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Investigations of Possibilities to Dispose of Spent Nuclear Fuel in Lithuania: a Model Case;
Report in 3 Volumes plus Summary Report prepared by RATA, LEI, LGT, SKB.

The structure of the series of the reports is the following:

Summary Report contains a foreword, introduction and summary (RATA, LGT and LEI);

Volume 1, Suitability of Geological Environment in Lithuania for Disposal of Spent Nuclear
Fuel contains an overview of geological structure and a detail characterisation of Precambrian
crystalline rocks in Lithuania with respect to its relevance for waste disposal (LGT);

Volume 2, Concept of Repository in Crystalline Rocks describes repository layout and
engineered barriers as well as estimation of waste disposal costs (LEI);

Volume 3, Generic Safety Assessment of Repository in Crystalline Rocks provides results of
safety analysis demonstrating that the model repository complies with the safety criteria (LEI).
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1 INTRODUCTION

Due to the danger of exposure arising from long-lived radionuclides to the humans and
environment, spent nuclear fuel (SNF) and long-lived radioactive waste from scientific research,
medicine or industry are not allowed to be disposed of in near surface repositories. International
consensus exists that such high level and long-lived radioactive wastes are best disposed of in
geological repositories using a system of engineered and natural barriers.

Geological investigations on selecting of suitable geological formation for disposal of spent
nuclear fuel and long-lived intermediate level waste last since 2002 in Lithuania [1]. According to
the results of the geological investigations some geological formations can be selected on a
preliminary basis for the deep repository for radioactive waste: 1) rock with a Crystalline basement;
2) Lower Cambrian clay; 3) Permian sulphate deposits; 4) Permian rock-salt; 5) Lower Triassic clay
[1]. Extended studies on selecting of suitable geological formation in 2000-2002 had led to the
conclusion that crystalline rock and argillaceous rocks are the primary candidates for disposal of
spent nuclear fuel and long-lived intermediate level waste in Lithuania [2, 3]. Crystalline rocks in
the 100 km2 area found between major fracture zones and having acceptable depth conditions were
reported to have shown that the rock is unweathered and "monolithic" with normal fracture content
that, hence, fulfills the requirements both with respect to tightness and stability. Thus, crystalline
rocks were prioritized in the list of candidate formations and were provided fort he further
examination of rock structure, strength and stress conditions in 2004 [2, 3].

The aim of this report is to present the generic repository concept in crystalline rocks in
Lithuania and cost assessment of the disposal of SNF and long-lived intermediate level waste in this
repository. Due to limited budget of this project the repository concept development for Lithuania
was based mostly on the experience of foreign countries.



2 ANALYSIS AND ASSESSMENT OF THE IMPORTANT DISPOSAL
CHARACTERISTICS FOR SPENT NUCLEAR FUEL AND LONG-LIVED
INTERMEDIATE LEVEL WASTE

2.1 Spent nuclear fuel

The RBMK-1500 fuel consists of sintered, cylindrical UO2 pellets. The outside diameter of
pellet is 11.52 mm and height is 15 mm. The pellet shape is adapted to an intensive, high-
temperature operating mode, so they have spherical indentation, in order to reduce the thermal
expansion of fuel column and thermo-mechanical interaction with the cladding. In the radial centre
of each pellet there is 2 mm diameter hole to reduce the temperature at the centre of the pellet. The
pellets are placed into a clad tube with an outside diameter 13.6 mm and a wall thickness 0.9 mm.
Two screen pellets (enrichment 0.4%) are placed in each clad tube in the area of the plug. Cladding
material is an alloy of zirconium (99 wt-%) and niobium (1 wt-%). This alloy has good anti-
corrosive properties and a low neutron absorption coefficient. The initial gap between UO2 pellets
and cladding varies from 0.22 to 0.38 mm. The tubes are pressurized with helium and sealed. A
schematic representation of the fuel rod is shown in Figure 1.

Figure 1: RBMK-1500 fuel rod

A fuel assembly (FA) consists of 18 fuel rods arranged in two concentric circles around a
central carrier rod (Figure 2). The carrier rod is a 15 mm diameter tube with a 1.25 mm wall
thickness consisting of an alloy of zirconium (97.5 wt-%) and niobium (2.5 wt-%). In the inner
circle, with a diameter of 3.2 cm, there are 6 equally spaced rods. In the outer circle with a diameter
of 6.2 cm, there are 12 equally spaced rods. The fuel assembly is made up of two segments (half-
assemblies) that are joined axially with a total length of almost 7 m active fuel. The basic technical
parameters of the RBMK-1500 fuel assembly are summarized in the Table 1.

Figure 2: RBMK-1500 fuel assembly (1-suspension bracket, 2-upper half-assembly; 3-bottom
half-assembly; 4-carrier rod; 5-fuel rod)



Table 1: RBMK-1500 fuel assembly parameters

Fuel pellet
Fuel
235U enrichment
Average density
Outer diameter
Height
Central hole (diameter)
Maximum temperature at the center of the fuel pellet

Fuel rod
Fuel rod cladding material
Outer diameter
Inner diameter
Cladding wall thickness
Diametric gap between fuel pellet and cladding
Average mass of fuel in the fuel rod
Helium pressure in the cladding

Fuel assembly
Number of segments per fuel assembly
Number of fuel rods per fuel segment
Total length of fuel assembly
Active length of fuel assembly
Mass of fuel assembly without bracket
Total mass of fuel assembly with the bracket
Mass of uranium within fuel pellet
Mass of uranium within edge fuel pellet
Total mass of zirconium alloy within assembly
Total steel mass of fuel assembly

Uranium dioxide (UO2)
2%; 2.1%, 2.4%; 2.6%, 2.8%
10.5 g/cm3

11.52 mm
15.0 mm
2.0 mm
2100 °C

Zr+l%Nballoy(E110)
13.6 mm
11.7 mm
0.825+0.95 mm
0.22+0.38 mm
3.5 kg
0.5 MPa

2
18
10.014 m
6.862 m
185 kg
280 kg
.Il.lr2.kg
1.016 kg
40kg
2.34 kg

Reactor RBMK-1500 was design for nuclear fuel with 235U 2% enrichment from the very
outset. Implementation of the new uranium-erbium fuel at Ignalina NPP has been started in 1995.
Average burnup of new uranium-erbium with 235U 2.4% enrichment and 0.41 percentage of erbium
fuel increased by 42-46% in comparison with regular RBMK fuel. At the end of 2001 first batch of
the nuclear fuel with 2.6% enrichment and 0.5 percentage of erbium has been loaded into reactor.

At present the loads with 2.8% enrichment and 0.6 percentage of erbium are considering for
RBMK-1500 reactor at Ignalina NPP.

Summarized information about expected amounts of spent nuclear fuel is presented in the
Table 2.



Table 2: Expected amounts and main characteristics of spent nuclear fuel at Ignalina NPP till 2010

235U initial
enrichment,

%

2.0

2.0

2.1

2.4

2.6

2.8

Average/Maximum
burnup, MW*days/FA

1900/2600

1900/2600

1700/2100

2500/3000

3050 (design capacity)

3500 (design capacity)

Expected number of
FA till 2010

13630

35

400

3476

2000

2400

Comments

-

FA for experimental use; some
fuel rods are filled with pellets
4.4%of235U

reprocessed

with 0.41% erbium

with 0.5% erbium

with 0.6% erbium

Expected total amount of spent nuclear fuel till 2010 is 21941 fuel assemblies. Each fuel assembly
contains approximately 111 kg of metal uranium, so total mass of the spent nuclear fuel that should
be disposed of in the repository is about 2436 tons.

Safety relevant radionuclides

In the safety assessment, it is necessary to consider all radionuclides with the potential to
give rise to significant radiation doses following disposal of waste in the repository, or the parents
of such radionuclides. The number of radionuclides present in the inventory is prohibitively large
for detailed model-chain calculations to be performed for all of them. As there are no international
consensus on the selection of safety relevant radionuclides that should be included performing the
safety assessment, two methodologies were used to compile the preliminary list of safety-relevant
radionuclides for Lithuanian SNF. The comparison of the results of selection of radionuclides
according these methodologies is presented also.

One of the preliminary lists of safety-relevant radionuclides was set using methodology of
selection of safety-relevant radionuclides used in Switzerland [4]. A set of radionuclides for
consideration in the assessment has therefore been selected by means of a simple screening
analysis, which takes into account of:

• A period of complete containment of radionuclides;
• A generic duration of near field release;
• Dilution in the Quaternary aquifer;
• Ingestion of contaminated aquifer water (drinking water dose).
The solubility limitation in the near field, transport and sorption of radionuclides in

bentonite, retardation in the geological barriers, accumulation of radionuclides in the surface
environment and dose pathways other than ingestion of drinking water are neglected. The selection
of safety-relevant radionuclides is an iterative process. In the first step, the set of safety-relevant
radionuclides is selected on the basis of provisional datasets (inventory, dilution rate, etc.) and,
thereafter, provisional model calculations are performed for the selected radionuclides. In the
second step, the selection is revised and finalized, based on definitive datasets and on the results of
provisional model calculation of safety-relevant radionuclides.



(mSvy-1):
The safety-relevant radionuclides are selected according to their drinking water dose D(l

£>(•) _ I D
watting

TCQ
where:

A^ is the inventory of radionuclide i at failure time (at the end of complete containment).
For SNF the failure time is set at 1000 years (Bq);
Tc is a generic duration of near field release. The generic release duration is taken to be 1000
years.
Q is the water flow in Quaternary aquifer, set at 106 m3 a"1;
Iwat is the total annual drinking water intake by an individual, set at 0.73 m3 a"1;
DCl)ing is the effective dose per unit ingestion of radionuclide i, (mSv Bq'1).
All activation and fission products for which the dose is higher than 2-10"5 mSv y'1 are

selected as being relevant to safety. This value is four orders of magnitude below the dose constrain
of 0.2 mSv y"1 defined in [5]. Additionally, 3H, ^Sr and 137Cs are recommended to include into the
list of safety-relevant radionuclides. They could serve as indicators for phenomena that occur at
relatively early times after the end of emplacement (e.g. pinhole release for defective SNF canisters)
[4]-

The actinide chains 4N, 4N+1, 4N+2 and 4N+3 are considered to be safety-relevant as
radiologically dangerous radionuclides could arise during decay of the actinides.

The second list of safety relevant radionuclides was compiled according the methodology
presented in [6].

As it is indicated in [6] three factors influence the importance of a radionuclide for safety:

• quantity,
• dose factor and
• mobility in the repository system.
These factors can vary between different nuclides by many orders of magnitude. The

quantity of a given nuclide in the repository at a given time and its dose factors are relatively easy
to determine. The mobility of the radionuclide, on the other hand, is more complicated to calculate,
since it is a combination of many factors such as dissolution process in the fuel and diffusion and
sorption in different media.

The nuclides are divided into two groups for the purpose of selection. One group consists of
actinides and actinide daughters, the other of fission products and activation products with light
nuclei. The reason for the division is that the difference in mobility between lighter and heavier
nuclides can be considerable, whereas the differences within a group are more limited.

For the fission and activation products, the potential toxicity (radiotoxicity, dose factor x
quantity) is calculated for each radionuclide. The calculation is done from the assumed date of
closure of the repository and a million years ahead in time. If the toxicity of a given nuclide at any
time exceeds 0 .1% of the total toxicity of all the fission and activation products at the same time,
the nuclide is included in the assessment. The figure 0.1 % is chosen to cover differences in
mobility.

For actinides and actinide daughters, all four decay chains are included in the assessment.
The nuclide with the highest mass in each chain is determined by means of the same procedure as
for the fission and activation products. Then all daughters in the chain are included.
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In the tables and two lists of safety important nuclides compiled in Sweden are presented
based on [6, 7]. Some of radionuclides have been concluded to have negligible impact on the final
dose and hence the number of nuclides in the latest safety assessment (SR97) has been limited to
32.

The compiled lists of safety-relevant fission and activation products as well as actinides and
actinides daughters are presented in Table 3 and Table 4.

Table 3: List

Radionuclide

3H
10Be

4ICa ' "

r^f - - i
T J Ni

" " Š e " " ~

9 3 Mo
"Tc
! 0 7 P d """••" -

1 I 3 m C d
1 2 S S b
1 2 S m S b

" 1 2 8 S n "i2*r" "
"™Cs "

1 3 5 Cs
1 3 7 Cs
1 5 1 S m
1 5 4 Eu

of safety-relevant activation and fission products
Switzerland
[4] (Fuel and

structural
parts)

\

S

s

v
-./.

s

Lithuania*
(Fuel)

•

•

•

•/

Sweden
(Fuel and structural

parts)
SR95Į6]

•

•

•/

•

SR97[7]

v

v

Lithuania**
(Fuel)

•/

•/

Lithuania
(Summarized)

• /

V

v

s

y/

* Based on NAGRA (Switzerland) methodology.

** Based on SKB (Sweden) methodology.
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Table 4: Actinide decay chains that are selected to be included in the safety assessment

Chain
4N

4N+1
4N+2
4N+3
Chain

4N
4N+1
4N+2
4N+3
Chain

4N
4N+1
4N+2
4N+3
Chain

4N
4N+1
4N+2
4N+3

Sweden (SR95) [6]
2 4 4 Cm- 2 4 l ) Pu- 2 3 6 U- 2 3 2 Th
^ C m - M1Am - " 'Np - M3U - Jl9Th
^Cm/242"1 Am - 242Pu/242Cm - 238U/238Pu - ^ - 23(>rh - 226Ra
™Cral™Am - ^ P u - B SU - 231Pa

Sweden (SR97) [7]
^ u
^ C m - ^ A m - 237Np - ^ U - ^Th
M2PU_ ^ u - 234u _ ^^Th - ^ R a
2 4 3Am - ^'Pu - 235U - 231Pa

Swiss [4]
^ C m - 240Pu - a 6 U - ^ U - 232Th - 228Ra - 228Th
^'Cm - M 1Pu -2 4 1 A m - 2 3 7Np - 233U - 229Th
"'Cm/242"' A m - M2Pu - 238U/238Pu - 2 3 4U - ^"Th - ^ a - 210Pb - / 1 0 Po
2 4 3Cm/2 4 3Am - ^'Pu - 2 3 5U - ^'Pa - 2 2 7Ac

Lithuania **
^ C m - ^''Pu - 236U - 232Th
^Am-^Np-23^-2291!!!
2 4 2 Pu- 2 3 8 U - ^ J - 230Th - " 'Ra
2 4 3Am - 739?u - 235U - 231Pa

** Based on SKB (Sweden) methodology.

The data in the Table 3, Table 4 shows that the list of safety-relevant radionuclides in SNF
for Lithuanian repository is similar to Swiss and Swedish lists. There are some differences in these
lists as Swiss and Swedish lists were compiled taking into account additionally the radionuclide
inventory in structural parts of fuel assemblies. In Lithuanian case the safety-relevant radionuclides
were screened out from the radionuclides existing in the spent nuclear fuel only. As the data of
radionuclide inventory in the structural parts of fuel assembly will be available the list of safety-
relevant radionuclides should be revised. The impurities in the SNF matrix could increase inventory
of some nuclides as the impurities could be activated during reactor operation. While the
concentrations of these impurities for RBMK-1500 SNF fuel are not available, this effect was not
taken into account.

It could be seen that compiled lists for Lithuanian SNF based on two different
methodologies are quite similar. Not safety relevant radionuclides 3H, ^Sr and 137Cs that are
recommended to include by NAGRA are included in the summarized list if they occur in the both
Lithuanian lists based on NAGRA and SKB methodology. Thus only ^Sr and l 7 Cs were included
(Table 3, last column).

It was decided to take into account the short-lived radionuclides 90Y (Tm =2.67 d), 126Sb
(Ti/2 =12.46 d), 126m Sb (Tm =19.15 m) by adding their dose coefficient to their long-lived parent
nuclides ^Sr, 26Sn instead of performing their transport calculations in detail.

In actinide decay chains only long-lived actinide daughters that were selected according the
procedure described above are included in the summarized list.

So, the summarized list of fission and activation products indicated in Table 3 and list of
actinides indicated in Table 4 are used further for the generic safety assessment of deep repository
for SNF in Lithuania in crystalline rock.

12



Temperature of the disposal canister loaded with the RBMK-1500 SNF and its evolution in the
SNF emplacement tunnels

Disposal canister should fit some mechanical, chemical, etc. and thermal requirements. It is
a requirement that max. canister's surface temperature should not exceed 100 °C in order to avoid
boiling at the canister surface (boiling could lead to enrichment of salts on the surface which could
cause corrosion effects, change bentonite properties, etc.). Calculations of the temperatures around
the disposal canisters loaded with RBMK-1500 SNF and emplaced in SNF emplacement tunnel are
presented in Appendix B. The results of calculations show that when the distance between canisters
is 1.2 m the maximum canister's surface temperature for dry bentonite (most conservative case) is
92 °C. Such temperature is close, but does not exceed permissible temperature of 100 °C.
According to these results the distance between SNF disposal canisters was justified to be 1.2 m.

Criticality of the disposal canister loaded with RBMK-1500 SNF

The main requirement of the criticality safety is that effective neutron multiplication of the
system containing fissile material must be less than 0.95. The events in the repository that may lead
to a criticality are related to long-term processes that take place over hundreds and thousands of
years. In this study criticality analysis for copper SNF disposal canister loaded with (2.8% 235U
enrichment) fresh 32 RBMK-1500 fuel half-assemblies was performed. It was assumed that entry of
water into canister is possible and calculations were performed for the case when water density
inside the canister varies from 0.1 g/cm3 to 1.0 g/cm3. Such variation allows to find the most
reactive state of the fuel-insert-canister body system. There are another scenarios that might lead to
criticality for the long-term processes, but they have not been evaluated in this study. For example,
corrosion of the fuel rods cladding, insert or canister body, dissolution of fissile material and other
events. Criticality analysis of the copper disposal canister has demonstrated the influence of the
moderator (water) on the value of effective neutron multiplication factor, but keff is less than
allowable value 0.95. The calculations are presented in more details in Appendix C.

Dose rate of the disposal canister loaded with RBMK-1500 SNF

The dose rate values will be important when SNF after interim dry storage will be emplaced
in disposal canisters and transported to the repository. Additionally calculations of dose rate values
at some distance of disposal canister are necessary for preclosure period because during this period
various operations are performed in the repository and radiation exposure on the operating
personnel must be evaluated. Using appropriate computer code gamma and neutron emission from
spent nuclear fuel with initial 2.8% U enrichment, burnup 30 MWd/kgU and 50 years cooling
time was calculated. After that dose rate values on the surface and at some distances of copper
disposal canister were calculated. Dose rate calculations show that dose rate is formed mainly by
the gamma radiation and that the dose rate values on the surface of the copper disposal canister for
SNF are rather high in comparison to the storage casks of SNF but do not exceed the limit of 1 Gy/h
(1 Sv/h if only P, y radiation) which is maximum allowable dose rate value according to Swedish
KBS-3 concept. The calculations are presented in more details in Appendix D.

2.2 Long-lived intermediate-level waste

According to the Final Ignalina NPP Decommissioning Plan [8] for immediate dismantling
strategy the long-lived waste to be disposed of into deep repository consists of:

• Operational waste (group E);
• Decommissioning waste (group E);
• Spent graphite (group D);
• Spent sealed sources (group F).

13



A long-lived intermediate-level operational waste (group E) in general is of metallic origin
(90 %). Long metallic pieces from reactor core, carrying rods of the fuel assemblies (FA) and other
high-activity components are cut into the parts to fit them into containers. The typical geometry of
the ILW is cylindrical shape pieces, either solid or tubular.

The intermediate level decommissioning waste includes the reactor channels, the control
rods, fission chambers, fast acting scram rods chambers, activated reactor metallic structures, etc.

Total amount of long-lived operational and decommissioning ILW to be disposed of in deep
geological repository is about 3648 m3.

At the end of 50 years interim storage of spent graphite, its surface dose rate will be lower
than 10 mSv/h i.e. it will be classified as low-level waste (group D). However, RATA interim waste
acceptance criteria shows that the spent graphite does not meet the criteria for near-surface disposal
due to the l4 C inventory, so the final disposal of the conditioned spent graphite packages must take
place in cavities at an intermediate depth or deep geological repository. Total amount of reactor
operational and decommissioning spent graphite for both units is equal to 2991 m3 [8]. In future
more detailed analysis of the radionuclide inventory in graphite and other activated reactor
structures (components) must be performed to evaluate more precisely what part of these structures
could be disposed of in the near surface repository.

Since the late 1980's radioactive sealed sources used in medicine, industry and research in
Lithuania have been shipped to Ignalina NPP. About 35000 spent sealed sources (group F waste) in
about 500 packages are expected until the year 2010 at INPP. For the present preliminary approach
it is considered that 3 concrete containers (internal free volume 4,1 mVcontainer) could
accommodate all the spent sealed sources [8]. Special studies are necessary to define what part of
spent sealed sources could be disposed of in the near surface repository.

The most important radionuclides for operational and decommissioning ILW (group E) are
expected to be 14C, 59Ni, 63Ni, 93Zr and '^Nb.

The most important radionuclides for spent graphite (group D) are expected to be 3H, MC,
41Ca,59Niand63Ni.

An examination shows that more than 90% of the induced activities are in the graphite stack
and in the channels. The fuel channels exhibit both the highest dose rates and specific activities.
During the first 50 year period after reactor final shutdown, these are governed by 60Co. One
hundred years after the RFS, both the specific activities and surface dose rate are governed by 94Nb.

Number of containers required for the long-lived ILW, spent graphite and spent sealed
sources to be disposed of in deep geological repository is presented in Table 5.

Table 5: Containers for long-lived waste to be disposed of in deep geological repository.

Waste

Operational and
decommissioning ILW

Spent graphite

Spent sealed sources

Waste
group

E

D

F

Container type

Concrete container

Concrete container

Concrete container

TOTAL:

Number of
containers

838

1140

3

1981

External volume
of containers, m3

5185

7054

19

12258

According to the Final Decommissioning Plan of the Ignalina NPP the total external volume
of the required 1981 concrete containers is assumed to be 12258 m3 [8].
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3 ROCK WITH A CRYSTALLINE BASEMENT

Geological investigations on selecting of suitable geological formation for disposal of spent
nuclear fuel and long-lived intermediate level waste last since 2002 in Lithuania [1].

In Lithuania, a crystalline basement occurs at depth of 200-2300 meters below the land
surface (Figure 3). In Figure 3 the sedimentary rocks which thickness is increasing going from the
southern part of Lithuania to the west are shown, while the crystalline basement (PR1-2) occurs
under these sedimentary layers.

The crystalline basement is represented by Proterozoic rocks: metamorphosed granulite
facies in Western Lithuania (gneisses, schists, enderbites, chamokites) and amphibolite facies in the
Eastern part of Lithuania territory (amphibolites, gneisses, granites). There are intrusions of basic
rocks (gabbro, diabases) in crystalline basement rocks [1].

The prospective area of crystalline basement was confirmed as occurring in the southern
Lithuania with the depths ranging from 210 m to 700 m, while in most of the Lithuania territory, the
depth of the basement exceeds 700 m, reaching 2300 m in he west [2, 3].

in

1000 -

2000 -

Figure 3: Geological section A-A [1]

As indicated in [2, 3] crystalline rocks in the 100 km" area found between major fracture
zones and having acceptable depth conditions were reported to have shown that the rock is
unweathered and "monolithic" with normal fracture content that, hence, fulfills the requirements
both with respect to tightness and stability. Thus, crystalline rocks were prioritized in the list of
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candidate formations and were provided fort he further examination of rock structure, strength and
stress conditions in 2004.

The petrologic composition of the rock samples that were taken from the about 15 years old
core of boreholes drilled in southern Lithuania is quite different. Several groups of similar rock
types were distinguished as granites, gabbro and various migmatites and gneisses. Areal distribution
of the sampled boreholes (total amount of boreholes was 5) is relatively small and the results cannot
be applicable for characterization of all the crystalline basement. The results of the rock structure,
strength and stress condition tests are presented in [2, 3]. It was concluded in [2, 3] that the strength
parameters of the third group of samples vary in a very large range, and this could mean very
different fracturing of the samples. Relatively small values of porosity parameters of all samples
could substantiate the absence of major faults in the sampled boreholes area. However, the
performed testing could only give information for preliminary assessment of the strength
parameters of crystalline rocks in the small area.

A more detailed description of the crystalline rock structure, strength and stress conditions,
its tectonic map are presented in [2, 3].

16



4 GENERIC REPOSITORY CONCEPT FOR CRYSTALLINE ROCK IN
LITHUANIA

4.1 General

The disposal system must ensure that the waste, including fissile materials, is secure and that
human beings and the environment are protected from the hazardous effects of radiation. Disposal
in a deep geological repository, with any access routes backfilled and sealed, intrinsically favours
both security and safety. Wastes emplaced in such a repository are kept remote from human beings
and the surface environment, and the repository affords protection against both deliberate and
inadvertent human intrusion, as well as surface phenomena.

Detailed repository design is clearly highly specific to waste type and to geological
environment, but there are some general principles in it's design. Large volumes of long-lived waste
with negligible heat generation are usually conditioned in relatively bulky (-1-10 m3) packages.
Repository concepts for their emplacement normally involve the construction of caverns with height
and width dimensions of -5-20 m, provided the geotechnical properties of the host rock permit the
excavation of such large openings. Disposal of spent nuclear fuel (SNF) normally involves smaller
waste packages (with waste volumes of the order of 1 m3) emplaced in tunnels, or boreholes from
tunnels, with diameters from -1 m to a few metres only. Regardless of the waste type and even for
small quantities of waste, construction of the access and emplacement shafts and tunnels will
involve the excavation of a substantial underground facility involving the removal of some
hundreds of thousands of cubic metres of rock, to millions of cubic metres for larger waste disposal
programmes. Geological repositories presently being considered have underground dimensions
varying from a few square kilometres to as much as about twenty square kilometres depending on
the inventory of waste, on its thermal output and on the repository design.

A disposal system performs a number of functions relevant to long-term security and safety.
These functions such as isolation, long-term confinement, attenuation of releases, etc. are presented
(discussed) in more details in [9]. Besides functions and principles disposal system must ensure that
the following requirements for the repository is satisfied:

• Safe during construction and operation and after closure
• Post-closure safety shall be maintained by a passive barrier system
• Proven materials and engineering principles should be used
• Criticality does not arise
• Heat and radiation from the fuel should not seriously degrade the barrier functions
• Deficiencies in one barrier functions must not significantly impair the safety of the

repository
• Possible to predict future changes in the barriers and their importance for possible

releases of radioactive substances
• Radiation doses shall be limited
There are safety requirements for a disposal canister, for a buffer and backfill, for a host

rock, which determine repository design and capacity, SNF emplacement method, etc. also. The
main requirements for engineering barriers according to KBS-3 concept are presented below.

Requirements for the buffer

Diffusional barrier:

• Low hydraulic conductivity
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• Maintained thickness
• Self-sealing ability
• Physical and chemical long-term stability
• Colloid filter
No harmful properties:

• Heat conductivity
• A density, which is low enough to avoid (very) high pressures
• Softness, to allow rock movements
• Allow transport of gas

Requirements for the backfill
• Maintain stability of tunnel openings
• Keep the buffer in place in the deposition hole
• Restrict groundwater flow in the tunnels

Requirements for the host rock
• Provide a mechanically stable environment
• Provide a chemically stable environment
• Limit the risk of future human intrusion
• Facilitate construction of the repository

Requirements for disposal canister
• Be hermetically sealed at the time of disposal
• To be durable in the chemical environment expected in the repository
• To resist the mechanical loads expected in the repository
• Must not appreciably impair the performance of the buffer
• Surface temperature should not exceed 100°C
• Surface dose rate should not exceed 1 Gy/h
• The Fuel/Canister system must remain subcritical

4.2 Canisters for repository in Lithuania

SNF disposal canisters

At this stage of investigations the detailed studies of consideration of suitable material for
SNF disposal canister are not performed. Thus it is advisable to use the experience accumulated by
other countries.

The information about the disposal canisters proposed for spent nuclear fuel disposal in the
disposal (repository) concept of foreign countries is presented in details in Appendix A and
summarized in the Table 6:
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Table 6: Summarized data of SNF disposal canisters

SNF disposal canister
characteristics

Material of outer shell

Material of insert

Height

Outer diameter

Thickness of outer shell

Sweden

Oxygen free,
phosphorus

doped copper

Cast iron

4.83 m

1.05 m

0.05 m

Finland

Copper

Cast iron

3.6 m and 4.8 m

1.052 m

0.05 m

Canada

Oxygen free,
phosphorus doped

copper

Carbon steel load-
bearing vessel and
a carbon steel fuel

basket

3.897 m

1.168m

0.025 m

Spain

Carbon steel

-

-

0.9 m

0.1m

The data in the table shows that for the SNF disposal in the crystalline rocks the preference
is given to copper canister. As in crystalline rock water flow is larger than in argillaceous
formations (clays) especially if the rock matrix is not tight and has water-bearing fractures the
stronger canister required to fulfill the safety functions of repository. Under the reducing water
condition as it usually prevails in deep crystalline rocks the copper has very high corrosion
resistance. Thus copper canister is assumed to be used for the disposal of SNF in crystalline
basement in Lithuania.

The proposed disposal canister for SNF is composed of two components: an outer corrosion
protection of copper and a cast iron insert with channels for the fuel half-assemblies in order to
improve the mechanical strength as in Sweden as well in Finland. One SNF disposal canister can
hold 32 RBMK-1500 fuel half-assemblies and for Lithuanian disposal purposes about 1400
canisters should be employed. The copper canister with a 50 mm wall thickness should be made of
oxygen-free copper with low phosphorus content also. The canister insert is proposed to be cast iron
and will have a minimum wall thickness of 50 mm. The preliminary data for the reference canister
is 1050 mm in diameter and 4070 mm in length.

Schematic drawing of the copper canister for RBMK-1500 fuel half-assemblies is presented
in Figure 4.

Figure 4: Reference copper canister for RBMK-1500 spent nuclear fuel



Long-lived IL W disposal containers

Existing generic repository concept in clay in Lithuania foresees the disposal of long-lived
ILW in standard concrete containers with 100 and 250 mm thick walls [9]. In this report the
information about the ILW disposal containers is updated in accordance with Final
Decommissioning Plan of Ignalina NPP [8].

The decision has been taken by INPP to leave open the choice of the containers types to be
used until proposals are made and justified by the future Contractor who will be in charge of the
solid waste management and storage facility (SWMSF) [8]. The waste management strategy
assumes that the following containers should be considered:

• Non-shielded (or light-shielded) or shielded (or heavy shielded) waste container for long-
lived ELW (depends on chosen strategy i.e. non-shielded (or light-shielded) containers
interim stored in a shielded building, or shielded (or heavy shielded) containers interim
stored in a non shielded building);

• Waste container with modular shielding for spent sealed sources;
• Non-shielded or light-shielded waste container for graphite waste, i.e. the long-lived low-

level waste (LLW).
For the preliminary estimation of the disposal volume requirements and for the cost

evaluation, only concrete containers with the following dimensions are considered:

• External dimensions (Lx W x H): 3m x 1.65 m x 1.25 m = 6.2 m3;
• Internal dimensions: 2.80 m x 1.45 m x 1.01 m = 4.1 m3 (without additional possible

internal shielding).
For disposal of operational and decommissioning long-lived ILW, spent graphite and spent

sealed sources the total number of 1981 of concrete containers will be required [8] (Table 7).

Table 7: Containers for long-lived waste to be disposed of in deep geological repository.

Waste

Operational and
decommissioning ILW

Spent graphite

Spent sealed sources

Waste group

E

D

F

Container type

Concrete container

Concrete container

Concrete container

TOTAL:

Number of
containers

838

1140

3

1981

External volume
of containers, m3

5185

7054

19

12258

According to the Final Decommissioning Plan of the Ignalina NPP the total external volume
of the required 1981 concrete containers is assumed to be 12258 m3 [8].

4.3 Lay-out of the repository

At this stage of investigations the detailed studies of consideration of detailed layout and
dimensions of repository as well as dimensions of repository components are not performed. Thus it
is advisable to use the experience accumulated by other countries.

More detail information about the repositories layout and dimensions according the disposal
concepts in foreign countries is presented in Appendix A and summarized in the Table 8.
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Table 8: Summarized data related to repository layout

Repository layout

SNF canister
deposition
alternative

Deposition tunnel
length

Spacing between
deposition tunnels

Deposition
hole/deposition drift
length

Deposition hole/
deposition drift
diameter

Spacing between
deposition
holes/deposition
drifts

Spacing between the
canisters (c-c
distance)

Access tunnels

Sweden

KBS-3V

Vertical

250 m

40 m

7.83 m

1.75 m

6 m

6m

Ramp
and
shaft

KBS-3H

Horizontal

Up to 300
m

1.85* m

40 m

7.3 m

Ramp and
shaft

Finland

KBS-3V

Vertical

-

25 m

7.5 m

1.75 m

8m

8m

KBS-3H[10]

Horizontal

Up to 300 m

1.85 m

25 m

10.9 (BWR)

10.2 (PWR)

Ramp for ONKALO. No
decision yet for the

repository

Canada

Vertical,
horizontal

-

Height 4.2
m, width
7.14 m

Shafts

Spain

Horizontal

App. 500 m

-

-

2.4 m

-

-

Shafts and
ramp

*- The diameter 1.75 m of the deposition drift and 1.2 m distance between the canisters ends
were accepted in [11], but after recent detailed investigations these dimensions were justified as
1.85 m and app. 2.5 m respectively [12]. During development of the repository concept for
Lithuania recent information on the KBS-3H design parameters presented in [12] was not available,
thus diameter of emplacement tunnel (deposition drift) was accepted 1.75 m based on information
in [11] and such value was used in thermal and radionuclide migration modelling. Such small
differences in diameter value have not significant impact on the results and conclusions. But, of
course, with future development of the repository concept more precise calculations need to be
performed.

**- The c-c distance means the distance between the centres of each copper canister.

The data in the table shows that horizontal SNF canister emplacement method is used as
well as vertical emplacement. But as indicated in [12] the advantage for KBS-3H compared to the
reference design (KBS-3V) is that the deposition tunnels are not needed in that design. The absence
of deposition tunnels reduces the excavated rock volume by about 50 %. This results to less
environmental impact during construction, cost savings and reduced need for ventilation and
drainage during construction and later on operation.

Thus KBS-3 concept was chosen as prototype for repository in crystalline basement in
Lithuania. The KBS-3H design with horizontal canister emplacement is proposed as a reference
design for Lithuania. As KBS-3H design is under the development in Sweden and Finland yet, thus
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KBS-3V is left as an alternative one, if KBS-3H is shown as not feasible and safe. The possible
layout of the repository is shown in Figure 5.

The main elements of repository are:
• an access shaft, transport tunnels, central waste receiving facilities and a shaft;
• an array of SF emplacement tunnels (deposition drifts);
• emplacement tunnels for ILW.

with Pwlml
Reference Level « »

Acoesu Tunnel
(Shaft)

Construction Shaft
Ventilation Shaft
Material Tnuufcr
Cotutrnctkm

ILW

į*į Tunnel
Opcntnn

ILW Emplacement
Tumdi

Main Tunnel

SNFEmpL

ACOCM Tuooel
(Ramp)

Tunnds

Figure 5: Plan view of the repository for SNF/ILW in crystalline rock

Around 5-10 % of the total quantity of spent nuclear fuel will be deposited in the repository
to begin with. After initial period of operation, the thorough evaluation of the repository will be
conducted. If the evaluation of this first phase shows that the method has deficiencies or that better
methods exist, the canister will be retrieved. If the evaluation gives a positive result, the remaining
canisters will be deposited.

The waste emplacement tunnels, main tunnels and the transport tunnels will be excavated at
a depth of 300-500 m in the crystalline basement. The main tunnels referred to the tunnels from
which the emplacement tunnels branch off. The SNF canisters are disposed of, one after the other,
in horizontally bored emplacement tunnels with a length up to 300 m. A typical length of 250 m is
used in this study.

The boring of emplacement tunnels is planned to be performed with a tunnel boring machine
(TBM) or by using horizontal push-reaming. The boring of the emplacement tunnels will be
preceded by drilling of a core hole in the centre of the deposition hole. The final decision of boring
the emplacement tunnel and the length of it will be based on e.g. the geological conditions obtained
from the results of the core drilling. Based on the core hole it is also possible to plan for necessary
grouting and rock support works. For grouting and rock support works it will be necessary to
manufacture special equipment suitable for works in a long small circular runnel.

The diameter of the SNF emplacement tunnel is proposed to be 1.85 m like in Sweden
(Figure 6). The centre to centre distance between the emplacement tunnels is about 40 m.
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Figure 6: Dimensions of deposition holes and transport tunnel in the SNF deposition area

Main tunnels in SNF deposition area are blasted and the dimensions will be 10 m, transport
tunnels that are outside the deposition area will be 7 m wide like in KBS-3H design (Sweden)
(Figure 6). The length of shafts is dependent on the repository layout and selected site.

In order to construct the repository a number of research and tests have to be carried out.
Thus the underground research laboratory is required. Depending on the implementation strategy
the test facility could be constructed in the repository site or the research and tests could be
performed in the offsite laboratory. The location of the test facility could be assessed in the next
stages of investigations.

There is no decision yet if the long-lived ILW will be disposed of in the same repository as
the SNF or separately. In case of the first alternative the long-lived ILW must be emplaced at some
distance from SNF deposition area in order to avoid the effect of the concrete used for of ILW on
the groundwater composition passing the SNF deposition area. Furthermore, low pH is required for
any cement material in or close to the repository.

Buffer and backfill materials for Lithuanian repository

At this stage of investigations detailed studies for considering suitable materials for
backfilling the repository are not performed. Thus the available experience from other countries is
analyzed (Appendix A) and summarized in Table 9.

Table 9: Summarized data related to buffer and backfill materials

Barrier
characteristic

Buffer material

Thickness of buffer

Backfill material

Sweden

KBS-3V

Bentonite
blocks

0.35 m

Bentonite/
crushed

rock
mixture

KBS-3H

Bentonite
blocks

0.35 m

Bentonite/
crushed

rock
mixture

Finland

Bentonite
blocks

Bentonite/
crushed

rock
mixture

Canada

Compacted
bentonite

Spain

Compacted
bentonite

0.75 m

-

Switzerland

Granular
bentonite

-

The data in table shows that as a buffer material bentonite is used worldwide. For backfilling
the tunnels the mixture of bentonite and crushed rocks that were excavated during construction
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phase is preferred due to environmental and economical reasons. Thus as a buffer material the
compacted bentonite was chosen and as a backfill material mixture of bentonite and crushed rock
was considered for Lithuanian repository.

In sections of the emplacement tunnels where no canisters are to be emplaced, e.g. in parts
with unsuitable rock conditions, the emplacement tunnels are backfilled with compacted bentonite.
The SNF emplacement tunnels will be plugged with concrete at the interface to the transport tunnel.

The transport tunnel will be backfilled with a mixture of bentonite and crushed rock (15%
bentonite / 85% crushed rock) and eventually the tunnel will be sealed with a plug consisting of
concrete and/or highly compacted bentonite blocks.

After emplacement of the ILW containers in the ILW tunnels, the void regions within the
emplacement tunnels assumed to be filled with a cementitious mortar. The operational tunnel for
ILW will be sealed in the same manner as the transportation tunnels with a mixture of bentonite and
crushed rock.

It should be mentioned that low pH is required for any cement material in or close the
repository.

The sealing of access tunnels and shafts will be carried out using a bentonite and crushed
rock mixture (15%/85%).

Emplacement of SNF canisters

Based on the presented review on available information on the disposal concepts in
crystalline rocks in other countries (Appendix A), for the horizontal canister emplacement in
Lithuanian repository the water cushion technology was selected as it is proposed in Sweden [12].

Using these technique the canister and it surrounding compacted bentonite are emplaced at
the same time. To keep the buffer and canister together the container of perforated steel is required.
Such a deposition concept is known under the name of super container. As mentioned in [12] this
deposition method results in increased diameter of the emplacement tunnels.

Performed heat transfer calculations (Appendix B) demonstrated that the distance between
canisters should be 1.2 m.

Taking into account the distance between the SNF canisters and emplacement tunnels as
well as the number of canisters to be disposed of, the deposition area for SNF will cover
approximately 0.4 km2 area.

Emplacement ofIL W

The emplacement tunnels for long-lived ILW should be located about a kilometer away
from SNF emplacement tunnels and at the same depth as SNF emplacement tunnels. This is because
the crystalline basement has not outcrops in Lithuania and it will be difficult to find crystalline
basement at the depth smaller than 200-300 m. The distance of about a kilometer is proposed in
order to avoid the effect of the concrete containers used for ILW on the groundwater composition
passing the SNF deposition area. The emplacement tunnels of ILW are reached via an operation
tunnel for ILW.

The ILW emplacement tunnels will be approximately 16 m x 16 m in cross-section and will
be supported by sprayed concrete and rock bolts where necessary. They will be located at the end of
the operations tunnel. Cross-sections of the ILW emplacement tunnels are shown in Figure 7. After
emplacement of the ILW, the void regions within the emplacement tunnels will be backfilled with a
cementitious grout as proposed in NIREX (United Kingdom) concept [13] or with gravel as
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proposed for Swedish repository [14]. Most of the ILW would be emplaced during the first phase of
repository operation, at the same time as wastes are emplaced in the pilot facility.

16 m

•

\

X

16 m

-

Figure 7: Cross-sections of ILW emplacement tunnels at the end of waste emplacement: 1- sprayed
concrete, 2 - backfill, 3 - ILW disposal container, 4 - structural concrete

As it was mentioned earlier concrete containers with the external dimensions of 3 m x 1.65
m x 1.25 m (LxWxH) were considered for ILW disposal purpose. The cross-section of the tunnel
with the emplaced ILW containers is shown in Figure 7. The containers are disposed of in such way
that the width of the stack of the waste is 12 m (without gaps between the ILW canisters) and its
height is 8.75 m.

Taking into account the number of ILW disposal containers and its disposition in the ILW
emplacement tunnel it was defined that for ILW disposal two tunnels of approximately 70 m length
each would be required.

Closure and final seating

The SNF emplacement tunnels will be plugged with concrete at the interface to the main
tunnel. The main tunnel is backfilled with a mixture of bentonite and crushed rock (15% bentonite /
85% crushed rock) and eventually the tunnel will be sealed with a plug consisting of concrete
and/or highly compacted bentonite blocks. The operational tunnel for ILW will be sealed in the
same manner as the main tunnels with a mixture of bentonite and crushed rock.

Final closure of the facility would involve emplacement of seals of highly compacted
bentonite and backfilling the shaft. The backfilling of access tunnels and shafts will be carried out
using a bentonite and crushed rock mixture (15%/85%).

The main seal at the repository horizon will be placed at the construction branchoff of the
access tunnel (Figure 8), the other where the shaft intersects the upper confining geological
formation. The objective with the seals is to prevent groundwater flow along the tunnels and rock
caverns within rock mass.
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Figure 8: Status of the repository after final sealing and closure of the facility

Thermal constraints on repository design

SNF canisters generate sufficient heat that thermal effects must be considered in repository
design as they can affect a variety of processes. Ambient temperature determines the maximum
temperatures in the repository. For example in Swedish crystalline bedrock initial ambient
temperature is 70C<t5oo<18°C at 500 m depth at the potential site in Sweden. According to KBS-3
concept preferred temperature at repository depth is <25°C. Several repository safety studies have
argued that an important constraint related to thermal loading of the repository is the need to keep
bentonite temperatures low enough that detrimental changes to its desirable swelling properties and
plasticity do not occur. According to KBS-3 concept the requirement is that the maximum
temperature on the canister surface should be lower than 100 °C. Higher temperatures in
combination with unsuitable water chemistry could influence the stability of the bentonite.

Calculations of the temperatures around the canisters loaded with RBMK-1500 SNF are
presented in Appendix B. The analysis show that a maximum heat output of 784 W per canister at
the time of waste emplacement will satisfy the temperature constrain. Calculation results justify the
chosen distance between canisters 1.2 m. The heat generation from ILW is significantly smaller
than from SNF so there is no need to take into account the thermal output from ILW.

Construction materials in Lithuanian repository

It is difficult to conceive a geological repository being built without some use of concrete
and other common construction materials. In addition to making the underground construction
possible these are needed to secure a safe working environment for long periods of time.

The engineering materials will mainly consists of:

• Grouting,
• Shotcrete,
• Concrete plugs,
• Rock bolts and steel fabrics.



Grouting is an effective method for reducing water inflow during the operational phase.
Cement slurry will be injected into fracture zones and larger fractures during the boring/excavation
of the emplacement tunnels.

Shotcrete may also be used (as reinforcement) in the emplacement tunnels in repository but
only at locations where no canisters will be disposed.

Concrete plugs may be used to plug off the SNF emplacement tunnels that extend into the
fracture zones that are found to be so wide that further boring is excluded.

Rock bolts and steel fabrics, consisting of iron, are used in order to stabilize the rock and
prevent stones to fall during the construction and operational phases. But the sections of the
emplacement tunnels that need reinforcement will be rejected for canister deposition.

The construction materials used and their potential impact on the waste form or other
engineered barriers as well as on the properties of the host rock are significant in relation to long
term waste isolation and have to be considered in terms of long term safety. Special attention should
be paid to such materials, injected cement grouts for example, which are virtually impossible to
remove from the repository before closure.

It should be mentioned that low pH is required any cement material in or close to repository.

Auxiliary buildings for Lithuanian repository

In order that all the radioactive waste arriving at the repository can be disposed of safely, a
number of operations have to be carried out, from waste reception and final conditioning to
emplacement of the waste package in the final disposal location and sealing it in.

Services required at a repository include ventilation, power, storage and the emergency
systems necessary at all underground facilities. Decontamination areas for monitoring and cleaning
transport vehicles and handling any damaged waste packages, seal material preparation plant, and
all the office and parking areas associated with modern industrial operations, will also be required.

Miscellaneous buildings will be built during construction of the repository like in repository
concept in clay formation [9]. After construction work is done some buildings will be dismantled or
reduced, some buildings will be left. The main over ground auxiliary buildings and connections to
them will be the following:

• Administration,
• Operations centre,
• Ventilation,
• Equipment transition area,
• Encapsulation plant for spent nuclear fuel,
• Rail access, road access,
• Sub-surface connection between equipment transition area and conditioning and

packaging plant for spent fuel to the shaft leading underground.
Schematic representation of the over ground auxiliary buildings in the portal zone of the

repository is presented in Figure 9.

Operations centre will be equipped with necessary technological equipments. Also it will
contain control rooms, laboratory and workshop necessary for it. A controlled area should be
furnished and equipped with corresponding shut-off doors and air-locks.

Rooms of the administration, management, environment monitoring, exhibitions and
conference rooms to inform visitor-groups will be located in the administration building.
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Figure 9: Schematic representation of the over ground auxiliary buildings:
1 - administration, 2 - operations centre, 3 - ventilation, 4 - equipment transition area, 5 -

conditioning and packaging plant for spent nuclear fuel

The facilities of ventilation buildings supply fresh air to all buildings and installations
during the whole day. Also electricity feeding supplies are integrated in this building. The
ventilation of the different buildings located in portal zone is performed individually and
specifically for each of the buildings.

The building of equipment transition contains a vertical entrance to the sub-surface
connection. Such entrance enables entrance and departure of the larger devices and components,
e.g. the lug locomotive, the filling car, etc. Such entrance can be useful during installation works of
underground facilities or during monitoring phase of the repository. This building is not used for
routine access the repository and therefore is secured against unauthorized access.

Prior disposal into the repository the spent nuclear fuel assemblies must be encapsulated in a
canister. The encapsulation will be performed in the encapsulation plant for spent nuclear fuel. For
Lithuanian disposal purposes about 1400 copper canisters will be necessary.

The main differences between Lithuanian repository concept in clay and in crystalline
basement are summarized in Table 10.

Table 10: Main differences between repository concepts in clay and in crystalline basement in
Lithuania.

Element

SNF emplacement tunnels' length

SNF emplacement tunnels' diameter

The distance between emp laced SNF canisters

Buffer

Repository concept in
clay [9]

800 m

2.5 m

3m

Compacted granular
bentonite

Repository concept in
crystalline basement

250 m

1.85 m

1.2 m

Compacted bentonite
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Element

Buffer thickness

Backfill

Canister:

Outer shell material

Thickness of the outer shell

Length of the canister

Repository concept in
clay [9]

0.625 m

Bentonite / sand mixture

steel

0.15 m

4.270 m

Repository concept in
crystalline basement

0.35 m

Bentonite / crushed
rock mixture

copper

0.05 m

4.070 m

4.4 Retrievability

In the final disposal repository, the spent nuclear fuel is secure against misuse, as it cannot
be retrieved without wide technical and scientific competence and considerable financial resources.
The spent nuclear fuel cannot be retrieved in secrecy, unknown to the society. In other words, the
retrieval of spent nuclear fuel from the final disposal repository is difficult, but not impossible,
however. The possibility of retrieving the spent nuclear fuel is based on ethical grounds: future
generations are this way given the opportunity to assess the risks of final disposal and the rationality
of the final disposal solution.

At present, final disposal of spent nuclear fuel is considered a smaller risk than continuing
interim storing that requires constant control. We cannot, however, make these assessments for the
future generations, which is why retrievability gives them the opportunity to re-assess final disposal
and reverse the decisions of previous generations. Regardless of the starting points of safety
assessments, retrievability can also be seen as a future option, in case technically and economically
feasible waste utilization or re-processing methods are developed. Another justification for
retrievability is that some day some other final disposal method may become available.

Retrieval means retrieving of the disposal canisters containing the spent nuclear fuel from
the final disposal repository in the bedrock back above ground for re-processing or storing. Three
different cases of retrieval might be distinguished Table 11.

Table 11: Different cases of retrieval

Disposal situation

The disposal has not been carried out
to completion

The disposal has been completed

Any

State of the bentonite

The bentonite has not absorbed water and become swollen

The bentonite has not absorbed water and become swollen

The bentonite has absorbed water and become swollen

In cases where the bentonite had not absorbed water and become swollen, the removal of the
canister from the hole might - at least in some cases - be carried out using equipment, which is the
same or similar to that used for the disposal of the canister.

If, on the other hand, the bentonite has been in the contact with water or added water -
swelling has taken place and the associated pressure has developed. Thus, the canister may be held
in a firm grip in the emplacement tunnel (deposition hole) and considerable force may be needed if
it were to be retracted.
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The preliminary studies show that it is likely that the canister would be impaired if a
retrieval were to be attempted by simply applying force without previous freeing the canister. The
reason is, that in such case, stresses would be develop which would be high in relation to the
mechanical properties of the canister. Thus before the canister can be retracted from the
emplacement tunnel (deposition hole), the swelling pressure must be reduced. Such a reduction can
be achieved by freeing the canister.

The main steps in a full retrieval process are as follow [15]:
1. Determination of the position of the canister in the emplacement tunnel.
2. Removal of the bentonite near the front gable of the canister.
3 a. Freeing of the front gable of the canister.
3b. Docking of equipment to the front gable of the canister (horizontal disposal).
4a. Freeing of the mantle surfaces of the canister, i.e. elimination or substantial reduction of
the swelling pressure exerted by the bentonite onto the mantle surface of the canister.
4b. Transfer of the canister to the mouth of the deposition hole.
5. Transfer of the canister to a transport vehicle.
Different techniques for removal of the bentonite buffer around the deposited canister are

under investigations such as mechanical, hydrodynamical, thermal, electrical techniques. Different
techniques to determine the position of the canister in the buffer could also be used such as
mechanical, electromagnetic, thermal and acoustic techniques [15].

As indicated in [15] studies show that all of the hydrodynamical techniques are applicable
for freeing the end surface as well as the mantle surface while the other techniques are more
complex and require more energy/power.

The hydrodynamic technique comprise high-pressure hydrodynamic techniques, where
pressures above and below 100 bar, and low-pressure hydrodynamic techniques (<10 bar) are
separated. At pressures above 100 bar, a water jet with a diameter of approximately a millimeter
cuts through the material. If desired, sand can be added to the jet. At pressures below 100 bar the jet
has diameter of one or few centimetres. The low-pressure hydrodynamic technique is based on a
combination of hydrodynamical effects and chemical modification of the bentonite. In this case, the
force and extent of the jet is small in comparison but it nevertheless essential to the process. It
serves the purpose of removing material, which has previously been in contact with the liquid and
thereby modified chemically. The liquid contains a few percent of salt, which is essential for the
efficiency of the process. The flushing is important not only because it removes the modified
bentonite but also because it frees previously unaffected bentonite and thereby makes it accessible
to chemical modification.

The degree of complexity of hydrodynamic techniques and the requirement on
energy/power decrease with a decrease in pressure.

The removal of the bentonite from the hole is based on a more recent technique, which is
being studied in Sweden. The opening of the canister hole will be tested in the near future by a full-
scale trial to be performed in the Asp6 Hard Rock Laboratory in cooperation with the Swedish
nuclear waste management company Svensk Karnbranslehantering (SKB).

4.5 Summary

In this report the proposed generic repository concept for SNF and long-lived ILW disposal
of in the crystalline rocks in Lithuania is presented. The proposed repository concept is based on
KBS-3 concept developed by SKB for disposal of the SNF in Sweden. The KBS-3H design with
horizontal canister emplacement is proposed as a reference design for Lithuania. As KBS-3 H design
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is under the development in Sweden and Finland yet, thus KBS-3V is left as an alternative one, if
KBS-3H is shown as not feasible and safe.

The generic repository concept for SNF disposal in the crystalline rocks in Lithuania
foresees the SNF disposal in the horizontal emplacement tunnels with a diameter of 1.85 m and
length of 250 m and with a distance of 1.2 m between the canisters. The proposed disposal canister
for SNF is composed of two components: an outer corrosion protection of copper and a cast iron
insert with channels for the RBMK-1500 SNF half-assemblies in order to improve the mechanical
strength as in Sweden as well as in Finland. The copper canister with a 50 mm wall thickness
should be made of oxygen-free copper with low phosphorus content also. The canister insert is
proposed to be cast iron and will have a minimum wall thickness of 50 mm. The preliminary data
for the reference canister for RBMK-1500 SNF is 1050 mm in diameter and 4070 mm in length.
Based on the Swedish experience water cushion technology was selected for the SNF emplacement.
Using this technology the SNF canister and it surrounding bentonite blocks are emplace at the same
time. To keep the canister and the buffer in one package perforated steel container will be used. The
thickness of the bentonite blocks will be 0.35 m. For the backfilling of the main tunnels, shafts and
ramp the mixture of the crushed rock and bentonite is selected.

It is proposed to dispose of the long-lived intermediate level waste in the rock cavern of
dimensions 16 x 16 m. They will be located at the end of operations tunnel, ~1 km away from the
SNF emplacement tunnels. The emplacement tunnel for ILW will be backfilled with a cementitious
grout or gravel.

Generic repository concept is described to the level of details needed to perform a generic
safety assessment and cost calculations. Thermal, criticality and other important disposal
characteristics for RBMK-1500 spent nuclear fuel emplaced in copper canister were performed and
presented.

The results of calculations of the temperatures around the disposal canisters with RBMK-
1500 SNF in the emplacement tunnel show that when the distance between canisters is 1.2 m, for
the partly saturated (low thermal conductivity) bentonite, the peak temperature of * 92 °C on copper
canister surface is reached within few years. In case of fully saturated (high thermal conductivity)
bentonite the temperatures are much lower than in the case before. The highest temperature of « 72
°C on the canister surface is reached within 30 years. As the results show, the canister surface
temperature always lies below 100°C. According to these results the distance between SNF disposal
canisters was justified to be 1.2 m. The analysis of heat evolution influence on the top of crystalline
rock has shown that the heat raised from the canister with RMBK-1500 SNF will have marginal
impact on the thermal conditions on the top of crystalline rock within one million years period after
the spent fuel deposition.

In this study criticality analysis for copper SNF disposal canister loaded with (2.8% 235U
enrichment) fresh 32 RBMK-1500 fuel half-assemblies was performed using sequence CSAS25
from SCALE 4.3 computer codes system. It was assumed that entry of water into canister is
possible and calculations were performed for the case when water density inside the canister varies
from 0.1 g/cm3 to 1.0 g/cm3. Such variation allows to find the most reactive state of the fuel-insert-
canister body system. There are another scenarios that might lead to criticality for the long-term
processes such as corrosion of the fuel rods cladding, insert or canister body, etc., but they have not
been evaluated in this study. Criticality analysis of the copper disposal canister has demonstrated
the influence of the moderator (water) on the value of effective neutron multiplication factor, but

is less than allowable value 0.95.

Using computer codes (sequences SAS2H and SAS4 from SCALE 4.3 computer codes
system) gamma and neutron emission from spent nuclear fuel with initial 2.8% "35U enrichment,
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burnup 30 MWd/kgU and 50 years cooling time was calculated. After that dose rate values on the
surface and at some distances of copper disposal canister were calculated. Dose rate calculations
show that dose rate is formed mainly by the gamma radiation and that the dose rate values on the
surface of the copper disposal canister for SNF are rather high in comparison to the storage casks of
SNF but do not exceed the limit of 1 Gy/h (1 Sv/h if only p, y radiation) which is maximum
allowable dose rate value according to Swedish KBS-3 concept.

The proposed repository concept needs to be updated (revised) as more site specific
information on the physical, chemical, thermal, mechanical, etc. properties of the repository site
will be available. For example, rock mechanical properties will determine the use of rock support,
the dimensions of rock caverns for disposal of the intermediate level waste. Thermal evolution
around the SNF disposal canister will be updated by the site specific thermal conditions, buffer
saturation conditions which depend on the hydrology in the repository site. With reference to
regulatory decision the intermediate level waste will be disposed separately or in the same
repository as SNF. Future developments regarding excavation, transportation, deposition
technology in the foreign countries must be also be taken into account.
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5 COST CALCULATION FOR DISPOSAL OF SPENT NUCLEAR FUEL
AND LONG-LIVED INTERMEDIATE-LEVEL WASTE IN
CRYSTALLINE BASEMENT IN LITHUANIA

5.1 Introduction

The most important measures to manage and dispose of spent nuclear fuel and long-lived
radioactive waste from Ignalina NPP are to plan, build and operate facilities and systems that are
needed, and to conduct related research and development. This report presents a calculation of costs
for implementing all of these measures (system inventory).

A cost estimation for model case of deep repository in Lithuania has been carried out. This
preliminary cost assessment is based on experience accumulated during development Swedish
KBS-3 concept [16] and applied to Lithuanian case. (Chapter 4: Generic Repository concept for
crystalline rock in Lithuania). In order to give some guaranties to cover the loss as a result of future
unforeseen events reasonable additional costs (cost variations) are included into the calculations.
The same methodology as in Sweden for cost assessment of SNF disposal has been employed.
Capabilities of tools and models available for cost estimation are demonstrated in the report.

5.2 System inventory included in cost assessment

5.2.1 General

The first phase of cost calculations is based on Swedish KBS-3 concept of radioactive waste
disposal for vertical emplacement of the canister (KBS-3 V) [16]. Plan on which the cost

calculations have been based is referred to a Final Decommissioning Plan (FDP) for Ignalina NPP
[8]. Block diagram in

bein
Figure 10 shows how waste products pass through treatment and storage facilities before

disposed of in the final deep repositoi

Ignalina NPP

Spent graphite,
-3 806 tones

Spent sealed sources,
- 35 000 pieces

Operational & decommissioning
waste long-lived 1L.W,

"5 600

Loading into concrete containers

Interim storage facUJ race facility for long-lived waste

Encapsulation Final deep repository for SNF and long-lived waste

Figure 10: Main system for management of spent nuclear fuel and long lived radioactive waste in
Lithuania
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Main projects {calculation objects) and relevant time schedule (reference scenario) for
disposal of SNF and long-lived intermediate level radioactive waste in Lithuania according to FDP
[8] are presented in Table 12.

Table 12: Time table of management of SNF and long-lived waste in Lithuania

Object

Planning, Preliminary research, Administration

RD&D and Safety analysis

Transportation system

Interim storage for SNF
(Operation, maintenance and decommissioning)

Encapsulation plant for SNF

Localization & Site investigations

Deep repository for SNF - Facilities above ground
(Operation sites)
Deep repository for SNF - Facilities underground
(Shafts, access tunnels and service area)
Deep repository for SNF - Facilities underground
(Deposition panels & operation)

Deep repository for long-lived radioactive waste

Date, years

Start

2002

2025

2035

2024

2035

2027

2031

2036

2041

2024

Finish

2067

2067

2066

2064

2064

2037

2067

2066

2066

2066

The costs for operation & maintenance and decommissioning of interim storage for long-lived waste are
included

This chapter provides a general description of the facilities, systems and measures included
in Lithuanian waste management scenario.

5.2.2 Planning, preliminary research, administration

Lithuanian Radioactive Waste Management Agency (RATA) will be engaged in permanent
administration activities related to disposal of SNF and long-lived waste. It is foreseen that
approximately 20 persons from RATA's staff and about 150 people from outside of RATA will be
involved in waste handling and research works.

5.2 J Research, development and demonstration (RD&D)

Main purpose of RD&D programme is to collect necessary information, knowledge and data
to realize final disposal of spent nuclear fuel and other long-lived radioactive waste. Foremost the
RD&D work will be focused on measures necessary to build an encapsulation plant for SNF and
deep repository for encapsulated fuel and long-lived operational and decommissioning waste from
Ignalina NPP. In addition safety assessments are included into RD&D activities.

5.2.4 Transportation system

Setting of the system needed for transportation of SNF from interim storage (Ignalina NPP
site) to encapsulation plant (deep repository site) is considered. It is intended to use the same system
for transportation of immobilized long-lived waste from interim storage to deep repository. It is
assumed that deep repository will be about 120 - 200 km from INPP but not more than 350 km
(largest distance across Lithuania). Transportation by rail from Ignalina to the area of deep
repository will be necessary mainly.
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5.2.5 Interim storage for SNF and long-lived waste

The installation of interim storage facility has started-up close to Ignalina NPP and will be
extended in future as referenced in FDP [8]. Only the costs for operation, maintenance and
decommissioning are included into the calculations. A number of permanent full-time personnel is
assumed to be 60 employees (similar as in Sweden). After all fuel and other waste have been
removed from storage facility it will be dismantled and radioactive waste will disposed of to deep
repository.

5.2.6 Encapsulation plant for SNF

Before spent fuel is emplaced in a deep repository it must be encapsulated in canisters. One
canister contains 32 RBMK fuel half-assemblies. It is estimated that approximately 1 400 copper
canisters of Swedish type but with different parameters (Figure 11) will be necessary to produce for
deposition of SNF from Ignalina NPP. It is assumed for present cost assessment that a capacity of
the plant will be 50 canisters per year. Encapsulation is planned to take place in the area of deep
repository. The plant will be dismantled and decommissioned at the end of deposition period of
spent nuclear fuel.

Li Li Li

1050

••./ O O O O \
'oooooo
GOOOOO
GOO GO O
O O O G G O
\ G O G G /

Height, mm
Diameter, mm
Wall thickness, mm
Estimated weight, kg:

Copper canister
Insert
Fuel assemblies
Total

4070
1050

50

6400
13000
3000

22400

1050

Figure 11: Reference canister for RBMK spent fuel. / - copper shell,
2 - cast iron insert, 3 - fuel assembly

5.2.7 Localization and Site investigations

The basic objective of siting process is to select a suitable site for disposal of SNF and long-
lived waste and to demonstrate that selected site in conjunction with deep repository design and
radioactive waste package has properties which provide adequate isolation of radionuclides from
accessible environment for desired periods of time. The siting of the deep repository will be
performed in stages with feasibility studies, site investigation and detailed characterization.

5.2.8 Deep repository for long-lived radioactive waste

Lithuanian Government has approved Strategy on Radioactive Waste Management [18] in
2002. It is foreseen to modernize management and storage of solid long-lived radioactive waste of
Ignalina NPP within 2002-2009, namely:

• Retrieve and characterize solid long-lived radioactive waste accumulated in existing
storage facilities, fulfill its proper treatment.

• Install proper interim storage facilities for long-lived radioactive waste, and store long-
lived radioactive waste in storage facilities without final immobilization until the final
disposal methods are decided.
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According to FDP [8] it is assumed that the waste of D, E and F classes will be packaged
and stored into concrete containers measuring (L x W x H): 3 m x 1.65 m x 1.25 m, and volume of
6.2 m\ without grouting or immobilization for interim storage of long-lived waste on the INPP site.
Estimated amounts of long-lived radioactive waste from Ignalina NPP to be disposed of in the deep
repository are presented in Table 13.

Table 13: Summary of long-lived waste to be disposed of in deep repository

Waste

Spent graphite

Operational & decommissioning long-
lived ILW

Spent sealed sources

Waste class

D

E

F

Number of
containers

1 140

838

3

External volume of
containers, m3

7 054

5 185

19

Total: 1981 12 258

The costs for operation, maintenance and decommissioning of interim storage (including
costs for the disposal containers and waste conditioning) have been estimated with the calculations
of costs for deep repository. The costs for design and construction of interim storage for long-lived
waste are not considered.

At present it is assumed that deep repository for long-lived waste will be located as a part of
repository for SNF at the same depth but about 1 km away.

It is supposed that the same transportation system as for SNF will be used to transport
conditioned long-lived waste from interim storage (Ignalina NPP site) to deep repository (at
distance of 120-200 km). Costs for operation and maintenance of transport of long-lived waste are
taken into account in the cost assessment for transportation of SNF.

5.3 Calculation methodology

5 J.I General

Only preliminary costs for projects of disposal of SNF and long-lived radioactive waste
could be established. In order to give some guaranties to cover the loss as a result of future
unforeseen events reasonable additional costs (cost variations) are included into the calculations.
Both deterministic calculations based on reference costs of the projects and statistical estimation
taking into account the variations and uncertainties have been carried out. The calculation method
used for the assessment is based on the application of the calculation principle called "successive
principal" [19], which has been developed specially as a tool for management of these type
uncertainties. A brief description of the calculation methodology is presented in the chapter. The
application of the method is illustrated schematically in Figure 12.
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Figure 12: Schematic description of calculation steps (numbers refer to description in text)

A central aspect of the "successive principle" is the methodology for structuring the
calculation and setting up its probability distributions. The total cost is obtained by adding items
according to the rules that apply to addition of stochastic variables. The results are then presented as
a distribution function indicating the probability associated with a given cost. The method also
provides indications of where the major uncertainties are.

5.3.2 Calculation of reference costs

A subdivision of the projects included into the management system of SNF and long-lived
waste into calculation objects (objects in short) is performed at first. It corresponds in principle to
different cost categories for each different facility, i.e. investment, operation, closure etc.

The input data for the calculations are obtained from "most likely" costs or so-called
"reference costs" for each calculation object and for the total (Step 1 in Figure 12). The reference
costs are calculated on basis of the reference scenario (Table 12) by means of conventional
calculation under established fixed conditions.

Traditional deterministic calculation is based on functional description of each facility
resulting in layout drawings, equipment lists, personnel forecasts etc., but without allowances for
variations and uncertainties. A base cost is calculated for each cost item, including:

• quantity-related costs,
• non-quantity-related costs,
• secondary costs.
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Quantity-related costs are costs that can be calculated directly with the aid of design
specifications and with knowledge of unit prices, e.g. for concrete casting, rock blasting and
operating personnel.

All details are not included in the drawings. These non-quantity-specified costs can be
estimated with good accuracy based on experience from other similar projects.

Secondary costs include costs for administration, design, procurement and inspection as well
as the costs for temporary buildings, machines, housing, offices and the like.

Fixed conditions under witch cost estimation is valid are presented in Table 14.

Table 14: Fixed conditions established for cost calculations

Description

The operating time for Ignalina NPP is fixed, i.e. Unit 1 will shut down at 31-12-
2004, Unit 2 - at 31-12-2009.
The radioactive waste has been produced and the waste will be produced at INPP
will stay in Lithuania.

The storage period of SNF in the interim storage facility is fixed and cannot be
prolonged.

The long-lived waste will be disposed off in the same deep repository as SNF.

Type and size of canister is fixed.

Cost calculation will be done in price level of today.

Operation, maintenance and decommissioning of the deep repository will be
performed in the period from 31-12-2056 to 31-12-2067.

The deep repository will be closed without any surveillance after operation
period.

Remark/Motivation

Responsibility for EU.

Licensing.

No responsibility for
future generation.

A summary of the reference costs is shown in Table 15.

Table 15: List of the calculation objects and reference costs for disposal of SNF and long-lived
waste in Lithuania

No

1

2

X
4
5

6

7
8
9

10

Object

Planning, Preliminary research,
Administration

RD&D and Safety analysis

Transportation system

Interim storage for SNF
(Operation, maintenance and
decommissioning)

Encapsulation plant for SNF

Localization & Site investigations

Cost category

Investments
Operation & Maintenance (O & M)
O & M

Decommissi oning

Investments & decommissioning
O & M
O&M (canisters)

Reference
cost, MLt

200

859

239
73

305

15

851
317
295

334
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No

11

12

13

14
15

16

17
18

19

20

Object

Deep Repository for SNF - Facilities above
ground
(Operation sites)

Deep Repository for SNF - Facilities
underground
(Shafts, Access tunnels and service area)

Deep Repository for SNF - Facilities
underground
(Deposition panels & operation)

Deep Repository for long-lived radioactive
waste

Cost category

Investments & decommissioning

O&M

Investments & decommissioning

O&M
Backfill

Investments & decommissioning

O&M
Backfill

Investments & decommissioning

0 & M & Backfill

Total:

Reference
cost, MLt

701

565

954

48
436

105

38
129

43

343

6 850

5.3.3 Uncertainties taken into account in the calculation

The next step is to determine what variations and uncertainties are to be included in the cost
calculation. The method for handling uncertainties in the calculation is based on a systematic
identification and evaluation of events that can significantly affect the cost outcome. The events that
may be either project-internal (facility design, quantities etc.) or external (government actions,
economic factors) in turn give rise to variations in the reference concept, which may be of a
technical, economic or administrative nature. These variations are quantified with a "low" and a
"high" outcome, related to a given probability to occur. Two types of variations are distinguished.
The first that affect several objects so-called general variations (Step 3 in Figure 12). These include
timetable and capacity changes, e.g. strength of Lithuanian currency Litas. The second type is so-
called object variations (Step 2 in Figure 12) that affect a single object. The latter include e.g.
uncertainties in the design of an individual facility or in an estimated workforce. Each variation is
defined in terms of scope and an assessment is made of which calculation objects are affected by
the variation. In specifying the scope (low-reference-high), a range of values is given which has a
given probability of encompassing the actual value. Thus each cost item or variation is regarded as
variable that can assume different values with varying degree of probability (stochastic variable). A
suitable function that defines this probability distribution (distribution function) is chosen for each
item and variation. The variations included into the cost estimation are described in greater detail in
Table 16 and Table 17.

Table 16: Inventory of general variations

No. Description of variation

The all investments costs depend on the economy situation of Lithuania. The situation is good: 15% decrease on
all investments.

The situation is bad: 25% increase on all investments.

Less costs for activities such as licensing, supervision by regulatory bodies etc. after changes in legislation area:
5% decrease on all activities.

Requirements raised by authority concerning nuclear activities: 30% increase on all activities.
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No. Description of variation

Lithuanian Litas strengthens up to 30%.

Lithuanian Litas weakens up to 30%.

5% decrease for all activities in the case of low growing of salaries in Lithuania.

35% increase if opposite.

The execution is delayed for 10 years due to technical problems or because an accident has occurred: 10%
increase.

Table 17: Object variations included into the cost calculations

No.

1

2

3

4

5

6

7

8

9

10

11

12

Object

Planning, preliminary
research, administration

RDD and safety analysis

Transportation system

Interim storage for SNF

Encapsulation plant for
SNF

realization & Site
investigations

Deep Repository -
Facilities above ground
'Operation sites)

Investments

O & M

O&M

Decommissioning

Investments &
decommiss ioning

O & M

O&M (canisters)

Investments &
decommissioning

O&M

Description of variation

Number of the personnel is overestimated: -30%.

Number of the personnel is underestimated: +30%.

The scope of RDD is overestimated: -30%.

The scope of RDD is underestimated: +30%.

The costs for railway and the roads are reduced: -40%

The costs for railway and the roads are increased: +40%

Costs for transportation are overestimated:-25%

Costs for transportation are underestimated:+25%

Number of personnel and for activities of maintenance is
overestimated: -30%

Number of personnel and for activities of maintenance is
underestimated: +30%

Decommissioning costs are overestimated: -20%

Decommissioning costs are underestimated: +20%

Costs are overestimated: -35%

Costs are underestimated: +45%

Number of the personnel is overestimated: -40%.

Number of the personnel is underestimated: +40%.

Costs for canister are overestimated: -30%

Costs for canister are underestimated: +45%

Decrease in number of investigated sites from 3 to 2: -30%

Increase in number of investigated sites from 3 to 4: +25%

Costs are overestimated: -30%

Costs are underestimated: +30%

dumber of the personnel is overestimated: -30%.

dumber of the personnel is underestimated: +30%.
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No. Object Description of variation

13

14

15

16

17

18

19

20

Deep Repository -
Facilities underground
(Shafts, Access tunnels
and service area)

Deep Repository -
Facilities underground
(Deposition panels &
operation)

Deep repository for long-
ived radioactive waste

Investments &
decommissioning

O&M

Backfill

Investments &
decommissioning

O&M

Backfill

Investments &
decommissioning

O & M & Backfill

Cost are overestimated due to better rock conditions: -20%

Cost are underestimated due to poor rock conditions: +30%

Number of the personnel is overestimated: -20%.

Number of the personnel is underestimated: +20%.

The complexity in backfill is overestimated: -20%

The complexity in backfill is underestimated: +20%

Cost are overestimated due to better rock conditions: -30%

Cost are underestimated due to poor rock conditions: +30%

The complexity in handling of the deposition machine is
overestimated, less expensive costs for the compacted bentonite
in the buffer: -30%

The complexity in handling of the deposition machine is
underestimated, more expensive costs for the compacted
bentonite in the buffer: +30%

The complexity in handling of the backfilling are
overestimated, more efficient equipment: -30%

The complexity in handling of the backfilling are
underestimated, less efficient equipment: +35%

Cost are overestimated due to better rock conditions: -25%

Cost are underestimated due to poor rock conditions: +25%

The complexity in handling of the backfilling are
overestimated: -20%

The complexity in handling of the backfilling are
underestimated: +30%

5.3.4 Monte Carlo simulation

Subsequently, the cost influence on different calculation objects of the variations chosen is
evaluated. Since both the calculation objects and the variations have been defined not only with
their respective most likely costs but also with a range of values (lowest and highest cost related to a
given probability), the component cost items can be described as stochastic variables with
associated distribution functions. The functions are chosen so that the probability distribution fits
the character of the variation as closely as possible.

Finally, a statistical summation of the costs is done by calculating the total cost for a
statistically selected outcome of the component cost items and variations (Step 4 in Figure 12). This
calculation is repeated in a sufficient number of cycles (~ 2 000) to ensure that the final result has
stabilized and is accurate sufficiently.

5.3.5 Outcome of cost estimation

The result gives, for each object as well as for the system as a whole, a mean value of the
cost (future costs) and the standard deviation of the cost, which together define a cumulative
distribution function so-called S-curve (Step 5 in Figure 12). The cost can be obtained from S-curve
for the chosen probability (degree of confidence) i.e. the probability that the calculated cost will
prove true. A probability of 50%, for example, means that there is an equal likelihood that the value
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will be too large as that it will be too small. Confidence degree of 70% means that the probability
that estimated value will be too large equals to 30%.

In addition, partial results (Step 6 in Figure 12) are drawn off during the course of the
calculation procedure, which enable the uncertainties in the analysis to be evaluated and ranked
(Step 7 in Figure 12). The method also provides indications of where the major uncertainties are.
They can then be broken down and studied in greater detail, after which the calculation is repeated,
leading to reduced uncertainty. This "successive" convergence towards an increasingly accurate
result has given the method its name.

5.4 Results of cost accounting

The cost calculations have been based on Lithuanian plan for handling of SNF and long-
lived radioactive waste briefly described in Chapter 5.2. The methodology presented in Chapter 5.3
has been applied to the cost assessment.

Figure 13 presents probable costs (statistical S-curve) for the Lithuanian waste management
system where contingencies are included. The costs related to confidence level of 50% are indicated
as well as the reference cost.

Estimated cost for
confidence level of 50%

3 000 5000 7 000 9 000 11000 13 000 15 000 17 000

Cost[MLt]

Figure 13: Cumulative distribution function of the future costs for handling of SNF and long-lived
waste in Lithuania

Table 18 shows the estimated future costs of 50% probability for the waste management
system according to the reference scenario. The costs for different facilities are reported here in the
following items (cost categories): investment, operation and maintenance plus decommissioning
and backfill. Investment costs normally only include those costs that arise before a facility is put
into operation.
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Table 18: Future costs of 50%
Lithuania

probability for the handling of SNF and long-lived waste in

No

1

2

3

4

5
6

7

8
9
10

11

12
13

14
15
16

17
18
19

20

Object

Planning, Preliminary
research, Administration

RD&D and Safety analysis

Transportation system

Interim storage for SNF
(Operation, maintenance
and decommissioning)

Encapsulation plant for
SNF

Localization & Site

investigations
Deep Repository for SNF -
Facilities above ground
(Operation sites)
Deep Repository for SNF -
Facilities underground
(Shafts, Access tunnels and
service area)

Deep Repository for SNF -
Facilities underground
(Deposition panels &
operation)

Deep repository for long-
lived radioactive waste

Cost category

Investments

Operation & Maintenance
(O&M)
O&M

Decommi ssioning

Investments &
decommissioning
O&M
O&M (canisters)

Investments &
decommissioning
O&M
Investments &
decommissioning
O&M
Backfill
Investments &
decommissioning
O&M
Backfill
Investments &
decommissioning

0 & M & Backfill
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402
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566

146

50
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401

Costs per object,
MLt

Reference

200

859

312

320

1 463
I ^\J J

334

1 266

1 tJO

0 7 0
L t L

386

6 850

Estimated

224

1064

399

395

2 000

421

1 669

1 QQC
1 77J

JO /

452

9 047

The difference of approximately 32% (~ 2 200 MLt) of the future costs in comparison to
reference costs gives guaranties of 50% to cover the loss due to future unforeseen events and
uncertainties (cost variations) estimated in the calculations. It was identified that the impact of
general variations on estimated costs is most important.

According to cost calculations for KBS-3 concept but for different canister emplacement
(vertical - KBS-3V, and horizontal - KBS-3H) alternatives in Sweden [20] the estimated costs for
KBS-3H concept (medium long holes) are smaller due to exclusion of irrelevant deposition tunnels
from the deep repository system. Cost savings on excavation works and backfilling are pointed out
as main factors for cost reduction.
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The cost calculations for Lithuanian disposal system of SNF and long-lived waste presented
in the report are for KBS-3V emplacement case. They need to be adapted for KBS-3H emplacement
after more detailed information on prices of horizontal deposition technology and facilities are
obtained.

5.5 Summary

In order to manage and dispose of spent nuclear fuel (SNF) and long-lived radioactive waste
from Ignalina NPP to deep geological repository, that is assumed to be in operation since 2041, it is
necessary to conduct related research and development, and it is essential to plan, build and operate
facilities and systems that are needed. System for management of radioactive waste in Lithuania is
referred to a Final Decommissioning Plan (FDP) for Ignalina NPP [8].

Cost estimation for disposal of SNF and long-lived intermediate-level waste in crystalline
basement in Lithuania presented in this report. This preliminary cost assessment is based on
experience accumulated during development Swedish KBS-3 concept [16] and applied to
Lithuanian case. The calculation method used for the assessment is based on the application of the
calculation principle called "successive principal", which has been developed specially as a tool for
management of uncertainties due to unforeseen events in future [19].

The input data for the calculations are obtained from "most likely" costs or so-called
"reference costs" by means of conventional (deterministic) calculation based on functional
description of each facility resulting in layout drawings, equipment lists, personnel forecasts etc.,
under established fixed conditions but without allowances for variations and uncertainties.

In order to give some guaranties to cover the loss as a result of future unforeseen events
reasonable additional costs (cost variations) are included into the calculations. An influence of the
chosen variations on the costs is evaluated. The result gives a mean value of the cost (future costs)
and the standard deviation of the cost for the chosen 50% degree of confidence.

Capabilities of tools and models available for cost estimation are demonstrated in the report.
The preliminary cost calculations for Lithuanian disposal system of SNF and long-lived waste
presented in the report are for vertical emplacement case of the SNF canister (KBS-3V). It is
necessary to extend the estimation for horizontal emplacement case (KBS-3H) after more detailed
information on prices of horizontal deposition technology and facilities are available.
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REVIEW OF THE AVAILABLE INFORMATION ON THE SPENT
NUCLEAR FUEL AND HIGH LEVEL WASTE DISPOSAL IN
CRYSTALLINE ROCKS

A.I General

Repositories for disposal of spent nuclear fuel and high level waste generally rely on a
multi-barrier system to isolate the waste from the biosphere. This multi-barrier system typically
comprises the natural geological barrier provided by the repository host rock and its surrounding
and an engineered barrier system (EBS). Rock types currently under investigation as a potential
repository host rocks are salts (either in salt domes or bedded formations), granite and similar
crystalline rocks, argillaceous rocks, tuff and basalt.

The most investigated host rocks to date are crystalline rocks, primarily granite and gneiss.
The Finnish government and local population have recently approved a preferred site for used fuel
disposal in granite at Olkiluoto on the Baltic Coast. Sweden has narrowed into two granitic areas its
siting programme. Other countries that have considered granite siting options include France,
Switzerland, Spain and Canada.

Summarized information on the considered host rocks and the corresponding country is
presented in Table A-1.

Table A-1: Host rocks that are under consideration for different countries
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A.2 Sweden

According [1] in December 2000 SKB presented a report "Integrated Account of the
Method, Site Selection, and Programme prior to the Site Investigation Phase" (SKB, 2000, {TR-01-
03}). The proposal was to proceed with site investigations in three of the communities where
feasibility studies had been made. After review by the regulatory agencies the Swedish Government
in November 2001 endorsed SKB's proposal to begin site investigations at the three proposed sites.
In December 2001 the municipality of Osthammar and in March 2002 the municipality of
Oskarshamn approved SKB's plans to proceed with site investigations. The municipality of Tierp
rejected further participation in the siting process.

According to the present planning the repository for spent nuclear fuel should be built in two
stages. Approximately 200-400 canisters of spent nuclear fuel will be deposited in the first stage.
This corresponds to about 5-10 % of the total of 4500 canisters. The numbers are based on the 40-
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year operating period of nuclear reactors [2]. After the initial operating stage an evaluation of the
repository will be conducted to fine-tune operational practices etc. It is planned that the remaining
canisters will be deposited. It is estimated that the regular operating stage will last from 20 to 30
years.

The site investigation programme is structured discipline-specifically, partly in order to
obtain a better overview, and partly to rationalize the practical execution of the programme. At
present, detailed discipline-specific programmes are being developed for the following seven
disciplines:

• Surface ecosystems,
• Geology,
• Hydrogeology,
• Hydrogeochemistry,
• Rock mechanics,
• Thermal properties, and
• Transport properties of the rock.
Numerous conditions and properties need to be evaluated in a site investigation in order to

built up a fundamental understanding of the site. But only certain conditions are of direct
importance for the site select as suitable for a repository. Main requirement on the rock for KBS-
3VH are specified by following work selection criteria's site [3]:

• Requirements for rock properties:
• No ore potential,
• Regional plastic shear zones shall be avoided,
• Possibility to position the repository with respect to fracture zones,
• Rock strength, fracture geometry and initial stress not too high,
• Groundwater at repository level may not contain dissolved oxygen,
• Total dissolved solids/total salinity < 100 g/1 at repository level.

• Preferences on the rock:
• Commonly rock types,
• Hydraulic conductivity < 10"8 m/s,
• Hydraulic gradient lower than 1% at repository level,
• pH range 6-10,
• Darcy velocity < 0.01 m/y on a canister hole scale,
• Moderately thick glacial overburden.

Most of the bedrock in Sweden consists of ancient crystalline rock types such as granite,
gabbro and gneiss. Requirements and preferences regarding rock types are made based on their
properties and composition. In each specific case of a site investigation, the designations used for
the rocks are defined, along with the mineral compositions of these rocks.

To prepare for the siting and construction of a deep repository, SKB has built the Aspo Hard
Rock Laboratory (HRL) on the island of Aspo outside Oskarshamn. The laboratory is designed to
meet R&D requirements and consists of a 3600 m long tunnel going down in a spiral to a depth of
450 m. The Aspo HRL is being used to test, verify and demonstrate the investigation methods
which will later be used for detailed studies of candidate sites for the deep repository and to study
and verify the function of various components in the final repository system. It will also be used to
develop and test technology for deposition.

Repository concept

Formerly the Swedish concept for a deep geological repository involves encapsulating the
fuel in copper canisters with cast iron inserts, embedding each canister vertically, and surrounding
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them with bentonite clay at a depth of about 500 m in the Swedish crystalline basement. This
concept is known as the KBS-3V method.

Several other disposal methods like WP-Cave, Very Deep Holes and Very Long Holes has
been evaluated and compared with KBS-3V. Though the methods have been judged to have a high
safety potential, KBS-3V has been showed to provide advantages in the combined judgment of
"long-term performance and safety", "technology" and "cost".

Recently two alternatives for emplacement of the disposal canisters are under consideration;
with vertical and horizontal canister emplacement in the deposition holes. The first alternative is
known as FCBS-3V design while the second one is named as KBS-3H.

The conceptual design of the deep repository is based on the KBS-3V method (Pigure A-l).
According the KBS-3V concept the spent fuel is enclosed in canisters consisting of a cast iron insert
for mechanical stability and a copper shell for corrosion protection. The canisters are deposited in
bored holes in the floor of a system of deposition tunnels. Each hole accommodates one canister.
The canisters are surrounded by a buffer of bentonite clay, which holds them in place and isolates
them from circulating groundwater and protects them from minor rock movements in the
surrounding rock. The clay also retards the transport of various substances to and from the canister.

Cladding
tube

Spent nuclear
fuel

Bentonite ctay
Surface portion
ol deep repository

Fuel pellet of
uranium
dioxide

Copper canister
with cast iron
insert

Crystalline
bedrock

Underground portion
of deep repository

Figure A-1: Illustration of KBS-3 V method for the storage of spent nuclear fuel

The different parts of the deep repository are:

• Surface facility
• Access (shafts and ramp)
• Central area under ground

• Area for deposition of spent nuclear fuel

The design is adapted to the chosen site. An example of the design is shown in Figure A-2.
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Figure A-2: Schematic drawing of the deep repository with access ramp and shafts

The repository for spent nuclear fuel will be built in one or two levels at a depth of about
500 meters. It consists of a large number of parallel deposition tunnels with deposition holes bored
in the bottom. The deposition tunnels are connected by main tunnels for transport of fuel canisters,
materials and personnel, as well as tunnels for ventilation and utility lines. The main tunnels are
connected to central area underground and via tunnels and shafts to the ground surface. The height
and width of the main tunnels are assumed to be 6.8 and 7 m respectively.

Canisters with SNF are emplaced in the deposition holes, together with a surrounding clay
buffer. Figure A-3 shows a cross-section through a canister deposition.
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Figure A-3: Cross-section of deposition hole

The canister for SNF, designed by SKB, consists of an outer corrosion barrier of copper and
a pressure-bearing insert of cast nodular iron (Figure A-4). The studies concerning suitable canister
concepts for long-term isolation of spent fuel in Swedish bedrock started in the 1970s. Already at an
early stage copper was identified as a potentially very suitable material due to its thermodynamic
stability and corrosion resistance in reducing groundwater, such as those found in the deep bedrock.
A reference canister consists of a 50 mm thick copper cylinder with welded-on top and bottom. The
canister is not yet fully optimized. According to current plans, the thickness of the copper might be
reduced to 30 mm at the same time as the insert is reinforced. A canister holds either 12 BWR
assemblies or 4 PWR assemblies. Its outer diameter is 1.050 m and its length is 4.830 m.
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Figure A-4: Planned design of the Swedish spent fuel canister.
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Since the canisters are transported down to the deposition positions surrounded by a
radiation shield, the height of the deposition tunnels must accommodate the equipment used.

A distance between the top of the canister and the floor of the tunnel is 2.5 m. To achieve
low hydraulic conductivity in the buffer around the canister and prevent excessive loss of
imperviousness in the buffer above the canister, the thickness of the buffer has been chosen to be
1.5 m. Above the buffer 1.0 m of the deposition hole is filled with bentonite and crushed rock up to
the floor of the deposition tunnel. To allow for the possibility of a concrete bottom pad, which can
have a negative influence on the properties of nearby bentonite buffer, and to ensure that the barrier
to nuclide transport has at least the same capacity as other parts of the buffer, the thickness of the
buffer underneath the canister is chosen to be 0.5 m.

The diameter of the hole is the sum of the diameter of the canister, the original thickness of
the bentonite blocks, and the tolerance between the canister and the blocks and between the blocks
and the rock. The buffer is made of 0.35 m thick, and the total deposition hole diameter is 1.75 m.
The buffer material consists of MX-80 bentonite, natural clay from Wyoming or South Dakota in
the USA.

The canister spacing is 6.0 m and the tunnel spacing is 40 m. After deposition, the tunnel
above the deposition hole will be backfilled with a material that is adapted to the chemical. The
backfill material consists of a mixture of bentonite clay and crushed rock. A typical composition is
used consisting of 15 weight-percent MX-80 bentonite clay and 85 weight-percent crushed rock [2].

As it was mentioned the alternative emplacement of the canister (KBS-3H) is also being
studied as a base for the final decision design of repository (Figure A-5).

Figure A-5: The KBS-3 concept, Vertical (KBS-3V) and Horizontal (KBS-3H) deposition

So-called super-container is proposed in KBS-3H alternative. The super-container consists
of a perforated steel cylinder with highly compacted bentonite and one copper canister inside
(Figure A-6). According [4] the copper canisters with SNF are emplaced horizontally in the
deposition drifts that are up to 300 m in length. The geometry of canister is the same as in KBS-3V
concept. Due to chosen emplacement method for horizontal canister deposition using the water
cushion technology, the deposition drifts' diameter had to be increased to 1.85 m.
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Figure A-6: Concept of the super-container

The distances between the canisters and the deposition drifts are set app. 2.5 m(7.3 m
between the centres of each canister) and 40 m respectively. The distance between the canisters and
deposition drifts will be studied optimized later.

As mentioned for the deposition of the super-container water cushion technology is
proposed in Sweden. The super container is provided with feet (Figure A-6). As indicated in [4] in
the space which is created underneath the super container, a slide plate and a lifting cushion pallet
are installed. The slide plate is used to give the cushions a smooth surface to slide on. The cushion
pallet consists of several co-operating cushions. Movement in the deposition drift is arranged as
follows:

• When the lifting cushions are activated, the super containers are lifted from the parking
feet and float on a thin film of water.

• The deposition machine then push the super container forwards one stroke about one and
a half meters on the slide plate.

• The pressure is reduced and the super container lands on the parking feet.
• At this stage, the super container rest securely on its parking feet and the deposition

machine can pull itself and the slide plate forward by retaining its grip on the super
container.

The above is repeated until the super container is in the correct in the deposition drift.

The layout and dimensions of the underground facility will be determined by the spacing
between deposition drifts, number of canisters to be disposed of, geological constrains, construction
logistics, dimensions of vehicles and equipment for construction and deposition. The deposition
machine determines the dimensions of the deposition tunnels and determines the dimensions of the
transport tunnels and main tunnels in KBS-3V. The main tunnels referred to the tunnels from which
the emplacement tunnels branch off. The SNF canisters are disposed of, one after the other, in
horizontally bored emplacement tunnels with a length up to 300 m. The width of the main and
transport tunnels are assumed to be 10 and 7 m respectively. The dimensions of the transport and
main tunnels depend on the deposition technique that has been chosen. In KBS-3H, the super
containers are transported and handled horizontally all the time, meaning that deposition machinery
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is smaller. This means that the width of the transport tunnels does not have to be enlarged to the
same width as the main tunnels, the deposition drift can branch off from a tunnel of the same width
as a transport tunnel. It is assumed that operation chamber of about 15 metres depth will be built in
the sides of the tunnel as shown in Figure A-5. Each tunnel branches off, to allow the deposition
drifts to be excavated and to permit docking of the deposition equipment to the drift without
interfering with traffic in the tunnel.

The advantage for KBS-3H compared to the reference design, KBS-3V, is that the
deposition tunnels are not needed in that design. The absence of deposition tunnels reduces the
excavated rock volume by about 50 %. This results to less environmental impact during
construction, cost savings and reduced need for ventilation and drainage during construction and
later on operation [4]. KBS-3H is under development now by SKB (Sweden) in cooperation with
Posiva (Finland).

A.3 Finland

Finland has a publicly-financed research programme (JYT) which is coordinated by the
Technical Research Centre of Finland (VTT). The supervisory duties laid on the authorities under
the Nuclear Energy Act and Decree call for publicly-managed nuclear waste research that is
independent of the goals of the industry. Participation in international research projects is
considered to be especially important in this regard, in particular because of the country's small
population. Publicly-financed research on nuclear waste management started in Finland in the early
1970s on the initiative of the Atomic Energy Commission. In order to co-ordinate the various
projects, the Ministry of Trade and Industry launched the JYT programme in 1989, the first phase of
which ended in 1993. A second phase of the programme was due to have been completed by the
end of 1996. Initially, the programme only included research financed by the Ministry but, since
1992, STUK has been responsible for a considerable portion of the finance. The bulk of the research
has been carried out by VTT, the Geological Survey of Finland, by universities and by the
geological investigation companies.

The following subject areas were investigated during the first phase of the disposal
programme:

• Near field:
• strength of copper canister.
• mechanical and hydrological performance of engineered barriers.
• mechanical behavior of crystalline rocks.

• Geosphere:
• development of borehole seismic methods for site investigation.
• chemical behaviour of radionuclides in bedrock and groundwater.
• migration of radionuclides in rock fractures.
• natural radionuclide migration from the Palmottu uranium deposit.

The primary objectives of the second phase were:
• rock mass structure and stability, investigation methods and characterising the flow of

groundwater
• release of radionuclides from a repository and their subsequent migration in the rock mass
• performance and safety assessment of repositories and the safety of other phases of

nuclear waste management
• waste management technology and costs
• socio-political and other social issues and environmental impact assessment.
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A joint company Posiva Oy has been established to take care of the research and
development needed for the geologic disposal of spent fuel, and later to construct and operate the
disposal facility in Finland. In May 1999, Posiva submitted an application for the so-called
Decision-in-Principle (DiP) on the final disposal facility of spent fuel to the Finnish government.
According to the application, the spent fuel from the Loviisa and Oikiluoto nuclear power plants
would be disposed of in a KBS-3 type final repository to be built at Oikiluoto in the municipality of
Eurajoki, where the TVO nuclear power plant is also situated. The main purpose of the DiP is to
judge whether the facility is in line "with the overall good of society", but another important part of
the decision is the judgment on the suitability of the intended facility site.

Repository concept

Posiva's plans for final disposal of spent fuel are based on the KBS-3V concept developed
by the Swedish Nuclear Fuel and Waste Management Company (SKB>. The disposal concept
comprises horizontal tunnels in crystalline rock at a depth of several hundred meters (most likely
approximately 500 m) with vertical holes drilled in the floors (Figure A-7).

Buffer

Figure A-7: The KBS-3V concept for a disposal of spent nuclear fuel

The location and layout of the repository will be adjusted to the structure of the bedrock at
the disposal site.

The deposition tunnels are located on both side of a central runnel. The distance between
two tunnels is 25 m. Transport tunnels connect these deposition tunnels. Apart from the canister
transfer shaft, the facility is connected to the ground surface by a personnel shaft and a working
shaft (Figure A-8).
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Figure A-8: Overall view of the encapsulation facility and repository

New final disposal tunnels will be excavated every three years. The excavated stone material
is brought above ground, crushed and pilled to be then used as backfill material in the tunnels.

The fuel rod assemblies used in Olkiluoto and Loviisa nuclear power plants differ in shape
and length. However, both types can be packed in copper-spheroidal iron canisters of similar
construction (Figure A-9). The canister used in Olkiluoto is 4.8 m long and canister used in Loviisa
is 3.6 m long. The diameter of both canister types is 1.052 m. They both accommodate 9-12 fuel rod
assemblies. The external canister made of copper encloses tightly the internal canister made of
nodular cast iron, protecting it against the corrosive influence of groundwater. Extensive
experimental and theoretical analyses have shown that the 5 cm thick copper layer used in the
canisters would take hundreds of thousands of years to corrode, even under oxidising conditions.
The internal canister made of nodular cast iron makes the construction of the canister so strong that
it will resist the mechanical strain acting in the bedrock.

Figure A-9: Disposal canisters: Olkiluoto spent nuclear fuel canister and
Loviisa spent nuclear fuel canister (right)
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The canisters are embedded in holes drilled at the bottom of the final disposal tunnel. The
spacing of the holes is 8 m, they are 7.5 m deep and 1.8 m in diameter. The hole is lined with
bentonite clay blocks before the canister is embedded in the hole. The hole is then filled up with
more bentonite blocks. Once all the canisters to be embedded in the final disposal runnel have been
transferred to the tunnel, the runnel itself is also filled with a mixture of bentonite clay and crushed
stone. A concrete closure that is 4 m thick is finally cast at the tunnel mouth.

An encapsulation plant is connected to the repository by vertical shafts. The possibility of
one of the shafts being used as a research shaft (i.e. a URL) before construction of the repository
commences has also been considered.

The planned disposal site is situated at Olkiluoto, in the vicinity of the Olkiluoto nuclear
power plant. Olkiluoto was selected as one of the candidates for the spent-fuel repository site in
1987, together with four other candidates: Romuvaara in Kuhmo, Veitsivaara in Hyrynsalmi, Syyry
in Sievi, and Kivetty in Konginkangas. Each of the four candidate sites has been subject to an
extensive program of surface-based investigations and modeling studies. At least ten deep drill
holes (of depths between 500 and 1000 m) have been made at each site; at Olkiluoto already twelve.
The investigations and interpretations from the preliminary site investigations were summarized and
concluded in 1992 by Teollisuuden Voima Oy (TVO). In 1996, Posiva published an interim report
and four separate site reports were compiled for the site assessment in 1999. The final site selection
was based on the outcome of the EIA conducted in 1997-1999.

In January 2001, Posiva published a program that describes the objectives and major items
of research, development, technical planning, and design work for the period preceding the
construction license. According to current official guidelines, Posiva should prepare to submit the
application for a license in 2010.

For the technical development and design work, the main target for storting the initial
program phase is to reach an advanced stage in design and technical plans. Reaching such a stage
will allow the specification of work packages for bid calls and provide sufficient confidence in the
technical feasibility of planned operations at the encapsulation facility and in the repository. The
main objectives for the complementary characterization work at Olkiluoto consist of verifying the
present conclusions on site suitability, defining and identifying suitable rock volumes for repository
space, and characterizing the target host rock for repository design, safety assessment, and planning
of construction work.

The technical design and demonstration work, together with the results of complementary
site characterization, will provide the basis of the safety case that is needed to support the
construction-license application. An integrated safety assessment will be the cornerstone of the
long-term safety case, but the argumentation for safety will also be based on broader technical and
scientific evidence.

A substantial part of program activities will be staged according to the progress of the
planned underground rock-characterization facility, ONKALO, at Olkiluoto. Recently the
construction of access ramp of ONKALO has been started. Before that, Posiva completed
documentation concerning the:

• Baseline description of the Olkiluoto site
• Technical design description of the planned underground rock characterization facility
• Plan for underground investigations
• Review of rock characteristics that are important for the long-term safety of disposal,

together with an assessment of how the ONKALO project would affect these.
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Later, at the end of 2005, Posiva will publish an interim progress report of the disposal
program. The report will also contain a more detailed description of the activities planned for the
latter half of the program period.

A.4 Canada

Since 1978, Atomic Energy of Canada Limited (AECL) and more recently Ontario Power
Generation (OPG) have been developing the concept for emplacement of nuclear fuel wastes in a
deep geologic repository.

Over the last 20 years, Canada has developed a broad range of technology and expertise for
used-fuel emplacement in a geologic repository, which includes the following:

• Researching used-fuel dissolution and radionuclide release mechanisms
• Evaluating material properties and failure mechanisms of the candidate container

materials, titanium and copper
• Optimizing engineered-barrier performance of clay-based buffers and backfills
• Developing high-performance cement and clays for vault seals
• Preparing conceptual designs of underground repository and surface facilities
• Developing site-characterization methods and tools applicable to surface-based and

underground investigations of plutoni c rock
• Developing underground construction techniques and understanding rock mass properties

and behavior in high-stress regimes in plutonic rock
• Advancing the understanding of groundwater flow and contaminant transport in fractured

plutonic rock
• Conducting experiments and repository demonstrations in plutonic rock at the

Underground Research Laboratory, located in southeastern Manitoba
• Understanding the behavior and transport of contaminants in the surface biosphere, and

their potential impact on human and nonhuman biota
• Developing detailed and integrated performance assessment methods, models, and

computer software to assess the safety of the deep-geologic-repository concept
• Developing alternative safety-assessment methods, models, and tools to complement the

detailed safety assessment models.
In 1994, AECL submitted "Environmental impact statement on the concept for disposal of

Canada's nuclear fuel waste". Two post-closure safety assessments associated with the concept were
included in this report. The first assessment, or "EIS case study", evaluated the performance of a
vault design consisting of titanium containers placed in boreholes drilled in the floor of the
deposition rooms at a depth of 500 m (Figure A-10). The second assessment, commonly referred to
as the "Second Case Study", evaluated the performance of copper containers placed in an in-room
configuration at a similar depth, using a more permeable geosphere (Figure A-l 1, Figure A-12).
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Figure A-10: The repository that was evaluated in "EIS case study" (borehole emplacement of
titanium containers)
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Figure A-l 1: The repository that was evaluated in "Second Case Study" (in-room emplacement of
copper containers)
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Figure A-12: Cross-sectional view of an emplacement room sealing system arrangement for an in-
room emplacement alternative

The repository engineering work program conducts research and development activities,
which have focused on engineered barriers, the characteristics and performance of the rock mass,
and underground facility engineering. This program recently recommended oxygen-free,
phosphorous-doped (OFP) copper as the reference corrosion-barrier material for used CANDU fuel
containers.

The reference container design for SNF has a minimum design life of 100 000 years. Based
on its capacity of 324 bundles and a projected inventory of 3.6 million used fuel bundles for
disposal, the emplacement rate, over a 30-year repository operational period, is about 370
containers per year.

The design consists of an outer OFP copper corrosion barrier vessel, inner carbon steel load-
bearing vessel and a carbon steel fuel basket. Each basket, as shown in Figure A-13 consists of an
assembly of carbon steel tubing in a closed packed arrangement.

After loading with fuel, the inner vessel is sealed in a dry inert gas atmosphere by bolting
the inner steel lid in place. A copper lid is then welded to the outer copper shell using an electron
beam. Since the welding is carried out under vacuum, the annular space between the inner and outer
container shells will remain at vacuum although, over a long period of time, inert gas from the inner
vessel may diffuse into this space. Finally, the container is encased in bentonite sleeves and then
emplaced.

The overall container is illustrated in Figure A-13. The copper corrosion barrier is designed
to collapse onto the inner steel container under repository loading conditions and thereafter be
supported by it.
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Figure A-13: Basket (108 Fuel Bundles) for OPG's SNF Container (left) and cut-away view of
OPG's SNF Container (right)

The overall diameter of container is 1.168 m, overall length of container is 3.867 m. The
thickness of outer copper vessel and its lid is designed to be 25 mm. Overall diameter and length of
the inner vessel is 1.116 m and 3.708 m respectively. Shell thickness of inner vessel is 96 mm.

In the Canadian design (OPG design), a steel vessel serves as the inner load-bearing
component, which differs from the cast iron insert used in the Swedish and Finnish designs. The
cast iron insert is a cylindrical metal cast, which incorporates an array of cylindrical channels for
housing the fuel bundles. Selection of the inner steel vessel in the Canadian design was based on a
comparative assessment of the suitability of this and the cast iron insert designs for housing
CANDU used fuel bundles. The assessment indicated the following:

• While the inner vessel can be readily fabricated and inspected, there are significant
uncertainties regarding the fabrication and inspection of cast inserts for the Canadian
program. This is primarily because of the large number of fuel bundle channels required
in the casting to house CANDU used fuel: based on the required emplacement rate, up to
60 channels are required compared with the 4 and 12 required in the Swedish and Finnish
programs, respectively.

• For comparable fuel capacity, the inner vessel design for CANDU used fuel is smaller,
lighter and less costly than the cast iron insert.

In addition, the repository engineering program is examining the sealing requirements and
repository layout implications for the in-floor borehole and in-room emplacement configurations.
These configurations are illustrated in Figure A-14.
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Figure A-14: Arrangement of engineered barriers for in-floor borehole (left) and
in-room (right) emplacement method

A.5 Spain

The Empresa Nacional de Residues Radiactivos, S.A. (ENRESA), a public company
founded in 1984, manages all radioactive waste produced in Spain. All activities of ENRESA are
approved by the Spanish government through the Radioactive Wastes General Plan (PGRR). The
fifth PGRR was approved by the government in July 1999 and is presently in force. In this PGRR, it
was established that no decisions will be made about the final management of high-level radioactive
waste until the year 2010. Until that date, ENRESA must set up all the necessary techniques and
methodologies for deep geological disposal, considering (in parallel) R&D activities related to
separation and transmutation techniques that could reduce the inventory of waste.

The Spanish spent fuel disposal programme has identified a large number of sites possessing
geological characteristics potentially suitable for deep radioactive waste disposal. Generic and site-
specific disposal system designs have been developed for each of the main host rocks under
consideration (clay, granite, salt). Currently, the programme is conducting a safety assessment
studies for the conceptual designs in clay and granite.

Preliminary conceptual repository design is based on the multi-barrier concept. The first of
these barriers is the spent fuel itself, which possesses certain advantages due to characteristics
inherent in the ceramic nature of the fuel or the vitrified high-level waste form. The most suitable
materials for the waste container are considered to be carbon steels and titanium alloys with the
addition of nickel or vanadium, since they have the best corrosion resistance. Underground
openings and tunnels in the repository will be backfilled and sealed with compacted bentonite in the
case of granite and clay formations. Two reference concepts for repositories, one for granite and
another for clay developed by ENRESA are shown in Figure A-15 and Figure A-16, respectively.
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Figure A-15: Repository design for granite
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Figure A-16: Repository design for clay

According to ENRESA's established strategy for high-level waste disposal, most of the
effort up to 2010 will be focused on designing and characterizing the behavior of long-term
repository components within ENRESA's R&D Program. The repository components considered
are spent fuel, metallic canisters for disposal, compacted clay barriers, geological barriers, and
biosphere. The R&D program seeks to identify and characterize the long-term safety processes and
key parameters of the different components, which implies the design and verification of specific
instrumental technologies. Another R&D objective (specifically for deep geological disposal) is to
have adequate numerical models to make reliable estimates of the long-term behavior of different
components, under a wide range of possible repository conditions.

The Spanish repository concept foresees the disposal of spent fuel elements in carbon steel
canisters with 10 cm thick wall. The canisters will be arranged horizontally in drifts excavated in
granite or clay formations. The excavations will be 2.4 m in diameter and approximately 500 m in
length, and a 75 thick layer of bentonite will surround the canisters.
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A.6 Switzerland

In Switzerland, the producers of radioactive waste are responsible for its safe management
and disposal. The electric power utilities, which operate the nuclear power plants, and the Federal
Government, which is responsible for the waste arising from medicine, industry and research, set up
the National Cooperative for the Disposal of Radioactive Waste (Nagra) in 1972. Nagra is
responsible for research and development work associated with final disposal. Since the founding of
Nagra in 1972, work has been carried out on the development of disposal concepts and
identification of potential sites for such facilities. Working on the multi-barrier principle, the
requirements for packaging, engineered structures, and geological isolation were derived for
different types of waste. Two separate geological repositories are planned, one for LILW and
another for high-level waste (HLW) and intermediate-level waste containing higher concentrations
of long-lived or alpha-emitting radionuclides (transuranic waste).

Site selection for HLW is very much constrained by the small size of Switzerland and by its
geological setting. The current geological consensus is that the orogeny which built the Swiss Alps
is still continuing, and there is still net uplift in this area of ~ 1-2 mm/year. Excluding alpine areas
and other complex geological structures associated with the Jura mountains and the Rhine Graben
leaves only limited areas in Central and Northern Switzerland that would be potentially suitable.
Within this area, two host rock options are considered— either the crystalline basement or one of
the overlying, low permeability sediment layers (first priority Opalinus Clay).

The current conceptual repository design was developed taking into account the potential
host rocks, the very low volumes of HLW expected, and the government requirement for an early,
convincing demonstration of waste-disposal safety as a condition of extending reactor operating
licenses. These factors together led to designs that are certainly robust (or even overdesigned), but
which are not necessarily optimized in an economic or operational sense.

The concept (Figure A-17) has the following features:

• Deep disposal (about 500 m to 1 km below surface) in a specially constructed facility.
• In-tunnel emplacement of HLW waste packages in a geological medium (sediment or

crystalline basement), which physically protects the engineered barrier system (EBS), has
low water flows and favorable groundwater chemistry, and may (especially for Opalinus
Clay) act as a very efficient radionuclide transport barrier.

• Massive engineered barriers: in addition to the vitrified waste in its steel fabrication
canister or spent UO2/MOX fuel within its cladding, a thick steel overpack is envisaged,
surrounded by compacted bentonite clay.

Co-disposal of TRU in a separate part of the repository (not show in Figure A-17)
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Figure A-17; Safety barrier system for HLW/SNF

Analysis of this concept showed that, for all realistic scenarios analyzed, the performance
guideline was met with large margins of safety.

Since 1985, the regional, investigation of the crystalline basement has been completed and
documented. Geological studies have early shown mat the extent of accessible crystalline basement
is much less than, originally thought because of the presence of a previously unknown, extensive
Permo-carboniferous trough that cuts the region. Only two restricted areas remain for selection of a
possible site, each covering about 50 km2. Nevertheless, there are strong arguments that it would be
feasible to find a suitable repository for the required low volume of waste.
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In parallel, investigations of the sedimentary options have proceeded from the desk study to
select potential host formations through to identification of specific potential siting areas. The two
sedimentary host rocks investigated in detail were Opalinus Clay, which exists in a laterally
extensive but rather thin layer in Northern Switzerland, and Lower Freshwater Molasse, where the
formations are large but somewhat heterogeneous. Investigations of the sedimentary formations are
discussed (presented) in more details in [5].
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B MODELLING OF TEMPERATURE EVOLUTION IN THE SPENT
NUCLEAR FUEL EMPLACEMENT TUNNELS

B.I Introduction

This chapter presents temperature evolution calculations in the spent nuclear fuel
emplacement tunnels using software FLUENT 6.1.

Disposal canister should fit some mechanical, chemical, etc. and thermal requirements. It is
assumed that max. canister's surface temperature should be not higher than 100 °C to avoid boiling
at the canister surface (boiling could lead to enrichment of salts on the surface which could cause
corrosion effects, change bentonite properties, etc.).

Crystalline rock is assumed as preference geological media for spent nuclear fuel (SNF) and
long-lived intermediate level waste (ILW) disposal in Lithuania. The concept of Lithuania's
repository in crystalline rock is discussed in chapter 5. KBS-3 (Sweden) repository concept with
horizontal emplacement of the SNF disposal canisters is used as prototype for Lithuania. Since
there is a lack of geotechnical properties of the geological formations in Lithuania at this stage of
investigations, thus the calculations were performed using available parameters of Swedish [1] and
Swiss [2] repository environment. Preference is given to the parameters of proposed repository
environment in Sweden.

B.2 Methodology

B.2.1 Computer code and main assumptions

Temperature evolution in the SNF tunnels was calculated using FLUENT 6.1 code.
FLUENT is the world leading CFD code for a wide range of modelling fluid flow and heat transfer
in complex 2D or 3D geometries. Since analysis was based on a 3D model, in this case FLUENT
solves three-dimensional conduction equation.

As it was mentioned the crystalline rock is assumed as preference geological media for SNF
and long-lived ILW disposal in Lithuania. Swedish proposed concept of monitored long-term
geological disposal repository is used as prototype for Lithuania.

It was assumed that heat transport occurs only by conduction. Influence of convection was
expected to be negligible, because of low gas and hydraulic conductance of the surrounding
materials-bentonite and host rock.

Since there is a lack of geotechnical properties of the geological formations in Lithuania the
calculations were performed using available parameters of proposed repository environment in
Sweden [1] and Switzerland [2].

During modelling the thickness of crystalline rock was assumed to be the same as during
calculations with Swiss environment parameters [3].

It is possible that the layer of the crystalline rock is nearer (at about 300 m depth) ground
surface than Opalinus clay layer (at about 550 m depth), but in this case, conservatively,
temperatures on the horizontal sides of the model were assumed to be the same (the same
temperature gradient) as during calculations with Swiss environment parameters [3].
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B.2.2 Geometry description

The geometry of the domain is illustrated in Figure B-l. Copper canisters with SNF are
emplaced horizontally in the tunnel. Each canister has a length of 4.07 m and a radius of 0.525 m.
Canister's wall thickness is 0.05 m.

For the horizontal canister emplacement in Lithuanian repository the water cushion
technology was selected as it is proposed in Sweden. Using this technique the canister and it
surrounding compacted bentonite are emplaced at the same time, therefore a little gap is formed
between bentonite and EDZ. Approximately 10 years after emplacement the gap disappears because
of bentonite swelling. Since the gap is sealed up soon, in the calculations it was assumed that there
is no gap. In the future, temperature evolution calculations in the SNF emplacement tunnels should
be performed evaluating the effect of the gap. More sensitivity studies will be required to assess the
robustness of the calculations.

T7

3.970

4.070

5.270

Figure B-l: Schematic representation of the analysis domain with main dimensions, surrounding
material names and locations at which the temperatures are calculated

The layer of the excavation disturbed zone (EDZ) is around bentonite as shown in the Figure
B-l. Tunnels' diameter is 1.75 m. For calculations the distance between canisters was the same as
in Swedish concept-1.2 meter.

Points T1-T7 indicate locations at which the temperatures were calculated:
• T1 is the temperature at the canister radius,
• T2 is the temperature at horizontal mid-bentonite,
• T3 is the temperature at the horizontal radius tunnel,
• T4 is the temperature at horizontal mid-EDZ,
• T5 is horizontal radius EDZ temperature,
• T6 is the temperature at radial midpoint between the tunnels,
• T7 is the temperature at mid-point between the canisters.
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Three-dimensional view of the model geometry with main dimensions is shown in Figure
B-2.

-300 m
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at 400 m depth
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Figure B-2: Schematic three-dimensional view of the analyzed domain

B.2.3 Model description

Since domain is symmetric, only lA of the domain was modelled in order to make computer
calculations faster. A part of three-dimensional mesh is presented in Figure B-3. All the mesh
contains about 400000 8-noded elements. The mesh is refined in the area of interest, i.e. in copper,
bentonite and EDZ boundaries.

!!.!ni

'•^! .;|SgSg

Figure B-3: Three-dimensional mesh for temperature evolution calculations for SNF emplacement
tunnels
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The vertical sides of the domain are assumed to be zero-flux boundaries (symmetry planes).

B.2.4 Thermal properties of SNF

The canisters are designed for 16 (32 fuel-half assemblies) fuel assemblies of RBMK-1500
spent nuclear fuel, with 2.8% initial enrichment and burnup 30 MWd/kgU. Residual decay heat of a
SNF after 50 years of interim storage was calculated using ORIGEN-S [4] code. So, temperature
calculations were based on heat output values computed with ORIGEN-S.

B.2.5 Thermal properties of SNF canister and host rock

Thermal conductivities and heat capacities of copper and host rock (see Table B-l) are taken
from [1] and from [2]. In this case thermal conductivity in vertical and horizontal directions is the
same.

Table B-l: Host rock properties used in calculations

Material

Host rock

Thermal conductivity
(W/(m K))

2.8

Specific heat
(J/(kgK))

800

Density (kg/m3)

2600

B.3 Results of temperature evolution calculations

Calculations were performed for the same distance between canisters but for different
bentonite moisture content. Two cases were analysed in total and both are presented in Table B-2.

Low bentonite thermal conductivity is when it is partly saturated (low moisture content) and
about three times higher thermal conductivity is when bentonite is fully saturated [1]. Similar
differences are for thermal capacity.

Table B-2: Analysed cases

Cases

Case 1

Case 2

Distance between canisters, m

1.2

1.2

Bentonite saturation

Partly saturated

Fully saturated

B.3.1 Case 1

The time-dependant temperature evolution in the horizontal orientation SNF emplacement
tunnels is shown in Figure B-4. The results show that, for the partly saturated (low thermal
conductivity) bentonite, the peak temperature of « 92 °C (Tl) on copper canister surface reaches
within few years. Within 100 years the temperature decreases to 66 °C. The temperature of mid-
bentonite (position T2) remains lower than 76 °C. Temperature within crystalline rock (T6) in the
middle between tunnels reaches a peak of 47 °C after about 100 years after emplacement. The
results also show that temperature in the mid-point between canisters (T7) newer exceeds 74 °C.
This temperature is point T7 peak temperature, which reaches such value after about 30 years.
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Figure B-4: The time-dependant temperature distribution in the SNF emplacement tunnels for the
case of partly saturated bentonite (low bentonite thermal conductivity)

Figure B-5 presents temperature distribution within a canister, bentonite, EDZ and
crystalline rock at 30 years (it is the time, when the peak temperature within the copper (Tl) is
reached) after deposition.

Figure B-5: Temperature profiles at 30 years after emplacement, for an emplacement tunnel with
SNF disposal canisters in case of the partly saturated bentonite (low bentonite thermal

conductivity). The vertical cross-sections are a mid-tunnel and midway between canisters
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B.3.2 Case 2

The time-dependant temperature evolution in the SNF emplacement tunnels was also
calculated for case of fully saturated (high thermal conductivity) bentonite and is presented in
Figure B-6. The results show that temperatures are much lower than in the case before. The highest
temperature of ^ 72 °C (Tl) is reached within 30 years (Figure B-7) after canister emplacement.
Within 100 years the temperature decreases to 55 3C. The temperature of mid-bentonite (position
T2) remains lower than 49 °C all the time. The highest temperature within crystalline rock (T6) in
the middle between tunnels remains in the range 48 to 38 °C for several hundred years. The results
also show that temperature in the mid-point between canisters (T7) never exceeds 67 °C.
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Figure B-6: The time-dependant temperature distribution in the SNF emplacement tunnels for the
case of fully saturated bentonite (high thermal conductivity)

Figure B-7: Temperature profiles at 30 years after emplacement, for a disposal tunnel with canisters
containing SNF in case of fully saturated bentonite (high thermal conductivity)
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B.3.3 Heat evolution influence on the top of crystalline rock

Temperature distribution in time, 50 meters above SNF emplacement tunnels is shown in
Figure B-8. The results show that in such depth natural host rock temperature is about 25 °C. At
about 200 years after canister emplacement in SNF tunnels this temperature rises to a maximum
value of* 26,5 °C in cases of partly and fully saturated bentonite. Thus natural temperature og the
host rock increases only by * 1,5 °C. Since the distance between top of crystalline rock and SNF
emplacement tunnels is more than 50 meters, it can be predicted that temperature evolution from
SNF emplacement tunnels will have marginal impact on the top of the crystalline rock.

27

26
- * - Partly

saturated

-•-Fully
saturated

24
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Time after canister emplacement, years
1.0E+06

Figure B-8: The time-dependant temperature distribution 50 meters above SNF emplacement
tunnels

B.3.4 Analysis of the results

The highest temperatures of the canister's surface (Tl), horizontal mid-bentonite (T2) and
horizontal radius tunnel (T3) are presented in Table B-3 for the different bentonite moisture
(different thermal conductivity and heat capacity) but for the same distance between canisters.

Table B-3: The highest canister's surface (Tl), horizontal mid-bentonite (T2) and horizontal radius
tunnel (T3) temperatures for the different analysed cases

Cases

Case 1

(partly saturated bentonite;
distance between canisters-1.2 m)

Case 2

(fully saturated bentonite;
distance between canisters-1.2 m)

T l , °C

91,6

72,3

T2, °C

76,2

68

T3, °C

63,6

64,6

A-27



Results show that canister surface temperature in case 1, as well as in case 2 never exceed
92 °C. Both analysed cases showed that temperature within bentonite layer in any case does not
even reach 80 °C.

The table (Table B-4) shows that the lowest temperatures are achieved in fully saturated
bentonite and the highest, when bentonite is partly saturated.

B.3.5 Comparison of temperature evolution calculation results in Opalinus clay

Results of temperature evolution calculations of steel canister disposed of in Opalinus clay
are presented in the report [3]. Temperature evolution was modelled from steel canister, which is
designed for 16 (32 fuel-half assemblies) fuel assemblies of RBMK-1500 spent nuclear fuel, 2.8%
initial enrichment, burnup-30 MWd/kgU. The canister was disposed of in the Opalinus clay, which
geometrical and thermal properties were assumed to be the same as Swiss [2].

Figure B-9 presents three-dimensional models' geometries, which were used during heat
evolution calculations in Opalinus clay [3] and in crystalline rock. As it can be seen they both look
similar, i.e. distance between tunnels is the same, the same is the thickness of Opalinus clay and
crystalline rock layers.
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Emplacement tunnel
at 650 m depth

-670 m

Lower opalimit
clap \

Y

-750 m

-300 m

120

Crystalline rock

Emplacement tunnel
at 400 m depth

80

-500 m
-20

200

,20

Figure B-9: Schematic three-dimensional views of the analysis domain in Opalinus clay and in
crystalline rock

But both models have few differences:

• Opalinus clay layer is divided into two parts, which have different densities, specific heats
and different heat conduction coefficients in horizontal and vertical directions.

• Crystalline rock is solid, with the same heat conduction coefficients in the horizontal and
the vertical directions.

• Steel SNF disposal canister is bigger than the copper one.
• The thickness of the bentonite and EDZ layers in Opalinus clay case are larger than in the

crystalline rock case.
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• Distance between the SNF disposal canisters in Opalinus clay case is larger than in
crystalline rock case.

Next table illustrates that such differences have quite influence on temperature evolution
calculations.

The highest canister's surface (Tl), horizontal mid-bentonite (T2) and horizontal radius
tunnel (T3) temperatures for the different bentonite humidity (different heat conduction and
different heat capacity) when SNF canister is disposed of in Opalinus clay and in crystalline rock
are presented in Table B-4.

Table B-4: The highest canister's surface (Tl), horizontal mid-bentonite (T2) and horizontal radius
tunnel (T3) temperatures, in case of canister emplacement in crystalline rock and
Opalinus clay

Cases

Crystalline rock (current case 1)

Partly saturated bentonite;
distance between canisters-1.2 m.

Opalinus clay case [3]

Partly saturated bentonite;
distance between canisters-3 m.

Crystalline rock (current case 2)

Fully saturated bentonite; distance
between canisters-1.2 m.

Opalinus clay case [3]

Fully saturated bentonite; distance
between canisters-3 m.

Tl, °C

91.6

96.7

72.3

68.4

T2, °C

76.2

73,5

68

63

T3,°C

63.6

58.6

64.6

59.6

In case of canister disposal in crystalline rock, its surface temperature is about 5 °C lower
than in the case as it was disposed of in Opalinus clay with the same bentonite humidity. Modelling
also shows similar temperature differences (~ 3-̂ 5 °C) in mid-bentonite and on its outer surface, but
in this case higher temperatures are achieved when canister is disposed of in the crystalline rock.

In case of fully saturated bentonite modelling in both crystalline rock and Opalinus clay
shows similar (« 5 °C) temperature difference, but higher canister's surface temperature is achieved
in the crystalline rock. Temperatures in the mid-bentonite and on its outer surface when canister is
disposed of in crystalline rock are a bit higher then it was in Opalinus clay.

To generalize the results it should be said, that analysed cases are quite conservative. It
should also not be forgotten that during calculations the environmental properties of SNF repository
proposed by Swedish (where there was not enough data by Swiss) were accepted, i.e. specific
thermal conductivity of host rock and the repository depth. However it is possible, that in Lithuania
the repository could be located at only 350 m depth, this means the natural host rock temperature
will be smaller in this case; the probable thickness of rock layer in Lithuania can be similar or even
smaller. The aforementioned statements allow us to draw a conclusion, that in such case both
temperatures on canister surface and in bentonite should be slightly lower.
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B.4 Conclusions

1. The results of temperature calculations in the SNF emplacement tunnels illustrate the
significance of bentonite thermal conductivity either thermal capacity on temperatures at
the disposal canister and host rock.

2. It was determined, that when the distance between canisters is 1,2 m the maximum
canister's surface temperature for partly saturated bentonite is 92 °C. Such temperature is
close, but does not exceed permissible temperature of 100 °C.

3. Temperature evolution from SNF emplacement tunnels will have marginal impact on the
top of crystalline rock.
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C CRITICALITY ANALYSIS OF THE COPPER DISPOSAL CANISTER

C.I Introduction

Criticality safety analysis for a repository differs from conventional analysis of criticality.
For conventional criticality safety analysis the events are primarily attributed to short-term
equipment failure or accidents and human errors. The events in the repository that may lead to a
criticality are related to long-term processes that take place over hundreds and thousands of years.

Dry waste forms are transferred into its disposal container and then into the repository as a
waste package. However, moderator may be introduced into the system under abnormal situations,
such as flooding or the introduction of foam or water mist (e.g., result of fire fighting operations) or
oil. Foam or mist affects the neutron moderation in the array and can result in a peak in reactivity at
low moderator density. There are also additional considerations, for example, misloading of waste
must be considered if burnup credit is used. Normally, a misloading error involving only a single
unit need not be considered unless there are circumstances that make multi-loading errors credible.
The analysis must also consider the effect on criticality of natural events (e.g., earthquakes) that
may deform or change the relative position of the disposal container or waste package.

Limiting the potential for criticality during postclosure period of the repository relies on
multiple natural and engineered barriers. The natural barrier system includes the geologic,
mechanical, chemical and hydrological properties of the site. Engineered barrier system comprises
the waste packages and the underground facility in which they are emplaced. A waste package is
the generic term for describing the waste form and any containers, shielding, packing, and other
absorbent materials immediately surrounding an individual package. Various processes (e.g.,
corrosion, groundwater flow) could affect these engineered barriers. For criticality to occur waste
package must fail, the materials inside the package must degrade, the absorber material must either
be lost or become ineffective, and for thermal systems, moderator material must accumulate within
the waste package. These long-term processes and events have deterministic and probabilistic
nature, so criticality safety analysis involves deterministic and probabilistic analyses.

Results of the criticality analysis for copper disposal canister loaded with (2.8% 235U
enrichment) fresh 32 RBMK-1500 fuel half-assemblies are presented in this chapter. Effects on
criticality of the corrosion of the fuel rods cladding and insert or canister body, dissolution and
redeposirion of fissile material outside the failed canister and other events have not been evaluated.

C.2 Calculation Method and Assumptions

Sequence CSAS25 [1] from SCALE 4.3 computer codes system was used for criticality
analysis of the disposal canister. This sequence calculates the effective neutron multiplication factor
k-ff for 3-D problems and sequentially activates the BONAMI [2], NITAWL-I1 [3] and KENO V.a.
[4] codes.

The following conditions and assumptions were accepted for the criticality calculations:

• Maximum loading of the canister, i.e. insert of the canister contains 32 cylindrical holes
each with fuel half-assembly inside;

• Discrete representation of the fuel rods is used in the geometry description. This means
that each half-assembly consists of 18 fuel rods;

• Insert holes and inner region between insert and canister body are homogeneously filled
with water. A water density varies from 0.1 g/cm3 to 1.0 g/cm . Variation of water density
allows to model the most reactive state of the fuel-insert-canister body system;
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• The fuel half-assemblies contain only fresh, undepleted fuel (no credit for bumup) with
2.8% '" ~ U enrichment;

• There are not structural damages in fuel rods, half-assemblies, insert and canister body;
• There is no neutron leakage from the system. Neutron reflection condition is accepted for

outside surface of the canister;
• Fuel rods consist of cylindrical pallets of UO2 and cladding tubes (Zr+l%wt Nb). The

canister insert consist of carbon steel (composite elements: Fe, C) and canister body
consist of copper (Cu);

• The insert holes are positioned in a square pitch. Nominal center-to-center distance of the
insert holes is 140 mm.

Radial cross-section of the calculation geometry of the copper disposal canister is presented
in Figure C-l.

Figure C-l: Radial cross-section of the copper disposal canister (plotted with KENO-V.a)

C.3 Results

The variation of effective neutron multiplication factor k^f (including 3 standard deviations)
with water density for copper disposal canister is presented in Figure C-2. As can be seen, keff
values continuously increasing when water density is increasing and maximal k^f value of
approximately 0.61 is reached when water density is 1.0 g/'cm\ The main requirement of the
criticality safety is that effective neutron multiplication of the system containing fissile material
must be less than 0.95. For copper disposal canister when long-term processes (corrosion,
degradation, etc.) are not taken into account, k^j values are less than allowable value of 0.95.
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Analogical criticality analysis have been performed and for steel disposal canister already.
All conditions and assumptions for the criticality calculations were the same except that top, bottom
and side wall thickness for steel canister were 15 cm, and for copper canister all walls were only 5
cm thick. Comparison of effective neutron multiplication factor variation with the water density for
steel and copper disposal canisters is shown in Figure C-3. The results of comparison shows that
with any value of water density keff values for copper canister are higher in comparison with steel
canister, but that difference is very small. Practically in the point of view of criticality safety both
disposal canisters are identical when effects on criticality of the corrosion of the fuel rods cladding
and insert or canister body, dissolution of fissile material and other events have not been taken in to
account.
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C.4 Conclusions

1. Criticality analysis of the copper disposal canister has demonstrated the influence of the
moderator (water) on the value of effective neutron multiplication factor, but kefr is less
than allowable value 0.95.

2. In the point of view of criticality safety both copper and steel disposal canisters are equal
acceptable because results of their criticality analysis practically coincides.

3. Further studies should be performed to evaluate the long-term processes such as
corrosion, degradation and their effects on criticality.
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D DOSE RATE EVALUATION OF THE COPPER DISPOSAL CANISTER

D.I Introduction

Dose rate values will be important when spent nuclear fuel after interim dry storage will be
emplaced in canisters and transferred to the repository. During pre-closure period the various
operations are performed in the repository and radiation exposure on operating personnel must be
evaluated. Usually dose rates are calculated on the surface of the canister and at some distance from
the canister. Calculated dose rate level indicates what measures should be introduced (for example,
remote handling, additional shielding) to meet radiation safety requirements.

D.2 Calculation Method and Assumptions

Calculation of dose rate values deals with two problems. Firstly, the characteristics
(concentrations of fission products, actinides, neutron and gamma source emissions, etc.) of
irradiated fuel assembly must be calculated. Secondly, when properties of SNF are obtained, dose
rate calculations on the surface and at some distance from the canister must be done. Sequences
SAS2H [1] and SAS4 [2] from SCALE 4.3 computer code were used for solution of these
problems.

Sequence SAS2H computes neutron and gamma source spectrum and evaluates dose rates
from SNF disposal canister using a 1-D transport shielding analysis. SAS2H executes codes
BONAMI [3], NITAWL-II [4], XSDRNPM [5], COUPLE [6] and ORIGEN-S [7] for cross-section
processing and fuel burn-up, radiation source calculations, the radial shielding analysis applying the
calculated SNF composition of nuclides and sources, determination of dose rates by XSDOSE [8].

SAS4 calculates radiation doses exterior to the canister using a three-dimensional Monte
Carlo method. The sequence executes BONAMI, NITAWL-II, XSDRNPM and MORSE-SGC [9]
for cross-section processing; for the radiation transport and radiation dose calculation.

The main input data for SAS2H are material composition and geometrical parameters of fuel
assembly, fuel channel in the reactor, disposal canister; material concentrations and temperatures;
reactor power; irradiation and cooling periods of fuel assembly. SAS4 input data are nuclide
composition of irradiated and cooled fuel assembly; material composition and geometry of disposal
canister; temperatures; radiation source characteristics; locations of radiation dose detectors.

The main assumptions for the modelling of fuel assembly irradiation were following:

• RBMK-1500 fuel assembly that consists of 18 fuel rods was homogenized and in the
reactor's fuel channel was described as an element of 5 concentric cylinders (Figure D-l);

• Fuel enrichment 2.8% 235U, burn-up 30 MWd/kgU, irradiation time 3 years, cooling time
50 years;

• For dose rate calculations axial burn-up distribution of fuel assembly was not taken into
account.
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Figure D-l: Homogenized fuel assembly inside the reactor's channel (1-carrier rod, 2-coolant, 3-
homogeneous mixture of UO2 and H2O, 4-fuel channel tube, 5-moderator)

Assumptions for equivalent dose rate calculations were as follows:

• 3-D description of canister geometry in SAS4 and 1-D description in SAS2H;
• Radiation source was modeled as homogenous cylindrical body which contains 32 spent

nuclear fuel half-assemblies and insert of the canister:
• Locations of point detectors were at a middle of sidelong surface, at a center of the top

and the bottom of canister. Location distances - 0, 1 and 2 meters;
• It was assumed that cooling (interim storage) time of SNF is 50 years.
Using the appropriate computer codes and assumptions mentioned above, nuclide

composition, concentrations, activities, neutron and gamma sources of irradiated nuclear fuel
assembly and dose rate values on the surface and at some distance of the copper canister were
calculated.

D.3 Results

Results of fuel assembly irradiation modelling are presented in Table D-1. These results
were obtained when axial burn-up distribution of fuel assembly was not taken into account. There
are a lot of fission products in SNF. Nuclides presented in Table D-l have more than 1% of total
activity of fission products (FP) after 50 years cooling time.

Table D-l: Activities of the main fission products and total activities of FP and actinides

Nuclide
90Sr

137Cs
137raBa

Total (FP)

Total (Actinides)

Activity of fuel
assembly, Ci

2.37-103

2.37-103

3.44-103

3.44-103

1.15-10*
1.36103

Activity of source in
the canister, Ci

3.79 104

3.79 104

5.50 104

5.50 10*

1.84-105

2.18 104

Equivalent dose rate calculation results are presented in Figure D-2 and Figure D-3. Figure
D-2 shows total equivalent dose rate values in various directions and distances of the copper
canister. Comparison of dose rate values calculated with different sequences on the sidewall of the
canister is presented in Figure D-3. According to Swedish KBS-3 concept, maximum allowable
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dose rate on the surface of the disposal canister is 1 Sv/h. For comparison, the dose rate value on the
surface of the similar steel Swiss disposal canister is about 35 mSv/h [10]. Whereas design criteria
for storage cask states that dose rate values on the surface of the cask must be less then 1 mSv/h.
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Figure D-3: Comparison of the equivalent dose rate values on the copper canister sidewall
calculated with different codes

Neutron and gamma radiation forms the total equivalent dose rate. Percentage of each
component is presented in Table D-2. Gamma radiation is dominating in all distances and
directions.

Table D-2: Percentage of gamma and neutron radiation

0m
l m
2m

Bottom
Gamma

99,95
99,98
99,98

Neutrons
0,05
0,02
0,02

Side wall
Gamma

99,93
99,94
99,94

Neutrons
0,07
0,06
0,06

Top
Gamma

99,96
99,98
99,98

Neutrons
0,04
0,02
0,02
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The same dose rate evaluation have been performed and for the steel SNF d.sposa canister
already All conditions and assumptions for the dose rate calculations were the same except that top,
bottom and side wall thickness of steel canister were 15 cm, and in the case ot copper cams, r all
Z I s were only 5 cm thick. Comparison of calculated equivalent dose rate values tor steel and
™ d p o J canisters is presented in Figure D-4. The results ot comparison shows that

Pu valent dose rate values for'copper canister are approximately lOOtimes higher . - . p a n
with steel canister Such difference between results is determ.ned firstly by the tact, hat tn.
t h c k n e o op bottom and side wall of steel canister were 3 times (10 cm) h.gher than of coppe
anister and secondly, different neutron and gamma radiation shielding properties of copper (Cu

and steel ,maLly Fe) materials. So in the point of v.ew of rad.ation safety steel disposal canister ,s
beue ha TopTer canister because dose rate values for steel canister are approximately 100 tunes
lower This is important as various operations are performed with the canisters ,n the repository and
radiation exposure on operating personnel must meet the radiation safety requirements.
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/ Side wall

/ Top
Copper ( i m ) S t e e l , 1 m ) C ( ? p p e r ( 2 m |

StetH (2 m)

Figure D-4: Comparison of equivalent dose rate values for copper and steel disposal canisters

D.4 Conclusions
1. Dose rate calculations have shown that dose rate values on the surface ° f ^ c coppcr

disposal canister for SNF are rather high in comparison to storage cask ot SNF but do
not exceed the limit of 1 Sv/h wh,ch is maximum allowable dose rate value according to
Swedish K.BS-3 concept.

2 Total equivalent dose rate is formed mainly by the gamma radiation (more than 99.9%);
neutrons forms only insignificant part of total dose rate.

3 In the point of view of radiation safety steel disposal canister is more acceptable than
' copper canister because dose rate values for copper canister are s.gnally higher.

4. Additional measures such as remote handling, additional shielding, etc. could be
necessary to reduce exposure on operating personnel.
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E TRANSFER OF KNOW HOW IN COOPERATION WITH SWEDISH
ORGANISATIONS

E.I Generic repository concept

E.I.I Generic repository concept in clay in Lithuania

In 2003 a generic repository concept for the deep geological repository for spent nuclear fuel
and long-lived intermediate level waste in clay formation in Lithuania was proposed. Developing
the generic repository concept the disposal methods, emplacement techniques in other countries
were reviewed. During development of the generic repository concept existing information on
disposal concept in the clay geological medium was collected; the suitable emplacement technique
was identified. The quantity of SNF to be disposed of was identified also. The lay-out of disposal
area was made and the auxiliary and main engineering components were outlined. Furthermore,
thermal, criticality and dose rate calculations for proposed steel disposal canister with RBMK-1500
fuel were performed.

EKRA's (Expert Group on Concepts for Radioactive Waste, Switzerland) proposed concept
of monitored long-term geological disposal repository was used as prototype for Lithuania. The
main elements of the repository are:

• an access shaft, construction and operations tunnels, central waste receiving facilities and
a shaft;

• pilot and test facilities;
• an array of SF emplacement tunnels;
• emplacement tunnels for ELW.
The waste emplacement tunnels and the operations and construction tunnels will be

excavated at a depth of 300-500 m in the clay formation. Horizontal emplacement in tunnels is
selectefl in this concept and an array of SF emplacement tunnels will have 800 m length, and will be
spaced 40 m apart. Due to lack of geotechnical properties of the geological formations in Lithuania
it is not known will SNF tunnels be self-supporting or will they require a liner. So it is assumed in
this concept that lining will be not necessary like in Swiss case. However, rock bolts and a light
mesh will be required for operational safety. All other tunnels, including the ILW emplacement
tunnels and the access ramp, require concrete liners to ensure tunnel stability.

The Lithuanian repository concept in clay foreseen the disposal of spent nuclear fuel in steel
canisters with 150 mm thick wall and long-lived intermediate waste in standard concrete containers
with 100 and 250 mm thick walls. For Lithuanian SNF 1400 of disposal canister would be
required. SNF will arranged horizontally in the emplacement tunnels. The emplacement tunnels will
be 2.5 meters in diameter and 800 meters in length. The SNF canisters will be transferred onto
bentonite blocks in the emplacement tunnels and the distance between canisters is assumed to be 3
m. The region around the canisters will be backfilled with granular bentonite. To avoid the
heterogeneity of the bentonite and increasing of its hydraulic conductivity the bentonite should be
compacted around canisters.

The ILW emplacement tunnels will be approximately 9 m x 7 m in cross-section and will be
supported by a concrete liner and rock bolts. They will be located at the end of operations tunnel,
~500 m away from the SNF tunnels. After emplacement of ILW, the void regions within the
emplacement tunnels will be filled with cementitious mortar.
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The operations and construction tunnels, the central area and the shaft will be backfilled
with a bentonite-sand mixture and with seals of highly compacted bentonite contained between
bulkheads placed at several locations. The shaft will be sealed with highly compacted bentonite.

The main over ground auxiliary buildings and connections to them will be the following:

• Administration,
• Operations centre,
• Ventilation,
• Equipment transition area,
• Encapsulation plant for spent fuel,
• Rail access road access,
• Sub-surface connection between transition area and conditioning and packing plant for

spent fuel to the shaft leading underground.

E.I.2 Generic repository concept in crystalline rocks in Lithuania

In 2004 the generic repository concept for SNF and long-lived ILW disposal of in the
crystalline rocks in Lithuania was proposed. The proposed repository design is based mostly on the
experience accumulated in other countries.

KBS-3 concept was chosen as prototype for repository in crystalline basement in Lithuania.
The KBS-3H design with horizontal canister emplacement is proposed as a reference design for
Lithuania. As KBS-3H design is under the development in Sweden and Finland yet, thus KBS-3V is
left as an alternative one, if KBS-3H is shown as not feasible and safe.

The generic repository concept for SNF disposal in the crystalline rocks in Lithuania
foreseen the SNF disposal in the horizontal emplacement tunnels with a diameter of 1.85 m and
length of 250 m and with a distance of 1.2 m between the canisters. The proposed disposal canister
for SNF is composed of two components: an outer corrosion protection of copper and a cast iron
insert with channels for the fuel half-assemblies in order to improve the mechanical strength as in
Sweden as well in Finland. The copper canister with a 50 mm wall thickness should be made of
oxygen-free copper with low phosphorus content also. The canister insert is proposed to be cast iron
and will have a minimum wall thickness of 50 mm. The preliminary data for the reference canister
is 1050 mm in diameter and 4070 mm in length. Based on the Swedish experience water cushion
technology was selected for the SNF emplacement. Using this technology the SNF canister and it
surrounding bentonite blocks are emplace at the same time. To keep the canister and the buffer in
one package perforated steel container will be used. The thickness of the bentonite blocks will be
0.35 m. For the backfilling of the main tunnels, shafts and ramp the mixture of the crushed rock and
bentonite is selected.

It is proposed to dispose of the long-lived intermediate level waste in the rock cavern of
dimensions 16 x 16 m. They will be located at the end of operations tunnel, ~1 km away from the
SNF emplacement tunnels. The emplacement tunnel for ILW will be backfilled with a cementitious
grout or gravel.

Generic repository concept is described to the level of details needed to perform a generic
safety assessment and cost calculations. Thermal, criticality and other important disposal
characteristics for RBMK-1500 spent nuclear fuel emplaced in copper canister were performed and
presented.
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£.2 Cost calculations

Swedish experts in scope of SNF competence development programme for the year 2001-
2004 have provided cost calculation technique applicable to disposal of spent nuclear fuel and
interim level long-lived waste in Lithuania.

The cost calculations have been based on Lithuanian plan for handling of SNF and long-
lived radioactive waste. Only preliminary costs for the most projects of disposal of SNF and long-
lived radioactive waste could be established. In order to give some guaranties to cover the loss as a
result of future unforeseen events reasonable additional costs (cost variations) are included into the
calculations. Both deterministic calculations based on reference costs of the projects and statistical
estimation taking into account the variations and uncertainties have been carried out.

The calculation method used for the assessment is based on the application of the calculation
principle called "successive principal" [1], which has been developed specially as a tool for
management of these type uncertainties. A central aspect of the "successive principle" is the
methodology for structuring the calculation and setting up its probability distributions. The total
cost is obtained by adding items according to the rules that apply to addition of stochastic variables.
The results are then presented as a distribution function indicating the probability associated with a
given cost. Future costs of 50% probability for the Lithuanian waste management system have been
estimated. The method also provides indications of where the major uncertainties are.

Three main tasks concerning cost calculations have been performed:

• Cost estimation of disposal of SNF (year 2001). A reference concept for SNF disposal in
Lithuania suitably described for the purpose of cost calculation has been established.
Swedish experts have provided the cost calculation methodology and support in cost
calculation for the reference concept. The cost estimation for Lithuanian management
system of SNF disposal has been carried out;

• Cost estimation of disposal of SNF and interim level long-lived waste (year 2002). An
information on safety philosophy and basis for Swedish system for long-lived other than
spent nuclear fuel waste has been provided by experts from Sweden. Waste types,
volumes and characteristics have been defined for Lithuanian interim level long-lived
waste as well as the reference concept for disposal of long-lived waste in Lithuania has
been set up for calculation case. The costs for reference waste management system of
SNF and long-lived waste have been performed.

• Cost estimation for the model case of deep geological repository in Lithuania (year
2004). A cost estimation based on experiences from previous stages of SNF competence
development programme has been performed Swedish experts supported with reference
material and generic data necessary for model case cost estimation. Cost calculations for
model case of Lithuanian disposal system of SNF and long-lived waste according to the
reference scenario based on final decommissioning plan of Ignalina NPP have been
carried out.

The report on every task indicated above after review by Swedish experts has been issued.
The capabilities of tools and models available for cost estimation for handling of radioactive waste
have been demonstrated and the results of cost calculations have been presented in the reports.
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