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with two canisters in a deposition hole; Short Horizontal Holes (SHH) in the side walls of the
tunnels; and the Medium Long Holes (MLH) concept in which approximately 25 canisters are
emplaced in a horizontal deposition hole about 200 metres in length bored between central and side
tunnels. In all the alternatives considered, the thickness of the layer of compacted bentonite between
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PREFACE

The assessment has been carried out on a cooperative basis by Posiva Oy,
Saanio & Riekkola Consulting Engineers and VTT Energy. Sections 2.1 -
2.3 and 2.4 on canister design were written by Heikki Raiko, Sections 2.4
and 3.4 on post-closure performance were written by Timo Vieno, and
Section 3.5 on repository cost was written by Timo Saanio. The main part of
the report was written by Jorma Autio who also acted as editor. English
language revision was carried out by Rick McArthur.
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INTRODUCTION

The plans for final disposal of spent nuclear fuel in the Finnish crystalline
bedrock were comprehensively reported in 1992. At that time, the plans
related to spent fuel from the Olkiluoto NPP (2x710 MWe BWR) owned by
Teollisuuden Voima Oy (TVO). The technical plans are presented in report
YJT-92-31E (TVO 1992a), the results of preliminary investigations at five
candidate sites are contained in report YJT-92-32E (TVO 1992b), and the
TVO-92 safety analysis based on these in report YJT-92-33E (Vieno et al.
1992). The disposal concept presented and analysed in these reports was
based on the encapsulation of spent fuel in Advanced Cold Process (ACP)
canisters and a KBS-3 type repository design. The ACP canister consists of an
inner container of carbon steel as a load-bearing element and an outer
container of oxygen-free copper to provide a shield against corrosion (Raiko
& Salo 1992). The empty space in the steel container is filled with a granular
material, such as quartz sand, glass beads or lead shot. In the repository,
canisters are emplaced one at a time in vertical holes bored in the floors of
horizontal tunnels. The space between the canister and the bedrock is
backfilled with highly compacted bentonite.

In parallel with the development and assessment of the basic concept, the
suitability of alternative concepts for the disposal of spent fuel in the Finnish
bedrock have been studied. In 1989 - 1991, the WP-cave (SKB 1989,
Ohberg 1990), Very Deep Holes (VDH) (Juhlin & Sandstedt 1989, Autio
1990) and Very Long Holes (VLH) (Sandstedt et al. 1991, Autio 1992)
concepts were evaluated. A more comprehensive evaluation of alternative
canister and repository designs was carried out in SKB's PASS project
between 1991 and 1992 (SKB 1992). A representative of TVO was a
member of the group leading the project and TVO also contributed by
making Finnish experts available to the assessment groups employed by
PASS. One of the conclusions reached in the PASS project was that the
Very Deep Holes (2 to 4 kilometres) concept and the Very Long Holes (up
to 4 kilometres long horizontal deposition holes) concept were both
considered to be less feasible than repository designs which used either the
KBS-3 concept or the Medium Long Holes (about 200 metres long
horizontal deposition holes) concept.

Since 1993, the focus of research and development on encapsulation and
disposal technologies has been on further development of the copper
canister and the KBS-3 repository designs. Since an amendment to the
Finnish Nuclear Energy Act prohibits any export or import of nuclear waste
after 1996, disposal plans now also consider spent fuel from the Loviisa
NPP (2 x 440 MWe VVER-440 type PWR) owned by Imatran Voima Oy
(FVO). The research and development and the future implementation of
spent fuel disposal is carried out by Posiva Oy, a company owned jointly by
TVO and IVO.



On the basis of a design originally developed by SKB (Werme & Eriksson
1995), a new design of cast insert for canisters, in which the whole of the
internal structure inside the copper overpack of the ACP canister is replaced
assemblies, has been developed for Olkiluoto's BWR and Loviisa's
VVER -440 type PWR fuel (Raiko & Salo 1996). Site-specific repository
layouts for approximately 2600 tU of spent fuel have been developed for the
three candidate sites (Kivetty, Romuvaara, Olkiluoto) selected for more
detailed site investigations in 1992 (Riekkola et al. 1996). The interim
reports on encapsulation and disposal technologies and repository designs
for the basic KBS-3 concept are presented in (Posiva 1996a) and (Riekkola
& Salo 1996). The interim report on site investigations at the three candidate
sites is presented in (Posiva 1996b) and in the TILA-96 interim report on
safety assessment (Vieno & Nordman 1996).

In parallel with development work on the basic concept, the development
and assessment of alternative disposal concepts has continued and is
summarised in this report. Three alternatives to the basic KBS-3 design are
assessed: KBS-3-2C with two canisters in a deposition hole, Short
Horizontal Holes (SHH) in the side walls of the tunnels, and the Medium
Long Holes (MLH) concept, in which some 25 canisters are emplaced in a
single, horizontal, approximately 200 metres long deposition hole bored
between central and side tunnels. In all the alternatives, the thickness of the
layer of compacted bentonite between canister and rock is 35 cm. Two
earlier designs, the Very Deep Holes (VDH) concept and the Very Long
Holes (VLH) concept, and their assessment are also briefly discussed.

The designs and assessments of the copper canister variants with the different
internal structures, sizes and filling materials or gases are summarised in
Chapter 2. The reasons for choosing the cast insert canister designs for eleven
BWR or VVER-440 PWR fuel assemblies as the reference canister for the
comparison of the alternative repository designs are presented.

Alternative repository designs are presented in Chapter 3 and the designs
themselves are introduced in Section 3.2. To make it possible to compare the
different alternatives, appropriate design constraints such as disposal depth
and auxiliary constructional elements such as shafts and rooms for auxiliary
services are given identical values. Section 3.3 presents an assessment of the
technical feasibility of the alternative repository concepts and includes
evaluations of construction, operation, and site characterization procedures as
well as the site-specific adaptation of repository layouts at the three candidate
sites. Differences between the site-specific layouts are caused by differences
in, for example, local bedrock structure, in-situ stress and rock strength, and
thermal properties of the rock. Post-closure performance is discussed in
Section 3.4. Cost estimates are presented in Section 3.5. The overall
assessment of technical feasibility, post-closure performance and costs for the
alternative repository designs are presented in Section 3.6.



The final chapter of the report consists of a discussion of the focus of R&D
for the canister and repository designs in the period from 1997 to 2000 and
appropriate recommendations.



2 ASSESSMENT OF ALTERNATIVE
CANISTER DESIGNS

2.1 GENERAL

Since 1992, the reference canister design has been the Advanced Cold
Process (ACP) canister (Raiko & Salo 1992). Development of the canister
design has consisted of the assessment of alternative canister types, internal
structures, materials, sizes, manufacturing methods, radiation and
subcriticality safety, post-closure performance, and costs. In the following, a
brief description of the alternatives included in the assessment is given, the
pros and cons are discussed, and the results of the development process are
presented.

2.2 ALTERNATIVE CANISTER DESIGNS

2.2.1 ACP design

The ACP canister design was developed by Teollisuuden Voima Oy (TVO)
in co-operation with Svensk Karnbranslehantering AB (SKB). The canister
consists of a load-bearing inner container of carbon steel and an outer
container of oxygen-free copper to provide a shield against corrosion. Inside
the steel container, the fuel assemblies are emplaced in a thin-platedsteel
rack. The empty space in the steel canister is filled with a granular material
such as quartz sand, glass beads or lead shot. Use of a granular filling
material instead of the molten lead of the previous KBS3 canister design
simplifies the encapsulation process, reduces cost and lowers operational
risks.

The ACP canister can hold nine BWR fuel assemblies, a total of 1.6 tU of
spent fuel. The length of the canister is 4.5 m, the outer diameter is 802 mm.
Both copper and steel cylinders have 50 mm thick walls. In this alternative,
a 10 mm thick lead plate is inserted into the steel container in order to
reduce the radiation level at the outer surface of the canister. The weight of
the copper container is 5.2 tons and the weight of the steel container
3.8 tons. The total weight of a canister filled with nine BWR fuel assemblies
is 14 - 18 tons depending on the filling material used. Raiko & Salo (1992)
present an alternative design in which the lead plate is omitted, the thickness
of the copper cylinder is 60 mm and the thickness of the steel cylinder is
55 mm. It is possible to modify the ACP canister design to hold FVO's
VVER-440 type PWR fuel (see Figure 2.2-1). In this case, the length of the
canister is 3.6 m, the outer diameter is the same 802 mm as for BWR fuel,
and the canister holds nine VVER-440 fuel assemblies a total of 1.1 tU of
spent fuel.
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Figure 2.2-1. Sectional views of ACP type canisters holding nine assemblies
of BWR and WER-440 fuel.

The internal structure of the ACP canister consists of a fuel rack made of
2 mm thick steel plate which is positioned inside the steel container. After
the fuel assemblies have been loaded into the rack, the void inside the
canister is filled with a granular material such as glass beads, quartz sand or
lead shot. In one design variant iron or steel blocks were used to fill the
larger voids between the square rack and the cylindrical shell, decreasing the
void in the filler and reducing the average level of radiation at the outer
surface of the canister.

2.2.2 Cast insert type canisters

In the cast insert type canister, the steel container, fuel rack and filling
material inside the copper overpack are integrated into a load-bearing insert
structure manufactured by casting as a single body (Werme & Eriksson
1995). The cast insert requires more space than the steel plate rack used in
the ACP canister, since for manufacturing reasons the walls between the
emplacement holes for the fuel assemblies must have a minimum wall
thickness of some 40 to 50 mm. The copper overpack is, in principle,
identical to that of the ACP canister.

The processed design variants are shown in Figure 2.2-2 and the
corresponding variables are presented in Table 2.2-1. The size and capacity
of the canister variants are different and the cooling properties of each of the
different variants are compared in Chapter 2.5.2. The canister size has been
optimised taking into account weight, cooling capacity limitations, and
costs. Canister sizes of 9, 11 and 12 assemblies were studied.



Table 2.2-1. Assessed canister variants.

Canister variants
(all with copper overpack)

Type: ACP. Size: 9 assemblies
Filling material: variable
Type: ACP. Size: 9 assemblies
Filling material: variable
Type: ACP. Size: 9 assemblies.
Filling material: variable

Type: integral, load-bearing insert.
Filler: inert gas or vacuum.
Insert material: variable.
Size: variable.

Variables

Granular filler (lead shot, glass
beads, or quartz sand) + air
Granular filler (lead shot, glass
beads, or quartz sand) + inert gas
Massive iron blocks between the
square rack and the steel tube, no
granular filler, air or inert gas
Nodular cast iron or cast steel.
Size: 3x3=9,8+3=11 or
1x2+2x4+1x2=12 assemblies per
canister

DDD Os

11

Figure 2.2-2. Cross-sections of alternative cast insert type canisters for
BWRfuel.

2.3 MANUFACTURING AND ENCAPSULATION

2.3.1 Alternative canister manufacturing technologies

Manufacture of canisters follows two separate component and material
routes: the first of these is the copper overpack, the second is the steel
container and the internals of either the ACP canister or the cast load-
bearing insert.

Copper overpack

In all design variants the corrosion resistant part of the canister is a 50 mm
thick copper overpack which is mechanically supported by the inner steel or
iron structure. The quality of copper used in the overpack has been selected
taking into account both corrosion resistance and creep ductility properties.
The quality selected is oxygen-free high conductivity copper alloyed with 40
to 60 ppm phosphor, type Cu-OFP (Aalto et al. 1996).



The copper overpack can be manufactured in two alternative ways: either by
extrusion without axial welds or by bending and welding hot rolled plates.
Both methods are feasible and selection of the manufacturing process can be
made on a commercial basis. In both cases the copper cylinder is finished by
machining and lids are welded to the ends of the canister. The copper lids
are manufactured from copper ingots by forging and then machining.

A number of more exotic manufacturing processes for the copper overpack
(for example, hot isostatic pressing, electrolytic formation, centrifugal
casting) have been proposed and discussed, but these cannot yet be
considered to be reliable and/or verified methods for industrial production.

Steel cylinder and internals for ACP

The steel cylinder needed for the ACP canister can be made in one of two
ways: by forging a seamless tube and machining, or by bending, welding
and machining rolled steel plates. Both methods are feasible and the
manufacturing process can be selected on a commercial basis.

The steel rack inside the ACP canister is made from steel plate. The
processes used are typical workshop practices for thin steel plate: cutting,
bending and welding. The different alternative granular materials and the
lead plate are readily available. The iron filler blocks suggested as one
alternative can be manufactured by casting from iron or steel.

Integral cast insert structure

The integral insert can be manufactured by casting. The material used to
cast the insert could be either steel or nodular cast iron. Bronze is not strong
enough for this use. It is easier and more cost-efficient to use nodular iron
rather than steel to cast the form of the long and massive canister insert with
the relatively strict dimensional and geometrical shape tolerances required.
Nodular cast iron is a better candidate for the job since it has a lower
coefficient of thermal expansion and a lower solidification temperature than
steel. This leads to much improved dimensional accuracy and decreases the
risk of cracks or cavities forming during the casting process. The strength
and toughness properties of nodular cast iron are very close to the properties
of cast steel, and therefore, for the purpose of manufacturing the cast insert,
use of nodular cast iron can be considered to be preferable to the use of cast
steel.



2.3.2 Encapsulation process

The principal functions of the internals and/or filling material are:

- to keep the fuel assemblies in the desired positions,
- to minimise the residual void space inside the canister, and
- to be both chemically and physically stable in the anticipated repository

conditions.

In the ACP design, the void ratio is low and the additional weight is
moderate. However, as the anticipated conditions involve long periods at
high temperatures, some doubts remain concerning the physical stability of
fillers such as lead shot (in particular) and glass beads (possibly). Creep may
occur in the shot may creep as a result of gravity and the void ratio at the top
of the canister might increase significantly. Quartz sand performs better in
this respect.

Insertion of granular filling materials into the canister after emplacement of
the fuel assemblies is not an uncomplicated process. Some mechanical
vibration may be needed to guarantee achievement of the required density.
Replacing the canister atmosphere with an inert gas (helium or argon) is also
complicated when granular fillers are used. Furthermore, the use of granular
filling material, especially quartz sand, necessitates proper cleaning of the
copper surfaces before welding of the copper lid can take place. A good
quality electron beam weld requires clean surfaces.

The integral cast iron insert is installed inside the copper overpack during
the manufacturing process. During the encapsulation process, fuel
assemblies are loaded into the canister, the atmosphere of the void is
replaced with an inert gas, the steel lid is installed and fixed, and finally the
copper lid is installed and welded in place. The process is easy to perform in
the reverse direction, for example, when it is necessary to open the lid due to
unacceptable weld quality.

In spite of its higher weight and unit costs, the integral cast iron insert is
preferred. The encapsulation process is simpler, the canister strength is
better, and the long-term chemical and physical properties are more stable.

2.4 POST-CLOSURE PERFORMANCE

Background: Advanced Cold Process (ACP) canister and later
developments

The TVO-92 safety analysis of spent fuel disposal (Vieno et al. 1992) was
based on the ACP canister design for nine BWR fuel assemblies (Raiko &
Salo 1992). In the ACP canister, the main functions of the filling material
are to improve heat transfer, to prevent the possibility of formation of a
critical configuration, and to restrict intrusion of bentonite into the canister



if it should get broken (Vieno 1994). Intrusion of a large amount of
bentonite into the broken canister might locally impair the performance of
the bentonite layer as a release barrier.

Internal corrosion due to radiation, air and moisture inside an intact ACP
canister were studied by Marsh (1990) and Henshaw et al. (1990). In these
studies, the atmosphere inside the sealed canister was assumed to consist of
the ambient air. In the intense gamma radiation, some nitrous and nitric
acids and ammonia may be produced from the air and moisture trapped
inside the canister. These substances might provide a favourable
environment for stress corrosion cracking of steel and copper. However, the
quantity of harmful substances that can possibly be produced inside the
canister is so small that the effects of internal corrosion are judged to be
insignificant (Henshaw et al. 1991). Replacing the air inside the canister
with an inert gas, e.g. helium or argon, would further reduce the production
of harmful substances (Henshaw 1994).

Werme and Eriksson (1995) have introduced a new canister design in which
all the internal components (steel container, steel rack for fuel assemblies,
filling material) inside the copper overpack of the ACP canister are replaced
by an integral cast inner component with holes for the emplacement of fuel
assemblies. The solid inner component further simplifies operations at the
encapsulation facility. When using a granular filling material there is, for
example, the risk that fine particles of the filler might interfere with the final
welding of the copper container. In the new design it is also easier to replace
the air inside the canister with an inert gas. Other advantages of the cast
insert design are that the mechanical strength is improved by a factor of
between two and three and that the emplacement of fuel assemblies in
individual holes in the cast insert provides a firm guarantee of subcriticality
(Werme & Eriksson 1995). The drawbacks to the new design are the
increased weight and unit cost of the canister.

Werme and Eriksson (1995) consider two possible materials for the cast
insert: cast steel or nodular graphite cast iron. On the basis of a preliminary
assessment, they do not expect any major differences in the post-closure
performance of these two materials. They do, however, note that further
studies of the anaerobic corrosion of cast iron will be required before a
proper ranking can be made, and therefore, they conclude to prefer cast
steel. As discussed in Section 2.3.1, the drawback about cast steel is that it is
difficult to manufacture a long and massive canister insert to relatively strict
dimensional tolerances. A nodular cast iron material (SFS 2113 quality
GRP-400) with properties close to those of steel has therefore been selected
as the reference for the Posiva version (Raiko & Salo 1996). The cast insert
canister designs for eleven BWR or VVER-440 fuel assemblies are
presented in Section 2.5.1 and in more detail in (Raiko & Salo 1996).
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Assessment items

Below we will discuss and compare the post-closure performance of the
ACP and cast insert canister designs. The properties of the different
potential fillers in the ACP canister and the advantage of using an inert gas
inside the canister will also be discussed. As a third alternative design, an
ACP design with no granular filler but with loose, segmental, solid blocks of
iron in the spaces between the fuel rack and the steel tube was initially
considered. For reasons related to criticality safety which are discussed
below, this alternative was not developed further.

The discussion of the post-closure performance of the alternative canister
designs focuses only on those aspects where there may be differences
between the alternatives. The following items will be discussed

- radiation shielding
- criticality safety
- temperature inside the canister
- properties of alternative filler materials for ACP
- mechanical strength
- internal corrosion in an intact canister
- corrosion and gas generation in a defective canister
- chemical conditions in a defective canister
- intrusion of bentonite, and
- near-field transport of radionuclides.

In many important respects, especially as concerns resistance to external
corrosion, all the copper canister variants perform equally well.

Radiation shielding

From the point of view of radiation shielding, the main concern is the
dimensioning of the shields in the encapsulation facility and canister transfer
system. To prevent any significant radiolysis of groundwater at the outer
surface of the canister in the repository, the surface dose rate should be
below 500 mSv/h (SKB 1995).

Radiation shielding analyses for the cast insert canister designs for eleven
BWR and VVER-440 fuel assemblies are presented by Anttila (1996a). In
the case of the VVER canister, the maximum gamma dose rate at the outer
surface of the canister is about 250 mSv/h when the canister is loaded with
eleven assemblies with a discharge burnup of 42 MWd/kgU and a cooling
time of 20 years. In the case of the BWR canister, the maximum dose rate is
about 150 mSv/h when the discharge burnup of the fuel is 45 MWd/kgU and
the cooling time 20 years. The average dose rate at the outer surface of both
canisters is about half the maximum value. The higher dose rate around the
VVER canister is due to the differences in the geometry of the fuel
assemblies and canister designs, and also due to the fact that there slightly
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more fuel per unit height than in the BWR canister. In the case of the BWR
canister, the maximum dose rate is governed by the fuel bundles in the
corner positions of the insert, and the maximum dose rate could be reduced
by a factor of about two by rotating the corner holes through 45 degrees. The
neutron dose rates are less than 10 mSv/h for both canister designs.

In the ACP canister design, the gamma dose rates at the canister surface
would be reduced as compared to the cast insert canister design because the
granular filling material would also penetrate between the fuel rods within
the assemblies. Lead shot would provide efficient attenuation, while quartz
sand would decrease gamma dose rates only by 20 to 25%.

Criticality safety

Criticality safety analyses for the cast insert canister designs are presented
by Anttila (1996b). In normal conditions, with no water or very little water
inside the canister, the canister is, of course, deeply subcritical. In the case
of a canister filled with water, the analysis shows that the cast insert canister
design for eleven VVER-440 assemblies with an original enrichment of
3.6% fulfils the criticality safety criterion (keff < 0.95 in the most reactive
credible configuration) provided that the discharge burnup of the assemblies
is more than 4 MWd/kgU. The minimum burnup for BWR fuel having an
original enrichment of 3.5% is, without burnable absorbers, about
lOMWd/kgU. An increase in the average original enrichment of 0.1%
might be compensated by increasing the minimum discharge burnup by
1 MWd/kgU.

Previously Anttila (1988) has performed criticality safety analyses for
copper canisters containing five to nine assemblies of BWR fuel and lead
shot as a filling material. As an extreme case, a situation was analysed in
which the lead shot between the fuel assemblies were assumed as having
been replaced by water, the nine fuel assemblies were assumed as having
been rearranged in an optimum criticality lattice, and in addition, a lead
reflector was assumed to surround this lattice. To fulfil the criticality safety
criterion in this extreme case, the fuel should have a discharge burnup
higher than about 21 MWd/kgU.

The cast insert canister where only one or three fuel assemblies are
emplaced in each hole and separated from assemblies in neighbouring holes
by several centimetres of iron is obviously the best alternative from the point
of view of criticality safety. Also, in the very long term, as well as in a
canister damaged for some reason, the fuel assemblies are likely to remain
separated by the iron or its corrosion products. The alternative with no filler
between the fuel assemblies and with segmental, solid blocks of iron around
the fuel rack would the most troublesome variant, because the fuel
assemblies, and in the long term, following corrosion of the structural parts,
the fuel pellets, might be rearranged in a more reactive configuration with
the surrounding blocks acting as reflectors of neutrons.
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Temperature inside the canister

The effect of the filling material on temperature profiles in the ACP canister
has been analysed by Raiko (1993). Five alternative fillers were studied:
quartz sand + air, glass beads + air, lead shot + air, air only, and helium
only. Heat generation by the fuel (cooled for about 30 years) was assumed to
be 1200W per canister. The results show that the filling material has a
significant effect on the temperature profiles inside the canister. In the
repository conditions (outer surface of the canister at a temperature of
100 °C) the maximum temperature inside canisters with a granular filler
varies between 138 °C (lead shot + air) and 204 °C (quartz sand + air), in
the "air only" case the maximum temperature is 226 °C and in the "helium
only" case it is 166 °C. In storage conditions the maximum temperature
inside the canisters varies between 85 °C (lead shot + air) and 199 °C (air
only), the canister surface temperature being 20 to 30 °C higher than that of
the ambient air.

In the cast insert type canister with eleven fuel assemblies the highest fuel
pin temperature is calculated to be less than 220 °C in the repository
conditions (Raiko & Salo 1996). This is a conservative calculation,
assuming only radiative heat transfer between the fuel pins and the canister
insert and that the maximum residual heat generation in the canister is
2.16 kW (1100 W/tU), which is a typical value for BWR fuel after 20 years
of cooling. In the interim storage at the encapsulation facility the canister
body temperature will rise some 30 °C above the ambient temperature in
stationary condition, which will be reached within a couple of days.

Thermal analysis and optimisation of the repository, dealing with the
cooling time of the fuel, the size of canisters, their spacing in the repository
and the site-specific thermal properties of the bedrock are presented in
Section 2.5.2 and in more detail in (Raiko 1996).

Properties of filler materials

Oversby & Werme (1995) have evaluated a wide range of potential filling
materials for the ACP canister: glass beads, lead shot, copper spheres, sand,
olivine, hematite, magnetite, crushed rock, bentonite, other clays, and
concrete. On the basis of the design requirements, four of these materials
were eliminated from further consideration. Bentonite and other clay
materials were eliminated because of potential difficulties in achieving an
adequate filling ratio and because of concerns that they might be compacted
during subsequent handling operations. Concrete was eliminated because of
the difficulty of ensuring that the space between the fuel rods would be
filled. Lead shot was eliminated because of the concern that it would be
compacted by its own weight.
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Oversby & Werme (1995) give front rank to the following filling materials:

- Glass beads are a leading candidate because they can be made to contain
burnable neutron poisons. The hydrous alteration layers which develop
on glass may also sorb radionuclides.

- Copper spheres: copper is already present in the canister, and is thermo-
dynamically and mechanically stable in the repository conditions.

- Magnetite is a natural material likely to be present in the host rock,
possesses good rheological properties, and has the potential to buffer
redox conditions.

Internal corrosion in an intact canister

As discussed above, the studies on internal corrosion show that the amount
of nitric acid and other harmful substances possibly produced from the air
and moisture trapped inside the canister are so small that the effects of stress
corrosion cracking are judged as being insignificant (Henshaw et al. 1991).
Replacing the air inside the canister with an inert gas, for example helium or
argon, would minimise the potential production of harmful substances
(Henshaw 1994). The replacement of air with an inert gas is simpler in the
cast insert design and this design also eliminates the risk of introducing
water and air sorbed on the surfaces of the filler particles.

Mechanical strength

Depending on the materials used, the compressive strength of the cast insert
canister is two to three times higher than that of the ACP canister (Werme &
Eriksson 1995). This improves the integrity of canisters under extreme
loading conditions such as elevated hydrostatic pressure during glaciation
and the postulated abnormally high swelling pressure of bentonite. It should
however be borne in mind that the probable collapse load (not including the
safety factors required by the pressure vessel standards) of an ACP canister
made from pressure vessel steel Fe52 is already as high as about 50 MPa
(Raiko & Salo 1992). The cast insert canister may, on the other hand, be less
ductile in shear deformation than the ACP canister with the steel tube.

After the mechanical strength of the canister has been lost, the mechanical
behaviour of the canister-buffer system and the mechanical impacts on the
fuel assemblies are probably smoother and less severe in the case of the cast
insert canister than in the ACP canister. A damaged cast insert canister is
probably a better release barrier than a collapsed ACP canister.
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Corrosion and gas generation in a defective canister

As concerns the initial phase of corrosion and gas generation in a situation
where water has penetrated into the inner container, there are no very
significant differences between the alternative canister designs. Due to the
steel rack, the surface area of the steel in the ACP canister is somewhat
larger than the surface area of the iron in the cast insert canister. In the cast
insert for eleven BWR assemblies the void space is 710 litres (Raiko & Salo
1996), whereas it is 300 - 400 litres in an ACP canister holding nine
assemblies (Raiko & Salo 1992). In both cases, it is very likely that the rate
of gas generation is high enough to cause two-phase flow where hydrogen is
released as gas.

Werme & Eriksson (1995) note that within the SKB programme there is
limited data on the anaerobic corrosion of ductile cast iron and therefore
they prefer cast steel in this phase. However, referring to the study on
corrosion rates of unalloyed steels and cast irons in reducing granitic
groundwaters and chlorine solutions (Simpson et al. 1985) performed for
NAGRA, Werme & Eriksson (1995) conclude that there is no reason to
believe that the corrosion rate of ductile cast iron should be different from
that of low carbon steel.

In the long term, the effects of corrosion in a canister having a small defect
through the copper container and a leak in the inner steel/iron container may
be quite different for the different canister designs. In the case of the ACP
canister, corrosion of the steel container may result in collapse of the
copper-steel canister. In the case of the cast insert canister, it is more likely
that the void spaces in the holes for the fuel assemblies are gradually filled
by iron corrosion products, that the canister preserves its mechanical
strength, and that the fuel assemblies will remain in their original positions,
surrounded by solid corrosion products and the remains of the cast insert.
Nevertheless, in all two-layer copper-steel/iron canister designs there still is
a risk that an initial defect in the copper container may grow because of the
volume expansion of corrosion products in the gap between the two
containers or in the hole itself.

Chemical conditions in a defective canister

The amount of iron is large in the cast insert canister which is favourable for
the maintenance of reducing conditions.

It has also been proposed that filling materials (e.g. magnetite, hematite,
olivine, natural uranium) be used which would have some beneficial effects
on the near-field chemistry in order to, for example, maintain reducing
conditions, inhibit corrosion, or enhance the precipitation and sorption of
radionuclides. Introduction of a foreign material into the canister, proving its
beneficial effects and excluding potential harmful effects would, however,
usually necessitate significant research commitments.
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Intrusion of bentonite

Intrusion of a large amount of bentonite into the defective canister might
locally impair the performance of the bentonite layer as a release barrier.
The possible effects have been studied by Borgesson (1990). It is noted that
intrusion requires that the crack in the canister has an aperture of at least one
millimetre and that the bentonite does not intrude into the canister filler if
the grain size of the filler is at most one millimetre. As a worst case,
Bbrgesson (1990) analysed intrusion of bentonite into an ACP canister with
no filler and a void space of 1 000 litres. In this case the density of the
bentonite near the failure point would be reduced to about 1800 kg/m3,
which would not significantly impair the properties of the bentonite as a
release barrier (Borgesson 1990).

Near-field transport of radionuclides

In the near-field transport analysis, a large void space inside the defective
canister (which would lower the concentration of non-solubility-limited
nuclides) and a large amount of bentonite in the deposition hole are typically
beneficial factors. The bentonite/fuel ratio is similar for both canister types.
The cast insert canister has about two times more void space per fuel
assembly than the ACP canister. For most radionuclides, the calculated
release rates from a defective cast insert canister will, however, be
somewhat higher than from a defective ACP canister, simply because there
is more fuel in the canister.

Conclusions

From the point of view of post-closure performance, we rank the cast insert
canister with an inert filling gas as the first alternative. Its structure and
mechanical strength eliminate the risk of collapse due to a small initial
defect. The superior mechanical strength also significantly reduces the risk
of a common mode failure of canisters due to an extreme pressure, for
example, during glaciation. The simple construction, solid components and
inert gas filling should reduce the probability of manufacturing defects and
prevent the introduction of impurities into the canister. The cast insert
design also more or less wipes out the concerns related to internal corrosion
in an intact canister and to criticality.

The ACP canister (with inert gas or air atmosphere filling) is also a viable
alternative. Due to concerns about long-term creep, copper spheres or glass
beads are preferred as potential filling materials. Quartz sand is also a
feasible alternative, but care would have to be taken to prevent dust
interfering with the final welding operations on the copper container.
Magnetite could be a potentially beneficial filling material as a redox buffer
and sorbing material, but introducing a reactive (although natural) material
into the canister would require some further study.
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Finally it should be noted that many (if not all) of the potential advantages
of the cast insert canister over the ACP design are such that we may not be
able to utilise them in the risk and consequence analysis of a licensing-type
post-closure performance assessment where conservative assumptions and
data have to be used (Vieno & Nordman 1996).

2.5 OPTIMISATION OF CANISTER SIZE

After selecting the preferred materials, principal structure, and methods of
manufacture, canister size was optimised taking into account weight,
cooling capacity limitations, and costs. Cast insert canister designs for 9, 11
and 12 assemblies of BWR or VVER-440 fuel were considered.

2.5.1 Sizing constraints

As the cast insert canister construction is of higher strength than the ACP
canister, the size of the canister can be increased, which leads to a more
cost-effective solution. The main limiting factors on the size of the canister
are its weight, which should be reasonable, and the local cooling capacity of
the surrounding bentonite buffer and rock. Thermal properties are dealt with
in Chapter 2.5.2. The maximum weight of a canister is approximately
20 tons, which is an acceptable load for a standard type truck operating in
underground tunnels.

Sizing aspects

If all canisters contain eleven assemblies instead of nine, the total number of
canisters needed is reduced by 18%. This leads to cost savings in the
following items and operations:

- manufacturing of canisters
- encapsulation process
- canisters handling and transfer operations
- drilling of deposition holes
- installation of the bentonite buffer material.

The larger canister size also has some negative aspects or additional costs.
These are:

- larger canisters must be emplaced at a greater distance from one another
due to the limited cooling capacity of the surrounding bentonite buffer
and bedrock, see analyses in Chapter 2.5.2 and (Raiko 1996)

- a solid canister insert increases the dead weight, the consumption of
metallic raw material, the outside diameter of the canister and the
manufacturing cost of the canister unit
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- the higher weight requires heavier handling equipment
- the larger amount of fuel in a single canister sets higher requirements for

the radiation shielding properties of the canister and/or the handling and
transfer equipment

- manufacturing demands and the requirement for subcriticality in all
reasonable conditions leads to thick solid walls between the holes
housing fuel assemblies in the canister.

All investigated canister sizes (9, 11 or 12 assemblies) are feasible.
Primarily as a result of the weight and thermal properties, the canister design
holding eleven fuel assemblies is considered to be optimal for the Finnish
programme. The 12-assembly canister design proposed for the Swedish
programme (Werme & Eriksson 1995) is cost-effective, but repository costs
are higher due to the larger distances required between deposition holes,
especially at sites where the thermal conductivity of the rock is low, see
Table 2-7 in the next section. For the Swedish programme, a larger canister
may be more optimal due to the planned longer average cooling time before
disposal.

Cross-sections of the reference canister designs for eleven BWR and VVER-
440 fuel assemblies are shown in Figures 2-3 and 2-4. In both designs, three
assemblies will be emplaced in the central hole and eight assemblies in the
peripheral holes. In the case of the BWR canister, a SVEA type fuel bundle
needs to be desintegrated into two parts which are emplaced in the central
hole together with two whole bundles. The main dimensions and weights of
the canisters are presented in Tables 2-2 to 2-5.

Figure 2-3. Cross-section of the cast insert type canister for eleven BWR
assemblies.
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Figure 2-4. Cross-section of the cast insert type canister for eleven
WER-440 assemblies.

Table 2-2. Mass and dimensions of the cast insert type canister for
eleven BWR assemblies.

Outside diameter [m]

Wall thickness [m]

Length [m]

Density [kg/m3]

Material volume [m3]

Mass [kg]

Number of items [-]

Total mass [kg]

Cast
insert

0.880

4.200

7200

1.515

10908

1

10908

Steel
lid

0.880

0.050

7850

0.0304

239

2

478

Copper
cylinder

0.982

0.050

4.400*

8900

0.644

5733

1

5733

Copper
lid

0.982

0.050

8900

0.050

445

2

890

Fuel
assembly

4.13

8555

0.030

257

11

2827

* Total length of the canister is about 4.5 m due to the shoulder for the
gripping device in the top and bottom copper lids.
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Table 2-3. Mass and volume of the cast insert type canister for eleven
BWR assemblies.

Mass [kg]

Volume [m3]

Copper

6623

0.744

Steel or
iron

11386

1.576

Fuel
assemblies

2827

0.330

Void
space

-

0.710

Total

20836

3.36

Table 2-4. Mass and dimensions of the cast insert canister for eleven
WER-440 assemblies.

Outside diameter [m]

Wall thickness [m]

Length [m]

Density [kg/m3]

Material volume [m*]

Mass [kg]

Number of items [-]

Total mass [kg]

Cast
insert

0.880

3.250

7200

1.151

8287

1

8287

Steel
lid

0.880

0.050

7850

0.0304

239

2

478

Copper
cylinder

0.982

0.050

3.450*

8900

0.505

4495

1

4495

Copper
lid

0.982

0.050

8900

0.050

445

2

890

Fuel
assembly

3.20

8168

0.0262

214

11

2354

* Total length of the canister is about 3.55 m due to the shoulder for the
gripping device in the top and bottom copper lids.

Table 2-5. Mass and volume of the cast insert canister for eleven
WER-440 assemblies.

Mass [kg]

Volume [m*]

Copper

5385

0.605

Steel or
iron

8765

1.212

Fuel
assemblies

2354

0.288

Void
space

-

0.538

Total

16504

2.64
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2.5.2 Thermal analyses for alternative canister sizes and repository sites

Thermal optimisation of the repository has been studied in (Raiko 1996).
The length of the disposal period is assumed to be 20 - 25 years starting in
2020. The emplacement of canisters has been optimised in such a way that
the maximum temperature at the interface of the canister and bentonite
buffer stays below the limit set, 100 °C. In the optimisation the minimum
distance between two neighbouring deposition holes in a tunnel is
calculated. In the analyses presented below, the distance between tunnels is
assumed to be fixed at 25 metres. The impact of different tunnel spacings
has been analysed (Raiko 1996). The three candidate sites (OIkiluoto,
Kivetty, Romuvaara), and three different sizes (9, 11, 12 assemblies) of
canister designs for BWR and VVER-440 fuel were considered. The thermal
properties of the buffer and the bedrock are shown in Table 2-6. The
required distance between two neighbouring canisters assuming a maximum
allowable temperature increase of 80 °C and 85 °C at the canister-buffer
interface are shown in Table 2-7.

If the maximum allowable temperature is set to be lower, there are still two
economically reasonable solutions: either delaying the start of disposal is for
about five years, which leads to a maximum temperature which is lower by
about 6 °C, or artificial moisturising of the bentonite, which doubles the
thermal conductivity of the buffer in the early phase before natural
resaturation, and results in a maximum temperature which is approximately
15 °C lower.

Table 2-8 shows the initial heat densities per surface area of the repository.
It can be seen that the heat densities vary between 6.2 and 9.5 W/m2.
Preliminary estimates indicate that heat densities of up to 10 W/m2 do not
cause any significant deformation of the bedrock (SKB 1996).

Table 2-6. Thermal properties of the buffer and rock.

Thermal conductivity of rock at OIkiluoto
(Kukkonen & Lindberg 1995)

Thermal conductivity of rock at Kivetty and
Romuvaara (Kukkonen & Lindberg 1995)

Thermal conductivity of (dry) bentonite

Thermal capacity of rock

Density of rock

3.0W/m/K

2.7 W/m/K

0.75 W/m/K

750 J/kg/K

2700 kg/m3
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Table 2-7. The minimum distance between canisters for allowable
temperature increases at the canister-buffer interface of 80 °C or 85 °C.

Deposition alternative
(fuel and canister type, site)

12 BWR assemblies in canister,
Olkiluoto

12 BWR assemblies in canister,
Kivetty or Romuvaara

11 BWR assemblies in canister,
Olkiluoto

11 BWR assemblies in canister,
Kivetty or Romuvaara

9 BWR assemblies in canister,
Olkiluoto

9 BWR assemblies in canister,
Kivetty or Romuvaara

11 VVER-440 assemblies in canister,
Olkiluoto

11 VVER-440 assemblies in canister,
Kivetty or Romuvaara

9 VVER-440 assemblies in canister,
Olkiluoto

9 WER-440 assemblies in canister,
Kivetty or Romuvaara

Minimum
distance (m),
temperature

increase
80 °C

9.6

11.1

8.3

9.3

6.2

6.8

6.8

7.5

5.3

5.7

Minimum
distance (m),
temperature

increase
85 °C

8.4

9.6

7.3

8.0

5.6

6.1

6.1

6.6

4.8

5.2

n 11 rrrp.v.v.'TP.w.v.^.'.'.w.'.." • • > 111
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Table 2-8. Maximum heat densities in the repository for different
canister variants with allowable temperature increases of 80°C and
85° C (the corresponding canister spacings are shown in Table 2-9).

Deposition alternative
(fuel and canister type, site)

12 BWR assemblies in canister,
Olkiluoto

12 BWR assemblies in canister,
Kivetty or Romuvaara

11 BWR assemblies in canister,
Olkiluoto

11 BWR assemblies in canister,
Kivetty or Romuvaara

9 BWR assemblies in canister,
Olkiluoto

9 BWR assemblies in canister,
Kivetty or Romuvaara

11 VVER-440 assemblies in canister,
Olkiluoto

11 WER-440 assemblies in canister,
Kivetty or Romuvaara

9 VVER-440 assemblies in canister,
Olkiluoto

9 VVER-440 assemblies in canister,
Kivetty or Romuvaara

Decay heat
density
(W/m2),

temperature
increase

80 °C

7.4

6.4

7.9

7.0

8.6

7.8

6.8

6.2

7.2

6.7

Decay heat
density
(W/m2),

temperature
increase

85 °C

8.5

7.3

8.9

8.2

9.5

8.7

7.6

7.0

7.9

7.3
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ASSESSMENT OF ALTERNATIVE
REPOSITORY DESIGNS

3.1 GENERAL

Development of the concept for final disposal of spent nuclear fuel in
Finland was initiated in the 1970s. The basis of the present basic concept
was developed in the period 1986 to 1992 (Salo et al. 1990, TVO 1992a)
and was further refined in the period 1992 to 1996 (Posiva 1996b). In 1991
and 1992 different disposal concepts, repository designs and canister
structures were evaluated in cooperation with Svensk Karnbranslehantering
AB (SKB) in the "Project on Alternative Systems Study (PASS)" project
(SKB 1992). On the basis of the results of the PASS project research and
development activities became focused on a copper-steel canister, Advanced
Cold Process encapsulation and the basic KBS-3 type repository design.

The development of different alternatives was carried out in parallel with the
development of the basic concept and the results of this work - different
alternative repository designs and their assessment - is presented in this
section. This evaluation takes account of the results of the PASS project.
The following disposal concepts were included in this assessment:

- The basic concept (KBS-3 type)
- KBS-3 type concept with two canisters in a deeper deposition hole

(KBS-3-2C)
- Short Horizontal Holes (SHH)
- Medium Long Holes (MLH).

In addition to the assessment of these concepts the results of the PASS
project with respect to Very Deep Holes (VDH) and Very Long Holes
(VLH) concepts have been summarized. In the PASS project both the VDH
and VLH concepts were found to be less feasible than the KBS-3 and MLH
concepts.

All the designs for disposal concepts assessed in this report have the
following common features:

- Cast insert canisters with 11 fuel bundles as described in Chapter 2 of
this report are used as the reference canister.

- The total number of spent fuel canisters is 1 530.
- The repository depth, which can be from 300 to 700 m, is set at 500 m for

the purposes of comparison.
- The same methods of access to the repository from the surface are used in

all the alternatives.
- The same aboveground facilities are used for all the alternatives.
- Excavation of the respository is carried out before the operational phase

begins.
- Deposition holes and tunnels are backfilled during the operational phase.
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- The spacing of canisters and deposition tunnels is dimensioned on a
thermal basis with the emphasis on obtaining a reasonably small total
area for the repository.

Evaluation of the alternative repository designs includes the assessment of
technical feasibility, long term safety and costs. The alternative repository
designs are presented in Chapter 3.2, and an evaluation of technical
feasibility follows in Chapter 3.3. The assessment of long-term safety and a
cost evaluation are presented in Chapters 3.4 and 3.5 respectively.

3.2 ALTERNATIVE REPOSITORY DESIGNS

3.2.1 Basic concept KBS-3

3.2.1.1 Technical description

The basic concept for the disposal of spent fuel from the nuclear power
plants run by TVO and FVO is based on the emplacement of encapsulated
spent fuel in crystalline bedrock at a depth of 300 to 700 m, set to 500 m for
the purposes of this assessment. The selection of the final depth for the
repository will be based on site-specific properties and conditions in_the
bedrock. The preliminary design for the concept based on the KBS-3 design
(SKBF/KBS 1983) has been presented by Teollisuuden Voima (Salo et al.
1990, TVO 1992a) and later by Posiva Oy (Posiva Oy 1996a, Riekkola &
Salo 1996).

The design of the basic concept is based on use of the cast insert canister.
The diameter of the canister for BWR fuel from TVO is 982 mm and the
length is 4500 mm. The canister length for the WER-440 type PWR fuel
from IVO is 3550 mm, the diameter of both canisters being the same.

The estimated total amount of spent fuel from the BWR reactors run by
TVO at Olkiluoto is 1873 tU and the amount of spent fuel from the
VVER-440 type PWR reactors run by IVO at Hastholmen is 740 tU. The
total number of canisters with 11 fuel bundles in each will be 1530, made up
of 969 canisters of BWR fuel and of 561 canisters of PWR fuel.
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Deposition tunnel

Figure 3.2-1. Basic Concept for the final repository for spent fuel (TVO
1992a).

The spent fuel canisters are emplaced in holes which are excavated in
parallel deposition tunnels, Figure 3.2-1. The empty space between the
canister and rock will be filled with precompacted bentonite blocks, Figure
3.2-2. Bentonite is a naturally available expanding clay. The spacing
between the about 200 m long, 3.3 m wide and 4.2 m high deposition
tunnels is 25 m. The spacing of tunnels and canisters has been dimensioned
on the basis of site-specific thermal effects and has been described in
Chapter 2.5.2 and in Raiko (1996).



26

Bentonite

Canister

Figure 3.2-2. Canisters are emplaced in holes excavated in the tunnel floor
and surrounded by bentonite clay.

The deposition tunnels are declined with tilt ratio of 1:100 towards the
cenral tunnel. The repository design includes a 10% reserve in the total
length of the deposition tunnels to allow for irregularites in the rockmass
properties and related engineering adjustments.

The diameter of the holes is 1680 mm and the spacing of holes is 8.0 m. The
depth of deposition holes is 7.5 m for the TVO type canister and 6.55 m for
the IVO type canister. A more detailed description of the design and
techniques employed is given in (Salo et al. 1990, TVO 1992a, Posiva
1996a). The final design is based on site-specific adaptation, and is
discussed later in Chapter 3.3.

The final disposal facility is composed of an above ground encapsulation
plant and an underground repository. Above ground buildings necessary for
disposal such as an encapsulation plant, a water treatment plant, a power
plant and an engineering workshop are positioned on the disposal site area,
see Figure 3.2-3.
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Figure 3.2-3. Visualization of the above ground part of the disposal facility.

Access from the surface to the repository will be provided by three vertical
shafts. These are a work shaft, a personnel shaft and a canister shaft. The
work shaft will include a material/personnel lift, a water discharge pipe,
some of the cables, a spiral staircase, temporary ventilation ducts for use
during the construction phase and ventilation ducts for uncontrolled areas
during the operation phase. The investigation shaft excavated during the
investigation stage will be modified at a later stage so that it can be used as
the work shaft during construction of the repository.

The personnel shaft includes the personnel lift and ventilation ducts for the
controlled area, a water supply pipe, a spiral staircase and some of the
cables. The canister lift will be installed in the canister transfer shaft. The
personnel and canister shafts will be connected with the encapsulation plant
at ground level. Technical rooms for pumping, maintenance and electric
facilities as well as for personnel are located close to the shafts.

The total areas and volumes of the basic concept are calculated according to
the principles and design presented above. The total number of deposition
tunnels is 71, each tunnel having 24 deposition holes. A summary of the
technical details is presented in Table 3.2-1. The volumes shown are based
on theoretical volumes of excavated rock, the final true volumes being some
5% larger.
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Table 3.2-1. Technical details for the basic concept.

Shafts (number, volume)
Excavation method for deposition
tunnels
Deposition tunnel c/c
Total length of deposition tunnels
Deposition tunnels (number, volume)
Excavation method for deposition
holes
Deposition holes c/c
Depth of deposition holes
Deposition holes (number, volume)
Peripheral rooms, volume
Total volume
Total area of repository

3pcs, 31 660 m3

drill and blast

25 m
14 484 m
71 pcs, 180 890 m3

full-face boring

8.0 m
7.5 m (TVO), 6.55 m (IVO)
1530 pcs, 24 260 m3

94 380 m3

331 190 m3

335 000 m2

3.2.1.2 Construction

Construction of the repository begins with excavation of the investigation
shaft which is modified later to be used as the work shaft, Figure 3.2-4. The
investigation tunnel used for characterizing the rock mass in-situ is
excavated once the investigation shaft has been completed. After the
investigation and rock characterization phase the access tunnel for the
personnel shaft will be excavated and this is followed by simultaneous
excavation of the personnel shaft, the central tunnel and the deposition
tunnels. All the excavation work (central tunnel, deposition tunnels, shafts,
deposition holes and other facilities) will be completed before the
operational phase begins.

Excavation of the repository will be based on well-established excavation
and reinforcement methods. The investigation shaft will be excavated using
the drill and blast shaft-sinking technique, Figure 3.2-4. Raiseboring may be
employed in the excavation of other shafts.

The central tunnel, deposition tunnels and other facilities are excavated by
carefull drill and blast technique. Smooth blasting technique will be
employed and the blast design adjusted to the prevailing rock conditions and
excavation disturbance constraints. The most advantageous method for the
excavation of deposition holes is considered to be boring based on rotary
crushing and vacuum dry suction of the crushed rock, Figure 3.2-5, a
technique demonstrated in the Research Tunnel at Olkiluoto (Autio &
Kirkkomaki 1996).
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Figure 3.2-4. The drill and blast shaft-sinking method will be used to
excavate the investigation shaft which is later modified for use as the work
shaft.

1. Boring 2. Stop 3. Extension
of drill string

4. Start

Figure 3.2-5. Boring of deposition holes based on rotary crushing and
vacuum dry suction of crushed rock.
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The rock reinforcement and support of tunnels and shafts is based mainly on
the use of rock bolts, nets and shotcrete adjusted to the mass properties of
the local rock and functional requirements. Support of disposal holes is not
considered necessary but can be carried out to some extent if considered
appropriate.

Grouting of rock using bentonite or cement-based materials are used to
reduce water leakages which may hamper the construction, operating and
closure of the repository.

Structural elements of the repository, such as pumping stations, possible
additional support structures, staircases, walls, floors, drainage channels etc.
are constructed according to prevailing standards using well-established
conventional methods employed in undergound construction.

3.2.1.3 Operation

Canisters will be transferred into the repository and emplaced in deposition
holes in "campaigns" arranged, for example, three times a year. After
canisters and bentonite blocks have been emplaced in all the holes in a
deposition tunnel the tunnel will be backfilled and sealed off.

Canisters will be transferred from the encapsulation plant on a transfer
trolley to the canister lift, in which they will be lowered to the repository. A
radiation shield will be used during this procedure. The procedure used to
remove the canister from the lift is technically similar but takes place in
reverse order to the canister emplacement procedure shown in Figure 3.2-6
and 3.2-8.

The emplacement of a canister is carried out in four steps, see Figure 3.2-7.
In the first step the bottom of the deposition hole is covered manually with a
500 mm thick layer of bentonite. In the second step the Bentonite Truck
lowers nine circular bentonite blocks one on top of another. In the third step
the Canister Truck installs the canister inside the bentonite buffer, Figure
3.2-8. In the fourth step three 500 mm thick blocks of bentonite are placed
on top of the canister and the bentonite buffer. The steps involved in the
emplacement of the bentonite and the canister are presented in more detail
in Henttonen & Suikki 1995a.

The 10 mm wide gap between the canister and the bentonite and the 30 mm
wide gap (see Figure 3.2-10) between the bentonite and the bedrock can be
filled with a slurry of bentonite mud. Bentonite pellets can also be used to
fill this gap.
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After completion of the emplacement campaign the ventilation channels,
water pipes, cables and lightning are dismantled and removed, and the floor
aggregate is removed. The deposition tunnel is then backfilled with a
mixture of crushed rock and bentonite while the repository is still in
operation.

Figure 3.2-6. Unloading of the canister from the canister lift into the
Canister Truck (Henttonen & Suikki 1995b).

2d

Figure 3.2-7. Four steps in the emplacement of a canister and bentonite
buffer (Henttonen & Suikki 1995a).
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Figure 3.2-8. Emplacement of canister (Henttonen & Suikki 1995a).

The deposition tunnels are filled with a mixture consisting of 85% crushed
rock and 15% bentonite. Filling of the tunnel starts from the bottom section
and the lower sections of tunnels are filled and compacted layer by layer.
One possible alternative for filling the upper section of the profile could be
spraying and compaction with a vibrating tamper, Figure 3.2-9. The final
filling procedure and technique will be designed in greater detail at a later
stage.
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Figure 3.2-9. Backfilling of a deposition tunnel (Gunnarsson et al. 1996).

Once the deposition tunnel has been backfilled, a barrier will be erected at
the tunnel mouth to ensure that the tunnel backfill does not expand into the
central tunnel. The cross-section of the backfilled deposition tunnel is
shown in Figure 3.2-9.
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Figure 3.2-10. Cross section of a backfilled deposition hole and tunnel.
Bentonite slurry and pellets may be used to fill the gap around bentonite
blocks.

3.2.1.4 Closure

Once all the canisters have been emplaced and the encapsulation plant has
been dismantled, the operating and decommisioning wastes from the
encapsulation plant will be emplaced in the repository. Following this
structures such as the concrete floor in the central tunnel, cables and
ventilation pipes, will be dismantled and removed. When all the necessary
structures have been removed all the remaining open space will be
backfilled and plugs constructed to seal possible routes by which
radionuclides might migrate towards the biosphere.

The central tunnel and other facilities at lower level will be backfilled with a
mixture of crushed rock and bentonite in the same way as the deposition
tunnels. The top sections of the shafts will then be closed with concrete
structures.
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3.2.2 Two canisters in a deposition hole, KBS-3-2C

3.2.2.1 Technical description

The KBS-3-2C alternative is similar to the basic KBS-3 concept with the
difference that two canisters are emplaced one on top of another in a
deposition hole. It is assumed that all canisters are of same type in the
KBS-3-2C and MLH concepts in which several canisters are emplaced in
the same hole, and that each deposition hole is use for the emplacement of
only one type of canister. The depths of hole required are: for two WO
canisters, 10.6 m; and for two TVO canisters, 12.5 m (Figure 3.2-11), these
dimensions including a 500 mm layer of bentonite blocks emplaced between
the canisters.

The distance between deposition holes has been increased from 8 m in the
KBS-3 design to 16 m in the KBS-3-2C design on the basis of the thermal
analysis (Raiko 1996).Technical details for the KBS-3-2C alternative are
presented in Table 3.2-2.
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Figure 3.2-11. KBS-3 concept with two canisters.
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Table 3.2-2. Technical information of KBS-3-2C type design.

Shafts (number, volume) 3 pcs, 31 660 m3

Excavation method of deposition drill and blast
tunnels
Deposition tunnel c/c 25 m
Total length of deposition tunnels 14 300 m
Deposition tunnels (number, volume) 71 pcs, 180 890 m3

Excavation method of deposition holes full-face boring
Deposition holes c/c 16.0 m
Depth of deposition holes 10.6 m (IVO) / 12.5 m (TVO)
Deposition holes (number, volume) 765 pcs*, 20 020 m3

Peripheral rooms, volume 94 380 m3

Total volume 326 950 m3

Total area of repository 335 000 m2

*) 485 holes for TVO canisters and 280 for IVO canisters.

3.2.2.2 Construction, operation and closure

The excavation and construction of the repository will be carried out in the
same manner as presented in the description of the basic concept (see
Chapter 3.2.2). The deposition hole boring equipment will have to be
modified to bore deeper holes than in the basic KBS-3 concept. These
modifications will include better stabilization of the drill string. The number
of transfers from hole to hole during boring is smaller than in the basic
concept, but this advantage will be partly offset by the fact that the
stabilization procedure will require more effort.

The transportation and emplacement of the bentonite and the canister and
the filling of the holes will in the main be carried out as presented in the
basic concept but by employing two steps rather than just one. The type of
equipment used for the basic KBS-3 type concept can be utilized if it is
modified for the deeper holes.

The force exerted on the bottom bentonite blocks before the saturation stage
is higher in the KBS-3-2C than in the KBS-3 concept. In cases where the
wetting of bentonite starts very slowly from the bottom of the deposition
hole this may result in premature deformation of the bottom bentonite
blocks with respect to other parts of the bentonite barrier and the
consequences of this may be difficult to predict. This is an argument in
favour of the use of artificial watering in both the KBS-3 and KBS-3-2C
designs. It is assumed that the load-bearing capacity of the bentonite blocks
at the bottom of the hole can be improved if necessary although the required
techniques have not yet been fully developed. The techniques to be used in
filling and closing the repository and the backfill material to be used are
similar to those specified for the basic concept (see Section 3.2.4).
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3.2.3 Short Horizontal Holes, SHH

3.2.3.1 Technical description

The Short Horizontal Holes (SHH) concept differs from the basic concept in
the fact that in the SHH concept, canister deposition holes are bored
horizontally in the side walls of the deposition tunnels (Figure 3.2-12).
Deposition holes are aligned parallel to one other in both side walls of a
deposition tunnel with the angle between the axis of the hole and the
deposition tunnel being in the range 35° to 50° (Figure 3.2-13). The length
of the deposition holes is 10.0 m for the TVO canisters and 9.05 m for the
IVO canisters. The centre line of the deposition hole is 2.5 m above the floor
level (Henttonen & Suikki 1995b). After canister emplacment it may be
necessary to plug the deposition hole with a concrete structure in order to
prevent deformation of the bentonite and resulting movement of the canister.

The layout of the repository is similar to that employed in the basic concept.
According to the thermal analysis (Raiko 1996), the minimum distance
between canisters in a direction parallel to the deposition tunnel can be
reduced from the 8 m of the basic concept to 7.2 m in the SHH concept. The
total area of the repository is therefore some 10% smaller than in the basic
concept because of the shorter minimum distance between canisters which is
possible because of a more even distribution of thermal load in the
repository area. The dimensions of the deposition tunnels and the deposition
holes are otherwise similar to those in the basic concept. A summary of the
technical details for the SHH concept is presented in Table 3.2-3.

Figure 3.2-12. Short Horizontal Hole concept (SHH), cross-section of the
deposition tunnel (Henttonen & Suikki 1995b) showing the deposition hole,
canister and bentonite blocks.
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Central tunnel

Figure 3.2-13. SHH concept, section through horizontal plane.
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Table 3.2-3. Technical details for the SHH concept.

Shafts (number, volume)
Excavation method of deposition
tunnels
Deposition tunnel c/c
Total length of deposition tunnels
Deposition tunnels (number,
volume)
Excavation method of deposition
holes
Deposition holes c/c
Depth of deposition holes
Deposition holes (number, volume)
Peripheral rooms, volume
Total volume
Total area of repository

3pcs, 31 660 m3

drill and blast

25 m
12915m
63 pcs, 163 440 m3

fullface boring

7.2 m
10.0 m (TVO), 9.05 m (IVO)
1530 pcs, 32 730 m3

94 380 m3

322 210 m3

310 000 m2

3.2.3.2 Construction, operation and closure

The excavation and construction of the shafts and underground facilities will
be carried out as in the basic concept. The boring method used in the basic
concept will have to be modified in order for it to be used for boring
deposition holes in a horizontal direction.

Emplacement of the canister and bentonite buffer will be carried out in four
phases (Henttonen & Suikki 1995b): 1) The far end of the deposition hole is
first covered with a 700 mm thick layer of bentonite (Figure 3.2-14a). This
layer may be composed of several compacted blocks. 2) A 6000 mm long
bed of compacted bentonite will then be placed on the floor of the hole
(Figure 3.2-14b). This bed may be installed using different techniques and
may be composed of blocks of different sizes. 3) After installation of the
bentonite bed, the canister and one of the centre blocks will be placed on the
bentonite bed using a Canister Truck (Figure 3.2-14c and Figure 3.2-15).
4) Installation of ten U-shaped blocks above the canister and the centre
block will be carried out using a Bentonite Truck (Figure 3.2-14d). The
Bentonite Truck will then complete the deployment by placing the
remaining two bottom blocks, centre blocks and U-shaped blocks (Figure
3.2-14 e & f). The gap between the bentonite blocks and the bedrock is
designed to be 30 mm and the gap between the canister and bentonite is
designed to be 10 mm.

The backfilling of deposition tunnels and closing of the repository will be
carried out in the same way as specified for the basic concept in Section
3.2.1.
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Figure 3.2-14. Phases in deployment of the canister and the installation of
bentonite (Henttonen & Suikki 1995b).
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Figure 3.2-15. Canister deployment, SHH concept (Henttonen & Suikki
1995b).
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3.2.4 Medium Long Holes, MLH

3.2.4.1 Technical description

In the Medium Long Holes (MLH) concept, canisters are emplaced in rows
in long horizontal deposition holes that are bored parallel to one other
(Figure 3.2-16). The deposition holes are laid between central and side
tunnels (Autio 1992, Sandstedt et al. 1991).

The length of the deposition holes can be adjusted according to the site-
specific bedrock structure and the boring accuracy required. In this
evaluation the length of the deposition holes is assumed to be 200 m and the
distance between the holes 25 m (Figure 3.2-17). The 8 m distance between
the mid-points of successive canisters, which is determined on a thermal
basis (Raiko 1996), is the same as in the basic concept.

The diameter of the deposition hole, 1.68 m, as well as the clearances
around the bentonite buffer are the same as in the basic concept. The total
volume of the repository, shown in Table 3.2-4, was also calculated using an
alternative diameter of 1.72 m for the deposition hole. This would provide
an increased clearance of 50 mm between the bentonite buffer and the
bedrock, compared to the 30 mm clearance in the basic concept.

The cross-sectional area of the side tunnels is 18.5 m2, their height is 4.2 m
(similar to the height of the deposition tunnel in the basic concept) and their
width is 5.0 m. A summary of the technical details for the MLH concept is
presented in Table 3.2-4.

Table 3.2-4. Technical details for the MLH concept.

Shafts (number, volume) 3 pcs, 31 660 m3

Excavation method of side tunnels drill and blast

Side tunnels (length, volume) 2700 m, 50 000 m3

Excavation method for the deposition holes raiseboring

Deposition hole c/c 25.0 m

Space between canisters c/c 8.0 m

Length of deposition holes 14 650 m

Deposition holes (number, volume) 73 pcs, 32 400 m3 *}

Peripheral rooms, volume 94 380 m3

Total volume 208 440 m3

Total area of repository 335 000 m2

*) Volume 34 000 m , if deposition holes are 1.72 m in diameter
(clearance between canister and bentonite 50 mm).
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Figure 3.2-16. Layout of the MLH repository (Autio 1992).
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Figure 3.2-17. Cross-section of the MLH concept.
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3.2.4.2 Construction

The shafts, central tunnels, side tunnels and other facilities will be excavated
as presented in the basic concept. Deposition holes will be excavated using
the raiseboring technique (Autio 1992, Vainionpaa & Lislerud 1997). The
boring of deposition holes will be carried out in two steps: i) The pilot hole
is drilled from the side tunnel to the central tunnel, ii) The pilot bit is
exchanged for a cutter head and the deposition hole is bored by back-
reaming to the final diameter (Figure 3.2-18). Reaming is stopped 5 m
before the side tunnel so that swelling of the buffer bentonite into the side
tunnel is obstructed. In the future a blind-boring technique could perhaps be
developed for use when excavating deposition holes (Autio 1992) as an
alternative to raiseboring. In such a case the side tunnels would not be
required for excavation and could perhaps be eliminated from the design if
they were not required for other reasons such as logistics or redundancy.
Elimination of the side tunnels would reduce the total cost of the repository.

3.2.4.3 Operation and closure

During "campaigns", the canisters are emplaced in deposition holes via the
central tunnel. The length of the bentonite plugs installed between the
canisters is 3.5 m for the TVO type canister and 4.45 m for the IVO type
canister. A 350 mm thick bentonite buffer is installed around the canisters.
Fractured zones are plugged during the emplacement operation.

The canisters and the bentonite buffer will be emplaced by emptying
remote-controlled deposition assemblies (Figures 3.2-19 and 3.2-20). The
installation of the bentonite lining and canister is carried out in stages. In the
first stage the bentonite lining which will surround the canister is installed
with a hole for the canister in its centre. In the second step the canister is
emplaced within the bentonite lining. The third step consists of the
installation of bentonite sections between the canisters.

Figure 3.2-18. The principle of horizontal raiseboring.
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Canisters are emplaced in campaigns so that at least one hole is completely
filled during a campaign. The canisters and surrounding bentonite buffer are
emplaced in a row and it is a requirement for canister emplacement that
emplacement of the previous canister has been successful. After the
successful emplacement of the planned number of canisters in a deposition
hole, the mouth of the hole is plugged with bentonite and concrete for a
length of 15 m.

This operational procedure is very sensitive to problems and cumulative
time delays during the emplacement of canisters. The resolution of problems
which may occur during emplacement of a canister is likely to be time-
consuming and thus delay emplacement of the next canister which may
make it impossible to tolerate any further problems.

Closure and backfilling materials and techniques are the same as specified
for the basic concept. The side tunnel will be closed using same methods
and materials as used for the central tunnels in the basic concept.

Specially-designed equipment will have to be developed for transportation
and working in deposition holes during the construction, characterization,
monitoring and operational phases. Such equipment can be based on
existing equipment which is used for transport in long holes, such as that
shown in Figure 3.2-21.
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Figure 3.2-19. MLH concept - equipment for installation of the bentonite
lining and canisters: a) Bentonite Deposition Cage and b) Canister
Deposition Assembly (Jansson 1992).
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PI

Figure 3.2-20. Principle of operation of the MLH repository.

Figure 3.2-21. Scharf Channel Mobile manufactured by Machinenfabrik
Scharf GMBH for use in inspection and maintenance - an example of a
vehicle which can be used in long horizontal holes.
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3.2.5 Very Deep Holes, VDH, and Very Long Holes, VLH

The previous comparison of alternative repository concepts in the PASS
Project (SKB 1992), studied the Very Deep Holes (VDH) and Very Long
holes (VLH) concepts. In the VDH concept (Autio 1990) spent fuel is
emplaced in very deep (2 to 4 km) vertical holes of diameter 800 mm bored
in the bedrock (Figure 3.2-22J. The total number of deep deposition holes
required to emplace all the spent fuel in Finland was estimated (Autio 1990)
to be approximately 8 holes for the amount of spent fuel existing at that
time: 1840 tU (Autio 1990). The present 2613 tU of spent fuel would
require some 11 such holes.

After emplacement of canisters the hole is plugged and sealed with three
different types of sealing structure in three steps. From a depth of 2 000 m to
500 m the hole is plugged with bentonite. From 500 to 250 m the hole is
plugged with asphalt and the upper section from a depth of 250 m to the
surface is plugged with concrete.

It was found in the PASS project that the long-term performance and safety
of the VDH concept is highly dependent on the properties and performance
of a single barrier, the bedrock. The properties of bedrock at the VDH
repository depths of 2 to 4 km are mostly unexplored in Finland and the
characterization of the rock at these depths with reasonable accuracy in
respect of repository performance may not be technically feasible today. It
might be possible to improve the technilcal functioning of other barriers,
which would clearly lead to increased cost in a design evaluated by the
PASS project to be the most expensive. Because of the high cost and
drawbacks related to long-term safety, performance, characterization of the
bedrock at the required depth and the need for major technical development,
a decision was made not to develop the VDH alternative any further. No
major uncertainties were found in VDH concept which could have resulted
in its ranking in the PASS project being raised significantly.

In the Very Long Hole (VLH) concept spent fuel is emplaced in long
horizontal tunnels of diamater 2.4 m at the same depth as the basic concept
(Figure 3.2-23 and 3.2-24). The canisters used in this concept contain more
fuel and are therefore also larger and heavier (about 50 tonnes) than in the
basic concept, the proposed diameter of the canisters being 1.6 m. The long
deposition tunnels are made using tunnel boring techniques. An alternative
which utilized raiseboring of shorter tunnels was also assessed (Autio 1992)
and was found to be more suitable for use in the disposal of spent fuel in
Finland. Such disposal systems are based on highly automated and
sophisticated technology.

The basic problem with the VLH concept is the remote-controlled
emplacement of heavy and large canisters (see Figure 3.2-25) in long tunnels
with small clearances. Because of the complexity of the emplacement
operations, the associated risk of malfunctions and because the alternative
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did not pose any cost benefits a decision was made not to develop the VLH
alternative any further.
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Figure 3.2-22. Very Deep Hole (VDH) concept.
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Figure 3.2-23. The lay-out of the Very Long Hole (VLH) concept based on
the use ofTBM technique.
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Figure 3.2-24. The lay-out of the Very Long Hole (VLH) concept based on
use of the raiseboring technique (Autio 1992).
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Figure 3.2-25. Equipment used to emplace canisters in the Very Long Hole
(VLH) concept (Henttonen & Suikki 1992).
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3.3 ASSESSMENT OF TECHNICAL FEASIBILITY

3.3.1 General

During the PASS project knowledge was gained fom a variety of
discussions and expert opinions given by different groups of specialists.
Knowledge acquired that was relevant to the evaluation procedure and the
characteristics of the MLH and KBS-3 type concepts have been used in this
assessment of technical feasibility. Consideration has also been given to
technical progress, such as the developments in the boring of deposition
holes (Autio & Kirkkomaki 1996), which has taken place since the PASS
project.

The basis of the design of the alternatives assessed here is that they should
meet all the functional requirements such as long-term safety, and that they
should all be adaptable to the proposed sites, constructable and operable.
The main objective of this evaluation is therefore to scrutinize the designs
and to establish the level of confidence in the technical solutions.

To assess the technical feasibility of different concepts they were divided in
elements as follows: a) layout adaptation, b) construction, c) operation and
sealing, d) backfilling and closure. All of these elements were further
divided into sub-elements: 1) implementation, 2) function, 3) environment
and 4) quality assurance. When this division is then broken down into the
more detailed elements and applied to all functional parts of the repository
(such as shafts, central tunnels, deposition tunnels and deposition holes) the
number of attributes obtained is excessive. An example of the elements
which have some effect on feasibility are shown in Figure 3.3-1.

OVERALL REPOSITORY FEASIBILITY
some key elements

COST
-investment
-operation ¥ TECHNICAL FEASIBILITY \ ( LONG-TERM SAFETY

1 —! AND PERFORMANCE

V V

Lay-out adaptation b l Construction fe I Operation and \ r Backfilling and
sealing | , closure

Figure 3.3-1. Elements which affect the technical feasibility and overall
repository performance of different alternative disposal concepts.
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There are many similar functional parts in all the alternatives and it is clear
that the major differences lie in only few elements. The comparison is made
more complex by the fact that the maturity of the designs vary. Some
techniques are better established and therefore employ more existing
techniques than others. The uncertainties related to the techniques and the
need to carry out further develoment also therefore vary. In some cases this
is merely a cost factor while in other cases it is a major drawback.

Since the key issue addressed by the evaluation is the level of confidence in
the technical designs of a small number of key elements in each proposal, it
was decided not to use multi-attribute utility analysis or other types of
hierarcical ranking which give scaling factors and rank to the different
elements. The approach used in this evaluation was to use a group made up
of professionals from different fields of expertise to highlight the important
elements in the different alternatives with regard to the level of confidence
merited by the design.

The members of this group were Jorma Autio (rock engineering and general
design), Tapani Kukkola (systems, general design), Heikki Raiko (canister
design), Jukka-Pekka Salo (repository and canister engineering, general
design) and Timo Vieno (long term performance). In addition the views of
experts in certain fields, mainly technical engineering, were used to assess
specified topics such as the risks of equipment malfunction.

There are both benefits and drawbacks associated with the use of experts
who have wide experience in the field of design for spent fuel disposal.
Most of the individuals consulted have been involved in the same design
work that they are assessing and it is therefore possible that the assessment
they make may be biased by some preconception. It is also possible that an
assessor could be influenced by client interests. These complications can be
at least partly compensated for by critical argumenting and reasoning during
the assessment process. On the other hand it is practically impossible to
recruit absolutely neutral members of an assessment group from people who
have a wide and profound understanding of the complex systems and details
involved in the disposal of spent fuel without having been involved in the
matter earlier. The major benefit of the approach used here is the possibility
of extensive argumenting based on comprehensive understanding of the
details of the systems and processes involved.

After considering the factors which have an effect on the feasibility of a
design, the factors which are discussed in more detail in the following under
the headings Construction, Operation and Layout Adaptation were chosen as
being the most important in establishing a level of confidence in the design
of specific disposal concepts.
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3.3.2 Construction

3.3.2.1 The basic KBS-3, KBS-3 with two canisters (KBS-3-2C) and Short
Horizontal Holes (SHH) repositories

Some of the elements which have an effect on construction are shown in
Figure 3.3-2. The flexibility of the excavation and reinforcement techniques
used to cope with varying rock conditions and the information obtained
during repository construction are important elements. The methods used to
construct the basic KBS-3 type repository, KBS-3 type repository with two
canisters (KBS-3-2C) and the short horizontal hole (SHH) repository are
well known. The principles of full-face boring technique used to bore the
full-scale experimental deposition holes in the Research Tunnel at Olkiluoto
can be utilised for boring deposition holes in both vertical and horizontal
directions.

Reinforcement and grouting can be carried out according to current
standards in rock engineering. It has been assumed that some holes may be
rejected as unsuitable for the deposition of canisters for the following
reasons, among others:

- unfavourable hydrological conditions, e.g. a larger inflow of water into
the hole than is acceptable

- the geometry of the hole is unsatisfactory, e.g. there are major notches in
the surface

- the rock mechanical deformation of the hole is outside the acceptable
limits.

In the case of the KBS-3, KBS-3-2C and SHH repository designs it is
technically quite feasible to reject potential locations for deposition holes or
already bored holes, the impact of such a rejection falls mainly on the cost.
In the preliminary design it has been assumed that 10% of the deposition
hole positions (equivalent to 10% of the total length of deposition tunnels)
will be unsuitable for the emplacement of canisters.

In the case of the KBS-3, KBS-3-2C and SHH type repository designs the
deposition holes can be positioned using relatively more accurate
information obtained from the nearby tunnel than in the case of the Medium
Long Hole (MLH) repository design where, on average, the deposition holes
are further away from the tunnel. For this reason, using the same rock
quality criteria, the number of unsuitable holes bored in the KBS-3 concept
will presumably be much lower than the number of hole sections judged to
be unsuitable in the MLH concept.
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Construction

Figure 3.3-2. Some elements which have an effect on construction.

3.3.2.2 Medium Long Holes (MLH) repository

The excavation of long multi-canister deposition holes in the MLH type
repository can be carried out by horizontal raiseboring. In good quality rock,
experience gained in raiseboring (Kaiser & McCreath 1994, Aldridge &
Anderson 1993, Vainionpaa & Lislerud 1997) suggests that no major
mechanical problems are to be expected. Experience gained from
mechanical full-profile excavation in underground laboratories at Lac du
Bonnet, Aspo and Grimsel supports this conclusion.

The average surface roughness and deflection of the deposition holes in the
MLH concept are likely to be greater than in the other repository
alternatives. It is evident that the 200 m long horizontal deposition holes
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may intersect several fracture zones which are not of significance as regards
the general mechanical stability of the bedrock. Local, unfavourable
combinations of rock stress and fracturing may result in minor failures of the
walls of holes and possible movement of blocks of rock. The probability of
such phenomena in deposition holes bored for the MLH type repository is
greater than in the other alternatives partly because the precise positioning of
holes in the MLH concept cannot be made at the same level of detail as in
the other alternatives. So far, only a limited amount of reference information
is available about the boring of horizontal tunnels which intersect fracture
zones under high in-situ stresses and this hampers assessment of the
possible consequences.

A smooth hole surface is beneficial to the operation of the MLH type
repository and abnormal surface evenness resulting from failures can pose
operational problems. Fracture zones which intersect the deposition holes in
the site-adapted layouts could cause problems such as the structures R8 and
R13 at the Kivetty site (see Figure 3.3-9). These structures do not appear to
be significant to rock stability, especially if current reinforcement techniques
can be employed. The fracture zones could, however, cause small-scale
failures and cavities around deposition holes in the MLH concept.

The techniques for treating failures in the holes and zones of weakness
during excavation have to be further developed (see Figure 3.3-3).
Equipment for this purpose could be remote-controlled. The occupational
safety aspects related to working conditions in the holes have not been
studied but similar types of work such as the maintenance and repair of
pipelines could be useful as a reference.

The strength of the reinforced surface must be such that it can accept the
load from the grippers of the canister transport vehicles without failure.
Back-reaming of the fractured area will also probably be required to make
space for the reinforcement structures. Special techniques and tools for
reinforcement and grouting will have to be developed for use in deposition
holes.
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Figure 3.3-3. Treatment of a fracture zone in the MLH concept.

3.3.3 Operation

3.3.3.1 The basic KBS-3, KBS-3 with two canisters (KBS-3-2C) and Short
Horizontal Holes (SHH) repositories

Some elements which have an effect on the operation and sealing of
repositories are shown in Figure 3.3-4, with the robustness of the canister
emplacement equipment being an important element. In the basic KBS-3,
KBS-3-2C and SHH type repository designs the emplacement of canisters,
sealing and backfilling is a simple and straightforward procedure. The
technique is solid and emplacement of the bentonite buffer and canister can
even be carried out manually if necessary. Operation can be stopped or
suspended if technical problems such as a machine failure are encountered.
The bentonite buffer can be in the form of blocks, pellets, powder, or a
combination of all of these, and this means that the technical
implementation is flexible.
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3.3.3.2 Medium Long Hole (MLH) repository

The canister deposition equipment used in the MLH concept is more
complicated than in the other alternatives. The degree of automation
required is high, the equipment must be remote-controlled and the payloads
carried by the equipment are heavy. These factors, in combination with
small clearances, long transfer times and distances, in addition to
unfavourable external conditions and the possibility of the presence of
considerable amounts of water and bentonite mud, make the canister
deposition procedure in the MLH repository design more prone to
difficulties than the same operation in the other repository alternatives.

The equipment and rock conditions as well as the actual working conditions
in the deposition holes in the MLH concept have few references (see also
Section 3.3.2.1) and may not be fully understood. This hampers assessment
of the credibility of the concept.

The behaviour of bentonite may pose some problems during the operational
phase. Once the bentonite buffer has been placed it will start to soften and to
swell. The wetting (saturation) and swelling of the bentonite which starts
from the floor section may pose some problems.

Each canister must be emplaced before the hole for the canister inside the
bentonite buffer has become too tight, before too much of the softened
bentonite has been carried away by water, and before any change has taken
place in the position of the buffer. Subsequent sets of canister and buffer
have to be emplaced in a continuous manner so that each bentonite buffer
supports the preceding one. The deposition hole length is approximately
200 m which means that 25 canisters and theie associated bentonite buffers
have to be deployed continuously in a single campaign.

In the technical design for the emplacement equipment the estimate has been
made (Jansson 1992) that the time for which the bentonite is exposed to
water before emplacement of the canister is completed is some 34 hours.
The total time for a single deposition cycle is two days. The deposition cycle
time and the time required for the bentonite to swell significantly are of the
same order. The total time required to fill a single deposition tunnel is
50 days without any delays.

The time for which the bentonite buffer can remain functional after being
exposed to water and before the canister is emplaced is not well known. It
has been stated (Pusch et al. 1985) that both canisters and the bentonite
buffer must be emplaced in a continuous manner without longer stops and
that bentonite surfaces become slippery and shed semi-liquid clay soon after
being exposed to water. Tests with compacted bentonite (HCB) plugs show
(Fairhurst et al. 1993) that swelling is significant after eight hours.

In the case of the Very Long Hole (VLH) concept it was stated (Pusch &
Borgesson 1992) that if there should be a spot inflow of 50 1/h into the



58

tunnel a delay of a few hours could cause problems and that any softened
bentonite should be removed before the deposition operation is continued. A
delay of several days was assumed to result in greater problems. The same
considerations are obviously relevant in the case of the MLH concept.

The clearances between the moving transport vehicles range from 30 mm
for the bentonite lining cage to 100 mm for the canister deposition cage. The
surface of the hole is likely to be more uneven in the MLH concept than in
the other repository alternatives and there will be not only a flow of water
but possibly also bentonite mud on the floor of the horizontal deposition
holes which will make the floor slippery (see Figure 3.3-5). The possible
presence of bentonite mud will also make it difficult to detect loose pieces
of rock on the floor.

There are devices which can be fixed to the front of vehicles to detect
possible loose pieces of rock. The assumption has been made that if pieces
of rock or some other obstacle such as a build-up of bentonite are
encountered, the deposition operation is halted and the deposition hole
cleaned. Any such cleaning operation will further extend the time for which
the bentonite is exposed to water.

Fracture zone

froctui

rock blocki loosend
by the deposition unit

deposition unit

Figure 3.3-5. The MLH concept during operation and some factors which
may affect operation.



59

It is possible that pieces of rock come loose from the walls of the deposition
hole. This, together with the narrow clearances and slippery surfaces in the
holes may reduce the speed at which the transport equipment travels along
the hole or, in an extreme case, may stop the transport vehicle altogether.

The rate of inflow of water into deposition tunnels and holes is difficult to
estimate. A rough idea of the inflow of water can be obtained from the
experience with existing undergound space. Experiences from the Research
Tunnel at Olkiluoto and other sources indicate that the flow of water into the
tunnels is more than 0.8 1/min per 100 metres of tunnel, and in most places
probably less than 10 1/min per 100 m. The values represent tunnels which
are located at a typical depth of less than 100 m in the bedrock. These
figures yield (without any scaling to a depth of 500 m) a maximum total
inflow of water in the range 100 to 1200 1/h in a 200 m long MLH
deposition hole. Presumably a significant proportion of the total water
inflow will come from distinct fracture zones which are intersected by the
hole.

It is also possible that the emplacement operation may be halted as a result
of equipment failures such as hydraulic leakages or power blackouts. The
procedure of removing a failed deposition vehicle with a canister on board
will obviously be a time consuming task. All extra operations slow down the
deposition process and are most likely to result in the need for emplacement
of an extra bentonite plug. This plug, however, may not be able to withstand
the pressure caused by wetting expansion of the bentonite already installed
and in some hydraulic conditions it may also be difficult to install plugs as
the use of concrete to give structural strength is impractical because of the
curing time required.

A difficult situation could arise if the canister deposition vehicle is jammed
inside the deposition hole. That could be caused for example by the grippers
of the transport equipment initiating the movement of a block of rock. The
possibility of such situation occurring is probably small but it could cause
serious operational problems which should be studied. The only way in
which to reduce the risk of equipment being jammed inside holes and to also
secure the desired transport speed would be to reinforce the intersections of
the deposition hole with fracture zones so that the surface of the deposition
hole is smooth and strong. The risk can also be reduced by adjusting the
principles of site characterization and layout adaptation to each of the
potential sites so that the known fracture zones are avoided.

The behaviour of a wet bentonite buffer during delays in emplacement and
the effects of extreme water flows are not yet fully understood and may pose
both extra problems and additional operational stages.
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3.3.3.3 The use and behaviour of bentonite

The hydraulic conductivity of the buffer between the canister and rock
depends on the final density of the bentonite and this is in turn affected by
the dimensions of the deposition hole, the free volume around the bentonite
blocks, the size of the bentonite blocks, the initial density of the bentonite
and the use of other additional filling materials. These could for example be
bentonite powder and bentonite pellets used to fill the free space around the
bentonite blocks. The final technique to be used for backfilling with
bentonite is a question of both quality assurance and optimization of the
production and installation technique.

The dry bulk density of the bentonite buffer is assumed to be 1.56 g/cm3 in
both the basic KBS-3 and other alternative concepts. This gives a saturated
bulk density for the buffer of about 2.0 g/ cm3 (Muurinen 1992) for all the
concepts under consideration since the canister size, dimensions of the
deposition holes and bentonite blocks are assumed to be the same in all the
alternatives.

The main difference between the different alternatives in regard to the use of
bentonite is in the flexibility of using the material in its different forms. The
horizontally-oriented deposition holes in the MLH and SHH type
repositories make it difficult to emplace any other type of bentonite except
compacted bentonite blocks, whereas in the KBS-3 and KBS-3-2C concepts
which use vertical holes it is feasible to employ pellets, powder and
bentonite slurry. Possible cavities can be filled easily during emplacement of
the buffer and the void around the compacted blocks can be filled with
bentonite slurry or another form of bentonite.

One possible advantage of using other types of bentonite in addition to
compacted blocks is, in general, that the density of the compacted blocks
can be reduced and compensated for by other types of bentonite in the
clearance around the blocks if this is appropriate. It might also be possible to
use both powder and pellets for the majority of the buffer in vertical
deposition holes in the KBS-3 and KBS-3-2C concepts. The use of these
materials to fill free volume in horizontal holes is not considered to be
technically feasible at the present time.

The clearance of 30 mm between the rock surface and bentonite buffer
specified in the KBS-3 design has been assumed to take the same value in
all the alternative concepts. Because of the greater surface unevenness,
longer holes and more complicated operating equipment the corresponding
clearance should obviously be larger in the MLH repository design than in
the KBS-3, KBS-3-2C and SHH designs. If the clearance dimension is
increased in the MLH type repository, the final bulk density of the buffer
will be decreased and therefore the initial density of the compacted blocks
should be increased accordingly.
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The effect of increasing the clearance dimension is shown in Figure 3.3-6.
The data used for calculating the figures is shown in Table 3.3-1. The bulk
dry density of the bentonite buffer is about 1.6 g/cm3 if the dry density of the
compacted blocks is 1.8 g/cm3. This gives a saturated bulk density of about
2.0 g/cm3. This density is the same for all the repository alternatives if it is
assumed that the clearance between the rock wall of the deposition hole and
outer surface of the compacted bentonite blocks is 30 mm, which was the
design value.

If filling of the void space with bentonite powder and compacted pellets (or
tablets) is carried out, the bulk dry density would become significantly
higher, 1.8 g/cm3, which gives a final saturated density of about 2.1 g/cm3

for the basic KBS-3 type and KBS-3-2C concepts with vertical deposition
holes. If both powder and pellets are used, it might be necessary to reduce
the swelling pressure against an emplaced canister by reducing the density
of the compacted bentonite blocks.

If the clearance dimension in the MLH concept is increased to 60 mm the
bulk dry density drops to about 1.4 g/cm3 which gives a saturated density of
about 1.9 g/cm3, and if the clearance dimension is increased to 80 mm the
bulk dry density drops to about 1.3 g/cm3 giving a saturated density of about
1.8 g/cm3. In the case of the KBS-3 design, the corresponding change in the
density of the buffer is insignificant if powder and pellets are used to fill the
increased clearance (see Figure 3.3-6).

There are differences in the wetting process of the bentonite during the
operational phase (see Figure 3.3-7). The time required for the buffer to
reach complete saturation may be long (Pusch & Borgesson 1992) if no
water is added to the holes as part of the canister emplacement operation. In
the vertical holes of the KBS-3 design the wetting of the bentonite during
the operation phase is more easily achieved than in the repository
alternatives which employ horizontal deposition holes. It has been suggested
(Pusch & Borgesson 1992) that after canister emplacement deposition holes
should be filled with slurry or water to obtain a better result. Such action
would be positive from the point of view of the longevity of the bentonite
and would also provide rapid wetting and saturation of bentonite blocks and
favourable heat conduction.

In the SHH design with horizontal holes it is possible that the compacted
bentonite blocks will remain dry until the deposition tunnel is plugged and
the tunnel backfilling becomes saturated with water. The time from the
beginning of canister deposition to the plugging of the deposition tunnel is
of the order of one month. The time before the deposition tunnel is filled
with water may be of the order of several months. In the KBS-3 and
KBS-3 2C designs it is easy to use artificial watering to saturate the
bentonite in the deposition holes in a controlled manner. Such action is
difficult and probably not feasible in the case of the SHH and MLH
concepts.
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Table 3.3-1. Values used to calculate the graph shown in Figure 3.3-6.

Clearance between rock and bentonite, KBS-3, KBS-3-2C [mm]

Radius of the deposition hole [mm]

Clearance between canister and bentonite [mm]

Canister diameter [mm]

Inner radius of the compacted bentonite blocks [mm]

Outer radius of the compacted bentonite blocks [mm]

Thickness of the bentonite blocks [mm]

Thickness of the bentonite layer between canister and rock [mm]

Initial dry density of compacted bentonite blocks [g/cm3]

Initial dry density of bentonite powder [g/cm3]

Initial dry density of the mixture of bentonite pellets and powder
[g/cm3]
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Figure 3.3-6. Total dry density of bentonite buffer plotted against the
clearance between the bentonite buffer and the bedrock wall. The dry
density in the MLH concept is the same as in the basic KBS-3 concept and
the KBS-3-2C and SHH concepts. At a clearance of 30 mm the dry density
in the MLH concept is the same as in the basic KBS-3 and KBS-3-2C
concepts without filling of the void space. The density for the basic KBS-3
concept and the KBS-3-2C concept using vertical holes is calculated
assuming that the void space is filled with bentonite powder and pellets.
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Figure 3.3-7. Wetting ofbentonite during the operational phase starts
rapidly in the KBS-3 concept (left) but only slowly in the SHH concept
(right). In the KBS-3 and KBS-3-2C concepts it is easy to wet the bentonite
by using artificial watering.

In the MLH concept it is most probable that there is water available in the
holes during the operational phase although there may also be sections
where there is very little or no water at all available for the wetting of the
bentonite. The long deposition holes are slightly inclined towards the central
tunnel so that there will be more water available at the lower ends of the
holes. In the MLH repository, the bentonite buffer will act as a plug and
reduce the amount of water flowing along the deposition holes once the
bentonite has swollen sufficiently.

In the MLH repository there will probably be sections of the deposition hole
where the inflow of water is small and this may lead (Pusch & Borgesson
1992) to deficient saturation of the bentonite and reduced conductivity of
heat. The result of this might be excessive temperatures at the canister
bentonite interface, drying of the bentonite and accumulation of salts.

The behaviour of bentonite under large and local point inflow of water
might result in some problems. It is possible that some of the bentonite
would be eroded and that water channels are formed in the bentonite. It has
been suggested (Pusch & Borgesson 1992) in regard to the Very Long Holes
concept that local spotwise flowrates of 50 1/h could cause softening and
mobilization of bentonite and the same considerations probably also apply to
the MLH concept.

It has been suggested that in the MLH concept, after some degree of
saturation and swelling, the bentonite buffer will act as a plug which might
move under certain hydraulic conditions. In the early stages of saturation the
swelling pressure is low and the surface of the bentonite plug is slippery.
The plug could move out of its correct place if hydraulic pressure
accumulates behind the plug and the resultant force exceeds the frictional
forces which resist movement. The situation could be identical in the
horizontal deposition holes of the SHH concept if the flow of water into the
hole is large enough.



64

It is concluded that there are obvious differences in the wetting of bentonite
between the alternatives. The behaviour of bentonite when exposed to
different types of hydraulic conditions which may occur during the
operational phase of the MLH concept is not fully understood and may
result in some problems.

3.3.4 Characterization and adaptation

3.3.4.1 Layout adaptation of alternatives

The layout adaptation of the repository at the different candidate sites has
been studied since 1990. From 1990 to 1992 the first principles for
preliminary site adaptation were laid down and examples of preliminary site
adaptations for five candidate site were presented. The site-specific
constructability of the disposal facilities were also assessed. The effect of
the depth of the repository was assessed (Vieno et al. 1994). Subsequent site
adaptation studies carried out in 1995 and 1996 have been reported
(Riekkola et al. 1996). The final location and layout of the repository will be
determined step by step as site investigations at the selected site proceed and
the final investigations will be carried out during the construction of the
actual repository.

There are differences between the layout adaptation of the alternative
disposal concepts with respect to constructability, technical feasibility and
site characterization. Some elements which affect layout adaptation are
shown in Figure 3.3-8. To study these factors the layout adaptation for
different alternatives was carried out at three different investigation sites.
The designs for the alternative repository concepts presented in Chapter 3
were used together with the same principles of adaptation with respect to
repository depth and respective distances to fracture zones as used in
previous studies (Riekkola et al. 1996). The layout adaptation was carried
out for all three sites. The layouts for the Kivetty site are shown in Figure
3.3-9 as an example illustrating the differences between the alternative
repository concepts.

The layouts for the KBS-3, KBS-3-2C and SHH concepts shown in Figure
3.3-9 a) and b) are almost the same since they are based on the use of
independent deposition holes and unconnected, parallel, separate deposition
tunnels. The total area covered by the layout of the SHH concept is
approximately 10% smaller than the other two concepts because of the more
even distribution of canisters and heat load in the repository area which ing
gives smaller canister spacing of 7.2 m (the KBS-3 concept has 8 m canister
spacing).
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Lay-out adaptationJ

Figure 3.3-8. Some factors which affect site-specific layout adaptation.

The thermal analyses (Vallander & Ageskog 1993) and comparison of the
basic KBS-3 and the KBS-3-2C concepts (Raiko 1996) has shown that
although the number of deposition holes in the KBS-3-2C concept is only
half that of the KBS-3 concept the repository area is approximately the same
and that the layout is similar for both the alternatives. The smaller number
of deposition holes is compensated for by the fact that in order to to fulfil
the thermal requirements, the distance between the deposition holes in the
KBS-3-2C design has to be increased to 16 m, twice the distance of 8 m for
the basic KBS-3 design. The total length of the deposition tunnels and the
distance between them is therefore the same. The thermal analyses for the
different repository sites were discussed earlier in Section 2.5.2.
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Figure 3.3-9. Layout adaptation of repository alternatives at the Kivetty
investigation site, a) KBS-3 or KBS-3-2C concept, b) SHH concept, c) MLH
concept.
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The lay-out of the MLH concept shown in Figure 3.3-9 c), differs from the
other concepts since both ends of the deposition holes are connected. The
total length of the deposition holes is the same as for the basic concept since
the spacing between canisters, 8 m, as well as the spacing between
deposition holes, 25 m, are exactly the same. Because of the operational
technique and related technical constraints, intersection of the deposition
holes with some of the weakness zones in MLH concept should probably be
avoided even though, in the case of the other alternatives, these weakness
zones could be excavated through. This would also be feasible from the
economic point of view since in this way the construction of a number of
plug structures at intersections with weakness zones could be avoided. An
example of the effect of weakness zones on the layout can be seen by
comparing the lower left area of the repository with regard to fracture zone
R13B in Figures 3.3-9 a) and c). If such a zone of weakness were to be
located in the middle of the repository area on the right hand side, it would
result in considerable changes to the layout. A very similar case would arise
if structures such as R15 were to continue into the repository area.

The layout adaptations of the different alternatives to the different
investigation sites show that the MLH concept is altogether less flexible
than the others, and that in some cases it may not even be a feasible
alternative if the repository area cannot be enlarged. The area covered by
investigation holes at the proposed repository depth is marked by the thicker
dashed line in Figure 3.3-9. The outer limit of the layout adaptation area,
defined on a heuristical basis, is marked with the thinner dashed line. The
outer limit extends a maximum of 350 m from the investigation holes, if not
otherwise constrained to a shorter distance.

The MLH repository design is much more sensitive to problems caused by
unfavourable rock conditions such as fracture zones and high stress. These
prolems may not be totally solvable with current construction techniques
and it may therefore be appropriate to modify the principles of adaptation
for the MLH concept in such a way that no significant fracture zones are
intersected by the deposition holes. This may result in a dramatic increase in
the repository area. In the case of the MLH concept there is a basis for
locating the repository only within the area covered by the investigation
holes. After the final geoscientific characterization it may turn out that the
area covered by the investigation holes is too small for the MLH design or
that it is not feasible to adapt the design by, for example, shortening the
deposition holes, which represents a significant difference to the other
alternatives.
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3.3.4.2 Characterization of the repository area

Site investigations until the year 2000 are focused on selection of the
disposal site. The selection of the disposal concept to be used should
therefore be based on the present investigation scheme. After the year 2000,
supporting investigations will be carried out including the excavation of an
investigation shaft at the selected site. The scope of these investigations
depend on concept-specific adaptation requirements which are aimed at
more detailed design of the repository.

Prior to the sinking of a shaft, investigations will be carried out to establish
a sound basis for understanding the hydrological conditions and reference
values to be monitored during construction (YJT 1996). During the sinking
of the investigation shaft, investigations will be carried out from the shaft
and sub-level investigation facilities. Characterization of the repository area
will be continued during excavation of the repository by emplying a wide
variety of means including investigative core drilling.

The repository area characterization scheme will obviously be the same for
the basic KBS-3 concept and the KBS-3-2C and SHH concepts since there
are no significant differences in the layout adaptation. In the case of the
MLH concept more detailed information and a higher level of confidence is
required (see discussion in Sections 3.3.2 and 3.3.3).

The difference in characterization between the MLH concept and the other
alternatives becomes more significant when investigations are carried out at
the repository level and focused on the properties of the near field rock and
the positioning of deposition holes as well as canisters. Investigations are
Likely to include coring of investigation holes at the probable positions of
deposition holes and in-hole tests. One of the most important aspects of the
positioning of deposition holes and canisters will be the hydraulic
characterization. In the case of the KBS-3, KBS-3-2C and SHH concepts,
characterization of the near field around the deposition hole prior to boring
of the holes can easily be carried out from the nearby deposition tunnel.
Information visible on the surface of tunnel can also be easily utilized. In the
case of the MLH concept characterization of the near field will have to be
carried out from the central tunnel and will also have to cover a wider area -
up to a distance of about 200 m, the length of the deposition holes. It is
evident that in the case of the MLH concept the characterization data will
not be able to reach the level of detail found in the other concepts even
though the requirements for detail is actually higher.

After positioning, the deposition holes will be excavated and canister
emplacement carried out. In the case of the MLH concept the positioning of
deposition holes will have to be carried out using less precise information
than in the other alternatives. It is therefore obvious that in the MLH concept
the final degree of utilization of deposition holes will be lower than in the
case of the other alternatives.
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In the case of the KBS-3-2C concept, similar characterization methods and
techniques can be used although the investigations will have to penetrate
further from the tunnel surface. The distance between the deposition holes is
greater and the coupling of information between neighbouring holes is
therefore weaker. The characterization data should make it possible to
evaluate whether the total hole or only a part of it fulfils the criteria for
deposition and canister positioning. If the total length of a deposition hole
does not satisfy the canister positioning criteria, it may be only be possible
to emplace a single canister in the hole.

In the case of the SHH concept the canister spacing of 7.2 m is shorter than
for the KBS-3 concept. The total area for characterization is therefore
slightly smaller. Similar methods can be used although the actual techniques
for characterization differ from those used for the basic concept because of
the horizontal orientation of the deposition holes.

3.3.5 Conclusions - technical feasibility

It was a conclusion of the PASS project that the Very Deep Holes and Very
Long Holes concepts were not considered to be feasible and consequently
they have not been assessed any further.

The robustness and flexibility of the designs for the other disposal concepts
vary. The KBS-3 type and KBS-3-2C type designs with vertical holes can be
considered to be robust. The deposition of canisters is not linked and
deposition hole positioning can be carried out in steps. The canister
emplacement equipment can even be manually controlled if this is
necessary.

The operational phase of the SHH concept using horizontal holes is
technically more complex than the KBS-3 and KBS-3-2C designs which
employ vertical holes. The risk of equipment failure is therefore probably
greater even though the actual difference is not considered to be of great
significance.

The design of the MLH concept is not as mature as the other designs in
regard to the techniques used in construction and operation. Not only are
there several potential problems connected with the deposition procedure,
the lack of reference information about the technique itself and the
behaviour of long horizontal deposition holes which intersect fracture zones
both impair the credibility of the method.

The technique used to reinforce and seal possible local fracture zones in the
long MLH deposition holes should be fully developed before the concept is
employed, even though the risk of a transport vehicle getting jammed in a
hole is probably very small. To promote occupational safety, the canister
emplacement equipment should be either completely or partly remote-
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controlled and this implies the use of more complicated and therefore more
vulnerable devices.

The deposition vehicles in the MLH concept will be based on significantly
more complicated techniques than those required for other concepts. The
results of technical malfunction are emphasized because the deposition of
canisters in a single hole must be carried out in a long non-stop sequence.
The worst situation that could occur would be for a canister deposition
vehicle to become jammed within a deposition hole. In the MLH concept
there are other risks associated with the performance of the bentonite buffer
such as swelling of the bentonite during canister emplacement and a lack of
available data means that these risks may not be fully comprehended.

From the site adaptation point of view it seems evident that the rules used
for site adaptation in the MLH concept should be more restrictive than those
employed for the other concepts so that significant fracture zones are not
intersected. This may lead to a more complicated and less flexible layout,
which is also likely to be less cost-efficient. This could affect the degree of
utilization of some sites to a significant extent. Layout adaptability is to a
some extent a cost factor but it can also limit the selection of possible sites.
The way in which the degrees of uncertainty in site-specific structural
models are handled may also pose a significant matter with respect to site
adaptation and constructability of MLH type repositories.

The flexibility of the technique for installation of the bentonite buffer is
more robust in the basic KBS-3 and KBS-3-2C concepts using vertical holes
than in the SHH and MLH alternatives which employ horizontal holes. It is
easy to use bentonite powder and pellets to fill the void space around the
canister and the bentonite blocks in vertical holes. Such techniques may not
be feasible in the long horizontal holes of the MLH concept. In the case of
the SHH concept it might be possible to develop a technique which could be
used to some extent in the shorter horizontal holes. The use of bentonite
powder in the SHH design can be seen partly as a cost factor since if the
surface geometry of the hole is good enough the required density of
bentonite buffer will probably be achieved without using it.

There are distinct differences between the alternative concepts in the wetting
of bentonite during the operational phase. These differences favour the
KBS-3 and KBS-3-2C type concepts using vertical holes over the MLH and
SHH concepts using horizontal holes. It is easy to use artificial watering to
saturate the bentonite in the KBS-3 and KBS-3-2C concepts and this may
turn out to be a significant advantage.

There are no great technical differences between the KBS-3 or KBS-3-2C
concepts and the SHH concept. The use of one or more canisters in the
KBS-3 type deposition holes can be regarded as a design optimization
question with respect to cost. There are, however, other factors also
involved such as the coupling between successive canister emplacements.
However no benefits are achieved when emplacing more canisters in a
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single hole. The most significant difference between the alternatives is that
with vertical holes there is much more flexibility in respect of the use of
different forms of bentonite. The use of compacted blocks, powder and
pellets, which favours the employment of vertical holes, is suggested as a
subject for further study.

It is likely that the clearance between the bentonite buffer and the bedrock
will be larger in the MLH concept and therefore the initial density of the
bentonite buffer should be increased accordingly, this may cause problems
in achieving a homogeneous buffer of the required final density.

No major differences arise between the KBS-3 type and KBS-3-2C type
concepts in the layout design since the total length of the deposition tunnels
is the same. The main technical difference is that when emplacing two
canisters in a deposition hole the emplacement process is linked and should
be carried out in two successive phases. The number of holes rejected during
the characterization phase could also be slightly larger if a complete hole is
rejected because the positioning criteria are not met in one section of the
hole.

It is concluded that from the technical point of view that there are obvious
technical difficulties and uncertainties associated with the MLH concept.
These difficulties and uncertainties are emphasized by the integrity of
successive canister emplacements and they cannot be solved without
considerable development work, the credibility of the concept is therefore
reduced.

3.4 POST-CLOSURE PERFORMANCE

Background: PASS project

Several alternative disposal concepts were evaluated in SKB's PASS project
(SKB 1992, Birgersson et al. 1992), to which also TVO made some
contributions. The disposal concepts assessed included KBS-3 and MLH,
and two concepts discussed only very briefly in the present study (Chapter
3.2.5), Very Deep Holes (VDH) and Very Long Holes (VLH). The
alternative canister designs included KBS-3 (molten lead filling), HIP
(copper canister by hot isostatic pressing), ACP, steel, steel with lead filling,
and titanium with concrete filling for the VDH concept.

As concerns the long-term performance and safety of the canister designs,
the PASS project gave joint first place to the three copper canister designs:
KBS-3, HIP, and ACP. In the overall ranking (long-term safety, technology,
and costs), ACP was judged as the first alternative, and KBS-3 second. As
concerns the long-term performance and safety of the disposal concepts,
three alternatives, KBS-3, MLH, and VLH, were ranked in joint first place.
The Very Deep Holes (VDH) concept was given the lowest ranking because
the system's long-term isolating capacity was considered to be associated
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chiefly with only one barrier, the geosphere, and because the knowledge of
actual conditions at depths between two and four kilometres in the bedrock
is rather limited. In the overall assessment (long-term safety, technology,
and costs), KBS-3 was ranked ahead of MLH and VLH.

Commonalities and differences between the alternatives of the present
study

Four alternative disposal concepts are assessed in the present study:
- the basic KBS-3 concept
- two canisters in a vertical deposition hole (KBS-3-2C)
- Short Horizontal Holes (SHH) in the walls of the deposition tunnels
- Medium Long Holes (MLH) where 20 to 25 canisters are emplaced in a

horizontal, about 200 metres long hole bored between the central and side
tunnels.

These concepts have been described and their technical feasibility assessed
in Chapters 3.2 and 3.3. In all the alternatives it is assumed that:

- The repository is located at the depth of about 500 metres and the layout
is adapted to the local structure of the bedrock.

- Cast insert type copper canisters for eleven BWR or VVER-440 fuel
assemblies (see Chapter 2.5.1) are used.

- The deposition hole is bored and has a diameter of approx. 1.7 metres,
the thickness of the layer of compacted bentonite between the canister
and rock is 35 cm.

- The spacing of the deposition holes and canisters is adapted to the
cooling capacity of the buffer and rock so that the maximum temperature
at the canister-buffer interface will be below 100 °C.

Below we discuss and assess the long-term performance and safety of the
alternatives in qualitative terms. The alternatives are compared to the basic
KBS-3 design, and the following notations are used in the comparison:

++ potentially significant, positive feature
+ positive feature
? feature requiring further studies
- negative feature
- potentially significant, negative feature.

Two canisters in a deposition hole (KBS-3-2C)

+ The lower canister is further away from disturbances caused by the
tunnel.

? Potential sinking of the two canisters in the deposition hole due to
poor properties of bentonite needs to be considered.

- Characterisation of the deep hole may be more difficult.
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Short Horizontal Holes (SHH)

+ The rock mechanical stability is better than in the KBS-3 concept
(Tolppanen et al. 1995).

+ There is more buffer and backfill material in the deposition hole
and the canister is further away from the tunnel.

- Because of the horizontal emplacement, a defect in the canister lid
weld may be located underneath the canister, which may result in
that the canister fills up with groundwater, all of which is then
pumped out of the canister as a result of the generation of corrosion
gases (a situation like this is not possible if the canister is in the
vertical position).

- The deposition hole is closer to the roof of the tunnel where
disturbances may be caused by rock mechanical stress and due to
the potential compression of the tunnel backfill.

- There is a risk that buffer and backfill swell into the tunnel and that
the canister moves in the deposition hole.

Medium Long Holes (MLH)

++ Canisters are far away from disturbances caused by the tunnels.
They are surrounded by a bentonite buffer in a long hole, the boring
of which has caused only minor disturbances in the rock.

+ The central and side tunnels may form a hydraulic cage around the
deposition holes.

- Because of the horizontal mode of emplacement, a defect in a
canister lid weld of the lid may be located underneath the canister,
which may results in that the canister fills up with groundwater, all
of which is then pumped out of the canister as a result of the
generation of corrosion gases.

- Pre-characterisation of the locations of the deposition holes is
difficult.

- A deposition hole with a length of about 200 metres will probably
be intersected by fracture zones.

- The emplacement of canisters and bentonite by remote-controlled
equipment in the long and narrow deposition hole is a rather
complex technical operation. Rock pieces, water inflows, and
uneven wetting of the bentonite may cause deviations from the
planned properties and configuration which may be difficult to
detect and correct before the sealing of the repository.

- The deposition hole with 20 to 25 canisters is vulnerable to
common mode failures, for example to U-tube flow, if the plugs
and buffer fail.
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Other aspects

The amounts of compacted bentonite in the deposition hole per a BWR
canister are as follows: SHH 16.6 m3, MLH 14.3 m3, KBS-3 11.0 m3, and
KBS-3-2C 9.4 m3. From the point of radionuclide transport, a large
bentonite/fuel ratio is favourable as the buffer disperses and retards the
releases from a defective canister.

In connection with the PASS study, Romero et al. (1992) carried out release
calculations for a defective canister in a Very Long Hole (VLH) type
repository. The results showed fairly small differences when compared with
the KBS-3 concept. These differences were associated with the different
inventories and different thicknesses of the canister wall (release through a
hole in the canister wall) in the studied cases. In general, the differences
between the results were considered to be insignificant taking into account
the uncertainties in the assumptions.

From the point of view of rock mechanical stability, the KBS-3 and
KBS-3-2C designs are perhaps the most vulnerable ones as all the
deposition holes are along the centre line of the tunnel. As concerns the
mechanical consequences of a large rock displacement, there should not be
very significant differences between the alternatives because the diameters
of the canister and deposition hole, and the thickness of the bentonite layer
are similar. Vertical emplacement concepts are, of course, more vulnerable
to horizontal movements and horizontal ones to vertical movements.

Conclusions and discussion

From the point of view of long-term performance and safety we rank the
KBS-3 design as the best alternative. The suitability of a potential location
for a deposition hole can be examined fairly well from the tunnel, possibly
using a small-diameter pilot borehole and after boring, by inspecting the
deposition hole itself. The emplacement and sealing operations are simple,
and the canister can fitted firmly and accurately into the deposition hole. The
simplicity of operations and the canister-per-hole design reduce the risk of
common mode failures.

In the Short Horizontal Holes (SHH) concept, there are some concerns
related to the behaviour of the buffer and backfill in the horizontal hole and
potential movement of the canister in the deposition hole. Similar, but less
severe concerns are related to the potential sinking of the two canisters in
the KBS-3-2C concept in the case of poor properties of bentonite.

From the point of view of post-closure performance assessment, a sealed
Medium Long Hole (MLH) looks like a good solution (see Figure 3.2-17).
The canisters are emplaced in the bentonite buffer in a long hole, the boring
of which has caused only minor disturbances in the surrounding rock, far
away from the tunnels. However, there are some significant uncertainties
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involved. The long deposition hole will probably be intersected by some
fracture zones. The emplacement of canisters and bentonite by remote-
controlled equipment in the long and narrow deposition hole is technically
difficult. Rock pieces, water inflows, and uneven wetting of the bentonite
may cause deviations from the planned properties and configuration which
may be difficult to detect and correct before sealing of the repository. The
concept is vulnerable to common mode failures.

The Very Long Holes (VLH) concept studied in the PASS project was based
on three parallel, very long holes (four kilometres in the Swedish case) in
which all the canisters were to be emplaced. The canister design for the
concept was rather massive, with a diameter of 1.6 metres, and the diameter
of the deposition hole was planned to be 2.4 metres. In the PASS evaluation,
the difficulties associated with the emplacement of large and heavy canisters
in the relatively narrow space was considered to be the main disadvantage
and source of uncertainty in achieving the desired level of quality in the
VLH concept (SKB 1992).

In the MLH design, the canister is of standard size (diameter 0.98 m), but
there are a number of uncertainties about the emplacement of canisters and
bentonite by remote-controlled equipment in the long and narrow deposition
hole (diameter 1.7 m) which need to be taken into consideration when
assessing post-closure performance.

The technical difficulties discussed above and the low ranking of the VLH
and MLH concepts in the PASS study and the present comparison do not
mean that the horizontal emplacement of canisters should be considered
unfeasible from the technical or post-closure performance point of view.
Many of the difficulties and uncertainties associated with the VLH and
MLH concepts could be avoided by emplacing "standard-sized" canisters in
a horizontal position in the centre of "standard-sized" tunnels, with the
drawback of increased bentonite costs. This is the basic concept for the
disposal of HLW canisters, for example, in the Swiss and Japanese
programmes. In these designs, the thick layer of bentonite around the
canisters is an important safety feature (NAGRA 1994, PNC 1992).
Recently, AECL has developed a horizontal disposal concept for copper
containers containing used Candu fuel (Wikjord et al. 1996).
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3.5 COST ASSESSMENT OF THE REPOSITORY DESIGNS

3.5.1 General

Costs for the alternative repository concepts are estimated in the following
manner:

- The total cost of the basic KBS-3 design is used as a reference and has
been calculated in a detailed manner.

- The main differences in construction, operation and closure of the other
alternative designs with respect to the reference design have been
identified.

- The costs of the main differences recorded have been evaluated.

The total cost includes the cost of the construction, operation and closure of
the repository as well as the costs of ownership. Value added tax is excluded
and the price level for the estimations is December 1996. No allowance for
uncertainty has been attached to the cost estimates presented. The
uncertainty in cost estimates used for technical feasibility assessments is
usually in the region of 10 to 20% of the total cost of a specific element
depending on the level of design and cost reference of the element in
question.

When considering the alternative concepts, estimates of the differences in
cost with respect to the basic KBS-3 design are based on the unit prices used
in calculations for the basic concept (Saanio & Kokko 1997) when such cost
figures are applicable. Estimates are otherwise based on reference
information for new designs such as the cost of equipment for canister
deployment (Henttonen & Suikki 1995a, 1995b) or they have been estimated
for the first time in this context. Some of these "first time" cost estimates,
most of which are for the MLH concept, have been estimated without proper
reference information and should be considered as being preliminary. Some
of the cost information related to the design of the MLH concept is not at an
equivalent level of detail to the other alternatives and the estimates should
therefore be regarded as relatively approximate.

3.5.2 Basic concept KBS-3

This estimate of comparative costs is based on cost estimates for the basic
concept (Saanio & Kokko 1997). The assumption I made that the repository
is constructed in two phases. In the first phase a shaft is excavated in order
to carry out investigations. In the second phase the repository is built and the
investigation shaft is assumed to serve as the work shaft for the repository.

The costs to be compared are divided into construction, operation and
sealing costs. The cost of constructing and operating the investigation shaft
is not included. High costs in the operational phase are caused by the
backfilling of the deposition tunnels that is completed during this phase. The
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investigation phase is scheduled to last 7 years and the operating phase is
scheduled to last 22 years.

Estimated comparative costs for the repository are (see Figure 3.5-1):

Construction FIM470 million

Operation FIM 622 million

Sealing FIM 188 million

TOTAL 1280 Mmk

COSTS FOR SEALING CONSTRUCTION OF
15% THE REPOSITORY

37%

OPERATING OF
THE REPOSITORY

49%

Figure 3.5-1. Cost elements for the basic KBS-3 concept.

3.5.3 KBS-3-2C with two canisters in one deposition hole

In the case of KBS-3-2C with two canisters in a single vertical deposition
hole, the total number of deposition holes is reduced by 1 910 meters. The
volume of holes required will correspondingly decrease by 4 234 m3. Of this
decreased volume 2 540 m3 consisted of bentonite blocks and the remaining
1 694 m3 consisted of a bentonite-sand mixture. The number of deposition
tunnels and other facilities are the same as in the basic concept.

The total cost of the KBS-3-2C concept is estimated to be FIM 36 million
lower than the cost of the basic concept (see Table 3.5-1). The cost estimates
for boring, sealing and filling the deposition holes are based on unit prices
calculated from the cost estimate for the basic concept (Saanio & Kokko
1997). The costs of the canister truck and the bentonite truck are estimated
to be approximately FIM 1 million higher than in the basic concept. It is
assumed that operating and service costs are the same as for the case of
emplacing only a single canister in each deposition hole. It is also assumed
that no supporting structure is needed underneath the lower canister.
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Table 3.5-1. Differences in cost between the KBS-3-2C concept and the
basic concept. A negative value means that costs in the KBS-3-2C
concept are lower than in the case of the basic concept.

COST ITEM
Boring and sealing of deposition holes
Canister truck and bentonite truck
Bentonite blocks in the holes
Backfilling of the upper parts of the
holes
TOTAL

DIFFERENCES
TO THE BASIC

CONCEPT
QUANTITY

-1 910 m

- 2 540 m3

-1 694 m3

FIM million
-15.0

1.0
-20.6

-1.5

-36.1

3.5.4 Short Horizontal Holes, SHH

In the SHH concept the horizontal deposition holes are 2.5 meters longer
than in the basic KBS-3 concept and total length of holes required increases
by 3 825 metres. The volume of hole required correspondingly increases by
8 470 m3, of which 7 792 m3 will be filled with a bentonite-sand mixture
and 678 m3 with bentonite blocks. The length of the deposition tunnels
required will be 1 385 meters less than in the basic concept and the
corresponding volume will decrease by 17 450 m3. The volume of tunnel
backfill required is reduced by 19 200 m3. The differences in the above
mentioned volumes and costs is caused by the fact that theoretical design
volumes are used when calculating the cost of excavation whereas the cost
of backfilling is based on the real volume, which is larger than the
theoretical excavation volume. The figures for other facilities required are
the same as in the basic concept. The time required for placement of a single
canister and its surrounding bentonite buffer will be 16 working hours more
than the time required for emplacement in a vertical deposition hole
(Henttonen & Suikki 1995a, 1995b).

The total cost of the SHH concept is approximately FIM 14 million higher
than the cost of the basic concept (see Table 3.5-2). The cost estimates for
boring, sealing and filling the deposition holes are based on unit prices
calculated from the cost estimate for the basic concept (Saanio & Kokko
1997). Unit prices for these tasks are assumed to be same as in the case of
vertical holes. The cost of the equipment for emplacement of canisters and
bentonite is estimated to be FIM 2.9 million higher than in the case of
vertical holes (Henttonen & Suikki 1995a, 1995b). The extra costs involved
in installing the 1 530 canisters and surrounding bentonite buffers in to
horizontal holes have been estimated using time calculations (Henttonen &
Suikki 1995a, 1995b) and unit prices per working hour (Saanio & Kokko
1997). Unit prices for excavation and backfilling of the deposition tunnels
are the same as in the basic concept (Saanio & Kokko 1997).
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Table 3.5-2. Cost differences between the SHH concept and the basic
concept. A negative value means that the costs of the SHH concept are
lower than in the case of the basic concept.

— ^ — — *~ DIFFERENCES
TO THE BASIC

COST ITEM QUANTITY FEVI million
Boring and sealing of deposition holes 3 825 m 29.9
Canister truck and bentonite truck 2.9
Installation of canisters and bentonite 1 530 canisters 3.5
Bentonite blocks in the holes 678 m3 5.5
Backfilling of deposition holes 7 792 m3 6.8
Excavation of the deposition tunnels -17 450 m3 -10.3
Backfilling of the deposition tunnels -19 200 m3 - 24.6
TOTAL 13.7

3.5.5 Medium Long Holes, MLH

The excavation of deposition holes in the MLH concept is carried out by
horizontal raiseboring. Tunnels at the repository level are constructed by
drilling and blasting. The total length of deposition holes required is
14 600 m. The volume of bentonite blocks needed is 7 800 m3 more than in
the basic concept. The volume of concrete plugs required for the holes is
365 m3. The total length of deposition holes in the basic KBS-3 concept was
10 940 m. Instead of the deposition tunnels, totalling 180 890 m3 in volume,
the MLH concept has side tunnels, the volume of which is 50 000 m3. The
corresponding volumes of backfill required are 199 000 m3 (for the basic
concept) and 55 000 m3 (for the MLH concept) respectively.

The estimated cost of the MLH repository is about FIM 98 million less than
the cost of the basic KBS-3 type repository (see Table 3.5-3). All the
negative costs in Table 3.5-3, i.e. excavation and backfilling of the side
tunnels, cost for bentonite blocks and concrete plugs in the holes are based
on the unit prices used in the cost estimate for the KBS-3 type basic concept
(Saanio & Kokko 1997). The costs of the equipment required for the
emplacement of canisters and the bentonite buffer and necessary rails are
estimated to total approximately FIM 50 million.

The accuracy of the cost estimate has been impaired by a greater degree of
uncertainty than in the case of the other alternatives. In the main the
uncertainties relate to the cost estimates for systems, sealing and
reinforcement of the holes, auxiliary operation failure control systems and
the equipment required for emplacement of canisters and the bentonite
buffer, and rails. There are also some additional uncertain cost factors
connected with characterization, layout adaptation and the degree of
utilization of the repository area which have not been included in the total
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cost presented in Table 3.5-3, but which may have a significant effect on the
total cost.

To calculate the comparative cost of the repository, the same principles have
been used for the site-specific adaptation of the MLH concept as were used
for the basic KBS-3 concept, although there are considerations, such as
sensitivity to water-conductive rock fractures, which affect long-term safety
and operation and which imply the need for stricter adaptation principles
and a lower degree of utilization of the repository area. The cost of the MLH
concept is very sensitive to differences in adaptation principles and
uncertainties in the bedrock model because the concept is inflexible and
difficult to modify to take account of existing rock conditions.

In the comparative cost estimate presented in Table 3.5-3 it is assumed that
10% of the deposition holes are rejected as unsuitable because of
unfavourable rock conditions in the same manner as in the basic concept
where the assumption has been made that 10% of the deposition tunnels and
holes will not be used for same reason. The possible effect on the total cost
of employing stricter characterization and adaptation principles in view of
the higher sensitivity of the MLH concept to rock fractures can be illustrated
if it is assumed that the cost of characterization in greater detail would
involve additional expenditure of some FIM 10 million.

The additional cost resulting from a lower degree of utilization is
FIM 40 million if it is assumed that 20% of canister positions in deposition
holes would be rejected, 10% of deposition holes would be judged
unsuitable for exploitation, and that the number of unexploitable canister
positions resulting from the employment of wider safety margins would be
5%. If the layout would have to be divided into two separate sections some
500 m apart the additional cost would be about FIM 60 million.

The possible additional costs resulting from the above-mentioned
assumptions which take account of the inflexibility of the MLH concept and
its sensitivity to the presence of fracture zones in the bedrock represent a
total of some FIM 110 million (see Table 3.5-4). If all these possible costs
were to be realized, the total cost of the MLH concept would be
FIM 12 million higher than the cost of the KBS-3 type basic concept.
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Table 3.5-3. Cost differences between the MLH concept and the basic
concept. Negative values mean that the costs of the MLH concept are
lower than in the basic concept.

COST ITEM

Boring and sealing of deposition holes
Boring of deposition holes
Sealing and reinforcement of holes
Bentonite blocks in the holes
Concrete plugs in the holes
Backfilling of holes
Excavation of deposition tunnels
Backfilling of deposition tunnels
Excavation of side tunnels
Backfilling of side tunnels
Equipment for bentonite and canister
installation and rails
Auxiliary operation failure control
systems and equipment
Systems
TOTAL
* includes considerable uncertainties

DIFFERENCES
TO THE BASIC

CONCEPT
QUANTITY

-10 940 m
14 600 m
14 600 m
7 800 m3

365 m3

-3 390 m3

-180 890 m3

-199 000 m3

50 000 m3

55 000 m3

FIM
million

-85.6
73.0

*29.2
63.3

1.0
-3.0

-106.5
- 254.5

29.5
70.3

*50.0

*25
*10

(-98.3)

Table 3.5-4. Demonstration of possible additional costs of the MLH
repository caused by the requirement for more detailed
characterization, stricter adaptation principles and layout inflexibility
(compared to the KBS-3 basic concept).

COST ITEM

Reduction in the degree of utilization
of deposition holes (10+10 + 5%)
Division of the layout into two
sections, extension of central tunnels
More detailed characterization
TOTAL

DIFFERENCES TO
THE BASIC
CONCEPT

QUANTITY

3 700 m

1000 m

FIM
million

40

60

10
110
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3.5.6 Comparison of costs

The estimated cost for the construction, operation and closure of the basic
concept is about FTM 1 280 million (Saanio & Kokko 1997). According to
this evaluation the estimated total cost of both the KBS-3-2C and SHH
concepts are within a few percent of the total cost of the KBS-3 type basic
concept. The estimated total cost of the MLH concept is some 8% lower
than the other alternatives. A comparison of the estimated costs is shown in
Figures 3.5-2 and 3.5-3.
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MLH
CONCEPT
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Figure 3.5-2. Costs of the alternative repository concepts. The additional
cost refers to the possible additional costs presented in Table 3.5-4.
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SHH
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MLH
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MLH
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with additional
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Figure 3.5-3. Differences of cost compared to the basic concept. The
additional cost refers to the possible additional costs presented in
Table 3.5-4.
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Only the cost of the MLH concept differs significantly from the cost of the
basic concept. The cost estimates show that the MLH concept is the most
economic even though the operating equipment is estimated to be more
expensive than that required for the basic concept. Cost savings in the MLH
concept result in the main from the smaller volume of deposition holes and
deposition tunnels which significantly reduces the costs involved in
excavation and backfilling.

The maturity of the MLH design is not at the same level as the other
alternatives and changes may therefore be required in both the technical
design and layout, and these changes may affect the comparative total cost.
For example, the excavating the deposition holes by blindboring, which
would eliminate the need for side tunnels, could have a significant influence
on the comparative total cost.

The cost estimate for the MLH concept includes uncertainties in respect of
the sealing and reinforcement of holes, operating equipment, auxiliary
operational systems, and systems in the repository (see Table 3.5-3). These
uncertainties do not, however, have a significant effect on the estimated total
cost.

The cost of excavation and backfilling of the MLH repository is very
sensitive to changes in the principles used for adaptation because the layout
is not as flexible as in the other alternatives. Changes in the adaptation
principles based on constructability, such as the respective distances to
fractures zones, easily increase the total rock volume required for the layout
and may therefore result in significant cost increases, or in the worst case,
make the use the concept at certain sites impossible.

The possible additional cost which results from the inflexibility of the layout
design and the use of possibly stricter adaptation principles may have a
significant effect on the total cost even though there are uncertainties
involved in these costs (see Table 3.5-4). An additional contingency cost of
FIM 110 million demonstrated would offset the lower estimated total cost of
the MLH concept and would make the total cost clearly higher than that of
the other alternatives.

The comparative figures show that the cost of the KBS-3-2C concept is
about 3% lower than the cost of the basic KBS-3 concept and that the cost of
the SHH concept is about 1% more. The cost of the MLH concept is 8%
percent less than the cost of the basic KBS-3 concept but if the uncertainties
in the additional costs presented were to be realized becomes it becomes
about 1% more. Therefore, on the basis of the designs presented here there
are no clear and significant differences between the costs of the alternatives
if the uncertainties in cost estimates and especially the special concerns
about the MLH concept are taken into account.

The cost estimate for the MLH concept does not include the cost of research
and development work required for the design, or the costs of site
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characterization. The equipment proposed for use in the operation of the
MLH concept, such as the equipment for emplacement of bentonite, is based
on a novel technique which is more complicated then those employed in the
other alternatives and this may therefore require more extensive
development work. This consideration, together with the more detailed
characterization information required for the site-specific layout adaptation
may further increase the final total cost of the MLH concept.

3.6 DISCUSSION AND COMPARISON OF ALTERNATIVE
REPOSITORY DESIGNS

In the previous sections, alternative repository designs were assessed in
terms of their technical feasibility, long-term safety, and costs. This
assessment shows that it is the Medium Long Holes (MLH) concept, in
which up to 25 canisters and associated bentonite blocks need to the
emplaced in succession into a long and narrow deposition hole using
remote-controlled equipment, which is the most uncertain and where there is
the greatest need for development work related to operating procedures.
Fracture zones, loose pieces of rock, inflows of water and uneven or too
rapid wetting of bentonite may cause problems. The KBS-3 and KBS-3-2C
concepts in which the canister and bentonite blocks are emplaced in two
separate procedures are technically easier to implement. A similar principle
may be used also in the Short Horizontal Holes (SHH) concept although the
emplacement equipment will be technically more complex.

The benefits of the basic KBS-3 repository design, a single canister in a
vertical deposition hole, include good possibilities for the detailed
positioning of the deposition holes, comprehensive inspection of the bored
holes as well as effective quality assurance during emplacement of the
bentonite buffer. The transfer and emplacement procedures for both
canisters and bentonite buffer blocks are simple. In vertical deposition holes,
it also feasible to utilise other forms of bentonite such as pellets, powder and
slurry to fill the gaps between the canister and precompacted bentonite
blocks, and between the bentonite blocks and the bedrock in order to
achieve the desired final buffer density. If necessary, bentonite can be wetted
artificially after emplacement of the canister.

From the site adaptation point of view it is evident that the requirements for
rock quality, in terms of the frequency of significant fracture zones, are more
stringent in the MLH concept than with the other alternatives, and this may
also have both cost and site utilisation implications. Control of quality with
respect to layout adaptation, construction, operation and backfilling of
deposition holes is easier to achieve in concepts based on the emplacement
of single canisters in short deposition holes rather than the emplacement of
many canisters in long deposition holes. From the rock mechanical stability
point of view, horizontal deposition holes may, however, be beneficial if the
in-situ rock stress/strength ratio is very high.
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As concerns post-closure performance and safety, there appears to be no
significant differences between the repository designs assessed, all of which
fulfil the safety requirements. The Medium Long Holes concept is a good
solution if it could be realised and sealed exactly as it is designed. Canisters
would be emplaced in a bentonite buffer in a long hole, the boring of which
has caused only minor disturbances in the surrounding rock, far from the
excavated tunnels. Malfunctions during the emplacement of canisters and
buffer may, however, affect the long-term performance of this concept.
Potential deviations from the planned properties and configuration may be
difficult to detect and correct before the repository is sealed. The MLH
design is also vulnerable to common mode failure, for example U-tube flow,
if the buffer and plugs fail.

The differences between the compared costs of the alternative repository
designs are quite small. The cost of the MLH repository is estimated to be
lower by some FIM 100 million than the cost of the KBS-3 repository
design, i.e. by about 8%. The cost estimate for the MLH concept does
however include significant uncertainties which could increase the estimated
total cost to approximately 1% more than the basic KBS-3 design.

Among the alternatives assessed, the KBS-3-2C design with two canisters in
a deposition hole is preferred to the Short Horizontal Holes (SHH) concept
as a second alternative to the basic KBS-3 design. The KBS-3-2C design is
technically fairly simple and allows the use of different forms of bentonite
and the possibility of artificial wetting of the bentonite buffer. The costs of
the KBS-3-2C concept are somewhat lower than those of the SHH design.
The SHH concept could become a more interesting alternative if the rock
stress/strength ratio at the selected disposal depth is very high. The
uncertainties related to unwanted movement of the bentonite buffer and
canisters in the deposition hole after emplacement are more significant in
the case of the SHH concept than in the KBS-3-2C design.
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CONCLUSIONS

The new canister design with a massive cast insert inside the copper
overpack is recommended as the main alternative for further research and
development. In this design, fuel assemblies are emplaced in holes in the
insert and the remaining air volume is filled with an inert gas or evacuated.
The structure and mechanical strength of the insert eliminate the risk of
collapse due to corrosion of the inner container as a result of a small initial
defect in the copper overpack. The superior mechanical strength of the cast
insert design also eliminates the risk of a common mode failure of canisters
due to extreme pressure, for example during glaciation. The simple
construction, solid components and inert gas should reduce the probability
of manufacturing defects and also prevent the introduction of impurities into
the canister. The cast insert design also more or less eliminates the concerns
that are related to internal corrosion in an intact canister and to criticality.

The ACP canister with a steel tube inside the copper overpack is also a
viable alternative, from both the manufacturing and the post-closure
performance points of view. Copper spheres or glass beads are preferred as
the potential filling material. Quartz sand is also a possible filler, but care
would have to be taken to prevent any dust from interfering with the final
welding on the copper container.

From the point of view of construction and operation, the basic KBS-3
repository design is the most robust and flexible alternative. The locations of
deposition holes can be decided by taking into account the local properties
of the rock as observed in the tunnel or by using small-diameter pilot
boreholes. Vertical deposition holes allow the use of bentonite in different
forms to fill gaps between the canister and the pre-compacted bentonite
blocks, and between the bentonite blocks and the bedrock. The bentonite
buffer can be wetted artificially if required once the canister has been
emplaced. The canister transfer, canister emplacement, and sealing
operations are technically uncomplicated.

In the KBS-3-2C concept with two canisters in a vertical deposition hole
and in the Short Horizontal Holes (SHH) concept the canister transfer,
canister emplacement and sealing operations are more difficult than in the
basic KBS-3 design. The technical difficulties and risk of malfunctions are
largest in the Medium Long Holes (MLH) design in which up to 25 canisters
and the surrouding bentonite blocks need to be emplaced in succession into
a long and narrow deposition hole using remote-controlled equipment.
Fracture zones, loose pieces of rock, inflows of water, and uneven or too
rapid wetting of bentonite may cause problems.

As concerns post-closure performance and safety, there are no significant
differences between the repository designs assessed. The Medium Long
Holes concept looks to be a good solution if it could be realised and sealed
exactly as it is designed. Canisters would be emplaced in a bentonite buffer
in a long hole, the boring of which has caused only minor disturbances in
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the surrounding rock, far from the excavated tunnels. Malfunctions during
the emplacement of canisters and bentonite buffer could, however, affect the
long-term performance of this concept. Potential deviations from the
planned properties and configuration may be difficult to detect and correct
before the repository is backfilled and sealed. The MLH design is also
vulnerable to common mode failures if the buffer and plugs fail.

The differences in the cost estimates for the repository alternatives assessed
are not of great significance.

There are obvious technical difficulties and uncertainties associated with
the MLH concept. The other alternative concepts are therefore preferred to it
at present. This assessment is based on present knowledge and it should be
noted that there is potential for the future development of the MLH
repository design. Nevertheless, although the level of confidence in the
concept could be raised, there are no unambiguous long-term performance
or cost benefits associated with the MLH concept. There is thus no
motivation for the future development of this alternative in Posiva's
programme at the present time.

It is proposed that future research and development focuses on the cast insert
type copper canister design and the basic KBS-3 repository design with a
single canister emplaced in a vertical deposition hole. The concept is robust
and flexible, technically easy to realise, cost-effective, and provides very
good long-term safety.



88

REFERENCES

Aalto, H., Rajainmaki, H. & Laakso, L. 1996. Production methods and
costs of oxygen free copper canisters for nuclear waste disposal. Report
POSIVA-96-08, Posiva Oy, Helsinki.

Aldridge, D. & Anderson, K. 1993. Raise Drilling - A Safe and Effective
Method of Horizontal Tunneling. Australasian Institute of Mining and
Metallurgy, Australia.

Anttila, M. 1988. Criticality safety of the cold process final disposal
canisters. Helsinki, Teollisuuden Voima Oy, TVO/KPA - Safety and
technology, Work Report 88-02.

Anttila, M. 1996a. Gamma and neutron dose rates on the outer surface of
the nuclear waste disposal canisters. Report POSIVA-96-10, Posiva Oy,
Helsinki.

Anttila, M. 1996b. Criticality safety calculations for the nuclear waste
disposal canisters. Report POSIVA-96-11, Posiva Oy, Helsinki.

Autio, J. 1990. Technical feasibility of Very Deep Holes concept for final
disposal of TVO's spent fuel. TVO/Spent Fuel-Safety and Technology,
work report 90-17, Teollisuuden Voima Oy (TVO), Helsinki (In Finnish).

Autio, J. 1992. Technical feasibility of horizontal disposal concepts for final
disposal of TVO's spent fuel. TVO/Spent Fuel-Safety and Technology,
work report 92-08. Teollisuuden Voima Oy (TVO), Helsinki, 50 p (In
Finnish).

Autio, J. & Kirkkomaki, T. 1996. Boring of full scale deposition holes
using a novel dry blind boring method. Report POSIVA-96-07, Posiva Oy,
Helsinki.

Birgersson, L., Skagius, K., Wiborgh, M. & Widen, H. 1992. Project
alternative systems study (PASS) - Analysis of performance and long-term
safety of repository concepts. Stockholm, Swedish Nuclear Fuel and Waste
Management Co (SKB), Technical Report 93-04.

Borgesson, L. 1990. Scenario of SKB/TVO-canister with special respect to
the effect of bentonite intrusion into the canister. Stockholm, Swedish
Nuclear Fuel and Waste Management Co (SKB), Arbetsrapport 90-12.

Fairhurst, C , Ferruccio, G., Gnirk, P., Gray, M. & Stillborg, B. 1993.
OECD/NEA international Stripa project, overview volume I, executive
summary. Svensk Karnbranslehatering AB (SKB), Stockholm, 106 p.



89

Gunnarsson, D., Johannesson, L-E., Danden, T. & Borgesson, L. 1996.
Field test of tunnel backfilling. Aspo Hard Rock Laboratory. Progress
Report HRL-96-28. Svensk Karnbranslehantering AB (SKB), Stockholm.
110 p.

Henshaw, J., Hoch, A. & Sharland, S. M. 1990. Further assessment
studies of the Advanced Cold Process Canister. Didcot, AEA Technology,
Report D&R 0060.

Henshaw, J., Hoch, A. R. & Sharland, S. M. 1991. Modelling studies for
the assessment of the Advanced Cold Process Canister. Proc. of Int. Conf.
on High Level Radioactive Waste Management, Las Vegas, April 1991. P.
953 - 960.

Henshaw, J. 1994. Modelling of nitric acid production in the Advanced
Cold Process Canister due to irradiation of moist air. Stockholm, Swedish
Nuclear Fuel and Waste Management Co (SKB), Technical Report 94-15.

Henttonen, V. & Suikki, M. 1992. Equipment for deployment of canisters
with spent nuclear fuel and bentonite buffer in horizontal holes Report YJT-
92-12. Nuclear Waste Commission of Finnish Power Companies, Helsinki.
46 p + 1 Append.

Henttonen, V. & Suikki, M. 1995a. Equipment for deployment of canisters
with spent nuclear fuel and bentonite buffer in vertical holes. Workreport
TEKA-95-03, Teollisuuden Voima Oy (TVO), Helsinki. 24 p + 11 Append.

Henttonen, V. & Suikki, M. 1995b. Equipment for deployment of canisters
with spent nuclear fuel and bentonite buffer in horizontal holes. Workreport
TEKA-95-04, Teollisuuden Voima Oy (TVO), Helsinki. 24 p + 15 Append.

Jansson, L. 1992. Method for horizontal emplazement of KBS-3 type
canisters in 1.6 m diameter drifts. Arbetsrapport 92-39. Svensk
Karnbranslehatering AB (SKB), Stockholm. 8 p.

Juhlin, C. & Sandstedt, H., 1989. Storage of nuclear waste in deep
boreholes: feasibility study and assessment of economical potential. SKB
Technical Report TR 89-39, Svensk Karnbranslehatering AB (SKB),
Stockholm.

Kaiser, P. & McCreath, D. 1994. Rock Mechanics Considerations for
Drilled or Bored Excavations in Hard Rock. Tunneling and Underground
Space Technology, Vol. 9, No. 4. Pergamon press, Great Britain.

Kukkonen, I. & Lindberg, A. 1995. Thermal conductivity of rocks at TVO
investigation sites Olkiluoto, Romuvaara and Kivetty. Report YJT-95-08.
Nuclear Waste Commission of Finnish Power Companies, Helsinki. 29 p +
3 Append.



90

Marsh, G. P. 1990. A preliminary assessment of the Advanced Cold
Process Canister. Didcot, AEA Technology, Report AEA-InTec-OOl 1.

Muurinen, A. 1992. Transport processes in the buffer and backfill of spent
fuel disposal data for TVO-92 safety analysis. Report YJT-92-09. Nuclear
Waste Commission of Finnish Power Companies, Helsinki.

NAGRA 1994. Kristallin-I safety assessment report. Wettingen, National
Cooperative for the Disposal of Radioactive Waste (NAGRA), Technical
Report 93-22.

Oversby, V. M. & Werme, L. O. 1995. Canister filling materials - Design
requirements and evaluation of candidate materials. Material Research
Society, Pittsburgh, Scientific Basis for Nuclear Waste Management XVm.
P. 743 - 750.

PNC 1992. Research and development on geological disposal of high-level
radioactive waste - First progress report. Power Reactor and Nuclear Fuel
Development Corporation (PNC), Report TN1410 93-059.

Posiva 1996a. Final disposal of spent nuclear fuel in the Finnish bedrock,
Technical research and development in the period 1993 - 1996. Report
POSIVA-96-14, Posiva Oy, Helsinki (In Finnish).

Posiva 1996b. Final disposal of spent nuclear fuel in the Finnish bedrock,
Detailed site investigations 1993 -1996. Report POSIVA-96-19. Posiva Oy,
Helsinki (In Finnish).

Pusch, R., Borgesson, L. & Rahmqvist G. 1985. Final report of the buffer
mass Test-Volume II: test results. Stripa Project, Technical Report 85-12,
Svensk Karnbranslehantering AB (SKB), Stockholm. 195 p.

Pusch, R. & Borgesson, L. 1992. PASS-Project Alternative Systems Study.
Performance assessment of bentonite clay barrier in three repository
concepts: VDH, KBS-3 and VLH. Technical report SKB TR 92-40, Svensk
Karnbranslehantering AB (SKB), Stockholm. 179 p.

Raiko, H. & Salo, J.-P. 1992. The design analysis of ACP-canister for
nuclear waste disposal. Report YJT-92-05. Nuclear Waste Commission of
Finnish Power Companies, Helsinki. 39 p.

Raiko, H. 1993. The effect of filling material on temperature profiles in
copper/steel canisters for spent nuclear fuel. Helsinki, Teollisuuden Voima
Oy (TVO), Work Report TEKA-93-09.

Raiko, H. 1996. Thermal optimisation of the final disposal of spent nuclear
fuel. Helsinki, Posiva Oy, POSIVA-96-03 (In Finnish).



91

Raiko, H. & Salo, J.-P. 1996. Design report of the canister for nuclear fuel
disposal. Report POSIVA-96-13, Posiva Oy, Helsinki.

Riekkoia, R. & Salo, J.-P. 1996. Final repository for spent nuclear fuel.
Technical research and development in the period 1993 - 1996. Work report
TEKA-96-09, Posiva Oy, Helsinki (In Finnish).

Riekkoia, R., Saanio, T. & Salo, J.-P. 1996. Preliminary adaptation 1996
of the repository for spent nuclear fuel. Work report TEKA-96-07, Posiva
Oy, Helsinki (In Finnish).

Romero, L., Moreno, L. & Neretnieks, I. 1992. Release calculations in a
repository of the very long tunnel type. Stockholm, Swedish Nuclear Fuel
and Waste Management Co (SKB), Technical Report 92-29.

Saanio, T & Kokko, M. 1997. Final repository for spent nuclear fuel (1530
canisters), cost estimation. Work report, Posiva Oy, Helsinki. Draft (In
Finnish).

Salo, J.-P., Kukkola, T., Pollanen, L., Riekkoia, R. & Saanio, T. 1990.
Final repository for spent nuclear fuel, preliminary design. Teollisuuden
Voima Oy (TVO), Helsinki (In Finnish).

Sandstedt, H., Wichmann, C , Pusch, R., Borgesson, L.& Lonnerberg,
B., 1991. SKB Technical Report TR 91-35. Svensk Karnbranslehatering AB
(SKB), Stockholm.

Simpson, J. P., Schenk, R. & Knecht, B. 1985. Corrosion rate of unalloyed
steels and cast irons in reducing granitic groundwaters and chloride
solutions. Pittsburgh, Material Research Society, Scientific Basis for
Nuclear Waste Management IX. P. 429 - 436.

SKB 1989. WP-cave - assessment of feasibility, safety and development
potential. SKB Technical Report TR 89-20, Svensk Karnbranslehatering AB
(SKB), Stockholm.

SKB 1992. Project on Alternative Systems Study (PASS) - Final report.
Stockholm, Swedish Nuclear Fuel and Waste Management Co (SKB),
Technical Report 93-04 (In Swedish).

SKB 1995. R&D-Programme 95 - Treatment and final disposal of nuclear
waste - Programme for encapsulation, deep geological disposal, and
research, development and demonstration. Stockholm, Swedish Nuclear
Fuel and Waste Management Co (SKB).

SKB 1996. SKB annual report 1995. Swedish Nuclear Fuel and Waste
Management Co (SKB), Technical Report 95-37, Stockholm.



92

SKBF/KBS 1983. "Final storage of spent nuclear fuel - KBS-3", Vol. I-IV.
SKBF/KBS, Stockholm.

Tolppanen, P., Johansson, E. & Hakala, M. 1995. Rock mechanical
analyses of in situ stress/strength ratio at the TVO investigation sites
Kivetty, Olkiluoto and Romuvaara. Report YJT-95-11. Nuclear Waste
Commission of Finnish Power Companies, Helsinki.

TVO 1992a. Final disposal of spent nuclear fuel in the Finnish bedrock.
Technical plans and safety assesment. Report YJT-92-31E. Nuclear Waste
Commission of Finnish Power Companies, Helsinki. 136 p.

TVO 1992b. Final disposal of spent nuclear fuel in the Finnish bedrock.
Preliminary site investigations. Report YJT-92-32E. Nuclear Waste
Commission of Finnish Power Companies, Helsinki. 322 p.

Vainionpaa, P. & Lislerud, A. 1997. Application of raiseboring for
excavating horizontal tunnels with Rhino machines. Work report TEKA-97,
Posiva Oy, Helsinki (Under preparation).

Vallander, P. & Ageskog, L. 1993. Djupforvar: Avstand mellan kapslar
bestamt av tillaten temperatur i omgivande kompakterad bentonit.
Arbetsrapport 44-93-017. Swedish Nuclear Fuel and Waste Management Co
(SKB), Stockholm. 9 p + 15 Append.

Werme, L. & Eriksson, J. 1995. Copper canister with cast inner
component - Amendment to project on alternative systems study (PASS),
SKB TR 93-04. Stockholm, Swedish Nuclear Fuel and Waste Management
Co (SKB), Technical Report 95-02.

Vieno, T. 1994. Safety analysis of disposal of spent nuclear fuel. Espoo,
Technical Research Centre of Finland, VTT Publications 177.

Vieno, T., Hautojarvi, A., Koskinen, L. & Nordman, H. 1992. TVO-92
safety analysis of spent fuel disposal. Helsinki, Nuclear Waste Commission
of Finnish Power Companies, Report YJT-92-33E.

Vieno, T., Hautojarvi, A. & Poteri, A. 1994. Effects of disposal depth on
the safety of spent fuel disposal. Workreport TURVA-94-03, Teollisuuden
Voima Oy (TVO), Helsinki (In Finnish). 12 p.

Vieno, T. & Nordman, H. 1996. Interim report on safety assessment of
spent fuel disposal TILA-96. Helsinki, Posiva Oy, POSIVA-96-17.



93

Wikjord, A. G., Baumgartner, P., Johnson, L. H., Stanchell, F. W.,
Zach, R. & Goodwin, B. W. 1996. The Disposal of Canada's Nuclear Fuel
Waste: A study of postclosure safety of in-room emplacement of used
CANDU fuel in copper container in permeable plutonic rock - Volume 1:
Summary. Pinawa, Atomic Energy of Canada Limited (AECL), Report
AECL-11494-1, COG-95-552-1.

YJT 1996. The Waste Management Program for 1996. Nuclear Waste
Commission of Finnish Power Companies, Helsinki. 36 s (In Finnish).

Ohberg, A. 1990. Technical feasibility of the WP-Cave concept for the final
disposal of HLW produced by TVO. TVO/Spent Fuel-Safety and
Technology, work report 90-23, Teollisuuden Voima Oy (TVO), Helsinki
(In Finnish).



LIST OF REPORTS 1 (2)

LIST OF POSIVA REPORTS PUBLISHED IN 1996

POSIVA-96-01

POSIVA-96-02

POSIVA-96-03

POSIVA-96-04

POSIVA-96-05

POSIVA-96-06

Determination of U oxidation state in anoxic (N2) aqueous solutions -
method development and testing
Kaija Ollila
VTT Chemical Technology
June 1996
ISBN 951-652-000-6

Fault plane solutions of microearthquakes in the Loviisa region in
south-eastern Finland
Jouni Saari
PVO International Ltd
Ragnar Slunga
Forsvarets Forskningsanstalt, Stockhom, Sweden
June 1996
ISBN 951-652-001-4

Thermal optimisation of the final disposal of spent nuclear fuel
Heikki Raiko
VTT Energia
June 1996
(in Finnish)
ISBN 951-652-002-2

On the origin and chemical evolution of groundwater at the
Olkiluoto site
Petteri Pitkanen
Technical Research Centre of Finland
Margit Snellman
Imatran Voima Oy
Ulla Vuorinen
Technical Research Centre of Finland
June 1996
ISBN 951-652-003-0

Seismic emissions induced by the excavations of the rock repository
in Loviisa
Jouni Saari
IVO International Ltd
June 1996
ISBN 951-652-004-9

Geochemical modelling study on the age and evolution of the
groundwater at the Romuvaara site
Petteri Pitkanen
Technical Research Centre of Finland
Margit Snellman
Imatran Voima Oy
Ulla Vuorinen, Hilkka Leino-Forsman
Technical Research Centre of Finland
September 1996
ISBN 951-652-005-7



LIST OF REPORTS 2(2)

POSIVA-96-07

POSIVA-96-08

POSIVA-96-09

POSIVA-96-10

POSIVA-96-11

POSIVA-96-12

Boring of full scale deposition holes using a novel dry blind boring
method
Jorma Autio, Timo Kirkkomaki
Saanio & Riekkola Consulting Engineers
November 1996
ISBN 951-652-006-5

Production methods and costs of oxygen free copper canisters for
nuclear waste disposal
Harri Aalto, Hannu Rajainmaki, Lenni Laakso
Outokumpu Poricopper Oy
October 1996
ISBN 951-652-007-3

Characterization of the excavation disturbance caused by boring of the
experimental full scale deposition holes in the Research Tunnel at
Olkiluoto
Jorma Autio
Saanio & Riekkola Consulting Engineers
December 1996
ISBN 951-652-008-1

Gamma and neutron dose rates on the outer surface of the nuclear
waste disposal canisters
Markku Anttila
VTT Energy
December 1996
ISBN951-652-009-X

Criticality safety calculations for the nuclear waste disposal canisters
Markku Anttila
VTT Energy
December 1996
ISBN 951-652-010-3

Assessment of alternative disposal concepts
Jorma Autio, Timo Saanio, Pasi Tolppanen
Saanio & Riekkola Consulting Engineers
Heikki Raiko, Timo Vieno
VTT Energy
Jukka-Pekka Salo
Posiva Oy
December 1996
ISBN 951-652-011-1


