGNdITlIDINAL SECTION I-1 AND CROSS-SECTIONS -
LONGITUDINAL SECTION 11-T1 AND CROSS-SECTIONS

PROCESS FLOW CHART
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5.6

missioning should not present any difficult problems.

Titaniumelead canister:

- Compositional analysis of titanium and lead

- Tensile testing of titanium

- Dimensional check after first lead-casting

- Visual inspectior of final surface

- Pressure testing of cylinder after first lead-casting
- Welding procedure check

- Purity control prior to welding

- Supervision of welding work

- Penetrant testing of welds

- Tightness testing by means of He after seaeling
- Marking and issuing of test certificate

Some of these quality control procedures may take the form of
random sample tests, the frequency of which shall be determined

on the basis of the probability of defects.

Quality control which is related to the glass body and the chro-
mium~nickel cylinder will be performed at the foreign reprocess-
ing plant. The exten: to which quality control and quality assur-
ance shall be carried out by the manufacturer, an independent
quality control institution or the owner shall be determined in
consultation between the parties involved and the supervisory
authority. The manufacturer is expected to provide sample materi-
al so that the owner can perform his own tests in Sweden.

DECOMMISSIONING ’

When the facility is no longer required and there are no waste
cylinders or canisters left in it, the facility shall be ae:nnta-
minated and all "own' radioactive waste, contaminated scrap and
building materials shall be taken away to facilities which are
equipped to receive and treat such materials. lhe facility can
then be modified for other use or sealed by filling with crushed
rock, concrete etc.

In general, very little contamination can be expected, su decom~
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6.1

6.2

6.2.1

FINAL STORAGE

Power Sution Canusl Starsge Reproceming g:::"' Encapauletion

Final Seorage

GENERAL

The final repository is situated in rock underneath the facility
for inrermediate storage and encapsulation at a depth of approxi-
mately 500 metres below the surface.

The main criterion for the design of the final repository is that
it shall be possible to seal and finally atandon the facility and
still retain its fundamental function: to prevent the escape of
radinactive substances to the biosphera.

The studies which have been conducted of nossible sites for a
final repository (see volume 11, Geology) have indicated that it
is possible to fulfil this criterion. Bedrock and groundwater
conditions at the investigated sites have proved to be such that
the rock will constitute a barrier to the migration of the radio-
active substances from the waste to the biosphere. The vitrified
vaste itself, with its low leaching rate, the canister, with its
high resistance to corrosion, and the buffer material with which
the storage holes, tunnels and shafts in the final repository are
filled, with its special isolating properties, constitute addi-
tional barriers to such a migration. The rock also provides pro-
tection against external forces, such as acts of war, sabotage,
meteorite impact etc. An evaluation of tha function of the vari-
ous barriers is provided in volume IV, Safety Analysis.

The final repository has been designed for the deposition of

9 000 waste canisters and on the basis of the assumption that 300
canisters will be transferred to the final repository each year
from the intermediate storage facility and encapsulation station.
The design of the facility is based on existing technology. For a
more detailed description of the facility, see the drawings at
the end of this chapter.

DESCRIPTION OF FACILITY

Lazout

The final repository consists primarily of a system of parallel
storage tunnels located appruximately 500 metres below the sur—
face, with appurtenant transport and service tumnels znd shafts
for communication with the surface and with the faciiivy for in-
termediate storage and encapsulation. The turmel system also in-
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cludes diverse service areas (see Fig. 6-1). The encapsulated
vaste is depogited in vertical holes drilled in the floors of the
storage tunnels. S

Design and construction of rock cavern facility

After introductory design work and preliminary studies, which may

. include a pilot plant, work on the rock facility will commence

with the sinking of a shaft from the surface of the ground down
to the level of the repository. From this shaft, drifts will be
driven which will permit the excavation of other shafts by the’
driving of raises /6~1/.

Tunnels for service areas will be constructed next to the reposi-
tory. Blast rubble will be transported to the surface via a skip.
The material will be crushed first, however, since the size of
the blocks which a skip can accomodate is limited.

Blasting of the repository's tunnel system will start with the

‘hoist tunnels at the periphery and in the centre and the ‘-enti-

lation tunnel situated above the wid-tunnel. These tumnnels will
provide good general information on the characteristics of the
rock at the site so that the layout of the storage tunnels can be
modified if necessary in order to avoid sections of poor rock not
indicated by the preliminary studies.

Blasting of the storage tunnels is then commenced with great care
so as to disturb the surrounding rock as little as possible. Ver-

Hoixt sheft for waste canisters
Receiving and encapsulation station
tntermerfiate storage fecility -
Finel repasitory

NGRS WD -

Figure 6-1. Perspective drawing of final repository with plant for intermediate storage and
encpsulation. The final repository consists of a system of parellel storage tunnels situated
500 m below the surface.
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6.2.3

tical deposition holes are drilled in the floors of these tunnels
for the weste canisters. Before such a hole is drilled to its
full size, a smaller hole is first drilled in which the permeabi-
lity of the surrounding rock is determineéd by means of water in—
jection tests. If permeability is found to be sufficiently low,
the Jdeposition hole is then drilled to full size. If permeability
is too high, the rock is grouted and the hole is tested again. If
permeability is still too high, the hole is nlugged with a mix~
ture of sand and bentonite and the site is not used for the depo~
sition of a waste canister. If permeability is sufficiently low,
the deposition hole is drilled to full size. No hole will be
drilled near faults and other joint planes in the rock.

Electrical equipment will be used for tunnel construction in ore
der ro minimize air pollution. Diesel-driven service vehicles
may, however, be used. The work will be executed using conventio~
nal mining and construction methods.

The centre-to-centre spacing of the storage tunnels (25 metres)
and of the deposition holes in the tunnels (4 metres) has been
determined on the basis of rock mechanics considerations, includ~

_ing the effects of the heat generated by ~he canister. The depo-

sition holes have a diameter of 1 m and a depth of 5 m. Each hole
is intended for 1 canister. With the spacin: selected, the Gross
Thermal Loading in the initial phase will be 5.25 watts per ml,
which results in a relatively moderate increase in temperature in
the surrounding rock formation (see ¥ig. 6~2). The effects of
this heating at the surface on the climate, land elevation etc.
will scarcely be noticeable /6-2/,

See 1:14 for the schedule for the constructicn of the facility.

Deposition of waste canisters

When a waste canister is to be transferred from the facility for
intermediate storage ana encapsulation to the final repository,
it is first lifted out of the encapsulation cell into a radia-
tion-shielded transfer cask by means of a procedure similar to
that used for handling c¢f the waste cylinders in the facility for
intermediate storage and encapsulation., The cask is similar to
the one described under 5.2.3, but the lead iacket is only 10 cm
thick, since the radioactivity of the waste i3 lower following
storage and since the lead in the canister provides th.a additio-
nal radiation protection which is required. The transfer cask is
carried on a railbouna 'vagon which is drawn by an electric trac-
tor /6=3/.

The transfer cask is taken via a horizontal tunnel from the en-
capsulation cell to an elevator vhich runs in a vertical shaft in
the rock. The elevator takes the transfer cask dcwn to the level
of the storage tunnels (see Fig. 6~3).

The elevator is of the same design as a conventional mine eleva-
tor with guides and a winding sheave and with a number of inde-
pendent braking systems. The elevator cage is suspended from a
number of cables which are strong enough so that a few cables
alone can support the load with a good msrgin of safety (10-fold
safety). As an additional safety precaution, there is a water
pool at the bottom of the hoist shaft which dampens the impact of
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Figure 6-2. Temperuture increase in the rock formation around the firal repository 50 and 600

years after deposition.
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Traraport wagon for bentonite/sand

-d_vtw

‘ Transport wagon for
/ Sotion shislkd

/)

Transter cask

!
R

WASTE CANISTER

i
?

o Storage hole

REMOVAL OF RADIATION
SHIELD

R ELP
Koo

Fitted ho's

FILLING WITH
BUFFER MATERIAL

s P

Figure 6-3. Handling of waste conisters in final repository.
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a falling elevator and vhich provides radiation shielding in the
event that a canister should be damaged.

When _he elevator has reached iz level of the repository, the
transfer cack is taken on its wagon through the tummel systea and
positioned above the hole in which the waste canister is to be
deposited,

Before the transfer cask :is moved into position, the deposi“ion
hole ig first drained of any wvater and titanium irrigation pipes
(see below) are installed. A bed of sand (90Z) and bentonite
(102) is chen deposited at the bottom of the hole. The bed is
compacted by means Jf a hydraulically operated vibrator plate.
Finally, a mobile radiation shield is positioned at the opening
of the hole to protact the personnel when the canister is being
lowered into the hole.

The canister is now lowered into the hole by the hoist inside the
transfer cask and deposited on the sand/bentonite bed. The trans-
fer cask is then moved sway, the mobile radiation shield is re-
moved and the hole is filled with a mixture of sand (857) and
bentonite (15%). The fill is deposited and compacted in layers
10-20 mm thick by means of hydraulicaily operated equipment, see
Fig. 6-4 and /6-4/. . -

The proportions of sand and bentonite are determined by such com
sideration as the fact that a higher bentonite. content provides
lower permeability but also lower b-asring strength. The bottom
bed mmst be able to support the weig., i of the canister and should

-
§
R |

L

Figure 64, LkpvanonuJLJnunv(arkﬁvandfﬂhugofdhpvanonhoklirnghnl1h¢ﬁﬂn
mareriad consists of @ mixnure of quartz sond and bentonite. :
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SR T I situ concrete

Perforated pipe
" for water irvigation

« Figure 6.5. Afrer backfilling with & mixture of quartz sand and bentonite, the deposition hole
is sealed with a lid of cast-in-site concrete. A concrete yoke is anchored above the lid.
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therefore have a lower bentonite content than the rest of the
fill, for which lowest possible permeability is the primary cri-
terion. See further under 6.3 below,

After backfilling is concluded, the deposition hole is sealed
with a lid of cast-in-situ concrete. A prefabricated concrete
yoke i3 placed on top of the lid and grouted in recesses in the
tunnel walls (see Fig. 6=5). The irrigation pipes are connected
to a piping system through which water is injected into the hole.
The purpose of the lid is to prevent water from seeping out or
evaporating from the hole. It also prevents the fill from swell-
ing when the bentonite absorbs the water. This further compacts
the £fill, making it denser (see 6.3). The filler material pro=-
vides adequate radiation protection for the personnel who work in
the storage tunnels.

The system for irrigation of the deposition holes is maintained
for the entire period of time Juring which the repository is
open. During this period, the facility is drained and ventilated
and the irrigation system and the lid over the hole prevent the
filler material in the holes from drying out due to the heat ge=~

nerated by the canisters. This would reduce the thermal couducti-

vity of the filler material and thgreby increase the temperature
of the canister (which is about 65 C when the fill is water-satu-
rated, /6-2/). Drying of the filler material could also lead to

. an-enrichment of the salt in the groundwater. The increase in

temperature and the galt enrichment would have a negative effect
on the resistance of the canister to corrosion (see 1I1:5.3).
However, it is possible that further study and analysis of the
effects of heat generation on the filler material and the ground-
water will show that the irrigation system described here can be
simplified or dispensed with altogether.

Auxiliary systems

The facility will contain auxiliary systems for water supply,
sewerage, electric power, ccipressed air, fire protection, tele=-
communications, traunsport of personnel and material etc. These
systems are similar to those in conventional mining installa-
tions.

The ventilation system is designed to provide a free circulation
of alr in tunnels and shafts /6=-1/. It shall supply the facility
with fresh air and remove dust, fumes and gases from blasting and
from vehicles. The air temperature shall be maintained at a
pleasant level in all areas occupied by personnel.

Radioactive contamination of the air is not expected to occur.
Even in the event of a handling accident, it is highly improbable
that the encapsulated waste cylinder would be damaged to the ex~
tent that the vitrified waste would be shattered into such small
particles that they would become airborne.

Thus, the function of the ventilation system is to create and
maintain pleasant and hygienic working conditions in the final
repository. It has no direct comnection with the function of the
waste canisters. The principles for the design of the system are
illustrated in Fig. 6~6.




-

Skip sheft,
exhaust sir

Figure 6-6. Perspective drawing of ventilation system in final repository. Deposition has been
concluded within area A and is in progress in area B. Blasting has been concluded within area C
and is in progress within area D.

Fans at ground level blow air down tirough a ventilation shaft
and this air is then distributed to the tunnei system and the
hoist shafts. After each storage tunnel has been blasted to its
full length, it is ventilated by means of free air flow from the
outer transport tunnels to the centre tunnel. From here, the air
is evacuated via vertical shafts to an exhausz air tunnel! situat-
ed above he centre tunnel, which also serves as an evacnation
tunnel for smoke in the event of fire in any part of thu tunnel
system. Tha air is conveyed through the exhaust air tunnel to the
rock hoist shaft, which also serves as an air evacuatiom shaft.
Evacuation ducts from the service areas also empty into this
shaft. Fans on the exhaust air side (at the opering of the shaft
on the surface and in the tunnels which lead to the outlet shatt)
also assist in the evacuation of the exhaust air.

In each storage tunnel and between the service arcas and the
transport passages are doors with dampers which can be used to
regulate the distribution of air to the various areas according
to immediate requirements, which are dependent upon the nature of
the work and temperature conditions in the various parts of the
facility. '

Vital criteria for the design and capacity of the ventilation
system are the fresh air requirement during the construction pe-
riod and the necessity of keeping the temperature below approxi-~
mately 25°C in tunnels where work is ‘in progress.

Although it is assumed that both vehicles and machines used in
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\ .
the facility will be exectrically poueted the vuntilation system
has been designed so that its capacity can te madi- sufficient for
diesel operation as well. The need for temperature reduction
within parts of th~ tunnel 3ystem is met by the regylability of
the ventilation dampers.

Even if all fans should fail, natural air convection will provide
sufficient air exchange to permit work in the final repository to

proceed for a limited perind of txme, posgibly with some restric~

tions.

A drainage system will be provided in the final rvpoaxtory for
the collection and removal of groundwater which leaks into the
repository and spillage water from rinsing operations etc. Conca-
minated water from workshops, personnel areas etc. will be dis-
posed of by a separate sewerage system.

The bottoms of the tunnels are designed so that water leaking in=

_to the tunnels is collected in a gutter and conveyed to pump

sumps situated in the transport runnels. The sumps have specxal
chambers for sludge separation.

Sumps will also be provided in the gervice areas and in the
shafts. Wacer from all sumps is pumped through pipes to the cent=-
ral shaft, and from there to the nearesiL suitable recipient on
the surface. Pumping through the shaft is effected in two stages
via a booster purm.

The number and size of the pump sumps will be finally determined
on the basis of the leakage rate which is observed during the
initial stages of construccion. The sumps and the parts of the
shafts below the bottom level of the repository shall have suffi-
cient capacity to prevent flooding of the tunnels in the event of
extreme flows and pump breakdowns. The pumps are operated automa-
tically. Alarms are issued in the event oi abnormal water levels.

Vital systems (ventilation, drainége, hoists, emergency systems)
shall be packed up by auxiliary diesel generators.

- PROPERTIES OF SAND/BENTONITE FILL

The material used to backfill depositicn holes and seal tunnels
and shafts (see 6.6) should possess the following properties:

~  bearing capacity; to keep the canisters in place in the de~
position holes and to hold back pieces of rock which may
break off from the rock surface.

- plasticity; to maintain the homogeneity of the material
despite minor movements in the bedrock.

- low permeability; to minimize groundwater flow in deposition
holes and in backfilled tunnels and shafts.

- good thermal conductivity; to transmit the heat generated by

the waste canister to the rock without the canister becoming
exce351vely hot.

- high ion exchange.capacity: to retard the m1grat1on of radi-
oactive nuclides which may teak out from the canister.
-  long-term stability against weathering, cementation or other

changes; so that the material will retain the above praner-
ties throughout the service life of the repository.

€
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Nor shall the material have a negative effect on the corrnsion
resistance of the canister.

Tests and studies /6-5 to 6~13/ have shown that a mixture of
quartz sand and bentonite possesses most of the above-specified
properties. Both materials are available in the required quanti-=
ties, They can be mixed to a homogenecus material without diffi-
culty, e.g. in an ordinary concrete mixer:

In order for the mixture to possess good bearing capacity and
thermal conductivity as well as low permeability, it is desirable
that the sand and bentonite fractions be mixed in such propor-
tions as to provide a good (morain-like) particle size diszribu~
tion,

Bentonite is characterized by a high swelling capacity when it
absorbs water. It also has a high ion excharge capacity.

A high oentonite content increases the plasticity and ion ex-
change capacity of the mixture. It also improves the material's
density, since its swelling will fill the pores in the material.
At the same time, however, a higher bentonite content reduces the
bearing capacity and thermal conductivity of the mixture and it
becomes more difficult to handle.

Tests have shown that mixtures of 80-907% quartz sand and quartz
filler and 10-20Z beatonite provide a good balance of the desired
properties.

The bentonite which is used is sodium bertonite (Volclay Mx 8C or '

the equivalent) irn granulated form with a particle size distribuy-
tion of 0.07 - 0. 8 mm. It has good swelling properties, evern af-
ter heating to 300°c.

The sand is pure quartz sand (981 Si0p) with a part1c1e sng
distribution of 0.063-2 mm. It has a s;nter1ng p01nt (1 4007°C)
which lies well above the temperature encountered in the reposi-~
tory.

The results of field and laboratory tests on tho mixture can be
summarized as follows:

- The strength and deformation propertias of the mixture are
approximately the same ss those of a clayed moraine. The
bearing capacity of the material is composed of a cohesion
corponent and a friction component. An increase of the ben~
tonitze content increases cohesion and reduces friction.

- Permeability varies between 10"8 and 10~11 m/s when swelling
is restrained. With unrestrained swelling, permeability is
higher,

- Thermal conduct1v1ty is between 0.7 and 1.7 W/n°C when the

water content varies between 5 arnd 25Z. 3

- Maximum dry solids density is 1.90-2. 00 t/m” at an optimum
water content of 8-12%.

- Unrestrained swelling when the material is in contact with
water leads to an increase of iZs otviginal volume by 5-20%.
The swelling pressure of the material under restrained
swelling conditions is on the order of 30-150 kPa.

Studies conducted for KBS have shown that the properties which

- ——
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are of importance for bearing capacity, dcrsitcy, thermal counduc=
tivity and ion exchang= will not undergo any ~5sent1al change
over long periods of time /6~6~and 6-12/.. .

T~ .
The sand/bentonite filler material can affect the ground.rater
chemically by acting as a gH buffer, whereby .a stabilization of

the pH to a value between 8 and 9 can be expected at the tempera~

tures in question, according to the results of studies rurrently
in progress (cf. section 4.3.3).

OT-ERATION OF FACILITY

Canister deposition begins when approximately one-quatter of the
total number of storage tunnels have been completed. The facility
is designed in such a manner that the construction work can con=
tinue without any interference from the transport and deposition
of canisters. Next to the centre tunnel, the storage tunnels are
closed off by a concrete wall with a door and with dampers for
regulating the vertilation flow in the storage tunnel.

The equipment for transporting and handling canisters and back-
filling the deposition holes is railbound. It is pulled by an
electric tractor. After deposition is concluded in a tunnel, the
rails are mocved to the next tunnel.

Only some 30-40 persons will te required for the operation of the
facility (not including the construction work).

Up until the time the final repository is to be sealed, the stor-
age tunnels in which canisters have been deposited can be inspec~
ted and checked and measurements can be made of rock stresses,
temperatures, groundwater leakage etc.

The facility will be inspected by authorities such as the Swedish
Nuclear Power Ingpectorate and the National Institute of Radia~
tion Protection in the same way as a nuclear power station. It
will be designed in accordance with the regulations issued by’
these authorities and in consultation with concerned personnel
organizations,

With regard to workihg environment and safety, see I111:7.

QUALITY CONTROL

Besides the quality control of the rock and the groundwater-which

. is carried out during the construction and oparaticn period,

quality control will be primarily aimed at verifying the proper=
ties of the sand/bentonite fill. This wi)' be accomplished by
sampling and analysis of delivered material, of the finished
mixture at the mixing station and of the completed fill. The
resting procedure is similar to that used for the core of an
earth dam. The equipment for compacting the filler material in
titve deposition holes also has instruments which indicate and re-
gisrer rthe degree of compaction which is achieved.

For other quality control, see under 5.5.
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PERMANENT CLOSURE

After the final repository has been filled with canisters to its
design capacity, the facility can be kept open and ingpected as
long as surveillance and maintenance of the drainage and ventila-
tions systems and other essential auxiliary systems are consider~
ed desirable. The facility can then be sealed and finally aban~
doned.

When it is sealed, the tunnels, shafts and boreholes are filled
with a mixture of sand and bentonite simil:. te that used to fill
the deposition holes. .

The fill is deposited in the tunnels in layers and compacted by
means of vibratory rollers. The material is brought to the fill-
ing site on a conveyor belt and is spread by tractors. Before the
work is begun, the tunnel floo. is cleaned. If desired, the lids
on the deposition holes and their yokes can also be removed.

The fill is applied in the top part of the tunnels by means of a
spraying technique similar to the one which has long been used
for lining the roofs of tunnels with concrete. Tests /6=4/ have
shown that this technique is suitable for spraying sand/bento-
nite. The spraying technique and the swelling capacity of the
bentonite permit complete filling of the tunnel section with a
high (70-80Z) degree of compaction. See Fig. 6-7 ard 6-8,

A mixture of sand and bentonite will also be used for backfilling
vertical shafts. A fine-grained moraine may also be used in the
upper part of the shafts. Holes drilled in connection with the
preliminary study of the rock formation are filled with pure ben=
tonite. .

In this manner, all cavities and voids in the rock are filled
with material which is at least as impervicus as the surrounding
rock. The ion—-exchanging properties of the bentonite will thereby
constitute an additional barrier to a migration of radioactive
nuclides in the filler material. :

" It is assumed that observations and measurements of the ground-

water system, rock stresses, temperatures etc. will be performed
for a certain period of time followirg the closure of the final
repository. A programme for such activities will be drawn up in
cooperation with the concerned authorities.
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Figure 6-7. When the final repository is sealed, the tunnels are filled with a mixture of quartz
sand and bentonite, The lower part is placed by tracrors and vibrorolled, The upper part of
the tunnel is filled by spraying. X
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-} Lead 100 mm
oo Chromium-Nickel steel 3 mm
» - © Vitrified

- L, Quartz sand 90 %, bentonite 10 %
Titanium lid
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~ Figure 6-8, Sealed final repository.
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SAFETY

WORKING ENVIRONMENT

Authorities and regulations

The scope of the facilities will be outlined in the application
for siting permission which is required by the provisions of Sec-
tion 136 a of the Building Act. In the consideration of such
applications, concerned authorities and interest organizations
shall be given an onportunity to express their views. Working en-
vironment conditions can thereby be given early attention and, if
necessary, be regulated in connection with the granting of per—
mission.

The design of buildings and equipment and conditions on the work=-
site during the construction and operation phases shall comply
with the requirements of applicable laws and regulations. In or-
der to guarantee that full attention is given to occupational
safety and health matters?, both the Workers' Protection Act and
various statutes and ordinances require that inspection authori=-
ties and employee organizations be given an opportunity to exa-
mine work methods and the plant of the worksite prior to the
start of construction.

Working environment durin& the construction nhase

Construction work on the intermediate storage facility, the en-
capsulation station and the final repository will include:

- Buildings on ground level for offices, personnel quarters,
dining halls, workshops and storerooms, electrical installa=-
tions, water works, sewage installations, ventilation sys-
tems and facilities for the reception, treatment and storage
of buffer and backfill material.

- Buildings in rock galleries with approx. 30 m rock cover for
reception, intermediate storage and final encapsulation of
waste cylinders. _

- Repository with service facilities approx. 500 m below the
surface for the final storage of waste.

Certain installations on ground level as well as the upper rock
cavern installation (the intermediate storage section) shall be
ready for operation much earlier than the lower rock cavern in-
stallation (final repository). Blasting and construction work and
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7.1.3

deposition will be pursued simultaneously in the final reposito-
ry. There will therefore be no distinct delineation in time be-~
tween the construction and the operation phases. Commissioned
plant sections shall therefore be separated from ongoing con~
struction activities. , : K .

Different types of working environment problems will be encount-
ered in different work areas. But since existing technology will
be used in the different types of construction work, the various
environmental problems will be familiar. It should be possible to
solve environmental problems in. a satisfactory manner through co-
operation between the nlant owner, the inspection authorities and
the concerned employee organizations.

Working environment during the operation phase

As during the constru:tion phase, occupational hygiene nroblems
will vary from one work area to another. Occupational hygiene re-
quirements pertaining to the function of the plants are already
known. The design of premises and installations shall be approved
in the usual manner by inspection authorifries and employee orga-
nizations.

Most of the installations for water and power supply will be lo-
cated on the surface, along with certain workshops and equipment
for the preparation of buffer material and backfill.

Less extensive experience is available with respect to the in-
stallations for recention, storage and treatment of buffer and
backfill material containing quartz sand and bentonite. The i
quartz sand will contain a certain amount of fine-grained materi-
al, giving rise to some dust hazard.

In order to protect the personnel against quartz dust, the dust

sources shall be enclosed and suitable ventilation shall be pro-

vided. Dust-generating processes shall be supervised from areas

under pressurized ventilation. In connection with maintenance

work and in the event of spmillage, personnel shall be protected

by the use of functionally designed work equipment and personal .
safety equipment. <

Prepared buffer and backfill material shall be watered down prior

'to transport to the site of application. The dust hazard is

thereby limited to preparation.

Waste cylinders are received, stored and encapsulated in the up~
per rock cavern facility. Encapsulation involves the casting of
lead and the welding of titanium. Work with waste cylinders and-
canisters shall be remote~controlled from radiation-shielded
areas.

Rock work will be done using largely the same techniques which
are normally used in rack cavern excavation and tunnel driving.
This means that working environment precautions can be based for
the most part on existing technology. Work machines and transport
equipment shall be electrically driven whereever possible.

@
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- and instructions), as the inspection authority for the municipa-

‘Desigg of facility !
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RESCUE SERVICE

Authorities and regulations

According to the Fire Protection Act, rescua service activities
are aimed at minimizing damage to human beings, pronerty and the
environment in the event of fires, oil spills, cave—ins, land-
slides, floods or other emergencies. According to the Act, each
municipality in Sweden is responsible for providing its own res=-
cue service and instituting preventive measures.

According to Section 14 of the Fire Protection Act, it is encum~
bent upon the owners of buildings, storage depots or other faci-
lities to procure and maintain the necessary equipment for ex=
tinguishing and rescure work in connection with fires and to
adopt all other measures which are necessary to prevent and
combat fire, all within the bounds of reasonable cost.

The County Administration issues the fire regulations for the mu-
nicipalities and may be regarded, along with the National Fire
Service Board (which is responsible for issuing recommendations

lities.

General rules for fire nrotection in connection with the erection
of industrial plants are provided in the Swedish Building Code,
SBN 1975, issued by the National Board of Physical Planning and
Building. But these rules are not applicable to an underground
facility for the final storage of nuclear waste.

The necessary examination is normally undertaken in connection |
with the processing of building permit applications.

It is often difficult to satisfy requirements on evacuation and
fire extinguishment on large worksites during the construction
phase. It may be necessary to organize a fire fighting organiza«
tion on the workside in ccoperation with the municipal fire bri-
gade,

Special temporary alarm and extinguishing sysctems may have to be
installed. But it should be possible to put the permanent systems
into service as soon as possible.

Special precautions must be adopted in cunnection with the nlan~
ning of installations which involve special fire hazards in the
underground facility for the final repository. The principles for
the design of such plants are summarized in "Und~rground fire
protection”, published by the Swedish Mine~Owners' Association in
1976.

Evacuation routes and fire ventilation devices will be planned
and designed in consultation with fire authorities in the same

- manner as in mines.
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7.2.3

7.3

7.3.1

7.3.2

Enforcement and routines

The person who is made responsible for the fire protection of a
facility shall, in consultation with the municipal fire chief,
ensure that the personnel are well-acquainted with-the steps
which are to be taken in the event of an alarm in different work
areas. He shall also be responsible for enforcing fire protection
requirements in connection with the various construction and ope-
ration phases.

'RADIATION PROTECTION

Authorities and regulations

Matters pertaining to the handling of radioactive waste as well
as occupational hygiene conditions in connection with work in a
radioactive environment are dealt with by the National Institute
of Radiation Protection with the support of the Radiation Protec=
tion Act.

In 1977, a proposal was submitted for certain amendments to the
Atomic Energy-‘Act. The proposal is aimed at making the Swedish
Nuclear Power Inspectorate responsible for tha inspection and
supervision of the handling and storage of radicactive waste pro—-
ducts. Regulations pertaining to permissible releases as well as
radiation protection matters would, however, continue to be
handled by the National Institute of Radiation Protection.

Design plans will be submitted to the National Institute of Radi-
ation Protection for critical examination prior to the start of
<construction.

The law requires that a radiology officer approved by the Natio-
nal Institute of Radiation Protection be present at the com
missioning of plants. The radiology officer is responsible for
enguring that the rules and regulations issued by the institute
are complied with.

Enforcement and routines

The facilities will be divided up so that premises for the handl-
ing and storage of radioactive substances are separated in a safe
manner from other activities. Such separatica shall be provided
in the final repository by intervening space.

Activities in the final repository mainly comprise rhe handling
of encapsulated radiation sources with known activity contents.
Required radiation shielding can therefore be calculated with
good accuracy.

All work operations with waste cylinders shall be remotely con=
trolled with a radiation shield between the operator and the cy=-
linder, For transports outside of specially shielded compart-
ments, the cylinders shall be enclosed in radiation~shielded
transfer casks.

The rules for reporting of personal doses etc. are established by
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the radiation protection authorities. The authority also issues
rules governing how special operations entailing abnormal dose
loads shall be reported for evaluation before the work is com-
menced. : ’

PHYSICAL PROTECTION

Authorities and regulations

The Swedish Nuclear Power Inspectorate (SKI) is, according to the
Atomic Energy Act and with the support of its provisions, the in=
spection authority for the physical protection of fissionable ma-
terial and nuclear energy facilities.. The authority notifies the
owners of the facilities of regulations and directives and super-~
vises and enforces compliance therewith. The expression "physical
protection’ encompassas a series of overlapping sarfeguards
against attack, sabotage and other acts of violence.

For matters pertaining to physical protection, titere is an advi= .
sory board (the board for the control of fissionable material)
whose function is to supervise activities, provide advice concer-
ning the application »f existing agreements and make proposals
for revisions of international agreements for the control of
fissionable material.

With regard to police activities in connection with physical pro-
tection, SKI cooperates with the National Police Board, whose in=
structions direct them to cooperate with agencies whose activi=
ties pertain to police activities. To the extent specified in
their instructions or in special regulations, the National Police
Board is required to issue directives to lower police authorities
and to direct police activities. '

The county administrations are the highest police authorities
within their respective counties and the county police chief =
who 18 an officer in the country administration - is direct.y
responsible for upholding order and security within the county.
Owners of nuclear power facilities shall cooperate with the po-
lice district in question with regard to matters pertaining to
physical protection.

Directives and regulations goverﬁing the physical protection of
commissioned nuclear power installations and the transport of
fissionable material within the country can be issued by SKI.

Special regulations for facilities for the handling and storage
of spent nuclear fuel and high-level waste have not been issued.
Such facilities are considerably less technically complicated
than nuclear power plants, so the regulations governing physical
protection at such facilities should be simpler. The information
required for the formulation of detailed directives and regula-
tions will not be available until ths facilities have reached the
detailed planning stage.

The KBS studies have assumed that phyaical protection shall be

basically the same as at a nuclear power plant, i.e, divided into
the following main components:

- e e e o——
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1 District or peripheral orotection, which consists of a se-
curity fence provided with devices which detect and issue
alarms in the event of unauthorized entry. It shall be
possible to verify the cause of the alarm through closed-
circuit television. :

2 Shell protection, which comprises sufficiently robust build-
ing structures in combination with security control arrange-
ments at points of passage into and out of the facility.

3 Special protection for safety~related equipment. This pro=

tection may ccnsist nf physi.ally separate redundant sys=
tem3, protective building structures or administrative rules
for admission etc.

The structural design of the physical protection must conform to
the requirerents on evacuation and extinguishing in the event of
fire. The detailed design of the installation will therefore be
submitted to the fire authorities for approval.

Design of facility

The need for physical protection measures has been taken into
account in the design of the facilities for the handling and
storage of high-level material.

The rock chambers, with their few and easily supervised points of
access, offer good opportunities for physical protection with a
high level of security. Tumnel doors are designed to satisfy the
requirement for protection against unauthorized entry, together
with installed alarm devices. Venrilarian nnenings, water intakes
and vital surface installations will be protected against un-
authorized entry and/or demolition.

Other points of access to the facilities will be designed so as
to permit security control of personnel and inspection of arriv-
ing vehicles and cargoas.

For fire protection and other reasons, consequence-mitigating
safeguards will be provided in the form of physical separation
and redundancy of safety~related equipment and of vital systems.
Such safeguards may include, for example, back-up battery sup~
plies for vital functions and auxiliary power supply and gene-
rating equipment which considerably increase the inherent protec-
tion of the plant and thereby also protect against sabotage.

The facilities will be guarded by a permanent guard staff as well
as by monitoring equipment. The guard staff can also be assigned
functions wirhin fire protection.

In the detailed design of protected areas, special attention will
be devoted to the geographic situation of the facilities and the
consequent feasibility of assistance from the police. Information
on protective and alarm devices as well as a list of particularly
vital parts of the facility will be submitted to the inspection
authority as part of the safety repcrt on the facilities.

Due to strict government regulations and control, the siting of
sensitive facilities in rock and the nature of the technical

i ——
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equipment, the probability of acts of sabotage is judged to be
very low. Since thea congequences of such acts would be limited,
the faciiities should not be attractive targets for potential sa=-
boteurs,

7.4.3 . Transport and operatiorn

High-level radioactive material will be transported in a contain~
ment which virtually eliminates the possibility of mechanical da-~
mage or attack. The size of the transport casks will be deter-
mined by other requirements, including mechanical strength.

All transports, both by land and by sea, will be guarded in

. accordance with detailed plans drawn up in advance. In the event
of fire, accident or other disturbances which may jeopardize the
safety of a transport, telecommunications with stand-by potential
will be provided to agencies in the community which could be af-
fected.

Before commencement of the planned operation of the facilities,
special safety plans shall be drawn up. These plans shall specify
both administrative and technical measures for physical protec-
tion and shall be submitted to the licensing authority for exami-
nation and approval. Plans for personnel recruitment and compe=-
tency requirements for the operating personnel shall also be spe=

cified.
7.5 WARTIME PROTECTION
7.5.1 Authorities and regulations

According to Section 136 a of the Building Act, applicatiouns for
gsiting permission shall be submitted to the government for each
facility for the handling and storage of high-level material.

Opinions concerning such applications shall be obtained from the
Commander~in~Chief of the Swedish Armed Forces, who shall hereby
judge the proposed site in the light of defence plans. These
opinions shall be considered by the govermment in its review of
the siting application.

Facilities which may be vital to the country's power supplies in
wartime shall be examined by the Board for the Wartime Protection
of Power Stations for approval of the protection level of the fa-
cilities. o

Facilities for the handling and storage of spent nuclear fuel
"are, however, not directly necessary for power production and
distribution in wartime. They are therefore not amnng the types
of facilities which the Board for the Wartime Protection of Power
Statirns is instructed to deal with.

The requirements of wartime protection pertains first and fore-
most to protection against damage which may lead to releases of
radioactivity. SKI shall therefore issue the directives and gui-
delines which may be called for from the viewpoint of wartime
protection, in consultation with the Commander—-in-Chief of the
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Swedish Armed Forces and the National Institute of Radiation Pro=-
tection. o

Design of facility

The emplacement of the intermediate storage facility ia rock pro-
vides good protection against conventional weapons. Conventional
bombs cause ground vibrations upon contact, but the 30 m rock
cover should ingulate the facility against such damaging factors.
Possible effects shall be taken into consideration in the design
and construction of the concrete enclosure of the rock chambers.
The final repository, with a rock cover of 520 m, is adequately
protected even from nuclear weapons.

The effects of airborna shock waves in the intermediate storage
facility caused by a bomb exploding outside of the facility have
been reduced by the design of the access descents to provide a
blow-through path. Ventilation of the intermediate storage faci-
lity has been designed in such a way that cooling can be accomp~
lished by natural convection in the event of fan failure. This
also provides some protection against airborne shock waves. This
protection is enhanced by means of a stack design which permits
blow-through at the intake and outlet points.

The intake and outlet openings of the ventilation stacks are pro-
tected by concrete cover. The lower portions of the stacks may be
constructed in the form of thick concrete cylinders. The vertical
portion of the ventilation shafts down into the rock are provided
with bomb traps.

Electric lead-in busl ngs into the rock cavern facilities cam be
bomb-protected by con.cete encasement and drainage openings.
Where required, redundant connections can be -provided at safe
distances.

-
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