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INTRODUCTION

In order to calculate the long-term performance of a waste repository one
has to start with a waste inventory. Therefore one can say that the waste
inventory is the basis for all safety assessment.

In the licenses (SSI 1988 (b), SKI 1988 (b)) for the SFR-1 facility it is said
that a renewed safety assessment should be carried out at regular intervals.
In SSI 1988 (b) the interval is specified as at least each ten years. The latest
safety assessment was published in 1993 (SKB 1993) which was an update
of the 1987 final safety report (SKB 1987). In order to fulfil the demand in
the license SKB has started a project; SAFE (Safety Assessment of Final
Repository for Radioactive Operational Waste) which will carry out a
renewed assessment which will be finished in year 2000.

The aim of this study is to identify the possible improvements in the waste
inventory compared to former assessments. In the reviewed literature special
attention has been directed towards the authorities review of the
assessments.

In the SAFE project the waste inventory is defined as the amount of waste,
waste matrix, engineered barriers and other construction materials which
will be left in the repository at the time of closure.

In this report the inventory is divided in four parts, “general”, "waste”,
“waste matrix” and “construction materials”.
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2.1

GENERAL

It is always possible to make waste inventory, or to use another word a
source term, by making some rough estimate. The hard part is to make the
uncertainties as small as possible. The aim for the inventory part of the
SAFE project should be, with a reasonable cost, to make the uncertainties as
small as possible.

REALISTIC VS. CONSERVATIVE INVENTORY

In reviewing the waste inventory of SFR-1 one notices there are significant
differences between the inventory that has been used in the radionuclide
transport calculations and what the prognosis over radionuclides, volumes
and so on show. The reason is of course that in the designing of SFR-1 there
was some safety margin included.

Recent work show that the margins are between prognosis and the design
inventory is increasing. The reason are mainly the improvements that the
nuclear power plant and other waste producers has been doing in their waste
treatment and the continued low frequency of fuel failures. The use of
shallow land disposal for VLLW has also meant much for the decreasing
volumes.

The ambition of the SAFE project is to use two principle different cases for
the radionuclide transport calculations. A conservative (pessimistic) case to
use as official limiting case and a realistic case which should be used to
calculate the probable future development of SFR-1. This means that two
inventories must be defined.

The conservative inventory should (if possible) not differ from the one in
SKB 1993 and SKB 1987. Changes can be done if the need for raised limits
occur in some case or if the calculations show that some limit must be
decreased in order to make the safety case. Both developments are unlikely
to happen.

The realistic inventory should be based on the best knowledge at present
time. Much of the work has already been done in different prognosis and
annual reports to the authorities.

The approach with conservative and realistic inventories is applicable for

mainly for radionuclides. For chemicals and other materials it is harder to
state what a conservative inventory is.
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2.2

The existing inventory has a level of detail with different inventories in the
different rock vaults. In some cases this is a conservative assumption, in
other cases a non-conservative assumption. Today, with the better computer
technology and the new computerised database of the SFR-waste, there is a
good opportunity to make a better differentiation, so the inventory can be
divided on a waste type level. The ambition in the SAFE-project is to make
radionuclide transport calculations where the starting point is the “waste
type level”.

In the end it is possible that one is not capable or does not have the need to
do so detailed calculations, but the aim of the inventory should be to provide
data detailed enough to make the detailed calculations possible.

WASTE VOLUMES

The volumes of waste are not interesting in it self for the long-term
performance of SFR-1 as long as there are available space in the repository.
The amounts or volumes of different waste types are nevertheless interesting
as the foundation for calculating the amounts of radionuclides, chemicals
and other materials.

The volumes of waste that is stated in SKB 1993 are mainly from a
prognosis made in 1987. If one compares with the latest prognosis (Riggare

1995) one can conclude that there is room for great improvements regarding
the relative amounts of different waste types

Since 1987 several changes has been made:

— Forsmark NPP nowadays uses only bitumen as matrix for stabilisation of
ion-exchange resins.

— Ringhals NPP now uses a shallow land disposal at the site for very low-
level waste.

— Barsebick NPP has stopped sending their burnable low-level waste to
Studsvik for incineration.

— New waste types, e.g. ashes from pyrolysis and cement solidified sludge,
has been approved for disposal.

— No consideration of large scrap components was taken in SKB 1993.
In short, the inventory of waste amounts can be improved and if the SAFE

project shall carry out realistic calculations it is a definite condition in order
to calculate the amounts of nuclides, chemicals and other materials.
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The last prognosis was made in 1995 and the next planned is to be done in
1998. In order to get the best possible estimate of future production the work
should be performed as late as possible. Since the safety report should be
published in 2000, it seems that the next prognosis should be postponed
from 1998 to 1999. Until the new prognosis is finished the 1995 one should
be sufficient for all foreseen needs in both project SAFE an in the ordinary
work with SFR-1.
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3.1

WASTE

The waste part of the inventory is quite complex. In order to give a more
stringent review, this chapter is divided in three parts, “Radionuclides”,
”Chemicals” and other ”Other materials”.

RADIONUCLIDES IN SFR-1

The total allowed activity amount is 10 Bq according to the licenses (SKI
1987 (b), SSI 1987 (b)). There are also limits on different nuclides, see
Table 3-1.

Table 3-1. Allowed nuclide inventory in SFR-1.

Nuclide Half-life (yr) Silo (Bq) BTF(Bq) BMA (Bq) BLA (Bq)

3H 12.3 1.310" - - -

“c 5.710° 6.810"? 1.310" 2.910" 2610°
*Fe 2.7 7.110" 1.710" 1.010" 2.310%
Ni 7.510* 6.810" 1.510" 1.010?  2.310"
%co 5.2 1.810" 4.010" 2610 5.810"
i\ 100 6.310" 1.510" 8.810"° 1.910%
gr 28.8 2.510" 2.710" 6.510”?  7.110"
%Nb 2.010* 6.810° 1.510° 1.010° 2.310’
®Tc 2.110° 3.310" 3.610° 8.810° 1.1108
%1y 1 6.110"? 6.210" 1.710"  2.110°
129) 1.610° 1.910° 2.2107 4710°  6.410°
%4cs 2.3 8.110" 1.110" 2.210”% 2.610"
¥cs 3.010° 1.910" 2.210° 5310°  6.410°
¥cs 30.2 4.910" 5.310" 1.310"  1.410"
238py, 87.7 1.210% 1.710" 3.110"°  4.710°
29py 2.410* 3.810" 6.910° 1.210"  1.910°
240py, 6.610° 7.810" 1.110" 1.910"° 2.910°
Mpy 14.4 4.210" 5.410" 9.410" 1.510"
#1am 433 1.010" 1.310"° 2410 3.810°
24Cm 18.1 1.210" 1.510° 2810°  4.410°
Total: 9.310" 1.410"  5910" 1.210"




3.1.1

The latest prognosis over radionuclides content in SFR-1 was made in 1995
(Riggare 1995). The prognosis show that it is most probable that the 10'® Bq
limit will probably never be achieved in SFR.

The existing inventory origins in the design (Thegerstrom 1981) and has not
been changed for either SKB 1987 or SKB 1993. The reason is of course
that it is a conservative inventory with considerable safety margins. There
are considerable margins, according to the latest prognosis (Riggare 1995).
The margins for both %0Co and *"Cs are factor a five. For the different
plutonium nuclides the final margin is expected to be between a few up to
thirty per cent. These margins are a well-known fact, this fact is mentioned
in SKB 1987, SKI 1988, SSI 1988, SKI 1992, SSI 1992 and SKB 1993.

Nevertheless one should remember that the radionuclide prognosis is based
on the assumption that all Swedish nuclear power plants are in use until
2010 and that the fuel failures are on a continuing low level.

As mentioned in Section 2.1 there should be two inventories. The one
described above is the conservative one and should not be changed unless
there is a need for it. The realistic one on the other hand must be based on
some sort of prognosis of the radionuclides. It seems a good idea to do this
at the same time as the prognosis of volumes in 1999.

All following suggested improvements refer to the realistic radionuclide
inventory.

General comments

All nuclides are not equally easy to measure. Hard emitting gamma emitters
like ®°Co and *’Cs are very easy to measure, which means that it is very
easy to keep track of the amounts in SFR-1. On the other hand, alpha and
beta emitting nuclides can not be measured on the final waste package.
Since these nuclides, especially the alpha emitters, are of great interest for
the long-term performance of the repository, one has to make some indirect
estimate.

One way to make this estimate is to use correlation coefficients or
correlation factors, i.e. the relation between an easy to measure nuclide and
the hard to measure nuclide. The coefficient can be generic or specific, for
example power plant specific. Correlation factors are used for several
nuclides in SFR-1. In SKB 1987 and 1993 there are general coefficients for
5 5Fe, 63Ni, 14C, 94Nb, 59Ni, 106Ru, ]34Cs, 90Sr, 99Tc, 35¢s and 1 towards
9Co and *’Cs. For transuranic nuclides (TRU) and *°Sr plant specific
factors are used. The generic factors are calculated in Thegerstrom 1981.

All correlations have a quite large uncertainty and new improved
measurements and changed plant suggest that a review of the factors should
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3.1.2

be performed. Unpublished material from the SKB project ”Other waste”
also shows that a review should give better correlations.

Specific nuclides

%Co and ¥'Cs

The nuclides ’Co and *’Cs are mentioned in SSI 1988, SSI 1992 and SKI
1992. These two nuclides will dominate the radionuclide inventory in the
initial state and will in certain scenarios give a contribution to individual
doses to the critical group. No additional investigations of the nuclides are
needed at present since they are very easy to measure with gamma spectro-
scopy on the waste package. These nuclides are also measured by routine.

14C

'*C is a nuclide that has been commented in SKI 1988, SSI 1988, SKI 1992
and SSI 1992. 'C is a pure beta-emitter, and estimation of the activity from
measurements on the waste package is therefore not possible. It is also hard
to estimate *C since the correlation factor is very poor (Thierfeldt 1995).
Another feature is that it is very hard to estimate the fraction of produced
'C from the nuclear power plants that comes with the waste to SFR-1.

The chemical speciation is of great interest since organic and inorganic Hc
have very different physical and chemical properties. For example the
sorption properties on concrete differ between the organic and the inorganic
species.

The reviews mentioned above also point out that the "C-inventory is very
uncertain but they also states that the safety margin is wide enough. At the
same time the reviewers also says that SKB should try to acquire better
knowledge in the subject.

The conclusion is that the '*C should be reviewed, especially the questions
of the fraction of "*C that comes to SFR-1 and the chemical speciation.

Ni and ®Ni

Nickel-59 and nickel-63 are two hard-to-measure nuclides that are
mentioned in SKI 1992 and SSI 1992. Especially *Ni is interesting since it
has a half-life of 75 000 years and thereby makes it significant in the long
run dose-perspective.

A research program is currently working. The aim is to acquire a more
sensitive measuring method by using Accelerator Mass Spectroscopy
(AMS).
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3.2

Ni is the limiting nuclide for metal components close to reactor core. This
makes the nuclide interesting from an economical point of view. It is more
expensive to deposit these scrap components in SFL than in SFR-1. It is
therefore of great interest to take as much as possible of these waste
components to SFR-1. A good estimate of the *°Ni in the ion-exchange
resins is then needed in order to find out how much of the limiting
(conservative) inventory that must be set aside for Ni in resins and to make
better measurements of the near-core scrap components.

36Cl

Chlorine-36 is a nuclide that has not been a nuclide of interest in the former
safety assessments. 38Cl is very hard to measure since it is a pure beta
emitter. SKI 1988 and SST 1988 highlights this and states that the inventory
is between 1-100 GBq, based on the chlorine content in the reactor water.
SSI 1988 says that the expected inventory of ®Clis quite low and should
not give any significant contribution to the collective or individual doses.

Even if the expected doses from 381 are small SKB should try to make a
good estimate.

TRU and *°Sr

Some other hard-to-measure nuclides are the TRU-nuclides and *°Sr that are
not directly measurable on the waste package. *Sr and the TRU-nuclides
have great radiotoxicity.

Since these nuclides give a substantial part of the long-term release to the
environment they are of great interest. A special program has been working
since 1988 with the aim to increase the knowledge and to have better control
of the TRU and °°Sr inventory. There is nowadays a large database over
TRU-nuclides and *Sr which can be used for more detailed assessment. For
example there is a need to see how these nuclides are distributed between
the different rock vaults in SFR and how to calculate the relations between
nuclides that are hard or impossible to separate in the analysis, €.g.
239pu/***Pu and **' Am/***Pu. This work can be performed within the

existing programme.

CHEMICAL SUBSTANCES

In this report ”Chemical substances” are defined as chemically pure
substances as, for example salts, solvents and organic substances. Also
mixtures of what is usually defined as “chemical-technical” products are
included in the definition, e.g. detergents and concrete admixtures.



3.2.1

3.2.2

Other substances, for example different metals, concrete, plastic and wood is
defined as materials.

In general the waste in SFR-1 is well characterised and there are only small
amounts of chemicals.

Some references to the safety reports (SKB 1987, SKB 1993) discuss
questions about chemical substances. The main focus has been towards
complexing agents, potentially environmental hazardous substances and
some other chemicals that are well known to be in the waste like sulphate
and borate/boric acid.

The increasing environmental awareness in the last years has influenced the
whole society towards new, less environmentally hazardous, chemicals. This
change of chemicals and the use of them have also affected the nuclear
power plants. For example the power plants have exchanged their old
detergents to new ones. These detergents often contain strong complexing
agents, which if they are deposited in SFR-1 can seriously disturb the
sorption properties of some radionuclides. Since these detergents and
possibly some other substances can find their way into the waste there is a
need to get better knowledge and SKB has therefore started a project to
identify and, if the need arises, quantify chemicals in the waste.

Complexing agents

Strong organic complexing agents like EDTA, citric acid and oxalic acid can
seriously disturb the sorption properties for many radionuclides and should
therefore be avoided in SFR. (Complexing agents formed by degradation of
cellulose are addressed in Section 3.6). All waste producers are aware of this
fact and only minor amounts are deposited in SFR-1.

SKB should try to get better knowledge in this field since the complexing
agents are used in decontamination and present in some detergents. The use
of decontamination will probably increase in the future. Specifically there is
a need to have a better knowledge about the amount of complexing agents
that can be deposited in SFR-1 and what the consequences will be.

Potential environmental hazardous chemical substances

According to Scandiaconsult 1982 and Meijer 1987 the environmental
impact is very small from environmentally hazardous substances. No action
is foreseen except the above-mentioned investigation of chemicals in SFR
waste.
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3.23

3.3

Other Chemicals

There are chemicals in the waste that have no hazardous properties, but are
still interesting due to some other property. For example enhanced
deterioration of concrete by sulphate.

Concrete additives

Concrete additives are a group of chemicals of which increased knowledge
is required, both regarding what kind of chemicals they contain and the
effects they may have on repository performance. SKB has, on demand from
SKI, started a project that aims to increase the knowledge in this field.

Borate / borice acid

Borate is discussed in SKB 1987 and SKB 1993. Borate / boric acid is used
in PWR and ends up in certain waste types. Borate can already in small
amounts affect the hardening of the concrete. This is of slight interest since
it is neutralised with lime before solidification.

No action is foreseen in this area.

Sulphate

Sulphate is a species of interest since it can damage the concrete structure.
An inventory of the amounts of sulphate was made in 1987 (Wiborgh 1987).
The prognosis has changed since 1987 and therefore a simple check should
be made to assure that the amounts are accurate.

OTHER MATERIALS

Two processes that can enhance the transport of radionuclides are
complexation of nuclides and production of gas.

The inventory of complexing agents is discussed in 5.3.1 except for the
degradation products of organic substances. The dominating contributor for
complexing agents is cellulose. In an alkaline environment, cellulose will
degrade under release of iso-saccarinic acid (ISA). ISA is a strong
complexing agent with the strongest complexation to metal ions of the
valence of three or four, e.g. different plutonium ions.
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Gas is produced from three sources: corrosion of metals, microbial
degradation of organic matter and radiolysis of water. The dominating
source is the corrosion.

There are target values in SFR-1 on materials that can produce complexing
agents and gas production, see Table 3-2 and 3-3. The gas production can,
with some assumptions, be transformed into metal areas subject to
corrosion, see Table 3-4. The assumptions are corrosion rates of 1 mm/year
for aluminium and zinc and 3 um/year for steel. These assumptions should
be checked against the literature. The target values can be exceeded if an
approval by SKI is given.

The inventory in SFR-1 is based on information in the waste type
description on the average composition. Especially the packages with scrap
metals and refuse is important in these estimates. Recent reports (Riggare
1997) show that these average compositions are inaccurate and a new
improved average composition is presented. The uncertainties are still large
in this area and a further look into this question should be beneficial.

Table 3-2. Limits of different materials in SFR-1.

Material Silo (ton) BMA (ton) BTF (ton) BLA (ton)
lon-exchange resins 1500 1100 1600 50
Bitumen 920 1300 - 150
Cellulose 20 64 20 1000
Sludge - 50 40 -
Other organic - 125 - 1000
material
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Table 3-3. Limits on gas production in SFR-1.

Process Silo BMA BTF BLA
(Nm®lyr.) (Nm®lyr.) (Nm®iyr.) (Nm®lyr.)
Corrosion 1700 4000 1500 3000
Radiolysis 50 - - -
Microbiologic activity 5 - - 2000

Table 3-4. Calculated limits on gas producing materials.

Material Silo BMA BTF BLA

Steel (m?) 1.210° 3.110° 1.210° 2310°
Aluminium / Zinc (m?) 450 1200 450 900
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WASTE PACKAGE AND MATRIX

The waste packages and the matrix are well defined. In SKB 1993,

SKB 1987 and in the waste type descriptions there are thorough descriptions
of the waste package and types of matrix. With an accurate prognosis over
different wastes there is no problem to estimate the amounts of materials the
package and waste contribute with.
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CONSTRUCTION MATERIALS

Only the construction materials that are left at time of repository closure is
of interest in the safety assessment. The dominating materials that are of any
concern will be the concrete constructions in the rock vaults, the shotcrete in
the vaults (and possibly in the tunnels) and the backfill in the vaults and in
the tunnels. The concrete additives may be of importance (see Section
3.5.3).

In Wiborgh et al 1987 there is a thorough account for the amounts of
construction and barrier materials. This reference shows both a realistic
inventory and also account for the inventory used for calculations. What is
not in the reference is the amount of reinforcement bars. The near field
assessment will show if there is a need to make an estimate of the content of
iron in the reinforcement.
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SUMMARY / CONCLUSIONS

One of the aims in the safety assessment of SFR-1 is to make radionuclide
calculations to estimate the release to the environment. In order to make these
calculations there is a need to be able to describe the inventory in greater
detail. The improvements in computer technology and the new computerised
database of waste in SFR-1 gives a good possibility to achieve this.

The aim for project SAFE is to make both conservative (pessimistic) and
realistic radionuclide transport calculations. To achieve this goal there must
be two inventories, a conservative and a realistic inventory. The
conservative inventory is the inventory used in the design of the repository,
which in most parts are identical with the limits in the licence for SFR-1.
This inventory should not be changed unless there is a very strong need for
it. Since it is not likely that there will be any changes in the conservative
inventory, all changes discussed below regards the realistic inventory.

Volumes

Although the waste volumes are not interesting in themselves, the volumes
are the foundation of the inventory. Therefore there is a great interest to
have good estimates of the volumes of the different waste types. A thorough
prognosis should be made in 1999, but until then the latest one from 1995
could be used in calculations.

Radionuclides

The total (actual) inventory of nuclides is calculated from the measurements
of the easy-to-measure nuclides since, in principle, all hard-to-measure
nuclides are calculated by correlation factors to %Co and '*'Cs. These
factors should be reviewed since there are quite large uncertainties involved.

There are also some specific nuclides where better knowledge should be an
advantage.

— !¢ is a nuclide that dominates the individual doses after a few hundred
years and the collective dose in the inland-scenario. The amount of the
nuclide is uncertain since the correlation factor is very uncertain. The
chemical speciation of ¢ is also of interest due to different properties of
organic and inorganic carbon.
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— (1 is a nuclide that is very hard to measure. Although the authorities in
their reviews of the safety reports say that there probably are small doses
from chlorine, the inventory should be improved.

— %Ni is a long-lived nuclide that limits the close-to-the-core metal scrap
that can be taken to SFR-1. There is an ongoing research project that
aims to provide a better measuring method. This should make it possible
to improve the knowledge about Ni inventory. The assumption that
90 % of the inventory is collected in the ion-exchange resins should be
checked.

— TRU /°°Sr are subjects to a special program. The database from this
work should be used to calculate a better (more detailed) inventory.
Calculations of the amount of different plutonium nuclides in SFR-1
should be done and an estimate of how TRU-nuclides are distributed in
the repository vaults should also be performed.

Chemicals

Chemical substances, both in the waste, the waste package and in the
construction materials are of great interest since even small amounts can
seriously disturb the long term performance of SFR-1. SKB has already
started a project to make a better inventory of what chemicals there are in
SFR-1. There is also a special program about concrete admixtures going on.
These two projects will hopefully improve the knowledge of the chemical
substance inventory of SFR-1.

Other materials

Since the construction of SFR-1 and the materials used are well known there
are no needs for improvement. The waste package and the matrix are also
well defined in terms of which materials are present. The accuracy in the
amounts of materials depends on how good the prognosis of volumes is.

Regarding knowledge of the inventory of the actual waste there is no need
for action for ion-exchange resins waste. On the other hand there is room for
improvement in the refuse and scrap metal inventory. A better average
composition of different materials should decrease the uncertainties.

A literature review of corrosion rates of steel, aluminium and zinc in an
alkaline environment should be performed.
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1.1

INTRODUCTION

BACKGROUND AND AIM

SFR-1 is a final repository for low and intermediate level radioactive waste
from reactor operation. The repository is located in rock beneath the Baltic
Sea at Forsmark and has been in operation since 1988 when the application
for operation was approved by the authorities. The licence for operation of
SFR-1 contained requirements on some complementary investigations
concerning the performance of the silo, of which one was to carry out and
present a consistent and logic scenario analysis.

To meet this request from the authorities, SKB initiated a study with the aim

to identify and formulate scenarios for the long-term performance of the silo

as well as the vaults in SFR-1 (Skagius and Hoglund, 1991). The

methodology used in this study was influenced by the methodology outlined

in a joint SKI/SKB scenario development project (Andersson et al., 1989).

The main steps in this methodology are:

¢ the identification of Features, Events and Processes (FEPs) that may
influence the performance of the repository,

e a screening of the identified FEPs as being part of the Process System (PS)
or acting outside the PS,

e a structuring of the FEPs belonging to the PS to obtain a logical
description of the PS, and

e formulation of scenarios by applying FEPs acting outside the PS onto the
PS.

The Process System, PS, was defined as “the organised assembly of all
phenomena (FEPs) required for description of barrier performance and
radionuclide behaviour in a repository and its environment, and that can be
predicted with at least some degree of determinism from a given set of
external conditions”.

The scenario formulation study and results of the quantitative analyses of the
scenarios were summarised in a safety report in 1991 (SKB SFR 91-10).
Since then, the methodologies for systematic scenario construction have
developed and improved.

SKB are now in the position of updating the safety analysis of SFR-1 and
have for that purpose set up project SAFE. The project is divided into three
phases. The first phase is called a prestudy, and the aim is to identify issues
where additional studies would improve the basis for the updated safety
analysis as well as to suggest how these studies should be carried out. The
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second phase is devoted to the accomplishment of the studies proposed in
Phase 1, and a new safety analysis will be carried through during the third
phase of the project.

The project is also divided into different topics of which Scenarios is one. The
main objective for the topic Scenarios in Phase 1 of the project is to propose a
systematic methodology for the selection and description of scenarios to be
considered in the safety analysis of SFR-1. A secondary objective is to update
the list of FEPs that was compiled as a part of the scenario identification and
formulation study carried out in 1991.

OUTLINE OF THE APPENDIX

In order to meet the objectives of Phase 1 of project SAFE, topic Scenarios,
the methodology used for scenario identification and formulation in the
previous safety assessment of SFR-1 and other methodologies used for
similar purpose are reviewed. The methods are described in Chapters 2 and 3
in this Appendix. Based on experiences from applying these methodologies, a
methodology for identifying and constructing scenarios to be used in the new
safety assessment of SFR-1 is proposed in Chapter 4.

The terminology used in this appendix is given in a glossary in Attachment A
to this appendix. These definitions are also proposed for the future scenario
work in project SAFE. An updated version of the FEPs list is given in
Attachment B.
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2.2

METHODOLOGY USED IN PREVIOUS
SAFETY ANALYSIS OF SFR-1

GENERAL

The methodology used in the previous safety analysis of SFR-1 for

identification and formulation of scenarios was influenced by the

methodology outlined in a joint SKI/SKB scenario development project

(Andersson et al., 1989). The purpose of the study was to identify and

formulate scenarios for the long-term performance of the repository in terms

of release and transport of radionuclides from the disposed waste to the

biosphere. The methodology contained the following steps:

e a compilation of an initial FEPs list containing phenomena which
potentially could influence the long term performance of the repository

¢ aselection of FEPs which were judged to belong to the Process System
from the initial FEPs list

¢ the development of a logical description of the Process System by
graphically displaying how FEPs within the Process System are linked
according to cause and effect and in text describe the FEPs and links
between FEPs

e aselection of scenarios and formulation of these scenarios as the time
evolution of the Process System.

These steps are briefly described in the following sections and specific parts
where improvements would be beneficial are pointed out.

IDENTIFICATION OF FEPs AND SELECTION OF FEPs
BELONGING TO THE PROCESS SYSTEM

The initial FEPs list was obtained by going through the FEPs compiled in the
joint SKI/SKB scenario development project (Andersson et al., 1989). FEPs
which were assessed to be specific for a spent fuel repository according to the
SKB concept were excluded, e.g. FEPs related to the performance of a copper
canister and of no relevance for the type of waste and barriers in SFR-1.
Additional FEPs were identified and added to the list by people involved in
the safety assessment of SFR-1.

No formal documentation of the FEPs was done explicitly for this application.

FEPs selected from the SKI/SKB scenario development project were
described in memo-text in the published report of this project, and new FEPs
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were named in such a way that it should be clear from the name which

phenomena it represented. An attempt was made to prepare a formal protocol

for each FEP on the list. This protocol included:

e a general description of the FEP,

o the cause and effect of the FEP,

e ascreening of the FEP as belonging to the Process System or acting
outside the Process System or being screened out,

e other FEPs that this FEP could be grouped or connected with, and

¢ references to the literature.

Filling in these protocols was found to be very time consuming, and because
of this and because of the lack of a documentation system easy to work with
the protocols were not completed for all FEPs on the list. This meant that the
selection of the FEPs to be included in the Process System was done during
the construction of the graphical description of the Process System by using
the initial FEPs list as a checklist.

This lack of documentation of the FEPs is one weakness of the methodology
as applied in the previous safety analysis. Today computerised databases are
used for this purpose and a number of FEP databases has been created, both in
Sweden and in other countries. It should therefore be possible to improve both
the identification of relevant FEPs and documentation of FEPs by utilising
available FEP databases and creating a computerised SFR database.

DESCRIPTION OF THE PROCESS SYSTEM

The Process System was described both in graphical form and in text
explaining the visualisation. The visualisation of the Process System was
made in a reversed event-tree structure, where the main branch consists of the
release of radionuclides from the initial source through the different barriers
and the top event is the release of radionuclides from the geosphere to the
biosphere (Figure 1). The diagram was created by starting with the top event
and then moving inwards barrier by barrier towards the initial source, the
waste matrix, linking FEPs together in branches according to cause and
effects. A branch ends either with a phenomena influenced by external
conditions, i.e. FEPs acting outside the Process System, or with basic
information. Basic information was defined as given prerequisites of the
system (initial conditions), such as repository design and waste composition.

In constructing the diagrams it was found that links between events and
processes in general had to go via properties of the physical components of
the system. These types of FEPs were then introduced even if they were not
found in the initial FEPs list. Examples are “Physical properties” and
”Chemical properties” of different barrier materials and “Water composition”
in different parts of the repository. It was also found that it was not possible to
describe the Process System in a reversed event-tree structure without
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considering the FEPs representing water composition in the repository as
being basic information, i.e. FEPs in the bottom of a branch that are not
affected by other FEPs. This is of course not the case since the water
composition in the repository is affected by chemical and transport processes
in the repository, and this simplification that had to be introduced is then a
draw-back of the visualisation method.

Release of nuclides
from geosphere

A

Release of nuclides
from
engineered barrier

ﬁ_\ 1 ,—i—|
Release of nuclides Basic inout
from waste package asic inpu

Phenomenon
influenced by
A A B

external events C

w —>

Continuing branches

Figure 1. Structure of the reversed tree of events

The graphical description of the Process System was used as a base for a
written description of the system in terms of transport pathways for
radionuclides and initial state and evolutionary processes in the different
barriers. In addition, a screening out of phenomena was made and motivations
for judging the out-screened phenomena to have negligible consequences for
the performance of the system were given in the text. In this screening
process, the graphical description was an important aid for checking the logic
and consistency of the screening.

Applying the reversed event-tree structure in the safety analysis of the SFR-1
was the first attempt within the SKB in the development of a method for
obtaining a structured and visualised description of the Process System. Since
then other methods have been developed and tested (see Chapter 4). In
retrospect it could be concluded that the reversed event-tree structure is very
well suited for visualisation of events or chains of events with a well-defined
beginning and end. However, it is less advantageous as a visualisation tool for
systems where the evolution of the system to a great extent is caused by
ongoing processes.

SELECTION AND FORMULATION OF SCENARIOS

The scenario methodology applied in the safety analysis of the SFR-1
contained no formal procedure for selection of scenarios, i.e. for selection of
FEPs not belonging to the Process System, but when imposed to the Process
System forms a scenario for the evolution of the process System. The main
reason for this was that the objective of the scenario work was to check and
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verify the description of scenarios already selected and analysed in the safety
assessment preceding the licensing in 1988 (SSR, 1987), rather than to
identify new scenarios.

Two different types of scenarios were considered a reference scenario and
some extreme scenarios. The reference scenario was intended to describe the
most realistic evolution of the Process System with land uplift as the scenario
initiating FEP imposed on the Process System. However, conservatisms were
applied when uncertainties in the understanding of the long-term performance
appeared. The extreme scenarios considered phenomena that were assessed to
be very unlikely, but could have large impact on dose to man if occurring.
The scenario initiating FEPs for the extreme scenarios were fracturing of the
concrete silo and blocking of the gas release paths in the silo and a
combination of these, and these were applied on the Process System for the
reference scenario. The extreme scenarios for the vaults concerned the drilling
of wells directly into the vaults.

The graphical and written description of the components of the Process
System and their interrelations were used as a base for describing the
radionuclide release from the repository for the different scenarios. This was
carried out by addressing processes directly affecting radionuclide migration,
and also how these processes are affected by the physical and chemical
properties of the barriers and their evolution in time.

REGULATORY REVIEW

The deepened safety assessment of the SFR was reviewed by the authorities
SKI and SSI (SKI and SSI, 1992). These authorities assessed the scenario
work to be satisfactorily carried out in that the most important scenarios were
identified and described. However, some criticisms were given to the
coupling between the scenario work and the selection of calculation cases.

Describing the performance of the repository as a reversed tree of events
becomes complicated and extensive if it includes all potential phenomena
affecting the future evolution of the repository system. Therefore, simplifi-
cations and conservative assumptions were made at all levels from the initial
identification of processes and their interrelations to the quantitative analysis
of the calculation cases. The view of the SKI and the SSI was that with this
approach the selection of calculation cases could have been made more
complete, i.e. alternative calculation cases could have been selected and
analysed. It was also pointed out that making conservative assumptions and
choosing conservative models and parameter values throughout the whole
analysis might result in a too conservative and totally unrealistic description
of the repository performance. Therefore, if possible, a reference case or a
base case should be based on more reliable and realistic assumptions, and the
uncertainties could be analysed by making variations in models and parameter
values.
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3.2

3.2.1

3.2.2

OTHER METHODOLOGIES APPLIED FOR
SCENARIO CONSTRUCTION

GENERAL

The methodology based on a reversed tree of events for structuring of FEPs in
the Process System was the first approach tested by SKB to systemise and
visualise the Process System. Since then two additional methodologies for
scenario construction have been tested by SKB, namely Process Influence
Diagrams (PID) and Interaction matrices. These two methodologies are
briefly described below.

PROCESS INFLUENCE DIAGRAMS (PID)

Introduction

A methodology based on Influence Diagrams with linked documentation was
developed by SKI in the SITE-94 project (Chapman et al., 1994; Chapman et
al., 1995; SKI, 1996). This methodology was tested as a scenario construction
tool in the prestudy of the repository for long-lived, low and intermediate
level waste, SFL 3-5 (Skagius and Wiborgh, 1994 and Wiborgh (ed.), 1995).
The methodology as applied to the SFL 3-5 repository concept involved the
following main steps:

e Construction of a basic or general version of the PID
e Development of a scenario specific PID from the basic or general version
e Formulation of Scenarios and calculation cases.

Construction of a basic or general version of the PID

The Basic Influence Diagram should ideally contain all FEPs that are relevant
for the system studied for any scenario. This requires a definition of the
system in terms of waste form, barrier design and materials as well as
repository layout. In addition, decisions must be taken on the geometrical
extension of the system to be included in the PID, i.e. the extension of the
Process System. The aim of the assessment will have to determine where the
system boundary is set and to what level of detail the repository components
should be described in the PID.
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3.2.4

To facilitate construction of the PID, the Process System can be divided into
regions, e.g. representing different barriers in the disposal concept. After
identification and compilation of all FEPs belonging to the Process System
they are introduced into the PID as boxes with a FEP name in each of the
regions where they could occur. Within each region, interactions between
FEPs are identified and represented on the PID by arrows linking pairs of
FEPs and showing the direction of the influence. There are no restrictions in
the number of interactions between two FEPs since one FEP may influence
another FEP in several, different ways. Each influence arrow is designated
with a unique code.

A more comprehensive description of the FEPs and definition of the
interactions are given in documents stored as separate records in a database.
Each record is electronically linked to the corresponding FEP-box or
influence-arrow in the PID.

Development of a scenario specific PID from the basic or general version

The Process System in the basic or general version of the PID contains FEPs
and influences that may affect the behaviour of the repository system, but at
this stage no evaluation are made of the importance of these on the repository
performance. Since the significance of influences and FEPs may depend on
the initial conditions of the Process System and on how the Process System is
affected by the surroundings, these entities must be defined; i.e. the scenario
premises or scenario initiating FEPs must be selected.

The significance of each influence for the selected scenario premises or
scenario initiating FEPs are then assessed by “expert judgement”, using a pre-
defined scale of significance. The assessed significance of an influence is
together with explanations of the decisions documented in a protocol that is
electronically linked to the arrow representing this influence in the PID. The
result of the significance assessment can also be displayed in the PID by the
use of colour coding or different line types and fillings for different
significance levels.

Reduced scenario specific PIDs can now be prepared at different significance
levels by removing influences assessed to be of lower significance than the
defined level. A FEP can only be removed if all its influences on other FEPs
or from other FEPs are below the defined significance level.

Formulation of Scenarios and calculation cases.

The reduced scenario specific PIDs are used to formulate the scenario and to
identify calculation cases needed to analyse the scenario. Also at this stage,
the documentation is essential as information source both for forthcoming
studies and for review purposes. In order to make the documentation easily
accessible the protocols linked to the PID can be used for recording how
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3.3.1

3.3.2

influences and FEPs are considered in the models and assessment
calculations.

INTERACTION MATRICES

Introduction

In the Interaction Matrix methodology, the basic device in the Rock
Engineering Systems (RES) approach, the interaction matrix, is used as a tool
for identification and structuring FEPs in the Process System. The RES
methodology was originally developed for approaching rock engineering
problems (Hudson, 1992) but was tested by SKB as a potential method for
structuring of FEPs relevant for the disposal of radioactive waste
(Stephansson and Hudson, 1993; Stephansson and Hudson, 1994).

A comparison of the PID and the RES methodologies revealed that the
methodologies in general are very similar (Eng et al., 1994). The main
difference concerns the means of structuring and visualising the Process
System. The matrix structure is less complex which facilitates the
construction of the Process System and makes the Process System easier to
present. However, the resolution of a matrix is generally lower than of a PID.
This can to some extent be taken care of by increasing the number of diagonal
elements in the matrix or by using several matrices to represent the Process
System. The overall conclusion from the comparison of the methodologies
was that a combination of parts of the PID and RES methodologies was likely
to be a promising approach.

As a result of this comparison of methodologies a combination of these
methods was tested by SKB as a part of the preparation for the forthcoming
performance and safety analyses (Skagius et al., 1995). In this method the
basic devise in the RES approach, the interaction matrix is used for
identification and structuring of FEPs in the Process System, and the
procedures for assigning priorities to interactions and for documentation are
adopted from the PID methodology. These different parts of the methodology
and some further developments that were made based on the experiences from
the performed work are briefly described below.

Construction of the interaction matrix and assigning priorities to the
interactions

The basic principle of the interaction matrix is to list the main features or
properties of the system along the leading diagonal elements of a square
matrix. The interactions between these main features or properties defined in
the diagonal elements occur in the off-diagonal elements. This is illustrated in
Figure 2 together with the clockwise convention for the influence direction.
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Figure 2. Principle of the interaction matrix.

Before starting the construction of the matrix, the objective of the assessment
and the system to be covered by the PS must be defined, since these
definitions have implications on the selection of diagonal elements in the
matrix. The system definition includes a specification of the physical
components of the repository system to be included in the Process System, the
spatial extension of the Process System and the initial and boundary
conditions of the system. Once this is done, the diagonal elements are selected
and the features introduced in each diagonal element are defined and
documented. To be able to describe relations between the Process System and
the system outside the Process System, the boundaries of the Process System
can be part of the leading diagonal elements of the matrix.

If the system to be studied and the corresponding matrix are large it may be
practical to divide the matrix into sub-matrices. In such cases the overlap
between the sub-matrices as well as the way the sub-matrices communicate
with each other should be clearly defined.

When the leading diagonal elements in the matrix are specified and
documented, the interactions between these main features are identified and
described by introducing FEPs into the appropriate off-diagonal elements
(interaction boxes) in the matrix. All interactions should be binary i.e. they
should be direct interactions between features in two diagonal elements and
not a path via a feature in a third diagonal element. Each interaction is
documented by defining the process or event involved in the interaction as
well as the features or properties in the two interacting diagonal elements that
are influencing and affected by the process or event. Every off-diagonal
element in the matrix should be checked for interactions, and the reason for
not having identified any interactions in empty off-diagonal elements should
be documented.

The next step is to set priorities to all identified interactions in the interaction
matrix by the use of “expert judgement”. The importance of the interactions is
judged for the previously defined initial and boundary conditions, using a
well-defined and documented priority scale. In order to facilitate later review
and re-evaluations, a motivation to the assigned priority is given and
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documented together with the competence of the person or group of persons
making the judgement. A colour coding can be used to display the priorities in
the interaction matrix.

Both the identification of interactions and the setting of priorities may reveal
requirements on modifications of the definitions of the diagonal elements in
the matrix. Building the interaction matrix is therefore an iterative process.

The structuring of the Process System and the ranking of interactions require
input from various information sources covering a broad range of disciplines.
Therefore, these actions are preferable done by a group of people with both a
general overview of the system and expertise in specific areas.

Documentation system

During the work with the testing of the interaction matrix methodology a
documentation system in database format was developed. The database
program FileMaker PRO was used for this purpose, and the documentation
system contains two types of databases, one for FEP descriptions and one for
matrix specific information. The reason for separating matrix specific
information from more extensive descriptions of FEPs is that the same FEP
may be involved in different interactions and the same FEP may occur in
different parts of the repository system. The matrix documentation will then
focus on the actual aspect of a FEP that is involved in a specific interaction,
while the FEP documentation will contain a more general description of the
FEPs. This so called SKB FEP database can then be utilised by several
projects.

The interaction matrix database contains the matrix with names of the

diagonal elements, representative for the features or properties of the diagonal

elements, and colour-coded off-diagonal elements showing the highest

priority of an interaction in an element. The database also contains all the

different documents defining the:

e Objective of the assessment

e Studied system

¢ Different leading diagonal elements in the matrix

e Interactions between diagonal elements and assigned priorities with
motivations.

The matrix and the different types of documents listed above are accessible
via a menu system. In addition, the data records containing the description of
the diagonal elements and the interactions between diagonal elements are
linked to the matrix. This means that these records can be reached directly
from the matrix, which facilitates the search of specific information. It is, of
course, also possible to search for specific information directly in the
document records without going via the matrix.

A2-11



In the SKB FEP database general FEP descriptions with reference to the
literature and to other assessments or FEP-lists are compiled.

The interaction matrix database and the SKB FEP database are coupled via
cross-references. Each document record describing an interaction in the
interaction matrix contains a reference to the appropriate FEP description in
the general SKB FEP database. Likewise, each document record in the SKB
FEP database contains a reference to the interaction matrix and the off-
diagonal element where this FEP is found.

3.3.4 Formulation of scenarios and calculation cases

The interaction matrix with its linked documentation can be used to formulate
the scenario or scenarios for which it was developed and to define calculation
cases to be analysed. Its main function in this context is to serve as a checklist
to ensure that all aspects assessed as important are addressed in the analysis of
a scenario. The interaction matrix database can also be used to store
information concerning the treatment of the interactions in the quantitative
analyses of the scenarios.
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4.1

METHODOLOGY PROPOSED FOR SCENARIO
CONSTRUCTION IN PROJECT SAFE

INTRODUCTION

One experience from the testing of the three methodologies described in this
Appendix is that the application of a new method requires development of
procedures and tools, which in turn makes the work resource intensive.
Therefore, only the three methods already tested by SKB are considered in
this proposal of methodology for project SAFE.

The PID and the interaction matrix methodologies have been shown to be
more suitable than the method based on a reversed tree of events as a tool for
structuring the Process System. The main reason for this is that the evolution
of the properties in a repository and its environment mostly is due to continuous,
long-term processes that in turn are dependent on the evolution of the proper-
ties. This type of system is possible to describe both by influence diagrams
and by interaction matrices, but not so well by a reversed tree of events,
which are more suitable for describing the consequences of a series of events.

As has been shown above, the PID and the interaction matrix methods are
quite similar. However, the interaction matrix method has been more
extensively tested by SKB, which has resulted in the development of
procedures and a documentation system that can be used in future
applications. To be able to use already existing procedures and documentation
systems will most likely reduce the resource need, and this would then be in
favour for the interaction matrix method.

Another advantage with the interaction matrix method is that the whole
procedure of constructing the matrix and assigning priorities to the
interactions can be done together by a group of people. This increases the
possibility of finding all interactions in the system. This is also the case for
constructing a PID, but the actual construction of the PID involving the
identification of interdependencies between FEPs would be more difficult to
do in a group.

Based on the arguments above it is proposed that the interaction matrix
method be used for the scenario work in project SAFE. It will allow the whole
project group to participate in the work, and this will facilitate the information
transfer in the project and, hopefully, also give all project members an
increased understanding of the behaviour of the whole repository system.

The proposed procedure is described below.
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4.2.1

4.2.2

DESCRIPTION OF PROPOSED METHODOLOGY

Scenario selection
It is proposed that the scenario work is divided into the following two parts:

e Development of an interaction matrix description of the Process System
for a Reference Scenario

o Identification of the effects of alternative scenarios on the behaviour of
the Process System by imposing Scenario initiating FEPs (EFEPs) onto
the interaction matrix description of the Process System for the Reference
Scenario

This means that the initial and boundary conditions for a Reference Scenario
should be defined as well as Scenario initiating FEPs (EFEPs) for selected
alternative scenarios.

The interaction matrix methodology involves, so far, no formal procedure for
scenario selection in order to ensure that all relevant EFEPs are identified.
This may not be needed if scenarios could be seen as a means of illustrating
possible future behaviour of a system rather than predicted future behaviour.
However, the reasons for choosing certain scenarios should be documented.

It is proposed that the project group do the final selection of scenarios. Going
through existing FEP-lists may aid in this process. As a first input to the
decision on scenarios, it is here suggested that the Reference Scenario is
based on realistic initial and boundary conditions, i.e. consider expected
initial states of the barriers and include land rise. Based on the opinion of the
regulators after reviewing the previous safety analysis of SFR it is also
suggested that drilling of wells near the repository should be considered either
in the Reference Scenario or as an alternative scenario. Drilling of wells
directly into the repository could be considered as an alternative scenario.

Development of interaction matrices for the Reference Scenario

The Process System to be described in the interaction matrix contains near-
field, far-field and biosphere FEPs. Instead of compiling all information in
one large matrix it may be wise to split the matrix into sub-matrices, e.g. one
near-field, one far-field and one biosphere matrix or, alternatively, include the
far-field in either the near-field or biosphere matrix. This will make it
possible to develop matrices with high enough resolution without being too
large to be practical to work with. This also means that parts of the work with
the development of the matrices can be done in parallel by sub-groups of the
project members.

The following actions would be needed for developing interaction matrices
for the Reference Scenario.
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1. The project group together defines the system to be included in the matrix
and the initial and boundary conditions for the Reference Scenario for
which the matrices are to be developed. In addition, the boundaries
between the different sub-matrices are defined, and general criteria for
definition of the diagonal elements in the matrices are specified.
Furthermore, the priority scale to be used for judging the importance of
interactions in the matrices is defined. The definition of the Reference
Scenario and the priority scale are properly documented.

2. The diagonal elements of the matrix are defined and the properties of each
diagonal element specified. Once this is done, interactions between all
diagonal elements in the matrices are identified and described. All
diagonal element and interaction descriptions are properly documented.
This part of the work can be made together by the whole project group,
but it is probably more cost and time effective to split the group into
smaller groups, where each group is working with one sub-matrix.
However, the identification of interactions occurring over the boundaries
between the sub-matrices should preferable be done by the whole project
group together.

3. The contents of the matrices are audited against different lists of FEPs.
Such lists can, of course, be used as checklists already during the
identification phase. The important thing is that these lists are used in
order to ensure that all relevant FEPs are considered in the matrices.

4. The importance of all identified interactions in the matrices is judged for
the initial and boundary conditions of the Reference Scenario using the
pre-defined priority scale. The setting of priorities to interactions within
each sub-matrix does not necessarily have to involve the whole project
group, while it would be advantageous if the assessment of priorities of
interactions over the boundaries of the sub-matrix could be made together
by all members of the project group. The result of the prioritisation should
be properly documented in terms of assigned priority and motivation to
the assigned priority.

Development of interaction matrices for alternative scenario

In this proposed methodology, the intention is to use the interaction matrices
developed for the Reference Scenario to study effects of different scenario
initiating FEPs on the evolution of the Process System for the Reference
Scenario. This could be done by identifying the diagonal element containing
the properties that primarily are affected by a defined scenario initiating FEP,
and then propagate the change of state of these properties through the matrix.
This has not yet been fully tested in the earlier applications of the interaction
matrix method in SKB studies. However, this approach was used in the
SITE-94 project where the Process System was structured in a PID (Chapman
et al., 1995), and it is strongly believed that a similar procedure can be used
for a Process System structured in an interaction matrix.
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4.2.4

To investigate the effects of scenario initiating FEPs on the Process System
for the Reference Scenario the following actions are foreseen:

1.

Possible scenarios/scenario initiating FEPs should be selected together by
the project group, and the primary impact point of these EFEPs in the
interaction matrices for the Reference Scenario should be identified.
Existing FEP-lists can aid in the process of identifying the possible
scenarios/scenario initiating FEPs. The selection process and descriptions
of the selected scenario initiating FEPs (EFEPs) should be documented.

Once the primary impact points in the matrices are identified in terms of
features/properties, the consequence of change of state of these properties
are evaluated by going through all interactions directly affected by these
properties. These interactions are found in the row of elements containing
the diagonal element defining the affected properties. The questions that
should be asked are: does this change in state of the property require a
revision of the priority assigned for this interaction for the Reference
Scenario, and, does this change in state of the property require the
addition of additional interactions. If the answer is no to both two
questions no further evaluation of the impact on properties affected by the
interactions in these diagonal elements is required. If the answer is yes to
any of these two questions, the properties affected by these revised
interactions are the next impact points. These properties are found in the
diagonal element in the column containing the revised or new interaction.
The procedure is repeated for all pathways in the matrix until the answer
is no to both of the above given questions. Changed priorities compared to
the Reference Scenario should be documented and motivated, and the
reasons for not changing the priority of interactions should also be given.
New identified interactions should be described and a priority should be
assigned and motivated.

When this procedure is completed an interaction matrix for an alternative
scenario has been constructed where the pathways of revised and new
interactions give the difference between this alternative scenario and the
Reference Scenario.

Formulation of scenarios and calculation cases

The developed interaction matrices and the associated documentation can be

used as checklists in the formulation of scenarios and calculation cases
needed to analyse the scenarios. The translation of the information in the
matrices to scenario descriptions and calculation cases will also expose areas

where conceptual models, calculation models and data presently are lacking.
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4.2.5

4.2.6

4.3

Documentation system

It is proposed that the documentation system developed in the previous
applications of the interaction matrix method in SKB projects is used. This
means that all matrix specific documents are compiled in a separate database
with a unique name, while more general FEP descriptions are added to the
already existing SKB FEP database.

Initial FEP-list

A first version of a FEP-list that can be used as a checklist in the construction
of the interaction matrices has been compiled and is given as Attachment B to
this appendix. This list is the original list of FEPs from the scenario
development work in the previous safety assessment of SFR, completed with
FEPs identified in the scenario construction work carried out as a part of the
prestudy of the SFL 3-5 repository concept. The repository SFL 3-5 is
intended for long-lived low and intermediate level waste and the barrier
system is similar to that in SFR-1.

This version of the list is by no means complete. There exist a large number
of international FEP-lists that should be used to audit the contents of the
interaction matrices (see 4.2.2).

BENEFITS

Some advantages of applying the interaction matrix method with linked
documentation in scenario construction and consequence analyses in general
and in project SAFE are listed below.

o Itis a structured method for identification of FEPs affecting the behaviour
of a system. The simple matrix structure allows many persons to
participate in the development of the matrix. It also forces the people
involved to seek for interactions between all identified features/properties
of the system in a systematic way. This together with the documentation
requirements probably increases the possibility of identifying all FEPs
relevant for the system.

e The fact that all persons involved in project SAFE can participate in the
construction of the interaction matrix will probably increase the
participants understanding what regards the overall behaviour of the
system and the need for specific information.

e All matrix information, the content of the matrix and all decisions made
during the scenario construction work is compiled in a database format
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and linked to the matrix. This makes the matrix and its content easy to
review and re-evaluate.

Applying a systematic scenario construction method for the first time has
been shown to be resource intensive. One reason to this is that it general
involves development of procedures and documentation systems. Using
an already tested methodology with developed procedures and
documentation systems should therefore be more efficient and less
resource requiring.

Applying the interaction matrix method in project SAFE could contribute
to further refinements of the procedure and the documentation system. In
addition, it will contribute in the building of the general SKB FEP
database.
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SUMMARY AND CONCLUDING REMARKS

This appendix gives a short description of the scenario methodology adopted
in the previous safety assessment of SFR. Since then new methodologies for
developing structured descriptions of how processes and interactions between
processes affect the evolution of a repository system. Two such methods are
briefly described. These methods are very similar, but they differ in the way
the system is graphically structured. One of the methods is based on Process
Influence Diagrams, PID, and the other on Interaction matrices.

It is proposed that the method based on Interaction matrices is used for the
scenario work in project SAFE. The main reason for this is that the method
already has been applied by SKB, which means that it will be possible to use
already existing procedures and documentation systems. The proposed
procedure involves the development of Interaction matrices for a defined
Reference scenario and the use of these matrices to illustrate the effect of
different Scenario initiating FEPs. The proposed procedure is described in
Chapter 4 of this Appendix.
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Attachment A: Vocabulary

Assessment basis

All factors that should be considered in determining the scope of the analysis;
these may include factors related to regulatory requirements, definition of
desired calculation end-points and requirements in a particular phase of
assessment. (NEA, 1996)

Disposal system
The physical extent of the system which needs to be considered in order to

meet the assessment basis.

System components

All physical components of the system that by evolution in time could change
states and therefore should be included in a description of the performance of
the system.

Process System

The organised assembly of all phenomena (FEP) required for description of
the performance of the system components and radionuclide behaviour in the
repository system (Andersson et al., 1989)

FEPs
Features, Events and Processes that could, directly or indirectly, influence the
release and transport of radionuclides from a repository. (Andersson et al.,

1989)

Internal FEPs
FEPs belonging to the Process System.

EFEPs (External FEPs)
FEPs acting outside the Process System.

Scenario initiating FEPs and Scenario

Scenario initiating FEPs are one or a combination of EFEPs that by acting on
the Process System influences the evolution of the Process System. The EFEP
and the consequential development of the Process System constitutes a
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scenario, i.e. an illustration of a possible future evolution of the Process
System for a given set of initial and boundary conditions. (Chapman et al.,
1995).

Scenario methodology

The methodology used to select and describe scenarios to be considered in a
safety assessment. The methodology suggested by Chapman et al., 1995 and
Skagius and Wiborgh, 1994, includes:

e a description of the disposal system including a definition of the system
boundaries and the physical components of the system

® an identification and structuring of FEPs belonging to the Process System
in order to obtain a systematic description of the Process System

e a list of EFEPs that might influence the Process System and their relevance
of occurrence

® a list of chosen scenario initiating EFEPs and the motivation for the
decision

e a description of how expert judgement has been used in the scenario
methodology process.

Scenario analysis

The actual analysis of a chosen scenario. This includes a description of the
scenario (evolution of the Process System for the scenario initiating EFEP),
the conceptual and numerical models used and the results from the
quantitative analyses. A scenario analysis should also involve an uncertainty
analysis. (Skagius and Wiborgh, 1994).

Reference Scenario

A scenario chosen for comparison reasons. It should not be seen as the most
probable scenario. A Reference Scenario is often a simplified scenario that is
rather easy to define, e.g. it could be defined as the evolution of the Process
System without considering the impact of scenario initiating EFEPs. (Skagius
and Wiborgh, 1994).

Reference Case

In the quantitative analysis of the Reference Scenario a Reference Case could
be selected for comparison reasons. The Reference Case does not necessarily
include all processes and mechanisms described in the Reference Scenario.
(Skagius and Wiborgh, 1994).
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System uncertainty

The uncertainty associated with the identification, structuring and ranking of
FEPs in the Process System. FEPs may be missing, their interdependences
may be improperly described or missing, or the importance of
interdependences may be misjudged. (Chapman et al., 1995).

Scenario uncertainty

The uncertainty related to the EFEPs in terms of the completeness problem
(have all relevant EFEPs been identified) and the quantification of the impact
on the Process System, time of occurrence, frequency, combination of EFEPs,
or other relevant measures of the identified EFEPs. However, as scenarios
should be seen as largely illustrations of possible evolutions of the Process
System, a certain amount of uncertainty in these areas is quite acceptable.
(Chapman et al., 1995).
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Attachment B: List of FEPs

In the following initial list of identified FEPs, the phenomena are grouped
according to the different barriers in SFR. This grouping is not strictly correct
since a large number of phenomena could belong to several groups, which not
always is indicated. Since no screening has been made, the list also contains
FEPs that essentially are similar.

The groups defined are:

Waste and waste matrix
Waste containers
Back-filled porous concrete
Other concrete structures
Clay barrier

Near-field rock

Far-field rock

Biosphere

PN W =

FEP’s not belonging to any of these groups are assigned to the group:

9. Others

1. Waste and waste matrix

Variety of waste types
Radioactive decay

Radiolysis

Ageing and degradation of cement
Cement/concrete leaching
Alkali-silica reactions
Calcite/brucite precipitation
Degradation of bitumen

Metal corrosion

Gas formation

Corrosion products

Degradation of ion-exchange resins
Radionuclide solubility
Degradation of organic material
Swelling of ion-exchange resins
Swelling of bitumen

Volume expansion of cement
Ettringite formation

Formation of Friedel’s salt
Complexing agents
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Amines

Microbes

Diffusion

Advection

Sorption

Formation of colloids

Release of nuclides from waste matrix
Isotopic dilution

Attenuation

2. Containers

Corrosion of steel container

Gas formation

Corrosion products

Corrosive agents

Local corrosion, pitting corrosion

Effects of concrete on steel corrosion
Stress corrosion

Creeping of steel container

Cracking along welds

Cracking due to external mechanical load
Hydrostatical pressure on containers
Cracking of container due to inside pressure build-up
Initially defect containers

Ageing and degradation of concrete containers
Cement/concrete leaching

Alkali-silica reactions

Calcite/brucite precipitation

Expansion of concrete containers
Ettringite formation

Formation of Friedels salt

Internal voids

Diffusion

Advection

Sorption

Attenuation

Release of nuclides from containers

3. Back-filled porous concrete

Concrete quality

Un-filled spaces left after casting
Inhomogeneity

Blocking due to chemical reactions
Cement/concrete leaching
Alkali-silica reactions
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Calcite/brucite precipitation

Ettringite formation

Formation of Friedel’s salt

Gas flow and transport

Water displacement

Non-capillary bound water
Cracking/fracturing due to high pressures
Steel doors in silo compartment walls
Degradation of cellulose

Complexing agents

Sorption

Diffusion

Advection

Release of nuclides from porous concrete

4. Other concrete structures

Ageing and degradation of concrete
Chemical interaction with components from bentonite
Corrosion of reinforcement

Gas formation

Corrosion products

Cracking due to internal pressure
Internal mechanical stressing

Outer mechanical stressing
Hydrostatic pressure

Swelling pressure of bentonite
Movements of rock blocks

Silo collapse

Erosion

Interaction between concrete and water
Cement/concrete leaching

Alkali-silica reactions

Calcite/brucite precipitation

Ettringite formation

Formation of Friedel’s salt

Isotopic dilution

Complexing agents

Microbial activity

Sorption

Diffusion

Advection

Blocking of gas release devices

Gas transport in gas release devices
Chock front in pH for incoming water
Displacement of water

Changes in properties of material in gas release devices
Release of nuclides from concrete structures and gas release devices
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5. Clay buffer

Chemical degradation

Ion-exchange

Hydroxide attack

Swelling and density reduction

Initial density and inhomogeneity
Coagulation

Swelling into fractures in rock and in silo
Dilution due to collapse of concrete structures in silo
Mechanical stressing caused by volume expansion of silo
Erosion

Clack valve function

Gas channels

Water channels

Drying up due to gas transport
Resaturation
“Water flow

Gas flow and transport

Diffusion

Anion exclusion

Surface diffusion

Sorption

Complexing agents

Colloid source

Release of nuclides from clay barrier

6. Near-field rock

Shotcrete with draining pipes

Nuclide transfer resistance, engineered barrier-rock
Skin zone effects

Nuclide transfer resistance, engineered barrier-top void
Gas penetration into rock

Non-sealed shafts

Degradation of sealing material

Rock creep

Alteration/weathering of flow paths

Degradation of organics

Degradation of rock bolts

Mixing/dilution

Erosion

High pH-plume

Water flow

Gas flow and transport

Diffusion
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Anion exclusion
Surface diffusion
Sorption
Complexing agents
Colloid source

7. Far-field rock

Groundwater flow

Changes in groundwater flow

Changes in hydraulic conductivity
Channeling flow

Dispersion

Dilution

Water flow between repository vaults
Non-discovered fracture zones

Gas transport

Oxidising conditions

Colloids

Complexing agents

Sorption

Matrix diffusion

Changes in groundwater chemistry, saline-fresh
Dissolution and precipitation

Weathering of flow paths

Hydrochemistry, chemicals from the surface
Isotopic dilution

Changes in rock properties

Fracturing

Land uplift

Future drill holes/wells

Human activities that affect groundwater recharge
Changes in sea level

Re-use of drill holes

Climatic changes caused by human activities
Transition from sea to lake or river

8. Biosphere

Erosion of sediment

Accumulation in sediment

Accumulation in peat

Intrusion into accumulation zone

Isotopic dilution

Human induced changes in surface hydrology
Human induced changes in surface water chemistry
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9. Others

Re-saturation after repository closure
Earthquake

Retrieval of waste

Underground dwellings
Arceological intrusion

Explosion caused by sabotage
Monitoring after closure

Loss of records

Geothermal energy production

City above the repository
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1.1

1.2

1.3

INTRODUCTION

BACKGROUND

The Swedish Final Repository for Radioactive Waste, SFR, is a repository for
low and intermediate level waste. The original operational permit was granted
1988 and was complemented with an operational permit for regular disposal of
waste in the Silo and subsequent grouting around the waste in 1992. In the
operational permit for SFR-1 the authorities requested that updated analyses of
environmental consequences should be performed within periods of ten years.

AIM OF PRESENT STUDY

The aim of the project SAFE is to carry out the requested revised safety
analysis for SFR. The “Prestudy” is the first step of the project, with the aim to
identify improvements that can be made and included in the revised safety
analysis. The project SAFE is divided into the following subject areas:

- Inventory

- Near-field

- Far-field

- Biosphere

- Operation

- Design/closure

- Scenarios.

In this appendix improvements or necessary revisions related to the
performance and the analysis of the near-field are identified. The other areas
are treated in separate appendices in this report.

OUTLINE OF APPENDIX

This appendix is intended to cover topics related to the performance of the
near-field. However, many of the above listed areas have a direct influence on
the near-field analyses. Therefore comments are given to some topics that are
discussed in more detail in the other appendices.

A general overview of the repository design and a description of the engineered
barriers for the Silo and the four caverns are given in Chapter 2.

A3-1



The major assumptions going into the analysis of the near-field in the final
safety report [SSR, 1987] and the deepened safety report [FSA, 1991] are
discussed in Chapter 3. Assumed initial near-field conditions and considered
processes and properties related to the barrier performance and radionuclide
release that may have to be revised in the new analyses are identified.

Topics identified by the regulatory authorities as important areas or areas that
should be continuously updated when more information is available are

identified in Chapter 4.

Finally, general topics of importance and needs of improvements are given in
Chapter 5.
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2.1

DESCRIPTION OF THE SFR FACILITY

GENERAL

The repository is situated in crystalline rock between 50 and 150 meters below
the seabed. The water depth above the repository is about 5 m. The first stage
of the repository SFR-1, which is in operation, consists of four caverns and one
Silo together with a system of transport tunnels, see Figure 2-1.

At the end of 1996 a total volume of about 20 000 m® of waste have been
deposited in SFR-1. The total amount of waste planned to be disposed of in
SFR-1 after future extension is 90 000 m3, of which 60 000 m” is planned to be
stored in the repository parts described below.

Figure 2-1.  Overview of the SFR-1 facility.
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2.2

SILO - BARRIER DESCRIPTION

The waste that contains the major amount of the activity will be stored in the
Silo. The waste comprises mainly ion-exchange resins solidified with bitumen
or cement but also small amounts of cement conditioned trash and scrap. The
waste is packed in concrete and steel moulds or in steel drums. The Silo is
designed to store 18 500 m’ of waste. A schematic illustration of the Silo
barriers is given in Figure 2-2.

The cavern is 70 m high and 30 m in diameter. The Silo is a vertical cylinder
made of 0.8 m thick reinforced concrete. The height of the concrete Silo is

50 m and the inner diameter is 25 m. Between the concrete structure outer
walls and the rock is a 1.2 m thick bentonite barrier. The bottom of the Silo is
made o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>