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INTRODUCTION

KBS' first report entitled "Handling of Spent Nuclear Fuel and
Final Storage of Vitrified High Level Reprocessing Waste'" was
published in November 1977. This second report deals with the
second alternative given by the Stipulation Law, i.e. the hand-
ling and final storage of spent nuclear fuel which has not been
reprocessed, the so-called "direct disposal alternmative'.

Some of the background material for this report is the same as
that used for the preceding report. In its general principles,
the proposed handling chain is also similar for the two alterna-
tives. In both cases, it is proposed that the waste be encapsu-
lated in a corrosion-resistant material, after which final de-
position of the canisters shall take place in vertical boreholes
drilled from tunnels at great depth in the crystalline bedrock.
Prior to final disposal, a supervised intermediate storage period
is proposed for the direct disposal alternative as well. The
purpose of this intermediate storage period is to allow the heat
flux of the waste to decrease so that the maximum temperature in
the final repository can be kept well below 100°c. During the
period of intermediate storage, freedom of choice will be re-
tained with regard to the question of reprocessing, while time
will be provided for the development and improvement of methods
for encapsulation and final storage.

The different properties of the two types of waste, vitrified
reprocessing waste and spent nuclear fuel, do, however, entail
considerable differences with respect to certain aspects of the
handling procedures and the design of the facilities.

The Stipulation Law refers to spent nuclear fuel. This includes
the fuel rods with their zircaloy cladding as well as certain
metal structural components which hold the fuel rods together in
fuel assemblies, The fuel rods and the metal components represent
different types of waste whose handling and storage is described
in the following.

Appendix 1 to the preceding KBS report presented a status report
on the direct disposal of spent nuclear fuel. The more exhaustive
studies which have been conducted since then have led to certain
modifications in the proposal sketched there. This applies above
all with regard to the following three points.

~ Now completed studies have shown that the fuel's zircaloy
cladding can be expected to remain intact even in contact
with water for considerably longer periods of time than the



intermediate storage period of about 40 years proposed here.
It has therefore been possible to omit the previously pro-

posed stainless steel container in which the fuel was to be
enclosed to prevent it from coming into contact with water.

- The canister is surrounded with highly-compacted bentonite
instead of a mixture of bentonite and quartz sand in order
to provide the canister with even better protection against
the action of the groundwater.

- In order to make the best possible use of the favourable
effects of the highly-compacted bentonite, the canisters are
positioned vertically in the borehole — in the same manner
as the vitrified waste - and not horizontally in storage
tunnels as shown in the status report.

The work carried out within the KBS project has gradually expand-
ed the available body of knowledge, and the background material
is now considerably better than when the report on vitrified
waste was published. This applies especially with regard to:

- the properties of the buffer material (the bentonite)

- the physical-chemical conditions which determine a) the
durability of the canister material and b) the solubility
and dispersal of the radioactive elements in the groundwater

- calculation models for groundwater movements in the bedrock

- age data on groundwater from great depths

Consequently, the safety analysis presented in this report has a
more secure basis, and some of the premises specified in the
previous report have now been found to be overly cautious.

The proposed handling chain for the spent fuel from the power
stations to the final repository (see fig. 1-1) encompasses a
number of stages, each of which is based on known technology
which has already been applied within the industry, although in
other areas. In some cases - electron beam welding of the copper
canister 1id, lead filling of cavities in the canister, prepara-
tion and compaction of bentonite application of quartz-bentonite
mixture in tunnels — the applicability of the methods has been
verified by special trials.

The described facilities have been designed for a total spent
fuel quantity corresponding to 9 000 tonnes of uranium, which is
the product of 30 years of operation of 13 reactors. Changes in
the design capacity will not affect the basic principles of the
technical solutions. It is also possible to design the facilities
so that both vitrified reprocessing waste and spent fuel can be
processed and stored.

As in the preceding report, the Finnsjd area 16 km west-southwest
of Forsmark has been selected as the hypothetical site of a final
repository. This does not mean that the Finnsjd area is being
proposed as the site where a final repository should be built. A
final site choice is not necessary at this point in time and
should not be made for many years. Further extensive studies of

a number of possible sites should be carried out first. A suit-
able goal would seem to be to decide on the site for a final
repository around the year 2 000.

The two materials copper and bentonite have an important function
for the safety of the proposed final repository. There are cur-
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Figure I-1. Handling chain for the spent fuel from the power station to the final repository.

rently about 400 million tonnes of known copper reserves in the
world which are worth mining. World production is about 9 million
tonnes per year, and Sweden produces about 0.05 million tonnes
per year and consumes about 0.1 million tonnes per year. The to-
tal weight of copper in the proposed final repository would be
about 0.1 million tons. If the repository is filled at a uniform
pace over a period of 30 years, the annual requirement corres-—
ponds to about 37 of the aforementioned annual consumption in
Sweden.

World production of bentonite averaged 4.2 million tonnes per
year during the period 1973-75. A total of about 0.25 million
tonnes, or an average of about 8 000 tonnes per year if the fil-
ling work proceeds for 30 years, will be required to fill bore-
holes, tunnels and shafts in the proposed final repository. This
corresponds to about 0.27 of annual production.

The various facilities incorporated in the proposed handling
chain are described in the following chapter 2. The transport
system and the central fuel storage facility are of basically the
same design as was described in the preceding report on vitrified
waste, so they are not dealt with here.

Chapter 3 describes the geological conditions which are essential
for a final repository. With regard to the site surveys, the
reader is often referred to the previous report while the materi-
al regarding bedrock movements, groundwater conditions and the
chemical environment is new in many respects.



Chapters 4 and 5 describe the buffer and canister materials and
how they contribute towards a long-term isolation of the spent
fuel.

Chapter 6 deals with leaching of the deposited fuel in the event
that the canister is penetrated as well as the transport mecha-
nisms which determine the migration of the radioactive substances
through the buffer material. The dispersal processes in the geo-
sphere and the biosphere are described in chapter 7, where the
transfer mechanisms to the ecological systems as well as radia-
tion doses are also dealt with.

Finally, chapter 8 summarizes the safety analysis of the proposed
method for the handling and final storage of the spent fuel.

A special appendix provides a report on the status of current de-
velopment work aimed at developing a highly durable ceramic ca-
nister for spent nuclear fuel.
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2.1

2,1.1

FACILITIES

GENERAL

Description of spent fuel

The fuel for a nuclear reactor consists of cylindrical pellets of
uranium dioxide enclosed in zirconium alloy (zircaloy) cladding
tubes. The tubes with pellets are called fuel rods. They are
bound together in fuel assemblies, which are handled as units.
The fuel assemblies are of varying design, depending on the type
of reactors for which they are intended.

Fig. 2-1 shows a fuel assembly for an ASEA-ATOM BWR reactor. It
contains 64 rods (3), one of which is a spacer—capture rod. The
rods are held in position by a top tie plate (4), a bottom tie
plate (8) and seven spacer—grids (6). Four of the fuel rods are
tie-rods (5) and are screwed into the top and bottom tie plates.
The ends of the other rods are stuck into holes in the tie plat-
es. The fuel bundle is lifted by means of a handle (1) attached
to the top tie plate. The bundle is enclosed by a box (7) with
lifting lugs at the top for handling and a transition piece (9)
on the bottom on which the assembly rests in the reactor. Springs
(2) hold the fuel assembly in place in the reactor core. One BWR
assembly weighs about 300 kg. ‘

Fig. 2-2 shows a fuel assembly for a Westinghouse PWR reactor. It
contains 289 positions with 264 fuel rods (3), 24 control rod
guide tubes (4) and one guide tube for neutron flow measurement.
The guide tubes are welded to a top tie plate (2) and screwed by
means of weld-locked screws in a bottom tie plate (6). They are
also rigidly bound by eight spacers (5). The fuel rods are at-
tached to the spacers by springs and are not connected to the
bottom or top tie plate. The fuel bundle is handled via a grip in
the top tie plate. Springs on the top tie plate (1) restrain the
fuel in the reactor core. No box is used for PWR fuel. One PWR
element weighs about 670 kg.

The structural components in BWR and PWR assemblies are made of
stainless steel, inconel or zircaloy. Some fuel assemblies in the
first core in a PWR reactor contain power—-regulating boron glass
rods in the control rod guide tubes which accompany the assembly
at discharge.

The facilities described in the following are designed for spent
fuel from 30 years of operation of 10 BWR and 3 PWR reactors. The
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1 Handle 1 Spring
2 Springs 2 Top tie plate
3 Fuel rod bundle 3 Fuel rod
4 Top tie plate 4 Control rod guide tube
5 Tierod 5 Spacergrid
6 Spacergrid 6 Bottom tie plate
7 Box
8 Bottom tie plate
9 Transition piece
Figure 2-1. Fuel assembly for a BWR reactor. Figure 2-2. Fuel assembly for a PWR reactor.

(ASEA-ATOM). {Westinghouse Ringhals 3 and 4).
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total amount of fuel discharged from the reactor is estimated to
be about 40 000 BWR assemblies containing 2.5 million fuel rods

and about 4 700 PWR assemblies containing 1.l million fuel rods,
equivalent to a total of about 9 000 tonnes of uranium.

Necessary facilities

The facilities which are required for the handling, storage and
final disposal of unreprocessed spent fuel are:

- a central fuel storage facility in which the fuel can be
stored while awaiting final disposal

- an encapsulation station in which the fuel and the metal
components of the fuel assemblies are provided with a dur-
able encapsulation prior to final storage

- a final repository

- a transportation system for transporting the fuel from the
nuclear power stations to the central fuel storage facility
and from there to the encapsulation station at the final re-
pository

The central fuel storage facility and the transportation system
are described in the appendix to the siting and licensing appli-
cation for the central fuel storage facility submitted by the
Swedish Nuclear Fuel Supply Company (SKBF) in November of 1977 to
the Government /2-1/. During transport, the fuel is contained in
special transport casks which fulfill the requirements stipulated
by current international regulations - see also chapter 2, Volume
III of the KBS report on vitrified waste from reprocessing.

CENTRAL FUEL STORAGE FACILITY

Regardless of whether the spent fuel is to be reprocessed or dis-
posed of without reprocessing, additional storage capacity is re-
quired for spent fuel. The reason for this is that the storage
spaces which are presently available at the nuclear power sta-
tions and which only correspond to spent fuel from a few years of
operation will be full before sufficient reprocessing capacity or
facilities for the final disposal of spent fuel are available.
For economic reasons, a central storage facility is preferable to
an expansion of storage capacity at the individual nuclear power
plants.

The design of the central fuel storage facility which is describ-
ed in the forementioned siting and licensing application is now
being further refined by SKBF. The goal is a completed facility
by 1984, Planned storage capacity will be equivalent to 3 000
tonnes of uranium, which covers needs up to 1990. The storage pe-
riod will be up to 20 years.

The age of the fuel at the time of deposition in the final repo-
sitory is an important factor in the design of a final repository
for spent fuel. The longer the fuel has been stored prior to
final deposition, the lower is its heat flux.

In the final repository, the fuel is enclosed in a copper canis-
ter. The amount of heat emitted by the fuel determines how much
fuel can be stored in each canister in order that a given maximum
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canister temperature is not exceeded and how densely the canis-—
ters can be deposited in the rock in order that a given maximum
temperature increase in the rock around the final repository is
not exceeded.

An excessively high canister temperature can have an adverse ef-
fect on the buffer material which surrounds the canister. A large
temperature increase in the rock can lead to undesirable rock
stresses and groundwater movements. In order to limit these ef-
fects, the KBS project has made it an essential design prerequi-
site that the heat load be kept at a low level.

In the proposal presented here, it has been assumed that the fuel
is stored for 40 years prior to deposition in the final reposito-
ry. However, the storage period can be varied, and its length is
largely a technical-economical optimization question. A shorter
storage period requires more canisters and a larger final reposi-
tory and vice versa. The proposed length of the storage period is
not based on detailed studies, but rather on a general judgement
that it entails a reasonable optimization of handling and final
storage.

The storage principle for the spent fuel in the central storage
facility is the same as at the power stations, i.e. the fuel as-
semblies are stored in water pools, whereby the water provides
sufficient cooling and radiation shielding. In order to determine
whether the same storage principle can be applied with adequate
safety for a storage time of 40 years, a study has been carrled
out /2-2/ whose conclusions can be summarized as follows:

The integrity of the fuel in connection with storage in water is
dependent upon the durability of the material (zircaloy) which is
used for the cladding on the fuel rods.

Zircaloy has been used as a cladding material for fuel in light
water reactors since the 1950s. Zircaloy-4 is preferred for PWR
fuel and Zircaloy-2 for BWR fuel. The alloys are zirconium-based
(approx. 98%Z) with additions of Sn, Fe and Cr. Zircaloy-2 also
contains approx. 0.05%Z Ni. As far as corrosion is concerned, the
two alloys can be considered to be equivalent for pool storage.

The alloys possess high resistance to corrosion in water, owing
to their ability to form an impervious insulating oxide layer on
the surface. The growth of this layer takes place by diffusion of
oxygen ions (02-) and electrons (e~ ) through the layer. Owing to
the fact that the general corrosion is thereby diffusion-control-
led, it is exponentially temperature-dependent. At the relatively
low temperatures which prevail during storage, oxidation is very
slow. After 40 years of storage in the pools, it can be expected
that less than 0.1%7 of the canister wall will have oxidized. The
effects of irradiation on general corrosion can be expected to be
negligible compared to the conditions which prevail during reac-
tor operation, when the dose rates are of quite another order of
magnitude.

In the enviromment which prevails during pool storage, zircaloy
possesses satisfactory resistance to local corrosion. Zircaloy,
for example, has a higher tolerance to chloride in the water than
aluminium or stainless steel.
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The chemical compatibility between the canister material and the
fission products formed during reactor operation is also good.
Extensive studies have been conducted of the effects of the fis-
sion products (I, Bry, Cs and Cd), which are of special import-
ance in this context, on the canister material. The stresses
which exist in the canister after reactor operation are too low
for stress corrosion to occur under the influence of the fission
products.

Experiences of the storage of spent fuel in water pools are ex-
tensive and good. Degradation mechanisms which could jeopardize
the integrity of the fuel within 40 years have not been identi-
fied.

For a more detailed description of the long-term properties of
the fuel in connection with pool storage and of experiences of
such storage, the reader is referred to the above-cited study
/2-2/.

There is thus no reason to depart from the storage principle
which is applied at the power plants and at the proposed central
fuel storage facility if the storage period is 40 years. An ex-
tension of this storage period is also possible. If all fuel from
13 reactors, each operating over a period of 30 years, is to be
disposed of without reprocessing - which is the hypothetical pre-
mise for this report — a storage capacity of about 9 000 tonnes
is required. A trebling of the planned capacity of the central
fuel storage facility would thereby be required, and the facility
would have a design as illustrated by fig. 2-3.

Central storage facility for 3000 tonnes
of spent fuel in accordance with SKBF's
licensing application

Access tunnel

Expansion to total
capacity of 9000 tonnes

Figure 2-3. Central fuel storage facility expanded to capacity of 9000 tonnes.
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Entrance building

Garage, supply store Receiving section Electrical section
Casting in
Auxiliary systems concrete moulds

Encapsulation
— section

Hoist shaft for
waste canisters

Central shaft

Figure 2-4. Encapsulation station for spent nuclear fuel. The facility is located at ground level
above the final repository.
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For a more detailed description of the design of the facility,

_the reader is referred to the siting and licensing application

referred to under 2.1.

ENCAPSULATION STATION

General

An encapsulation station will be built in connection with the
final repository. The facility will consist of process and ser-
vice buildings located above ground, see fig. 2-4,

The spent fuel arrives at the encapsulation station following

storage in the central fuel storage facility. Here, the fuel rods
are enclosed in copper canisters and the metal parts of the as-
semblies in concrete moulds prior to final disposal. The copper
canister provides a long-term protection against the groundwater
in the final repository. It also affords radiation shielding
which simplifies handling and reduces radiolysis of the ground-
water around the copper canister to a low level, which is import-
ant in limiting corrosion. The concrete also affords radiation
protection, which simplifies handling. In addition, it provides
protection against the effects of the groundwater, primarily by
raising the pH of the water, which limits the rate of dissolution
of nickel-59, which is the most important isotope in the metal
components of the fuel assemblies from the viewpoint of safety.

The facility has a capacity of 8 canisters per week, each con-
taining fuel corresponding to approximately 1.4 tonnes (BWR) or
1.1 tonnes (PWR) of uranium, which provides a good margin to a
deposition pace which corresponds to the flow of fuel from 13 re-
actors (approx. 300 tonnes/year).

Prior to encapsulation, the fuel assemblies are dismantled in or-
der to permit better utilization of the canister's cavity. Only
the fuel rods and fuel spill are sealed in copper canisters,
while boxes, spacers, tie plates and other parts of the fuel as-
semblies are cast in concrete moulds in a part of the facility
specially equipped for this purpose.

The total number of canisters is about 7 000 and the number of
concrete moulds is 1 200.

For a more detailed description of the encapsulation station, see
the drawings appended to the end of this section and to /2~3/.

Description of facility

o

The layout of the process building is shown in fig. 2~5. It can
be functionally divided into a receiving section with associated
storage and fuel dismantling stations, an encapsulation section
including a casting cell, a cooling cell and a welding cell and
an auxiliary systems section. It also contains equipment for
handling metal components etc. from the fuel assemblies and for
fuel spill.

Connected to the process building are buildings for administra-
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Receiving Casting cell Welding cell

Compacting Cooling cell

T il’f' -
J“H y

L0 LT L it —

Elevator to
final repository

Unloading Dismantling

Cooling Cooling

Arrival Transport and Lead casting Welding, inspection
storage pool

Figure 2-5. Perspective drawing of encapsulation station’s process building.

tion and service. The process building, which is classified as a
controlled area, is entered via the entrance building. From here,
a connection is provided to the final repository via a hoist
shaft.

The fuel arrives at the facility in a transport cask on a trailer
(or on a railway wagon). A cask contains the equivalent of about
3 tonnes of uranium. The flow of fuel from 13 reactors corres-
ponds to about 100 casks per year.

Receiving

The various operations included in the handling sequence in the
receiving section are illustrated in fig. 2-6.

In the arrival hall, the transport cask is lifted from its trail-
er and transferred to the cooling and washing positions. It is
then lifted in two stages down into a pool in which it is placed
in a vertical position. After the 1lid has been removed, the con-
tainer is emptied and the fuel assemblies are placed in mobile
cassettes. The empty cask can then be returned and, after washing
and inspection, leave the facility.

The fuel cassettes are transported under water by an overhead
crane either directly to the dismantling pool or to the interme-
diate storage pool to await dismantling.,
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Cooling and washing
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Transport and storage pool
Dismantling of fuel assemblies
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Figure 2-6. Schematic illustration of handling procedure in receiving section of process building.

In the dismantling pool, the fuel assemblies are lifted one at a
time to one of the five dismantling stations, of which four are
intended for BWR assemblies and one for PWR assemblies. The cas-
sette is designed so that the BWR assemblies' boxes are retained
in the cassette when the assemblies are lifted.

In the dismantling position, fig. 2-7, the bottom nuts on the BWR
assembly are milled off. Metal chip and fragments which may be
dislodged from the fuel are collected and removed by suction to a
cyclone separator in the storage pool in the receiving section
for further processing as described under "handling of fuel
spill" below. The top nuts are then unscrewed and the top tie
plate is lifted off. The rods are held in position by fork-shaped
devices. After the spacer—capture rod has been lifted away, the
fuel rods are lifted one by one and placed in a copper rack.

This handling sequence is employed for BWR assemblies of the type
manufactured by ASEA~ATOM. Exxon fuel has a somewhat different
structure. This type of BWR assembly has four centre rods made of
solid zircaloy and eight of the outer fuel rods function as tie-
rods. When such fuel is dismantled, the top tie plate is released
by undoing the bayonet type lock on the tie rods with a special
tool. The top tie plate is then lifted off, whereby the rods are
kept in position by means of fork-like tools. After the centre
rods have been lifted away, the fuel rods are transferred to the
copper rack as described above. The tie rods must first be un-
screwed from the bottom tie plate by means of a tool with a ro-
tating motion. Rods which seize and require such great twisting
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Figure 2-7. Equipment for dismantling of fuel assemblies.
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Figure 2-8. Copper rack for fuel rods. The guide section is used to pack the rods into the casting-in
section.
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force that the rod can be damaged are instead released from the
bottom tie plate by a tubular milling cutter which machines off
the material around the threads.

The copper rack, fig. 2-8, consists of a casting—-in section in
which the fuel is transferred to the canister (and which is en-
capsulated together with the fuel) and a guide section which per-
mits a high packing density for the fuel rods in the canister.
All component parts are made of copper.

The casting-in section consists of a bottom disc on which the
rods stand, a centre tube by which the rack is lifted, a jacket
which encloses the fuel rods and two guide plates which hold the
rods in place.

The guide section consists of a hexagonal lattice which, for BWR
rods (rod diameter 12.25 or 11.75 mm), consists of tubes with in-
ner diameter 13 mm and wall thickness 0.5 mm. Some of the tubes
in the lattice have a larger diameter so that they can receive
fuel rods which have swollen, been deformed or are broken off.
The number of positions is 498.

The fuel rods are set down one by one in the lattice tubes,
whereby coordinate control ensures that they are lowered into an
empty position. When a rod is lifted up out of the fuel assembly,
it is checked to see if it is broken, swollen or deformed, in
which case it must be placed in the special positions for such
rods. A minicomputer records the filling of the lattice. The low-
er parts of broken rods are handled by special tools.

The metal components from the fuel assembly - spacers, bottom and
top tie plate etc. — are placed in a transport box and transfer-
red, together with the fuel boxes, to the compacting pool in the
recelving section pending further processing as described under
"Handling of radiocactive metal components etc." below.

After the copper rack has been filled, the lattice is lifted by
means of a lifting tool and transferred to a new casting—in sec—
tion. The lifting tool is equipped with ejector rods which pre-
vent rods (which may get stuck in the lattice tubes) from being
lifted along with the lattice. At the same time, the moveable
guide plate is lifted to its upper position, where it is fixed by
means of a locking device. Finally, a lid is placed on the copper
rack in order to stiffen the rack and hold the fuel rods in place
during the lead casting operation included in the encapsulation
process (see below).

In the case of PWR fuel, the assembly is turned upside down after
the screw heads in the bottom tie plates have been milled off.
(Alternatively, only the weld lock at the screw heads is milled
off.) The above-described handling sequence then follows with mi-
nor modifications. In the case of PWR rods of diameter 10.7 mm,
the same lattice is used as for BWR rods as described above. For
rods with diameter 9.7 mm, a lattice with 636 positions is used,
but this lattice has the same external dimensions as the BWR
lattice. This permits the same copper canister to be used for all
existing types of fuel.

With PWR fuel, the space in the canister would permit a larger
number of lattice positions. In order to keep heat the flux at
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the same level (about 0.8 kW) for all canisters, however, the PWR
rods are packed less densely. An alternative possibility is to
reduce the diameter of the PWR canister, which would reduce ca-
nister cost.

Encapsulation

The various operations included in the handling sequence in the
encapsulation section are illustrated in fig. 2-9.

The casting-in section of the copper rack, filled with fuel rods,
is transferred by a transfer carriage to the casting cell in the
encapsulation section through a pool which also serves as a water
lock between the dismantling area and the casting cell. Up to
this point, the fuel has been handled and stored under water with
sufficent water coverage to provide adequate radiation shielding.
From now on, the fuel is handled in air in cells via remote con-
trol, whereby thick concrete walls provide sufficient radiation
shielding.

The copper rack is lifted up from the transfer carriage in the
pool by an overhead crane, after which the water is allowed to
run off and the rack is allowed to dry in the air. It is then
lowered into a copper canister, which has been brought in via a
hatch in the floor of the lock, and placed in a transport wagon
by the crane. The transport wagon serves one of the two handling
lines in the casting cell.
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2 Casting cell 12 Transport wagon

3 Cooling cell 13 Cooling station

4 Welding cell 14 Transport wagon

5  Service area for transport wagon 12 15 Mounting station for lid

6 Furnaces for filling canister with lead 16 Welding station

7  Cell for opening sealed canister 17 Inspection station

8 Service area for transport wagon 14 18 Dispatch station
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10 Drying of fuel rack. Drying and

compacting of fuel spill

Figure 2-9. Schematic illustration of handling sequence in encapsulation section of process build-
ing.
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The canister, fig. 2-10, is fabricated from pure copper by the
forging of a copper ingot which is then turned down to its final
external dimensions. After drilling of the internal cavity, the
input end is machined for the 1lid /2-4/.

The transport wagon transfers the canister to one of the four
casting positions in the handling line. A casting position con-
sists of a vacuum bell into which the canister can be brought
from below. The bell is surrounded by a furnace by which the
canister can be heated and its cooling controlled.

The canister is brought into the bell by a hydraulic hoist on the
transport wagon. The canister stands on the 1id of the bell
(plunger), which is simultaneously lifted up and joined airtight-
ly to the bell. The centre tube in the fuel rack is connected by
means of an automatic coupling to a tube for lead casting, fig.
2-11.
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Figure 2-10. Longitudinal section of copper canister.
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The bell is then evacuated and the canister is heated for 48
hours, partially by radiated heat from the furnace and partially
by the heat generated by the fuel. Heating is interrupted at 380-
400°C and molten lead is pumped into the centre tube in the cop-
per rack from a melting furnace outside of the cell. The centre
tube, like the bottom disc, the 1lid and the jacket, is perforated
to permit the lead to flow out and fill all cavities in the ca-
nister. When the lead is poured, the fuel rods are lifted up to-
wards the 1id on the rack due to the fact that the rods are of
lower density than the lead. Lead pouring is interrupted on a
signal from level detectors. A heating element is inserted into
the centre tube and keeps the lead hot in and around the tube
during the solidification process. This prevents "piping", i.e.
the formation of pores, by allowing lead to run in from above
during solidification. For this reason, lead is "heaped" a few
centimeters above the lowest shoulder for the copper lid.

The bell is now filled with nitrogen gas, which circulates in a
closed circuit and is cooled in a heat exchanger. The temperature
of the canister 1s gradually reduced over a period of 48 hours
down to about 150°C. When the temperature has dropped to just
above the melting point of lead (327 C), the heating element is
slowly pulled up out of the lead in the centre tube and additio-
nal lead is pumped in to compensate for shrinkage.

The purpose of the vacuum and the nitrogen gas is to prevent the
copper, the lead and the fuel from oxidizing while the canister
is at a high temperature. Vacuum during lead pouring also pre-
vents gas inclusions. Since the bell is hermetically sealed, air-
borne radioactivity cannot escape into the cell.

After cooling, the canister is transferred by the transport
carriage to a cooling cell. The cooling cell also serves as an
airlock between the casting cell and the welding cell. In the
cooling cell, the temperature of the canister is allowed to drop
further to about 80°C. The canister is then moved to a position
in the cell where the excess lead and the projecting centre tube
are removed by machining so that the top surface of the lead is
at the same level as the lowest shoulder for the canister lid.
The surfaces of the shoulders are then also polished. Chip from
machining and polishing is collected and transferred to a melting
furnace in a separate room below the cooling cell. Here, the lead
is recovered and returned to the system for lead casting into the
canisters. The slag formed during melting, which may contain ra-
dioactive material from the fuel, is separated and embedded after
cooling in concrete moulds in the same manner as radioactive me-
tal components as described below.

The canister is now placed by the overhead crane in the cooling
cell into one of the cooling cell's transport carriages, which
serves the cell's two handling lines with welding and inspection
stations. If required, the canister can first be cleaned exter-
nally in a cell which is also used for opening sealed canisters
which have been found to be defective upon inspection. In the
welding cell, the canister is filled with a 1id which is fastened
by means of electron beam welding. The 1lid consists of three
parts, since the welding method does not presently permit the
welding of 20 cm metal with full penetration. The weld is checked
by means of ultrasound and helium leakage tracing. The finished
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canister (fig. 2-12) is then transferred to a wagon for transport
down to the final repository.

Regarding the properties of the canister material, see chapter 5.

Handling of fuel spill

Fuel spill which can become dislodged from damaged fuel rods dur-
ing handling in the encapsulation station, mainly during dismant-
ling, is collected by means of sludge suction and delivered to a
cyclone separator in a pool in the receiving section. There, par-
ticles down to a size of 0.5 mm, which are expected to comprise
at least 997 of the fuel spill, are separated. From the cyclone
separator, the suction water is delivered to a tank in which the
fine—-grained fuel spill is allowed to settle.

The fuel spill which is separated in the cyclone separator is
collected in a copper can with a volume of about one litre in the
bottom of which a layer of sand has been deposited. When the can
is full, it is transferred to the cell above the transport lock,
where it is allowed to dry. After all water has evaporated, a
layer of sand is deposited on top of the fuel spill. The sand and
the fuel spill are then mixed by means of vibration and the mix-
ture is compacted by a copper lid being pressed down on_the top
surface by a piston. The sand is graded so that it fills the
voids between the larger fuel fragments and gives the compacted
mixture a high density. It will then be able to withstand the
high pressures to which it may be subjected in the final reposi-
tory without being deformed. After compaction, the edges of the
can are folded down over the lid so that the 1id is fixed in po-
sition.,

The copper can with the fuel gpill is placed in a copper canister
in which seven holes of diameter 100 mm and length 4 metres have
been drilled, see fig. 2-13. The cans are placed on top of one
another in the holes, but the centre hole is left open to permit
subsequent lead casting to be carried out from the bottom up-
wards. The canister is kept in the cell above the transport lock
until it 1s filled with cans.

The fine-graned fuel spill is transferred after sedimentation
from the collection tank in the form of a sludge to an evaporat-
or. The dry material is collected in a copper can and handled in
the same manner as described above for the coarser fractions. The
water from the tank is delivered to the filters in the cleaning
system for pool water.

After the canister's holes have been filled, a copper lid is
placed over the uppermost cans. The 1lid is intended to prevent
the cans from floating up when the spaces around the can are
filled with lead by means of the same procedure as described
above for the canisters containing fuel rods. The subsequent
handling procedure is identical to that used for the canisters
for fuel rods.

One canister is expected to be able to hold all of the fuel spill
(approx. 130 kg) from the handling of all fuel from 30 years of
operation of 13 reactors. This assessment is based on the exten-—
sive experience from the handling of fuel. Only one per cent or
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so of the fuel rods can be expected to be damaged, and it has
been found that the amount of uranium dioxide which can drop out
from severely damaged or even broken rods is very limited.

Handling of radiocactive metal components etc.

In connection with the dismantling of the fuel assemblies in the
encapsulation station, metal components etc. are collected in
transport boxes, which, when they have been filled, are trans-
ferred to a pool in the receiving section. The boxes for the BWR
assemblies are also brought here and placed in a rack awaiting
compaction,

Prior to compaction of the boxes, the transition piece is detach-
ed in a fixture. The boxes are moved to a machine which compacts
them and chops them up, see fig. 2-14. The transition piece is
compacted in a press.

Other components are processed in the following manner:

BWR assemblies: The spacer—grids are compacted in a press. The
spacer—capture rod and the centre rods from the Exxon fuel are
cut up in a chopping tool. Handles and springs are cut or milled
off from the top tie plate. The bottom tie plate is not compact-—
ed.

PWR assemblies: Spacer-grids, top tie plate and control rod guide
tubes are held together in a skeleton which is taken to a chop-
ping tool. The guide tubes are chopped off on both sides of the
spacers and at the top tie plate. The spacers are compacted in a
press. The springs on the top tie plate are cut off. The boron
glass rods are also cut up in a chopping tool. The bottom tie
plate is not compacted.

The material is collected in stainless steel baskets which are
taken via a water lock from the compacting pool into a cell with
radiation-shielded walls, where they are lifted out of the water
and allowed to dry, see fig. 2-15. Chip and spill from the hand-
ling procedure are sucked into a special basket with an internal
filter, The baskets are taken via an airlock down into concrete
moulds positioned underneath openings in the floor of the lock.
The moulds stand on wagons equipped with jacks by means of which
the moulds can be lifted up and connected tightly to the open-
ings. Mortar is then injected into the mould until it is filled
to a level just above the top of the basket. The technique used
here is the same as that used within the construction industry
for grouting by the injection of concrete.

After completed injection, the mould is lowered into the wagon
and moved to a position where a concrete lid is mounted by the
overhead crane. The cavity underneath and the space around the
1id are then injected with mortar.

The moulds are cubical, 1.6 m on a side. The walls are 0.3 m
thick for the moulds used for BWR assembly boxes and for the slag
from the melting of the chip from machining after lead casting,
and 0.4 m for the moulds used for the other components of the
fuel assemblies (whose radiation level is higher). The surface
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Figure 2-15. Schematic illustration of handling procedure for injection-grouting of radioactive
metal components from the fuel assemblies in concrete moulds.

dose rate on the moulds is normally lower than 1 rem/h but can in
extreme cases reach maximum 2 rem/h. One mould weighs about 10
tonnes. A total of about 1 200 moulds is required.

Mould fabrication is remote—controlled from a radiation-shielded
control room.

For a more detailed account of the handling of radioactive metal
components, see /2-5/.

Auxiliary systems
The facility will include auxiliary systems for:

- cleaning and cooling of transport cask

- pouring of lead

- welding and weld inspection of canisters

- lifts and transports

- ventilation

- heating of premises

- electric power supply

- drainage

- sludge suction

- water treatment

- treatment of filter and ion exchange masses from cleaning
systems

- water supply and compressed air supply
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These systems are similar to those in a nuclear power station or
other industrial plants. Practical tests with the embedding of
fuel rods in lead and with the electron beam welding of copper
have been conducted and have verified that the technique describ-
ed here is applicable, see /2-4/.

In order to limit the disruptions caused by an external power
failure and thereby increase the operational availability of the
facility, the facility is equipped with a diesel-powered generat-
ing plant to which certain process systems as well as personnel
elevators are connected.

The ventilation system in the process building maintains a lower
pressure in areas with a higher risk of contamination in relation
to areas with a lower risk. The incoming air is filtered an con-
ditioned to provide pleasant working conditions. Outgoing air is
radiation-monitored and cleaned when necessary by filters. The
ventilation systems for the casting and welding cells contain so-—
called "absolute filters".

Operation of facility

The process premises will be classified as a controlled area and
divided into zones with respect to radiation levels and potential
risk for contamination in a manner similar to that applied in a
nuclear power station.

All handling of fuel and fuel assembly components will be effect-
ed via remote control either under water, whereby the water pro-

vides adequate radiation shielding, or in special cells with con-
crete walls which provide the necessary radiation shielding. Ven-
tilation and filter systems prevent radioactivity from spreading

to the environment.

Known technology and experiences from similar systems in existing
facilities will be applied in the facility's operating systems.
The dismantling facility has been designed on the basis of expe-
riences from the dismantling of fuel at nuclear power stations,
e.g. in comnection with the rebuilding of fuel assemblies (more
than 1 000 fuel assemblies have been rebuilt at the Swedish sta-
tions).

All equipment in the cells can be given service and maintenance
by lifting the equipment out of the cells or taking it to a sepa-
rate service cell.

Maintenance can also be carried out in a cell after it has been
emptied of fuel and, if necessary, decontaminated.

The design and operation of the facility will be examined and in-
spected by authorities such as the Swedish Nuclear Power Inspec-—
torate and the National Institute of Radiation Protection in the
same way as a nuclear power station. It will be designed in
accordance with the directives issued by these authorities and in
consultation with concerned personnel organizations.

With regard to working environment and occupational safety, see
2.5,
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2.3.4

Quality control

In order to satisfy the stringent requirements on safety and
operational availability which are imposed on the activities de-
scribed here and in order to ensure absolute safe final storage,
the quality of plant and material must conform to a sufficiently
high standard. This requires effective quality assurance, which
entails that all measures aimed at achieving and maintaining the
necessary level of quality shall be planned, systematic and do-
cumented.

The owner of the facility shall also be responsible for ensuring
that quality control and quality assurance activities are orga-
nized and executed in a satisfactory manner. The execution and
documentation of various 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-
sion shall be based on competence and on safety considerations
and shall be approved by the Swedish Nuclear Power Inspectorate
(SKI). Responsibility for coordinating such activities shall rest
with the owner, who shall also submit periodic reports to SKI.

The owner shall also submit a report to SKI, in good time before
the start of construction, specifying a programme for the orga-
nization and functions of quality control and quality assurance.
Supplementary instructions shall subsequently be issued as re-
quired and the programme 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 installations based on safety classes.

- Description of the owner's organization and cooperating or-
ganizations, with specification of areas of responsibility
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.

- Programme for recurrent periodic testing and inspection of
certain plant components.,

- Directives for operation and maintenance of the facility,
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 encapsulation procedure for spent
fuel should include the following points:

Lead filling:
- Compositional analysis of lead

- Temperature measurement in connection with filling
- Level check in connection with filling



2.3.5

2.4

2.4,

1

33

- Vacuum check in casting bell
- Check of nitrogen gas pressure

Copper cylinder and 1lid:

- Compositional analysis of material

- Tensile testing of material

- Grain size determination of material

- Material identification

- Dimensional check

- Visual inspection of final surface

- Ultrasonic testing of material

- Penetrant testing of final surface

- Welding procedure check

- Functional test of automatic welding equipment
- Purity check prior to welding

- Supervision of welding work

- Ultrasonic testing of welds

- Penetrant testing of welds

- Tightness testing by means of He

- Marking and issuing of testing certificate

Some of these quality control procedures may take the form of
spot checks, the frequency of which shall be determined on the
basis of the probability of defects.

Concrete mould fabrication is subject to the provisions of appli-

cable regulations governing concrete work. Appropriate quality
control measures are practiced.

Decommisgsioning

When the facility is no longer required and there is no fuel left
in it, the facility shall be decontaminated and all "home" radio-
active waste, contaminated scrap and building materials shall be
taken away to facilities which are equipped to receive and pro-
cess such material. The facility can then be modified for other
use or demolished.

Decommissioning is not expected to present any great problems,
since the encapsulation station does not contain any heavy equip-
ment or permanent installations which are contaminated, but
rather only systems and building materials which can be regarded
as inactive after cleaning.

FINAL REPOSITORY

General

The final repository for the fuel canisters is situated in rock
underneath the encapsulation station at a level approximately 500
metres below the surface. (With regard to the final storage of
concrete moulds containing radioactive metal components, see
2.4.5 below.) The facility consists basically of a system of
parallel storage tunnels with appurtenant transport tummels and
shafts for communication with the surface and with the encapsula-
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tion station, see fig. 2-16, The tunnel system, which occupies an
area of about 1 km2, also contains diverse service areas. The
fuel canisters are deposited in vertical holes drilled in the
floors of the storage tunnels, The design of the final repository
is similar to that described in the KBS report on vitrified waste
from reprocessing, with the principal difference that the canis-
ter in the storage hole is surrounded by highly compacted pure
bentonite instead of a sand/bentonite mixture. The reason for
this and for the fact that the fuel is encapsulated in copper
instead of lead and titanium is that the radioactivity of the
spent fuel decays at a much slower rate than that of vitrified
waste from reprocessing. The design of the canister ensures the
longer life which is commensurate with the higher demans on the
durability of the containment which isolates the unreprocessed
spent fuel from the biosphere.

The dispersal of radioactive substances from a final repository

can only occur via the groundwater. In order to prevent and re-

tard such dispersal, the final repository is provided with a se-
ries of consecutive barriers.

In order for the groundwater to come into contact with the fuel,
it must first penetrate the copper canister, the lead and the
zircaloy cladding which enclose the fuel rods. These materials
possess very high resistance to corrosion. The canisters are
placed in holes drilled in rock of good quality with low water
flow. They are surrounded by a buffer material of highly compact-
ed clay (bentonite) with such low water permeability that diffu~
sion is the controlling transport mechanism through the buffer
material.

Even if the groundwater were to penetrate to the fuel, the fuel
is extremely poorly soluble in water, since the fuel pellets are
made of a ceramic material.

Chemical processes in the buffer material and in the system of
fissures in the rock, the imperviousness of the buffer material,
the low flow rate of the water and the long path which the water
must travel in order to reach the biosphere constitute additional
barriers which prevent and retard the dispersal of radioactive
substances. Furthermore prior to outflow into the biosphere such
substances would be diluted in large volumes of groundwater.

The dispersal mechanisms are described in chapter 7. An evalua-
tion of the safety of the final repository is presented in chap-
ter 8.

The final repository has been designed for a total capacity of
approximately 7 000 canisters, including 5 300 with BWR fuel (1.4
tonnes of uranium/canister) and 1 700 with PWR fuel (1.1 tonnes
of Tranium/canister).

The design of the facility is illustrated by the drawings append-
ed to the end of this chapter.

Description of facility

The final repository for the fuel canisters is designed in the
form of a tunnel system situated within a roughly square area of
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. 2
slightly more than 1 km~ at a level of about 500 metres below the
surface. Its geometric configuration will, however, be modified
in accordance with the geological conditions at the chosen site.

The fuel canisters are deposited in vertical holes drilled in the
floors of the storage tunnels, The distances between the tunnels
(25 metres) and between the storage holes (6 metres, see fig.
2-17) have been determined on the basis of considerations of rock
mechanics and the heat flux of the fuel in the canisters (approx.
0.8 kW per canister at the time of deposition). With the chosen
distances, the specific heat load in the initial phase will be
the same (5.25 watts per m?) as that in the final repository for
vitrified reprocessing waste proposed by KBS. The heat flux of
the fuel will not give rise to any new fractures in the rock or
new flow paths for the groundwater which could affect the safety
of the final repository. Furthermore, the effects of the final
repository at the surface of the ground on the climate, land up-
1lift etc. will not be noticeable /2-6/.

Centrumavstind 25 m

4m Storage tunnel

727m Storage hole —————-——--

CROSS-SECTION

LONGITUDINAL SECTION

Figure 2-17. Cross-section and longitudinal section of storage tunnels in the final repository. Each
storage hole is designed for one canister.
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The storage holes have a diameter of 1.5 metres and a depth of
7.7 metres. Each hole is intended for one canister. They are
drilled with full-hole machines. The depth of the holes is such
that the canisters will be located well below the zone around the
storage tunnels which has been disturbed by the blasting work,
where the permeability of the rock can be expected to be higher.

At the site for each storage hole, a smaller pilot hole is first
drilled in which the permeability of the surrounding rock is de-
termined by means of water injection. If the permeability of the
rock is found to be sufficiently low and the properties of the
rock are otherwise suitable for a storage hole, drainage holes
are then drilled along the tunnel walls on both sides of the pi-
lot hole at intervals of 1.5 metres, see fig. 2-18. The rock is
then grouted by filling the pilot hole with bentonite slurry un-
der pressure at the same time as a vacuum is applied in the outer
holes. Tests show that very good sealing of the rock is obtained
with such a procedure. An additional sealing effect can be ob-
tained if this procedure is supplemented with electrokinetic
grouting /2-7 and 2-8/.

As regards the design of the rock facility in other respects and
its auxiliary systems, the reader is referred to the account in
the KBS report on vitrified reprocessing waste, Volume III,
chapter 6, and to reference /2-9/.

The fuel canister is transferred from the encapsulation station
to the final repository in a transport wagon which is taken down
to the level of the storage tunnels via an elevator, see fig.
2-19, operation A. The elevator, which runs in a vertical hoist
shaft, is designed as a conventional mine elevator with guides
and a winding sheave with a number of independent brake 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 (10-fold) margin of safety. As an additional safety
precaution, there is a water pool at the bottom of the hoist
shaft which dampens the impact of a falling elevator and prevents
canister breakage /2-10/.

When the elevator has reached (the level of the repository, the
wagon is moved via remote control out of the elevator into a ra-
diation-shielded handling station, see fig. 2-19 operation B.
From here, the canister is lifted up from the wagon into a radi-
ation-shielded transfer cask which is mounted on a special ve-
hicle. After the transfer cask with the canister has been laid
down in a horizontal position on the vehicle, the canister 1is
transported to a position above the hole into which it is to be
deposited. Positioning of the canister above the hole is effected
with the aid of an optical plumb.

Before the vehicle is moved into position, the storage hole is
drained of any water which may have entered the hole. The hole is
then lined with blocks of highly—compacted bentonite, see fig.
2-19 operation C. The space between the blocks and the rock is
filled with bentonite powder. A wagon with a telpher is used to
mount the blocks.

The canister is lowered into the hole by equipment mounted on the
vehicle, see fig. 2-19 operation D, after which the space between
the canister and the surrounding blocks is filled with bentonite
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powder. The hole is then filled with additional bentonite blocks,
operation E. Finally, a temporary concrete lid is placed over the
hole as protection, see fig. 2-20. The 1lid can be propped up
against the tunnel roof in case swelling pressure should build up
in the hole before the tunnel is back-filled. For a more detailed
account of the handling of the copper canister and the bentonite
blocks, see references /2-10 and 2-11/.

The transfer cask on the vehicle provides radiation shielding
when the canister is lowered into the hole. The upward-directed
radiation from the canister is insignificant (approx. 1 mrem/h),
so that the final work of filling the hole can be carried out
without any special radiation-shielding precautions.

Bentonite is a naturally occurring clay of volcanic origin which
is characterized by a high swelling capacity when it absorbs
water. It also possesses a high ion exchange capacity.

The bentonite blocks are produced by compression (isostatic com—
paction) under very high pressure. ASEA-QUINTUS equipment, which
has long been used for the manufacture of e.g. insulators,
graphite blocks etc., is used for this purpose. Manufacture of
the blocks is described in greater detail in reference /2-11/.
Compaction gives the bentonite a high density and thereby good
bearing capacity and such a low permeability (<10~13 m/s) that it
is virtually impenetrable for water. Because the swelling of the
bentonite in the hole is restrained, a swelling pressure builds
up when the bentonite absorbs water. As a result, water-bearing
fissures cannot open in the material, and any fissures which may
exist in the walls of the hole at the time of deposition or which
may be created at a later time are sealed. For a more detailed
account of the properties and function of the highly-compacted
bentonite, see chapter 4.

Operation of facility

Canister deposition begins when approximately one-quarter 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 interfering with the transport and deposition of
canisters. At the central transport tunnel, the storage tunnels
are closed off by a concrete wall with a door and with dampers
for regulating the ventilation flow in the storage tunnel.

The storage tunnels in which the canisters have been deposited
can be inspected and measurements of rock stresses, temperatures
inflow of groundwater etc. can be carried out all the way up to
the time when the final repository is to be sealed. During this
time, the inflow of water into the storage holes is so small that
the bentonite never becomes water—-saturated. Among the factors
which contribute towards keeping the inflow of water low are the
low water flow in the rock, the grouting around the storage hol-
es, the drainage holes along the walls of the storage tunnels and
the low permeability of the bentonite in the storage hole.

Owing to the fact that the highly-compacted bentonite is not
water—saturated, high swelling pressures cannot build up in the
hole before the repository is sealed. The bentonite powder which
fills the space between the rock and the bentonite blocks could,
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Figure 2-20. After deposition, the storage hole is sealed with a concrete lid. The lid can be propped
against the rock roof to counteract any swelling of the bentonite.
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however, conceivably absorb sufficient water to give rise to a
small swelling pressure. The swelling pressure can, however,
easily be absorbed by the temporarily lid, possibly with the aid
of a temporary prop against the tunnel roof.

In addition to the inspection of the rock and of the groundwater
which is carried out during the construction and operating pe-
riod, quality control of the final repository will be aimed pri-
marily at verifying the properties of the buffer material. Neces-
sary measures in this respect are described in section 4.4.

The design and operation of the facility will be examined and in-~
spected by authorities such as the Swedish Nuclear Power Inspec—
torate and the National Institute of Radiation Protection in the
same way as a nuclear power station. It will be designed in
accordance with regulations issued by these authorities and in
consultation with concerned personnel organizations.

With regard to working environment and protection, see 2.5.

Sealing of facility

When the final repository has been filled with canisters to de-
sign capacity, the facility can be kept open and inspected as
long as surveillance is considered desirable. The facility can
then be sealed and finally abandoned.

Prior to sealing, the temporary lids on the deposition holes and
the concrete rims are taken away. A copper plate can then be
placed on top of the fill in the hole to serve as a diffusion
barrier. Even if the temporary lid is affected by the swelling
pressure from the fill in the storage hole, the fill will not
swell up when the lid is removed. In order to swell in this man-
ner, the bentonite would have to absorb additional water, which
is a very slow process.

When the repository is sealed, storage and transport tunnels are
filled with a mixture of quartz sand (80-907) and bentonite (10-
20%) .

When the sand/bentonite mixture used as a tunnel fill is being
prepared, 0.57 ferrophosphate is added to serve as a so-called
"oxygen—getter" (see chapter 5).

The lower part of the tunnel fill is deposited in layers which
are compacted using a vibrating roller, see fig. 2-21. The upper
part is applied using a spray technique which has long been used
for spraying concrete. Trials /2-12/ have shown that this tech-
nique is well-suited for the spraying of sand/bentonite. The
spraying technique and the swelling capacity of the bentonite
permit the tunnel section to be filled completely with a high
degree of compaction, fig. 2-22.

When the repository is sealed, most of the vertical shafts are
filled with a sand/bentonite mixture. In order to provided extra
security against water flow in the rock which immediately sur-
rounds the shafts and which may have been disturbed during the
shaft-driving work, one or more sections are filled with "plugs"
of pure highly compacted bentonite in the manner shown on the
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Figure 2-21. When the final repository is sealed, the tunnels are filled with a mixture of quartz
sand and bentonite. The lower part of the fill is deposited by tractors and vibrorolled. The upper
part of the tunnel is filled by spraying.

appended drawing No. 16. When the bentonite absorbs water and
swells, it will penetrate out into fissures which open into the
shafts and, together with a previous grouting of the cracks by
injection of a bentonite suspension, will block any water path-
ways around the shaftsg. Sealing with two "'plugs" can be used to
isolate local fracture zones in the tunnels, see drawing No. 16.

Boreholes, including those drilled during the preliminary study
of the rock formation, are also filled with highly compacted
bentonite,

For an account of the properties of the sand/bentonite mixture,
see section 6.3, Volume III of the KBS report on vitrified re-
processing waste,

In this way, all cavities in the rock are filled with material
which possesses at least as low permeability as the surrounding
rock,

It is presumed 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 programme for such activities will be prepared in

co-operation with the concerned authorities.

Final storage of radiocactive metal components etc

The concrete moulds with radiocactive metal components and other
components from the fuel assemblies are also intended to be depo-
sited in final storage in rock caverns. However, since the radio-
activity of this type of waste is considerably lower than that of
the fuel, demands on the encapsulation and the buffer material
are lower, and the material does not have to be stored at as

great a depth below the surface. Furthermore, owing to the limit-
ed quantities involved and the negligibly low heat flux of the
material, the final repository requires a relatively small volume.
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Figure 2-22. The sealed final repository. The canister is surrounded in the storage hole by highly
compacted bentonite. The gaps are filled with bentonite powder. The tunnel is filled with a
mixture of quartz-sand and bentonite. A copper plate can, if desired, be placed on top of the

bentonite block to serve as a diffusion barrier.
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Figure 2-23. Final repository for concrete moulds containing radioactive metal components from
the fuel assemblies. The repository is sealed in stages of 11 metres by filling of the tunnel with
concrete. In order to guarantee good contact between the concrete and the rock concrete is

grouted through tubes along the rock wall,
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It is proposed that the facility be designed with two parallel
tunnels approximately 250 metres in length and approximately 50
metres from each other. These tunnels are connected with the sur-
face via a hoist shaft and a main shaft, see fig. 2-23. The tun-
nels have a cross-sectional area of about 50 m2. The repository
is situated approximately 300 metres below the surface.

The final repository for concrete moulds is shown here as a sepa-
rate facility, but it can also be situated in connection with the
final repository for the fuel canisters. Such an arrangement has
the advantage that the same shaft systems etc. can be utilized
for both repositories. In addition, transport of the moulds from
the encapsulation station to the site for the final repository is
avoided. A disadvantage of such a joint siting is, however, the
negative effects which the final repository for the moulds could
possibly have on the chemical enviromment around the final repo-
sitory for the fuel canisters. These questions have not yet been
studied to a sufficient extent to permit a joint siting of the
facility to be proposed.

Another possible siting is in connection with the planned facili-
ty for final storage of medium-active waste.

The moulds are transferred to the final repository in a radia-
tion-shielded transport wagon /2-5/, which is brought down to the
level of the repository in an elevator. They are stacked two-high
and three abreast in the storage tunnels on a concrete floor by
the lifting equipment on the wagon. They are then covered with
concrete planks on top and on the sides. The planks constitute
supplementary radiation shielding which facilitates the work with
the sealing of the storage tunnel., Prior to sealing, groundwater
entering the tunnels is drained off via floor gutters to pump
sumps, from which the water is pumped up to a recipient on the
surface.

The storage tunnels are sealed in stages by filling of all spaces
between and around the moulds with concrete after deposition has
been completed along a length of about 11 metres. The tunnel
section is thereby sealed by means of moveable shuttering. During
the time the sealing work is underway, deposition of moulds can
continue in another part of the tunnel system.

When the entire final repository is full, the transport tunnels
and shafts are sealed with sand/bentonite in the same manner as
the final repository for fuel canisters.

With the above-described design, the radioactive material in the
concrete moulds is isolated from the biosphere by the location of
the final repository in rock, which in principle shall meet the
same requirements as those which apply to the final repository
for the fuel canisters, and by the fact that the rate of dissolu-
tion of the radiocactive elements in the material is very low.

Concrete provides poorer protection against the penetration of
the groundwater to the waste than bentonite or sand/bentonite,
since some cracking must be expected, which will locally increase
the water flow which can act on the waste. Concrete can also be
subjected to chemical action by substances in the groundwater,
which will in the long run reduce its impermeability /2-13/. But
because the concrete raises the pH of the groundwater and thereby
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reduces the rate of dissolution of Ni-59, which is the most
important isotope in the metal components of the fuel assemblies
from the viewpoint of safety, it contributes towards the adequate
safety of the final repository /2-14/.

Quality control of the concrete work shall be carried out in com-—
pliance with the directives of applicable concrete regulations.

For a more detailed account of the handling and final storage of
radioactive metal components, see reference /2-5/.

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 have been dealt
with in the KBS report on the handling and final storage of vit-
rified waste from reprocessing (Volume IIT, chapter 7). That re-
port also applies in principle to the final storage of unrepro-
cessed spent fuel. The differences which exist and which affect
the question of protection are mainly:

- that the dry intermediate storage of the vitrified waste
from reprocessing has been replaced by an extended period of
storage in pools in an expanded central storage facility,

- that the receiving section and a large portion of the auxi-
liary systems for the central fuel storage facility plus the
entire encapsulation station have been placed on the sur-
face,

- that the encapsulation procedure involves the handling of
spent fuel instead of vitrified waste, entailing relatively
complicated work operations, of which, however, some expe-
rience has been gained from the operation of nuclear power
plants,

Working environment questions during the construction phase are
of a similar nature as those described in the KBS report on vit-—
rified reprocessing waste. The encapsulation station, located
above the final repository, is commissioned at the same time as
the final repository, so that a separation of operative facili-
ties from ongoing congtruction activities in the direct disposal
alternative 1s only required in the rock cavern section of the
final repository and between expansion stages for the storage
section of the central storage facility.

The encapsulation procedure involves, among other things, the
dismantling of fuel assemblies, pouring lead into the canisters
filled with fuel rods and sealing of the canisters. The procedure
is based on known technique, but involves relatively complex work
—operations in connection with the handling of spent fuel. Protec-
tion matters must therefore be accorded special attention in the
design of the encapsulation station.

The manufacture and handling of the highly—-compacted bentonite
blocks is not expected to entail any difficult working environ-
ment problems. Bentonite is tasteless, odourless and completely
harmless,
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Radiological safety along the entire handling chain for spent
fuel is described in chapter 8.
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Shut-off: Doors during canister deposition period
Concrete planks when tunnel sealed
6.0 M | 60M

Storage tunnel, horizontal section

Storage tunnel
Vertical section

Storage hole

f

Transport tunnel

Deposition

Transport wagon

Temporary.
sealing

\/

H Prop

l G see text

A see text

A.
B.

C

DEPOSITION AND SEALING

Quter transport tunnel

Storage hole drained and cleaned,

Bed of compacted bentonite powder
applied to bottom of hole.

Blocks 1-6 emplaced. Space against

rock filled in stages with bentonite

powder which is compacted.

Canister emplaced. Space against

canister filled.

Blocks 7-10 emplaced. Space against

rock filled with bentonite powder, as in C.
Top part of hole filled with sand-bentonite.
Fill covered temporarily with lid, which can
be propped against tunnel roof if necessary.
Temporary arrangements removed. Lower
part of tunnel filled with sand-bentonite
which is compacted in layers. Tunnel
closure erected in stages.

Top of tunnel filled with sand-bentonite by
spraying.

K VBB J ﬁ;;;n?;gogu‘:;?::gn“;:nn ARCHITECTS
FINAL REPOSITORY

DIRECT DISPOSAL
Storage tunnels

Deposition and sealing

DRAWING 1&

A ves s

69



Bq3;130 L

Fill of sprayed ¢
sand-bentonite

—
o
o
Q
-y
[=]
o
w
~N
X
S Copper canister
N for spent fuel
(=]
=3
™~
~
A
[=2
(=]
w

Fill of compacted
sand-bentonite

Block of highly
compacted
bentonite

Space, average width
approx. 50 mm, filled
with bentonite powder

Space, average width
approx, 30 mm

Bed of bentonite powder

_Eleetron beam weld

(approx. 1.4 t uranium)

Copper

Storage tunnel
(C—C distance between tunnels 25 m)

Storage holes

Lid

Fuel rods embedded in lead

Composition of waste canister:

Lead 25t
Fuel 20t
Copper 15561

200t

Total

B VAITENBYGGNADSBYRAN
CONSULTING ENGINEERS AND ARCHITECTS

FINAL REPOSITORY

B DIRECT DISPOSAL
Sealed repository
A-A B— S
DRAWING w
— Y A ; v A e

12



Hoisting machinery

Elevator

Guide for

= counterweight

Encapsulation
station

Space for counter-

Electric tractor for weight
transport wagon

Final repository

=500
¥

Waste canister

Transport wagon

—P

Counterweight

\ il
Vertical section through hoist shaft

N7

Guide rail for elevator

CROSS-SECTION THROUGH HOIST SHAFT

VATTENBYGGNADSBYRAN

VBB CONSULTING ENGINEERS AND ARCHITECTS

GU 23

FINAL REPOSITORY

DIRECT DISPOSAL

Transport of waste canister
to final repository
DRAWING 12

€L



Transport tunnel

| S
-;- '- -\ L)
' NP "\

I
Radiation shield d ’ ‘
|

G e C g e
Hoist shaft

b o ——

Transport wagon in transport tunnei

OPERATION 2

Elevator

I::>

ARSI,

Collection of canister from
handling area at hoist shaft

Water-filled OPERATION 1
shaft

Storage tunnel

Transport wagon
in storage tunnel

vATTENBYGGNADSBYRAN
VBB «UNSULTING ENGINEERS AND ARCHITECTS

DIRECT DISPOSAL
Transport cask being raised above Waste canister being lowered into Transport and deposition

storage hole storage hole of waste canister in final
OPERATION 4 OPERATION 5 repository DRAWING 13

OPERATION 3

07 23

SL



Block 1 emplaced Tractor
in hole C after
blocks 7-10 have
been emplaced

. inholeB

Iﬁgsnmn
hole B

Storage tunnel
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SHAFT

Space 50-100 mm,
filled with sprayed
sand-bentonite

Slit, depth 0.5-1.0 m and
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seam drilling and rock
splitting or jet burning for
minimal disturbance of
surrounding rock.
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GEOLOGY

BACKGROUND

The general background for the geological and hydrogeological
studies presented in the KBS report for vitrified waste from re-
processing applies in all essential respects to the alternative
method of final storage of unreprocessed spent nuclear fuel as
well. Since the first report was compiled, the Geological Survey
of Sweden, SGU, has concluded the work programme for which is was
commissioned by KBS. The present report is therefore based on a
more comprehensive body of background material than the previous

one.

The locations of the sites where the field work has been done are
shown in fig. 3-1.

Certain results concerning rock stresses, permeability and therm—
al conductivity of the rock and groundwater data are available
from tests conducted in the abandoned mine at Stripa. Prepara-
tions for the large-scale heating tests, carried out in collabo-
ration with the Lawrence Berkeley Laboratory, are largely com-
pleted and heating was commenced on June 1, 1978. The results
will be reported as they come in up to the latter part of 1979.

Figure 3-1. Map showing study areas. Test dril-
lings to a depth of about 500 metres were under-
taken at Karlshamn (Sternd), north of Oskars-
hamn (Krikemdla and Avré), and at Forsmark
(Finnsjo Lake and Forsmark). The KBS experi-
mental station is located in the Stripa mine.
Field studies were carried out at Studsvik.
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Tracer tests in fractured rock at Studsvik have been completed
and a second stage has been ordered by PRAV (the National Council
for Radioactive Waste Management).

Mathematical analysis of groundwater movements has continued and
a three-dimensional model has been developed.

The geochemical conditions which may be of importance for the
long-term safety of a rock repository for spent nuclear fuel have

been further studied, and the results are presented in a follow-
ing section.

BEDROCK CONDITIONS

Review of geological evolution

Most of the Swedish bedrock is a part of the so-called Baltic
Shield and is composed of crystalline rock which acquired its
essential characteristics and structural features a very long
time ago. This took place over a period of evolution which lasted
more than thousand million years and which included the deposi-
tion of sedimentary rocks, widespread volcanism, profound oro-
geny, regional emplacement of granitic rocks and extensive frac-
turing. Numerous age determinations of the bedrock in southeast-
ern Sweden are reported by Aberg /3-1/.

The final stage in the formation of the Swedish part of the
shield is usually set at the time for the crystallization of the
Bohus granite, about 900 million years ago. The mountain belts of
the shield were completely eroded more than 600 million years
ago. At about this time, the land subsided below sea level, and
new sedimentary rocks were deposited on a nearly level surface.
The new deposits are preserved today as paleozooic strata in va-
rious parts of Sweden. Their undeformed stratification and the
large extent of the still-preserved peneplain upon which they
were deposited shows that the precambrian crystalline basement
has remained almost unchanged over the past 600 million years and
has only been subjected to local disturbances.

While conditions in the crystalline shield of Sweden and Finland
have been almost unchanged for the past 600 million years, this
has not been the case in surrounding areas. The rocks of the
Caledonian mountain belt of Scandinavia west of the Precambrian
shield were formed or transformed up to around 380 million years
ago and an intensive orogeny of somewhat different nature occur-
red in central Europe up to around 200 million years ago. The
formation of the Alps reached a peak about 30 million years ago,
and bedrock movements and volcanism in the North Atlantic culmi-
nated somewhat earlier. In the Mediterranean area, south of the
Alps, this evolution is still continuing today, and is expressed
by areas of uplift and subsidence as well as volcanism and earth-
quakes. Europe north of the Alps, however, obviously exhibits
progressing stabilization after the formation of the Alps, as
marked by reduced earthquake frequency and extinct volcanism. The
North Atlantic area also exhibits such stabilization and its
volcanic activity, which previously extended from Ireland to Jan
Mayen, Spitzbergen and Greenland, is today limited to Iceland.
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Thus, northern Europe has been undergoing a geological develop-
ment over the past 25 million years characterized by increasing
stability. Reports on various features of the geological develop-
ment of northern Europe have recently been published /3-2/.

The Precambrian Baltic Shield has comprised a stable area even
during the most violent phases in the evolution of the surround-
ing areas. This is far from unique. On the contrary, similar core
areas of resistant crystalline rock comprise a basic and recur-
rent feature in the structure of the continents. Their almost un-—
disturbed cover of stratified deposits and low earthquake activi-
ty show that they reached a sort of equilibrium a long time ago,
while surrounding regions were still subjected to severe deforma-
tions. The latter applies in particular to the mobile border
zones and marked rift valleys of the continents, where severe
earthquakes, recent volcanism and large active fault lines are
conspicuous signs of long-term and profound instability. Califor-
nia and the Central African Rift Valley are good examples of such
conditions. Obviously, the outlook for future stability is quite
different in such mobile zones than in the crystalline core
areas.

Rock movements in the Swedish Precambrian shield can thus be
shown to have been of a very limited extent over the past 600
million years, and have consisted for the most part of local
fault movements. In addition, more regional movements have also
occurred at certain times, changing the elevation of the land.
This has occurred repeatedly over the past 2 million years in
response to the loading of on earth's crust by thick continental
glaciers during a series of glaciations. Similar level changes
occurred for other reasons some 30 million years ago, at roughly
the same time as the formation of the Alps and major bedrock
movements in the North Atlantic.

The above review shows that the Swedish Precambrian bedrock has
constituted a markedly stable area for a very long period of
time. The possibility of profound deformation which could lead to
deep weathering and erosion of the bedrock or regional changes in
the slope of the land can therefore be excluded for the next few
million years. The possibility of local fault movements, and more
extensive level changes in connection with a future ice age can-
not, however, be excluded. How such deformations could affect a
rock repository is therefore dealt with in greater detail in the
following section.

Fracture movements in the bedrock

The fractures in the crystalline bedrock are responsible for the
permeability of the rock and fault movements might, at least
theoretically, cause damage to the waste canisters. The degree of
fracturing of the rock, and its relationship to permeability has
therefore been studied in the test areas investigated by KBS /3-3
and 3-4/. The strength of the rock has also been determined
/3-5/. Furthermore, general regional surveys of major fracture
lines have been carried out for the Swedish parts of the Baltic
Shield and on the bottom of the sea off southeastern Sweden /3-6,
3-7 and 3-8/. A rock mechanical analysis of the deformation in
fractured bedrock has been carried out /3-9/, as have geotech-
nical studies of the effects of possible future rock movements on
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a rock repository /3~10/. A review and evaluation of available
measurements of rock stresses in Scandinavia and Finland has been
carried out /3-11/. The distribution of the fracture movements in
time and their geological background has also been illuminated
/3-12/.

The rock stress measurements which have been reported from Fenno-
scandia show that strong regional and local variations exist.
Aside from isolated exceptions, however, adequate safety margins
exist against rock failure caused by the internal stresses in the
rock at the depths in question /3-11/. This conclusion is also in
full agreement with practical experience from extensive mining
operations /3-13/.

Probability calculations have been carried out of the risk that a
rock repository will be hit by a fault during a given period of
time /3-14/. The probability that a circular rock repository with
a surface area of 1 km? will be hit by a new fault is reported to
be 5 . 1076 in 10 000 years. This is based on the assumption that
the length-distribution of linear structures observed in satel-
lite pictures of Sweden /3-15/ corresponds to the length-distri-
bution of existing f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>