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Preface

SKB, Svensk Karnbrinslehantering AB (the Swedish Nuclear Fuel and Waste Management Co),
which is owned by the companies that operate the Swedish nuclear power plants, has been assigned
the task of managing and disposing of the radioactive waste and the spent nuclear fuel from the reac-
tors. The Nuclear Activities Act requires a programme for the comprehensive research and develop-
ment that is needed to manage and dispose of the waste in a safe manner and to decommission and
dismantle the nuclear power plants. SKB is now presenting RD&D Programme 2010 in fulfilment of
these requirements.

After more than 30 years of research and development regarding final disposal of spent nuclear
fuel, an application under the Nuclear Activities Act for final disposal of spent nuclear fuel and an
application under the Environmental Code for the KBS-3 system are now being finalized. The site
investigations are completed, and SKB selected Forsmark as the site for the final repository in June
2009. In 2006 we published the SR-Can report in which we presented an initial analysis of the long-
term safety of a final repository at the Forsmark and Laxemar sites, based on data from the initial
site investigation phase. The SR-Can report gave the responsible authorities an opportunity to review
the methodology for the safety assessment. SKB has now taken care of the comments made in the
review. The safety assessment for the final repository in Forsmark will be an important supporting
document for the applications. This RD&D Programme describes how we have handled the review
comments made by SSM on RD&D Programme 2007.

SKB now has a sufficient scientific and technical knowledge base to submit the applications. The
methodology for assessment of long-term safety is highly advanced. Qualified safety assessments
will continue to be an integral part of the execution of the Nuclear Fuel Programme. In order to gain
a deeper understanding and reduce the uncertainties in the assessment, we will in our upcoming
research programme concentrate on a few key issues such as corrosion of copper and processes that
may affect the buffer material.

Our technology development has now come so far that we believe we have feasible technical solu-
tions for the different parts of the final repository. By means of demonstrations at our laboratories,
we have shown on a full scale that we can manage the different steps from fabricating and depositing
canisters to closing and sealing tunnels. We believe the time has now come to proceed to the next
stage in the Nuclear Fuel Programme and, after a due licensing process, commence the actual
construction of the facilities in the KBS-3 system. The plan for implementing the work of building
the system has previously been described in our RD&D Programmes. When SKB submits the
applications, this implementation plan will become a licensing issue that will be handled within the
licensing process.

In its decision regarding RD&D Programme 2007, the Government called for a supplementary account
concerning planning of parts in the LILW Programme (low- and intermediate-level radioactive waste).

Supplementary accounts were presented in March 2009, and the programme is further elaborated on in
this RD&D Programme.

SKB plans to submit an application for a licence to build a final repository for long-lived operational
and decommissioning waste in around 2030.

The Government’s decision that the operation of the two reactors at Barsebéck should cease on 31
May 2005 gave added impetus to the question of decommissioning of nuclear power plants. In its
review and evaluation of RD&D Programme 2004, SKI stated that SKB should intensify the work
on decommissioning issues and investigate the shortest time required for the start of a licensing
process for the disposal of decommissioning waste. SKB has since initiated a project aimed at
extending SFR in order to dispose of both operational and decommissioning waste there. The current
operating licence for SFR includes only operational waste. Rock investigations have been carried
out and the work of designing the extension is under way. We plan to submit applications under the
Nuclear Activities Act and under the Environmental Code for the extended facility in 2013 and put
the facility into operation in 2020.
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We are now at a point where we are about to start putting the results of many years of research,
development and demonstration to practical use in industrial processes in new facilities. SKB’s
organization will be adapted to meet the requirements made by this on new competence, competence
transfer and refined work methodology with a focus on quality and safety issues. Maintain and
enhance society’s confidence and active support will be crucial for the continued work and requires a
high measure of persistence and continuity in our work.

Stockholm in September 2010
Svensk Kérnbrénslehantering AB

Ao %W

Claes Thegerstrom Tommy Hedman
President Head of Technology Department
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Summary

RD&D Programme 2010 presents SKB’s plans for research, development and demonstration during

the period 2011-2016. SKB’s activities are divided into two main areas: the programme for low- and
intermediate-level waste (the LILW Programme) and the Nuclear Fuel Programme. Operation of the

existing facilities takes place within the Operational Process.

RD&D Programme 2010 consists of five parts:

Part I Overall plan of action

Part 11 The LILW Programme

Part III The Nuclear Fuel Programme

Part IV Research for assessment of long-term safety
Part V Social science research

RD&D Programme 2007 was mainly focused on development of technology to realize the final reposi-
tory for spent nuclear fuel. The efforts described were aimed at gaining a greater knowledge of long-term
safety and compiling technical supporting documentation for applications under the Nuclear Activities Act
for the final repository for spent nuclear fuel and under the Environmental Code for the final repository
system. Many important results from these efforts are reported in this programme. The integrated account
of the results will be presented in applications submitted in early 2011.

The regulatory review of RD&D Programme 2007 and its supplement called for clarifications of
plans and programmes for the final repository for short-lived radioactive waste, SFR, and the final
repository for long-lived waste, SFL. This RD&D Programme describes these plans more clearly.

A summary of the contents of each part follows below.

Part | Overall plan of action

SKB’s plan of action describes the principles for the management of radioactive waste that serve as
a basis for the design of our facilities. The planning of the different parts of the nuclear waste system
is guided by various factors, for example the properties of the spent nuclear fuel, the quantities and
types of waste and the operating times for the reactors.

Site investigations and preliminary design work for the extension of SFR are being pursued within
the LILW Programme. The extension is needed to make room for short-lived decommissioning
waste from the power plants and other nuclear facilities. According to our plans, the long-lived waste
from decommissioning will be disposed of in SFL.

In June 2009, SKB chose Forsmark as the site for the Spent Fuel Repository. Work is under way

to finalize the supporting documentation for the licence applications for construction of the KBS-3
system. They will be submitted to SSM at the beginning of 2011. Our plans call for us to begin con-
struction of the Spent Fuel Repository and the encapsulation plant in 2015 and 2016, respectively,
and to commence trial operation of the Spent Fuel Repository and Clink, which will be the name of
the facility when Clab and the encapsulation plant have been integrated.

Our research and development laboratories — the Aspé Hard Rock Laboratory (HRL), the Canister
Laboratory and the Bentonite Laboratory — will continue to play important roles in our research and
development work, for training personnel and for demonstrating technology.

SKB’s planning is based on 50 years’ operation of the reactors in Forsmark and Ringhals and 60
years’ operation of the reactors in Oskarshamn. These times are important factors in our planning
and entail that the repository is projected to be closed and sealed in about 75 years. The planning
premises will in all likelihood change. SKB takes this into account and therefore plans for a certain
measure of flexibility in the design of facilities and systems.
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If current reactors are replaced with new ones, this will substantially alter the premises for SKB’s
planning. We present an analysis of what this would entail with respect to waste volumes, the need
for interim storage capacity and consequences for the size of the final repositories. New reactors
entail longer operating times and extension of some of the facilities.

Part Il The LILW Programme

The LILW Programme includes all low- and intermediate-level waste that will be disposed of in
SKB’s facilities, including decommissioning and dismantling of the Swedish reactors and SKB’s
facilities. Besides the waste from the nuclear power plants, waste from Studsvik Nuclear AB,
AB SVAFO and Westinghouse Electric Sweden is also included.

Plan of action for execution of the LILW Programme

SKB plans to extend SFR to be able to receive decommissioning waste and additional operational waste
resulting from prolonged planned operating times for the nuclear power plants. The extension of SFR

is being designed to receive all additional short-lived low- and intermediate-level operational waste and
all short-lived decommissioning waste expected to result from the dismantling of today’s nuclear power
plants, including the Agesta Reactor and the research reactor at Studsvik. Decommissioning waste from
Clink and additional waste from SVAFO and Studsvik — which also includes waste from hospitals,
research and industry — is also being taken into account in the design of SFR.

We plan to extend SFR in stages in such a way that there will always be room for decommissioning
waste from the nuclear power plants, in accordance with the nuclear power companies’ decommis-
sioning plans.

A large portion of the long-lived waste from the nuclear power plants arises when they are disman-
tled, but long-lived waste also arises during operation when the reactors’ internal components are
replaced. Studsvik Nuclear AB and AB SVAFO also have long-lived low- and intermediate-level
waste originating from research and development. SKB plans to interim-store long-lived waste in
SFR. We estimate that an application for a licence to build the final repository for long-lived waste,
SFL, can be submitted in about 2030. A number of important milestones must be passed before then,
such as selection of repository concept and site, investigations, evaluation of long-term safety, prepa-
ration of applications, etc. We will also study the possibility of reconditioning the waste for more
efficient final disposal. When it comes to selection of a site for SFL, we will need to conduct studies
that take into account both results from site investigations conducted by SKB in Oskarshamn and
Forsmark and the need to select a different site. In the course of this work we will make judgements
of what requirements the repository concept we have chosen imposes on the rock and its properties.
Since these efforts lie far in the future, we do not present a detailed timetable.

Milestones in the LILW Programme

Milestones for management of short-lived operational and decommissioning waste:
 Site investigations for extension of SFR are concluded in 2011.

» Applications for extension of SFR are submitted in 2013.

» Extension of SFR starts in 2017.

* Application for routine operation of extended SFR is submitted in 2020.

Milestones for management of long-lived operational and decommissioning waste:

» Application for licensing of waste transport containers, ATB 1T, is submitted in 2012.
+ Interim storage of core components in SFR commences in 2020.

» Safety assessment for SFL is presented in 2016.

» Application to take SFL into operation is submitted in 2030.
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Research and technology development for the LILW Programme
SFR

Planning of the final design of the extension of SFR is being carried out for repository parts for both
low-level waste and intermediate-level waste. We will study how the barriers in the extended repository
parts should be designed. The principle is that the low-level waste is placed in disposal chambers of the
same type as BLA, rock vault for low-level waste. Barriers that limit the groundwater flow are needed
for the intermediate-level waste. Strategies will be devised for closure of both the existing part of SFR
and the extended part. This work will serve as a basis for the safety assessment completed in 2013.

Final repository for long-lived waste, SFL

During the coming three-year period, we will focus the development work on conducting a concept
study for the final repository for long-lived waste. The ultimate purpose of the study is to select pos-
sible concepts which can then be evaluated in the safety assessment that will be presented in 2016.
SKB has begun the research and development work for SFL within the following areas:

* Age-related changes in cementitious materials.

* Corrosion of metals in a repository environment.

* Degradation of organic waste in a cement environment.
» Gas permeability of concrete and cement.

Responsibility, planning and technology for decommissioning and dismantling
of nuclear facilities

Planning of decommissioning and execution of dismantling will be carried out in cooperation between
the nuclear power companies and SKB. The main responsibility lies with the licensee of the nuclear
power reactor, who is responsible for planning, licensing and execution of dismantling, as well as for
treatment of the waste. SKB participates in the work of developing general methods and procedures
for the dismantling work, radioactivity monitoring and classification of waste. We also keep track of
international developments in the decommissioning field. Coordination between the nuclear power
companies and SKB takes place in the industry-wide Decommissioning Group.

Decommissioning of the Agesta Reactor and management of waste from decommissioning are
financed in accordance with the Studsvik Act (1988:1597). Vattenfall holds the nuclear licence for
the activities at Agesta. In the winter of 2009/2010, Vattenfall and SVAFO applied for permission for
SVAFO to take over the nuclear licence from Vattenfall.

This RD&D Programme contains summaries of the nuclear power companies’ decommissioning
plans (including Agesta). The section also describes the plans for the decommissioning of SKB’s
nuclear facilities.

Barsebéack

Decommissioning of the reactors in Barsebéck is planned to start in 2020. Barsebéck Kraft AB will
conduct studies and analyze and draw lessons from international experience in the area.

Forsmark

Forsmarks Kraftgrupp AB’s goal for decommissioning is to restore the facility so it can be released for
unrestricted use. FKA plans to update its decommissioning plan during 2010. The need for updating
depends mainly on the conclusions in the ongoing unit-specific decommissioning studies.

Oskarshamn

The objective for OKG Aktiebolag is to bring the facility to a state where its buildings and land can
be released for unrestricted use. Different decommissioning alternatives have been studied, but the
choice of strategy will not be made until closer to the final shutdown of the facilities. When ongoing
unit-specific decommissioning studies for the Oskarshamn plants are completed, they will serve as a
basis for updating the decommissioning plan, which is planned for 2011.

RD&D Programme 2010, TR-10-63 7



Ringhals

Ringhals AB’s goal for decommissioning is to remove radioactive material and restore the facility
so it can be released for unrestricted use. The strategy for dismantling entails that most of the work
is done five years after final shutdown. It is further assumed that the nearby unit is out of service.
Ringhals AB’s ongoing unit-specific decommissioning studies will comprise the basis for an update
of the preliminary decommissioning plan during 2010-2011.

Agesta

The Agesta plant is currently in service operation. Service operation is planned to continue until
dismantling starts, no earlier than 2020 when the environmental permit expires. A preliminary
decommissioning plan has been prepared for the plant.

Agesta’s decommissioning study will be updated and will be ready during 2011, along with an
application for clearance of areas outside the containment in Agesta.

Part Ill The Nuclear Fuel Programme

The planning for construction and operation of the Spent Fuel Repository will be described in the
account that is provided in the applications under the Nuclear Activities Act and the Environmental
Code in early 2011. A full account of technology development needs will be presented in the sup-
porting material for the applications.

Main phases and timetable

The Nuclear Fuel Programme includes licensing, design, construction and commissioning of the
encapsulation plant and the final repository for spent nuclear fuel.

Important premises for both the applications and the continued work are:

» Atotal of about 6,000 canisters will be managed and disposed of. This corresponds to 50 years’
operation of the reactors in Forsmark and Ringhals and 60 years’ operation of the reactors in
Oskarshamn.

* In routine operation the deposition rate is 150 canisters per year. The system is designed for a
maximum deposition capacity of 200 canisters per year.

» The chosen reference design is KBS-3 with vertical deposition in a final repository at a depth of
about 500 metres.

» The encapsulation plant will be built adjacent to the interim storage facility Clab, and the two
facilities will be operated as one integrated facility called Clink.

» The Spent Fuel Repository will be located at Forsmark and its layout will be adapted to the
bedrock and other conditions on the site.

» Operation of the system will start as soon as possible, but with realistic timetables for the licens-
ing process, technology development, construction and commissioning.

An application under the Nuclear Activities Act for a licence to build the encapsulation plant and
own and operate it as an integrated facility with Clab, called Clink, was submitted in 2006. A sup-
plement to the application was submitted in 2009. Operation of Clab will continue throughout the
construction of the encapsulation plant. The physical interconnection of the facilities will take place
when the encapsulation plant is finished and necessary alterations have been made in Clab.

With the decision to locate the Spent Fuel Repository in Forsmark, planning of the construction and
operation of the repository has entered a new phase. Technology development is being concentrated
on finding solutions that meet requirements on safety and functionality for the conditions that
prevail in Forsmark. In parallel with the licensing process, SKB will proceed with the design of the
Spent Fuel Repository. The construction phase will begin when SKB has obtained all licences and
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conditions needed to start construction of the final repository. Extensive rock investigations (detailed
characterization) will be performed as a part of the design and construction process. Commissioning
of the final repository’s subsystems will take place as the systems are built and installed. In connec-
tion with commissioning the systems will be tested, first separately and then gradually more inter-
connected. As the different parts of the facility are being commissioned, the operating organization
will be assembled and trained. Running-in of technology and organization will be concluded with
integrated testing of the whole facility under realistic conditions. The overall goal of construction
and commissioning is that we can apply for a licence to commission the whole final repository. In
order for this to be possible the following must have been achieved:

» The safety analysis report has been updated in the manner required for trial operation.

* The final repository has been built and commissioned. The facility documentation must also be
complete and the operating organization and administrative procedures must be in place and run-in.

Technology development

Technology development has now come to the point that a reference design for the Spent Fuel
Repository is finalized. Continued technology development is needed as we proceed from schematic
solutions to solutions that are tailored to an industrialized process with established requirements on
quality, cost and time.

The remaining development work requires extensive technical resources. SKB’s own laboratories —
the Aspd HRL, the Canister Laboratory and the Bentonite Laboratory — are built and equipped for
full-scale tests, demonstrations and dress rehearsals. Other facilities, such as Posiva’s Onkalo facility
in Finland and our underground facilities and laboratories in Europe, will also be valuable for our
development work.

SKB applies systematic requirements management to control technology development. This means
that decisions to modify solutions in relation to the current reference design or reference activity are
made in a systematic and controlled fashion. The development work in the different production lines
for fuel, canister, buffer, backfill, closure and rock proceeds according to a delivery control model
for technology development. The results of the technology development within the production lines
serve as a basis for the safety analysis report for the final repository and the encapsulation plant.
The current status of and need for technology development within the different production lines is
described below.

The fuel line

All currently known fuel types in the Swedish nuclear power programme have been analyzed to
ensure that the canister remains subcritical under all circumstances. SKB will study how fuel that
does not satisfy the criticality conditions should be managed. This only applies to possible future
PWR fuel with high enrichments and low burnups.

SKB has followed the development of calculation programs for decay heat since the mid-1990s and
has developed methods for supplementary measurements. Calorimetric measurements have been per-
formed on fuel assemblies for accurate determination of decay heat. Work is under way to develop a
faster method for decay heat measurements.

Other areas that will be studied are how long storage times affect the fuel and methods for drying fuel.

The canister line

SKB has chosen reference methods for fabrication of the canister’s components and for welding
and sealing. We have continued the work of specifying design premises for the canister. Detailed
specifications and design loads have been determined for the canister in the Spent Fuel Repository.

Continued efforts will focus on completing detailed design for the canister and on the encapsulation
process with nuclearization of welding and nondestructive testing. Furthermore, we will continue our
work with development of machines for handling the canisters in the repository.
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The buffer line

SKB has conducted extensive tests of the technology for fabrication and installation of buffer. Large-
scale trials with the buffer protection, which is supposed to prevent excessively rapid saturation of
the buffer, have been carried out at the Aspd HRL. Work on developing a method for compressing
buffer blocks has continued and some fifteen full-scale buffer blocks have been pressed.

Studies of how the buffer is affected by inflowing water have been conducted in the Bentonite
Laboratory. Phenomena we have studied are erosion of the bentonite, heave of buffer blocks and
buildup of water pressure in the buffer.

Continued efforts will focus on erosion of buffer and completing the design of the buffer within the
chosen reference design. The Prototype Repository that was installed in 2001 will be retrieved in
2011, giving us an opportunity to study how the integrated system of canister, buffer and backfill has
evolved. A quantitative model will be developed to describe the evolution of density and swelling
pressure for the integrated system of buffer, backfill and plug for the period between installation and
repository closure.

The backfilling line

Development of a backfilling concept with natural swelling clay has gone on for a long time.
Technology and methods for preparing the clay prior to pressing of blocks are known and proven, as
is the method of fabricating blocks by uniaxial pressing.

The concept for installing buffer blocks will be further developed, and handling and installation will be
developed and tested both in the Bentonite Laboratory and under more realistic conditions at the Aspd
HRL. We will also work to complete design of the plug that will be used in the deposition tunnels.

The closure line

SKB plans to study alternative design concepts for repository closure during the next three years.

The rock line

The rock line includes detailed characterization, design, construction and maintenance of the Spent Fuel
Repository’s underground openings. The development work spans a wide field and is concerned with
methods for investigation, characterization and rock construction, including rock sealing and support
measures, as well as development of special equipment. The selection of Forsmark as the site for the
Spent Fuel Repository has great significance for the rock line’s technology development programme.

SKB has conducted extensive investigations of the emergence of an excavation-damaged zone. The
experience gained from these investigations is very positive with respect to the requirements made
by the backfill on the tunnel contour, as well as requirements for fulfilling long-term safety. Further
development is needed to fulfil these requirements in routine production. We will also continue our
work with further development of methods for verification of excavation damages.

Methods for investigations, interpretation of results and modelling have been developed over a long
period of time. SKB has a broad knowledge base for future detailed characterization. A programme
for these investigations will be presented in connection with the application.

A comprehensive full-scale test has been carried out to demonstrate the technology for sealing of the
rock by grouting. The project has yielded valuable knowledge on how the properties of the grouting
material affect the grouting process and its result. We now have a good basis for testing different
models for inflows and sealing in order to understand and predict these processes. This understand-
ing will then be translated into methods for investigation and construction, as well as development of
equipment and material.
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KBS-3H

SKB and Posiva are studying whether horizontal deposition can constitute an alternative to vertical
deposition. The goal is to develop the technology for KBS-3H to the point that it becomes possible
to demonstrate the technology on a full scale at a later stage and to permit comparison with vertical
deposition. The programme for the next few years includes the following main activities:

» Design of a KBS-3H repository.
 Demonstration in the Aspé HRL.
+ Studies of key issues relating to long-term safety.

Part IV Research for assessment of long-term safety

The research in support of the assessments of the long-term safety of the Spent Fuel Repository and
the extended SFR is described in RD&D Programme 2010. Much of the research that relates to the

Spent Fuel Repository and SFR is also relevant to the research that will be conducted for the safety
assessment for SFL.

The main purpose of the research that is being pursued to gain a greater understanding of the long-
term safety of the final repository for spent nuclear fuel has been to gather material as a basis for the
safety assessment of a repository in Forsmark, SR-Site. The research is focused on processes in the
engineered and natural barriers included in the repository concept.

Certain research areas are overarching and are being handled jointly for all repository systems.
These areas are: general methods for safety assessment, climate evolution, geosphere and surface
ecosystems. Future climate change may entail glaciation and permafrost. These two phenomena have
a great impact on the environment around a final repository. The climate can therefore indirectly
affect the barriers in a repository and thereby the outcome of a safety assessment.

A large number of processes in the rock influence the outcome of a safety assessment. They include:
fracturing, groundwater flow, hydrochemistry and earthquakes. Radionuclide transport and retention
in the rock are included in the modelling of these processes.

Site data and models of the ecosystem in Forsmark serve as a basis for the research on surface ecosys-
tems. The research includes work with numerical models for dose calculations.

Methodology development for assessment of long-term safety for SFR is based on the methodology
developed for the Spent Fuel Repository.

Research linked to a particular repository system
The research that specifically relates to the long-term safety assessment for the Spent Fuel Repository is
being pursued within the areas Fuel, Canister, Buffer and Backfill.

Research for SFR and the safety assessment for the extended repository is being pursued within the
areas Short-Lived Low- and Intermediate-Level Waste and Engineered Barriers for SFR.

The Spent Fuel Repository

Our knowledge level regarding the long-term safety of a final repository in Forsmark is now deemed to
be so high that it is possible to bound the importance of identified uncertainties. The research programme
is continuing, however, so that we can gather further knowledge and quantify remaining uncertainties.

The properties of the spent fuel and the processes that occur if the fuel comes into contact with water
comprise a considerable portion of the background material for the safety assessment. Some of these
processes are strongly linked to the initial state (type of fuel, burnup, etc.).

The ability of the canister to isolate the fuel is vital, and the research is focused on the processes that
can be expected to occur after deposition. Important processes are corrosion and mechanical loadings.
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All processes in the buffer after deposition — for example water uptake and swelling, or freezing and
erosion — are important for the outcome of the safety assessment. Many processes in the backfill are
virtually identical to those that occur in the buffer.

SFR

Work is under way on the safety assessment for the extended SFR. The processes that are dealt with
are specific for this particular type of waste, and the research is focused on corrosion and degrada-
tion of organic compounds in the waste.

The existing engineered barriers in SFR and those that are planned in the extension are affected

to a high degree by processes that occur in cement and concrete, which is reflected in the research
programme. Research on the processes that occur in the clay barriers that are used in SFR (the silo
buffer) is presented together with research on buffer and backfill.

Other methods

SKB continues to follow developments in partitioning and transmutation (P&T) as well as deposi-
tion of spent nuclear fuel in deep boreholes.

Part V Social science research

SKB has been conducting and funding research in the social sciences since 2004. The research
results have contributed to a deeper understanding of historical, financial and public opinion aspects.
The societal research has thereby contributed to increasing the general knowledge base and has also
proved useful in our practical work.

When SKB has submitted the applications under the Nuclear Activities Act and the Environmental
Code, they will be handled within the framework of the democratic system, locally and nationally.
SKB would therefore like to be able to present to decision-makers and the general public material

independent of the applications that can shed light on important societal aspects.

The fourth and fifth calls for proposals for funded research were issued in the spring of 2008 and
2009, guided by the viewpoints on the programme that had been received from municipalities,
regulatory authorities and reviewing bodies. The following projects were granted funds:

» Industrial organization of the final repository — pitfall or logical consequence? (Uppsala University).

» Core issues of democracy — A study of how opinions and global changes influence decision proc-
esses around the final disposal of nuclear waste (Mid Sweden University).

* The comparative time perspective of the nuclear waste (Royal Institute of Technology).

New and supplementary questions may arise during the examination of SKB’s licence applications.
It is our ambition that the research programme for the period 2004—2011 should satisfy the needs that
exist to shed light on different societal aspects.
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1 Management of radioactive waste and
spent nuclear fuel

The Swedish power industry has been generating electricity by means of nuclear power for about 40
years. A large part of the system that is needed to manage and dispose of the waste from operation of
the reactors has been built up during this time. The system consists of the interim storage facility for
spent nuclear fuel (Clab), the final repository for short-lived radioactive waste (SFR), plus the ship
m/s Sigyn and casks for transport.

What remains to be done is to build and commission the system of facilities, the KBS-3 system,
needed for final disposal. This includes extending Clab with a plant for encapsulation of the spent
nuclear fuel, casks for transport of spent fuel canisters, and building a final repository where the
canisters will be deposited. For the low- and intermediate-level waste it will be necessary to add an
extension to SFR, build a repository for long-lived radioactive waste (SFL) and casks for shipments
of long-lived waste. SKB’s plan of action describes the overall plans for realizing the remaining
parts of the waste system in such a manner that man and the environment are protected — today and
in the future.

Furthermore, existing systems and facilities (Clab, SFR and transportation system) must be constantly
maintained and modernized, particularly in view of the plans for extended operating times for the
Swedish reactors and thereby for the nuclear waste system.

1.1 Premises
1.1.1 Relevant regulatory framework and SKB’s mission

In Sweden, the holder of a licence to own a nuclear facility is responsible for managing and dispos-
ing of the radioactive waste and the spent nuclear fuel in a safe manner. The obligations with regard
to management and final disposal of radioactive waste are regulated in the Nuclear Activities Act
(1984:3), the Radiation Protection Act (1988:220), the Act (2006:647) on Financial Measures for
the Management of Residual Products from Nuclear Activities, as well as in related ordinances and
certain permits and guidelines issued by the Government.

These provisions entail that the nuclear power companies, i.e. the licensees for the nuclear power
plants, are responsible for all the measures that are needed to dispose of the radioactive waste in a
safe manner. This includes both safely managing and disposing of nuclear waste and spent nuclear
fuel arising from operation of the plants, and safely decommissioning and dismantling the plants
at the end of their service life. Furthermore, they shall conduct the comprehensive research and
development work needed to fulfil these obligations.

The nuclear power companies have given the Swedish Nuclear Fuel and Waste Management Co, SKB,
responsibility for nuclear waste management from the time the waste leaves the nuclear power plants.
This is why SKB owns and operates the facilities for today’s waste management, see Section 1.2. It is
also SKB that directly or indirectly conducts the research and development work for final disposal of
the waste. The Swedish Radiation Safety Authority (SSM) controls SKB’s activities.

The holder of a licence to own or operate a nuclear reactor shall, in consultation with other reactor
owners, draw up a programme for the research and development activities and other measures needed
to manage and dispose of the nuclear waste and the spent nuclear fuel in a safe manner and to decom-
mission and dismantle the nuclear power plants. Such a programme (RD&D Programme) shall be
submitted every three years to SSM. The programme is reviewed and evaluated by the Authority after
extensive circulation for comment and by the Swedish National Council for Nuclear Waste, which
submits its viewpoints to the Government. The Government then decides whether or not to approve
the programme. It is SKB that, on behalf of the nuclear power companies, prepares the RD&D
Programmes. The RD&D Programmes presented so far by SKB are described briefly in Section 1.3.
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The nuclear power companies are obliged to pay the costs of the measures needed to manage and
dispose of the nuclear waste and the spent nuclear fuel and to decommission the facilities. The costs
for management and disposal of the operational waste are paid directly, while the financing of the
rest of the nuclear waste programme is based on the payment of fees to a special fund, the Nuclear
Waste Fund, according to rules in the Financing Act and the Financing Ordinance. On behalf of the
nuclear power companies, SKB prepares a cost calculation every three years. SSM reviews SKB’s
calculation and makes recommendations for fees and guarantees. The size of the fees and guarantees
is determined by the Government (with the exception of the guarantee made for Barsebick, which is
determined by SSM). The nuclear power companies pay the fees to the Nuclear Waste Fund, whose
assets are, in accordance with Government regulations, deposited in an interest-bearing account with
the National Debt Office or in debt instruments issued by the state. The Fund’s investment options
were broadened in 2009. The Fund’s assets can now also be invested in certain debt instruments not
issued by the state. The securities in question are covered mortgage bonds.

At the end of 2009 there was about SEK 42 billion in the nuclear power companies’ shares of the
Nuclear Waste Fund (market value). In addition, some SEK 30 billion (current price level) has been
spent in the creation and operation of today’s system and for the research and development work.
During 2010 and 2011, the average fee is about one 6re (100 6re = 1 Swedish krona) per kilowatt-
hour of electricity produced for the nuclear power plants that are in operation. The fee for Barsebick
Kraft AB is SEK 247 million for each of these years.

Besides paying fees, the nuclear power companies’ parent companies pledge guarantees to cover the
fees that have not yet been paid. For the reactors that are in operation, a guarantee is also pledged
for the eventuality that the Fund proves insufficient due to unplanned events. The Government can
also order a nuclear power company to pay, in addition to the nuclear waste fee, a risk fee and to
require the company to identify one or more owner companies that undertake to fulfil the company’s
payment obligation.

Besides management of the radioactive waste from the nuclear power plants, SKB is also responsible
for the management of certain other radioactive waste. This includes low- and intermediate-level
waste from medical care, industry and research, which is treated and packaged at Studsvik, waste
from handling at Studsvik, and waste from decommissioning of facilities at Studsvik. Waste from
Westinghouse’s facilities in Visterds and from uranium mining in Ranstad is planned to be managed
by Studsvik Nuclear AB or AB SVAFO! and is therefore included in the waste coming from there.
An agreement exists between Studsvik and SKB concerning the waste managed by Studsvik.

AB SVAFO manages older waste and fuel from the Studsvik area, as well as from decommissioning
of the Agesta reactor and site remediation of the mining operation at Ranstad. According to an agree-
ment with SVAFO, SKB has undertaken to make room for final disposal of radioactive operational
and decommissioning waste as well as nuclear fuel from SVAFO.

1.1.2 Fundamental principles

The management of radioactive substances is regulated by legislation. The focus of the work has
furthermore been determined by a long series of political decisions and statements, which can be
summarized in the following points:

» The waste from the Swedish nuclear power plants will be disposed of within the country’s borders.
* Sweden will not dispose of waste from other countries.
» The spent nuclear fuel will not be reprocessed.

SKB plans for a geological disposal of the long-lived nuclear waste and the spent nuclear fuel.
Geological disposal was discussed as early as the 1950s. Other more or less unrealistic strategies
have also been studied, such as launching the fuel into space, disposing of it beneath the seabed or
burying it in the continental ice sheet. Most countries are agreed today that geological disposal is a
solution that satisfies all requirements on safe final disposal and feasibility.

' AB SVAFO, which is owned by Ringhals AB, Forsmarks Kraftgrupp AB, OKG Aktiebolag and Barsebick Kraft AB,
is a member of the Vattenfall Group.
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The following principles underlie the design of SKB’s final repository for the spent nuclear fuel and
the long-lived radioactive waste:

» The repositories shall be located in a long-term stable geological environment.

» The repositories shall be situated in bedrock that can be assumed to be of no economic interest to
future generations.

» The safety of the repositories shall be based on multiple barriers.

* Engineered barriers shall primarily consist of naturally occurring materials that are long-term
stable in the repository environment.

* The barriers shall work passively, i.e. without human intervention and without input of energy or
materials.

» The repositories shall be designed in such a manner that they do not need to be monitored after
closure.

The final repository for short-lived radioactive waste, SFR, which is in operation, is also based on
these principles.

The multiple barrier principle is a fundamental and internationally accepted safety principle for final
disposal. It entails that the safety of a final repository shall be based on multiple barriers whose pur-
pose is to contain, prevent or retard the dispersion of the radioactive substances in the waste. Which
barriers or barrier functions are needed in a final repository is largely dependent on the content of
radioactive substances and their half-lives.

The above principles, along with a number of other considerations, such as that it purely technically
must be possible to construct the repository, have led SKB to choose the KBS-3 system for final
disposal of spent nuclear fuel. In the comparative system analysis /1-1/ carried out by SKB in 2000,
the KBS-3 method was judged to be the most advantageous method. In the analysis, SKB compared
different methods for disposing of the spent nuclear fuel. The evaluation was done against stipulated
requirements, both overall societal requirements and environmental, safety and radiation protection
requirements.

The selection of suitable sites for the repositories should take place in steps with a focus on the
safety and environmental aspects and by means of an open democratic process in cooperation with
national authorities and the concerned municipalities. This principle has guided SKB during the site
selection process which led to SKB’s selection in 2009 of Forsmark as the site for the Spent Fuel
Repository. At the end the choice was between Forsmark in Osthammar Municipality and Laxemar
in Oskarshamn Municipality. A decisive factor in the selection of Forsmark was that the prospects of
achieving long-term safe disposal were judged to be better there.

1.1.3 The radioactive waste and the spent nuclear fuel

The planning for the management and disposal of the radioactive waste and the spent nuclear fuel

is guided by various factors. The properties of the waste are among the most important of these
factors. The waste is divided into categories according to its level of radioactivity (very low-, low-,
intermediate- and high-level) as well as the life of the radioactivity (short- or long-lived waste). The
level of radioactivity determines how the waste is handled. The intermediate-level waste and the
spent nuclear fuel, which is high-level, require radiation-shielded handling, while the very low-level
and the low-level waste can be handled without radiation shielding. The design of final disposal is
largely determined by whether the waste is short-lived or long-lived.

How much waste arises and when it arises are also important premises in the planning of the waste
system. The waste quantities are dependent on how long the reactors are assumed to remain in opera-
tion. The assumed operating times of the reactors directly influence the capacity and operating times
of the different waste facilities. The long-term planning for the waste system is based on the plans
for existing reactors in operation. These plans call for 50 years’ operation of the reactors at Forsmark
and Ringhals and 60 years’ operation of the reactors at Oskarshamn. The quantities to which this
scenario gives rise are reported below.
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Very low-level waste

Very low-level waste is always categorized as short-lived and arises during both operation and decom-
missioning of the nuclear power plants. Today this waste is deposited in surface repositories. The
waste consists primarily of spent filters, replaced components, used protective clothing and trash such
as plastic, paper, cables, etc. Near-surface repositories are operated today by the waste producers.

Low- and intermediate-level waste

The low- and intermediate-level waste is divided into short-lived and long-lived waste. Short-lived
waste contains a significant quantity of radionuclides with a half-life of no more than 31 years and
only a limited quantity of radionuclides with a longer half-life.> Long-lived waste contains significant
quantities of radionuclides with long half-lives.

Low- and intermediate-level waste arises during both operation and decommissioning of nuclear
facilities. The operational waste consists of, for example, spent filters, replaced components and used
protective clothing. The decommissioning waste consists of, among other things, scrap metal and
building materials.

Most of the low- and intermediate-level waste comes from the nuclear power plants. Other waste
comes from Clab and Clink as well as from Studsvik and SVAFO. According to current estimates,
SKB plans to dispose of a total of approximately 200,000 m® of short-lived radioactive waste.
Ongoing decommissioning studies indicate that the waste volumes may be considerably less.

The long-lived waste from the nuclear power plants consists of used core components and control
rods. The long-lived nuclides are formed from stable elements in, for example, steel when they are
exposed to strong neutron radiation from the reactor core.

The total quantity of long-lived waste is estimated at about 10,000 m?, about half of which comes
from the nuclear power plants. The other half comes from Studsvik and SVAFO. SKB plans to
dispose of the long-lived waste in SFL, a final repository for long-lived waste.

Spent nuclear fuel

The spent nuclear fuel is long-lived. It comprises a small fraction of the total quantity of waste to
be disposed of. The fuel contains by far most of the radioactivity, both short- and long-lived. Spent
nuclear fuel is high-level and requires radiation shielding in conjunction with all handling, storage
and final disposal. Final disposal is planned to take place in the Spent Fuel Repository.

The spent fuel generates heat even after it has been removed from the reactor (decay heat). Because
of the decay heat, the fuel must be cooled to avoid overheating. The amount of decay heat depends
on the fuel’s burnup, i.e. the quantity of energy that has been extracted from the fuel. Burnup is
specified in megawatt-days per kilogram of uranium (MWd/kgU). Due to technical advances and
changes in the operation of the reactors, fuel burnup has increased steadily since the reactors were
put into operation. The reason for these changes is to optimize the operating economy of the reactors.
The nuclear power companies plan to further increase fuel burnup. It is important in the planning
work to clarify the consequences of higher burnup for all parts of the KBS-3 system.

According to the planning premises, the total quantity of spent nuclear fuel to be disposed of will
comprise about 6,000 canisters. One canister contains about 2 tonnes of fuel. The quantity of spent
nuclear fuel is given as the quantity of uranium that was originally present in the fuel.

In addition to all spent fuel from today’s Swedish nuclear power plants, the quantity of spent nuclear
fuel to be deposited in the Spent Fuel Repository also includes fuel from the Agesta reactor, fuel
residues from testing programmes at Studsvik and MOX fuel (Mixed Oxide Fuel). These fuel types
comprise a very small fraction of the total quantity of spent nuclear fuel. Approximately 20 tonnes of

2 Short-lived waste is defined according to the IAEA’s Radioactive Waste Management Glossary, 2003 Edition
as “waste that does not contain significant levels of radionuclides with half-lives greater than 30 years”. SKB
uses the same definition but with 31 years to include cesium-137, which is used as a key nuclide to estimate the
content of other radionuclides.
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spent nuclear fuel from Agesta and approximately two tonnes of spent nuclear fuel from Studsvik’s
investigation activities are being interim-stored today in Clab.

23 tonnes of MOX fuel obtained from Germany in exchange for the fuel that was sent to France (La
Hague) for reprocessing at an early stage is also being stored in Clab. Sweden has also sent spent
fuel for reprocessing to Sellafield in England. During reprocessing, uranium, plutonium and waste
products are separated. Uranium and plutonium can be reused in new fuel, MOX fuel. Eighty such
fuel assemblies have been fabricated and will be used in the Oskarshamn nuclear power plant.

1.2  Description of the waste system
1.21 The Swedish system

Figure 1-1 provides an overview of the system for management and disposal of Sweden’s radioactive
waste. The illustration shows the flow from the waste producers via interim storage and treatment
plants to different types of final repositories. Solid lines represent transport flows of radioactive
waste to existing or planned facilities. Dashed lines represent alternative handling pathways.

The Swedish system can be divided into two main parts: the system for management of very low-
level and low- and intermediate-level waste, and the system for management of the spent nuclear
fuel (the KBS-3 system). The facilities in the former system are operated by both SKB and the waste
producers. The programme for realizing SKB’s planned facilities in this system is designated the
LILW Programme (low- and intermediate-level waste). The LILW Programme is also intended to
coordinate planning and technology matters for the decommissioning of the nuclear power reactors
and SKB’s nuclear facilities. All facilities in the KBS-3 system will be operated by SKB. The pro-
gramme for realizing the future facilities in this system is designated the Nuclear Fuel Programme.

SKB is responsible for the transportation system, which is common for the LILW and Nuclear Fuel
Programmes. The shipments go by sea, since all nuclear power plants and nuclear waste facilities are
situated on the coast. The transportation system consists of the specially built ship m/s Sigyn, different
types of transport containers and casks, and special vehicles for loading and unloading. M/s Sigyn

was built in 1982, and since then the transportation system has been progressively expanded and
augmented. For added seaworthiness, the ship has a double bottom and a double hull, providing extra
high buoyancy. The double hull also protects the cargo in the event of collision or grounding. Normally,
the ship, which is operated by a contractor, makes between 30 and 40 trips per year between the nuclear
power plants, Studsvik, SFR and Clab. SKB plans to replace m/s Sigyn with a new ship.

The next two sections describe the facilities that are needed in the two systems. Then SKB’s facili-
ties for research, development and demonstration are described.

1.2.2 Facilities in the system for very low-level and low- and intermediate-
level waste

In order to be able to manage and dispose of very low-level and low- and intermediate-level waste
in a safe manner, facilities for interim storage, treatment and final disposal are needed, along with a
system for transportation. Both short-lived and long-lived waste are managed within the system. The
facilities are operated both by SKB and the waste producers.

SKB’s final repository for short-lived radioactive waste, SFR, has been in operation since 1988.
The nuclear power companies, SVAFO and Studsvik operate local treatment plants, interim storage
facilities and surface repositories for short-lived waste.

Today long-lived operational waste is interim-stored at the nuclear power plants, Clab and SVAFO’s
interim storage facility in Studsvik. SKB plans to dispose of the long-lived waste in SFL (final
repository for long-lived waste).
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Figure 1-1. System for management and disposal of Sweden's radioactive waste and spent nuclear fuel.
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Facilities for treatment of waste

There are treatment plants for very low-level and low- and intermediate-level waste at the nuclear
power plants and Studsvik. Here the waste is treated and packaged so that it meets the requirements
for disposal in SFR or surface repositories. The purpose of the treatment may be volume reduction,
concentration of the radioactivity or solidification.

Near-surface repositories

There are surface repositories for very low-level operational waste on the industrial areas at the
Forsmark, Oskarshamn and Ringhals nuclear power plants and in Studsvik. Before they were put
into operation, this waste was disposed of in SFR.

After roughly 50 years the radioactivity in the waste will have declined to the same level as in the
natural surroundings and the waste will no longer be dangerous from a radiation viewpoint.

Final repository for short-lived radioactive waste, SFR

SFR is located at the Forsmark nuclear power plant, see Figure 1-2. The repository is situated
beneath the Baltic Sea, covered by about 60 metres of rock. Two one kilometre long access tunnels
lead from the harbour in Forsmark to the repository area.

The disposal chambers consist today of four 160-metre-long rock caverns of different kinds, plus a
70-metre-high cavern in which a concrete silo has been built. The facility’s total storage capacity is
63,000 m* One of the four rock caverns contains low-level waste enclosed in standard ISO containers.
The waste in this rock cavern can be handled without radiation shielding. Three of the caverns receive
intermediate-level waste, which requires radiation shielding. The concrete silo is also intended for
intermediate-level waste. The silo will contain most of the radioactive substances in SFR.

Today only operational waste from the nuclear power plants, Clab, Studsvik and SVAFO is disposed
of in SFR. Approximately 33,300 m® of waste had been deposited in SFR by the end of 20009.

i

5o
SFR

under ground

Rock vault for ILW View over top of siic;

Figure 1-2. Final repository for short-lived radioactive waste, SFR.
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In order to be able to dispose of all additional short-lived operational and decommissioning waste,
SKB plans an extension of SFR.

Interim storage facilities for long-lived waste

Today most of the long-lived waste is interim-stored in storage pools at the power plants and in
Clab. In addition, OKG Aktiebolag uses a rock cavern on the Simpevarp Peninsula (BFA) for dry
interim storage of operational waste. The operating licence is held by OKG Aktiebolag, but BFA is
licensed for interim storage of core components from all Swedish nuclear power plants. Forsmarks
Kraftgrupp AB also has a dry interim storage facility on its power plant site.

SKB wants to have the option of storing long-lived waste in the extended SFR and is therefore
investigating this possibility.

Besides waste from the power plants, there is long-lived waste from research. This waste belongs to
SVAFO and Studsvik and is interim-stored in the facility at Studsvik.

Final repository for long-lived waste, SFL

SKB plans to dispose of the long-lived waste in a facility that is similar to SFR, but that will prob-
ably be located at a greater depth. The repository will be the last facility to be put into operation. A
repository concept will be developed during the period up to 2013. Siting of the repository is also an
open question today.

The volume of SFL will be relatively small compared with SKB’s other final repositories. The total
storage volume is estimated at 10,000 m>.

Transportation system for low- and intermediate-level waste

The transportation system consists of the ship m/s Sigyn, special vehicles and different types of
transport casks and containers.

Short-lived waste is shipped today from the nuclear power plants and Clab to SFR. Low-level waste
does not need any radiation shielding. It can therefore be transported in standard ISO containers.
Intermediate-level waste, on the other hand, requires radiation shielding, and most is embedded in
concrete or bitumen at the nuclear power plants. The waste is then shipped in transport containers
(ATB) with 7-20 centimetre thick walls of steel, depending on how radioactive it is, see Figure 1-3.

Figure 1-3. Transport container for short-lived radioactive waste (ATB).
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Today long-lived waste is shipped from the nuclear power plants to Clab. The waste consists of
control rods from boiling water reactors and replaced core components. The waste is shipped in

a transport cask (TK) with approximately 30 cm thick walls of steel, see Figure 1-4. The cask is
adapted to Clab’s storage canisters. A new waste transport container (ATB 1T) is being developed for
shipping long-lived waste in BFA tanks intended for dry interim storage.

M/s Sigyn and the vehicles are also used for shipments of spent nuclear fuel in the KBS-3 system.

1.2.3 Facilities in the KBS-3 system

SKB’s interim storage facility for spent nuclear fuel, Clab, has been in operation since 1985.

SKB plans to extend Clab with a section for encapsulation of the nuclear fuel and to build a final
repository, the Spent Fuel Repository, in Forsmark. In addition to these facilities, we plan to build a
canister factory for assembly of the copper canisters in Oskarshamn.

Central interim storage facility for spent nuclear fuel, Clab

Clab is located at the nuclear power plants in Oskarshamn. The spent nuclear fuel is stored in the
facility’s water pools, see Figure 1-5. Clab consists of a receiving section at ground level and a
storage section more than 30 metres below the ground surface. In the receiving section, the transport
casks with spent nuclear fuel are received and unloaded under water. The fuel is then placed in stor-
age canisters. Two types of storage canisters are used: normal and compact.

The actual storage chamber consists of two rock caverns spaced at a distance of about 40 metres and
connected by a water-filled transport channel. Each rock cavern is approximately 120 metres long
and contains four pools and one reserve pool. The water in the pools serves both as a radiation shield
and a cooling medium. The top edge of the fuel is eight metres below the water surface. The radia-
tion level at the edge of the pool is so low that the personnel can stand there without restrictions.

At year-end 2009 there were 5,050 tonnes of fuel (counted as original quantity of uranium) in the
facility. SKB has a licence to store 8,000 tonnes of fuel in the facility, but if a switch is made to
using only compact storage canisters in the pools the storage capacity can be increased to 10,000
tonnes of fuel.

Central facility for interim storage and encapsulation of the spent nuclear fuel, Clink

Before the spent fuel is disposed of it will be encapsulated in copper canisters. SKB plans to encap-
sulate the fuel in a new facility section adjacent to Clab. When this encapsulation section has been
connected with Clab, the two facility sections will be operated as an integrated facility, Clink.

FWEBLN AR

Figure 1-4. Transport cask for core components (TK).
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Figure 1-5. The central interim storage facility for spent nuclear fuel, Clab.

The canister that will be used consists of a copper shell to protect against corrosion and an insert of
nodular iron to withstand mechanical loads, see Figure 1-6. There are two types of inserts, one that
holds twelve assemblies from boiling water reactors (BWRs) and one that holds four assemblies
from pressurized water reactors (PWRs). There are other fuel types to be disposed of as well, see
Section 1.1.3. They can be placed in one of the two insert types. Plans call for SKB to build a canis-
ter factory for assembly and fine machining of the canister’s different components in Oskarshamn.
The canister factory will not be a nuclear facility.

There will be a number of stations for different work operations in Clink, see Figure 1-7. All fuel
handling is remote-controlled. The encapsulation process begins with conveyance of the fuel from
the underground storage pools to pools in the new section. The fuel assemblies to be placed together
in a canister are selected in such a way that the total decay heat in the canister will not be too great.
The fuel is then dried in a radiation-shielded handling cell and lifted over to the canister. The air in
the canister is replaced with argon before the canister is sealed. Sealing of the copper canister is done
by friction stir welding. The quality of the weld is inspected, and if the weld is approved the canister
is taken to the machining station, where excess material is machined off. Finally, a new quality
inspection of the weld is performed. If necessary, the canister is cleaned before being placed in a
special transport cask for transport to the Spent Fuel Repository.
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1 = Handling pool. The fuel is moved over from a storage canister to a transfer canister.
2 = Handling cell. The fuel is dried and lifted over to the canister.

3 = Atmosphere change. The air in the canister is replaced with argon.

4 = Sealing. Welding by means of friction stir welding.

5 = Nondestructive testing. Inspection of the welds.

6 = Machining.

Figure 1-7. The work stations in the encapsulation section of Clink.
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Spent Fuel Repository

The work of finding a suitable site for a final repository for spent nuclear fuel has been under way for sev-
eral decades. At the end of the site selection process, the choice stood between Forsmark in Osthammar
Municipality and Laxemar in Oskarshamn Municipality. After evaluations of the site investigations,
SKB selected Forsmark as the site for the final repository for spent nuclear fuel in 2009.

The final repository will consist of a surface part and an underground part, see Figure 1-8. The
underground part consists of a central area and a number of deposition areas plus connections to
the surface part in the form of a ramp for vehicle transport and shafts for elevators and ventilation.
The deposition areas, which together comprise the repository area, will be located about 470 metres
below ground level and consist of a large number of deposition tunnels with bored deposition

holes in the bottom of the tunnels. The positioning of the deposition tunnels, as well as the spacing
between the deposition holes, is determined on the basis of the properties of the rock, for example
fractures and thermal properties. The above-ground facility consists of operations area, rock heap,
ventilation stations and storeroom.

When the canisters arrive at the Spent Fuel Repository, they are transloaded to a specially built
transport vehicle which carries the canisters down to the deposition level via a ramp. There the canis-
ters are transloaded to the deposition machine to be transported out to the deposition area and finally
deposited. After the canisters have been emplaced in the deposition holes, surrounded by bentonite
clay, the tunnel is backfilled with swelling clay. Other openings are also backfilled when all fuel has
been deposited.

The KBS-3 method entails that the canisters can be emplaced either vertically (KBS-3V) or horizon-
tally (KBS-3H). The reference design of the KBS-3 method is based on vertical deposition, but SKB
is also investigating the possibility of changing to horizontal deposition later on. The development
work being done on horizontal deposition shows that the method is interesting and promising, but
more research and development is required before it can be considered available.

Transportation system for spent nuclear fuel

The transportation system consists of the ship m/s Sigyn, special vehicles and different types of
transport casks/containers.

Today the spent fuel is shipped from the nuclear power plants to Clab in transport casks (TB) with
roughly 30 centimetre thick steel walls, see Figure 1-9. These casks have cooling fins to remove the
decay heat generated by the fuel.

Figure 1-8. Spent Fuel Repository in Forsmark.
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Figure 1-9. Transport cask for fuel (TB).

A new type of transport cask (KTB) will be developed for shipping spent nuclear fuel from Clink to
the Spent Fuel Repository.

M/s Sigyn and the vehicles are also used for shipments of low- and intermediate-level waste within
the LILW system.

1.2.4 Facilities for research, development and demonstration

Much of the research and development for encapsulation and final disposal of spent nuclear fuel
needs to be done in a realistic setting and on a full scale. SKB has three laboratories for this purpose:
The Aspd HRL, the Canister Laboratory and the Bentonite Laboratory. There we carry out research
and development projects, mainly for the barriers in the KBS-3 repository. The results of the experi-
ments and the projects in the three laboratories serve as a basis for the design of the Spent Fuel
Repository and the encapsulation plant as well as the safety assessments that need to be done.

The laboratories also provide an opportunity to demonstrate that the barriers can be fabricated and
installed with the quality required to meet the requirements on long-term safety. This is an important
part of the work of showing that the initial state of the final repository, which constitutes the basis
for the assessment of long-term safety, can be achieved.

The laboratories have so far played a vital role in the development of the KBS-3 method and in the
work of providing information on the advances that are constantly being made.

Aspé Hard Rock Laboratory

The Aspd Hard Rock Laboratory (HRL), which was built during the period 1990-1995, is situated
on Aspd north of the Oskarshamn Nuclear Power Plant. The underground laboratory consists of

a tunnel from the Simpevarp Peninsula, where the Oskarshamn nuclear power plant is located,

to the southern part of Aspd. On Aspd the main tunnel descends in two spiral turns to a depth of
460 metres. The various experiments are conducted in niches in the short tunnels that branch out
from the main tunnel. An illustration of the HRL is shown in Figure 1-10.

The laboratory is used to investigate how the barriers in the final repository for spent nuclear fuel
(canister, buffer, backfill, closure and rock) prevent the radionuclides in the fuel from reaching the
ground surface. The laboratory is continuing the work previously conducted in the Stripa mine.
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Figure 1-10. The Aspé HRL.

Another important purpose is to develop and demonstrate methods for building and operating the
Spent Fuel Repository. All of the KBS-3 method’s subsystems are available here for demonstration
in a realistic setting.

In the future, the facility will be used to train the personnel who will work in the Spent Fuel
Repository. SKB therefore expects the laboratory to be in operation at least until the Spent Fuel
Repository is put into operation.

Research experiments similar to those being conducted today for the Spent Fuel Repository may be
needed for the coming safety assessments of SFR and SFL. Uncertainties in the underlying data for
the assessments show which issues may be urgent. We foresee that the parts of the facility nearer the
surface will be suitable for experiments for SFR, while the deeper parts will be suitable for SFL.

Many different countries and organizations are participating in the experiments being conducted

at the Aspd HRL. In different forms and project groups we are working with sister organizations,
research institutes and universities in Canada, the Czech Republic, Finland, France, Germany, Japan
and Switzerland. The international contacts are important for being able to compare different meth-
ods for calculation and analysis, as well as for a thorough discussion and evaluation of the results.
The cooperation also gives us an opportunity to engage the foremost experts in different fields.

36 RD&D Programme 2010, TR-10-63



Canister Laboratory

The Canister Laboratory, situated in the harbour area at Oskarshamn, was built during the period
1996-1998. One of the shipyard’s old welding halls has been converted for use in the development
of the sealing technology for copper canisters. It is mainly equipment for welding of copper lids
and bottoms and for nondestructive testing of the welds and the different parts of the canister that
is developed there. But equipment and systems for handling spent nuclear fuel and canisters are
also tested and developed in the laboratory. The facility will also be used for training of personnel
in preparation for the commissioning of the encapsulation line in Clink. The Canister Laboratory is
therefore planned to be in use until encapsulation of the spent nuclear fuel commences.

There are stations in the Canister Laboratory for testing different welding techniques and different
methods for nondestructive testing. The goal is to develop methods that meet the stipulated quality
requirements and have sufficiently high reliability to be used in Clink. The most important items
of equipment in the laboratory are a friction welder, an electron beam welder, and equipment for
radiographic and ultrasonic testing. Figure 1-11 shows the equipment for friction stir welding.

Bentonite Laboratory

SKB has been conducting research and development in the Bentonite Laboratory in Oskarshamn
since 2007, see Figure 1-12. The facility is situated adjacent to the Aspd HRL and supplements the
experiments being conducted there.

The Spent Fuel Repository’s long-term safety is based on multiple barriers that are supposed to prevent
radionuclides released from the canister from reaching the ground surface. One of the barriers is the
swelling clay, bentonite, that will surround the canister. Bentonite-like clay will also be used to backfill
the tunnels in the repository. In the Bentonite Laboratory we test the properties of the bentonite by, for
example, simulating water conditions in a controlled manner. Here SKB is also developing methods for
backfilling the repository’s tunnels and building plugs to seal the deposition tunnels.

Y

Figure 1-11. The Canister Laboratory’s equipment for development of friction stir welding.
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Figure 1-12. The Bentonite Laboratory.

1.3 Programme for research, development and demonstration

The Nuclear Activities Act regulates the periodicity and scope of the RD&D Programme. The
programme shall contain an overview of all measures that may be needed to manage the radioactive
waste and shall describe in greater detail the measures intended to be adopted within a timespan of at
least six years. The Swedish Radiation Safety Authority reviews and evaluates the programme with
regard to planned research and development activities, research results, alternative management and
disposal methods and planned measures. After extensive circulation for comment, SSM turns the
matter over to the Government, which makes a decision regarding approval of the programme and
any guidelines for continued activities.

Development of the KBS-3 method for final disposal of spent nuclear fuel has been going on since the
late 1970s. The method was presented in 1983 in a report that served as a basis for the applications for
licences to commission the most recently built nuclear power reactors. After the new Nuclear Activities
Act had entered into force in February 1984, the applications were supplemented with SKB’s RD&D
Programme 84, which thereby became a supporting document. In June 1984, the Government granted
the nuclear power companies a fuelling permit for the Forsmark 3 and Oskarshamn 3 reactors. In its
decision, the Government stated that the KBS-3 method “in its entirety has been found essentially
acceptable with regard to safety and radiation protection.” The KBS-3 method has since served as a
basis for SKB’s programmes for research, development and demonstration. SKB has also followed
the development of other methods and has on a number of occasions evaluated them in relation to
the KBS-3 method.

The focus of the RD&D Programmes has varied through the years, depending on where the
emphasis has been in SKB’s activities. A brief summary of the RD&D Programmes presented by
SKB so far is given below. All the programmes described have been circulated for comment and
subsequently approved by the Government.

RD&D Programme 84

As an appendix to the applications for charging permits for the Forsmark 3 and Oskarshamn 3
reactors, SKB submitted its first research programme under the Nuclear Activities Act, RD&D
Programme 84, which above all focused on the KBS-3 method. The detailed repository layout and
site selection required more research and development. The regulatory authorities commented on the
programme and accepted it with a few minor remarks.
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RD&D Programme 86

We submitted the first complete research programme under the new Nuclear Activities Act, R&D-
Programme 86, in 1986. The guidelines which SKB’s research has followed since KBS-3 were
summed up and elaborated on as follows:

* The radioactive waste products will be disposed of in Sweden.
* The spent nuclear fuel will be interim-stored and disposed of without reprocessing.

» The waste problem should essentially be solved by the generation that utilizes the electricity from
the nuclear power plants.

» The activities must be conducted openly and transparently.

In accordance with the requirements of the Nuclear Activities Act, SKB pointed out the importance
of alternative studies and discussed other methods that could be regarded as alternatives to the
KBS-3 method in a background report to the programme.

SKB proposed that a new underground laboratory should be built in undisturbed rock in order to make
it possible to continue to study the geological and hydrogeological properties of the rock and nuclide
transport on a real scale. The research activities at the Stripa Mine were planned to be concluded.

Most of the reviewing bodies found the programme to be well balanced and in compliance with the
requirements of the Nuclear Activities Act. The Swedish Nuclear Power Inspectorate (SKI) said
that disposal of long-lived waste at great depth (several hundred metres or more) in continental
geological formations is the only method deemed to be available and feasible in Sweden within the
foreseeable future.

RD&D Programme 89

SKB noted in RD&D Programme 89 that the KBS-3 method has been deemed by the regulatory
authorities and the Government to be acceptable in terms of safety and radiation protection. It is
therefore a reference alternative for further studies of other ways to dispose of the spent nuclear fuel.
A comparison was made between KBS-3 and an alternative design for geological disposal called
WP-Cave. SKB judged that it is more difficult to show that the WP-Cave method is safe in the long
term, and the studies of WP-Cave as an integral system were therefore concluded.

In the programme, SKB provided information on its plans for a safety assessment, SKB 91. The
reason was the need to evaluate what variations in geological conditions mean for the performance
and safety of the final repository.

Preliminary investigations to locate a hard rock laboratory in the Simpevarp area were conducted
and showed that good prospects existed for locating such a facility on Aspd, north of Simpevarp.

In its decision regarding RD&D Programme 89, the Government found that the research work ought
to include an account and a follow-up of alternative management and disposal methods. A binding
commitment should not be made to a method until a complete picture was obtained of safety and
radiation protection aspects.

A point of departure for the continued RD&D activities should be that a final repository for nuclear
waste and spent nuclear fuel could be put into operation stepwise.

RD&D Programme 92

The nuclear waste programme was concretized in RD&D Programme 92 by SKB’s presentation of

a plan to realize the deep geological disposal of encapsulated spent fuel. This was the start of the
process of siting a final repository. The aim for the encapsulation plant was that it should be built at
Clab. The proposal from the National Board for Spent Nuclear Fuel, SKN, that the repository should
be built stepwise was taken up and included in the programme, in accordance with the Government’s
wishes. Demonstration deposition of about 400 canisters was planned in an initial stage. After this it
will be possible to continue along the chosen path or retrieve the fuel.
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Important background reports to the programme were the safety assessment SKB 91 /1-2/ and the
PASS report /1-3/, which compared different encapsulation methods and final disposal methods
(KBS-3, deep boreholes, long tunnels, medium-long tunnels). The PASS report recommended keep-
ing KBS-3 as the reference system with a copper canister and a steel insert.

In its evaluation of the programme, the Swedish Nuclear Power Inspectorate, SKI, approved focus-
ing the continued RD&D work on a KBS-3-type method. SKI observed that there is no method that
appears to be significantly better from a safety viewpoint and that can be realized in Sweden without
significantly extending the time frame compared to SKB’s plans.

The Government’s decision called for a supplementary account to SKI. SKB was supposed to sup-
plement RD&D Programme 92 by describing:

* the criteria and methods that can form a basis for the selection of sites suitable for a final repository,
» aprogramme for description of design premises for an encapsulation plant and a final repository,
» aprogramme for the safety assessments which SKB intends to prepare,

* an analysis of how different measures and decisions influence later decisions in the final repository
programme.

Supplement to RD&D Programme 92

SKB submitted the requested supplement in August 1994. In its subsequent decision, the
Government made it clear that a licence application for a final repository should contain comparative
assessments based on site-specific feasibility studies on between five and ten sites in the country

and that site investigations should be conducted on at least two sites. The reasons for the selection

of these sites should be given. The siting factors and criteria stipulated by SKB should, in the
Government’s opinion, serve as a starting point for the continued siting work.

The Government was also of the opinion that SKB, in order to provide background and premises
for the siting work, should present its general siting studies and site-specific feasibility studies in an
integrated account in future RD&D Programmes.

RD&D Programme 95

The emphasis in RD&D Programme 95 was on how SKB planned to execute the development
projects (encapsulation, final repository) that are required to initiate deposition of encapsulated fuel.
The programme also included the supportive research and development work needed for the projects
as well as a follow-up of and research on alternative methods. The following comprised important
background documents for the programme:

» The reports on the feasibility studies in Storuman and Mala.

* General siting study 95 — A nationwide survey of conditions and background for the siting work /1-4/.
» A template for safety reports, SR 95 /1-5/.

In its review of RD&D Programme 95, SKI said that considerable progress had been made since
RD&D Programme 92. Newly developed methodology now needed to be applied and evaluated.
Previous assessments of important safety factors must be reconciled with new knowledge and
modifications of the repository system. Furthermore, SKI stressed that, as a basis for future decisions

on the final choice of system solution, the zero alternative in particular should be presented as a
reference for the deposition alternative.

RD&D Programme 98

In RD&D Programme 98, SKB presented detailed material on the points highlighted by the Govern-
ment in its treatment of RD&D Programme 95, i.e. alternative solutions to the KBS-3 method, system
analysis of the entire final repository system, siting data and site selection criteria.

Regarding alternative solutions, the report contained a broad account of both alternative methods
and variants of the KBS-3 method. The long-term safety of the final repository was dealt with and a
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coming report on a safety assessment (SR 97) was announced. SKB also described the work that was
planned prior to coming site investigations up to a decision in 2001. The reference canister with a
five centimetre thick copper shell and a cast iron insert was also specified in the programme.

In its decision on RD&D Programme 98, the Government requested that SKB submit a supplemen-
tary account regarding alternative methods, background material for site selection, and a programme
for the site investigations.

Supplement to RD&D Programme 98

In November 1999, SKB presented the safety assessment SR 97 /1-6/. SKI and SSI observed in their
joint review that it contained the constituents required for a comprehensive analysis of safety and
radiation protection. The authorities also said that the KBS-3 method was a good basis for SKB’s
upcoming site investigations and the continued development of the engineered barriers.

In December 2000, SKB submitted the supplementary accounts which the Government requested

in its decision on RD&D Programme 98 regarding alternative methods, material for site selection,
and programme for the site investigations. The account (often referred to as RD&D-K) contained
an exhaustive summary and evaluation of the comprehensive siting data collected by SKB over the
years. In the programme, SKB gave an account of its selection of sites for site investigations and a
general programme for the site investigation phase. The Government’s decision gave the go-ahead
for SKB to continue the work according to the account in RD&D-K. The Government had no objec-
tions to SKB’s initiation of site investigations within the three areas Simpevarp, Forsmark and Tierp
north. The Government also deemed that the KBS-3 method should be used as a planning premise
for the site investigations.

RD&D Programme 2001

RD&D Programme 2001 concentrated on questions related to the safety assessment and its research
and technology development needs. Questions concerning siting of the encapsulation plant and the
final repository were not taken up, since SKB was at this time waiting for the Government’s decision
regarding the supplement to RD&D Programme 98. The programme took as its starting point the
regulatory requirements on long-term safety and linked this to the development of methodology

for the safety assessment and to the research on the long-term processes in the repository. RD&D
Programme 2001 also included accounts of the state-of-the-art regarding partitioning and transmuta-
tion of spent nuclear fuel and deposition in deep boreholes.

The programme also included a timetable where the starting point was that site investigations for

a final repository for spent nuclear fuel should be initiated in 2002. The plan entailed that regular
operation (now called routine operation) can be commenced in the early 2020s before the storage
pools in Clab are full. This will avoid the necessity of further extension. According to the plans, the
encapsulation plant will be ready for operation one year before the final repository. The timetable
also included conducting safety assessments of the final repository, based on data from the site
investigation phase.

In their comments on RD&D Programme 2001, SKI and SSI called for a clearer account of the
planning for the remainder of the nuclear waste programme. The Government then requested a plan
of action in connection with the approval of the research programme.

RD&D Programme 2004

RD&D Programme 2004 was mainly concerned with the development of fabrication and sealing of
canisters for final disposal of spent fuel. The reason was that SKB was supposed to submit an appli-
cation for a licence under the Nuclear Activities Act for an encapsulation plant during the coming
programme period.

SKB presented the plan of action that was called for in the review of RD&D Programme 2001.
The plan was divided into two parts: The KBS-3 system (the Nuclear Fuel Programme) and the
waste system for low- and intermediate-level waste (LILW). The emphasis in the work during the
programme period 2004—2009 was on the Nuclear Fuel Programme. The plan entailed that SKB
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should gather the material that was needed to submit the applications for the encapsulation plant and
the final repository. In its review statement on RD&D Programme 2004, SKI stated that they thought
that SKB’s plan of action was incomplete and needed to be structured better. SKI called for a more
detailed account of the content of the background material which SKB intended to submit on the
different reporting occasions.

RD&D Programme 2007

RD&D Programme 2007 established the next big objective: to submit an application under the Nuclear
Activities Act for the final repository for spent nuclear fuel and an application under the Environmental
Code for the entire KBS-3 system. The plans for these parts of the Nuclear Fuel Programme were pre-
sented in a structured manner based on the stepwise execution of the programme described in SKB’s
plan of action.

The programme described the technology development for the different subsystems in the final
repository. Their properties are determined by the design premises and specifications that have been
formulated, but also by the production and inspection methods that are used. Six production lines
were defined for the descriptions: the rock line, the buffer line, the fuel line, the canister line, the
backfilling line and the closure line. In addition, retrieval of canisters and a variant of the repository
design with horizontal deposition (KBS-3H) were described.

RD&D Programme 2007 also addressed the long-term safety assessment, with reference to the SR-Can
safety assessment that was submitted to the regulatory authorities in November 2006. Furthermore, the
programme described research activities within the social sciences field, the programme for manage-
ment and disposal of low- and intermediate-level waste (LILW) from the nuclear power plants and
decommissioning of nuclear facilities.

In its decision, the Government called for supplementary accounts of the final repository for long-lived
low- and intermediate-level waste (SFL), the final repository for short-lived low- and intermediate-
level waste (SFR), decommissioning and alternative methods for disposal of spent nuclear fuel.

Supplement to RD&D Programme 2007

In March 2009, SKB submitted the requested supplementary account of the LILW Programme and
decommissioning, as well as the state-of-the-art regarding alternative final disposal methods.

In its review, SSM found that SKB’s account in certain areas did not fully meet the Authority’s expec-
tations, but SSM found that the supplement to RD&D Programme 2007 was satisfactory without any
additional measures. The Government concurred in SSM’s conclusion and observed that the Authority
had initiated a dialogue with SKB and the licensees and assumed that SKB would heed the viewpoints
of the regulatory authorities in RD&D Programme 2010.

1.4 Competence and organization

SKB faces new challenges as the planned facilities are successively realized. An important part of
meeting these challenges is to continuously develop our competence and organization. Historically,
SKB has been a management organization with a number of experts assigned to lead and manage the
work. This has gradually changed towards a broader staffing policy, and we now operate the facili-
ties in-house and have more staff specialists and administrators.

SKB took over the operation of Clab in January 2007 and the operation of SFR in July 2009. These
facilities were formerly operated under contract by OKG Aktiebolag and Forsmarks Kraftgrupp AB,
respectively. The takeover is a natural step in SKB’s development, where the emphasis in the activities
is gradually shifting from research and development to operation of nuclear facilities. The experience
we have gained from the construction and operation of Clab and SFR is important in the planning of
the future facilities.

42 RD&D Programme 2010, TR-10-63



A new Department of Nuclear Safety was formed in conjunction with the takeover of Clab. The
department has an independent role within SKB with responsibility for reviewing SKB’s activities
(independent review in accordance with nuclear activities legislation) and for development in the
field of safety and radiation protection.

SKB has conducted a study aimed at proposing measures and a plan of action for development of the
organization during the period up until when the Spent Fuel Repository and Clink are put into operation.
The study was conducted in two stages. In the first stage, which was carried out during 2005-2006, two
programmes were established: The LILW Programme and the Nuclear Fuel Programme. The activities
required to realize the future facilities are being carried out within these programmes.

The second stage in the organizational study was carried out during 2007-2008, when more detailed
proposals for how SKB should be organized were put forward. Most of the proposals have since
gradually been implemented. Among other things, in 2009 SKB created a department for the manage-
ment of low- and intermediate-level waste. A gradual accumulation of competence within the depart-
ment SFR for executing the extension of SFL and the planning for SFL is taking place.

As another result of the study, competence is being accumulated in civil engineering, design engi-
neering and interdisciplinary engineering. Previously this competence has been brought in from the
outside, mainly from OKG. Competence accumulation will initially take place within the Operations
Department. The purpose is that this competence will eventually be used throughout SKB.

SKB is strengthening its organization in other competence areas as well such as procurement, project
management and information management and is working actively to establish guidelines for how to
use consultants and key competencies as a part of our competency management.

SKB’s management system comprises an important tool that is needed for us to be able to build
and operate the planned facilities. The management system is certified to the quality management
and environmental management standards ISO 9001 and ISO 14001. Furthermore, the management
system lives up to all the requirements made in SSM’s regulations for operating nuclear activities.
The management system is being developed progressively as the activities change.

1.5 Requirements management

One of the prerequisites for building and operating the facilities is that they satisfy the requirements
made by SKB, the regulatory authorities and other stakeholders. To ensure this, SKB applies systematic
requirements management /1-7/. The methodology was originally developed for the design of the
Spent Fuel Repository and is now also being used for the extension of SFR. An overall purpose is to
facilitate system understanding by putting the details of the design in their context and deriving them
from stipulated requirements. Another important purpose is to make background data and reasons for
the design of the final repository traceable.

The methodology entails documenting the design premises in a database and structuring them in levels
that correspond to different degrees of detail in the design. Each level can be seen as a specification

of the repositories and their design. At the uppermost level, the problem to be solved is specified and
fundamental requirements and principles for the design of the final repository are stipulated. At the
next two levels, levels two and three, the functions and properties which the whole final repository and
its parts must possess to solve the problem and comply with the principles are specified. Principles to
be considered in the design work are also defined here, for example application of proven and reliable
technology and limitation of environmental impact. At the next two levels, detailed design premises
and reference design are specified. The final reference design will comprise a basis for fabrication and
inspection specifications.

By relating each detailed design premise to a more general one, the requirements management system
shows how SKB has taken into account the overall statutory requirements and translated them into the
practical design.
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Requirements management also includes decision and review procedures for design premises and
reference design. Procedures for how the tool should be used are devised within the framework of
SKB’s management system.

In practice, the design premises are found in different types of documents, for example they are included
in the safety analysis report and specifications for fabrication. The documents provide background and
reasons for the design premises, while the system for requirements management keeps track of depend-
encies between the different parts of the repository and makes the development of the system traceable.
The system should also show how compliance with the design premises is to be verified.
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2 Overall plan of action

This chapter gives a general picture of SKB’s planning to construct and commission new facilities
and facility sections at existing facilities. More detailed plans of action for the LILW Programme and
the Nuclear Fuel Programme are presented in Part IT and Part II1. The planning for analyses of the
repositories’ long-term safety and scientific research for both programmes is presented in Part IV.
The planning for the social science research is presented in Part V.

2.1 Main timetable

Figure 2-1 shows the overall timetable for the entire nuclear waste programme. The plan briefly
indicates the measures that are needed to execute the programme and when SKB plans to submit
applications and other statutory reports, as well as periodic safety analysis reports.

The overall planning for the LILW and Nuclear Fuel Programmes is presented in the following sections.
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Figure 2-1. SKB's main timetable for execution of the LILW and Nuclear Fuel Programmes.
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2.2 LILW Programme
2.2.1 Current situation

The current situation in the LILW Programme can be summarized in the following points:

* Preliminary design and site investigations are under way for the extension of SFR. The site
investigations including subsequent analysis work will be concluded during the first half of 2011.

» Astudy is being conducted to investigate the consequences of an interim storage of long-lived
waste in the extension of SFR.

* SKB, together with the nuclear power companies, is conducting unit-specific decommissioning
studies. The studies will provide better estimates of the waste quantities that arise in connection
with decommissioning.

» SKB has carried out a feasibility study to investigate the alternative of disposing of very low-
level decommissioning waste in surface repositories. The study will be updated with the results
of the decommissioning studies.

2.2.2 Planning
Short-lived waste

SKB plans to extend SFR for disposal of the short-lived decommissioning waste and the additional
quantity of short-lived operational waste that results from planned longer operating times of the
nuclear power plants. In calculating capacity we also take into account waste from SVAFO and
Studsvik, which includes waste from hospitals, research and industry.

SKB plans to extend SFR in stages to retain flexibility with regard to the necessary disposal volume. We
plan to submit the applications under the Nuclear Activities Act and the Environmental Code at the end
of 2013. They will include both the existing facility and the completed extension. In connection with the
applications for extension, SKB will apply for a licence to dispose of both operational and decommis-
sioning waste in the entire facility. Today the operating licence only includes operational waste.

According to the plans, construction of the first stage can begin in early 2017 and routine operation
can start at the end of 2020. Routine operation is preceded by about one year’s trial operation. Both
trial operation and routine operation require licences from SSM. SFR can then be extended as the
need arises.

SKB is considering the possibility of disposing of very low-level waste from the decommissioning
of the nuclear power plants in surface repositories. A feasibility study of the possibilities and conse-
quences of this has been completed. The study will be updated in 2011 with the results that emerge
from the ongoing decommissioning studies. The nuclear power companies and SKB will then be
able to make a joint policy decision.

Long-lived waste

The long-lived waste that arises during operation and decommissioning of the nuclear power plants
and other nuclear facilities is planned to be disposed of in SFL. Before SFL has been commissioned,
the long-lived waste must be interim-stored. Today long-lived waste is interim-stored at the nuclear
power plants, in Clab and in facilities at Studsvik. SKB is currently investigating the possibility

of arranging an interim storage facility in the coming extension of SFR. If long-lived waste is to

be interim-stored in SFR, an application for interim storage will be made in conjunction with the
application for extension.

Long-lived operational waste is currently kept at the Barsebdck plant. This waste will be removed
from the facility and taken to an interim storage facility before dismantling of the nuclear power
plant begins. According to the plans, the control rods will be taken to Clab, while Barsebiack Kraft
AB is exploring various alternatives for interim storage for the remaining long-lived operational
waste. Possible alternatives could be Clab, BFA (rock cavern for waste) on the Simpevarp Peninsula
in Oskarshamn, or in an interim storage facility on the Barsebick plant site. If a future interim stor-
age of long-lived waste in SFR becomes reality, this and other waste stored on the power plant sites
can eventually be transferred to SFR.
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SKB is developing a new container, ATB 1T, for shipping long-lived waste. The container will be
licensed by French regulatory authorities. The licence will then be validated by SSM.

Interim storage of control rods takes place today in pools in Clab. SKB is considering dry interim
storage of these rods instead. A project to investigate this possibility will start within the coming
three-year period. The purpose is to free storage capacity in Clab for the spent fuel.

According to current plans, we will be able to submit our applications for SFL in around 2030. Many
milestones have to be passed before then. The most important ones are: selection of repository con-
cept and site plus investigations and evaluation of repository safety, both long-term (post-closure) and
during operation (pre-closure). The time from applications to commissioning of the repository is more
uncertain, since it involves activities in a relatively distant future. At the present time we estimate that
SFL can be put into operation in around 2045.

Even if the commissioning of SFL lies far in the future, the development work needs to begin. Work
has begun on a feasibility study of possible repository concepts. The selected concept will then be
further refined and serve as a basis for the assessment of long-term safety which SKB plans to com-
plete at the end of 2016. Siting of the repository is still an open question. The site selection process
will proceed in parallel with the development of the repository concept. SKB plans to begin the site
investigations in 2020. The investigations will last for about six years. Before applications for SFL
can be submitted, a preliminary design of the facility must also be produced.

2.3 Nuclear Fuel Programme

The programme for realizing the encapsulation plant and the final repository for spent nuclear fuel is
called the Nuclear Fuel Programme.

2.3.1 Current situation

The current situation in the Nuclear Fuel Programme can be summarized in the following points:
» The site investigations have been concluded.

» In 2009 SKB selected Forsmark as the site for the final repository for spent nuclear fuel.

» Applications under the Nuclear Activities Act for final disposal of spent nuclear fuel and under
the Environmental Code for the KBS-3 system will be submitted in early 2011.

» The Spent Fuel Repository and Encapsulation Plant projects have been initiated. The main goal
of the projects is to design, build, staff and commission the respective facilities.

» Within the Spent Fuel Repository project, initial design is under way along with site activities
such as establishment of a site office and further geoscientific investigations.

+ Within the Encapsulation Plant project, preparations are under way to carry out system and
detailed design.

2.3.2 Planning

SKB has now come so far in the development of the KBS-3 system for final disposal of the spent nuclear
fuel and the assessments of long-term safety that we can show that the system has good prospects of ful-
filling the stipulated requirements. SKB will shortly submit an application under the Nuclear Activities
Act for the final repository and an application under the Environmental Code for the KBS-3 system. The
environmental impact statement appended to both applications replaces the one submitted in 2006 with
the application for the encapsulation plant under the Nuclear Activities Act.

Now that the applications are imminent, the planning of the construction and operation of the facili-
ties for encapsulation and final disposal has progressed from being a development issue to being a
licensing issue. The implementation plan should therefore be handled within the licensing process.
Development of the technology needed for the two facilities will continue to be handled within the
RD&D process, however. An overview of the planning is shown below to provide an overall picture
of the Nuclear Fuel Programme.
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The timetable for the Nuclear Fuel Programme after the applications have been submitted is divided
into the following phases: an initial design and licensing period, thereafter construction and commis-
sioning followed by operation with deposition of spent nuclear fuel.

Current planning for the Nuclear Fuel Programme is based on the assumption that licensing will
take about five years. Before construction of the Spent Fuel Repository may begin, a preliminary
safety analysis report (PSAR) must also be submitted and approved by SSM. SKB therefore expects
to begin construction of the encapsulation plant and the Spent Fuel Repository in 2015. During

the period up to the start of construction, the organizations for the Spent Fuel Repository and
Encapsulation Plant projects will be built up. System and detailed design of the two plants will be
carried out during this period. In addition, procurements will be carried out.

Construction of the facilities will gradually segue into commissioning as the subsystems are
completed and can be tested. The testing will conclude with integrated testing of each facility and
finally of the entire KBS-3 system. The encapsulation plant will be interconnected with Clab. Then
integrated testing of the combined facility, Clink, will be carried out. Before trial operation of Clink
and the Spent Fuel Repository can begin, the safety analysis reports for the different facilities will be
updated so that they reflect the facilities as they are built. Trial operation begins when a license has
been obtained from SSM and continues until routine operation can commence. SKB estimates that
trial operation at the Spent Fuel Repository and Clink can begin in 2025.

Before shipments of encapsulated spent nuclear fuel and trial operation begin, SKB will develop and
license a new cask for shipments from Clink to the Spent Fuel Repository, called KTB.

Based on the experience gained during trial operation, the safety analysis reports and the safety-
related technical specifications will be supplemented. They will then be included as supporting
material in SKB’s applications for licences to commence routine operation of the facilities. Routine
operation will continue until closure of the final repository can commence.

2.3.3 Closure and provision for retrieval

The Spent Fuel Repository is designed in such a manner that it is possible to retrieve deposited
canisters during deposition. However, no special measures are taken to facilitate retrieval of the
canisters after closure of the repository.

During the operating phase, individual canisters may need to be taken up out of the deposition hole

if something unforeseen happens during deposition. SKB has demonstrated that this can be done in

a safe manner in the Aspd HRL. After the Spent Fuel Repository has been closed, more labour is
required to carry out a retrieval because large quantities of backfill and tunnel plugs must be removed.

In Sweden there is no formal requirement that it should be possible to retrieve deposited canisters
after closure of the Spent Fuel Repository. Nor is it the intention with the KBS-3 method that depos-
ited canisters should be retrieved, but the design of the repository is such that if future generations
should wish to retrieve the fuel, this is fully possible (albeit resource-consuming).

The Spent Fuel Repository is designed in such a manner that its safety is not dependent on post-
closure monitoring. Once the repository has been closed, SKB will have satisfied the statutory
requirements on safe final disposal of the spent nuclear fuel. The question of ultimate responsibility
for final disposal, i.e. long-term post-closure responsibility for the final repository for spent nuclear
fuel, is currently being studied by the Inquiry on Coordinated Regulation in the Nuclear Safety and
Radiation Protection Field. The chief investigator has been instructed to consider the need for and
the possible design of a legal regulation of the long-term responsibility for the final repository for
spent nuclear fuel.
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3 Flexibility in the face of changed premises

Planning of the LILW- and Nuclear Fuel Programmes is based on the strategic assumptions that are
judged to be most realistic today. The current time horizon is about 75 years, so we have to assume
that changes will occur in the planning premises and that the current assumptions for the planning
may be re-evaluated. Furthermore, the progress of both the LILW Programme and the Nuclear Fuel
Programme is dependent on external decisions, which means that SKB does not have full control
over the implementation of the programmes.

This necessitates flexibility to adjust to changes in the premises for the programmes. It is often pos-
sible to adjust to such changes by means of minor modifications of the programmes without major
changes in the long-term timetable. But there is of course always a limit where the changes become
so great that they require substantial and far-reaching adjustments, for example additional facilities
or facility sections, changes in the layout of a final repository, shorter or longer licensing review
processes than previously estimated, and so forth.

The activities permit relatively great flexibility with respect to altered premises. Examples of the
flexibility of the programmes (and limitations on this flexibility) in response to a number of specific
changes in the premises are given below.

3.1 Operating times of the nuclear power reactors

SKB’s planning is based on 50 years’ operation of the reactors in Forsmark and Ringhals and 60 years’
operation of the reactors in Oskarshamn. Any changes in these assumed operating times entail changes
in the planning premises for the LILW and Nuclear Fuel Programmes.

Extended estimated operating times for the reactors entail a larger quantity of both operational waste
and spent nuclear fuel, requiring an increase in the capacity of the repository systems. Extended
operating times also mean that SKB’s facilities will be utilized for a longer time.

For the Nuclear Fuel Programme, current planning premises entail final deposition of 6,000 canisters,
with a deposition rate of about 150 canisters per year. Extending the operating time of one reactor by
one year entails that 10-30 more tonnes of spent nuclear fuel must be interim-stored and 5—15 more
canisters must be disposed of (the volume depends on e.g. the size of the reactor and the operating
time during the year). The need for interim storage of additional spent fuel arises at the end of the
currently planned operating time of 50 or 60 years, and by then fuel will have been outloaded from
Clab, making room for this additional fuel. It is assumed that today’s planned final disposal capacity
can be increased by better utilization of the deposition areas and by making use of unutilized areas at
the selected repository depth. It is also possible that rock volumes outside of those deemed suitable
today may be suitable for deposition.

Extended operating time also means more short-lived operational waste to dispose of. Planning of a
gradual extension of SFR is currently under way. The design capacity is based on current operating
plans for the nuclear power reactors, but with a certain uncertainty interval that could be utilized

if extra capacity is needed. If the extended operating times should be even longer, giving rise to
increased space requirements in SFR, this extra space could probably be provided by further exten-
sion of the repository area.

An extended operating time also postpones the date when the reactor will be shut down and the
decommissioning process can begin. If the operating time for an individual reactor is extended, this
means that the need for deposition of decommissioning waste is postponed for this particular reactor,
without affecting the planning for the other reactors. If the reactors’ operating times are extended in
general, there will be a general delay of decommissionings and the need for disposal volume for the
decommissioning waste. This in turn leads to delayed closure of the final repositories. This could
apply to the Spent Fuel Repository, the final repository for short-lived radioactive waste (SFR) and
the final repository long-lived radioactive waste (SFL).
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According to SKB’s plans, SFL will be put into operation in around 2045. In the work with SFL, it is
possible to make allowance for changed premises since the activities in question are so far in the future.

Conversely, a shortening of the estimated operating times for certain reactors would instead entail
reduced production of operational waste and spent nuclear fuel and therefore lead to a reduced space
requirement in the repository system. All facilities for management and disposal of nuclear waste
and spent nuclear fuel will be needed, however. The number of deposition positions in the Spent
Fuel Repository can then be reduced. If SFR has already been built out to its full size in accordance
with today’s forecast volumes, a shortened operating time of the nuclear power reactors will prob-
ably mean that the facility will not be fully utilized.

A shortened operating time further entails that the total nuclear waste programme can be concluded
earlier. If the reactors’ operating times are shortened in general, decommissioning and disposal
activities will have to commence earlier. SFR can then be closed earlier than currently planned. The
scope of these reschedulings depends on how many reactors are affected and how great the reduc-
tions of the operating times are.

The operating scenarios on which the planning is based also include assumptions regarding the
future power level in the reactors, the fuel’s burnup and future modernizations of the nuclear power
plants. SKB’s current plans are based on the changes currently planned by the nuclear power compa-
nies. This entails an increased future disposal need, which is now being incorporated in the relevant
plans. Input data for future planning is obtained every year from the nuclear power companies. Any
further power increases may lead to an increased disposal need.

3.2 New nuclear power reactors

Given the possibility of generation changes in the nuclear power stock, today’s operating scenario
may be significantly altered. The total volume of waste may be much greater than has been assumed.
It is not possible today to predict the size of the waste volumes that would result from generation
changes. This depends above all on how future economic considerations affect the willingness to
invest in new nuclear power. The construction of a new reactor can have a similar effect on the
planning as was reported above for extended operating times. Replacing today’s reactors with new
reactors will more likely lead to a need for a completely new nuclear waste programme, possibly
with a partially new nuclear waste system.

Current plans call for today’s ten reactors to be taken out of service during the period 2025-2045. If
new reactors are instead phased in at that time, the new scenario entails a total operating time of up
to 130 years, assuming the new reactors are utilized for 60 years.

It can be assumed that the new reactors will belong to what is usually called the third generation of
nuclear reactors. They are in many respects different and more technically advanced than today’s
reactors. But it is still a question of boiling or pressurized water reactors with the same fundamental
technology as today’s reactors, and they produce the same kinds of waste products. The relative
composition of the waste may be different than today’s. The radionuclide content of the spent
nuclear fuel depends on, for example, what type of fuel is used, the operating conditions and the
fuel’s decay period. The composition of the fuel and the distribution between short- and long-lived
radionuclides is determined by the fuel’s burnup and the so called specific power.

The volume of radioactive operational waste will probably be lower per kilowatt-hour of electricity
produced than that produced by the first- and second-generation reactors. The quantity of operational
waste from the Swedish reactors is already much smaller in relation to the electricity produced than
had been expected when the reactors were put into operation. The reason is that the waste is treated
and compacted so that it takes less space.

It should theoretically be possible to use the waste system currently under construction for the
additional nuclear waste and spent nuclear fuel from the new reactors as well. Many of the system’s
facilities must undergo extensive renovation during the long operating time that is assumed, and the
final repositories for spent nuclear fuel and other radioactive waste must be extended.
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It is assumed that the spent nuclear fuel from the new reactors will be interim-stored for about 30 years
before it is encapsulated and taken to the Spent Fuel Repository. This means that the existing interim
storage facility, Clab, will be used for a period extending into the 22nd century. Provided that deposi-
tion of the spent nuclear fuel can be commenced during the 2020s as planned and can then proceed
at a rate of about 150 canisters per year, Clab will also be able to be used for the spent fuel from the
new reactors. Clab will naturally have to undergo extensive renovations during this long period (as is
now being done with the pools in Clab’s first rock cavern), but the interim storage facility should be
able to be used in the future as well. The same applies to the encapsulation plant, which is planned to
be integrated with Clab. It should also be possible to continue operating the planned canister factory
without major changes.

Two examples of what the generation change at the Swedish reactors might look like and how it might
affect SKB'’s facilities in the future are given below.

In the first example, the net capacity of the replacement reactors is assumed to be the same as that
of today’s reactors. For this a repository area of the same size as the one planned for the spent
nuclear fuel from today’s reactors is needed. It would probably then be most advantageous in terms
of both safety and economy to site the new repository areas adjacent to the Spent Fuel Repository
in Forsmark. The advantages lie in good knowledge of the bedrock around the repository, reducing
the need for new investigations, and in the fact that surface facilities, ramp and shafts can be used
for the additional repository area as well. In order to meet the increased deposition need, SKB can
investigate the possibility of building an additional level in the Spent Fuel Repository. This permits
the upper level to be closed after the first generation of nuclear power plants, at which point opera-
tion of the lower level commences.

Furthermore, this scenario entails an additional need of repository capacity for operational waste
of roughly the same scope as SFR with the currently planned extension. The additional repository
chambers that will be needed can be built adjacent to SFR, provided the bedrock is considered suit-
able, or as a separate facility on another site.

A need will also arise for an additional extension of the final repository for long-lived waste, SFL.
The construction of SFL would need to be commenced largely in accordance with current plans to
dispose of waste from today’s reactors.

In the second example, it is assumed that today’s reactors are replaced by new reactors with a much
greater aggregate net capacity. This would permit greater electricity production, and therefore also
production of more radioactive waste and spent nuclear fuel. If today’s waste facilities were to be
used, extensions will be necessary. For example, greater storage capacity would probably be needed
in Clab, and with time increased capacity in the encapsulation plant. Naturally, larger repository
areas than currently planned would also be required. It is possible they can be built adjacent to the
currently planned Spent Fuel Repository, but further investigations are required to determine this.
The alternative is to take a new final repository into service.

In general, this suggests that an expanded operating scenario, with a higher electricity production
capacity than today’s, would warrant greater changes in today’s waste system than a more limited
scenario. For example, construction of a new facility can take the place of an extension, if mainte-
nance of the older facility can be assumed to become costly with time. Thorough evaluations based
on good knowledge of the new planning premises are required to determine this.

3.3 Commissioning of the Spent Fuel Repository and Clink

SKB plans to commence trial operation of the Spent Fuel Repository and Clink in 2025. Clab
currently has a licence to store 8,000 tonnes of fuel (counted as amount of uranium). According to
today’s forecasts, this amount will be reached in around 2023. This means that SKB needs to take
steps to increase Clab’s licensed storage capacity. At about the same time, all the storage positions
will be filled. It is therefore also necessary to take steps to utilize the existing storage space more
efficiently.
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Two types of storage canisters are used in Clab for fuel: normal and compact storage canisters. Using
only compact storage canisters would increase the physical storage capacity in Clab and delay the
time when Clab is full until about 2029.

Besides spent nuclear fuel, long-lived nuclear waste is also stored in Clab in the form of core com-
ponents and control rods. The control rods from the pressurized water reactors are integrated in the
fuel, while the control rods from the boiling water reactors are stored in storage canisters that hold
nine control rods. In the late 1990s, SKB investigated the possibility of compacting the BWR control
rods. This would reduce the space needed by half, which would delay the time when Clab becomes
full by two years. If the control rods are compacted and all spent fuel is stored in compact storage
canisters, Clab will be full in around 2031.

Another alternative could be to find other solutions for interim storage of the core components and
the control rods. SKB plans to start a project aimed at investigating this within the next three years.
One possible solution is to switch to dry interim storage. If an alternative solution for interim storage
of all core components and control rods can be found and if only compact storage canisters are used
for the spent nuclear fuel, all storage positions in Clab will be filled by 2037.

If it should prove necessary, it is also possible to extend Clab with a third rock cavern with storage
pools. But this would only be considered in the event of a very great delay of the Nuclear Fuel
Programme. An extension would probably be done in a similar manner as the extension of Clab
stage 2, which was put into operation in 2008. If Clab is extended by a third rock cavern, the facility
could receive fuel for another 20 to 25 years.

3.4 Commissioning of the extended SFR

The extension of SFR is planned so that decommissioning waste from Barsebick, Agesta and
Studsvik can begin to be deposited in 2020. To achieve this goal, SKB plans to submit applications
at the end of 2013. Construction is planned to start at the beginning of 2017.

The storage volume available today in SFR is not sufficient to accommodate the short-lived waste
from the decommissioning of Barsebédck without leading to a shortage of space for the operational
waste. SKB has explained this in the supplement to RD&D Programme 2007. In its comments on
the supplement, SSM has indicated that the background material presented by SKB is adequate and
acceptable as a basis for the continued planning.

A delay of the commissioning of the extended SFR would entail a corresponding delay of the
decommissioning of Barsebick and Agesta. But a delay would not have any negative radiological
consequences.

The deposition of operational waste could also be affected by a delay of the extension of SFR. The
repository part expected to be fully utilized first is BLA (rock cavern for low-level waste). In the
event of a delay, the low-level operational waste may need to be interim-stored, for example on the
power plant sites. The margins for other repository parts are relatively great.
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4 Plan of action

This part of the RD&D Programme describes the planning for the LILW Programme, i.e. the programme
for disposal of the low- and intermediate-level waste, including planning and technology for decom-
missioning of nuclear facilities. The management of very low-level waste is also described in the event
it affects the plans for the LILW Programme. The planning is presented in general terms in Chapter 4.
The conclusions from the plan of action in RD&D Programme 2007 are briefly recapitulated, along
with the regulatory authorities’ review comments, plus the conclusions from and review comments on
the supplement to RD&D 2007. A general timetable for the LILW programme is also shown. Based

on the timetable, the general planning is then presented with milestones. More detailed plans and
programmes for management of short-lived and long-lived low- and intermediate-level waste and
decommissioning of nuclear facilities are presented in Chapters 5 to 7. The scientific research being
conducted within the framework of the LILW Programme is described in Part IV.

Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

The supplement to RD&D 2007 presented the planned Swedish system for management of low- and
intermediate-level waste and a general timetable for the entire life of the LILW Programme, where the
connection to future decommissioning of the nuclear power reactors was illustrated. The overall plan-
ning for interim storage and final disposal of low- and intermediate-level waste was also described
there, including decommissioning of the facilities. Important milestones for the LILW Programme
during the coming decade were indicated, such as applications, notifications, site investigations and
site selection.

In the supplement to RD&D 2007, SKB explained that the applications for an extension of SFR will
include the entire additional extension, but that the plans are not final regarding whether the extension
will be built in one or two stages. The extended repository is planned to be commissioned in 2020.
SKB also mentioned the possibility of disposing of very low-level decommissioning waste in surface
repositories instead of in SFR.

The long-lived waste arising from operation, modernization and decommissioning of the nuclear
power plants is planned to be interim-stored until a final repository for long-lived waste, SFL, has been
established. The supplement to RD&D 2007 mentioned both the existing rock cavern for waste on the
Simpevarp Peninsula (BFA) and a future rock cavern in SFR as possible interim storage facilities.

Alternative dates for commissioning of SFL and general reasons for these alternatives were discussed.
SKB intended to provide a better estimate of waste quantities and when the long-lived waste arises in
RD&D Programme 2010.

In addition to its responsibility for transport, interim storage and final disposal of the radioactive
waste from the nuclear power plants, SKB also has a number of agreements or declarations of intent
with other actors such as Studsvik and SVAFO regarding management and disposal of their radioac-
tive waste. SKB intends to re-examine and compile its pre-existing undertakings and update them
where necessary.

SSM notes that SKB is discussing the possibility of extending SFR in one or two stages. SSM expects
a slightly more in-depth analysis of the various alternatives in the account in RD&D Programme 2010.
SSM expects a clearer account of the flexibility permitted by an extension in two stages, in view of the
fact that the reference scenario for decommissioning and dismantling of the nuclear power plants may
change with time. SSM expects the discussion of different alternative courses of action for manage-
ment and disposal of the long-lived low- and intermediate-level waste to be continued in RD&D
Programme 2010. In SSM’s opinion, the justification presented so far by SKB for postponing the
completion of SFL until 2045 is not sufficient. The reason for SSM’s scepticism is that a consider-
able portion of the waste already exists or will be produced before 2045.
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41 The LILW programme

The purpose of the LILW programme is to manage and dispose of the low- and intermediate-level
waste from the Swedish nuclear power plants in a safe manner and to coordinate planning and
technology matters for decommissioning. Even though the main purpose of the LILW programme
is to manage and dispose of low- and intermediate-level waste, the programme also covers issues
associated with the very low-level waste. The very low-level waste is mainly managed today by
the nuclear power companies. The radioactive waste that is managed within the LILW programme
is defined in Section 1.1.3. A description of the Swedish system for management and disposal of
nuclear waste and the facilities that exist and are planned for managing low- and intermediate-level
waste is provided in Section 1.2.2.

4.2 Planning

Figure 4-1 shows the overall timetable and milestones for the LILW programme. The dashed bars
indicate both uncertainties and flexibility in the planning. The more detailed planning extends over a
period of about ten years and is presented in Chapters 5 to 7.

The milestones in Figure 4-1 are divided into two categories: applications, notifications and statutory
reports, plus important milestones for construction and commissioning of planned facilities.

In order to illustrate the connection between the LILW programme’s and the nuclear power compa-
nies’ plans, the nuclear power companies’ current planning for decommissioning of the reactors is
also shown in the figure. SKB’s and the nuclear power companies’ planning is based on operation of
the reactors in Forsmark and Ringhals for 50 years and of the reactors in Oskarshamn for 60 years.
Decommissioning of a unit is not begun until adjacent units with common buildings and/or systems
have been taken out of service. Decommissioning can begin at the earliest about two years after a
unit has been finally shut down, and dismantling of radioactive parts is estimated to take five years.

SKB’s overall planning for management and disposal of low- and intermediate-level waste is
presented in the following sections.

4.2.1 Planning for short-lived operational and decommissioning waste

SKB is planning to dispose of radioactive waste arising during operation and decommissioning of the
Swedish nuclear power plants, including the reactor in Agesta and the research reactors at Studsvik,
as well as waste from SKB’s own activities. In addition, SKB is planning to dispose of short-lived
radioactive waste from medical care, research and industry. Before this waste can be disposed of in
SFR, it must be conditioned and packaged in an appropriate manner. There are treatment plants in
Studsvik where this is done. SKB has also undertaken to dispose of historic waste from SVAFO.

SKB is planning to extend SFR and the extension is being designed to accommodate additional
short-lived low- and intermediate-level operational waste resulting from longer operating times of
the nuclear power plants, plus short-lived decommissioning waste. Furthermore, we are planning for
possible interim storage of long-lived waste from the nuclear power plants in SFR.

We are planning to carry out the extension of SFR in stages so that there is always room available
for decommissioning waste from the nuclear power plants in accordance with the nuclear power
companies’ decommissioning plans. SKB judges that sufficient time margins exist, from the time
a reactor is shut down until decommissioning waste is delivered for disposal, to allow extension of
SFR with the corresponding disposal volume. This judgement assumes that no further licensing is
required than that which is currently planned.

The advantage of extension in stages is that it reduces the risk that the repository will be overbuilt. The
estimates of the waste volumes arising from decommissioning are uncertain, as are the estimates of
the waste volumes that may be deposited in surface repositories instead of in SFR. By extending SFR
in stages, SKB can gain experience from more decommissioning projects and the operation of the first
stage, and gain a better idea of the waste volume that can be deposited in surface repositories, before
the repository is finished. Before a decision is made on whether to build in stages, legal and economic
aspects must be studied as well as consequences of the operating activities in SFR.
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The first stage is planned to be in operation in 2020 and is designed to accommodate at least:

» Increased quantity of operational waste due to major rebuilds and extended planned operating
time of the nuclear power plants.

* Decommissioning waste from Barsebick 1 and Barsebick 2, the research reactors at Studsvik,
the Agesta reactor and Ringhals 1 and 2.

» The possibility to dispose of large components such as intact reactor pressure vessels.
* Interim storage of long-lived waste from the nuclear power plants.

In conjunction with the applications to extend SFR, SKB is planning to apply for a licence to dispose
of both operational and decommissioning waste in the entire facility. This will permit more optimal
control of the waste streams in SFR. The applications for the extension will include the existing
facility and the whole additional extension. The consequences of interim storage of long-lived waste
for existing operating activities and technical requirements on equipment will be explored before

we design the extension of SFR. In order to determine the consequences for operating activities, an
event analysis and risk analysis for handling of BFA tanks in SFR will be performed. An application
for interim storage of long-lived waste is planned to be submitted in conjunction with the applica-
tions for extension.

SKB will furthermore apply for a new radiation protection condition in conjunction with the applica-
tions for extension of SFR. The radiation protection condition limits the quantity of radioactivity
and material that may be deposited in SFR and is currently based on waste forecasts for operational
waste. The new radiation protection condition will include decommissioning waste and increased
quantities of operational waste and will be based on the realistic waste forecasts that will be evalu-
ated in the safety assessment done in preparation for the application for extension of SFR.

The extension of SFR is being preliminarily designed to include very low-level decommissioning
waste. This waste may be emplaced in surface repositories instead of in SFR. SKB has conducted

a feasibility study to shed light on the possibilities and consequences of disposing of some of the
decommissioning waste in surface repositories, but further study is needed before a decision can

be made, see Section 5.5. The volume of decommissioning waste that may be deposited in surface
repositories will be estimated based on unit-specific decommissioning studies completed during
2011. A decision to dispose of large volumes of low-level decommissioning waste in surface reposi-
tories would reduce the requisite disposal volume in SFR.

SFR is planned to be closed when Clink has been decommissioned, see Figure 4-1.

4.2.2 Planning for long-lived operational and decommissioning waste

A large portion of the long-lived waste from the nuclear power plants arises when they are dismantled,
but long-lived waste also arises during operation when the reactors’ internal components are replaced.
Furthermore, Studsvik and SVAFO have long-lived low- and intermediate-level waste originating
from industry, research and development. Some of this is older waste from the time of development
of the Swedish nuclear power programme. SVAFO works regularly with supplementary waste char-
acterization for the purpose of distinguishing and sorting waste to be disposed of in SFL and SFR. An
overview of the waste quantities and when the long-lived waste arises is provided in Section 6.1.

Interim storage

Today long-lived low- and intermediate-level waste is interim-stored at the nuclear power plants, in
Clab and in facilities at Studsvik. Long-lived operational waste from Barsebédck may also continue to
be interim-stored at Clab, but the possibility of interim storage in BFA or on the Barsebéck plant site
is being explored.

In the ongoing project for extension of SFR, the technical feasibility and economic and radiological
defensibility of establishing an interim storage facility for long-lived waste in the extended SFR are
being studied. The decision regarding interim storage in SFR will be made before the design of the
extension is finalized. SKB’s plan is to interim-store long-lived waste in SFR and eventually transfer
the long-lived waste that is currently being interim-stored on the nuclear power plant sites to the
extended SFR.
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A new waste transport cask, called ATB 1T, will be developed to transport the long-lived low- and
intermediate-level waste. Delivery of the waste transport cask is expected in 2015. Equipment

for handling of the waste at the nuclear power plants was put into service at the Forsmark nuclear
power plant in the spring of 2010. In addition, SKB intends to relicense an existing transport cask
(ATB 8K) for transporting residual waste from, for example, segmentation of the long-lived waste.

Interim storage of control rods takes place today in Clab. We will investigate different alternatives
for interim storage of control rods during the coming three-year period. The purpose is to determine
whether we can increase the interim storage capacity for fuel in Clab.

Final repository

SKB plans to apply for a licence to build a final repository for long-lived waste in around 2030 and
to commission it in around 2045.

Before we can submit applications, several important milestones must be passed, such as selection
of repository concept and site, investigations, assessment of long-term safety, preparation of applica-
tions, etc. A realistic expectation is that we can submit an application around 2030, provided we can
find a repository site about which SKB previously has good knowledge. The time from applications
to commissioning of the repository is more uncertain, since it involves activities in a relatively
distant future.

With start of construction after 2030, most of the power plants’ long-lived waste will be interim-
stored. SKB does not regard extension of SFL in stages as an option, since there is only a limited
volume of long-lived waste. The long-lived waste is estimated to correspond to a disposal volume
of about 10,000 m?, based on the assumptions in Section 6.1. In view of this, SKB finds that interim
storage of all long-lived waste is more economical than hastening the extension of SFL after 2030,
which would entail a long operating period.

We also judge that there will be radiological advantages to commissioning the repository in accord-
ance with SKB’s timetable. For example, it is an advantage if the waste has decayed for a long time
before it is handled or reconditioned.

Closure of SFL is planned when all interim-stored long-lived waste and the long-lived waste from

decommissioning of the last nuclear power plant has been deposited there. Before closure, SKB must
ensure that the waste from decommissioning of Clink is suitable for SFR and does not have to be dis-
posed of in SFL. In Figure 4-1, this uncertainty in the timetable has been illustrated with hatched bars.

4.3 Milestones

This section contains a brief description of the milestones shown in the timetable for the LILW
Programme, Figure 4-1. The subheadings represent either one milestone or several combined mile-
stones. Milestones that are closer in time are described in greater detail than those further off in time.

4.3.1 Milestones for short-lived operational and decommissioning waste
Site investigations for extension of SFR

The site investigations in Forsmark in preparation for the extension of SFR, with test drilling and
other investigations of the rock with associated analyses, were begun in 2008 and are planned to be
concluded during the first half of 2011. The test drilling has been concluded and the results are being
analyzed. Preliminary assessments show that there are rock volumes in the investigation area that are
suitable for an extension of SFR.

Application for extension of SFR under the Nuclear Activities Act

According to the Nuclear Activities Act, a Government licence is required to extend SFR. The
application will cover the entire operation, i.e. the existing facility and all stages of the extension. In
connection with the application for extension, SKB plans to apply for a licence to dispose of both
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operational and decommissioning waste in the entire facility. In the application, SKB will present the
technical supporting material that is required to determine whether the existing and extended facility
meets the requirements made under the Nuclear Activities Act and the Radiation Protection Act with
associated regulations and ordinances. In the application, SKB will propose that conditions for future
expansion stages be established by SSM and the County Administrative Board.

It has not yet been determined which supporting documentation will be appended to the application, but
a preliminary safety analysis report (PSAR) of pre-closure (operational) safety and post-closure (long-
term) safety will be included. The application will also include an environmental impact statement.

If long-lived waste is to be interim-stored in SFR, an application for interim storage will be made in
conjunction with the application for extension.

Application for extension of SFR under the Environmental Code

Prior to extension, SKB will apply for a permit from the environmental court under Chapter 9 of the
Environmental Code (environmentally hazardous activities) for the entire SFR facility. Under the
current terms of the Environmental Code, it is probably not possible to license the extension alone
(“add-on licence™); rather, the whole SFR will probably have to be relicensed. The extension of
SFR will also require a licence under Chapter 11 of the Environmental Code (water operations). A
prerequisite for granting a permit under the Environmental Code is that the activity in question does
not conflict with the relevant detailed development plan or area regulations.

The application will cover the entire operation, i.e. the existing facility and all stages of the exten-
sion. In the application, SKB will propose that conditions for future expansion stages be established
by SSM and the County Administrative Board.

If long-lived waste is to be interim-stored in SFR, an application for interim storage will be made in
conjunction with the application for extension.

Start of construction for extension of SFR

When all necessary licences have been obtained, the extension of SFR can begin. SKB must consider
the consequences of the conditions in the licences before the start of construction and adapt the
planning accordingly.

Licence application for trial operation and routine operation of extended SFR

When the facility has been built and systems and processes function as intended, SKB will submit an
application for a licence to commence trial operation. The application will contain an updated safety
analysis report (SAR) with updated assessments of pre-closure safety and post-closure safety, plus
updated safety-related technical specifications. The purpose of trial operation is to gather experience
in preparation for routine operation. The safety analysis report and safety-related technical specifica-
tions will be supplemented and included as supporting material for the application to begin routine
operation of the facility.

4.3.2 Milestones for long-lived operational and decommissioning waste
Application for licensing of transport cask ATB 1T

At the start of 2012, SKB plans to apply to French authorities for licensing of a transport cask (ATB
1T) for transport of BFA tanks containing long-lived low- and intermediate-level waste. Validation
of this licence will be performed by SSM.

Development of handling equipment for core components

Common equipment for the nuclear power plants for handling of core components has been
delivered to FKA and was commissioned in the spring of 2010. Work on inspection and design
documentation is under way and will be finished during 2010.

Study and tendering work is under way for transport containers for contaminated handling equipment
for core components. The containers do not need to be licensed and are planned to be delivered in 2011.

60 RD&D Programme 2010, TR-10-63



Interim storage of long-lived waste in SFR

We plan to commence interim storage in SFR of long-lived waste from the nuclear power plants
when routine operation of the extended facility begins.

Concept study and safety assessment for SFL

An account of different repository concepts for SFL, including a qualitative assessment of their long-
term safety function, will be presented in 2013. The goal of the study is to choose one or a couple of
repository concepts to proceed with. Together with the results of other SFL work, the study will serve
as a basis for continued efforts to compile supporting material for the safety assessment planned for
2016. A more detailed plan for the work leading up to this safety assessment is presented in Chapter 6.

Site selection for SFL

Based on the results of the assessment of long-term safety that is planned for 2016, preliminary require-
ments can be made on the site for the final repository. The continued research and safety assessment
work will probably lead to modifications of these requirements before they are used to evaluate a can-
didate repository site. SKB’s aim is primarily to evaluate the sites about which we already have good
knowledge, and we intend to evaluate in a siting study whether it is warranted to conduct investigations
on another site as well. Investigations of the properties of the rock, similar to those carried out for the
Spent Fuel Repository and the extension of SFR, will be carried out on the site or sites identified in

the siting study. After completed site investigations, the investigated site or sites will be evaluated, and
only then will a decision be made on the siting of SFL.

Applications for construction, trial operation and routine operation of SFL

The process of establishing SFL will in many respects resemble the processes being planned and
carried out in the Spent Fuel Project and the SFR Extension Project. Applications will be prepared
under the Nuclear Activities Act and the Environmental Code. These applications will be preceded
by a project that is reminiscent of the Spent Fuel Project and the SFR Extension Project and that
includes site investigations, technology development, assessment of long-term safety, design, etc.

When all necessary licences have been obtained, the facility can be built. When the facility has been
built and systems and processes function as intended, SKB will submit an application for a licence to
commence trial operation. After the safety analysis report and the safety-related technical specifications
have been supplemented, SKB will apply for a licence to commence routine operation of the facility.

4.3.3 Other important milestones
Unit-specific decommissioning studies

SKB is carrying out decommissioning studies together with the nuclear power companies to accumu-
late a more detailed body of data for estimating waste volumes, material quantities, activity quantities
and decommissioning costs for the nuclear power plants. Studies will be conducted for each individual
reactor unit and for each nuclear power plant. The studies will be adapted to the specific conditions
prevailing at the site in question with regard to the physical layout of power plant buildings and with
regard to the nuclear power companies’ plans to decommission their own nuclear power plants.

The results of the studies will serve as a basis for designing the capacity of future repositories for
decommissioning waste and for the safety assessments required in the licensing process.

The technical portions of the decommissioning studies with waste volumes and activity content are
planned to be completed during the first quarter of 2011, and cost estimates for decommissioning
and dismantling are planned to be presented in 2012.

As new knowledge is acquired in the decommissioning field, the decommissioning studies for the
nuclear facilities will be updated. Decommissioning studies and decommissioning plans will thereby
be progressively improved in an iterative process.
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5 Management of short-lived low- and intermediate-
level waste

This chapter presents SKB’s plans and programme for extension and operation of SFR and describes
the management of short-lived low- and intermediate-level operational and decommissioning waste.
Section 5.1 deals with waste management, including a description of the technology development
being conducted by the nuclear power companies at Clab and by Studsvik Nuclear AB and AB
SVAFO. Section 5.2 gives an account of the operation of SFR and current and planned development
work at the facility, while Section 5.3 describes the current situation and planned activities for the
extension of SFR. Section 5.4 gives an account of the technology development that is planned for
SFR, while Section 5.5 presents the work with surface repositories.

5.1 Waste management at waste suppliers
Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

RD&D Programme 2007 included an overall description of the origin, quantities and types of the low-
and intermediate-level waste.

SSM stressed that RD&D Programme 2010 should include an overview of the measures that need to
be implemented in the final repository programme.

In order for the account in RD&D Programme 2010 to comply with Section 12 of the Nuclear Activities
Act, a general description must also be provided of the measures that lie outside of SKB’s undertaking
vis-a-vis the power companies.

5.1.1 Origin and characterization of short-lived low- and intermediate-level waste

In order to be able to manage and store radioactive waste, it is necessary to categorize it based on
the half-lives and activity contents of the nuclides. Based on the half-lives of the nuclides, the waste
is categorized as either short-lived or long-lived radioactive waste, see Section 1.1.3. Short-lived
waste contains a significant quantity of radionuclides with a half-life of no more than 313 years and
only a limited quantity of radionuclides with a longer half-life. Long-lived waste contains significant
quantities of radionuclides with long half-lives.

SKB has, together with the waste suppliers, worked out procedures for optimum management of the
short-lived radioactive waste. Based on the waste suppliers’ waste plans, deposition rules and accept-
ance criteria have been developed for waste to different parts of SFR, as described in Section 5.2.1.
In order for a given waste type to be deposited in SFR, there must be an SSM-approved type descrip-
tion* for the waste.

Programme

In recent years the nuclear power plants have worked to minimize releases of radioactivity to the envi-
rons by evaporating floor drainage and process water with very low activity, which was previously
released. Evaporating water containing radioactive substances gives rise to evaporator concentrates
that must be disposed of. Different methods for treating this waste are being tested at the nuclear
power plants, see Section 5.1.2.

3 Short-lived waste is defined according to the IAEA’s “Radioactive Waste Management Glossary, 2003
Edition” as “waste that does not contain significant levels of radionuclides with half-lives greater than 30
years”. SKB uses the same definition but with 31 years to include cesium-137, which is used as a key nuclide
to estimate the content of other radionuclides.

4Type description — Refers to a safety report for the waste type in question. A type description establishes the
packaging, waste category and treatment form for the waste.

RD&D Programme 2010, TR-10-63 63



In addition to sampling of carbon-14 and the research on carbon-14 presented in Part IV, a development
project is under way to establish methods for measurement of nickel-63 in water from reactor and

fuel pool water cleanup. One method being studied is chemical separation by means of ion exchange
chromatography followed by measurement of activity for nickel-63. By measurement of nickel-63,
nickel-59 can be indirectly determined. The sampling methodology follows the established procedure
for sampling of transuranics and strontium-90 in the cleanup circuits at the nuclear power plants.

5.1.2 Conditioning of short-lived low- and intermediate-level waste

Before the short-lived low- and intermediate-level waste is transported to the final repository, it
is treated at the nuclear power plants or at Studsvik’s waste treatment unit. Besides packaging the
waste, other purposes of waste treatment can be to reduce its volume, concentrate its activity or
modify its physical and chemical properties.

The conventional method that is already established at the nuclear power plants for conditioning
evaporator concentrates is solidification with bitumen or cement. Other wet waste is also treated by
solidification with cement or bitumen or by dewatering. Solidification produces a waste form that
is stable and more resistant to leaching. Scrap waste is treated by decontamination and/or melting,
simplifying further handling and enabling the material to be cleared in some cases.

UV radiation can be used to break down organic compounds in the waste. This technique is used in the
chemical decontamination method called CORD (Chemical Oxidation Reduction Decontamination),
where an organic acid is used. To reduce the quantity of organic compounds in the decontamination
solution, it is treated in a subsequent UV treatment step. Since the solution has to be disposed of, the
reduction is favourable for the long-term safety of the repository.

Programme

The nuclear power plants have different development projects aimed at management of additional
waste streams with evaporator concentrates and in some cases sludge.

At the nuclear power plants in Forsmark and Ringhals, two different methods are being tested for
treating evaporator concentrates to minimize the quantity of organic compounds and salts in the
conditioned waste packages.

At the nuclear power plant in Ringhals, a method is being tested for electrochemical degradation of
organic compounds in evaporator concentrates. The residue after electrochemical treatment of the
waste streams in question is planned to be conditioned with concrete. The goal is that the waste can
be deposited in SFR after this process.

Treatment of evaporator concentrates by plasma arc combustion is being tested at the nuclear power
plant in Forsmark. In this process, organic compounds are broken down and salts are vitrified at the
high temperature. The residue is a vitrified waste, which would have little impact with respect to salt
and complexing agents in a final repository. The project is in its final phase, and a decision regarding
introduction and trial operation will be made shortly.

At the initiative of OKG and Studsvik, a project has been initiated for the purpose of developing a
method for volume reduction of components with a large disposal volume in relation to their mate-
rial content, mainly steam separators. By compacting or fragmenting the components, more material
can be packed into each package, reducing the space requirement in the repositories. The results
have so far been successful, and a decision has been made to carry out a broader study aimed at
investigating whether, and if so how, this method can be developed and applied to other components
besides steam separators.
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5.2 SFR - final repository for short-lived radioactive waste
Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

In its decision regarding RD&D Programme 2007, the Government stipulated that SKB should sup-
plement the account in RD&D Programme 2007 with clearer plans and programmes for extension
and operation of SFR plus a preliminary account of disposal of operational and decommissioning
waste in SFR. The account was to be designed so that it would enable SSM to determine whether the
account in RD&D Programme 2010 would be of sufficient scope.

The Government also stipulated that the account in RD&D Programme 2007 should be supplemented
with a document describing, in quantitative terms, the possibilities and difficulties of disposing of
decommissioning waste in the existing SFR.

In the supplement to RD&D Programme 2007, SKB described the possibilities and difficulties of
commencing disposal of decommissioning waste in the existing SFR at different points in time. SSM
judged that the account was sufficiently documented and acceptable, which means that the main
purpose of this part of the supplement to RD&D Programme 2007 has been fulfilled. SSM based its
conclusion primarily on the judgement that the waste quantities are too large for an optimal utiliza-
tion of the existing SFR.

SSM stressed that RD&D Programme 2010 should include an overview of the measures that need to
be implemented in the final repository programme.

5.2.1 Operation of the facility

The final repository for short-lived radioactive waste is a hard rock facility in Forsmark with a rock
cover of about 60 metres that is reached via access tunnels from the ground surface. The repository is
divided into different repository parts, designed with a view to the waste to be emplaced in them, see
Figure 5-1. SFR has been in operation since 1988 and has been operated by SKB since 1 July 2009.

The rules for distribution of the waste between the different repository parts in SFR are based on the
principles of BAT (Best Available Techniques) and ALARA (As Low As Reasonably Achievable).

The overall performance requirements on waste intended for disposal in SFR are:
» The waste packages shall not give rise to unacceptable dispersion of radionuclides.

» The waste packages shall be able to be handled without unacceptable impact of ionizing radiation
on personnel and the general public.

It is above all the origin of the waste that determines in which repository part it is to be deposited.
There is an established management system within SKB with procedures for examination of waste
data and type descriptions and for handling of waste to be deposited in SFR. Deposition rules and
acceptance criteria for waste intended for different parts of the repository are found in SKB’s waste
manual for low- and intermediate-level waste, and are shown in Table 5-1.

Routing of the waste streams to SFR is based on communication between operating personnel and
persons with knowledge of the repository’s long-term safety. There is an established forum for
experience feedback, the LILW Group, which consists of representatives from the nuclear power
plants, Studsvik, SVAFO, SFR, Clab and the department for low- and intermediate-level waste at
SKB. The purpose of the forum is to provide information and study questions pertaining to low- and
intermediate-level waste, as well as to plan the coming year’s waste shipments. The LILW Group
meets twice a year.

Programme

Optimization of the emplacement of different wastes in SFR should eventually include both
operational and decommissioning waste and be based on the best available knowledge on the
activity content of the waste and other properties that can influence the routing of the waste to dif-
ferent repository parts. A plan for how SFR, with its planned extension, can best be utilized will be
prepared when the applications for an extension of SFR are submitted.
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Table 5-1. Acceptance criteria for waste to SFR. The table is based on the deposition plans of the
waste suppliers and SKB.

Waste type

Distribution of the waste between the repository parts

BLA BTF BMA Silo
Overall dose rate requirements for the different repository parts
<2mSvih <10 mSv/h <100 mSv/ih <500 mSv/h

(20% > 30 mSvih)

lon exchange resins
and filter aids from
BWR reactors

lon exchange resins
and filter aids from
PWR reactors and
different systems

lon exchange resins
and filter aids from
Clab

Sludge, dried sediment
Evaporator concen-

trates from BWR and
PWR reactors

lon exchange resins,
filter aids and sludge
from Studsvik

Trash and scrap from
BWRs

Trash and scrap from
PWRs

Trash and scrap from
Clab

Ashes from Studsvik

Trash and scrap from
Studsvik

After individual examina-
tion in exceptional cases

After individual examina-
tion in exceptional cases

After assessment dried
sediment

Normally trash and
scrap from intermediate
building, waste building,
turbine and generator
building, after assess-
ment waste from reactor
building, sorted by dose
rate criteria and meas-
ured nuclide-specifically

Normally trash from
reactor building, sorted
by dose rate criteria
and measured nuclide-
specifically

Low-level trash

R2, HCL, ACL, waste
facility, decommissioned
facilities, hospitals,
institutions, ABB ATOM
(Westinghouse Electric
Sweden), nuclear power
plants

Systems 332, 342

Low-level packages
after individual assess-
ment

Low-level concrete
moulds after individual
assessment

Sludge in concrete
tanks

Ashes from incineration
of trash

Systems 332, 342

After individual assess-
ment systems 324, 331

Systems 417, 330, 342,
334, 324, 336 after
individual assessment

Dried sediment in trash
and scrap moulds

Bottoms deriving from
different drainage
systems and laundry
water

After individual consid-
eration, sludge from
water purification

Normally trash and scrap
from reactor building and
turbine, sorted by dose
rate criteria and meas-
ured nuclide-specifically

Normally trash and scrap
from reactor building,
sorted by dose rate
criteria and measured
nuclide-specifically

Normally trash and scrap

Ashes from incineration
of trash

Intermediate-level scrap

R2, HCL, ACL, waste
facility, decommissioned
facilities, hospitals,
institutions, ABB ATOM
(Westinghouse Electric
Sweden), nuclear power
plants

Systems 331, 324,
less active systems
also permissible

Systems 417, 330,
334, 336, 337, 342,
324

Systems 313, 324,
371, 372

After individual
consideration, older
waste from Agesta,
R2, etc.

Scrap with high
dose rates and high
nuclide content
after assessment

Scrap with high
dose rates and high
nuclide content
after assessment

Scrap and filter
cartridges

Smoke detectors
containing
americium-241

Explanations: 313- Cooling and cleanup system for receiving pools, 324- Cooling and cleanup system for pools,

330- General for chemical and cleanup system, 331- Cleanup system for reactor water, 332- Condensate cleanup
system with precoat filter, 334- Chemical and volume control system, 336- Chemical sampling system, 337- Bottom
blowdown system, 342- System for liquid radioactive waste, 371- Cleanup of process water, 372- Cleanup of floor drain-
age water, 417- Bottom blowdown system. R2- Reactor facility R2 in Studsvik, HCL- Hot cell laboratory, ACL- Active

central laboratory.
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Access tunnels

Figure 5-1. Overview of existing SFR facility with access tunnels and the different repository parts marked.:
Silo and BMA for the intermediate-level waste with the most radioactivity, the BTF repositories for
intermediate-level waste with lower activity levels and BLA for low-level waste. (BMA — Rock vault for
intermediate-level waste, BTF — Rock vault for concrete tanks, BLA — Rock vault for low-level waste.)

5.2.2 Maintenance

When SFR was built the intention was that the facility would receive short-lived low- and
intermediate-level waste up to and including 2010.

Now the nuclear power plants are planned to be operated for a much longer time than was planned
when SFR was built. As a result, SFR’s operating phase will last longer than originally planned. An
increased operating time imposes new demands on maintenance of the facility.

Safety, regardless of the length of the operating phase, is based on the fundamental design of the
facility, the use of robust and proven systems and components, and a maintenance programme
which, in addition to remedial and preventive maintenance, includes a programme for identification,
handling and prevention of age-related deterioration and damage.

Before SKB took over the operation of SFR, maintenance was controlled by procedures developed
by FKA. When we assumed responsibility for operation ourselves, we switched to using our own
operation and maintenance system called GDU (Swedish acronym for common operation and
maintenance system), which was already being used at Clab. GDU is the system OKG uses.

Programme

A study has been initiated to go through the entire SFR facility systematically to determine the status
of both systems and buildings. The study will generate suggestions for measures that need to be
adopted in the next few years or before the extension is commenced, as well as measures that can

be implemented at later stages to enable the facility to be operated for a long time. The study will be
concluded during 2011.

5.2.3 Information management regarding waste in connection with interim
storage and deposition

The nuclear power plants and Studsvik have systems for registration and reporting of waste packages.
These systems are based on SSM’s requirements on registration and reporting of radioactive waste.

SKB has its own waste database, Triumf, whose main function is to administer information about
content, properties and location of the waste packages in SFR. For waste packages there is informa-
tion on, for example, the number of waste packages stored at the nuclear power plants and the future
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annual production of waste packages per waste type. The database also contains information on

the waste transport containers and the SFR facility. The information in Triumf is transferred from
the waste suppliers’ databases by sending an encrypted file containing waste data to Triumf. The
data transfer takes place before the waste is shipped to SFR, and all data must be approved by SKB
before a shipment can take place. When the shipment is completed and the waste has been deposited,
data on where individual packages have been deposited in SFR are entered in the database.

The information in Triumf is also used for reporting to regulatory authorities, planning of shipments
and deposition, and issuance of forecasts for future deposition.

Programme

The Triumf waste database is being updated. The report and forecast module is being supplemented
with new calculation methods and report production is being further automated. The storage places
at SFR are at the same time getting new views, facilitating the deposition work, and a history func-
tion is being developed for better traceability.

During the coming year, SKB will consider the possibility of integrating data on future decommis-
sioning waste in the waste database to facilitate the production of forecasts.

Radioactive waste generated at, for example, the nuclear power plants is registered today in local
databases at each facility. A common waste database is being developed at SKB for the nuclear
power plants, SKB and Studsvik. Studsvik will have access to the database via an external interface.

The common database is intended to manage all information on low- and intermediate-level waste
that will be deposited in SFR and in a future SFL, and that arises in connection with the operation of
the nuclear facilities in Barsebéck, Forsmark, Oskarshamn and Ringhals, as well as at Clab and SFR.
SKB is in charge of administering the database. All stakeholders will be able to enter data on the
waste packages in the database when the packages are created at a given facility.

5.3 Construction of final repository for short-lived radioactive waste

SKB’s plans for the extension of SFR are related in this section. The planned extension entails

an increase of the facility’s storage capacity by an estimated 140,000 m* from today’s capacity of
63,000 m*. New preliminary studies of the waste volumes that will arise when the nuclear power
plants are decommissioned indicate that the extension can be made smaller. When these studies have
been completed, they will provide new premises for the extension.

The account covers the main phases up to and including routine operation. The purpose is to provide
a complete picture of the current situation in the planning to permit a better overview of the applica-
tions of the results from research, development and demonstration in different phases. The focus of
the work is the preparation of application documents.

Aside from the planned compulsory consultations pursuant to the Environmental Code, consultation
meetings are also being held with SSM. Results, status and plans are presented in detail as they
become available within the framework of these consultations. In this way we continuously obtain
valuable viewpoints, which can be taken into consideration in the continued work.

Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

In the supplement to RD&D Programme 2007, SKB wrote that a more detailed picture of the
programme for extension of SFR will be provided in RD&D Programme 2010, with main phases
and timetable. We stated that the planned extension will be designed to accommodate all waste from
operation and decommissioning of the nuclear power plants, the Agesta reactor and the research
reactors in Studsvik. The applications will include the entire additional extension, but the plans were
not final regarding whether the extension will consist of one or two stages.

SSM found that SKB’s account in the supplement, regarding plans and programme for SFR, was
unclear compared with other accounts submitted to the Authority. SSM stressed that the account
must be sufficiently comprehensive for the RD&D Programme to fill its purpose, i.e. it must include
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an overview of the measures that need to be implemented in the final repository programme. SSM
therefore found that the account needs to be elaborated and concretized in RD&D Programme 2010,
for example as regards design and capacity of the extension and execution of site investigations,
siting and plans for construction.

SKB mentioned the possibility of also using an extended SFR for interim storage of long-lived low-
and intermediate-level waste. SSM has in principle no objections to this, provided that the interim
storage meets the relevant requirements and that future licences under the Nuclear Activities Act and
the Environmental Code permit this.

5.3.1 Main phases and timetable
SKB’s overall timetable for execution of the extension of SFR is shown in Figure 5-2.

Preparation of application documents, 2008-2013

The SFR Extension Project commenced in 2008 for the purpose of preparing application documents
under the Environmental Code and the Nuclear Activities Act and a construction plan for the exten-
sion. The project extends up to and including 2013, when the application documents are planned to
be submitted to the environmental court and SSM for preparation for the Government. This phase
includes site investigations, design of the facility, assessment of long-term safety, preparation of a
preliminary safety analysis report for the operating phase, consultations on and preparation of an
environmental impact statement, compilation of application documents, and part of the activity for
detailed design and building preparations, including preparation of system documents.

Licensing, 2014-2016

The licensing process starts when the applications under the Environmental Code and the Nuclear
Activities Act have been submitted, which is expected to occur in 2013. The applications will then
be processed and reviewed by the regulatory authorities, the environmental court, the municipality
and the Government. During this period the initiative largely lies with these bodies, and the length of
the process depends on how long they take for processing and decision. SKB’s main tasks during this
time are to participate in the licensing process in various ways and to prepare the work of executing
the extension of SFR. If comments of such a nature are received that an updating of the submitted
PSAR (preliminary safety analysis report) is warranted before the extension commences, such an
updating will be done during this main phase.
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Figure 5-2. Overall timetable for extension of SFR.
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Detailed design and building preparations are proceeding in parallel with the licensing process.
Provided the licensing process proceeds smoothly, the necessary licences are expected to be obtained
so that construction can commence at the beginning of 2017.

Construction and handover to operating organization, 2017-2020

The main phase “construction and handover to operating organization” includes the activities con-
struction, trial operation and handover to routine operation. Before trial operation begins, an updated
SAR is produced, which will be supplemented with experience from trial operation before routine
operation ensues.

Extension of SFR includes construction, verification of requirements and design premises plus
commissioning. The extension is regarded as several successive alterations of the existing SFR. Each
alteration that is made of SFR shall be carried out according to the relevant project model for facility
alterations, which, among other things, controls commissioning of the facility alteration. Depending
on what the work processes look like at the time, the project model for facility alterations in effect at
that time will be used.

The extension of SFR may not affect the safety of the existing SFR in an unacceptable manner. To
guarantee this, SKB will employ currently applicable systems for safety management with defined
operations management levels, which today entails routine monitoring and follow-up of the deci-
sions that are made in safety matters. Each matter for facility alteration will undergo safety review in
accordance with the procedures that apply at SKB for primary and independent safety review.

According to the project model for facility alterations, the process is concluded with a handover

to the operating organization. The project will then be evaluated by all involved parties, such as
purchaser and operations management, by compilation of a final report. When the final report has
been approved by the project purchaser and all complaints against the operations management have
been resolved, the project is concluded. The decision to conclude the project is then made by the
project’s purchaser.

5.3.2 Superordinate requirements on the facility

The existing SFR facility has two main safety functions: limitation and retardation. Limitation means
that the quantity of permissible radioactivity in the repository is limited. Retardation means that the
transport of radionuclides from the waste to the biosphere should be delayed sufficiently long so that
they do not have radiological consequences. SFR thus has no absolute isolating function. The same
basic safety functions apply for the extension of SFR as for the existing SFR.

As far as is economically reasonable, the facility should be designed so that the risk of radioactivity
release and doses to personnel is minimized. Taking into consideration the different types of waste,
the disposal chambers should be designed so that they provide the desired barrier function, in inter-
action with the waste packages. Furthermore, the barrier system and the rest of the facility should be
designed in such a manner that it is possible to extend the repository in stages.

The extension of SFR should be designed to accommodate all additional short-lived low- and interme-
diate-level operational waste and all short-lived decommissioning waste expected to result from the
dismantling of all nuclear power plants, including the Agesta Reactor, the research reactors at Studsvik
and Clink. The waste volumes in the facilities at Studsvik — including waste from hospitals, research
and industry — are also taken into account in designing the capacity of SFR.

In summary, the extension of SFR should be designed to accommodate:

* all operational waste arising during the currently planned operating time of the nuclear power
plants (50 years for Ringhals and Forsmark, 60 years for Oskarshamn),

+ all short-lived decommissioning waste from the existing nuclear power plants, including Agesta,
 all short-lived operational waste from Clab and Clink,

 all short-lived decommissioning waste from Clink,

+ the waste volumes and the activity contracted with Studsvik and SVAFO,

 final storage of large components including whole BWR reactor pressure vessels without highly
neutron-activated internals.
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Furthermore, the SFR Extension Project will investigate the possibility of interim storage of long-
lived waste from the nuclear power plants.

Quantity of short-lived operational waste

The quantity of short-lived operational waste that is planned to be disposed of in SFR up to 2069 is
calculated today to be about 65,000 m?®. The calculated volume is the sum of the volume deposited
thus far (through 31 December 2009) plus the forecast volume based on information reported from
suppliers of radioactive waste. The volumes are based on volumes contracted with Studsvik and
SVAFO, 50 years’ operation of the reactors in Forsmark and Ringhals, and 60 years for Oskarshamn.
The operational waste from the encapsulation plant has been estimated to be equivalent to the waste
volumes from Clab. Figure 5-3 shows the results of the most recent forecast of operational and
decommissioning waste. The forecast for decommissioning waste is based on preliminary versions
of decommissioning studies.

Quantity of short-lived decommissioning waste

Short-lived decommissioning waste includes waste from the decommissioning of the Swedish
nuclear power plants, the Agesta reactor, the research reactors in Studsvik, and Clink. According to
preliminary estimates, the quantity of short-lived decommissioning waste is about 85,000 m?. The
estimates are based on preliminary decommissioning plans, existing decommissioning studies and
indications of volumes from ongoing unit-specific decommissioning studies. When these decommis-
sioning studies have been completed, they will provide new premises for the extension of SFR.

A new estimate of how much decommissioning waste the extension of SFR should be designed for
will be compiled in 2011.

Uncertainties in waste volumes

The waste volume that will be disposed of in the future in SFR is dependent on a number of factors.
The volume of operational waste is influenced by operating trends at the nuclear power plants

and the technology development pursued by the NPPs for waste generation and conditioning, for
example compaction of large components, see Section 5.1.
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A source of great uncertainty is the possibility that some of the decommissioning waste will be
released (cleared) from regulatory control or emplaced in a near-surface repository instead of in
SFR, see Section 5.5. Based on existing knowledge of release requirements and requirements made
on today’s surface repositories, it is estimated that roughly one-third of the decommissioning waste
can be cleared or emplaced in surface repositories.

Interim storage of long-lived waste

The extension of SFR will be designed for interim storage of long-lived waste from the nuclear
power plants. A preliminary estimate of this volume is 2,600 m?, which includes core components
from operation and decommissioning of the Swedish NPPs. The extension will be designed with a
view to the needs of the power companies and when SFL is planned to be ready to receive waste.

SKB is studying the technical demands made by interim storage of core components and PWR reac-
tor pressure vessels on the extension of SFR. The studies include the following:

* Generic waste description for interim storage of core components in BFA tanks and PWR reactor
pressure vessels.

* Design premises for interim storage of BFA tanks with core components and PWR reactor pres-
sure vessels.

» Consequences for long-term safety.

» Consequences for operation and environs of an abnormal event in connection with underground trans-
port, outloading and interim storage of core components and PWR reactor pressure vessels in SFR.

5.3.3 Siting

Siting a final repository for short-lived decommissioning waste adjacent to SFR appears logical for
many reasons, such as the fact that the existing facility works well and the decommissioning waste is
of a similar character to the operational waste. SKB has also studied other siting alternatives within
the framework of the SFR Extension Project. None of these alternatives has been found to be better
than an extension of SFR. In consultations regarding the planned activity, SKB will, in keeping with
the requirements of the Environmental Code, take up the siting, scope, design and predicted environ-
mental impact of the activity. The facility’s operational safety will be studied and a safety assessment
will be conducted to determine whether the selected site is suitable in the long term.

5.3.4 Feedback from site investigations

SKB is conducting site investigations for the purpose of studying the rock in the area in Forsmark
being considered for an extension of SFR with regard to properties that are of relevance for the
constructability and long-term safety of the facility. The goal was to investigate a rock volume large
enough to accommodate the entire extension. The investigations were begun in 2008 and are planned
to be concluded during the first half of 2011.

The planning for the extension of SFR started in 2007, when an investigation programme was published
/5-1/. The investigation programme was preceded by a feasibility study. The feasibility study examined
and systematized the large body of data from previous investigations in the area, both in connection
with preliminary investigations and construction of the Forsmark NPP and the existing SFR facility, and
in connection with SKB’s site investigation for the Spent Fuel Repository. Based on this data review,

a first version of a new site descriptive model for geology, hydrogeology and hydrogeochemistry was
constructed. This model then served as a point of departure for the continued modelling work.

In conjunction with the site investigations for the Spent Fuel Repository, SKB has presented a

series of investigation programmes /5-2, 5-3, 5-4/. These programmes have served as a basis for the
investigation programme for the extension of SFR as regards investigation strategy and methodology.
Experience feedback from the completed site investigation in Forsmark for the Spent Fuel Repository
is also an important basis for the investigation programme, as are lessons gained from the investiga-
tions in connection with the construction of SFR in the 1980s. Finally, operating experience the SFR
facility was an important support in the formulation of the investigation programme in general, and in
particular those parts of the programme that have been conducted from the existing facility.
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The choice of investigation strategy has mainly been determined by the following background data
and premises:

» The extension of the SFR facility should be directly adjacent to the existing facility, providing
geological and other conditions do not prove to be clearly unfavourable.

» Experience from the site investigations in the immediate vicinity of the SFR area will be taken
into consideration.

*  When executing the investigations, the necessary allowances must be made for the operation of
the existing SFR facility.

+ The site investigations must be executed within the available time.

Based on the initial version of the site descriptive model, an overall investigative logistics was
established where priority was given to an area directly adjacent to the existing SFR facility. The
priority area is situated southeast of the existing facility and was chosen due to the good rock quality
in the lower construction tunnel in SFR and the fact that ground magnetic surveys do not indicate
any major steeply dipping deformation zones in the area.

The investigation programme /5-1/ described detailed investigations in the priority area. A prereq-
uisite for starting the investigations in the priority area was: if the initial site investigations indicate
that the priority area does not satisfy the petrological and other requirements that must be met by the
facility, the investigations will be moved to another investigation area.

Results from investigations

The site investigations started in April 2008 when the first investigation boreholes were drilled,

and the last borehole was drilled from an island southeast of the repository in September 2009.
Altogether, four percussion boreholes and eight cored boreholes have been drilled and investigated,
see Figure 5-4. Approximately 3,000 metres of drill cores have been analyzed, and preliminary data
indicate good rock quality in the area, consisting for the most part of metagranite and pegmatite with
an average frequency of 3—4 open fractures per metre.

The investigations in the boreholes have included BIPS (Borehole image processing System),
borehole radar, geophysical borehole logging (natural gamma, magnetic susceptibility, temperature,
liquid resistivity, density etc.), difference flow logging (fracture transmissivity, electrical conductiv-
ity, flow direction, etc.), water chemistry sampling and pressure measurement. The continued work
includes data analyses, modelling and hydromonitoring.

The quality work for the investigations is based on experience from the site investigations for the
Spent Fuel Repository and has worked well in this project as well.

Experience has been gained from working in a nuclear facility, since activities have been carried out
down in SFR. Among other things, a 300 metre long and nearly horizontal borehole has been drilled
and investigated. The horizontal borehole investigations have also yielded valuable experience for
future projects, and new equipment for moving measurement equipment along the borehole has been
developed and tested with good results.

The priority area, which is located southeast of the existing facility, can serve as a suitable site for
extension of SFR. This is based on the identification of a sufficiently large rock volume between
major deformation zones. Further work remains to be done with evaluation and assessments of long-
term safety in particular in order to be able to finally determine the exact location and design of the
extension.

Modelling and site description

Modelling will be done in parallel and integrated with the investigations in the various disciplines,
mainly geology, hydrogeology and hydrogeochemistry. In general, the modelling project can be
said to comprise quality control of data, evaluation and analysis of primary data, three-dimensional
modelling and reporting. The final result is a site descriptive model for the investigated area.
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Figure 5-4. Map showing borehole locations for investigations for extension of SFR. The figure shows an
example of a preliminary layout for the extension s deposition area.

The site description is needed in conjunction with the design work when the final repository is to
be positioned in and configured on the investigated site. It also provides a basis for assessment of
the long-term safety of the final repository. Furthermore, it can clarify the need for any additional
data that needs to be collected. The site description is not only limited to describing the repository
site, but also includes its regional environs to the extent this is necessary for the purpose. The
geoscientific site descriptive model includes descriptions of the geological, hydrogeological and
hydrogeochemical conditions on the site.

5.3.5 Work methodology for design

Facility parts

The facility parts can be divided into rock caverns under ground, buildings above ground and techni-
cal installations. The placement of buildings above ground is, for example, dependent on the location

of the tunnel portal and possible additional ventilation. Information on the design premises that
influence the number of underground rock caverns is provided in Section 5.3.2.

Stepwise execution

Up to the start of construction, design of the SFR extension takes place in two main phases: the
system design and the detailed design. The system design is in turn broken down into a number of
layout stages of gradually increasing maturity. In the detailed design, detailed design of the facility is
carried out with the production of invitation to tender documents and construction documents.
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Figure 5-5. General structure for production of design basis documents. R and DP — Requirements and
design premises. CPSD — Conceptual preliminary system descriptions. PSD — Preliminary system descriptions.

Layout DO of SFR was completed during the summer of 2009 and includes extension alternatives
where the cross-section of the existing rock caverns comprises a reference design together with the
then applicable forecast regarding volume of operational and decommissioning waste, Figure 5-6.
The goal of layout DO was to provide a basis for determining the site-specific configuration of the
repository taking into account the geological and hydrogeological conditions on the site.

Layout 0 is a further refined version of layout DO and is based on studies of preliminary require-
ments and design premises for installations and equipment, e.g. ventilation, power supply and fire
safety and their possible impact on the layout of the rock caverns. During the work with layout 0,
data will become available from site investigations and it will be possible to determine constructabil-
ity and suitable position based on the geological and hydrogeological conditions in the rock mass.
The hope is to be able to establish the location of the extension in layout 0, but if this is not possible
the area within which the extension can be located must at least be clarified and established.

Based on requirements and design premises for layout 0, which include updated waste forecasts,

a 3D model of a possible design of the facility will be constructed. This model will then serve as a
basis for the hydrogeological modelling, providing the premises for the long-term safety assessment.
Establishment of layout 0 entails that superordinate requirements and design premises are estab-
lished and that conceptual preliminary system descriptions have been produced.

The purpose of layout 1 is to establish the requirements and design premises that are needed to
produce a facility description. In conjunction with layout 1, the 3D model of the facility will also
be updated. Preliminary system descriptions will be produced to serve as a basis for a technical
description in accordance with the Environmental Code and Chapter 5, “Description of facility and
function” in PSAR, General Part 1.

An iterative project involving design, site investigation and assessment long-term safety will be
conducted up until mid-2012, before the final location and layout of the extension are confirmed and
the system document phase is concluded with the establishment of layout 2. Subsequently, during
the construction document phase, detailed design of the facility will be carried out with preparation
of invitation to tender documents, detailed technical descriptions for each subcontract (excavation,
heating, ventilation, plumbing, electricity, telecommunications, etc.), drawings, construction docu-
ment and documents for an application for a building permit. Start of construction is planned for the
beginning of 2017.
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Figure 5-6. SFR according to layout D0, existing part (light grey) and planned part (blue). Note that the
final layout of the extension has not yet been established.

5.3.6 Safety analysis report

Before a nuclear facility may be constructed and before major rebuilds or alterations of existing
facilities are carried out, a preliminary safety analysis report must be compiled in accordance with
SSM’s regulation /5-5/. The preliminary safety analysis report for the extension of SFR will be based
on the facility’s existing safety analysis report and will include:

* information on the waste that is planned to be disposed of in the repository,
» information on the layout of the facility after the extension,
* information on planned mode of operation including operating limits,

e descriptions of the safety assessments and other verifying analyses that have been done of new,
planned or altered parts or functions of the facility and of parts of the facility that have not been
altered but are affected by the alterations,

» references to safety assessments and other verifying analyses.

5.4 Technology development for the final repository for short-
lived radioactive waste

5.41 Barriers

The final layout of the extension of SFR, for example how many rock vaults are to be built and their
placement in the rock, has not yet been established. Most of the waste that will be emplaced in an
extended SFR will be low-level and is expected to be able to be disposed of in repository parts with
barriers equivalent to today’s BLA. A small quantity of waste will be intermediate-level and needs to
be emplaced in a repository part with more advanced barriers.

Technology development is thus needed for repository parts for both low-level waste and intermediate-
level waste.
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Programme

How the barriers in the extended repository parts should be designed will be studied, and the function
of the barriers in the existing facility will be evaluated.

The technology development for the low-level waste will be based on disposal chambers of the same
type as BLA. Based on operating experience and experience from the most recent safety assessment,
for example regarding the possibility of backfilling, changes of the barriers in the repository part and
conditioning of the waste will be reconsidered.

For the intermediate-level waste, barriers are needed that limit the water flow through the waste while
allowing gas that is formed to escape. Limited water flow through the waste can be achieved by:

» Hydraulic cage consisting of crushed rock and concrete structures, as in BMA.
* Bentonite and concrete structures, as in today’s Silo.

The development work will be based on the knowledge and the experience we have of the different
configurations of the disposal chambers in the existing SFR. Advantages and disadvantages of differ-
ent concepts will be studied, and this will determine what development measures are needed.

5.4.2 Closure

The strategy for closure that was evaluated in the safety assessment from 2008 for SFR resembles
the one used in previous assessments. It entails that the different disposal chambers are backfilled in
different ways and to different extents: plugs of concrete and bentonite are emplaced in all tunnels
that connect with the disposal chambers, plugs are emplaced on two levels in the access tunnels and
other tunnel systems are backfilled. In its review of the 2008 safety assessment, SSM requested a
more well-defined closure strategy.

Programme

SKB intends to develop the strategy for closure of the existing facility and to define a strategy for the
extended part of the facility. The closure strategy for the two parts may coincide in many respects,
but there is a possibility that different plans may be used for the existing SFR and the extension. The
strategy should be sufficiently detailed that it can serve as a basis for the safety assessment that is
prepared for the application to extend SFR.

Experience from the most recent safety assessment for SFR will be taken into consideration, as will
the assessment for the Spent Fuel Repository.

A reference method for borehole closure has been developed for the Spent Fuel Repository, see
Chapter 14. The method will be evaluated in reference to the need for borehole closure for SFR, and
may be modified for the depth and the rock conditions that prevail for SFR.

5.5 Surface repositories
Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

SSM finds that current conditions that apply to existing surface repositories in Sweden provide a
well established regulatory framework for the nuclear power plant owners and SKB. Osthammar
Municipality thinks that the need for surface repositories for decommissioning waste needs to be
investigated.

Newfound knowledge since RD&D 2007

The issue of final disposal of very low-level and short-lived radioactive waste arises in conjunction
with the planning for extension of SFR. The nuclear power companies’ decommissioning plans
include shallow land burial of very low-level and short-lived decommissioning waste as an alterna-
tive to final disposal in SFR. This category of waste represents a large volume, but contains only

a relatively small portion of the activity that accompanies the radioactive waste from the nuclear
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power plants. Normally, very low-level waste is considered to be such that it can be disposed of in
simple surface repositories of the type that exist at nuclear power plants and in Studsvik. The nuclear
power plants and SVAFO are licensees for these surface repositories, and the conditions for disposal
are stipulated in each case by SSM, since generally applicable regulations for shallow land burial

are lacking. The regulation for release (clearance) of materials, buildings and land from regulatory
control that is expected to enter into force in the near future can serve as a good planning basis when
a near-surface repository is established.

For the planning of the extension of SFR, the nuclear power companies need to decide how the very
low-level decommissioning waste is to be disposed of. In the current planning, SKB assumes that all
material that is not cleared from regulatory control will be disposed of in SKB’s facilities.

In view of SSM’s work on regulations for clearance and shallow land burial of very low-level waste
and emerging industry practice for clearance, estimates can be made of what waste quantities may

be considered for shallow land burial. Together with the nuclear power companies, SKB has carried
out a feasibility study to shed light on the possibilities and consequences of disposing of some of the
decommissioning waste in surface repositories. The goal of the feasibility study is to present possible
alternatives for shallow land burial of very low-level waste from decommissioning of nuclear power
plants with schematic layout, estimated waste quantities and activity contents, siting and costs.

Programme

Based on ongoing decommissioning studies being conducted by SKB in cooperation with the nuclear
power companies and proposed regulations for release (clearance) from regulatory control, an estimate
will be made of both waste volumes and activity contents for different institutional monitoring periods.

The feasibility study that was completed during the first part of 2010 will be updated in 2011 when
all unit-specific decommissioning studies are finished.

When the study is finished, an evaluation will be made together with the nuclear power companies
for a common policy decision on how these volumes are to be managed in the LILW programme. If
shallow land burial is the chosen alternative for very low-level and short-lived radioactive waste, the
extension of SFR will have to be adapted and concrete plans made for shallow land burial.
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6 Management of long-lived low- and intermediate-
level waste

Of SKB’s three planned repositories for nuclear waste — the final repository for short-lived radioac-
tive waste (SFR), the final repository for long-lived radioactive waste (SFL) and the Spent Fuel
Repository — SFL is the repository that is planned to be put into operation last. Before we can put
SFL into operation, several important milestones must be passed, such as selection of repository
concept and site, investigations, assessment of long-term safety, preparation of applications, con-
struction, etc. SKB plans to apply for a construction licence for SFL in around 2030 and an operating
licence in around 2045. SFL will be the smallest of the three final repositories, with an estimated
disposal volume of about 10,000 m®.

In this chapter, SKB relates its plans and programme for disposal of the long-lived low- and inter-
mediate-level waste. In addition to an accounting of waste quantities and when they are expected to
arise, the chapter also includes accounts of SKB’s plans for choice of repository concept and barriers
in SFL, interim storage and conditioning of the waste, and safety assessments. Furthermore, the
research programme that will serve as a basis for the safety assessments is presented.

Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review
The plans for the work with SFL were described in RD&D Programme 2007 with reference to the
fact that RD&D Programme 2010 focuses on the LILW Programme.

SKI requested that SKB should describe, in a supplement to RD&D Programme 2007, when the
waste intended for SFL will arise, alternative repository designs (with design premises and safety
functions), and the content and focus of future safety assessments that are needed to determine
and verify acceptance criteria for the waste intended for SFL plus the content of the research and
development programme that is needed to support future safety assessments.

SSI called for an integrated account and justification of the strategy for disposal of all long-lived
waste from operation and decommissioning and a research and development programme for SFL
that takes into account the need of protective capability, strategy for siting, acceptance criteria and
guidelines for conditioning, as well as need of interim storage.

In the supplement to RD&D Programme 2007, SKB described the planning for the work with SFL in
brief, while more detailed plans were promised in RD&D Programme 2010.

In the review of the supplement to RD&D Programme 2007, SSM mainly singled out four areas to
which SKB should give greater consideration in RD&D Programme 2010:

» That SKB’s justification of the timetable for the construction of SFL is based on all currently
available knowledge of existing waste and of when additional long-lived waste will arise.

» That SKB should concretize its plans for the repository design work.

+ That SKB’s programme for both repository design and safety assessment of SFL should particu-
larly focus on formulating acceptance criteria for waste.

« That SKB should concretize the research programme it intends to carry out in 2010-2013.

6.1 Long-lived radioactive waste
The long-lived low- and intermediate-level waste consists chiefly of four categories:

» Strongly neutron-irradiated core components. This waste arises in connection with both mainte-
nance and decommissioning of reactors.

e Control rods from BWR-reactors.

» Long-lived waste from activities at Studsvik and from medical care, research and industry. This

waste arises continuously and is not associated with the operation or decommissioning of the NPPs.
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» Historic waste from research and development within the Swedish nuclear research programmes.
This waste is managed and interim-stored by SVAFO.

Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

In RD&D Programme 2007, SKB described which types of waste constitute the long-lived low- and
intermediate-level waste and how this waste is managed today.

SSI stated in its review that SKB should show what waste quantities can be expected and when the
waste will arise. In the review of the supplement to RD&D Programme 2007 as well, SSM says that
SKB should present knowledge of existing waste and when additional long-lived waste will arise.

Newfound knowledge since RD&D 2007

The required disposal volume in SFL has been calculated to be 10,000 m®. The calculation is based
on the volume of existing interim-stored waste and a forecast of the future waste from operation and
decommissioning of the nuclear power plants, see Figure 6-1. The forecast of the waste quantity and
the required disposal volume for future waste is based on the following assumptions:

» All neutron-activated core components in BWR are replaced after 2025 years of operation. For
an operating period of the nuclear power plants of 50 years, one replacement has therefore been
assumed, and for 60 years two replacements.

* The control rods in BWRs are replaced after 15-20 years, and after concluded operation of exist-
ing nuclear power plants the total number of control rods is calculated to be about 2,500.

* One set of core components from a BWR is estimated to weigh about 70,000 kg on average,
which is equivalent to a disposal volume of about 100 m>.

» No replacements of core components in PWRs.
» Control rods from PWRs are disposed of together with the spent nuclear fuel.

» The core components in a PWR are estimated to weigh 35,000 kg on average, which is equivalent
to a disposal volume of about 50 m>.

* All core components are fragmented and placed in BFA tanks, which have a disposal volume of
9.9 m® and a maximum payload capacity of 12 tonnes.

» The BFA tanks are loaded with an average of 6.6 tonnes of waste, which is equivalent to 1.1
tonnes per m? of inner volume.

Today’s interim-stored waste, which consists mainly of historic waste, needs a disposal volume of
about 6,000 m’®, see Table 6-1. This estimate differs from the reference inventory that was used in
the safety assessment in 1999, when the historic waste was estimated at 1,800 m?®. The big difference
between the estimates is largely explained by the fact that SVAFO is about to place the concrete-
filled waste drums in larger drums to achieve safer handling and interim storage. Furthermore, waste
that was previously judged to be able to be disposed of in SFR has been transferred to SFL.

The programme for the work with the long-lived low- and intermediate-level waste is described in
Section 6.3.

Table 6-1. Weight of existing waste in different interim storage facilities and forecast for need of
disposal volume in SFL (year 2009).

Interim storage facility Weight of waste  Estimated need of
(kg) disposal volume (m?)
Barseback in pools 54,616 80
Ringhals in pools 12,330 20
Oskarshamn in pools 1,410 10
Oskarshamn in packages 87,600 420
Forsmark in pools 75,100 100
Clab in pools 135,633 200
SVAFO 4,630
Studsvik 450
Total 366,689 5,910
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Figure 6-1. Overall timetable showing when long-lived low- and intermediate-level waste arises. The bars
show the volume of waste that arises during one year and are read on the left-hand axis. The curve shows

the accumulated volume and is read on the right-hand axis. Information on the existing waste is shown in

greater detail in Table 6-1.

6.2 Interim storage facilities for long-lived waste

Long-lived waste is interim-stored today either in Clab’s pools, in pools at the nuclear power plants
or dry in containers in different interim storage facilities.

Historic waste is managed by SVAFO and interim-stored, along with waste from Studsvik’s activi-
ties, in an interim storage facility on the Studsvik site.

Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

RD&D Programme 2007 described plans for increased dry interim storage of core components in
BFA, as well as Forsmark’s plans to build its own interim storage facility.

SSI said in its review that SKB should show how the need for interim storage of the long-lived waste
will be met.

The supplement to RD&D Programme 2007 described the plans for interim storage of long-lived
waste in BFA, but also the possibilities of such storage in the future extension of SFR. SKB further
described the advantages of the freedom of choice that is obtained by storing the waste without
conditioning it irreversibly.

In the review of the supplement to RD&D Programme 2007, SSM writes that “the conditioning
(irreversible or not) that is done before the acceptance criteria have been finally established should be
done in a suitable manner with a view to safety and radiation protection in all future handling steps”.
SKB interprets this as meaning that SSM accepts SKB’s strategy of continuing to store the long-lived
low- and intermediate-level waste without final treatment until SFL has been put into operation.

Newfound knowledge since RD&D 2007

The total need for space in interim storage facilities is approximately 10,000 m?, provided that all
long-lived low- and intermediate-level waste is interim-stored before SFL is put into operation. Of
this volume, approximately half is managed internally by Studsvik and SVAFO and therefore does
not affect the nuclear power plants’ planning.
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The above data can be compared with existing interim storage facilities (not counting storage pools
at the NPPs and in Clab), which have the following capacities:

»  BFA — Rock cavern for waste (Oskarshamn) 13,500 m?

* Interim storage facility at Forsmark 550 m?
+ Interim storage facility at Ringhals 9,200 m*
* SVAFO and Studsvik interim storage facilities 2,000 m?
e SVAFO and Studsvik rock caverns 5,000 m?

The above volumes are not fully available for SFL waste today, since they are also being used for
interim storage of other waste. SKB plans to apply for permission to interim-store long-lived waste
in SFR. By interim-storing long-lived waste in SFR, we ensure that interim storage space will be
available both before and after the NPPs have been decommissioned and the plant sites are being
used for other purposes.

Ringhals’ PWR reactor pressure vessels constitute a special case when it comes to need for interim
storage space. The discussion in Section 6.1 presumes that these vessels are handled in fragmented
condition placed in containers, but they may be handled in one piece in the future.

Programme

In order to secure management and interim storage of waste intended for SFL, SKB is conducting
and plans to conduct a number of studies, as described below.

Study of interim storage of long-lived waste in the SFR extension

SKB has initiated a study that will serve as a basis for the planning of an interim storage facility
for long-lived waste from the nuclear power plants in the extended SFR. The study deals with the
premises for and design requirements on such an interim storage facility. The study will define
requirements on lift height, radiation protection and in-transport. Furthermore, we need to ensure
that we can open the BFA tanks after a period of interim storage. SKB needs to devise a plan of
action for how a BFA tank that cannot easily be delidded should be opened.

Development of transport casks for BFA tanks

A type B transport packaging is required to transport long-lived waste placed in BFA tanks.
Development of a cask (ATB 1T) for transport of one BFA tank at a time with a maximum surface
dose rate of 200 mSv/h has therefore been initiated. The goal is that the tank should be licensed and
ready to be put into operation by 2015. In connection with this work, acceptance criteria for waste in
BFA tanks have been formulated and entered into SKB’s waste manual.

Development of handling equipment for BFA tanks

SKB is pursuing efforts aimed at developing handling equipment for BFA tanks and the ATB 1T
transport cask. An example is the equipment needed for packing of BFA tanks and transferring the
BFA tank to the transport cask.

The majority of the components for the handling equipment have already been delivered to FKA and
tested during January—February 2010. Work with inspection and design documentation is under way
and will be finished during 2011.

Studies and tendering processes are under way for transport casks for contaminated handling equip-
ment. After a decision is made on technology and financing, the casks can probably be delivered
during 2011. The work in its entirety is expected to be completed in 2011.
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6.3 Final repository for long-lived waste

SKB has divided the work with the final repository for long-lived waste (SFL) into two main
periods: a short-term period that extends up to and including the first safety assessment in 2016 and
a long-term one that extends from 2016 to 2045, when the facility is scheduled to be commissioned.
An overall timetable for this work is shown in Figure 6-2. Several important milestones must be
passed, such as selection of repository concept and site, investigations, evaluation of long-term
safety, preparation of applications, etc. According to the timetable, we plan to apply for a licence to
build the repository in 2030, which, taking into account uncertainties etc. is judged to be a realistic
point in time, provided we can locate the repository on a site of which SKB previously has good
knowledge. The time from applications to commissioning of the repository is more uncertain, since
it involves activities in a relatively distant future.

6.3.1 Overall planning and accounts

This section describes the plans for the period 2011-2016 in detail and the long-term plans in general
terms. The short-term planning is divided into two periods: 2011-2013 and 2014-2016, which are
described separately below.

The period 2011-2013

The focus of the work with SFL during the period 2010-2013 is a concept study which will serve as
a basis for the choice of the repository concept. The purpose of the concept study is to carry out an

initial screening among possible repository concepts and to identify one or more repository concepts
suitable for SFL. They can then be evaluated in the safety assessment that will be presented in 2016.

Furthermore, the groundwork needed for the presentation of a safety assessment in 2016 will be
started. Examples of such work are updating of the reference inventory and planning and initiation of
various research and development projects. Detailed descriptions of the planned work are provided
in Sections 6.3.2, 6.3.3 and 6.3 .4.

The period 2014-2016

During the period 2014-2016, the focus of the work with SFL will mainly be on the safety assess-
ment (SA) to be presented in 2016.
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Figure 6-2. Estimated timetable for the work leading up to the commissioning of SFL. The work is divided
into different phases: The first phases comprise conception, selection and development of repository
concept, execution of site investigations and preparation of application documents. They are followed by
licensing, construction of the extension and handover of the facility to the operating organization.
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Important background material for the safety assessment includes the concept study presented in
2013, the updated reference inventory and the results of research projects carried out for SFL or
other repositories. Site data will be obtained from the generic sites used in the previous safety assess-
ment for SFL, or from the site investigations conducted within the Nuclear Fuel Programme.

It will not be possible to formulate acceptance criteria for conditioned waste intended for SFL until the
repository concept has been chosen. The nuclear power plants should not commence final conditioning
of waste until a verified repository concept exists. Acceptance criteria exist for the waste to be interim-
stored, see Section 6.2.

The period 2016—-2045

The plans for the SFL work after 2016 are presented schematically in Figure 6-2, where the main
activities are marked.

Prior to the site investigations, a siting survey will be conducted. It is estimated that the site investi-
gations can begin in around 2020. After that, design and analysis of the facility and assessment of the
repository’s long-term safety will be carried out, based on information from the selected site.

6.3.2 Updating of the reference inventory

The waste streams to SFL have changed during the past years, in part due to the decisions on extended
operating times for both the nuclear power plants and SFR. SKB therefore plans to compile and
present an updated reference inventory by 2013.

Programme

The updating of the reference inventory will be done in close cooperation with the nuclear power
companies, SVAFO, Studsvik and other stakeholders. The following waste will be disposed of in SFL:

Historic waste

The historic waste is managed by SVAFO, which in 2009 initiated a supplementary characterization
of the concrete-embedded waste that is expected to be finished in the spring of 2011. The purpose is
to describe the interim-stored waste and estimate its content of radionuclides. The work also includes
identifying those drums that contain large quantities of liquids or other materials that can cause
problems in a final repository and to carry out calculations on how reconditioning of the waste will
affect the disposal volume.

Waste from Studsvik’s activities

Studsvik’s activities annually produce waste equivalent to a disposal volume of about 20 m®. The
waste consists mainly of ash and sludge stored in steel drums. Information on this waste is stored in
a database. SKB’s primary task is to ensure that relevant information is collected and compiled so
that it is available to SKB.

Waste from decommissioning of the nuclear power plants

Decommissioning studies are being conducted to characterize the waste from the decommission-
ing of the nuclear power plants with regard to materials, weight, disposal volume and radionuclide
content. An estimate of the needed disposal volume and the points in time when the waste arises
is shown in Figure 6-1. The decommissioning study for Barsebéck is finished, and the others are
expected to be finished during 2011.

A detailed description of the plans for decommissioning and dismantling of the nuclear power plants
is provided in Section 7.2.
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Waste from operation and maintenance of the NPPs

An inventory will be made of the waste from operation and maintenance of the NPPs that is in interim
storage today. Information on this waste is stored in databases at the NPPs and SKB. The primary task
for SKB is to ensure that the information is correct and complete with regard to material composition
and radionuclide content.

Furthermore, the forecasts of the waste volumes that will be generated by future maintenance work
will be updated by clarifying the NPPs’ plans for major maintenance. Forecasts will then be made of
the needed disposal volume, and the nuclide inventory will be calculated and compiled.

6.3.3 Repository concept

A BMA-like repository at a depth of about 300 metres was assumed in the safety assessment for SFL
presented by SKB in 1999 /6-1/. The core components were placed in long moulds of reinforced
concrete with an inner steel cassette. The repository’s engineered barriers consisted of concrete and
porous concrete. The rock openings were backfilled with crushed rock.

The safety assessment showed that improved engineered barriers needed to be developed.

Programme

The work of identifying possible repository concepts for SFL begun in 2011. The work will for the
most part follow the methodology previously used by SKB for the final repository for spent nuclear
fuel /6-2/, which includes:

* identification of repository concepts,

 identification and choice of selection method and selection criteria,
» cevaluation and choice of repository concepts,

* development and improvement of chosen repository concepts,

» safety assessments and selection of one repository concept.

The work with the repository concept includes choice of methods and technical solutions for:
» conditioning of waste,

» waste packages,

» barriers and engineering materials,

* closure.

The technical solutions, together with the choice of site and repository depth, comprise the complete
repository concept. Following is an account of the criteria and properties which SKB must take into
consideration in designing the different repository concepts. The repository concept that was evalu-
ated in the safety assessment in 1999 will be included in the concept study and used as a reference to
evaluate the long-term safety of the concepts.

The waste which SKB will deposit in SFL consists of materials with different properties. This means
that despite its limited volume, the repository may consist of several disposal chambers based on
different technical solutions.

Waste package and conditioning waste

Factors to be considered in the choice of waste package and conditioning method for the long-lived
waste include the waste’s origin, composition, nuclide content and radiation level, and whether it
has already undergone some form of treatment or conditioning. In addition, consideration should
also be given to the presence of complexing agents and other chemical substances that can affect the
long-term safety of the repository.

Information on the waste varies. The historic waste is embedded in concrete today, but its composi-
tion and properties are not fully known. The metallic waste from the nuclear power plants will be
well characterized. SKB foresees that completely different methods for final conditioning and differ-
ent types of waste packages will be needed for the different waste types.
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There are fewer degrees of freedom in the choice of final conditioning method for the historic waste
than for the metallic decommissioning waste. One possible method is to place the containers in an
external container to strengthen the properties of the packaging. This container does not necessarily
have to be the same as the one described in Section 6.1. There are more degrees of freedom for the
metallic waste. This waste will to a great extent be interim-stored in steel containers, BFA tanks,
before it is to be deposited. Possible alternatives are therefore to let the waste remain in the tanks and
deposit them, or to fill them with concrete before deposition. If the waste is interim-stored for a long
time, this allows greater options for conditioning that could provide safety-related advantages during
a final disposal phase.

Barriers and engineering materials

Together with conditioning method and waste package, the repository’s engineered barriers and the
surrounding rock provide protection against the escape of radionuclides. The choice of the reposi-
tory’s engineered barriers is made with consideration given to the waste and how it is conditioned as
well as the containers in which the waste is placed.

A basic principle for SFL is that the repository’s principal safety function is to retard releases of
radionuclides, which is also true for SFR. This is mainly accomplished by the barriers’ capacity to
limit the transport of groundwater and its capacity to sorb radionuclides.

SFL will contain large quantities of metallic waste, and the release of radionuclides is therefore
dependent on whether corrosion can occur. The ability of the barriers to limit this, for example by
limiting the availability of water, is therefore of interest.

Other properties to take into consideration in the choice of barriers is that they should be mechani-
cally and chemically stable over very long periods of time and be able to withstand freezing during a
permafrost period.

Closure

SKB is about to initiate a study of methods and materials for closure of SFR, see Section 5.4.2.
When this study has been completed it may determine how a closure of SFL should be designed.
Furthermore, we have a reference design for closure of the Spent Fuel Repository which can also
provide guidance.

6.3.4 Natural science research

A detailed body of scientific data will be needed for future safety assessments of SFL. SKB has con-
ducted research and development for SFR and the Spent Fuel Repository over the past few decades.
The accumulated body of knowledge will also be useful in the work with safety assessments for SFL.

The plans for the research with the clearest connection to SFL are described in this section. Other
research that is being conducted or is planned under SKB’s auspices and is relevant for SFL is
described in Sections 20.2 and 21.2 and in Chapters 25 and 26.

Programme

A review of the state of knowledge in research areas of importance for SFL has been done during
2009 and 2010, along with a general review of possible technical concepts. The material will be
used to make decisions regarding what research projects will be started during the coming three-year
period. A number of research projects have been identified and some have already started, mainly in
areas linked to the engineered barriers and the properties of the waste.

A regular inventory of the state of research is performed within SKB, leading to the initiation of new
research projects aimed directly at SFL and carried out in cooperation with other projects within
SKB or by participation in national or international research programmes.

Following is a description of some of the areas identified as important for SFL and within which one
or more projects have been initiated during 2009 and 2010 which will last several years.
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Age-related changes in cementitious materials

Cement is not a static and homogeneous material, but is altered over time by processes such as
carbonatization and leaching-out of pH-enhancing hydroxides such as NaOH and CaOH,. These
processes lead to alteration of the structure of the material and of its chemical and mechanical
properties by the dissolution of certain phases and formation of others.

It is important that the ability of the cement and concrete structures to limit water flux remains intact
as long as possible after closure of the repository in order to limit leaching-out of the structures, metal
corrosion and radionuclide transport. The latter phenomena is furthermore dependent on the ability of
the cement to sorb radionuclides and thereby contribute to the repository’s release-retarding properties.

The chemical and mechanical properties of fresh cement are relatively well known today. The state
of knowledge for aged cement, i.e. cement older than 100 years, is poorer, however.

A number of research projects have been initiated to study the processes that are involved in ageing
and their effects on the chemical and mechanical properties of the cement. The main purpose of these
studies is to gain greater knowledge in areas related to the ageing of cementitious materials and their
interactions with surrounding materials, both by real-time investigations in a repository environment
and by accelerated experiments in a laboratory environment, and finally by computer modelling.

Corrosion of metals in a repository environment

The rate of release of radionuclides from metallic waste, as well as the life of metallic waste contain-
ers and reinforced concrete, are largely dependent on the corrosion rate of the metals in question in

a repository environment. The time after which the materials begin to corrode, and the rate, mecha-
nisms and scope of the corrosion process are completely dependent on the metal in question and the
properties of the ambient environment. For a more thorough description of the corrosion process, see
Section 20.2.12.

Metal in the form of rebar, waste packaging and waste comprises a large portion of the material that
will be present in SFL, which means that an understanding of the corrosion processes will be vital in
future safety assessments. A project has therefore been initiated where different types of metals have
been embedded in cement and placed in boreholes in a repository environment in the Aspd HRL. A
first retrieval of this material for investigation of how it has been affected is planned in around 2020,
and a last retrieval just before the laboratory is closed.

To supplement these studies, SKB plans to conduct similar investigations in a laboratory environ-
ment. There are also plans to conduct studies of the corrosion process in real time by measuring the
rate of the ongoing corrosion process by different methods.

Degradation of organic waste in a cement environment

Chemical degradation of organic material in the waste, or in the matrix in which the waste is embed-
ded, can generate products that can affect the repository’s long-term safety, for example complexing
agents. Organic material is expected to occur both in the historic waste and as an additive in cement

and concrete. For a more detailed description of this process and its effects, see Section 20.2.10.

The degradation products can affect the rate at which radionuclides are transported out of the reposi-
tory, and a good knowledge of what degradation products different organic materials can give rise to
is therefore important for future safety assessments. This information is also important for restricting
the waste’s content materials that give rise to particularly critical degradation products.

A project has been initiated where different types of organic waste have been embedded in cement
and placed in boreholes in a repository environment in the Aspd HRL. A first retrieval of this mate-
rial for investigation of how it has been affected by this exposure is planned in around 2020, and a
last retrieval just before the laboratory is closed.

To supplement these studies, SKB plans to conduct similar investigations in a laboratory environ-
ment. Before further experimentation is done, a more comprehensive review of the state of knowl-
edge in this area will be done.
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Gas permeability of concrete and cement

The repository’s ability to release generated gases is important, since excessively gas-tight structures
and materials can lead to the buildup of high pressures, which could threaten safety. For a more
thorough description of gas transport, see Section 21.2.5.

Gas will be formed in the repository primarily due to anaerobic corrosion of metals, but some
contribution is also expected from degradation of organic waste. Since these processes are expected
to occur over a long period of time, SKB has initiated a project to study how gas permeability in
cement develops in a long-term perspective, and which properties of the cement control this process.
A feasibility study is expected to be finished in 2010, after which a decision will be made concerning
the future course of the project.
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7 Responsibility, planning and technology for
decommissioning and dismantling of nuclear
facilities

According to Section 12 of the Act (1984:3) on Nuclear Activities, the holder of a licence to own
or operate a nuclear power reactor shall, in consultation with other reactor owners, prepare or have
prepared a programme for the comprehensive research and development work and other measures
specified in Section 10, paragraphs 2 and 3, and Section 11. This programme shall also include
decommissioning and dismantling.

This chapter describes how responsibility for decommissioning and dismantling of the nuclear power
reactors has been divided between the licensees and SKB. We also describe the plans for how the
decommissioning of the reactors and SKB’s own nuclear facilities are to be carried out. Furthermore,
the manner in which cooperation is pursued nationally and internationally to enhance competence in
the field of decommissioning is described.

Decommissioning of a nuclear facility comprises the activities that occur from when the facility has
been permanently shut down until it has been released from regulatory control and exempted from
conditions under the Nuclear Activities Act. After this there are no radiological or safety-related
reasons that prevent the establishment of other activities on the site. The dismantling of a facility is a
part of decommissioning and comprises the activities that occur from when dismantling begins until
the entire facility has been released for unrestricted use.

Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

SSM finds that the compilation of the nuclear power companies’ decommissioning plans and SKB’s
planning needs to be elaborated and supplemented in RD&D Programme 2010. This also applies to
the decommissioning plan for the Agesta combined heat and power plant (CHP). RD&D Programme
2010 should include an account of what mandate has been given to SKB to plan and/or implement
measures included in the nuclear power companies’ obligations under the Nuclear Activities Act.

In its comments on the supplement to RD&D Programme 2007 and in anticipation of the work with
RD&D Programme 2010, SSM noted the lack of a complete picture of the division of responsibili-
ties between SKB and the licensees for the Swedish nuclear power reactors. The mandate that has
been given to SKB by the licensees needs to be clarified. An account of responsibility for planning
and execution of the component phases in the decommissioning process is needed.

When it comes to rules for release/clearance from regulatory control, SSM and SKB find that the
nuclear power companies can refer to the EU’s recommendations in the area, which SSM intends to
incorporate in future clearance regulations.

At the coordination meetings for RD&D Programme 2010, SSM has requested a general description
of the NPPs’ plans for decommissioning, final disposal and clearance. Such a description should
include what kind of waste arises and when, as well as how it is to be disposed of, along with an
account of the flexibility of the plans in allowing for changes in the NPPs’ plans. The connections to
SKB’s plans should also be described.

71 Division of responsibilities

According to the Act (1984:3) on Nuclear Activities, the licensees for the nuclear facilities in
Sweden are responsible for safely decommission and dismantle the radioactive parts of the facilities.
Decommissioning shall be described in plans where the degree of detail in the account increases as
the time for decommissioning approaches. Furthermore, the Financing Act (2006:647) stipulates that
a licensee shall calculate the estimated cost of decommissioning of NPPs.

The licensees — Barsebick Kraft AB, Forsmarks Kraftgrupp AB, OKG Aktiebolag and Ringhals AB
— are responsible for decommissioning and dismantling of the Swedish nuclear power reactors in
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Barsebick, Forsmark, Oskarshamn and Ringhals. Vattenfall AB is responsible for the Agesta CHP,
while SKB is responsible for its facilities: Clink, SFR, the Spent Fuel Repository and SFL.

The licensee is responsible for the waste until it has been cleared or until SSM has made a decision
on closure of the Final repository, and the Government has granted discharge from responsibility
under Section 10 of the Nuclear Activities Act.

Figure 7-1 shows an overview of regulatory requirements on decommissioning planning during the
life of a nuclear power plant. Decommissioning begins after the facility has been shut down and lasts
until the facility can be released (cleared) for unrestricted use. Decommissioning includes defuelling
operation, shutdown operation and dismantling operation. Defuelling operation is the activity from
final shutdown of the unit until all nuclear fuel has been removed from the unit and hauled away.
This is followed by shutdown operation, which lasts until the dismantling process has begun. During
dismantling operation, dismantlement and demolishment of the facility proceeds along with other
activities required for clearance from regulatory control. After a decision by SSM on clearance, the
Authority can release the facility from control under the Nuclear Activities Act.

According to the Environmental Code, an EIS must be submitted both before final shutdown of the
facility and as a part of the application for a dismantling licence, see Figure 7-1.

In order to comply with SSMFS 2008:19, radiation protection aspects in connection with a future
decommissioning must be taken into account when a facility is built. Sections 4-8 of the regulations
regulate decommissioning planning, stating that a preliminary plan must exist. Not later than one
year after final shutdown, the licensee must submit a general report describing and explaining goals
and measures, and present a timetable for the decommissioning. Not later than four months before
dismantling operation is begun, a detailed account shall be send to SSM describing how the work
will be conducted. The account shall include how different systems are affected, organization,
emergency plans, material quantities, treatment of the waste, management of residual radioactivity in
soil or buildings, and quality and monitoring system.

According to Chapter nine of SSMFS 2008:1, the preliminary decommissioning plan shall be sup-
plemented and kept up-to-date as long as the facility is in operation and shall be presented to SSM
every ten years. Before dismantling operation may commence, the decommissioning plan must be
incorporated in the safety analysis report for the facility. The safety analysis report shall undergo
safety review and be reviewed and approved by SSM. The environmental impact statement which is
submitted to the environmental court under the Ordinance on Environmental Impact Statements shall
be appended to the safety analysis report.

Licensees are responsible for compliance with the regulatory requirements in accordance with Figure 7-1.

Final shutdown Release/clearance

Decommissioning — Regulatory review

<
<

Construction Operation Defuel!lng Shutdown operation Dlsmaptllng Unrestricted use
operation operation
Environmental Code
T Environmental permit/EIS T T

SSMFS 2008:19 — requirement on decommissioning planning

T Section 3 T Sections 4-8 T Section 9 (no more than 1 year after) T Section 10 (no later than 4 months before)

Construction Planning of Finally shutdown facility Dismantling
/rebuilding decommissioning

2008:1 — requirements on decommissioning plan and updated SAR/STF
Chap. 9 Sec. 2 Decommissioning plan

T Chap. 9 Sec. 1 Updated every 10 years T incorporated into the safety analysis report
incl. EIS

>

Figure 7-1. Overview of regulatory requirements on decommissioning planning during the life of the nuclear
power plant.
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7.1.1 Division of responsibilities between SKB and licensees of Swedish
nuclear power reactors

Responsibility for a nuclear facility rests with the licensee, who is responsible for planning, licensing
and dismantling of the facility, as well as disposing of the waste. This includes deciding which
strategy and timetable should be employed in decommissioning and dismantling of the facility.

From a national viewpoint, there is a need to coordinate decommissioning and dismantling between
the nuclear facilities. Coordination is also needed to ensure that the whole chain from decommis-
sioning to final disposal is optimized. A decommissioning group with representatives from the
nuclear power companies, Studsvik, SVAFO and SKB was formed at the start of the 21st century

to meet the need for a forum to deal with decommissioning and dismantling issues. The purpose of
the group is to focus on technology and logistics issues in connection with the decommissioning of
nuclear facilities, for example choice of different technical solutions and treatment and management
of the waste. In this work, the nuclear power companies have contracted SKB to participate in the
planning and execution of future decommissionings of their NPPs and to operate final repositories
for decommissioning waste. SKB’s participation mainly involves developing general methods and
procedures for the dismantling work, activity and volume estimates, and classification of waste. SKB
is also responsible for making estimates of the decommissioning costs of the NPPs in Barseback,
Oskarshamn, Forsmark and Ringhals.

SKB is responsible for managing the conditioned radioactive waste from decommissioning.

Figure 7-2 illustrates the division of responsibilities for management of the decommissioning waste
from decommissioning to final disposal via interim storage. SKB is in charge of managing the waste
in its facilities and on the ship m/s Sigyn.

In order to dispose of the short-lived decommissioning waste, SKB is planning an extension of SFR,
see Section 5.3. Long-lived waste that arises from the decommissioning of nuclear facilities will be
interim-stored until SFL has been put into operation, see Chapter 6. SKB shall, in consultation with
the nuclear power companies, make sure that the waste is treated and packaged in such a way that it
is suitable for interim storage and final disposal.

To gather data as a basis for the design of the transportation and final repository systems and for fee
calculations, SKB will continue to carry out decommissioning studies and general cost calculations
for decommissioning of the Swedish nuclear power plants. SKB will also keep track of international
developments in the decommissioning field and technological advances, for example by participa-
tion in the OECD-NEA’s cooperative programme and the IAEA’s programme.

7.1.2 Division of responsibilities between SKB and licensee/owner of Agesta
combined heat and power reactor

The decommissioning of the Agesta reactor and the management of waste from decommissioning is
financed via fee payments regulated in the Studsvik Act (1988:1597) and by Vattenfall AB.

Vattenfall holds the nuclear licence for Agesta, but in the winter of 2009/2010 Vattenfall and SVAFO
applied for SVAFO to take over the nuclear licence from Vattenfall. The matter has not been decided.
A prerequisite if SVAFO is to take over the licence is that the company must be staffed for this task,
organizationally and operationally.

Service and maintenance of the facility has been handled for many years by Studsvik Nuclear AB
under contract to Vattenfall. This has been approved by SSM. When SVAFO takes over the nuclear
licence, SVAFO will also assume responsibility for service and maintenance.

Agesta’s decommissioning work is coordinated with the decommissioning work at other nuclear
power plants via the Decommissioning Group. Furthermore, SKB’s resources are available if any
research is needed.

RD&D Programme 2010, TR-10-63 91



Near-surface
repository at NPP

Interim storage
facility at NPP

Nuclear power
reactor

<= = =

Interim storage
facility, SKB

Conditioning,
Decontamination

Clab

Responsibility for transportation and management

Cleared

material/waste
e

- — - Short-lived waste, licensee who owns or operates a nuclear power reactor
——— Long-lived waste, licensee who owns or operates a nuclear power reactor
= = = Short-lived waste, SKB

Long-lived waste, SKB

Limit of responsibility, facilities

:] Licensee who owns or operates a nuclear power reactor

[ sks

|:| Owner of public recycled material

Public
recycling/landfilling

Figure 7-2. lllustration of division of responsibilities for management of decommissioning waste and its
flow. Note that the figure describes responsibility for transport and facility. Responsibility for the waste
itself always rests with the nuclear power companies.
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7.2 Planning for decommissioning and dismantling

Since decommissioning often lies far in the future, detailed plans for decommissioning of the nuclear
power plants have not yet been prepared by the nuclear power companies. One exception is the plans
for the Barsebéck plant, where work is currently under way on in-depth studies for decommissioning.

All licensees for the NPPs, with the exception of Barsebéck, are planning to update their
decommissioning plans within the next year. These updatings will be coordinated with the other
licensees in the Decommissioning Group, which will be the coordinating forum for this work. Via
the Decommissioning Group, SKB intends to update the joint industry documents “Teknik och
kostnader for rivning av svenska karnkraftverk” /7-1/ (“Technology and costs for decommissioning
of Swedish nuclear power plants”) and “Struktur pa avvecklingsplan for kdrntekniska anldggningar,
guideline” /7-2/ (“Structure of decommissioning plan for nuclear facilities, guideline™).

Now that Barsebdck’s planning work is being intensified, numerous details and studies will be dis-
cussed and coordinated via the Decommissioning Group. Decommissioning issues for the Studsvik
reactors, Agesta and Ranstad, will also serve as a basis for knowledge exchange. These facilities are
the first that are planned to be decommissioned, and an exchange of expertise and experience will be
important for all members of the Decommissioning Group as well as for the individual decommis-
sioning projects.

The decommissioning of SKB’s own facilities lies far ahead in time, but the decommissioning plans
are needed as a basis for SKB’s programme and to comply with the statutory requirements. The
plans for these facilities are summarized in Section 7.2.2.

7.2.1 Decommissioning strategies

Three different strategies for decommissioning are often mentioned in international contexts. The
Swedish nuclear power companies mainly plan to carry out decommissioning in accordance with
the strategy called “Direct Dismantling”. For Barsebéck and Agesta, which are already shut down,
a variant of “Safestore” is being applied.

Direct Dismantling or Early Site Release

Direct Dismantling or Early Site Release entails that all radioactive components and buildings are
decontaminated and/or dismantled/demolished shortly after shutdown and the waste is stored on the
site awaiting transfer to a final repository or is packaged and transported to an already established
interim storage facility or final repository. The facility is then released from regulatory control.

Safestore

Decommissioning to Safestore entails that the facility is kept largely intact and protected for a
number of years (20—150). During this time the facility is monitored and “decontamination” occurs
by natural decay. When the activity levels have declined, the actual dismantling begins. In many
cases it has been possible to dismantle the parts of the facility that generate types of waste for which
there are established management and disposal methods, while other parts (mainly reactor and
graphite, where applicable) are put in Safestore pending the establishment of final repositories for
these waste types (long-lived).

Entomb

The Entomb strategy for decommissioning entails that all radioactive components, systems and
building parts are encased on the site in, for example, concrete. Monitoring takes place until the
radioactivity has reached such a level that the licensee can be discharged from all responsibilities and
obligations for the facility. This strategy is not applied in practice.
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7.2.2 Licensees’ planning for decommissioning and dismantling

This section contains a compilation of the nuclear power companies’ decommissioning plans for
Barsebick, Forsmark, Oskarshamn and Ringhals as well as Vattenfall’s plan for the decommission-
ing of Agesta. Here the content of the preliminary decommissioning plans sent in by each licensee to
SSM /7-3, 7-4, 7-5, 7-6, 7-7/ is described, along with the continued work with the plans. The section
also describes the plans for the decommissioning of SKB’s nuclear facilities.

Since the number of years until decommissioning and dismantling differs for the licensees, the
degree of detail in their planning differs, as is reflected in the text below.

Barsebéack

Barsebick’s two reactors are in shutdown operation, i.e. they have been shut down and the spent
nuclear fuel has been removed and Barsebédck Kraft AB (BKAB) has therefore, in keeping with
applicable regulations, presented a general decommissioning plan /7-3/ that takes into account the
fact that the reactors are in shutdown operation. The final goal of decommissioning of the Barsebick
plant is that the land, plus any remaining buildings including equipment, can be released for unre-
stricted use.

The facility has been adapted to shutdown operation and a new safety analysis report (SAR) and
safety-related technical specifications (STF) have been implemented. During shutdown operation,
BKAB has carried out system decontamination on both reactors. Under BKAB’s strategy, decom-
missioning of Barsebéck 1 and 2 and the common facility parts on the site is carried out as a joint
project. The dismantling preparations are planned to start in 2018 and dismantling itself in 2020,
when SFR is expected to be able to receive the short-lived decommissioning waste. Dismantling,
waste management and transportation will be carried out as industrial processes where low radiation
doses are prioritized. This entails handling and transporting the radioactive waste as large units, and
that clearance measures such as decontamination are only carried out when a great advantage can be
identified from an ALARA perspective. The volume of radioactive waste will therefore be slightly
greater, but this is compensated for by low radiation doses to personnel, a shorter timetable and a
smaller need of resources. A near-surface repository for very low-level waste will not be established
at Barsebdck.

The radioactive waste that will be managed by SKB and disposed of in SFR is estimated to amount
to about 18,000 tonnes, which corresponds to a disposal volume of about 16,000 m?*. Most of

the waste will be produced between 2020 and 2023. The total number of waste packages to be
transported to SFR is estimated to be about 800 ISO containers, 62 concrete moulds, 283 steel
moulds and 22 BFA tanks. This estimate is based on segmentation of the reactor pressure vessels.
Preparations are under way for dismantling and transporting whole reactor pressure vessels, which
will lead to changes in the number of packages. The shipments to SFR are expected to be evenly
distributed over the years 2020 to 2023. The quantity of radioactive material that can be cleared is
estimated at about 2,500 tonnes and consists primarily of parts from the turbine plant that can be
sent for melting. Inactive concrete from different buildings is estimated to amount to about 400,000
tonnes, most of which will be able to be used as backfill on the site.

Forsmark

Forsmarks Kraftgrupp AB (FKA) has sent a preliminary decommissioning plan to SSM /7-4/ that
applies to all three reactors in Forsmark. The plan is based on operation of the reactors for 40 years.
The goal of decommissioning is to remove the radioactive material and release the facility for
unrestricted use.

FKA’s strategy, according to the decommissioning plan, is to keep the units in shutdown operation
for some ten years before dismantling is started. Dismantling will not be started until all reactors
have been shut down and system decontamination has been carried out. Dismantling of the reactors
will be carried out in sequence. FKA does not rule out the possibility of land fill of very low-level
waste.
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FKA is updating its decommissioning plan during 2010/2011. The need for an updating stems mainly
from the conclusions in the ongoing decommissioning studies concerning planning and strategies,
see Section 7.2.3. The decommissioning studies are based on FKA’s current plans to operate its
reactors for at least 50 years and to keep the shutdown operation period as short as possible and not
longer than five years.

Oskarshamn

In its preliminary decommissioning plan /7-5/, OKG AB assumes an operating time of 60 years for
its three reactors, which agrees with the current plan. The objective for the decommissioning is to
bring the facility to a state where its buildings and land can be released for unrestricted use.

Different decommissioning alternatives have been studied, but the choice of strategy will not be
made until closer to the final shutdown of the facilities. The joint waste facility located at O1/
02 must be in operation for a few years after closure of the last reactor. OKG intends to carry out
surveys of the activity in the facilities and make new estimates of the waste volume prior to final
shutdown of the reactors. A decision will then be made whether system decontamination is to be
carried out and whether surface repositories can be utilized.

When ongoing unit-specific decommissioning studies for the Oskarshamn plant are completed, they
will serve as a basis for updating the decommissioning plan, which is planned for 2011.

Ringhals

In its preliminary decommissioning plan /7-6/, Ringhals AB (RAB) assumes operating times of 40
years for the R1 and R2 reactors and 50 years for R3 and R4. The goal of decommissioning is to
remove the radioactive material and release the facility for unrestricted use.

RAB?’s strategy entails that most of the dismantling is done five years after final shutdown when
system decontamination has been carried out. Furthermore, the nearby unit must be finally shut
down before dismantling is begun. According to the plan the reactor pressure vessels will be
transported and disposed of as large units, without segmentation. The last facilities on the site to be
decommissioned and dismantled are waste and service facilities. According to the plan, this will take
place between 2050 and 2053. RAB assumes in its planning that surface repositories can be used for
very low-level waste.

RAB’s ongoing decommissioning studies will serve as a basis for an updating of the preliminary
decommissioning plan during the period 2010-2011. The study assumes that the operating time of
all reactors is 50 years. The plan for how the reactor pressure vessels from PWR will be managed
needs to be reviewed based on the knowledge gained from the study of handling of whole BWR
reactor pressure vessels in the SFR Extension Project.

Agesta

Vattenfall has contracted SVAFO to decommission and dismantle the CHP reactor in Agesta. The
Agesta plant is currently in shutdown operation. All fuel and heavy water have been removed from the
facility. Otherwise it is largely intact, but two of the four main heat exchangers (the steam generators)
have been removed, decontaminated and melted, after which the ingots were cleared. Furthermore,
diesel generator sets and batteries have been removed, and now only the rock drainage system is in
operation. Follow-up is taking place in accordance with issued radiation protection conditions, and
certain equipment (e.g. certain lifting devices) is being maintained to facilitate future dismantling.

Shutdown operation is planned to continue until dismantling starts, no earlier than around 2020 when
the current environmental permit expires. A preliminary decommissioning plan has been prepared
for the facility. /7-7/, where different objectives for a decommissioning are discussed. The alternative
that appears most realistic today is release of the land area and the entire rock cavern for unrestricted
use. When the time for decommissioning approaches, one alternative will be selected, explained and
presented in detail.
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What remains of the radioactive parts is mainly the reactor pressure vessel, two steam generators and
30 controllers with induced activity, plus piping from the primary system. Most of the activity is in
the reactor pressure vessel with its internal parts. Two alternatives have been studied for handling
them: either transport and disposal of the whole vessel, or segmentation. Regardless of which of the
two alternatives is chosen, steps will be taken to minimize the dose to the personnel, for example by
remote control handling. The main alternative for managing the reactor pressure vessel for the time
being is segmentation, but at present the alternatives cannot be distinguished in terms of dose. More
thorough studies will be conducted prior to dismantling.

Earlier dismantling would entail that the decommissioning waste has to be transported and interim-
stored at another location, since SFR will not be ready to receive this waste until around 2020.
Earlier dismantling is not judged to have any advantages in terms of dose; in fact the dose to person-
nel would increase since there would be less time for radioactive decay.

Measures will be adopted to avoid radiation doses to the environment and to minimize dose contri-
butions to personnel, in accordance with the ALARA principle. New radioactivity measurements will
be performed prior to dismantling, when the degree of detail in the preparations increases.

The decommissioning plan is based on avoiding all unnecessary handling of the waste. The Agesta
plant currently serves as an interim storage facility for radioactive material. Since the plant is being
operated with a minimum impact on personnel and the environment, dismantling will not be com-
menced until final repositories or interim storage facilities are available for the waste.

Unlike other reactors, Agesta is located far from the nearest harbour. This means that the waste from
decommissioning will have to be transported by truck on public roads. The waste will be transported
to a facility where it will be treated (volume reduction, conditioning, decontamination) and the radio-
activity measured before it is transported to a final repository. Under current laws and requirements,
a special permit for transport of hazardous goods by road will be required in order to transport the
decommissioning waste from Agesta. Previous experience exists in the industry of this type of
transport, for example the steam generators from Ringhals and today’s shipments of low-level waste
for treatment in Studsvik.

Environmental reports are published annually, and this will continue during decommissioning
according to current requirements. Before an application for decommissioning is submitted, an
inventory must be made of hazardous substances and a plan for managing these substances must be
presented. Some inventories are already being made of the radioactive and hazardous waste that is
planned to be disposed of in SFR, as a basis for an application for a licence for the extension of SFR.

Agesta’s decommissioning study will be updated during the period 2010-2011 in accordance with
ongoing decommissioning studies for the nuclear power plants, see Section 7.2.3.

A clearance study has been done for the areas outside the containment in Agesta and an application
for clearance of these areas for unrestricted use was submitted to SSM in 2010.

SKB'’s nuclear facilities
Clink

SKB is the licensee for Clab and will likewise be the licensee for the integrated facility called Clink
when the addition containing the planned encapsulation plant is finished. The decommissioning plan
for Clink /7-8/ is preliminary and conforms to the requirements made by the regulatory authorities
on SKB for the coming licensing of the addition containing the encapsulation plant.

Clink will be decommissioned when all spent nuclear fuel has been encapsulated and disposed of in
the Spent Fuel Repository. The timetable depends on when the last nuclear power reactor is taken out
of service. Based on the current reference scenario /7-9/, which is based on 50 years’ operation of
the nuclear power plants in Forsmark and Ringhals and 60 years for the Oskarshamn Nuclear Power
Plant, decommissioning of Clink could be commenced in around 2070 and concluded after 5—7
years. This means that Clink will still be in operation when the last facility in OKG’s ownership has
been shut down.
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During the work of preparing the decommissioning plan for Clink, no reason has emerged why the
decommissioning should be more complicated than for the other nuclear facilities whose decommis-
sioning lies closer in time. It should be possible to carry out the decommissioning with a low dose
to personnel, and the quantity of short- and long-lived radioactive waste is expected to be limited.
According to the current version of the decommissioning plan, the radioactive decommissioning
waste will be sent to SFL, but in later versions of SKB’s plans it has been redirected to SFR.

The goal of the decommissioning is to remove radioactive material and release Clink for unrestricted
use, according to the definition in the Radiation Protection Act. This means that buildings, including
all equipment and land, should be released for unrestricted use.

SKB plans to prepare a decommissioning study for Clink during 2011 as a basis for the extension of
SFR. This study may demonstrate the need to update the decommissioning plan.

SFR

Despite the lack of radioactive material, SFR’s above-ground parts are to be regarded as a nuclear
facility and are subject to the requirement on a preliminary decommissioning plan. In view of the
fact that the above-ground parts of the facility can be regarded as conventional buildings, such a
comprehensive account as that recommended in the published guidelines /7-2/ is not relevant. SKB
has therefore sent a simplified account of how the decommissioning of SFR is planned to be carried
out /SKBdoc 1049861/ to SSM. The decommissioning plan for SFR will be revised for the applica-
tion to extend SFR.

The goal of the decommissioning is either to dismantle and demolish the above-ground buildings or
to retain them for other use. A choice between these alternatives will be made by SKB prior to the
decommissioning. Closure of the tunnels is described in the facility’s safety analysis report.

A particular system for final disposal of nuclear waste from decommissioning is not relevant. The
system parts that may be slightly contaminated (for example parts of the ventilation system) are
dismantled and taken down into the facility’s repository parts before the access tunnels are closed.
Hauling away of dismantling material from the facility is not likely to be necessary, since disman-
tling material may be used as backfill in the transport tunnels, provided an environmental permit for
such use is issued.

Along with SKB’s other nuclear facilities for waste management, SFR will be among the last nuclear
facilities to be decommissioned in Sweden. The requisite knowledge and experience will therefore
be available from decommissioning and dismantling of other nuclear facilities. Requirements on
such experience are very limited, however, since the facility is a conventional industrial plant when
decommissioning occurs.

Since no radioactivity is left in the facility once any contaminated parts of the ventilation systems
have been removed, there is no risk of radiological accidents during decommissioning. The organiza-
tion at the facility will be adapted to the chosen strategy for decommissioning and possible disman-
tling, with observation of the rules and regulations that apply at the time of the decommissioning.

SFL

No decommissioning plan has yet been prepared for SFL, since the facility is so far still in the
concept stage. See Section 4.2.2 for decommissioning of SFL.

The Spent Fuel Repository

A preliminary decommissioning plan has been prepared for the Spent Fuel Repository and will be
included in the applications under the Nuclear Activities Act for final disposal of spent nuclear fuel
and under the Environmental Code for the KBS-3 system.

The final repository for spent nuclear fuel consists of a surface (above-ground) part and an under-
ground part. The surface and underground parts are connected by a ramp and several shafts, for e.g.
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ventilation. The underground part consists of a central area and a number of deposition areas. The
latter comprise the repository area. The closed underground part constitutes the actual final repository.

Decommissioning begins after operation is concluded, i.e. when all spent nuclear fuel has been
deposited and the deposition tunnels have been backfilled and plugged. Decommissioning entails
closure of the remaining parts of the underground part and dismantling of the surface part.

When decommissioning starts there will be no contamination in the facility. Dismantling is therefore
carried out as for a conventional facility. Decommissioning waste is sorted and recycled where
possible, or taken to public landfill. Hazardous waste is managed in compliance with relevant legal
provisions. A ground survey is carried out and serves as a basis for site remediation.

The work with the decommissioning plan for the Spent Fuel Repository is handled within the
Nuclear Fuel Programme.

7.2.3 SKB'’s planning for decommissioning and dismantling

By means of its own studies and by actively following what happens internationally, SKB, together
with the nuclear power companies, is acquiring the competence needed to plan and execute future
decommissioning projects. SKB’s objective is to be able to manage the radioactive waste from
decommissioning in keeping with the decommissioning plans for the various facilities. The plans
for the NPPs and SKB’s facilities are updated regularly in dialogue between the concerned parties.
The work with the plans is an iterative process involving increasing competence and understanding
as the decommissioning studies are updated and refined. The formal forum for this work is the
Decommissioning Group.

Studies of decommissioning and dismantling of NPPs have been conducted under SKB’s auspices in
cooperation with the nuclear power companies for more than 20 years. The studies have been based
on designation of a reference plant for the BWR and PWR plants. Detailed decommissioning studies
have been conducted for the reference plants, and the results have then been applied to other plants.
Strategies and technology have been compiled /7-1/ and are assumed to be the same for all the
nuclear power units. The compilation has been used as a guideline in the nuclear power companies’
preliminary decommissioning planning.

In order to provide a sound knowledge base for transport, interim storage and final disposal of decom-
missioning waste, unit-specific decommissioning studies are currently being conducted in cooperation
between SKB and the nuclear power companies. Any local deviations from the reference plants are
included in these studies. Estimates of waste volumes and estimates of the nuclide-specific content of
the waste will be used as a basis for planning the extension of SFR and for assessment of the reposi-
tory’s long-term safety. The studies include surveys of both controlled and uncontrolled areas at the
nuclear power plants. Coordination gains are achieved since the entire facility is surveyed at the same
time and the licensee gets complete data on both nuclear waste and conventional waste.

In addition to estimates of volumes and costs, a survey is made of the technology and logistics for
the decommissioning. The type of dismantling work in a facility varies, so several different tech-
niques are described and a recommendation for the choice of the optimal technique is made for each
type of work. Only proven, currently existing techniques are chosen to minimize risks and costs. In
some cases the recommended dismantling technique is the same as is used for maintenance work
during the operation of the nuclear power plant. The logistics account includes a description of the
planned sequence in which everything will be dismantled in order to achieve optimal waste streams
at the nuclear power plant and minimize the radiation doses. Dismantling and handling of the reactor
pressure vessel and its core components is of great importance for the timetable, since it is one of the
major dismantling activities that is begun first.

The logistics for management of the decommissioning waste from all NPPs has been studied in

a background report to the compilation of strategies and technology /7-1/. One conclusion is that
transport and deposition of decommissioning waste will not be limiting factors for the planning of
when the different NPPs can be dismantled.

Joint studies are also examining new technology, such as handling of large components without
segmentation.
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Ongoing work on regulations at SSM regarding rules for clearance of materials, premises and
buildings and rules for shallow land burial of very low-level waste may affect the quantity of waste
to SKB’s facilities. For the time being, SKB assumes that all material that is not cleared will be
disposed of as radioactive waste in SFR or SFL.

In their decommissioning plans, the nuclear power companies present various strategies for manage-
ment of the very low-level decommissioning waste. In order to reach a consensus, and as a basis for
the extension of SFR, a feasibility study was published in 2010 that presents various alternatives for
disposal of the very low-level waste. The alternatives described are surface repositories at the NPPs,
a single joint near-surface repository, or SFR. An update of the study is planned during 2011, after
which a decision is expected to be able to be made on a strategy, see Section 5.5.

7.3 Development of methods and technology for decommissioning
7.3.1 International work and cooperation

SKB is keeping track of and participating in the international development work being pursued
within decommissioning and dismantling technology, in part through its chairmanship of the NEA
groups CPD/TAG (International Co-operative Programme on Decommissioning/Technical Advisory
Group) and DCEG (Decommissioning Cost Estimation Group). The CPD/TAG is treating some
40-odd current international decommissioning projects, while the DCEG is focusing on the costs of
decommissioning and dismantling.

Ongoing work within the DCEG involves comparisons and evaluations of costs for decommissioning
of facilities in different countries. An important tool in this work is the joint structure “A Proposed
standardised list of items for costing purposes, Interim Technical Document (Yellow Book)” /7-10/
which is used to account for the costs. An updating of the tool (Yellow Book) is also being carried out
within the DCEG, with the active participation of the NEA, the EC and the IAEA.

Studsvik and BKAB are participating in TAG with the R2 reactor and Barsebick 1 and 2 as decom-
missioning projects. BKAB is participating in the WPDD’s (Working Party on Decommissioning
and Dismantling) survey concerning the management of large components as well as in the

EPRI Decommissioning Technology Programme. BKAB is also participating in the IAEA’s IDN
(International Decommissioning Network).

7.3.2 The nuclear power companies’ development work

In the case of Barsebéck, large studies have been conducted for both decommissioning and dismantling
of a whole reactor pressure vessel and segmenting of a reactor pressure vessel and core compontents.
Furthermore, the activity inventory in the waste that arises from decommissioning of the units has been
estimated.

Current and planned studies for Barsebick are:

» Survey and categorization of facility and environs regarding contamination and environmentally
hazardous waste.

» Establishment of radiological criteria for decommissioning.

* Clearance procedures for land and buildings.

» Establishment of requirements for dismantling operation.

* Decommissioning studies dealing with technology, logistics and costs.
* Organization for dismantling operation.

Barsebick is the NPP that will be decommissioned first, and since, according to the plants’ pre-
liminary decommissioning plans, the level of detail in the background data increases as the time of
decommissioning approaches, most of the development work is being done for Barseback. This work
is reported in the Decommissioning Group and is represented in TAG in order to exchange experi-
ence and enhance competence in the industry.
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In the case of the other NPPs, the development work is taking place mostly via the issues and activi-
ties being discussed and reported within the Decommissioning Group.

Important experience is gained when the plants carry out audits and replace components. This pro-
vides good knowledge prior to decommissioning with regard to technology and data for estimating
the costs of the work and of the management, transport and final disposal of the components.

7.3.3 Clearance

An important parameter for the choice of technology and strategy in the decommissioning work is
the applicable release requirements. SSM intends to follow the EU’s recommendations in the area,
which will serve as a basis for future regulations for clearance.

SSM says that they do not intend at the present time to specify any general clearance levels for land.
Instead they wish to establish clearance levels for each individual object based on the properties of
the site in question and the future use of the land. The draft edition of SSM’s regulation refers to

the international recommendations from the ICRP and the IAEA, which stipulate a dose constraint
criterion of approximately 300 microsieverts per year for an individual exposed to residual contami-
nation.

The clearance levels for land have a significant bearing on the volume of the radioactive waste that
is produced and are thereby a fundamental factor in planning for decommissioning and site remedia-
tion. It should be made clear which clearance levels are adequate, both from the public’s perspective
and for future use of the site.

The Swedish nuclear industry (including SKB) has begun work on a manual to create practical
guidelines for clearance and thereby exemptions from the Nuclear Activities Act and the Radiation
Protection Act of materials, premises and buildings as well as land. The manual will be completed
when SSM’s coming regulation on clearance has been published. The procedure described in the
manual is based mainly on the Authority’s coming regulation. The purpose of the manual is to serve
as a tool and a guide in the formulation of company-specific procedures and instructions. It describes
the principles, processes and procedures that should be followed during a clearance procedure. The
intention is that compliance with the relevant regulations is ensured by following the procedures and
principles in the manual. The manual will thereby be of great assistance in the detailed planning of
decommissioning.
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8 Current situation and points of departure

8.1 Introduction

In RD&D Programme 2007, SKB gave a status report on the planning work for construction and opera-
tion of the final repository for spent nuclear fuel (the Spent Fuel Repository). A preliminary execution
programme was presented and the work methodology for design, construction and operation that

was under development was described. The status report was done for two reasons. One was that the
plans for construction and operation comprise planning premises for ongoing and planned technology
development. They are thus a necessary background for the report on technology development. The
other reason was that SKB considered it valuable to obtain viewpoints, via the review of the RD&D
programme, on the execution plan while it was still under development.

The viewpoints on SKB’s overall planning of the final repository project offered by SKI in its review
of RD&D Programme 2007 mainly consisted of demands for supporting material for future applica-
tions. Among other things, they asked for information on planned investigations during construction
and operation (detailed characterization), plus more details on the forms for organizational control
during construction and operation. Viewpoints on SKB’s development work chiefly concerned
individual technology areas. This is dealt with in Chapters 10-16.

SKB has continued its planning for construction and operation of the Spent Fuel Repository, with
sights set on the account that will be submitted in the applications under the Environmental Code
and the Nuclear Activities Act. The execution plan for the Spent Fuel Repository has thereby
changed character from being a development matter handled mainly within the RD&D process to
being a matter that will be handled within the licensing process. The development of the technology
that is needed in different phases of construction and operation will, however, continue to be handled
within the RD&D process.

This change of what is reported within the licensing and RD&D processes, respectively — along with the
fact that the RD&D programme is being presented shortly before SKB intends to submit the applications
—has consequences for what is included in the present RD&D programme. The timing of SKB’s RD&D
reports is governed by the Nuclear Activities Act, the result being that this RD&D programme is being
presented at the same time as the compilation of the supporting material for the applications is in its final
phase. An up-to-date account of technology development is then necessarily dependent on background
and premises that will not be reported in their complete form until the applications are submitted. This
mainly applies to stage breakdown and methodology for construction and operation, plus the conse-
quences of the selection of Forsmark as the site for the Spent Fuel Repository.

In order to provide a background to how the plans for technology development in different areas are
linked to the execution of the final disposal of spent nuclear fuel, the execution plans for the encapsula-
tion plant and the final repository are summarized in this chapter. The summary pertains to the period
up to the start of operation, i.e. the main phases licensing, construction and commissioning. It is during
these phases that the technology developed for the components of the KBS-3 system will be put into
use, or readied for use when operation begins. Chapter 9 provides an overview of the programme for
technology development and how it is managed to ensure that technology that meets the requirements
is delivered as needed during the coming phases. The status and plans for the development work in

the different technology areas are then presented in Chapters 10—16 with the necessary background on
premises in the form of requirements and chosen reference design.

8.2 Main phases and timetable

SKB’s planning for the future management of spent nuclear fuel, from interim storage in Clab via
encapsulation to final disposal, takes place within the framework of SKB’s Nuclear Fuel Programme.
The programme includes licensing, design, construction and commissioning of the encapsulation
plant and the final repository for spent nuclear fuel. These two civil engineering projects are benefi-
ciaries of the technology development for the KBS-3 system that is being done with the Nuclear Fuel
Programme as the client.
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Fundamental premises for the execution plan are presented in the plan of action, see Section 2.3.
Other important premises are:

A total of about 6,000 canisters will be managed and disposed of.

In routine operation the deposition rate is 150 canisters per year. The system is designed for a
maximum deposition capacity of 200 canisters per year.

The chosen reference design is KBS-3 with vertical deposition in a final repository at a depth of
about 500 metres. A switch to horizontal deposition must be possible.

The encapsulation plant will be built adjacent to Clab, and the two facilities will be operated as
one integrated facility called Clink.

The Spent Fuel Repository will be located at Forsmark and its layout will be adapted to the
bedrock and other conditions on the site.

Operation of the system will start as soon as possible, but with realistic timetables for the licens-
ing process, construction and commissioning.

Figure 8-1 shows SKB’s timetable for establishment of the Spent Fuel Repository and Clink, up
to the start of operation, when trial operation of the entire system with facilities and transportation

Main phases, Nuclear Fuel Programme

Licensing Construction Commissioning Operation

Nuclear Fuel Repository

Milestones

. 2011 . 2012 . 2013 . 2014 . 2015 . 2016 . 2017 . 2018 . 2019 . 2020 . 2021 . 2022 . 2023 . 2024 . 2025 . 2026 : 2027 :

 Start of ; Startof | Start of ; Start

construction . construction ! construction @ integrated ' Start of !
accesses . centralarea | deposition ared testing operation
Above ground : f f 1 1 1 1 1 1 1
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Clink

Milestones

1 2011 ' 2012 ' 2013 ' 2014 ' 2015 ' 2016 | 2017 | 2018 | 2019 | 2020 ' 2021 ' 2022 | 2023 | 2024 ' 2025 : 2026 : 2027

Start of Interconnection Start Start of

construction | Clab and Inka integrated testing operation

MO N v

Facilities/activities
Clab, Alterations

Inka, Rock excavation works

Inka, Building

Inka, Installations

Clink, Finishi

ng

Integrated testing

Figure 8-1. Timetable for establishment of the Spent Fuel Repository and Clink. Designated milestones
refer to target times for technology development according to the plan presented in Chapter 9.
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commences. Trial operation subsequently transitions into routine operation. Execution is divided into
four main phases: licensing, construction, commissioning and operation. Construction and commis-
sioning overlap in time, since facility parts are commissioned as they are finished and installations
are put in place. The activities planned during different phases are summarized for the two facilities
in Sections 8.3 and 8.4. The milestones shown in Figure 8-1 refer to distinct “delivery occasions” for
results from technology development, i.e. points in time when technology components and solutions
should be ready to be put into use or should have reached a certain development phase, see Chapter 9.

8.3 Encapsulation

Figure 8-2 shows a photomontage of the planned encapsulation plant. The building containing encap-
sulation will be built directly adjacent to Clab. Prior to operation the facilities will be interconnected to
a single unit, called Clink. Their operation will then be integrated. Figure 8-3 illustrates the handling
sequence for the fuel, from the storage pools in Clab via encapsulation to delivery of the filled and
sealed canister.

An application under the Nuclear Activities Act for a licence to build the encapsulation plant and a
licence to own and operate it as an integrated facility with Clab was submitted in 2006. Supplements
were promised in the application, and in 2007, after SKI’s and SSI’s initial review, SKB received

a number of demands for supplementary information. SKB has responded to these demands, and a
supplement was submitted in 2009.

Current and planned technology development mainly concerns the processes around fuel handling,
fabrication of components for the canister, plus seal welding and nondestructive testing of compo-
nents and the seal weld. This is described in Chapters 10 and 11.

Figure 8-2. Photomontage showing Clink, the integrated facility for interim storage and encapsulation.
The buildings outlined in red are the planned encapsulation building and a smaller terminal building.
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Figure 8-3. The encapsulation process for spent nuclear fuel.

8.3.1 Licensing

Licensing under the Nuclear Activities Act is currently under way for the encapsulation plant. The appli-
cation was submitted in 2006 and supplemented in 2009. When the application under the Environmental
Code for the final repository system has been submitted, the continued licensing process is expected

to proceed alongside the licensing of the Spent Fuel Repository, and integrated for the whole system
(see Section 8.4.1). During the licensing phase, SKB will continue the design of the encapsulation plant
and of all machines and installations. Technology development in accordance with the plans presented
in Chapters 9, 10 and 11 will continue in parallel. The work during the licensing phase is supposed to
provide a basis for procurement of the facility and system and prepare for construction, organizationally
and administratively. Once SKB has been granted a licence, the procurement phase enters its final stage
and the construction phase begins.

8.3.2 Construction

SKB presented an account of how the activities during construction and commissioning will be organ-
ized, led and managed in an appendix to the application for a licence under the Nuclear Activities Act
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/SKBdoc 1056406/. Operation of Clab will continue throughout the construction of the encapsulation
plant. A far-reaching adaptation of the construction works will be necessary in order not to jeopardize
safety in Clab and to minimize operational disturbances. The extension of Clab (Clab-2) was done in
the same way, and experience from that project will be a valuable asset when the encapsulation plant
is designed and built.

The construction site for the encapsulation plant will be kept separate from Clab’s operations area up
until the time the plants are to be connected together. The construction phase will initially be domi-
nated by rock excavation works, which will gradually transition into construction works and finally
installation works. During the latter part of the construction phase, organizational and administrative
preparations will also begin for the interconnection of the plants and the commissioning of the
integrated facility.

8.3.3 Commissioning

The physical interconnection of the plants will take place when the encapsulation plant is finished,
alterations have been made in Clab and the subsystems in each facility have been installed and tested
as far as possible. Then partition walls will be removed and systems and communication paths will
be joined together. This will be followed by integrated testing and running-in of the entire integrated
facility, Clink. The concluding integrated testing will include the whole final repository system, with
the final repository and canister shipments to it.

8.4 Final repository

After a siting project lasting many years, SKB’s Board of Directors decided in June 2009 to select
Forsmark as the site for the final repository for spent nuclear fuel. The choice stood between
Forsmark in Osthammar Municipality and Laxemar in Oskarshamn Municipality. The reasons for
selecting Forsmark will be explained in the applications under the Environmental Code and the
Nuclear Activities Act.

With the decision to locate the Spent Fuel Repository in Forsmark, planning of the construction and
operation of the repository has entered a new phase. The purely industrial premises for the project
have been clarified. Technology development can be concentrated on finding solutions that meet
requirements on safety and functionality for the conditions that prevail in Forsmark. The importance
of this clarification of premises varies between different technology areas. For adaptation and choice
of methods for extraction, sealing and stabilization of the rock, for example, the limitation to the
specific rock conditions that we know characterize Forsmark is of great importance. The opposite
can be exemplified with the development of machines for canister transport and deposition, which is
almost completely independent of site-specific premises.

Figures 8-4 and 8-5 show the design of the Spent Fuel Repository in Forsmark that was conceived
during the site investigation phase. The design basis has been that the repository will be located within
the identified area with suitable bedrock, and that facilities and activities above ground can be accom-
modated within the existing industrial area. The result is a repository at a depth of about 470 metres
that extends approximately 2.5 kilometres southeast from the NPP’s cooling water channel. The facili-
ties above ground are gathered in an operations area at Soderviken, just southeast of the channel.

The repository illustrated in Figures 8-4 and 8-5 is the result of an iterative process. The results from
the investigations have served as a basis for a series of progressively more complete site descriptions.
Together with general requirements on the repository and other premises, these results have comprised
the basis for the site-adapted repository solution. At the same time, safety evaluations have been made
and the environmental consequences of a final repository on the site have been examined. The final
results of this process have been published in a series of reports, which also constitute supporting
documents for the applications which SKB is now preparing. The site description is presented in /8-1/
and the design of the facility’s underground parts in /8-2/. A preliminary version of the environmental
impact statement for the whole final repository system, including the repository in Forsmark, has been
presented within the framework of the EIA consultations. Remaining reports will be presented when
an application is submitted.
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Figure 8-4. Photomontage with the above-ground parts of the planned final repository in Forsmark. The
red outlines show the operations area and the heap for rock spoils. Parts of the nuclear power plant can be
seen at the lefi.

Figure 8-5. The final repository for spent nuclear fuel in Forsmark, fully built-out.
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8.4.1 Licensing

Licensing of the Spent Fuel Repository starts when the applications under the Nuclear Activities Act
and the Environmental Code have been submitted. How the licensing process is pursued is determined
above all by the environmental court, SSM and the Government. SKB foresees the expenditure of
considerable resources in providing presentations and any necessary supplements. During the licensing
phase, a PSAR (preliminary safety assessment report) will also be written and submitted to SSM.

A principal task for the final repository project during the licensing period is to make all preparations
required to begin construction of the Spent Fuel Repository, at a pace geared to the progress of the
licensing process. The construction phase will make different demands on SKB’s organization and
activities than today’s. This applies, for example, to management of the project based on the informa-
tion flow between the construction works and investigations, modelling, design and safety assessment.
A central task on the site in Forsmark will be to build up an organization that is suited to this.

In parallel with the licensing process, SKB will proceed with the design of the Spent Fuel Repository.
The first step is system design, which will be the last overall design of the whole facility. The next step
is detailed design, which is supposed to result in construction documents. Detailed design is not done
for the whole facility at once, but at the pace at which documentation is needed for procurements and
construction works. Detailed design is therefore carried out during the licensing phase for facility parts
that will be built early. This mainly includes the accesses to the repository, i.e. ramp and shafts, and parts
of the above-ground facilities. Detailed design for parts that are to be built later, for example deposition
areas, is done during the construction phase and partly integrated with the actual construction process.

Construction-related and site engineering investigations are planned as support for the design work
prior to the start of construction. Ground surveys will be done as a basis for the placement of build-
ings and foundation engineering. Near-surface rock will be investigated, for example in planned
locations for accesses. The local infrastructure for the facilities will be prepared. This mainly
involves working together with Forsmarks Kraftgrupp AB to adapt the infrastructure already in place
in Forsmark to meet the needs of the Spent Fuel Repository.

8.4.2 Construction

The construction phase will begin when SKB has obtained all licences and conditions needed to
start construction of the final repository. This means, among other things, that a preliminary safety
analysis report (PSAR) must have been submitted to and approved by SSM. Construction will be
the most labour-intensive phase of the entire final repository project. High demands will be made on
effective management and work flows. The mode of working SKB intends to employ is summarized
in Section 8.4.4.

Construction of the underground facilities can be divided into three overlapping stages: the first when
accesses (shafts and ramp) are driven down to the repository level, the second when the central area’s
caverns are built, and the third when the first deposition area is established. Figures 8-6, 8-7 and

8-8 illustrate these stages. Construction of the accesses is time-critical for the progress of the entire
project. The ramp and the first shaft are excavated in parallel, from the surface downward. Until the
shaft has reached the repository level, the rock excavation works are limited to these two faces. When
the repository level has been reached, excavation of the central area starts with a rock loading station.
When the rock loading station and rock haulage to the surface via the rock hoist (skip) can be put into
operation, the capacity of rock handling increases radically and several driving faces can be estab-
lished. The rock excavation works for accesses and the central area are accompanied by extensive
installation works for the equipment that is needed to operate the facility.

Excavation of the accesses and the central area will yield in-depth knowledge of rock conditions and
experience that must be capitalized on and translated into e.g. rock support and rock sealing meas-
ures in tunnels or changed repository design. A work methodology that permits efficient experience
feedback is therefore needed, see Section 8.4.4.
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Figure 8-6. The final repository in the final phase of the first stage of the construction phase, approximately
2 years after start of construction. Driving of the first shaft (the skip shaft) has reached down to the level of
the future repository and the ramp is approaching. A few buildings have been erected on the operations area.

Extensive rock investigations are conducted throughout the construction process (detailed characteri
zation). In the short perspective, the investigations provide the site engineering data which, together
with construction experience, permits ongoing adaptation of the construction works to local rock
conditions. In the longer term, the investigations also provide a basis for whatever modifications

of the repository design may be needed to meet the design premises with respect to e.g. long-term
safety. If necessary, site descriptions and safety assessments must be revised in response to the
results from the investigations.

As the central area is built, investigations are conducted for the deposition area and a tunnel is driven
providing access to this area. From this tunnel a few deposition tunnels are excavated in which
deposition holes are bored. One purpose of preparing a deposition area at this early stage is to gather
the geoscientific data that are needed as a basis for an updated safety analysis report prior to trial oper-
ation, while another is to create room for implementation of the handling technology for deposition
and integrated testing of the whole process during the commissioning phase. Then when operation
begins, the area will be used for deposition of the first canisters with spent nuclear fuel. Construction
of this area is therefore subject to the same technical and administrative requirements that will apply
to operation.
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Figure 8-7. The final repository during the second stage of the construction phase, approximately 4 years
after start of construction. Shafts and ramp have been put into operation. Rock haulage takes place via a
skip shaft. Construction of the central area’s rock cavern begins.

The facilities on the surface are built at a pace that is geared to the underground works. To start with,
parts of the operations area are filled out, handling areas are prepared and temporary construction
arrangements are established. The first permanent buildings to be erected are an entrance building
for the access ramp and a building that is needed for the investigation activities (geology building).
Then come shaft superstructures, facilities for rock handling, production building for buffer and
backfill, and in the final phase other buildings for operation and service.

8.4.3 Commissioning

Commissioning of the final repository’s subsystems starts and proceeds as the systems are built and
installed. The construction and commissioning phases will overlap chronologically. For example, the
haulage system for rock spoil (rock loading station, skip shaft etc.) will be put into operation before
the first deposition tunnels are even built.
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Figure 8-8. The final repository during the third stage of the construction phase, approximately 6 years
after start of construction. Descents and central area are finished. Construction of the first deposition area
is in progress. Buildings and facilities on the operations area are being finished.

In connection with commissioning the systems will be tested, first separately and then gradually
more interconnected. As the different parts of the facility are being commissioned, the operating
organization will be assembled and personnel will be trained for their duties. Running-in of technol-
ogy and organization will be concluded with integrated testing of the whole facility under realistic
conditions. All operational activities will then be carried out, including deposition of a number of
canisters, but without any spent nuclear fuel, in the first deposition area built during the latter part of
the construction phase. The integrated testing is concluded with integrated testing of the whole final
repository system, with encapsulation plant, transportation system and final repository.

The commissioning phase is concluded when SKB obtains a licence for trial operation of the final
repository system. The goal is that all functions and resources, as well as openings for deposition,
will then be accessible so that trial operation can be commenced.
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8.4.4 Work methodology during construction and commissioning

The planning includes devising a strategy, a methodology and a programme for management and control
of the activities, handling of information flows etc. at various stages of design, construction and com-
missioning of the parts of the final repository. A status report from this planning work was presented in
RD&D Programme 2007. Since then the strategy and methodology have been further developed, and an
account will be given of the final results in the supporting material for the applications under the Nuclear
Activities Act and the Environmental Code. Some principal features are summarized here.

The overall goal of construction and commissioning is that SKB can apply for a licence to take the final
repository into operation. In order for this to be possible the following must have been achieved:

* The final repository has been built and commissioned. The facility documentation must also be
complete and the operating organization and administrative procedures must be in place and run-in.

* The safety analysis report has been updated in the manner required for an application for trial
operation.

Everything that is done during construction and commissioning is aimed at one or both of these
goals. In line with this, the activity has been divided into two iterative main processes:

» Safety Assessment
* Construction

The processes with constituent components and interrelationships are illustrated in Figure 8-9. The
activities aimed at producing an updated safety analysis report for an application for trial operation
are gathered within the main process Safety Assessment. The starting point is the site description
that was prepared after completed site investigation and the safety assessment SR-Site. Regular
cross-checks and possible updatings will then be made with the guidance of information produced by
the main process Construction as a result of, for example, the detailed characterization that is done.
Safety evaluations may be needed, e.g. prior to a new construction stage, in order to check that the
planned design and execution meet design premises with respect to long-term safety. Conversely,
Safety Assessment can provide guidance in the form of requirements and restrictions that must be
complied with in order for construction to result in a safe final repository.

All activities needed for the facility to be constructed are gathered within the main process
Construction. Solid boxes in Figure 8-9 show the components included during the construction
phase. The intention is to apply the same processes during the operating phase, with the addition

of components indicated by dashed boxes in the figure. Activities during the construction phase
consists of investigations including monitoring, modelling, design with predictions for construction,
and production in the form of rock excavation, installation etc. Additional activities during the com-
missioning phase are facility documentation and organizational preparations for operation.

The methodology for the main process Construction according to Figure 8-9 mainly applies to the
underground facilities and consists of rock construction in accordance with the Observational Method.
This method is suitable because the exact rock conditions where the facility parts are to be built cannot
be fully determined in advance. A tool is therefore needed to gather information from both investiga-
tions and actual inspections as well as experience from the construction works. This information must
then be interpreted so that it can be translated, via design and construction predictions, into adaptation
of the construction technology or the design of the facilities. The purpose of the Observational Method
is to systematize this iterative mode of working. This makes heavy demands on smoothly functioning
information and work flows, but also on an ability to interpret and understand the information so that
the right measures can be adopted. In daily application, this may mean for example that rock support
and sealing measures can be planned with the support of the latest information obtained from the rock
excavation works. In the longer term, the same principle is used for stepwise buildout of the facility,
where the detailed planning of each stage is based on the latest information from investigations and
experience from previous stages.

The mutual control between the main processes can also be handled to some extent within the
application of the Observational Method. If the information warrants far-reaching changes that
entail revisions of site descriptions and safety assessments, however, this must be handled at higher
decision-making levels.
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Figure 8-9. The main processes Safety Assessment and Construction, with constituent components, work flows
and important relationships. Dashed components are added when the final repository is put into operation.
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9 Overview — technology development

SKB develop technology for building and operating the final repository system so that the require-
ments on long-term safety, low occupational radiation dose and good external environment are met.
This chapter describes how technology development is managed to ensure that technology that satis-
fies these requirements is delivered as needed to the Nuclear Fuel Programme during construction
and commissioning. The chapter also provides an overview of the goals and scope of the technology
development with regard to the different barriers. The concrete development work is then described
in subsequent chapters.

The development work requires extensive technical resources. SKB’s own laboratories — the Aspd
HRL, the Canister Laboratory and the Bentonite Laboratory — are built and equipped for full-scale
tests, demonstrations and dress rehearsals. Most of these types of development activities will
therefore be conducted at these facilities. There are other possibilities as well, such as Posiva’s
demonstration facility Onkalo, located in Olkiluoto in Finland, which is under construction. There
are also underground laboratories and laboratories for metallurgical research available in Europe and
other parts of the world. In addition, there are industrial facilities in many countries with knowledge
and resources in areas where SKB needs to conduct development work.

The bedrock in Forsmark differs in essential respects from that in the Aspd HRL. The rock stresses
are higher in Forsmark, and the permeability of the rock to water at repository depth is much lower
than at Aspd. These and other differences need to be taken into account in the development work, but
the Aspd HRL nonetheless remains SKB’s most important resource for research, development and
demonstration requiring an underground environment at the relevant depth. Furthermore, coopera-
tion with Posiva is being intensified, and certain experiments may be conducted in Posiva’s Onkalo
facility, where the rock conditions in many respects resemble those in Forsmark. The development
work in many areas — such as canister fabrication and boring of deposition holes, as well as transport
vehicles and handling machines — is more or less independent of differences in rock conditions.

9.1 Points of departure

The structure with division of technology development into a number of production lines which
SKB presented in RD&D Programme 2007 has been further developed. According to this structure,
the development work is conducted within production lines for fuel, canister, buffer, backfilling,
closure and underground openings. Furthermore, overall systems are developed for e.g. logistics and
machines that are unique for the final repository and that are therefore not available on the market.

Technology development has now reached the point where a reference design for the KBS-3 system
is finalized and has been shown to meet the design premises that have been formulated. At the same
time, a feasible way towards production and an inspection programme has been found. Continued
technology development is needed as we proceed from schematic solutions to solutions that are
tailored to an industrialized process with established requirements on quality, cost and time.

Technology development has come the farthest for components of crucial importance to long-term
safety, such as the design of the canister. The design of certain components, including the canister,
may need to be modified, at least in details. Moreover, possibilities are being explored for further
improving the design to simplify the technical execution with undiminished or improved safety.

9.1.1 Design premises

Technology development is supposed to deliver solutions for the design and site adaptation of Clink
and the Spent Fuel Repository. The solutions should meet design premises both with regard to long-
term safety and with a view to the fact that the different barriers make demands on each another.

SKB’s current design premises with regard to long-term safety, “Design premises for a KBS-3V reposi-
tory based on results from the safety assessment SR-Can and some subsequent analyses™ /9-1/, are
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primarily based on conclusions from the SR-Can safety assessment plus a number of supplementary
analyses. Updated safety assessments can occasion clarifications or revisions of the design premises. A
first revision, based on the conclusions and recommendations that emerge from SR-Site, is performed
when the applications have been submitted.

An example of design premises conditional upon the fact that the different barriers make demands on
each other is the tolerance requirement for the dimensions of the deposition hole. Given the dimen-
sions of the precompacted buffer blocks, the dimensions of the deposition hole must lie within certain
tolerances so that the buffer density will remain within the permissible interval. These types of design
premises are presented for the different production lines and may need to be revised if the reference
design is changed.

9.1.2 Site-adapted solutions

The selection of Forsmark as the site for the Spent Fuel Repository means that it is now possible

to focus continued technology development efforts on the conditions that exist there. We no longer
need to devote our efforts to solutions that have to work under a variety of rock conditions. The low
frequency of conductive fractures means that it should be possible to simplify or skip certain tech-
nology development projects. An example is arrangements to deal with water in the deposition holes.
Rock engineering development can be focused on excavation in an environment with fracture-poor
and relatively heavily stressed rock.

9.2 Control and reporting

Responsibility for control of the technology development within the different production lines rests
with the Nuclear Fuel Programme’s client function, whose task is to:

* Develop and administer the requirements and design premises that control technology development.

* Coordinate the work between the different lines so that the KBS-3 system as a whole satisfies the
requirements regarding long-term safety and operation.

* Control the development work to meet the needs of the two civil engineering projects for Clink
and the Spent Fuel Repository, as far as the level of development that must have been reached
for different parts by different times to serve as a basis for design, construction, installations and
functional tests.

To achieve this control SKB applies systematic requirements management, see Section 1.5. This
means that decisions to modify solutions in relation to the current reference design or reference
activity are made in a systematic and controlled fashion. The purpose is to ensure that everyone
works from the same premises. The reference design and reference activity are defined as the solu-
tions that apply on a given occasion and that everyone who works with development of facilities and
technology are supposed to use as premises, with the exception of studies of alternative designs. All
tasks for the different production lines are defined in accordance with a delivery control model for
technology development (see Section 9.2.1).

All results from the technology development within the production lines serve as a basis for the safety
analysis report for the encapsulation plant and the final repository. Results and execution must there-
fore meet requirements on quality assurance, traceability and documented evaluation of compliance
with requirements. SKB’s management system shows how this is accomplished.

9.2.1 Delivery control model

SKB has developed a methodology for control of technology development within the Nuclear Fuel
Programme, a delivery control model. The methodology entails specifying what degree of maturity
the development of different components should have reached by the following milestones: start of
construction, start of buildout of first deposition area (Spent Fuel Repository) or interconnection of
Clab and Inka (Clink), start of integrated testing and start of operation. The delivery control model is
thus aimed at clarifying how the different components of technology development are linked to the
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execution of the final repository system. Furthermore, the delivery control model should ensure that
the client give the contractors clearly defined assignments so that the right things are delivered in
relation to the requirements and the needs of the two construction projects.

The basic idea behind the model is that development is divided into a number of phases, and that

for each phase there is a specification of what should have been achieved and thus what should

exist as a basis for a decision to proceed to the next phase. Compared with the delivery plans for the
technology development presented in RD&D Programme 2007, this entails a stricter systematics and
subdivision of the work that applies to all development areas.

The delivery control model divides technology development into the following phases, see also
Figure 9-1:

» Concept phase: The purpose of the concept phase is to specify the requirements on the subsystem
or the component, make a broad evaluation of conceivable solutions and propose one or more
technical solutions to proceed with in the next phase. This entails that a reference design (or
several alternative reference designs) is established for the subsystem, that it has been shown how
this (these) reference design(s) can be verified against the design premises defined for the concept
phase, and that a feasible way to production and an inspection programme has been found.

* Design phase: The purpose of the design phase is to produce a design of the subsystem or com-
ponent, to verify that it satisfies the requirements, and to formulate proposals for production, inspec-
tion and maintenance of the subsystem or component. The design phase may be iterative since it
may turn out that the proposed solution does not satisfy the requirements, cannot be produced, or
cannot be inspected in an efficient manner. As a rule, the design phase consists of two stages: initial
system design and final detailed design.

* Implementation phase: The purpose of the implementation phase is to build up production and
inspection systems. This phase also includes the documentation, including any licensing, that is
needed for operation of the subsystem or component. The goal of the implementation phase is
that the system or component is run-in and ready to be handed over to operation.

* Administration phase: The administration phase begins when the system or component has been
put into operation. The goal of this phase is to make use of operating experience in a structured
way as a basis for possible modifications of both the production apparatus and the product. If and
when it is warranted, a change case or project is initiated.

When SKB submits applications for licences to build and operate the final repository system, technol-
ogy development has in principle passed the concept phase. In some respects it has come considerably
farther. Prior to the start of integrated testing, development of all systems and components for opera-
tion should be at the end of the implementation phase.

9.2.2 Reporting

The results of technology development are documented by the contractor and reported to the client
as a basis for the safety analysis report. There the contractor specifies the reference design, shows
that the reference design fulfils the design premises, explains how the reference design can be
accomplished with methods for inspection/verification of achieved results, and describes the initial
state of the different barriers. In the licence applications for construction and operation of the final
repository, this reporting is done in line reports.

9.3 Technology development needs

When SKB submits the applications for the Spent Fuel Repository and Clink, technology develop-
ment, with the delivery control model’s definition, must have at least achieved the goals for the
concept phase. Reference designs that fulfil the design premises must have been reported and fea-
sible ways to production and inspection programmes must have been found. For many subsystems,
considerable design work remains before they are ready for implementation. The development needs
are discussed in general terms in the following sections and are summarized in Table 9-1.
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Figure 9-1. Delivery control model for SKB'S technology development.

9.3.1

Overall needs

In the line reports, which serve as a basis for the licence applications for construction and operation
of the final repository, SKB intends to show that the chosen reference design fulfils the design
premises. In the continued development work it is important to focus the efforts on solutions that are
efficient for the integrated system. This brings up a number of overarching development questions.
Moreover, the methodology that has been chosen to formulate design premises with respect to safety
entails that these premises are updated when a safety assessment has been conducted. The following
general measures have been deemed necessary:

» After each major updating of the safety analysis report, the design premises are updated based
on the analyses and conclusions of the safety analysis report. This first revision will pertain
to the design premises published in /9-1/. It will be done based on the conclusions and recom-
mendations that will emerge from SR-Site and the assessment of operational safety for the final
repository system. Further revisions will be done if information is subsequently forthcoming that
is deemed to be of importance for safety.
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* An integrated set of requirements is drawn up for fuel and canister, concerning for example decay
heat and water in the canister. This set of requirements is needed for system design of the encapsu-
lation plant.

* An integrated set of requirements is formulated for accesses, as well as for deposition holes and
deposition tunnels. The purpose is to allow solutions that take into account the conditions at
Forsmark while also being more production-optimal. This includes requirements for accesses,
inflows, the geometry of the floor of the deposition tunnel, the bevelling of deposition holes, toler-
ances for deposition holes and buffer, and closure.

» Integrated production adaptation needs to be done with regard to rock excavation, inspection
programme, deposition and backfilling. The work involves making sure that the construction and
production processes that have been developed within the different production-lines function
together in a rational and efficient manner, based on the further developed integrated set of
requirements for the different parts of the final repository.

» Database structures and procedures for the information flow in the execution process are developed
and maintained. They are important tools for presentation and integration of inspection programmes
within the different lines and for verifying that the repository has been designed in accordance with
established design premises.

9.3.2 The fuel line

The characteristics of the spent nuclear fuel that influence the design of the Spent Fuel Repository
and how its properties are to be determined are described in the fuel line. The design of the reposi-
tory in turn imposes requirements on the choice of fuel assemblies for encapsulation and on the
handling of the fuel. Parameters that must be determined by measurement or calculation or a combi-
nation thereof include radionuclide inventory, decay heat, radiation, criticality and quantity of water
in the canister. The inventory of radionuclides is dependent on the fuel’s enrichment, burnup and
decay time. The quantity of uranium/HM (heavy metal) is also of importance. There may therefore
be a great difference between fuel assemblies with different operating histories, but this variation

is limited by the fact that the fuel assemblies in a canister may not have a combined decay heat in
excess of 1,700 W. This makes it possible to calculate the consequences for long-term safety in a
simplified manner without underestimating them. The fuel parameters that influence the handling of
the fuel and are needed for safety assessment are also of importance for the safe and efficient opera-
tion of the nuclear power plants. Programs for calculating these parameters are therefore available
today. SKB intends to use the same, or same type of, program.

Further development efforts mainly involve gathering knowledge as a basis for the design of the
encapsulation process. In addition, work is needed to obtain more detailed knowledge about the fuel.
The planned development work covers the following areas:

* Continued measurements of decay heat on individual fuel assemblies in Clab. The purpose is to
obtain a better body of statistics. The goal is that a measurement method for determination of
decay heat should be developed by the time the encapsulation plant begins to be built.

» Study different techniques for drying the fuel in Clink, including PWR fuel with control rods.
The work includes inventorying possible techniques, choosing a method and planning the
evaluation of the chosen method. The goal is to be able to decide on a method for drying prior to
detailed design of Clink.

» Analyze the probability of criticality in canisters with odd fuel types, such as PWR fuel with high
enrichment and low burnup, and study how such PWR fuel should be handled.

The plans to meet these needs are described in Chapter 10.

9.3.3 The canister line

The canister line should show that the chosen reference design for the canister is technically possible
to achieve and that it fulfils the stipulated design premises. Development of the canister has passed
the concept phase and parts are well along in the design phase.
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Development of the different processes for fabrication of canister components, welding to seal the
canister and inspection of components and welds has reached different stages. The copper compo-
nents can be fabricated by means of several hot forming methods. SKB has fabricated components
that meet requirements on dimensions, material structure and material composition. Welding of
copper components by FSW (friction stir welding) has been carried out with high reproducibility and
low occurrence of defects. Canister inserts for BWRs assemblies can be fabricated today with a qual-
ity that meets requirements on dimensions and material properties with ample margin. Development
is under way to reach an equivalent quality level in the fabrication technology for PWR inserts. The
methods for inspection of canisters are being further developed in various respects.

Development is also needed as a basis for more detailed acceptance criteria, industrialization of test-
ing and inspection methods in connection with fabrication and handling in Clink, and development
and studies of how the canister is handled and deposited. This includes adapting the processes for
welding and nondestructive testing (NDT) of the seal weld to the radiation environment in Clink,
plus establishing a testing procedure and verifying the reliability of ultrasonic NDT of canisters, as
well as finding technology for detection and size determination of surface defects and deformations.

Further development work within the canister line therefore mainly includes:

» Canister design — analyses of the canister.

» Fabrication and testing of inserts.

» Fabrication and testing of copper components.

+ Sealing and testing of the weld.

» Handling and deposition of canisters in the Spent Fuel Repository including development of

ramp vehicle for underground transport of the canister to the transloading station in the central
area and further development of the deposition machine.

The plans for this work are described in Chapter 11.

9.3.4 The buffer line

The buffer line should show that the chosen reference design for the buffer fulfils the design prem-
ises and is technically feasible. Development of the buffer has passed the concept phase. A reference
design has thereby been established which fulfils stipulated design premises.

Studies show that it is possible to achieve density and material composition of compacted blocks and
pellets within the intervals required according to the design premises. For extreme combinations of
geometry of the deposition holes and density of buffer blocks and pellets, however, the water-satu-
rated density of installed buffer may locally lie outside the limits of the acceptable density interval.

With conventional technology it should be possible to further reduce the variation range of density
and material composition, which is deemed to be advantageous from a safety viewpoint, even if no
formal requirements have been established. Further development work within the buffer line has the
following primary goals:

»  Within the framework of the chosen reference design, develop the design and the technology for
installation of the buffer so that system design can be finalized before the start of construction
and so that implementation can be initiated before integrated testing begins.

 Further develop the method and design the equipment for fabricating (pressing), machining and hand-
ling buffer blocks so that this is ready when system design of the production building commences.

In addition, there are a number of development questions that span the whole buffer-backfill-closure

system. For example, buffer installation could be simplified by eliminating the bottom plate and

buffer protection, provided the deposition sequence with backfilling is also modified. The following

work is planned:

* Mine the outer section of the Prototype Repository at the Aspds HRL. The purpose of this full-
scale demonstration is to gain further knowledge on how buffer, plug and backfill work.

* Study and evaluate alternative methods for deposition and backfilling sequences.

* Develop system and equipment for transport of buffer and backfill material between the produc-
tion building and the deposition area in the repository.
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The plans to meet these needs are described in Chapter 12. In addition there is a need for further
model studies and experiments to gain a sufficient understanding of certain important processes in
the buffer-backfill-plug system, see Chapter 24. These processes include: erosion of buffer before
full water saturation has been achieved, plus water saturation, self-healing and homogenization in
buffer and backfill. The goals are to determine the evolution of density and swelling pressure for the
interacting buffer-backfill-plug system during the period between installation and repository closure,
and to formulate more practically useful design premises for these system parts.

9.3.5 The backfilling line

The backfilling line should show that the chosen reference design for backfilling is technically
feasible to achieve and that it fulfils the stipulated design premises. Development of backfilling
has passed the concept phase. The expected very low inflows of groundwater in Forsmark should
facilitate installation of the backfill.

Development work remains to be done for the design of plugs as well. This includes what tightness
criteria are needed in order to ensure controlled swelling of the backfill and to prevent “piping ero-
sion” in buffer and backfill.

In addition to the overall goals for the whole buffer-backfill-closure system presented in Section 9.3.4,
the continued development work within the backfilling line has the following primary goals:

* Finish the design of the backfilling process within the chosen reference design so that system
design can be finalized before the start of construction and so that implementation can be initi-
ated before integrated testing begins.

 Finish design of the plug for deposition tunnels so that system design can be finalized before the
start of construction and so that the implementation phase has been reached before integrated
testing begins.

The plans to meet these needs are described in Chapter 13.

9.3.6 The closure line

With the exception of certain boreholes, repository closure will not begin until all spent fuel has been
deposited. Detailed design and implementation of the closure technology will therefore not become
urgent for another 50 years at least. The current reference design, which is based for the most part

on the reference design for backfilling, will therefore probably be modified and simplified so that it
meets the less stringent requirements that should apply to closure compared with backfilling. This
includes both material composition and geometric configuration. The requirements that need to be
made on rock excavation in parts of the accesses constitute an important exception. These need to be
established before the start of construction to ensure that the design and production of the accesses
permit an expedient closure.

In addition to the overall goals for the whole system of buffer, backfilling and closure presented in
Section 9.3.4, the continued work within the closure line has the following primary goals:

 Further develop the reference design for repository closure, primarily to establish requirements on
rock excavation in accesses before the start of construction. A new concept phase is completed.
After revised reference design, development measures as a basis for system design will follow.

The plans to meet these needs are described in Chapter 14.

9.3.7 The rock line

The rock line should show that the chosen reference design of the Spent Fuel Repository’s under-
ground openings is technically feasible to achieve and that it fulfils the stipulated design premises.
For a few design premises, uncertainties remain that require further technology development. Further
development is also needed to translate the results of full-scale experiments and demonstrations to
industrial processes.
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Design and construction of the hard rock facilities will be done using the Observational Method.
Application of this method needs to be further developed to ensure that the repository is site-adapted
with respect to requirements on long-term safety and that the methodology is expedient for the Spent
Fuel Repository. In order for this method to be used, a number of rules must be stipulated in advance
regarding how geoscientific information should be interpreted and decisions made, for example
regarding acceptance of intended deposition positions.

The most important input data for configuration of underground openings and site adaptation of the
layout are the results of detailed characterization with associated modelling. Available technology for
investigations and modelling needs to be further developed in certain respects. Detailed characteriza-
tion will be carried out in steps prior to and during ongoing production of excavations, and coordina-
tion between these activities needs to be clarified. It must also be ensured that the needs of the safety
analysis report are met.

The industrialization of the rock excavation process includes production methods that are adapted to
the requirements made for rock excavation, stability and tightness. The engineering materials that are
used must meet requirements with respect to long-term safety. The main requirement is on low pH
for cementitious materials such as injection grout, shotcrete, bolt grout and structural concrete.

In the area of equipment, further development is needed of e.g. tunnel drill rigs with high drilling
precision, grouting equipment, machines for rock support with wire mesh and the boring machine for
deposition holes. Experience from experiments at the Aspé HRL show that present-day machines for
rock excavation and grouting in accesses, above all tunnel drilling rigs and grouting equipment, have
the potential to meet the requirements made for the final repository’s accesses.

Development of plans for delivery inspections of building materials and execution and result inspec-
tions of the rock excavation works is important for verifying that stipulated requirements have been
met. This is an integrated part of the industrialization of the rock construction process, which should
be finalized when the excavation of the repository’s accesses begin. Documentation of where and
how the tunnels have been constructed will be important for e.g. future safety analysis reporting.

Further development work within the rock line has the following primary goals:

» Further develop the methodology for underground design and the application of the Observational
Method, above all with regard to strategies for detailed adaptation of the deposition areas and
coordination of detailed characterization and excavation work.

* Further develop methods and equipment for detailed characterization with associated modelling
so that the detailed characterization programme can be executed in a rational and efficient
manner from the start of construction.

* Further develop production methods adapted to the requirements made for rock excavation,
stability and tightness. The primary goal is to be able to stipulate performance requirements in the
construction documents for the accesses.

» Ensure that approved and duty-proven engineering materials are available in time for construction
of the accesses.

» Ensure that the special machines that are needed — such as a tunnel drilling rigs with high drilling
precision, grouting equipment and machines for rock support with wire mesh — are available in time.

» Develop the boring machine for deposition holes so that it is available when the first deposition
area is built.

* Develop inspection plans, including format and procedures for documentation and for as-built
plans, so that they are evaluated and finalized when the first rock excavation works start.

The plans to meet these needs are described in Chapter 15.
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9.3.8 Production system and logistics

In the Spent Fuel Repository, many activities and material flows will take place simultaneously.

An overall production system is needed in order to be able to plan, coordinate and control these
activities in an efficient manner. Advanced production systems exist and are used in many industrial
sectors. The similarities between the final repository and a mine are such that systems used in the
mining industry are of particular interest to SKB.

The production system that SKB plans to use can be divided into five subareas, see Figure 9-2.
The names and scope of the system’s subareas have not yet been established, but will be developed
during the continued work of designing facilities, systems and components.

Large quantities of materials and products will be handled in the final repository. This requires
well functioning logistics. Tools for logistics simulation are therefore being studied and developed
in parallel with the design of the facility. The purpose is to construct a model that can simulate the
logistics of all activities at the final repository during the operating phase, i.e. for both buildout and
deposition activities.

The logistics model is divided into submodels in the manner illustrated in Figure 9-3. Further
breakdown will, however, be required to make the model manageable. The interfaces between the
different submodels are important. The submodels can be developed at different rates as input data
become available.

In order for the logistics model to be able to convey information to those who work with different
parts of the activity in the facility, the software for logistics simulation must be able to use the 3D
models of the facility and different vehicles and equipment that are constructed in the design process.

Facility status
Maintenance

Skip

Physical protection
Access control, etc.

Automated functions Facility resources

Ramp vehicle Planning
Deposition system Production
Buffer handling equipment . Maintenance
Backfilling equipment, etc. Production Operators
syStem Working environment, etc.
Products
Storage depot Information systems/Database
Tunnelling Planning
Buffer Logistics
Canisters Transportation
Backfilling, plugging, etc. Simulation, analysis, etc.

Figure 9-2. Preliminary structure for the production system for the final repository.

RD&D Programme 2010, TR-10-63 123



Hargshamn r Final repository

Reception of buffer and backfill material
from ship, receiving inspection,
dispatch by truck
e e Production building Buffer activity Rock excavation works
— continued buildout
Receiving inspection Transport in skip Detailed characterization
- Production of buffer Interim storage in skip hall Excavation of new tunnels
Production of backfill Transport to deposition tunnel  Boring of deposition holes
Transport to skip building Emplacement in deposition hole Preparations for deposition
Forsmark harbour 1
Reception of transport casks from ships,
dispatch on terminal vehicle
Terminal building Deposition activity Backfilling and plugging
of deposition tunnels
Transport of transport Transfer of canister to Transport of backfill material
- cask with canister via - deposition machine ‘ in skip
ramp to transloading Inspection of transport cask Preparations for backfilling
hall at deposition level Transport of canister to Backfilling
deposition tunnel Plugging of deposition tunnels
Deposition of canister

Figure 9-3. Schematic illustration of the logistics model for the final repository.

Software that could meet SKB’s requirements on being able to both simulate and plan the activity
was inventoried during 2009. Based on the inventory, one program was selected for further studies.
Since then SKB has carried out a demonstration project to show that the selected programming tool
has the potential to produce the desired results. After evaluation of the demonstration project, further
logistics studies are planned in the steps and at the rate input data become available. The work will
focus on analyzing flows of materials, machines, vehicles and personnel within the facility, structur-
ing this information in a database, developing the basic model from the demonstration project,

and clarifying interfaces between constituent submodels. The submodels can then be developed
separately, but in the end it should be possible to simulate all activity at the final repository.

9.3.9 KBS-3H

Together with Posiva, SKB is studying whether horizontal deposition can constitute an alternative
to vertical deposition. The work carried out during the period 2004—-2007 was reported at the end

0f 2007 /9-2/. Based on the results achieved, SKB and Posiva decided to continue the development
work with the main goal of developing the technology for KBS-3H to the point where it is possible
at a later stage to demonstrate the technology on a full scale. The work was initiated in 2008 and the
programme for the next few years includes the following main activities:

* Design of a KBS-3H repository.
+ Demonstration at the Aspd HRL.
» Studies of key issues relating to long-term safety.

Plans for these activities are presented in Chapter 16.

9.3.10 Summary

Table 9-1 summarizes how far the technology development in different areas should have reached in
relation to defined important milestones for the execution programme in accordance with Figure 8-1.
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Table 9-1. Planned status of technology development prior to different stages of construction

and commissioning.

Development need

Prior to start of con-
struction

Prior to buildout of

deposition areas - inter-

connection with Clink

Prior to integrated Prior to start of

testing

operation

Overarching

Design premises with regard to
operational (pre-closure) safety and
long-term (post-closure) safety.

Integrated set of requirements for
fuel and canister concerning for
example decay heat and water in
the canister.

Further developed, integrated set
of requirements for accesses, as
well as for deposition holes and
deposition tunnels.

System for information manage-
ment in the execution process.

Tool for production control and
logistics.
The fuel line

Measurement method for determi-
nation of decay heat and other fuel
parameters.

Method for drying fuel.

Criticality analyses for PWR fuel
with high enrichment and low
burnup.

The canister line

Design and analysis of the
canister.

Methods and equipment for
fabrication and testing of inserts.

Methods and equipment for
fabrication and testing of copper
components.

Methods and equipment for weld-
ing and NDT of welds.

Encapsulation process with nucle-
arization, including weld and NDT.

Handling and deposition of canis-
ters in the Spent Fuel Repository.

Special machines: Ramp vehicle
and deposition machine.

The buffer line

Further development of the buffer
within selected reference design.

Method and equipment for fabricat-
ing bentonite blocks and pellets.

Full-scale demonstration of func-
tion of buffer and backfilled tunnel.

Alternative methods for deposition
and backfilling sequences.

Quantitative description of evolution
of density and swelling pressure for
the interacting buffer-backfill-plug
system for the time between instal-
lation and repository closure.

Transportation system for buffer
and backfill material.

Revised with respect
to results from safety
assessments.

Ready in time for
system design of the
encapsulation plant.

Set of requirements
revised in time for
system design of the
Spent Fuel Repository.

Detailed design finished.

System design finished.

Implementation finished
at start of construction
of the encapsulation
plant.

Method chosen prior to
detailed design of Clink.

Chosen alternative for
handling of such fuel is
described in the applica-
tion for burnup credit for
Clab.

Detailed design finished.
Detailed design finished.

Detailed design finished.

System design finished.
System design finished.
System design finished.

System design finished.

System design finished.
System design finished.

Mining of Prototype
Repository finished.

Concept phase finished.
Possible decision on
changed reference
design.

Input data for possible
revision of design
premises for backfill and
plug ready.

System design finished.
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Possible revision if new

knowledge of importance
for safety has come to light.

Set of requirements

revised in time for detailed

design of the deposition
area.

Implementation finished.

Detailed design finished.

Administration and
improvement.

Design in progress.

Implementation in
progress.

Implementation in
progress.
Implementation in
progress.
Implementation in
progress.

Detailed design finished.
Detailed design finished.
Detailed design finished.

Detailed design finished.

Detailed design finished.

Detailed design finished.

Detailed design finished.

Administration

and improvement.

Administration

and improvement.

Implementation in
progress.

Administration

and improvement.

Implementation in
progress.

Administration

and improvement.

Administration

and improvement.

Implementation in
progress.
Implementation in
progress.

Implementation in
progress.
Implementation in
progress.
Implementation in
progress.

Implementation in
progress.

Implementation in
progress.
Implementation in
progress.

Implementation in
progress.

Administration
and improvement.

Administration
and improvement.

Implementation
finished.

Administration
and improvement.

Administration
and improvement.

Administration
and improvement.

Administration
and improvement.

Administration
and improvement.

Administration
and improvement.

Implementation
finished.

Implementation
finished.

Implementation
finished.

Implementation
finished.

Implementation
finished.

Implementation
finished.

Implementation
finished.
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Development need

Prior to start of con-
struction

Prior to buildout of
deposition areas — inter-
connection with Clink

Prior to integrated
testing

Prior to start of
operation

The backfilling line
Further development of backfilling

within the chosen reference design.

Plug for deposition tunnel.

The closure line

Reference design and installation
method for closure.

The rock line

Methodology for underground
design.

Tools for detailed characterization.

Execution methods, building
materials and special machines.

Boring machine for deposition
holes.

Tools for data management and
visualization.

System design finished.

System design finished.

Requirements on rock
excavation in accesses
established.

Methodology for
accesses ready for
implementation.
Instruments and meth-
ods for investigations in
accesses ready to be
implemented.

Methods etc. for
accesses ready to be
implemented.

System design finished.

Detailed design finished.

Detailed design finished.

Detailed design finished.

System design started.

Methodology for
deposition area ready for
implementation.
Instruments and methods
for investigations in
deposition area ready to
be implemented.

Methods etc. for deposi-
tion area ready to be
implemented.

Detailed design finished.

Implementation finished.

Implementation in
progress.
Implementation in
progress.

System design in
progress.

Administration
and improvement.

Administration
and improvement.

Administration
and improvement.

Implementation in
progress.

Administration
and improvement.

Implementation
finished.

Implementation
finished.

System design
finished.

Administration
and improvement.

Administration
and improvement.

Administration
and improvement.

Implementation
finished.

Administration
and improve-
ment.
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10 Technology development, fuel handling

This chapter deals with the technology development that is planned for handling of the spent nuclear
fuel in accordance with the requirements imposed by final disposal. Issues of importance for long-
term safety that concern the fuel after closure of the repository, for example fuel dissolution, are
discussed in Chapter 22.

10.1 Requirements and premises

The spent nuclear fuel consists of fuel assemblies from the twelve Swedish nuclear reactors. Figure 10-1
shows fuel assemblies from a BWR reactor (BWR assemblies) and a PWR reactor (PWR assemblies).
In addition to the fuel from the twelve reactors, a small quantity of odd fuels from the early part of the
Swedish nuclear power programme, as well as from research, must be disposed of.

The properties of the spent nuclear fuel influence the design of the Spent Fuel Repository. The design
of the repository in turn gives rise to requirements on the choice of fuel assemblies for encapsulation as
well as on the handling of the fuel. Properties of the fuel that give rise to requirements on handling are:

e enrichment,
e burnup,
» decay time (time since the assembly was removed from the reactor).

Enrichment and burnup affect the fuel’s reactivity and the probability of criticality. The fuel’s burnup
and decay time, along with the quantity of uranium, determine its radionuclide inventory and radio-
activity. Radioactivity is the source of radiation and heat output in the fuel. The fuel’s reactivity, heat
output and radiation impose requirements on handling. In addition to the fuel parameters that impose
requirements on handling, certain properties of the fuel need to be known for the analyses included in
the safety analysis report. These properties include quantities and composition of engineering materi-
als and radiation history, which affects the radionuclide inventory, see also Sections 22.1.2-22.1.4.

BWR assembly PWR assembly

A Fuel box D Control rod bundle
B Fuel rod E Fuel rod

C Fuel pellet F Fuel pellet

Figure 10-1. Fuel assembly from a BWR reactor (left) and a PWR reactor (vight).
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All fuel parameters that affect the handling of the spent nuclear fuel also need to be known for the
operation of the nuclear power reactors. The fuel suppliers and the reactor owners have therefore
developed calculation and verification programmes for the parameters. The programmes are quality-
assured and approved for their purposes by the authorities.

In addition to the fuel parameters mentioned above, the quantity of water and water vapour remain-
ing in the canister when it is sealed imposes requirements on handling. Since water and water vapour
can form nitric acid via radiolysis and cause corrosion, the amounts in the canister must be limited.

Requirements related to the design and long-term safety of the Spent Fuel Repository
Decay heat

The fuel’s decay heat is dependent on its burnup and decay time. The decay heat in a fuel assembly
is also dependent on the quantity of uranium. The decay heat affects the temperature in the final
repository. The current requirement is that the temperature in the buffer may not exceed 100 degrees.
The fuel assemblies enclosed in a canister must therefore be chosen with a view to their burnup and
decay time so that the total decay heat in the whole canister is below the maximum acceptable level.
This level is affected by the thermal conductivity of the canister, the buffer and the rock and is 1,700
W according to the reference design, see also Section 22.2.3.

Radiation

Radiation on the outside of the canister can lead to corrosion of the copper canister. Analyses show
that the corrosion process can be neglected if the surface dose rate on the canister does not exceed

1 Gy/h /10-1/. The radiation, like the decay heat, is dependent on the fuel’s burnup and decay time,
see also Section 22.1.2. The radiation that reaches the outside of the canister is also affected by the
canister’s radiation-attenuating capacity. For combinations of fuel assemblies that can be accepted
for encapsulation with respect to the decay heat requirement, the dose rate on the surface of a canis-
ter according to the reference design lies well below the acceptable level. During handling it should
be verified that the canister’s surface dose rate does not exceed the acceptable level.

Water and water vapour

In order to prevent corrosion of the insert in the canister, the quantity of water and water vapour
in the canister must be limited and most of the air present in the canister must be replaced with an
inert gas. The atmosphere in the canister must therefore be replaced with argon (> 90 percent) and
the fuel assemblies dried so that the quantity of water in the insert does not exceed 600 grams, see
Sections 11.1.3, 22.1.5 and 23.2.2.

Criticality

Criticality may not occur in the canister under any circumstances. The fuel’s reactivity and the prob-
ability of criticality are dependent on its enrichment and burnup, as well as on the fuel geometry and
the materials surrounding the fuel. For a given enrichment, geometry and environment, the probability
of criticality declines with the burnup. In order to prevent criticality, fuel assemblies for encapsulation
must be chosen with a view to their enrichment and burnup, as well as the canister’s geometry and
materials, so that criticality cannot occur during handling or after deposition, even if the canister is
water-filled. The requirement that is made is that the effective multiplication constant (k) for the fuel
placed in the canister, including uncertainties, must be less than 0.95, see also Section 22.2.4.

Requirements related to the operation of the KBS-3 system
Encapsulation

It is an advantage if the canisters can be filled to their maximum capacity. Fuel assemblies for
encapsulation should therefore to minimize the number of canisters and so that all fuel positions in
the canisters are filled, at the same time as the requirements related to criticality and decay heat are
complied with. Furthermore, fuel assemblies should be chosen so that the number of lifts and moves
is minimized.
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Operational safety and radiation protection

With a view to radiation protection and operational safety, the activity content of the canister and

the radiation on its surface need to be known. Both activity content and radiation are limited by the
maximum permissible decay heat. In conjunction with encapsulation, it must be verified that activity
content and radiation do not exceed the levels used as premises in the report on operational safety.

Safeguards

SKB must comply with safeguards requirements from both Swedish authorities and international
inspection bodies. After encapsulation it is no longer possible to inspect individual fuel assemblies;
instead, each canister will comprise a unit for safeguards inspection. This means that each canister
must be assigned a unique identity.

10.2 Current situation and programme

SKI pointed out in the review of RD&D Programme 2007 that SKB should explain how it is ensured
that data on the spent nuclear fuel is correct before it is encapsulated. If the documentation is incomplete
or has deficiencies, SKB should present a plan of action to deal with this. It should also be indicated
when SKB needs to know that sufficient information exists on the fuel.

The fuel parameters that affect the handling of the fuel in the facilities and are needed for assessment
of operational and long-term safety are also of importance for the safe and efficient operation of

the nuclear power plants. The parameters are reported by the NPPs prior to transport to Clab. SKB
intends to calculate radionuclide inventory, radiation and decay heat with the same, or the same type
of, program as that used by the NPPs. If necessary, SKB can carry out verifying measurements in
conjunction with delivery to Clab. SKB is developing a special database for documentation of the
fuel’s properties.

The following sections present SKB’s development plans within the areas relevant to the fuel line.
Radionuclide inventory is further discussed in Section 22.1.2 in Part I'V.

10.3 Decay heat and radiation

Decay heat must be calculated for each fuel assembly. If necessary, for example if there are uncertain-
ties in the data reported by the NPPs, the calculations are supplemented by verifying measurements.

SKB has followed the development of calculation programs for decay heat since the mid-1990s and
has developed methods for supplementary measurements. Calorimetric measurements have been
used for accurate determination of decay heat. These measurements take a long time, and in view of
the large number of fuel assemblies a faster method has also been developed — gamma scanning. In
gamma scanning, the gamma radiation from the fission product cesium-137 is measured. The radia-
tion intensity from cesium-137 exhibits a nearly linear relationship with the decay heat. The method
can be used for fuel assemblies with both short and long decay time.

The methods for measurement of decay heat have been tested on fuel assemblies in Clab. The results
are summarized in /10-2/ and show small differences between the two measurement methods. The
work has been conducted in part together with Oak Ridge National Laboratory, which develops
calculation software. The results have also been used to validate and further develop the calculation
programs. Since decay heat and radiation are dependent on the same parameters, the same calcula-
tion programs and methods can be used to determine and verify them.

Programme

For the purpose of obtaining a better body of statistics and to include new fuel types, the measure-
ments of decay heat on individual fuel assemblies in Clab will continue for a number of years to
come. SKB’s goal is that a measurement method for determination of decay heat and other relevant
fuel parameters should be available when construction of the encapsulation plant begins.
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10.4 Water and water vapour

During the design of the encapsulation plant, two methods for drying of fuel have been studied:
vacuum drying and drying with hot air. Vacuum drying is the reference method. Both methods have
been found to satisfy the requirements on drying of undamaged fuel. Regarding damaged fuel,
uncertainties exist as to whether the ability of the methods to expel the water through pinholes in
the fuel cladding is sufficient. Furthermore, uncertainties exist regarding their ability to expel water
efficiently from the PWR fuel’s control rods, see Figure 10-1.

Programme

SKB has started a project for the purpose of studying different drying techniques. The project
involves a market survey, choice of method and a plan for verification and validation of the drying
method, plus a plan for qualification of the equipment. SKB intends to make a decision on a method
for drying before the detailed design of Clink.

10.5 Criticality

In the criticality safety analyses for transportation of spent nuclear fuel to Clab, no credit has been
taken for the decrease in reactivity that occurs due to burnup of the fuel when it is irradiated in the
reactor (burnup credit). For storage in Clab, no burnup credit has been used for enrichments up to
4.2 percent. However, for interim storage of PWR fuel with an enrichment of 5 percent, and for the
encapsulated spent nuclear fuel, burnup credit must be used to show that the criticality requirements
have been met. The method used by SKB for burnup credit follows a method developed by Oak
Ridge National Laboratory. All currently known fuel types in the Swedish nuclear power programme
have been analyzed together with information on the canister in accordance with the reference
design /SKBdoc 1193244/.

Analyses for the reference canister and all currently known fuel types show that fuel that has been
used normally in the nuclear reactors has a burnup that permits it to be placed in the canister from a
criticality safety viewpoint with ample margin. The analyses include material defects in the canister
insert. PWRs fuel with high enrichment and low burnup does not meet the requirement on criticality
safety, however. At sufficiently low burnup, this applies even if only one fuel assembly is placed

in the canister. Such low burnup can only occur due to severe fuel damage or unplanned premature
final shutdown of a nuclear power plant.

Programme

SKB intends to supplement completed criticality analyses by determining which geometric configu-
ration in the canister is most reactive. The results can be used to estimate the probability of criticality
in connection with deviations in the geometries of the canister and the fuel.

SKB will also study how PWR fuel that does not satisfy the criticality conditions should be handled.
There are a number of different ways to store and handle such fuel in Clab, and to encapsulate it.
The alternative chosen by SKB will be presented in conjunction with the application for burnup
credit for Clab.

10.6 Safeguards

Safeguards enable regulatory authorities and inspection bodies to ensure that nuclear material is not
diverted. SKB’s facilities must comply with the requirements that are made on safeguards by both
Swedish regulatory authorities and international inspection bodies. This means that there must be
an administrative system for accounting of nuclear material and where it is located, plus technical
systems for inspection and supervision that it is not diverted.
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In the case of encapsulated fuel, the safeguards system will contain information on the individual
canisters’ content of nuclear material, which fuel assemblies the canisters contain, when the fuel was
encapsulated, transported and arrived at the Spent Fuel Repository, where the canisters are deposited,
and the total quantity of nuclear material in the repository. In other words, it must be possible to
identify individual canisters and their content.

Safeguards that meet the requirements can employ conventional technology and do not require any
technology development. In the case of new nuclear facilities, safeguards must be taken into account
in the design stage so that inspection and supervision are facilitated. An important component of

the nuclear safeguards system in the Spent Fuel Repository is being able to verify that the facility
has been built in accordance with approved drawings. This is done so that the inspection bodies can
ensure that there are no routes out of the facility that have not been indicated and that there are no
areas where activities, other than those indicated, are carried out.

SKI pointed out in its review of RD&D Programme 2007 that SKB states that visual verification of
the fuel assemblies will take place before the steel lid is lifted onto the canister, but without explain-
ing how this verification will be done or documented. SKI regarded this as a critical point in the
handling, since SKB switches here from handling individual fuel assemblies to regarding the canister
as the smallest unit.

SKB considers that verification can be done by using several inspectors and/or by photographing.
Inspection records and photographs can be kept in accordance with stipulated requirements. SKB
described the planned safeguards within the KBS-3 system in the supplement to the application for
Clink that was submitted to SSM in October 2009. The spent fuel’s content of nuclear (fissionable)
material is dependent on its enrichment and burnup and can be calculated with the same program as
other fuel parameters that must be known. The content of nuclear material can thus be determined
and verified at the same time as the decay heat, see Section 10.3.
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11 Technology development, canister

The canister’s purpose and function is to contain the spent nuclear fuel and prevent the escape of
radionuclides to the environment. The canister should also attenuate radiation and prevent criticality.

This chapter deals with the technology development being conducted by SKB to fabricate, seal, transport
and deposit the canister that will be used. The chapter also deals with the analyses that are performed
to verify the function of the canister and determine what requirements should be made on fabrication
and inspection of the canister and on systems for transport and handling of the sealed canister.

SKB’s reference canister is a cylindrical container with an impervious shell of copper and a loadbear-
ing insert of nodular iron in which spent nuclear fuel is placed, see Figure 11-1. The insert is available
in two variants: one that holds twelve fuel assemblies from BWR reactors and one that holds four

fuel assemblies from PWR reactors. SKB has also chosen reference methods for fabrication of the
canister’s components and for welding and sealing. The copper tube is fabricated by extrusion, copper
lids and bottoms are forged and the insert is cast. The copper bottom is welded on and the canister is
sealed by friction stir welding (FSW).

Development of the canister has passed the concept phase and parts are already well along in the
design phase. Section 11.2 provides an overview of the current situation and programme, followed
by a table that also summarizes the comments of the regulatory authorities on the account given by
SKB in RD&D Programme 2007. The work with detailed design of the canister is then described in
Section 11.3, fabrication of canister components in Sections 11.4—11.5 and welding in Section 11.6.
Furthermore, the development work prior to nuclearization of testing and inspection methods in
connection with sealing and handling in Clink is described in Section 11.6, and the development of
methods for handling and deposition of the canister in the Spent Fuel Repository in Section 11.7.

11.1 Requirements and premises

SKB stated in RD&D Programme 2007 that the design premises that were presented were not com-
plete, and in its review the authority concluded that “SKB needs to continue to develop the design
premises so that they can provide better input data for the choice of materials, design and inspection
of the canister”.

SKB has continued the work of specifying design premises for the canister. An important basis for
this is the list of design loads and detailed specifications of what requirements the canister must meet
in the Spent Fuel Repository which SKB has compiled as a result of the work with the most recent
assessment of the repository’s long-term safety, SR-Can /11-1/, and the analysis of the canister’s
strength and damage tolerance (design analysis) which SKB has now completed /11-2/. In addition
to the analysis of loads in the repository, an analysis has been made of the loads to which the canister
is subjected in the facilities and during transport, which has also involved calculating loads on the
canister during lifts by the lid.

Figure 11-1. Exploded drawing showing the components of the reference canister. From left: copper
bottom, copper tube, insert and copper lid.
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The design premises for the canister relate to:

* its barrier function in the Spent Fuel Repository,
+ the spent nuclear fuel to be encapsulated,

» production of canisters and encapsulation,

+ operation of the KBS-3 system.

Provided that operation of the facilities and the transportation system is normal, it should be possible
to deposit the canisters in a safe way without affecting the properties that are important for the
barrier function in the Spent Fuel Repository. This entails that acceptance criteria will be needed for
repository operation, for example for the highest permissible temperature on the canister surface,
indentations or scratches on the copper shell and presence of chemicals. The work of specifying
these criteria is under way.

11.1.1 Barrier function in the Spent Fuel Repository

In the Spent Fuel Repository, the canister is supposed to enclose the spent nuclear fuel and prevent
the escape of radioactive substances. This means that:

* The canister shell must resist the corrosion to which it is exposed in the Spent Fuel Repository.
The copper in the shell should therefore have a nominal thickness of five centimetres and it
should be of high quality to prevent intergranular corrosion. Oxygen concentrations of a few tens
of ppm can be permitted.

* The canister must withstand an isostatic load of 45 MPa, which is equal to the sum of the maxi-
mum swelling pressure that is expected in the buffer and the maximum groundwater pressure at
repository depth. As a result, properties with a bearing on the strength of the insert are important,
as is the creep ductility of the copper shell.

» The canister shell must be leaktight and the loadbearing capacity of the insert must remain intact
after a shear movement in the rock of five centimetres with a velocity of up to one metre per
second. This means that the insert’s fracture mechanical properties and dimensions are important,
as is the copper shell’s elongation at break and fracture toughness.

» The canister must also prevent criticality, which means that the insert must be designed so that critical-
ity cannot occur even if water has entered a defective canister. Verification of safety against criticality
is based on a material composition of the nodular iron of Fe > 90 percent, C < 4.5 percent and Si <6
percent, plus a fuel configuration that is determined by the geometry of the reference canisters.

» The canister must contribute to keeping the radiation on the surface below 1 Gy/h.

11.1.2 The spent nuclear fuel

The canister must be able to hold the different types of spent nuclear fuel included in the Swedish
nuclear fuel programme. To permit safeguards inspection, each canister will have a unique marking
that can be read when the canister has been placed in the deposition hole.

11.1.3 Production of canisters and encapsulation

It must be possible to fabricate and seal canisters with high reliability. It must also be possible to
inspect them to ensure that they fulfil established criteria.

At encapsulation the following must be observed:
* Fuel assemblies must be chosen so that criticality in the canister is prevented.

» The atmosphere in the insert must be replaced with > 90 percent argon and the fuel assemblies
dried so that the quantity of water in the insert does not exceed 600 grams. This limits the amount
of nitric acid that can form in the canister and affect the insert’s long-term function.

» The radiation level on the outside of the canister should be less than 1 Gy/h. If this radiation level
is not exceeded, corrosion of the copper shell due to nitric acid formation outside the canister will
be negligible.

The current situation and the programme that concerns these three points is presented in Chapter 10.
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11.1.4 Operation of the KBS-3 system

It must be possible to transport, handle and deposit the canister in a safe manner without the proper-
ties of importance for its barrier functions in the Spent Fuel Repository being significantly affected.

The properties of the canister materials have been investigated at different temperatures, and the creep
properties of copper in particular have been investigated at up to 175°C without any sign of material
degradation. Both copper and nodular iron retain important properties such as failure strength and
yield strength at temperatures of up to 125°C. During handling, the outside temperature of the canister
should therefore be limited to 100°C, which allows ample margin to avoid adverse material impact.

11.2 Current situation and programme
Barrier function in the Spent Fuel Repository

SKB has performed deterministic analyses of the strength of the insert and thereby verified that the
insert for BWR fuel meets the strength requirements. The analyses have been performed assuming
the material properties that have been achieved in fabrication under production-like conditions.
Analyses of damage tolerance show that the insert possesses high damage tolerance under isostatic
loading. An updated probabilistic analysis of an isostatic load of 45 MPa shows a negligible risk that
a canister with a BWR insert will collapse. Damage tolerance is much lower under shear load, and
calculations show that fairly small surface defects can initiate fracturing. Preliminary analyses of the
PWR insert show that it also meets the strength requirements, but representative material data from
serial production are needed to complete the analyses.

The analysis of the strength and damage tolerance of the PWR canister will be supplemented with
deterministic analyses for the different loading cases strength and a probabilistic analysis for an
isostatic load of 45 MPa. In addition, probabilistic analyses are planned of the shear load case for
both variants of the canister.

It has been shown by creep modelling that the integrity of the copper shell is maintained under the
loads in the repository. Tests performed on cold-deformed material show that the creep ductility
of the copper material decreases with increasing cold deformation. Modelling and tests show that
handling damage can give rise to relatively extensive cold deformation.

One area where continued work is planned is the technical specifications for the insert. The extensive
strength analyses provide input data for evaluation of the specifications, which are either verified or,
if reason exists, are modified or supplemented.

Production of canisters and encapsulation

A development programme for fabrication of BWR inserts has been carried out. To verify that the
goal of the programme had been achieved, a demonstration series of five inserts was fabricated
under production-like conditions and evaluated. Material data from this evaluation were used to
verify the strength of the BWR insert by calculation. Further development of the fabrication techno-
logy for PWR inserts has been given priority and is taking place in parallel at two foundries.

The fabrication process for copper tubes has been further developed and the geometric accuracy

of extruded tubes has been improved. What remains is to reduce the variation in grain size. This
microstructural variation does not constitute a limitation from the viewpoint of strength and long-
term integrity, but could affect the reliability of quality inspections by ultrasonic testing. To address
this problem, both simulation of the extrusion process and laboratory-scale extrusion tests are being
carried out. The results of these activities will provide guidance on what changes can be made in the
fabrication process to mitigate the problem.

SKB has shown that the weld metal has virtually equivalent chemical and mechanical properties to
the parent metal. In order to reduce or eliminate the defects that sometimes occur in the weld metal
in the form of oxide inclusions or so-called joint line hooking, SKB has further developed process
control, the welding system and the welding tool. The occurrence of oxide can be eliminated by
welding under shielding gas, and welding trials have been performed with good results.
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The development work for the welding process involves several organizations: The Center for
Friction Stir Processing in the USA is working with tool development, Lund University with process
control and ESAB with development of the welding system. Development of welding is being led
by SKB, and the results are being implemented in the Canister Laboratory’s welding system, where
evaluation of the developed technology is also carried out.

Work is under way to formulate acceptance criteria for the canisters. Regarding the inserts, these
criteria are largely based on damage tolerance analyses. Certain questions need to be further ana-
lyzed in order for SKB to determine the detailed set of requirements regarding defects and thereby
determine the underlying requirements on nondestructive testing (NDT). The situation for the copper
shell is different, since the design requirements are linked to the material’s creep ductility and the
thickness of the intact copper barrier. In terms of production, the limits for the copper material
stipulated in the technical specifications have been achieved.

Development of the technology for NDT continues at the Canister Laboratory. The goal is to develop
and test the technology for testing of the canister’s components and welds in order to be able to
ensure that the acceptance criteria regarding defects are fulfilled.

SKB uses ultrasonic testing that is adapted to detect the kinds of defects that might occur. This
means that the testing is adapted with respect to the range of sizes, positions and orientations the
defects can be expected to have. Only a few defects have been detected in the fabricated copper
components. Better data on possible material defects are available for the FSW welds, since it has
been possible to push the welding process outside the intended process window, whereby various
types of defects have been created.

The fact that SKB regularly tests canister components and welds by NDT not only contributes to more
efficient process development, but also provides valuable experience of testing systems, design of
testing methods and testing procedures, and methods for interpreting and evaluating the test results.
The benefits of feedback between testing and fabrication can be illustrated by an example involving
the casting technology for inserts. By developing a method for ultrasonic measurement of the position
of the outer channel tubes in the BWR insert, it has been possible to determine the position of the
tubes along the length of the entire insert. Testing showed that the tubes were bent in some cases, a
phenomenon that could be traced to a certain procedure in the casting process. By modifying the cast-
ing process, an important parameter for the strength of the inserts could be assured.

In the case of the nodular iron inserts, testing of the outer parts has been prioritized, since they are of
great importance for strength, while testing methods for checking the homogeneity of the inner parts
of the insert will be developed later.

Handling and deposition of canisters

SKB has conducted a feasibility study of solutions for shipments of canisters from the Spent Fuel
Repository’s operations area on the surface to repository level. The feasibility study shows that a
concept where a transport cask (KTB) with canister is transported on a separate loadbearing trans-
port frame provides efficient handling and facilitates salvage in the event of an accident on the ramp.

A new deposition machine has been developed in a prototype version. The machine has been tested
in manual operation at the Aspd HRL. In parallel with these tests, the machine has been equipped
with an advanced navigation and positioning system.

Summary of current situation and programme

Table 11-1 summarizes the regulatory authorities’ comments on the account of the development
programme for the canister provided by SKB in RD&D Programme 2007, as well as the current
situation and programme for the development work.
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Table 11-1. Summary of the regulatory authorities’ comments on the account of technology devel-
opment for the canister in RD&D Programme 2007, SKB’s current situation, and SKB’s programme.

Regulatory authorities’ comments on
RD&D Programme 2007

SKB'’s current situation

SKB’s programme

Canister design — analysis of the canister

Lack of complete design analysis.

Lack of requirements on materials and
geometric tolerances and defects of
importance for fabrication.

Fabrication of inserts

SKB has fabrication methods that
need to be further developed.

Nondestructive testing (NDT) of inserts

Development and qualification of sev-
eral supplementary testing methods is
important.

Fabrication of copper components

SKB has fabrication methods that
need to be further developed.

Completed design analysis for the
copper shell.

Completed strength and damage
tolerance analysis for BWR inserts
and preliminary analyses for PWR
inserts.

Completed probabilistic analysis of
isostatic load case for BWRs.

Identified requirements for position of
channel tubes.

Investigated cold working effects that
can occur in connection with fabrica-
tion and handling damage.

Further developed fabrication process
for BWR inserts and verified this with
a demonstration series.

Carried out factor tests for different
parameters in casting of PWR inserts
and developed the method at two
foundries.

Developed ultrasonic technology for
testing of the insert’s most loaded
outer part (< 200 millimetres) and
inspection of the distance of the chan-
nel tubes to the surface of the insert.

Ultrasonic technique has been used
for testing of about 20 inserts.

Reliability has been studied.

Improved shape accuracy of extruded
tubes by modification of the process
system.

Causes of structural irregularity in
extruded copper tubes have been
analyzed by simulation and laboratory
tests.

Cold working effects in forging of cop-
per lids have been studied. Method
for stress-relief annealing has been
tested.

Developed the forging technology for
reduced grain size variation.

Improved the forging process and
determined process parameters
based on factor tests for forging of
copper lids.

Further developed the fabrication of
tubes by pierce and draw processing
and forging.

Nondestructive testing (NDT) of copper components
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Implemented preliminary ultrasonic
testing methods. Evaluated detection
capability and reliability.

Analyze effects of local surface
deformations.

Carry out final strength and damage
tolerance analysis for PWR inserts with
relevant material data.

Carry out probabilistic analysis of iso-
static load case for PWRs, and of shear
load case for both BWRs and PWRs.

Revise specifications for the inserts
based on the completed and supple-
mented (see above) design analysis.

Establish acceptance criteria for cold
working and other defects in connection
with fabrication and handling.

Optimize the process and verify that

it satisfies the requirements with a
demonstration series for PWR inserts at
a foundry.

Further develop method for NDT of

the insert’s outer areas by ultrasonic
technique and supplementary technique
for detecting surface defects.

Develop ultrasonic technique for NDT
of the insert’s inner part.

Develop acceptance criteria for testing.

Carry out a demonstration series for
verification of achieved results.

Finish laboratory studies and implement
the results in the fabrication process.

Verify that the process meets the
requirements by means of a demonstra-
tion series.

Implement stress-relief annealing in the
fabrication process for lids/bottoms.

Demonstrate developed forging
technology and method for stress-relief
annealing of lids and bottoms.

Carry out and evaluate a demonstration
series to verify technology development
for forging of lids and bottoms.

Further develop the fabrication of tubes
by pierce and draw processing and
forging.

Further develop technology for ultra-
sonic testing.

Study and characterize possible defect
types and formulate requirements for
their detection and size determination.

Develop technology for surface
inspection.
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Regulatory authorities’ comments on
RD&D Programme 2007

SKB'’s current situation

SKB’s programme

Seal welding
SKB must show that defects such as

oxide particles can be eliminated and
joint line hooking can be overcome.

Improved exactness in clamping
of the canister and process control
so that joint line hooking can be
controlled. Optimized the design of
the welding tool.

Demonstrated by trial welding that
the welding process and the welding
system are robust and stable.

Started testing of welding in shielding
gas.

Microstructural investigations of the
weld metal are being conducted.

Nondestructive testing (NDT) of seal welds

Handling and deposition of canisters

An account is desired of how loading,
unloading and deposition of the
canister will be done.

Implemented ultrasonic testing for
inspection of welds (tested approxi-

mately 70 welds). Evaluated detection

capability and reliability in testing.

Completed feasibility study of trans-
port solutions. Developed deposition

machine with navigation and position-

ing system.

Optimize the control system and auto-
mate testing. Verify that the process
meets operational requirements and
that the weld metal meets requirements
on properties.

Gather data for system in encapsulation
plant.

Finish process for welding in shielding
gas to minimize oxide formation.

Perform verifying microstructural inves-
tigations of the weld metal with respect
to e.g. oxides and joint line hooking.

Formulate detailed acceptance
criteria for defects and further develop
ultrasonic testing, if necessary.

Develop technology for surface inspec-
tion of welds.

Conduct full-scale tests with the deposi-
tion machine at the Aspd HRL.

Clarify the requirements on ramp
vehicles and prepare documentation
as a basis for procurement.

11.3 Canister design — analyses of the canister

In its review of RD&D Programme 2007, SKI emphasized that ... there is still lacking a complete
design analysis of the canister including canister dimensions and a compilation of the strength analy-
ses performed with reference to current design premises. SKB should include such an integrated
design analysis of the canister including safety margins when applying for a licence to build the

final repository.” Furthermore, the authority pointed out that “certain remaining requirements on the
different materials of the canister are lacking as well as certain final geometric tolerances which are
important for the fabrication of the canister. Information is also lacking on the maximum permissible
defects in different components of the canister, which are important for fabrication inspection.”

SKB has carried out strength analyses and damage tolerance analyses (design analysis) for the
canister in order to verify that the reference canister fulfils requirements and design premises /11-2/.

The strength analysis of the BWR insert with steel lid shows that it has large safety margins at an
isostatic load of 45 MPa. For this load case relatively large defects can be permitted in the material
in the cylindrical part of the insert and some geometric displacement of the insert’s steel cassette can
be tolerated. The plastic deformations and creep deformations in the copper shell are generally small
(less than 1 percent). The calculations show that large strains (up to 30 percent) can occur locally

in the end of the joint line between lid and cylinder. The global strain in the area is much less (12
percent), which prevents propagation.

The design analysis shows that shear load in combination with glaciation would not be more serious
for the canister insert than shear alone. The analyses show that the reference canister can withstand
a shear movement of 5 centimetres. The insert is the canister component which in this case is the
most sensitive to surface defects. For the “least favourable” case with respect to buffer density, angle
of attack and point of attack, semi-elliptical surface cracks (ratio length:depth = 6:1) with a depth

of just over 4 millimetres can be permitted. A shear movement of 5 centimetres perpendicular to the
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canister results in a maximum plastic shear in a small local area of the copper shell of just over 20
percent. This is the same order of magnitude as for slow creep in the final repository. Further creep
after a shear is expected to result in only a small addition (in the order of a couple of percent) to the
total deformation. This creep relaxes the stresses that have arisen in the copper shell during the shear.

Programme

Verification that the reference canister meets the stipulated requirements will continue, with further
analyses of the canister in BWR and PWR versions. The results of these analyses will serve as a
basis for modification of e.g. acceptance criteria for nondestructive testing of inserts.

The deterministic and probabilistic analyses that have been done to demonstrate the strength of the
BWR insert under isostatic load will be supplemented with equivalent analyses for the PWR insert
as soon as representative material data are available from the demonstration series which SKB plans
to carry out for PWR inserts.

The deterministic analysis that has been done for BWR inserts includes damage tolerance in connection
with a shear movement in the rock and will be supplemented with a probabilistic analysis. Equivalent
deterministic and probabilistic analyses will be carried out for PWR inserts. The extensive strength
analyses provide data for evaluation of the established fabrication specifications, which are either veri-
fied or, if reason exists, are modified or supplemented.

The analyses of the creep properties of the copper shell will continue as a basis for further develop-
ment of the creep model (see also Section 23.2.3). This work includes further studies of the influence
of cold working on the creep properties of copper and implementation of this in the creep analyses.
Cold working effects include the effects of local damage that can occur during handling of canister
components or the finished canister.

11.4 Fabrication and testing of inserts
11.4.1 Fabrication

The insert is the canister’s loadbearing component and is fabricated of nodular iron. The insert
contains a steel cassette that creates the channels where the fuel assemblies are placed and is fitted
with a steel lid. The inserts are cast and then machined to their final dimensions.

SKB has been developing the fabrication of inserts in cooperation with suppliers for a long time.
In its review of RD&D Programme 2007, SKI conceded that methods exist for fabricating canister
components and whole canisters, but concluded that the methods need to be further developed.
Further, the authority pointed out that further work is needed with regard to serial production.

During the period 2007-2009, 24 nodular iron inserts were fabricated, of which 13 are PWR inserts
and 11 BWR inserts /SKBdoc 1175208/. A development programme for fabrication of BWR inserts
has been carried out. The programme was concluded with the casting of five inserts under production-
like conditions in a demonstration series. Reliability in the fabrication of BWR inserts was analyzed
by investigating the material properties of test pieces taken from the bottom, middle and top of the
inserts. All inserts met the fabrication requirements.

On evaluation of the demonstration series, SKB was able to conclude that considerable progress had
been made in the fabrication technology. The range of variation in the process had decreased consid-
erably. It is particularly gratifying that the ductility of the material is much more even than before,
as shown by fracture toughness testing. Based on data from the demonstration series, a probabilistic
analysis has been done showing that the probability of local ductile deformation of the insert at
maximum isostatic load is negligible /11-2/.

Development of the technology for casting of BWR inserts is considered finished, inasmuch as

that the requirements that have served as a basis for the development work have been met. Further
work may be needed to meet additional requirements in connection with the planned revision of the
technical fabrication specifications for the insert. As a part of its cooperation with Posiva, SKB is
also participating in the development of BWR inserts at a Finnish foundry.
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The lessons learned from the development of the BWR inserts have been a point of departure for
the equivalent development of PWR inserts. The decisive differences between BWR and PWR
inserts from a fabrication viewpoint are that both the quantity of cast metal and the dimensions of
the channel tubes are greater in PWR inserts. This has led to new questions regarding variations in
material structure and deformations of the channel tubes. The latter has been dealt with by improved
technique for the compaction of the mould sand that holds the channel tubes in place during casting.
Further optimization of this compaction technique is planned. Progress has also been made in keep-
ing the variations in material structure within acceptable limits.

A systematic method has been used to investigate the most important process parameters during
casting. During 2008 and 2009, two rounds of factor testing, with four fabricated PWR inserts and
three varied process parameters in each round, were carried out at one of the foundries to which the
development work had been concentrated. The second factor test is currently being evaluated. The
state of knowledge in the summer of 2010 is that at least one of the two casting processes is judged
to give satisfactory results in terms of material properties and form accuracy.

As mentioned above, work based on the completed design analysis is under way to compile the proper-
ties that are important for the canister’s mechanical integrity. This work will serve as a basis for the
final evaluation of the casting processes. When technology development for PWR inserts has achieved
the established goals, a demonstration series will be carried out at one of the foundries. The range of
variation in the process will be examined in the evaluation of this serial production. Statistical measures
for the important insert parameters are used in probabilistic analyses for the insert.

Some occurrence of material defects is considered to be unavoidable in such large castings as

these inserts. The nondestructive ultrasonic testing that is regularly performed on fabricated inserts
provides knowledge on the occurrence of defects. Detected defects are analyzed in certain cases by
radiographic and metallographic examinations. The information is used both in the development of
the fabrication process and to optimize the ultrasonic testing.

Figure 11-2 shows a steel lid for an insert. The lids will be delivered to the canister factory complete
with finished dimensions and holes for valves for atmosphere exchange plus a centre screw for
fitting to the insert. The current choice of material is steel grade S355J2, which has been used in a
strength analysis. The analysis showed that the chosen dimensions and steel grade can withstand the
design load of 45 MPa.

Figure 11-2. A part of a machined insert and a steel lid with hole for valve for atmosphere exchange plus a
centre screw for fitting to the insert.
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Programme

The continued development work includes:

» evaluating both casting processes for PWRs and carrying out a demonstration series at a foundry,
* investigating the range of variation for important parameters of the insert,

» determining different types of defects in the inserts,

* optimizing the packing technique to ensure the form accuracy of the channel tubes,

» revising the technical specifications for the insert,

+ carrying out fitting tests for the steel lid.

11.4.2 Testing of inserts

In its review of RD&D Programme 2007, the authority pointed out that development and qualifica-
tion of testing methods is just as important for the nodular iron insert as for the shell and the seal
weld, and that the nondestructive testing that is needed should be based on design premises and
strength analyses in accordance with current practice at the nuclear power plants. SKI further consid-
ered it necessary and important that SKB develop several different testing methods that complement
each other.

SKB intends to develop testing methods that will ensure that the requirements stipulated in the design
analysis presented in Section 11.3 are met. For certain parts such as steel lids and bolts, the alternative
of purchasing standard products with quality certificates will be explored, which SKI in its review of

RD&D Programme 2007 thought should be possible as long as requirements on the subcontractor are
studied and reported.

In recent years, the focus has been on implementing the preliminary testing methods for quality
inspection of the nodular iron inserts that are included in the programme for trial fabrication
presented in RD&D Programme 2007, and evaluating the reliability of the methods. The work within
nondestructive testing is compiled in /SKBdoc 1179633/ and summarized below.

As a part of the implementation of the testing methods, instructions have been prepared for quality assur-
ance of ultrasonic testing. They are based on two different types of methods. One is TRL (Transmitter-
Receiver-Longitudinal), where a transmitter generates longitudinal waves with a 70 degree angle that are
received by a receiver. This method is suitable for examining material with a coarse structure and is used
to scan the outer area of the insert. The other type, called phased array where the sound impinges on the
surface at a right angle, is used in areas down to about 200 millimetres below the insert’s mantle surface.
Phased array testing permits electronic focusing for increased capacity to detect defects at greater depths.
Some twenty or so inserts, both BWR and PWR, have been tested with these methods, whereby only
single discrete defects have been indicated. The TRL method has given certain indications which on
evaluation have turned out to be porosity variations. Phased array testing has also been used to measure
the distance between the mantle surface and the outer corners of the channel tubes. This distance is an
important parameter for the strength of the insert.

Preparatory studies have been made of how the central parts of the insert should be tested. One pos-
sibility is to use through-transmission testing, where sound is sent from a transmitter on one side of
the insert to a diametrically positioned receiver. Preliminary tests show that this is feasible, but also
makes high demands on the stability of the equipment (fixture) that fixes and positions the sensors.

Development within this area is being pursued in cooperation with Posiva.

The reliability of the preliminary testing methods has been studied in cooperation with BAM
(Bundesanstalt fiir Materialforschung und -priifung) in Berlin. The TRL method has been studied

on spark-machined grooves (for simulation of crack-like defects). The results indicate a detection
capacity (agg9s) of 2—3 millimetres for near-surface defects and 4-9 millimetres for defects at a depth
of 50 millimetres. The phased array method has been studied on side-drilled holes with results indi-
cating a detection capacity (agg9s) of 2—8 millimetres, which decreases with increasing distance from
the mantle surface. These tests are mainly aimed at studying the sensitivity of the testing method

in different areas and will be supplemented with studies on real defects so that the reliability of the
testing can be described.
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Programme

The plans to devise acceptance criteria for nondestructive testing are based on the results of a recently
completed design analysis. Supplementary deterministic calculations will be performed as a part of
this effort.

Owing to the fact that the shear load case according to the design analysis imposes high demands on
detection of relatively small defects in the outer area of the insert, further development of NDT will
include methods for testing of surface and near-surface defects. Several methods will be evaluated
such as inductive testing, magnetic powder testing and different variants of ultrasonic testing, for
example TOFD (Time of Flight Diffraction).

SKB also plans to optimize the testing methods and develop and implement technology for testing
of the area between the channel tubes in both the BWR and PWR inserts, as well as to determine
the detection capacity of the method for real defects. Modelling will be carried out in support of the
experimental work.

11.5 Fabrication and testing of copper components
11.5.1 Fabrication of copper components

SKI stated in its review that while methods do exist for fabricating canister components, they need
to be further developed, and that there is also a need for development in those cases where SKB has
chosen a reference method. SKI found SKB’s development programme to be appropriate and headed
in the right direction.

During the period 2007-2009, SKB made seven large copper ingots for tube fabrication and 14 smaller
copper ingots for fabrication of lids and bottoms. During the same period, seven copper tubes were
fabricated by extrusion, eight by pierce and draw processing and three by forging.

The geometric accuracy of extruded tubes has been improved. The tendency of bent tubes from the
extrusion process has been eliminated by improvements in the process system; a guide tube has been
fabricated and used to improve the straightness of the copper tube. After the introduction of the guide
tube, all extruded tubes have met the fabrication requirement on straightness.

Areas with increased sound attenuation (bands) have been found in ultrasonic testing of extruded
tubes. Detailed studies of these bands show that grain size differs compared with other parts of the
tubes. The average grain size in the bands is 170-250 um, compared with 70—150 um in other parts.
The bands have normal mechanical properties and they meet the fabrication requirement for grain
size, which is <360 um. The effect of the bands is poorer testability, since ultrasound is sensitive to
variations in the grain size of copper. To address this problem, the extrusion process is simulated and
extrusion tests are performed on a laboratory scale. In parallel, methods for reducing the disturbance
sensitivity of ultrasonic testing for the material structure are being investigated.

A trial series of 10 copper lids was fabricated for the purpose of finding the best process parameters
with existing tools in the forging press used for trial fabrication. A demonstration series of 10 lids
was then carried out with parameters based on the outcome of the trial series. The results showed
that the material structure was satisfactory and that the strength properties meet the fabrication
requirements. The lid blanks also had a good geometric shape and could be machined to lids in a
satisfactory manner. However, the current forging method subjects the lids to cold working. Process
optimization and experiments with stress-relief annealing to eliminate cold working are being
conducted.

Programme

Further development of the fabrication technology for the canister’s copper components includes:

» Studying the extrusion process system based on new knowledge of the causes of grain size varia-
tions and, if possible, implementing the necessary modifications in the system.

» Carrying out and evaluating a demonstration series to determine what material structure can be
achieved in extruded tubes.
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* Continuing the development of fabrication by pierce and draw processing and forging.

» Continuing studies of cold working effects in copper and process optimization of the current
forging method for local fabrication. Other forging methods may also be evaluated.

11.5.2 Testing of copper components

In recent years, SKB has focused on implementing the preliminary methods for quality inspection
of copper components that were described in RD&D Programme 2007 and evaluating the reliability
of the methods. The work that has been done within nondestructive testing is compiled in /SKBdoc
1179633/.

Quality assurance instructions have been compiled for ultrasonic testing of the copper components
by means of the phased array method. Some twenty or so copper tubes and an equal number of
copper lids have been tested by means of this method, whereby only small defects have been indi-
cated. The testing has shown that sound attenuation varies in the components, which in some cases
leads to poorer detection capacity.

The reliability of the preliminary testing methods has been studied in cooperation with BAM
(Bundesanstalt fiir Materialforschung und -priifung). The phased array method has been studied on
artificial reference defects (flat bottom holes), and the results indicate a detection capacity (a9o95s)
within a range of 2—5 millimetres.

The work with acceptance criteria for the testing of copper components does not conform to the same
model as for the insert. Copper is not sensitive to stress concentrators in connection with either plastic
strain or creep strain. Moreover, the copper shell is only loadbearing during lifts. The acceptable

defects that have emerged in the damage tolerance analysis for lifts by the lid are based on limit load
calculations and are very large. This means that detection requirements that are based on the effect of the
defects on the thickness of the corrosion barrier are comparatively much stricter. Acceptance criteria for
NDT must be supported by a description of possible defects. So far, defects have occurred very sparsely
during trial fabrication. Only one or two forging defects in the lid have been found, despite extensive
testing of both tubes and lids/bottoms. Accumulation of knowledge concerning different defects and
how they can be detected will continue, as will the work of clarifying the detection requirements for
these defects. This is planned to be done both by flow simulations of the pierce and draw and extrusion
processes, which provides information on the orientations and positions of natural defects, and by the hot
forming of material on a laboratory scale where the process is disturbed so that defects occur.

Current testing methods will be supplemented with surface-scanning methods to increase detectabil-
ity for surface defects as well as impact deformations, which can give rise to cold working effects.

Programme
The development work for testing of copper components includes:

» studying possible defect types in hot-formed copper and characterizing them, as well as formulat-
ing detection and size determination requirements for them,

 further developing technology for ultrasonic testing, including surface inspection of the copper
components,

» studying what effect varying grain size has on the detection capacity of ultrasonic testing and
optimizing the method on this basis.
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11.6 Sealing and testing of the weld
11.6.1 Sealing

In RD&D Programme 2007, SKB reported that the weld metal in friction stir welding has, in most
cases, equivalent chemical and mechanical properties to the parent metal. However, investigations
showed that certain defects can occur, such as oxide inclusions and joint line hooking. In its review
of RD&D Programme 2007, the authority said that it remained for SKB to show by further tests that
oxide particles can be eliminated and joint line hooking can be overcome. The authority also pointed
out that it is of great interest that SKB complete its programme to automate the FSW process in
order to achieve as high repeatability as possible in the future.

With the choice of FSW as a reference method in 2005, SKB focused research, development and
demonstration on this method /SKBdoc 1175162, 1175236/. After 75 lid and bottom welds (the lid
weld is done with insert and the bottom weld without insert) consisting of nearly 350 separate weld-
ing cycles, both the welding process and the welding system can be considered robust and stable.

Before the work of automatically regulating the welding parameters within the process window was
begun, the welding process was optimized with respect to stability and repeatability within as wide
a process window as possible. This resulted in new parameter settings and a new design of the tool
shoulder, see Figure 11-3. Furthermore, the design of the tool probe has been changed to optimize
its life, i.e. the safety factor against failure, since a probe is only intended to be used for one weld.
First it was found that a surface coating, chromium nitride (CrN), permits full-turn welding without
detectable cracking of the surface of the probe. In order to further reduce the risk of failure, the
length of the MX notches was reduced. In cases where cracks occurred during welding they were
localized to MX notches 22-25 millimetres down from the shoulder, where tool failure has occurred
in tests at maximum tool temperature. The tool therefore now has MX notches only 17 millimetres
down from the shoulder, see Figure 11-4.

In several full-turn welds done in conjunction with optimization of the welding process with respect
to the stability and repeatability of the process (parameter study), it was found that the heat input
needed to keep the tool temperature at about 850°C was repeatable. Due to the fact that the thermal
conditions during a welding cycle vary, for example during the downward sequence and the upward
sequence, the heat input must be varied during the cycle, see Figure 11-5.

The only discontinuity that occurs during welding within the relatively wide process window
(790-910°C for the tool temperature) is joint line hooking, which occurs when the tip of the probe
penetrates too deeply and the flow of material pulls the vertical joint line towards the surface. It is
above all during the overlap sequence that the tip of the probe goes too deep. Joint line hooking can
be greatly reduced by using a shorter tool, as has been demonstrated in a small welding series carried
out after the demonstration series. A reasonable assessment is that joint line hooking can be limited
in production to a radial extension of two millimetres.

Extensive tests have been done on lid welds made at the Canister Laboratory to judge the long-term
properties of the welds and how well the weld metal conforms to the specification for the reference
canister. The weld metal has been found to meet the requirements regarding material composition,
material properties and dimensions.

In RD&D Programme 2007, SKB presented tests of the mechanical and chemical properties of the
weld metal. Since then SKB has performed chemical analyses of the weld metal in a number of
measurement points in several lid welds /SKBdoc 1175162/. Three measurement points along the
radial centreline — top, middle and root — from both the single weld area and the overlap area have
been analyzed along with a reference point in the lid. The results show that when weld metal from
welding in air is examined, the oxygen concentration varies from about 3 to 44 ppm. This shows
that the weld metal can contain regions or bands with small quantities of oxide inclusions, primarily
concentrated in the overlap area. When weld metal from a weld performed in argon shielding gas
was examined, the oxygen concentration varied between 1 and 2 ppm, which indicates that oxide
inclusions in the weld metal can be minimized or prevented if welding is done in shielding gas. A
major survey of the occurrence of oxide inclusions and their influence on the properties of the weld
metal is being carried out.
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Figure 11-5. Required heat input for a tool temperature of 850°C as a function of position in the welding
cycle. Sequences in the welding cycle: 1. acceleration, 2. downward sequence, 3. joint line sequence,
4. overlap sequence and 5. parking sequence.

Analyzed concentrations of phosphorus, sulphur and hydrogen in the weld metal (see Table 11-2)
are acceptable and comparable to the levels in the parent metal. The occurrence of metallic elements
has also been analyzed, since small particles can be dislodged from the tool probe and get mixed
into the weld metal. The tool probe — which is made of Nimonic 105, an alloy of nickel, chromium,
cobalt, aluminium and titanium — is now surface-treated with chromium nitride (CrN). This surface
treatment has reduced the quantity of nickel particles in the weld metal.

Programme

The welding tests have shown that repeatability and reliability in the welding process are very high,
but further optimization of both the process and the system is needed. The steps that remain are to:

» commission the regulator and then optimize the regulator’s settings and function so that the
human factor is eliminated as far as possible,

» weld more lids in argon in order to get a better picture of the weld metal’s properties, since the
provisional shielding gas chamber has only been used for one full-turn weld. Figure 11-6 shows
the shielding gas chamber that is planned to be used for most lid welds,

» adapt the development work with regard to the microstructure and oxide content of the weld
to the results of ongoing material investigations of the weld metal at e.g. KIMAB and Helsinki
University of Technology,

+ gather material on the systems in the canister factory and the encapsulation plant.
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Figure 11-6. Illustration of the new shielding gas chamber.

Table 11-2. Concentration of phosphorus, sulphur and hydrogen as well as metallic elements in
weld metal.

Concentration in the weld metal (ppm)
Welds (FSWL27, 35,36) Weld (FSWL69) Weld (FSWL51)

— tool without surface — tool with surface - tool without surface treat-
treatment treatment ment, with shielding gas

Ni 21 <1 9

Co 9 <1 3

Cr 5 <1 3

P 52.7 49.5 61.5

S 4.4 <5 4.3

H 0.31 0.3 0.55

O 17 32 1.6

11.6.2 Testing of welds

Experience accumulation from weld testing has mainly occurred in the form of feedback to develop-
ment of the welding process. When it comes to possible defects, the state of knowledge for welds

is better than for hot-formed copper, since the welding system is at the Canister Laboratory and is
small-scale in comparison with the industrial processes of forging, extrusion and pierce and draw
processing. The welding process is being optimized to meet the detection requirements for various
defects, including changes in tool design and parameters. This includes establishing a reliable pro-
cess window. Although the probability is low, there is a possibility that new types of defects could be
generated in the new process. This will be investigated by means of different process tests. If reason
exists, the NDT methods will be optimized to detect new types of defects. A special question that
will be further studied is the possible occurrence of volumetric defects in the welding process, which
determines whether the welds need to be X-rayed. As for the copper shell in general, methods will be
developed to detect surface defects.
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Programme
The development work for testing of welds includes:

» studying possible defect types in welds and characterizing them; formulating requirements for
detection and size determination of these defects,

» further developing technology for ultrasonic testing,

+ studying the reliability of different NDT methods for weld testing; in particular, determining
whether radiographic testing is needed,

» develop technology for surface inspection of welds,

» gather background material for the NDT systems in the encapsulation plant.

11.7 Handling and deposition of canisters in the Spent Fuel
Repository

Handling and deposition of the canister in the final repository includes the whole handling chain,
from the time the canister in its transport cask (KTB) arrives at the terminal building above ground
until it has been inspected and deposited, i.e.:

* Transport down the ramp of the canister in KTB.
* Transloading of the canister to the deposition machine at repository level.
* Deposition of the canister.

In the review of RD&D Programme 2007, the authority requested information on how far SKB had
come in its development of the handling chain for the canister at the final repository. The authority
has also asked for an account of how loading, unloading and deposition of the canister will take
place and what needs to be automated due to radiation.

11.7.1 Transport on the ramp

Transport of the canister transport cask (KTB) down to repository level will take place via the descent
ramp on a vehicle specially intended for this purpose. A KTB with canister weighs about 85 tonnes.

A feasibility study of the set of requirements for underground transport and suitable transport solu-
tions was carried out during the period 2007-2009. The study shows that a concept where the KTB is
transported on a separate loadbearing transport frame has significant advantages. It permits efficient
handling of the KTB and facilitates salvage of the vehicle in the event of an accident on the ramp.

A vehicle solution called “Self Propelled Modular Transport (SPMT)” has proved to be suitable, see
Figure 11-7. It has a modular construction, which simplifies repairs and replacement of components.
SPMT is a serial-manufactured product and is judged to be capable of meeting the requirements for
ramp transport after certain modifications.

Programme

During the period 2011-2013, SKB plans to clarify the requirements and prepare the documentation
for a future procurement. The possibilities of coordinating the design of transport frames with ter-
minal transport duties will be explored. The purpose is to purchase a vehicle with properties similar
to those of the future ramp vehicle. This vehicle will permit testing of the ramp vehicle concept and
detailed testing of technical solutions.

11.7.2 Deposition

SKB has developed a new deposition machine, which was delivered to the Aspé HRL in the autumn
of 2008. The machine has been tested in manual operation for nearly 2 years. In parallel with the
manual tests, the machine has been equipped with an advanced navigation and positioning system.
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Figure 11-7. Concept for vehicle for underground transport of canisters via the ramp.

Programme

In planned full-scale tests at the Aspd HRL, the new deposition machine will carry out around 1,000
depositions during a two-year period. Tests of the navigation system are included. In the final reposi-
tory, the deposition machine will travel from the central area to the deposition tunnel and the selected
deposition hole. The most critical part of the navigation sequence, when the machine straddles the
radiation shielding hatch, is included in the tests being conducted at the Aspd HRL. The deposi-

tion machine is also equipped with a positioning system that enables the canister to be positioned
centrally in the buffer rings in the deposition hole.

The full-scale tests are expected to be concluded in 2011. The main purposes are to:

* collect and evaluate data on the reliability and availability of the machines and the subsystems in
fully automated operation,

 verify that deposition with fully automated navigation and positioning can be carried out with
satisfactory accuracy and safety,

» compile a list of service work that is required in continuous operation.
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12 Technology development, buffer

The buffer line includes fabrication, handling and installation of the buffer that surrounds the can-

ister in the deposition hole. This chapter briefly describes the buffer’s reference design, the require-
ments made on the buffer to achieve the initial state and the technology development SKB plans to
carry out during the coming years. In parallel with, and as a basis for, this technology development,
research and development on the clay barriers continues. This is described in Chapter 24 in Part I'V.

12.1 Requirements and premises

The function of the buffer is to prevent flowing water from coming into contact with the canister and
the spent fuel. Any transport of corrosion products and radionuclides through the buffer will be dom-
inated by diffusion. Furthermore, the buffer should limit the stresses on the canister caused by any
displacements in the rock. In order for the buffer to perform these functions, hydraulic conductivity
must be low. Moreover, the buffer must retain its dimensions and be able to self-heal, which means
that any cracks and inhomogeneities should close when the buffer swells so that the buffer retains its
function. The buffer must also be physically and chemically stable in a long time perspective.

The requirements on the buffer are thus mainly related to its barrier function in the Spent Fuel
Repository. In order to secure this barrier function, the following requirements have been formulated
on installed buffer /12-1/:

* the content of the clay mineral montmorillonite in the buffer material shall be 75-90 percent of
the total dry weight,

* the content of organic carbon in the buffer material shall be less than one percent,

* the total sulphur content may not exceed one percent, and the sulphide content may not exceed
0.5 percent,

+ the water-saturated density of the installed buffer shall be between 1,950 and 2,050 kg/m?,
* the buffer’s dimensions shall be in accordance with SR-Can /12-2/,
+ the temperature in the buffer may not exceed 100°C,

* minimum swelling pressure, maximum hydraulic conductivity, stiffness and strength shall be
retained despite changes in temperature and pressure and movements in the buffer.

In addition there are requirements related to production and operation. Generally formulated, the
buffer shall be based on proven or tested technology. Buffer with the specified properties shall be
possible to produce and install with high reliability.

12.2 Current situation and programme

Based on the requirements set forth in the preceding section, SKB has devised a reference design

for the buffer. According to this reference design, the buffer consists of uniaxially compacted blocks
and rings of MX-80 bentonite clay. The gap between the buffer blocks and the wall of the deposition
hole is filled with pellets, see Figure 12-1. In addition to the composition of the buffer, the reference
design also includes the fabrication process and the chosen installation technology. It must be pos-
sible to install buffer blocks and canister up to three months before the outer gap is filled with pellets
and the deposition tunnel is backfilled. To this end the reference design includes a buffer protection
and a bottom pad, designed to connect with the buffer protection.

In its review of RD&D Programme 2007, SKI pointed out that SKB should provide a more detailed
description of what technique is to be employed during installation of the buffer to prevent unduly
rapid saturation of the buffer. As regards fabrication of the buffer blocks, SKI noted that SKB had
abandoned isostatic pressing as a reference method, without giving any reasons for this. Furthermore,
SKI pointed out that SKB had not specified what should be included in a programme for quality
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Figure 12-1. Reference design for the buffer.

assurance of the buffer. SKI and the Swedish National Council for Nuclear Waste consider it essential
that SKB should develop a quality programme for buffer fabrication. SKI also said that further trial
fabrication may be needed to show that sufficiently high quality can be achieved for the chosen mate-
rial under conditions that more closely resemble serial production. Regarding the choice of material
for the buffer, SKI maintained that bentonite has a complex and varying chemical and mineralogical
composition and that this is important for the long-term evolution of the buffer. Besides specifying a
minimum concentration of montmorillonite, SKB therefore also needs to specify the concentration
interval for other minerals, for example certain trace minerals that can have an impact on long-term
safety. Furthermore, in order to make optimal use of available resources, SKB should draw up a plan
for which material is to be used in various new tests.

Since 2007, SKB has developed and tested both the buffer protection and the bottom pad. The com-
ponents have been tested on a large scale at the Aspd HRL. Furthermore, a system for drainage in the
deposition holes during installation has been tested /12-3/.

In the Bentonite Laboratory, SKB has examined the function of the outer gap, which is filled with
bentonite pellets. The purpose of these tests has been to study how the buffer is affected by inflowing
water. The phenomena that have been studied are erosion of the bentonite, heaving of buffer blocks
and buildup of water pressure in the buffer /12-4/.

Since RD&D Programme 2007 was published, SKB has produced some fifteen or so full-scale
buffer blocks for the tests at the Aspé HRL. In connection with the fabrication of these blocks, the
bentonite has been conditioned by in situ addition of water to the clay, see Figure 12-2.

There is an ample supply of bentonite on the world market. Several suppliers today can deliver a
product that meets SKB’s requirements on the buffer material /12-5/.
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Figure 12-2. At left: Eirich mixer used for conditioning of bentonite at the Aspé HRL. At right: A bentonite
block is placed on a shipping pallet.

According to SKB’s delivery control model (see Section 9.2), technology development for the buffer
has passed the concept phase and is in the design phase. The work to be done before the start of
repository construction has been divided into three parts. In the first part, system design is carried
out within the chosen reference design. Here the reference design is described, along with how far
development has advanced, and suggestions for further development are presented. In parallel with
the development of the reference design, alternative designs are developed and evaluated. These

two parts of the development work will be pursued in separate projects (see Sections 12.2.1 and
12.2.2). The third part involves the development of the fabrication process for buffer blocks (see
Section 12.3). In addition, some technology development for the buffer will take place within the
project “Mining of the outer section of the Prototype Repository” (see Section 12.4).

12.2.1 System design of buffer

In conjunction with the development of the reference design for the buffer, SKB saw a need, within
the framework of the chosen reference design, to further develop the technology for installation of the
buffer to obtain an efficient work process. To a great extent, the various components in the reference
design have been tested previously, both in the laboratory and in field tests. The areas where there is
still a need for testing and further development are described in the following section. All components
included in the reference design for the buffer will be tested together, as a part of the system design
(see “Full-scale tests of the reference design”, later in this section). The results of the work will serve
as a basis for the detailed design of these components.

Components in the reference design

The components in the reference design that need to be further developed are the bottom pad, the
buffer protection, the radiation shield and the cover plate. The bottom pad is supposed to provide a
flat and horizontal surface on which the bentonite blocks can be stacked vertically and to serve as an
attachment for the buffer protection. According to the reference design, it consists of a copper plate
grouted onto a cement slab; other solutions will be considered. The buffer protection is supposed to
prevent water from being absorbed by the buffer during the installation phase. The radiation shield
is supposed to provide protection during emplacement of the canister and buffer. A prototype of the
radiation shield is being tested. After buffer and canister have been emplaced in the deposition hole,
the hole is covered with a cover plate. It is supposed to prevent material from getting into the deposi-
tion hole and to facilitate the work of installing the backfill. Development of these components has
begun. In the continued development work it is important that all components function together and
that they fulfil the requirements and premises presented in Section 12.1.
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Equipment for installation

Before the canister is placed in the deposition hole, the buffer of highly compacted bentonite, in the
form of blocks and rings, must be in place. Installation of the buffer requires equipment that is capa-
ble of both lowering bentonite rings and bentonite blocks into the deposition hole and, if necessary,
lifting them up again. Such equipment has been developed in a prototype version. It consists of a
gantry crane and a vacuum lifting tool, see Figure 12-3. The equipment is equipped with a position-
ing system so that the blocks will end up in exactly the right positions in the deposition hole. Tests of
the functions of the vacuum lifting tool began in 2009. The tests include showing that the tolerance
requirements for the buffer can be met.

During the detailed design phase, the prototype of the lifting tool will be tested together with a
prototype of a buffer lowering machine equipped with navigation system. Via the prototype tests,
SKB will show that all steps in the buffer lowering procedure can be carried out under the conditions
that will prevail in routine operation.

The development programme for installation of the buffer includes testing and demonstration of the
method at both the Bentonite Laboratory and the Aspd HRL. The purpose of the planned tests and
demonstrations is to confirm that the chosen method and the lifting tool work as planned. Testing of
the lifting tool has begun at the Bentonite Laboratory. True-to-scale blocks and rings of concrete are
being used for the tests. Later on, tests will be performed in tunnels at a depth of 420 metres at the
Aspd HRL.

Furthermore, new equipment for filling the gap between the buffer blocks and the wall of the deposi-
tion hole with pellets will be designed, manufactured and tested. The requirements on the equipment
have been specified. The equipment must be capable of filling the gap relatively quickly and without
creating too much dust.

Inspection and measurement methods

In order to ensure conformance with the reference design, different inspections and measurements
will need to be performed. For example, information is needed on the dimensions of the deposi-
tion holes in order to determine the precision and accuracy of the density of the installed buffer.
Measurement methods and data on measurement accuracy will be developed within the rock line.
Another example is measurement methods for determining the chemical composition of the benton-
ite. Methods exist and have been used /12-5/, but further studies and tests are needed to determine
the accuracy of the methods. This work should lead to a better idea of the measurement accuracy of
the methods.

b) c)

Figure 12-3. Equipment for emplacement of buffer blocks: a) Vacuum lifting tool together with gantry
crane. b) Vacuum lifting tool viewed from above and to the side. c) Vacuum lifting tool viewed from below
and to the side.
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Test of function of subcomponents and subsystems

According to the reference design, it should be possible for the buffer together with the canister to
remain in the buffer protection up to three months before the buffer protection is removed and the
outer gap is filled with pellets. During this time, changes can occur in the buffer blocks. For exam-
ple, a redistribution of water can cause cracks in the blocks. This has previously been investigated by
laboratory tests. Supplementary tests, both on a laboratory scale and on a larger scale with full-scale
bentonite blocks, will be conducted. In the laboratory-scale tests it is possible to simulate either the
expected temperature difference over the buffer in the repository (from canister to rock wall) or the
temperature gradient over the buffer. When the temperature difference is simulated in laboratory-
scale tests, the gradient is greater compared with full-scale conditions. Laboratory-scale tests can
therefore cause changes in the buffer that do not occur in reality. Larger-scale tests are therefore
necessary to be able to simulate both expected temperature difference and the temperature gradient
over the buffer simultaneously.

Tests have been performed to investigate how the system with bentonite blocks and pellets functions
and reacts when water is added. The tests have studied how water is transported and distributed

in the pellet-filled gap and how the stack of bentonite blocks is deformed at different inflows.

These tests have been conducted on a laboratory scale as well as with full-scale blocks /12-4/.
Supplementary tests are planned.

Full-scale tests of the reference design

Tests to study how the different subcomponents function together are important. SKB intends to con-
duct tests where all constituent components in a deposition hole are tested together. These tests are
planned to be conducted at the Aspd HRL during 2012, provided that the proposed new components
and equipment have been fully tested (see “Components in the reference design” and “Equipment for
installation” in this section).

12.2.2 Alternative reference design

In addition to design and components, the reference design also includes the deposition sequence,
i.e. the duration and timing of the installation of buffer, canister and backfill. The rock conditions in
Forsmark, with very low hydraulic conductivity of the rock at repository level, means that it should
be possible to reduce the permissible inflow of water in a deposition hole. It is then probable that
the installation of the buffer can be simplified, which would entail a change in the reference design.
Studies of alternatives to the chosen reference design are therefore planned. These studies will also
concern the backfill. Examples of parts that may need to be changed are:

»  The buffer protection and the inflow of water into the deposition hole. If installation can be done
fast enough, possibly in combination with tougher requirements on permitted inflow into the
deposition hole, it is possible that the buffer protection can be omitted.

»  Water ratio, dimensions and density of installed buffer blocks and pellets. If the buffer protection
is omitted, the buffer may have to be changed so that it alone can resist the effects of water inflow
into the deposition holes. For example, blocks with a higher water ratio, other dimensions and/or
other density may be needed.

» Simplification of the bottom pad. If the requirements on the evenness and inclination of the
bottom surface can be relaxed, the pad can be simplified or possibly omitted.

» Jariations in the geometry of the deposition holes. 1f it can be shown that it is possible to produce
deposition holes with narrower tolerances, regarding both out-of-plumbline and diameter
variations, the chances of remaining within the interval stipulated for buffer density (1,950 to
2,050 kg?) are improved, even in unfavourable cases.

* Accuracy in installation of canister and buffer. If the tolerance requirements on the positions of
the buffer blocks and the canister can be relaxed, deposition can be simplified.
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12.3 Compaction technology

Two methods can be used for fabrication of buffer blocks: uniaxial and isostatic compaction. In
uniaxial compaction, bentonite is pressed into blocks in a stiff mould. In isostatic compaction, press-
ing is done by the even-sided application of pressure on a flexible mould filled with bentonite. The
methods have been tested by SKB with good results, and the assessment is that both produce blocks
of equivalent and acceptable quality.

Uniaxial compaction has been chosen as the reference method for fabrication of buffer blocks. The
reason for the choice is that SKB has shown that this technology can be used to fabricate buffer blocks
of good quality and with dimensions in accordance with the reference design. Isostatic pressing of
buffer blocks with the same dimensions requires a larger press than SKB currently has at its disposal.

Further development of uniaxial technology will continue and will be focused on testing of new
solutions to minimize the friction between mould and bentonite. The technology that is used today

to fabricate large buffer blocks requires a conical mould. New technology to minimize or completely
eliminate the conicity will be tested. Trials will also be performed in an attempt to fabricate blocks of
greater height than today.

Posiva has carried out and plans to carry out additional tests with isostatic compaction of bentonite
blocks on a larger scale than the tests performed by SKB. SKB intends to participate in these tests
via cooperation with Posiva. The purpose is to improve the basis for comparisons between the
compaction methods with regard to quality, technology and cost for production of buffer blocks. The
outcome of the comparisons will serve as a basis for the final choice of fabrication method. This
choice needs to be made in time so that it can serve as a basis for the design of the production plant.

12.4 Prototype Repository

Several large-scale tests where the properties of the buffer have been studied have been carried out
at the Aspd HRL. Examples are the Canister Retrieval Test (CRT) /12-6/ and the Temperature Buffer
Test (TBT) /12-7/. In both of these tests, the buffer had a similar configuration and dimensions as

in the reference design. Water was supplied artificially to the buffer via filters on the walls of the
deposition holes. The deposition holes were sealed with plugs in the upper part of the holes.

The biggest large-scale experiment in the Aspd HRL, the Prototype Repository /12-8, 12-9/, consists
of a total of six full-scale deposition holes in a deposition tunnel that has been backfilled with a
mixture of bentonite (30 percent) and crushed rock (70 percent). The overall goal of the Prototype
Repository is to test and demonstrate the integrated function of subcomponents in a final repository,
under realistic conditions and on a full scale. Data from the test is compared with model-calculated
predictions.

The Prototype Repository, which was installed during 2001 and 2003, is divided into two sections.
According to SKB’s plans, the plug that seals the Prototype Repository plus the outer section with
backfill and two deposition holes will be mined in 2011 (see Figure 12-4). The buffer in these two
deposition holes has been supplied with water the natural way via the rock surface in the deposition
holes and from the backfill in the deposition tunnel. The buffer is not water-saturated, and density and
water ratio are expected to vary depending on to what extent water has been supplied to the buffer.

Planning of the project is currently under way. A detailed plan will be drawn up for the mining
method, duration, resources in the form of machines and personnel, and cost.

The goals of the mining of the Prototype Repository are to:

* by extensive sampling, obtain a picture of density and water saturation of buffer and backfill
in the outer section of the Prototype Repository, and to study any changes in the buffer. During
the course of the test, the buffer has absorbed water from the surrounding rock. Furthermore, it
has been exposed to high temperatures for a long time. The highest temperature measured in the
buffer since heating of the outer section started in 2003 is about 85°C. This may have affected the
properties of the buffer material. Such changes have been studied and will continue to be studied
in experiments that are specially designed for this,
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» characterize the contact surfaces between buffer and backfill, and between backfill and tunnel
wall, after eight years’ wetting. These parts of the buffer and backfill can be studied in detail
when the Prototype Repository is mined,

+ confirm or reject indications of small changes in the rock mass around the two deposition holes.
Measurements during the wetting and heating phase indicate that certain changes have occurred
in the rock, for example small movements along fracture planes. When backfill, buffer and
canister have been removed, the rock in and around the deposition holes can be studied,

+ determine the positions and form of the canisters after mining. The canisters have been subjected
to swelling pressure from the buffer. This may have changed their positions, and possibly their
shape,

 identify any corrosion of the canister. Equipment for studying corrosion of copper in the buffer
has been installed. These measurements will be accompanied by sampling of the buffer around
the canister. Since the buffer is not water-saturated, the environment of the canister has not been
oxygen-free during the course of the test. It is therefore doubtful whether sampling can contribute
any knowledge relevant to the question of copper corrosion under oxygen-free conditions.
Furthermore, impurities, mainly lubricant from fabrication of the buffer blocks, can interfere with
the analysis of chemical processes on the canister surface,

» register any changes in or damage to the plug. During a short period of the test, the outer plug has
been exposed to high pressures, which may have caused permanent effects,

+ study biological and chemical activities in buffer and backfill when the test is mined. During the
course of the test, water and gas have been sampled and analyzed chemically and biologically.
Sampling during mining can verify these analyses.

Figure 12-4. Prototype Repository at Aspé HRL. According to SKB's plans, the circled part of the test will
be decommissioned in 2011.
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13 Technology development, backfilling

The backfilling line includes manufacture, handling and installation of backfill in deposition tunnels and
in the uppermost parts of the deposition holes. When a deposition tunnel is backfilled, a plug is built near
the mouth of the tunnel opening into the main tunnel. The plug is a part of the backfilling line.

This chapter describes the overall reference design for backfill and plug, the requirements that are
made on the backfilling line in order to achieve the initial state /13-1/, and the further development
of the chosen reference design that is planned during the coming years. The backfill is presented
in Sections 13.1-13.2 and the plug in Sections 13.3—13.4. Parts of the development work are being
pursued in cooperation with Posiva.

13.1 Requirements and premises — backfilling

The requirements on the backfill can primarily be related to its barrier function in the Spent Fuel
Repository, to requirements on other barriers and to production and operation of the final repository.

The backfill’s barrier function is to limit the water flow into the deposition tunnels. This leads to the
following requirements:

* Hydraulic conductivity < 107'° m/s.
* Swelling pressure > 0.1 MPa.

The barrier function also includes limiting the upward swelling of the bentonite in the deposition
hole. This means that the density and deformation properties of the backfill, in its initial state and
after complete water saturation, must be such that swelling of the buffer results in a buffer density
at water saturation that is not less than 1,950 kg/m?, with sufficient margin for material losses and
uncertainties.

Moreover, the backfill may not give rise to appreciable deterioration of the barrier function of other
barriers and should retain its barrier function for a long time in the environment that is expected to
prevail in the final repository. In order for the backfill to maintain its barrier function, its density
must be sufficiently high over the cross-section and along the length of the deposition tunnel. In
order to achieve this density at installation of the backfill, requirements are made on the geometry
of the deposition tunnels and on the maximum water inflow that can be accepted during installation.
These requirements are presented in Chapter 15.

In addition there are requirements related to production and operation. Generally formulated, the
backfill must be based on proven or tested technology. Backfill with the specified properties must be
possible to produce and install with high reliability.

13.2 Current situation and programme — backfilling

Development of a backfilling concept with naturally swelling clay has been in progress for a long time.
Since RD&D Programme 2007, the work has been focused on developing methods and equipment for
the reference design chosen by SKB. The reference design is based on backfilling with precompacted
bentonite blocks and pellets. The tunnel floor and the bevel to the deposition holes are filled with pellets,
which are compacted and levelled to an even and stable surface. Bentonite blocks are then stacked on the
bed, and the remaining space between the stack and the tunnel wall is filled with bentonite pellets.

In its review of RD&D Programme 2007, SKI pointed out that SKB should prepare a quality
programme for fabrication and installation of backfill and that SKB should demonstrate that they
can handle the backfill under the conditions that can be expected to prevail on the selected site.
Furthermore, SKI wanted SKB to present plans for full-scale tests at the Aspd HRL. These activities
have been initiated and are planned to be executed in the system design phase for backfilling, which
is described in Sections 13.2.1-13.2.5.

RD&D Programme 2010, TR-10-63 157



Nominal tunnel profile

L

Rock contour

.\

1|
T Backfilling with blocks

I.
H Backfilling with pellets
|

== i—\'!U Floor levelling

Figure 13-1. Cross-section and longitudinal section of a tunnel with backfill blocks and pellets.

Technology and methods for preparing the clay prior to pressing of blocks are known and proven, as
is the method of fabricating blocks by uniaxial pressing. Blocks of the size specified in the reference
design have not yet been pressed, but there are no indications that this would not be possible with the
same good results as for smaller blocks.

Different methods for installation of blocks in deposition tunnels have been studied. A concept has
been chosen where precompacted bentonite blocks are emplaced individually. This concept is now
undergoing further development, where prototype equipment for handling and installation will be
developed and tested both at the Bentonite Laboratory and under more realistic conditions at the
Aspd HRL. The alternative of installing modules of blocks may also be interesting but is more dif-
ficult to test on a large scale /13-2/.

Since the presentation of RD&D Programme 2007, the concept for installation of pellets between
bentonite blocks and tunnel wall has been developed and tested /13-2/. For bevelling of the upper
part of the deposition hole, an alternative involving backfilling with pellets or granules has been
tested at the Bentonite Laboratory. Preliminary results indicate that it is possible to backfill the bevel
with clay material in this form. Method and equipment for this need to be developed, however.

Tests have been conducted to understand and control the processes that take place in pellet filling
during the installation phase. The purpose has been to determine what inflow of water to the deposi-
tion tunnel can be permitted during the backfill installation phase. This work will continue in order
to ensure that backfilling meets the stipulated requirements.

SKB’s programme for technology development of the backfill has passed the concept phase and is
now in the design phase, which is divided into system design and detailed design (see Section 9.3.5).
The design work will be pursued with the goal of finalizing the system design within the chosen
reference design prior to the start of construction of the Spent Fuel Repository. This will be followed
by detailed design and subsequent implementation.

System design of backfilling according to the delivery control model entails the following goals for
the development work:

» Further develop the conceptual design of the barrier.
» Further develop the conceptual design of the production system for backfilling.
*  Verify that design premises and requirement specifications are fulfilled.

* Prepare a costed plan for industrialization/implementation with inspection methods that show how
the subsystem can be implemented and inspected so that stipulated requirements are fulfilled.

* Perform technical risk analysis, which includes risks related to both the design and the plans for
industrialization/implementation with inspection methods.
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The work covers the following areas:

* Choice and specification of material.

+ Installed density and geometric configuration of the tunnel.

* Methods for fabricating and handling backfill components.

*  Methods for installing backfill in deposition tunnels.

* Methods for inspecting material, components and installed backfill.

During detailed design, the equipment needed for production and installation of backfill will be
finally designed and tested. The backfilling process as a whole with its inspection methods will be
tested on a full scale and in a realistic underground environment.

13.2.1 Choice and specification of material

The content of montmorillonite in the backfill material must be sufficient for the backfill to satisfy
the requirements on hydraulic conductivity and swelling pressure. The montmorillonite content also
affects the material’s compression properties and thereby its ability to limit the upward expansion of
the buffer. The reference design entails a bentonite clay with a montmorillonite content within the
range 45-90 percent.

The work during the system design phase is aimed at gathering more data on backfill material
and devising a strategy for how different materials with varying properties can be handled during
production and installation of the backfill.

In the reference design, the same material is used for the pellet fill as for the blocks. However, the
properties of the pellet fill need to be optimized with respect to its function in the deposition tunnel.
The pellets are blown in as soon as possible after a section with blocks has been installed in the
deposition tunnel. The idea is that the pellet fill should absorb water seepage and in this way protect
the blocks during the installation phase. Dripping water on the blocks otherwise causes erosion
relatively quickly, which can lead to instability in the stack of blocks. Related to this optimization,
work will be pursued to determine the limit for acceptable water inflow in a deposition tunnel during
the installation phase. The point of departure for this work is the conditions that prevail in Forsmark
and the results of previous tests performed at the Aspé HRL and the Bentonite Laboratory /13-3/.

13.2.2 Installed density and geometric configuration of the tunnel

The geometry of the tunnel influences the density that can be achieved in backfilling. A smooth
tunnel profile with small deviations permits a larger portion of the profile to be filled with blocks,
resulting in higher density /13-2/. The reference design stipulates that at least 60 percent of the
tunnel volume should be filled with blocks and the rest with pellets.

Further modelling of the buffer/backfill interface is planned to study more closely how the tunnel
geometry influences the ability of the backfill to limit the upward swelling of the buffer.

13.2.3 Fabrication and handling of components and material

Backfill blocks are fabricated by uniaxial pressing using commercially available equipment and
technology, see Figure 13-2. Pressing of a large number of small blocks has shown that blocks can
be fabricated with very small variations in size and density /13-4/.

During the next few years, backfill blocks will be pressed for use in various tests in the Aspd HRL.
Experience from these pressings will further improve the body of data available on the pressing of
backfill blocks.

An overall concept for handling, storing and transporting backfill material and backfill components
has been developed. Buffer material will be handled with the same system, but backfill is the domi-
nant portion in terms of volume. The components in the handling chain are shown schematically

in Figure 13-3. The principle in designing machines and equipment is to use available and proven
technology wherever possible. In cases where special equipment needs to be developed, prototypes
will be devised and tested during the system design phase.
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Figure 13-2. Commercial press for block fabrication.
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Figure 13-3. Overall concept for the transportation system for buffer and backfill.

160 RD&D Programme 2010, TR-10-63



13.2.4 Installation of backfill in deposition tunnels

Installation of backfill blocks is an operation that requires equipment with high capacity. At the
same time the work must be done with precision to minimize the gaps between the backfill blocks
and thereby ensure high quality (correct density) of the backfill. The equipment must also be able to
be relocated quickly, since backfilling is done in sections of 610 metres at a time, alternating with
other activities in the deposition tunnel. This means that the equipment must be removed from the
tunnel each time a canister is to be deposited.

During the period 2007-2010, studies have been done to clarify whether the material can be handled
with manually controlled machines or whether robot technology should be used. Robot technology

is judged to be of interest for further study, since robot solutions are available on the market that can
meet both environmental requirements and requirements on capacity and precision. Studies have also
been made of the handling technology for the blocks. As in the case of the buffer blocks, the plan is
to use vacuum technology to lift the blocks, since this method is gentle on the blocks and enables
them to be positioned close enough to each other.

Computer simulations of the robot technology will continue during the system design phase, to be
followed by full-scale tests at the Aspd HRL. At the same time, a concept will be developed for the
equipment that will carry the backfilling equipment.

Figure 13-4. Robot for installation of backfill blocks.
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Figure 13-5. Stacking tests performed at the Bentonite Laboratory on Aspé.
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13.2.5 Inspection of material, components and installed backfill

It has been clarified which parameters are important to inspect during production and installation
of backfill to verify that the backfilling process meets stipulated requirements and that the initial
state is achieved. The accuracy needed in inspections of important parameters will be determined
in the system design phase. Inspection methods will be further developed and tested to ensure the
reliability of the inspection methods so that sufficient accuracy is achieved.

13.3 Requirements and premises — plugs

The deposition tunnel is closed by building a concrete plug just inside the tunnel opening. The
premises and requirements for the plug have been changed compared with the plug design used in
the Prototype Repository. Experience from the plug design in the Prototype Repository is described
in /13-5/. The primary requirement on the plug is that it should resist the groundwater pressure and
the swelling pressure exerted by the backfill in the deposition tunnel. The plug design should also
prevent water transport out of the deposition tunnel.

The concrete plug in itself cannot meet the watertightness requirement. The design therefore consists
of a plug section, a seal section and a filter section, see Figure 13-6. Prefabricated concrete beams
separate the sections from each other. The concrete plug needs to remain leaktight until the bentonite
seal is fully water-saturated. The bentonite seal should then seal against leakage and the concrete
plug only act as a mechanical restraint.

Injection pipe Concrete beam Backfill

Drainage

Concrete plug Bentonite seal Filter

Figure 13-6. Section through a plug in a deposition tunnel.
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The three most important general requirements made on the plug design with respect to function are:

1. The concrete plug, and in particular the adjacent bentonite seal, shall ensure that any water that
leaks into the deposition tunnel after backfilling is kept in. Since the water pressure that is built
up at the depth in question is higher than the bentonite’s swelling pressure, the bentonite seal
inside the concrete plug cannot absorb inflowing water to begin with. The result may then be
so-called piping and subsequent erosion. This is the reason the plug must be watertight. The
bentonite does not generally seal until the voids in the buffer and backfill have been filled with
water and water pressure is absorbed by the plug.

2. In order for the concrete plug to be watertight it must be able to withstand the load generated by
the water pressure on the inside of the plug.

3. The concrete plug must function until the water pressure on the outside of the plug (towards the

transport tunnel) is equal to the water pressure on the inside, i.e. until there is no pressure gradi-
ent over the plug.

13.4 Current situation and programme - plugs

Development of the plug is in the design phase. Work is under way on system design, and the objec-
tive is to conduct a full-scale test at the Aspd HRL at the end of 2011.

The chosen reference design for backfilling with precompacted blocks of swelling clay entails that
the backfill nearest the plug may need to be adapted so that the swelling pressure against the plug is
not too high. Furthermore, the concrete must be made with low-pH cement. This, together with the
need for a very tight plug design, entails that some parameters need to be verified by testing.

Two design alternatives were evaluated in the concept phase: arched plug and friction plug. The
conclusion following calculations /13-5, 13-6/ was that the arched plug, together with bentonite seal
and filter (Figure 13-6), is a more watertight design than the friction plug. The calculations for the
arched plug are based on data for a concrete recipe with low-pH cement /13-7/.

SKB sees great advantages in making the concrete plug without reinforcement. The advantages of an
unreinforced plug of low-pH concrete over a reinforced one are:

* No risk of rebar corrosion.

*  Crack risks related to the rebar due to shrinkage of the low-pH concrete are eliminated.
* Time gains in installation.

* Lower costs.

The goal of the continued development work is a finished system design for the plug. This entails the
following:

» Further develop the conceptual design.

» Prepare a costed plan for industrialization/implementation with inspection methods that show how
the subsystem can be implemented and inspected so that stipulated requirements are fulfilled.

» Verify that design premises and requirement specifications are fulfilled.

* Perform technical risk analysis, which includes risks related to both the design and the plans for
industrialization/implementation with inspection methods.

In the ongoing project for system design of the plug, construction documents are being prepared for
an unreinforced plug of low-pH concrete. The project also includes cooling and contact grouting, as
well as execution descriptions with inspection programme. Cooling and concrete grouting are used
to ensure that the concrete plug is firmly confined into the rock, and to seal the potential leakage
pathway between rock and concrete. The planned technology for cooling and contact grouting does
not differ much from that used for the plugs in the Prototype Repository /13-8/.
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Before a full-scale test can be realized, the following work must be done:
* Modelling and tests of bentonite seal and filter to ensure function.
» The requirements on the tightness of the plug need to be concretized in terms of flow and geometry.

* The concrete recipe must if possible be adapted to the requirements and premises made by the
arched plug. Certain parameters — such as shrinkage, tensile strength and creep — need to be
studied more closely.

* An inspection method for tightness must be developed.
* Production adaptation of rock excavation method for slots.

In addition, extensive design work is required for the test setup with regard to pressure buildup and
instrumentation as well as execution. In the longer perspective, the design will be optimized and
production-adapted. This includes studying alternative solutions that meet stipulated requirements
but are simpler to achieve.

Figure 13-7. Cast plug for the inner section in the Prototype Disposal Tunnel at the Aspé HRL.
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14 Technology development, closure

Closure of the repository includes backfilling and sealing of all openings except the already backfilled
deposition tunnels, plus closure of investigation boreholes. With the exception of certain investiga-
tion boreholes, closure will not begin until all spent fuel has been deposited. Design and execution
therefore still lie more than 50 years in the future.

Research and development specifically related to technology for repository closure has not yet been
carried out. On the other hand, SKB has for many years studied and conducted considerable research,
including full-scale tests on backfilling and closure of deposition tunnels. SKB has also developed and
tested technology for closure of investigation boreholes. Experience and results from these efforts will
be important for the future development of the technology for repository closure.

In its review of RD&D Programme 2007, SKI called for an account of how backfilling of other parts
of the repository than the deposition tunnels will be carried out. SKI and SSI also commented on the
need for long-term tests at the Aspd HRL and technology development for plugging of investigation
boreholes. With reference to newfound knowledge about piping/erosion, buffer erosion and reaction
between cement and bentonite, SKI considered that SKB needs to investigate whether the methods
for plugging of investigation boreholes with bentonite need to be updated.

14.1 Requirements and premises
Underground openings

The closure must not adversely affect the function of the other barriers to any appreciable degree. It
must also retain its barrier function for a long time in the environment that will prevail in the Spent
Fuel Repository. The closure in the main tunnels is supposed to prevent the backfill in connecting
deposition tunnels from losing its barrier function by expanding or being transported out of the tun-
nels. The closure in one underground opening must not affect the closure in an adjacent underground
opening so that its function is jeopardized. In the uppermost parts of the ramp and the shafts, the
closure (the top seal) should be designed so that it greatly hinders intrusion into the repository.

According to given design premises /14-1/, the closure shall prevent the formation of water flow
paths between the repository area and the ground surface that could jeopardize the rock’s barrier
function. This requirement is judged to be met if the hydraulic conductivity in all openings except
deposition tunnels, central area and the uppermost parts of the accesses is less than 10-® metres per
second. The value is an average for long distances. Higher hydraulic conductivity can be accepted in
sections where a tunnel or the ramp passes zones with elevated transmissivity.

In the underground openings where there are limiting requirements on hydraulic conductivity, the
density of the chosen material must be high enough for the closure to maintain its barrier function.
It should also be possible to install the closure in these openings with sufficient density. To achieve
this, demands must be made on the geometry of the underground openings and on acceptable water
inflow during installation.

Like other systems and components in the final repository, the closure must be based on proven or
tested technology. Furthermore, it must be possible to fabricate, install and inspect the closure with
high reliability.

Boreholes

Boreholes, drilled both from the surface and from openings in the repository, must be sealed.
According to given design premises /14-1/, the boreholes must be sealed so that they do not unduly
impair the ability of the repository to prevent the escape of radionuclides. A preliminary assess-
ment is that this can be achieved if the borehole seal has a hydraulic conductivity that is less than
10-® metres per second. Higher hydraulic conductivity is accepted in sections where the borehole
passes zones with elevated transmissivity.
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14.2 Current situation and programme
14.2.1 Reference design

As a basis for the safety assessment SR-Site and based on stipulated requirements and design prem-
ises, SKB has established the following reference design for closure of the different parts of the final
repository. The reference design applies until results from research and development with a focus on
repository closure warrant changing the design.

Main tunnels, transport tunnels and central area

Figure 14-1 is a schematic illustration of the chosen reference design for closure of main and trans-
port tunnels and the central area. The reference design for main and transport tunnels is backfilling
with compacted blocks and pellets of swelling clay, according to the same concept as for backfilling
of deposition tunnels, see Section 13.2.4. The reference design for closure of the central area is
backfilling with crushed rock that is compacted.

On passage of water-conducting zones, it may be necessary to install plugs. Plugs may also be
needed where different closure materials border on each other, for example where the transport
tunnels connect to the central area. In the current phase of technology development, the same
conceptual reference design applies to plugs for closure of main and transport tunnels as to plugs in
deposition tunnels.

Transport tunnel Central area Transport tunnel Water-bearing zone

Deposition tunnel Main tunnel

=== (Jnderground openings sealed with clay
=== Underground openings sealed with crushed compacted rock
Backfill in deposition tunnel
=== Plug to keep closure in transport tunnel and main tunnel, and in ramp and shafts, in place
=== Plug, placed where a tunnel, ramp or shaft intersects a water-bearing zone
=== Plug in deposition tunnel

Figure 14-1. Schematic illustration showing reference design for closure of main and transport tunnels as
well as the central area.
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Ramp and shafts

The reference design for closure of ramp and shafts, up to the top seal, is the same as for main and
transport tunnels. The chosen reference design for closure of ramp and shafts, including the top seal,
is illustrated in Figure 14-2.

Top seal

The reference design for closure of the upper part of ramp and shafts (from the =200 metre level up
to —50 metres) is backfilling with crushed rock that is compacted. To hinder intrusion in the reposi-
tory, the uppermost parts (from about —50 metres up to the ground surface) are sealed with coarser
rock material.
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Figure 14-2. Schematic illustration showing reference design for closure of ramp and shafis.
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Investigation boreholes

The reference design for sealing of investigation boreholes is perforated copper tubes filled with
highly compacted bentonite. In sections where the borehole passes water-conducting zones, the
clay may erode. These passages are therefore filled with quartz-based concrete, which is permeable
and resistant to erosion. The uppermost part of the borehole is sealed with a material that resists the
clay’s swelling pressure and withstands mechanical stresses. Cylindrical rock plugs in combination
with in situ-cast concrete plugs and well compacted till have been chosen for the reference design.
The design is illustrated in Figure 14-3.

Rock cylinder )

>~ ~100 m

Compacted till

Highly compacted bentonite
in perforated copper tubes

Figure 14-3. Reference design for closure of investigation boreholes.
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14.2.2 Programme

SKB plans to study alternative design concepts for repository closure during the next three years.
The intention is that the work should provide a basis for system design of the possibly revised refer-
ence design resulting from the concept studies.

The planned efforts will mainly consist of desk studies; no extensive tests are planned. The results
of the work with system design for the backfill and of the work with development of plugs for the
deposition tunnels (see Sections 13.2.1 and 13.4) will comprise an important basis for the project.
Parts of the work may be done in cooperation with Posiva.

The following activities are planned:

Preliminary proposals will be prepared for site-adapted solutions for closure of the repository in
Forsmark. The studied concepts will be based on revised requirements on the closure, including
plugs, established with the guidance of results from SR-Site. The revised requirements will prob-
ably warrant the study of closure concepts that are simpler than the reference design presented

in the current version of the closure production report. Simpler closure concepts may entail the
choice of another material composition and geometric configuration. In order to ensure that the
alternative closure concepts do not lead to poorer safety than in SR-Site, sensitivity analyses,
mainly hydrogeological simulations, will be performed of the long-term safety of a repository

in Forsmark.

Design requirements for the rock excavation in ramp and shafts under the top seal need to be
determined, with reference to e.g. the possible presence of an excavation-damaged zone with
elevated hydraulic conductivity around the tunnel periphery. This will take place in a special
study. The purpose is to ensure that the design and production of the accesses makes it possible
later to achieve a suitable closure. There are water-bearing structures in the rock in the upper part
of ramp and shafts. For these parts of the accesses, it has therefore not been meaningful to require
that the closure should have low conductivity.

Studies of plugs. In conjunction with repository closure, both temporary and permanent plugs
will be needed for different situations and different requirements. The studies will include specifi-
cation of design and performance requirements as well as proposals for the design of plugs that
meet these requirements. Completed and ongoing work with the plug in the deposition tunnel
comprises an important basis for the studies.

The current stage of the borehole closure project will be concluded and the results from the
work to date will be summarized. Furthermore, proposals for efforts in areas where the project
identifies a need for in-depth efforts will be presented. A question that was noted in the review
of RD&D Programme 2007 is how the occurrence of piping/erosion and undesirable reactions
between cement and bentonite can affect plugging of investigation boreholes. The reference
design for sealing of boreholes may possibly need to be modified, for example by applying one
of the other concepts for borehole sealing that SKB has studied /14-2/.
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15 Technology development, rock

The rock line includes detailed characterization, design, construction and maintenance of the Spent Fuel
Repository’s underground openings. The development work spans a wide field and is concerned with
methods for investigation, characterization and rock construction, including rock sealing and support
measures, as well as development of special equipment. The selection of Forsmark as the site of the
Spent Fuel Repository has great significance for the technology development programme.

The activity in the rock line is based on the requirements on the repository’s underground openings
with respect to long-term safety, occupational safety and efficiency. The requirements must be trans-
lated into specifications for the execution of investigations, design and construction. Technology
development should ensure that solutions that meet the requirements are available. A parallel and
equally important activity is the documentation of completed design and construction. This includes
documentation of on-site conditions, how the facility has been adapted to the site (as-built plans) and
how the different parts of the facility have been built (quality documentation).

15.1 Requirements and premises

The rock surrounding the repository’s underground openings is one of the repository’s barriers. It
must provide a stable chemical and mechanical environment for the canisters, the buffer and the
backfill. Furthermore, the rock must retard the transport of radionuclides, above all by slow ground-
water movements. The underground openings must be located and designed in an optimal way in
relation to the properties of the rock on the selected site /15-1/.

The underground openings can themselves cause changes in the surrounding rock, for example
altered groundwater conditions, stress redistributions and excavation-induced damage. This can
affect both the premises for the engineered barriers and the rock’s own barrier properties.

The design premises for long-term safety stipulate requirements on the geotechnical design of the
facility, how the facility should be adapted to the properties of the bedrock, and how construction is
allowed to affect the surrounding rock. The design premises also contain requirements imposed by
other barriers and requirements related to the function of the facility during its operating time.

The following requirements are particularly significant for ongoing and planned technology develop-
ment within the rock line:

Requirements related to the rock’s barrier function

* The deposition holes must be located more than 100 m from deformation zones with a trace
length at the ground surface of more than 3 km.

* As far as reasonably possible, the deposition holes must be located so that shear movements
cannot arise that cause greater loads than what the canister is designed for.

*  Within the deposition area, the groundwater must fulfil the criteria stipulated in SR-Can /15-1/.

» The spacing between the deposition holes must be chosen so that — for specified properties of
fuel, canister and buffer — the temperature of the buffer does not exceed 100°C.

* The total water volume that flows into a deposition hole from the time the buffer is exposed to
inflowing water until it is saturated should be limited.

» Before canister emplacement, the connected effective transmissivity, integrated along the full
length of the deposition hole and averaged around the hole, must be less than 1071 m?/s.

» Excavation damage should be limited and may not result in a connected effective transmissivity,
along a significant portion (at least 20-30 m) of the deposition tunnel and averaged over the
tunnel floor, higher than 10-* m?/s.

» Under the top seal, the integrated effective connected hydraulic conductivity in the backfill in tunnels,
ramps and shafts and in the excavation-damaged zone surrounding them must be less than 10~ m/s.
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Other requirements

In order that buffer and backfill can fulfil their barrier functions, requirements are made on the
design of deposition holes and deposition, as well as the maximum permitted inflow of water.
Furthermore, there are requirements on maximum water inflows for main and transport tunnels as
well as ramp and shafts.

15.2 Current situation and programme

In RD&D Programme 2007, SKB gave an account of development plans regarding investigation and
characterization, grouting, drilling and blasting of underground openings, rock support and boring of
deposition holes. In its review of the programme, SKI stated that:

* SKB should report detailed plans for designing and implementing a large-scale measurement
experiment of the excavation-disturbed zone around a blasted tunnel under realistic rock
mechanical and hydrogeological conditions.

* The choice of reference method for excavation of deposition tunnels should be made in conjunc-
tion with the submission of the application for construction of the repository.

» There is a need for further initiatives for investigations and measurements in deposition tunnels
and deposition holes, but measurements in pilot holes for the deposition holes should also be
taken into account.

» Planned research initiatives concerning grouting at great depth are urgent, and SKB should also
consider the possibilities of relocation or new formation of leakage.

In addition, SKI offered viewpoints on SKB’s programme for specifying the composition of low-pH
cement, methods for rock excavation and boring machine for deposition holes.

Since RD&D Programme 2007 was presented, SKB has carried out an extensive full-scale test to
demonstrate technology for sealing by grouting under realistic conditions, see Section 15.5.1, as
well as extensive investigations regarding the extent and properties of the excavation-damaged zone
around a drill-and-blast tunnel, see Section 15.5.2. SKB has also devised a framework programme
for detailed characterization. The programme will be presented in conjunction with the application
process, and planned development initiatives are summarized in Section 15.4.

SKB will describe and justify reference solutions for design and execution of the final repository’s
underground facilities, including choice of excavation method for deposition tunnels, in conjunction
with coming applications. In SKB’s opinion, the reference solutions fulfil the stipulated design prem-
ises in all essential respects and are technically feasible to realize. Certain aspects require further
technology development, however. Furthermore, technology that has been demonstrated in tests and
experiments needs to be further developed for industrial application.

15.2.1 Programme overview

The overall needs and goals that guide the development programme for the rock line are presented in
Section 9.3.7. The programme’s main tasks and goals can be summarized as follows:

» Further develop the methodology for underground design and the application of the Observational
Method, above all with regard to strategies for detailed adaptation of the deposition areas and
coordination of detailed characterization of the rock and production of excavations.

» Further develop methods and equipment for detailed characterization with associated modelling,
in a first step prior to construction of the accesses, and in a second step prior to build out of the
deposition areas.

» Further develop production methods adapted to the requirements made for rock excavation,
stability and tightness. The primary goal is to be able to stipulate performance requirements in the
building documents for the accesses.

* Ensure that approved and duty-proven engineering materials are available in time for construc-
tion of the accesses.

» Ensure that the special machines that are needed — such as a tunnel boring machine with high boring
precision, grouting equipment and machines for rock support with wire mesh — are available in time.
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» Develop the boring machine for deposition holes, the goal being that the technology will be avail-
able when the first deposition area is built.

* Develop inspection plans, including format and procedures for documentation and for as-built
plans, so that they are evaluated and finalized when the rock excavation works start. The pro-
gramme for this will be presented in conjunction with coming applications.

The timetables for the rock line’s technology development differ somewhat from those for other
production lines, since much of the technology must be ready to be put into operation at the start of
construction. This applies to technology for investigations, design and construction of the accesses
to the final repository, including shafts and ramp. The remaining technology must be ready to be put
into operation as the buildout of the central area and subsequent deposition areas at repository level
progresses.

The continued planning of the final repository in Forsmark is based on the site-adapted layout that
was produced during the site investigation phase, called Layout D2 /15-2/. The uncertainties that
remain regarding this layout must be addressed in the coming design and construction work. The
methodology for this is based on the Observational Method, see Section 15.3. The methodology and
the actual application of the Observational Method in Forsmark needs to be developed, however, in
particular as regards strategies for detailed adaptation of deposition areas and coordination between
detailed characterization and production.

Methods for investigations as well as interpretation of results and modelling have been developed
over a long period of time. The application of these methods in the study area investigations, at the
Aspd HRL and in the site investigations has given SKB a broad knowledge base for future detailed
characterization. Advanced and effective methods for borehole investigations are available, as are
procedures for all steps from planning to reporting of investigations. The additional requirements
that arise during the construction phase nevertheless entail a need for further development of investi-
gation methods and modelling strategies. The plans for this are described in Section 15.4.

The site investigations have also yielded knowledge and experience concerning quality assurance and
documentation of investigation data and results from modelling. However, the construction phase
involves larger quantities of information, and up-to-date information is required to meet the needs

of design and construction. Information needs to be available for safety evaluations, as well as for
regulatory authorities and other stakeholders. This requires further development of e.g. tools for data
management, modelling and visualization. The planned development work is described in Section 15.6.

The plans for remaining development of execution methods, construction materials and special
machines (see Section 15.5) are influenced to a high degree by the selection of Forsmark. The prop-
erties of the site are described in the site description /15-3/ and the remaining uncertainties have been
summed up in a separate report /15-4/. The consequences of these uncertainties for the proposed
repository layout have been analyzed in /15-2/. The following points are of particular significance
for further technology development:

* The upper part of the bedrock contains locally highly conductive fractures that must be passed by
the accesses to the repository. Strategies and methods for detecting and characterizing these struc-
tures are important in order to be able to adopt the right sealing measures in time. At greater depth,
the frequency of conductive fractures is very low, but grouting may nevertheless be necessary in
places. Current status and planned development work for grouting are described in Section 15.5.1.

» The rock stresses are relatively high. Knowledge of the magnitude and orientation of the rock
stresses at repository depth is therefore particularly important in order to minimize the risk
of overloading of the rock around underground openings. Measurements of the rock stresses
and ongoing observations of signs of overloading, especially stress-induced spalling, will be
important for the detailed design of the orientation and cross-section of the tunnels. The plans for
obtaining reliable knowledge of the rock stress situation are described in Section 15.4.

Development needs also exist within the area of execution methods, materials and machines that
are essentially independent of the site specific rock properties. These needs include rock excavation
(Section 15.5.2), low-pH materials (Section 15.5.3) and equipment for boring and finishing deposi-
tion holes (Section 15.5.4).
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15.3 Methodology for underground design
Current situation

The report on underground design in phase D2 /15-2/ describes the main features of the methodology
that will be employed in design and construction so that the requirements on long-term safety and
efficiency are met. An overall prerequisite is being able to site-adapt the facility to take maximum
advantage of the rock conditions on the site. Good knowledge of the rock properties and their spatial
distribution is therefore important. Even though we already have good knowledge of the range of
variation of the rock properties in Forsmark, we don’t know the exact locations of, for example,
fractures that can necessitate the rejection of deposition holes (see Section 15.4) or of areas where
the rock has lower thermal conductivity. Only when these data are available, i.e. when underground
investigations have been carried out, can the final layout of the repository, including exact canister
positions, be determined. In order to nevertheless get a controlled design process, principles based
on the Observational Method will be used.

The Observational Method is a design method that is applied in underground construction when it
can be difficult to predict in advance all parameters that may affect the project. The approach was
described for the first time in the late 1960s /15-5/. Possible and acceptable behaviour must be
established for the design in question. By “behaviour” was originally meant the strength and stability
of the design. In the case of the final repository the concept has been broadened to include adaptation
to the design premises, including requirements with regard to long-term safety plus performance
requirements related to other barriers, for example maximum permitted in-leakage for installation of
the backfill.

In the case of the Spent Fuel Repository, today’s knowledge level is represented by the results of the
site investigation, plus analyses of the prospects for building the facility /15-2/, including assessment
of consequences for long-term safety and environmental impact. In order to ensure the acceptable
behaviour of the design, the Observational Method prescribes a monitoring plan, plus a plan of
contingency actions in the event the design does not behave within the framework of what is accept-
able. Regarding the repository’s strength, stability and watertightness, the Observational Method

can probably be applied as intended according to /15-6/. Further development is needed, however, to
meet SKB’s special needs to adapt the details of the layout to ensure an efficient and rational utiliza-
tion of the good rock conditions in Forsmark. To achieve this, it is necessary to specify how detailed
characterization is to be executed and interpreted.

Programme

SKB intends to further develop the design method that was employed to obtain the current prelimi-
nary design of the final repository /15-7/. Furthermore, the requirements must be adapted to the
feedback from SR-Site, and the scope of the continued design work is specified so that resources

to prepare construction documents for the final repository’s accesses can be procured. During this
design work, the requirement specifications that will apply to the rock excavation works are gradu-
ally developed, first for the accesses and the central area. Prior to the licence application for trial
operation, all procedures for construction and investigations must be developed to a level such that
integration of progressive investigations and modelling provides the up-to-date input data needed to
guide the rock excavation works in the deposition area.

15.4 Tools for detailed characterization
Current situation

In RD&D Programme 2007, SKB described the development of methods and instruments considered
necessary to be able to carry out geoscientific investigations of the rock during construction and
operation of the final repository. SKB wrote then that the extensive activities during the site inves-
tigations in Forsmark and Oskarshamn and the other research and development activities conducted
since the mid-1970s had provided access to methods, instruments and experience that will be useful
for the investigations during construction of the final repository. At the same time, SKB pointed

out that the mode of working will have to be developed to meet the higher demands on speed and
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efficiency in construction and operation. Certain instruments and methods need to be improved
and adapted for underground investigations, and completely new methods may have to be used for
certain purposes.

SKB has devised a framework programme for the geoscientific and surface ecological investigations
that are required for construction and operation of the final repository. This detailed characteriza-
tion will provide a basis for the final adaptation of the repository to prevailing rock conditions. The
framework programme (detailed characterization programme) will be presented when the applica-
tions are submitted. During the years up to the start of construction the programme will be progres-
sively developed and defined, based on results from SR-Site and its review. Figure 15-1 provides an
overall picture of the process for the development of the detailed characterization programme.

The detailed characterization programme also includes plans for continued development of methods
and tools for investigations, modelling, data management and quality assurance. These are priority
tasks for SKB, since well functioning investigation methods and efficient modelling tools are crucial
success factors in being able to carry out design and construction in the intended manner.

Programme

Here the areas are described where greater development efforts are required or where development is
particularly important in view of the need for information to be able to assess long-term safety.

Figure 15-2 shows an overall timetable for the development of instruments and methods for inves-
tigations deemed to be particularly important. Development work and tests for certain methods and
instruments should be completed before the rock excavation works begin. Others do not have to be
completely developed before tunnelling is commenced in the repository area. It is important that the
methods are fully proven and performance-tested before they are used, especially the methods that
will be used in deposition tunnels and deposition holes.

Knowledge and experience gained from investigations in conjunction with other underground projects
will be studied as a part of the preparations for start of construction. Posiva’s ongoing tunnelling for

a final repository in Olkiluoto, Finland, is of particular interest, since the issues related to long-term
safety are the same there as in SKB’s final repository project. SKB and Posiva also plan to collaborate
on the development of instruments and methods in a number of areas. Ongoing tunnelling works in
the Stockholm area, as well as underground projects in other parts of Sweden and other countries, can
also provide important experience.

SR-Site Start of construction Start of operation

v v

Detailed characterization programme

Strategies

Parameters

Investigation- and monitoring methods
Modelling, methods and tools

Data systems

Quality assurance

Application and
experience feedback

Figure 15-1. Overall timetable for development of the detailed characterization programme up to
construction and operation.
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Start of construction Start of operation

v v

Geodesy
Deviation measurements in boreholes
Geometry — deposition holes
Transformation — coordinate system

Mapping of underground openings
Mapping — tunnels and shafts
Mapping — deposition holes
“Long fractures”

Drilling
Straightness requirements
MWD measurements

Geological and geophysical borehole investigations
Identification and characterization of “long fractures”
Characterization — deposition holes

Rock mechanical investigations
SLITS method for rock stress measurement
LSG-LVDT concept for rock stress measurement
Convergence measurement

Hydrogeological and hydrogeochemical borehole investigations
Characterization — pilot holes/deposition holes
Measurement methods — small flows
Complete hydrogeochemical characterization

Transport properties
Laboratory tests — sorption etc.
Laboratory tests — BET surface area

Monitoring
Local seismic network
Inflow — underground openings

Figure 15-2. Overall timetable for development of methods and instruments for investigations deemed to
be particularly important by SKB.

Geodesy

Available methods for measurement of borehole deviation are still associated with considerable
uncertainties. Industrial development in this field will be followed, and SKB’s own technology
development of equipment for measurement of borehole deviation cannot be ruled out.

Installation of buffer in the deposition hole imposes requirements on the straightness of the hole

as well as deviations from the plumb line and intended geometry in other respects. SKB plans to
develop instruments and methods to verify these requirements. The technology must be fully devel-
oped and tested in good time before the start of construction of the deposition area.

Sweden is currently changing its national coordinate system. The national reference system for posi-
tion indications, RT 90, will be replaced by SWEREF 99, while the system for height indications,
RH 70, will be replaced by RH 2000. SKB plans to switch to the new systems before the start of
construction of the final repository. Transforming all data from the site investigations that refer to
older coordinate systems will entail a great deal of work.
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Geology and geophysics

The geological documentation of the final repository’s underground openings will require a tunnel
mapping system that meets high standards with regard to quality of results, robustness and user-
friendliness. Adaptation of a system based on photogrammetry with the use of digital photography
for rock mapping of tunnels has begun. The development work, including tests at the Aspé HRL, is
planned to be finished in good time before the start of construction.

Identification and characterization of “long fractures” (individual fractures or minor deformation
zones) is a priority task for detailed characterization, since such fractures can disqualify canister posi-
tions. According to the design premises (linked to the EFPC criterion /15-1, 15-8/), a deposition hole
intersected by a “long fracture” that can be followed around the full perimeter of the tunnel should be
rejected. Furthermore, if a fracture intersects five or more deposition holes it should be rejected.

In addition to the geological mapping methods for tunnels and boreholes, a combination of geophysi-
cal and hydraulic methods probably has to be applied to identify and characterize long fractures. The
basic methods are established, but some upgrading is required and methodology for co-interpretation
of measurement data and modelling needs to be devised. This work has been initiated and is being
pursued partly in cooperation with Posiva. The final results will not be applied until the first deposi-
tion area is built, but since the question is of great importance the technology may need to be tested
and fine-tuned for several years before it is put into routine use.

A total of 6,000 deposition holes will be bored, investigated and approved in the final repository.
This will require well developed technology for mapping of the surface of the borehole wall.
Adaptation and further development of the technology for rock mapping in tunnels is planned for
application in deposition holes. Scaling down from tunnel to deposition hole requires considerable
development in order for photogrammetry to be used. The mapping technique will be put into use
when the first deposition area is built. Testing and fine tuning at both Onkalo and the Aspd HRL is
foreseen as part of the implementation phase.

Rock mechanics

One of the most important remaining uncertainties in the site model for Forsmark concerns the
mechanical state of stress, primarily the magnitudes of the principal stresses. The planning work
prior to further investigations includes identifying the method combinations that have the greatest
potential for reducing these uncertainties.

Borehole measurements with overcoring and hydraulic methods will be less resource-consuming to
do during the construction phase than during the site investigations, since they can be done in short
holes drilled from the tunnels. When shafts and tunnels begin to be driven, convergence measure-
ments will be employed as a proven alternative and complement to borehole measurements. In
preparation for the convergence measurements, the measurements and analyses conducted by Posiva
in Onkalo are being studied.

Two other methods, SLITS (SLim borehole Thermal Spalling) and LSG-LVDT (Long Strain Gauges-
Linear Variable Differential Transformer), are under development. The development work is being
pursued in cooperation between SKB and Posiva. In the event of a successful outcome, both methods
will be used. The SLITS method is based on the fact that heating of a rock volume around a loaded
borehole can give rise to an additional load, leading to spalling. The method has potential to become
a robust way to keep track of the orientation of the biggest primary stress. The LSG-LVDT concept is
an overcoring method where measurement is performed on a larger scale (larger diameter boreholes)
than in the case of conventional overcoring methods. SKB plans to calibrate the method against
known conditions in the Aspd HRL and also intends, in cooperation with Posiva, to integrate LVDT
measurement with the SLITS method in holes drilled from tunnels.

Thermal properties

There is a need to further develop field methods for characterization of the bedrock’s thermal
conductivity that are more rational and less costly than today’s. SKB has considered some alterna-
tive development variants for determining the thermal conductivity of the rocks, in situ and on a
scale that is relevant for the canister. The development need is difficult to judge at present. SKB is
participating in a working group under the ISRM (International Society of Rock Mechanics) that is
supposed to propose a methodology for determination of thermal properties.
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Hydrogeology

SKB has a number of hydrogeological methods at its disposal for use both on the surface and under
ground. A priority task in the planning of the detailed characterization is to select the investigations
methods that will be used under ground. The bedrock in Forsmark is characterized by high water
flow near the surface, while very low conductivity is prevalent at repository depth. These extremes
can make special demands on the measurement methods. The measurements that will be performed
concern characterization and monitoring in boreholes, plus documentation of in-leakage to tunnels
and deposition holes. Two criteria are crucial. Firstly, the hydraulic tests must meet stringent require-
ments on measurement accuracy, and secondly, rational logistics and flexible adaptation to other
activities in conjunction with construction and operation must be achieved.

SKB plans to use a combination of outflow tests, injection tests, flow logging and interference tests.
Feasibility studies will be initiated to determine the testing methods and combinations of methods
that appear optimal in terms of quality and investigation logistics. Requirement specifications will
be prepared for equipment and evaluation methodology will be established. This will be followed by
technical development, where deemed necessary.

Special development initiatives are planned for methods for measuring the small inflows that are
expected to occur to pilot holes for deposition holes and finished deposition holes. Development of
methods for measuring small in-leakage in tunnels is also planned. This work will be pursued partly
in cooperation with Posiva.

Hydrogeochemistry

Most hydrogeochemical field and laboratory methods that SKB has at its disposal meet the require-
ments on quality and functionality. However, substantial development needs have been identified
on two points. One is complete chemical characterization with a mobile measurement cell, under
ground and with on-line measurement of Eh, pH, EC, O, and water temperature. The other is deter-
mination of the colloid concentration by means of single particle counting.

An initial trial with a portable instrument, which could be used for pH and Eh measurements at the
Aspd HRL, was conducted in the Prototype Repository. All instruments have so far been equipped
with specially adapted electronics, since commercial instruments have been found to have problems
in the tunnel environment, even though they work well in a laboratory environment.

Transport properties

The discipline includes both field and laboratory methods. Only minor development needs have been
identified. Further development is planned of a simplified application of long-term experiments in
individual boreholes for determination of diffusion properties (LTDE-SD), see also Section 25.2.13.
Development is also planned of a new laboratory method for determination of sorption coefficients,
matrix diffusivity and matrix porosity based on electron migration, as a complement to through-
diffusion measurement. Furthermore, a new variant of laboratory determination of inner surface
areas in the rock (the BET surface area) for whole drill core pieces is under development, which
could become a new standard method, see also Section 25.2.15.

Monitoring

When underground openings become accessible, the monitoring will be broadened to include the
inflow of groundwater to different tunnel sections. Traditional technology is used for this, but certain
improvements are foreseen. In preparation, experience from the fine sealing project at the Aspd HRL
/15-9/ and results from ongoing BeFo projects will be studied and evaluated.

SKB has initiated a study of the premises for installing a local seismic network in Forsmark. The pur-
pose is to continuously record, during the construction of the final repository, natural or induced seis-
mic activity of considerably lower magnitudes than can be recorded in the national seismic network. It
will be possible to record both natural earthquakes and blasting. Not only can a database of earthquakes
be built up, but measurement data can be analyzed with respect to parameters that contribute to a better
understanding of the rock’s response to tunnelling. If the study shows that it is warranted to install a
local seismic network, the objective is that it should be in operation before the tunnel works begin.
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Investigation drilling

Technology for investigation drilling that meets the needs of detailed characterization is judged to be
available for the most part. Limited studies and development work will be initiated, however. SKB’s

high demands on the straightness of the pilot boreholes require method development. A first step will
be to conduct a thorough review of existing methods for guidance of boreholes as a basis for possible
method development.

A number of drilling-related parameters will be recorded while drilling is being done, a process
called MWD (Measurement While Drilling). An ongoing project is investigating whether the tools
that exist for analysis of MWD data can provide better predictions of the rock properties than those
that have been possible so far. Recent developments on the hardware side are also being studied in
the project.

Modelling

Planned development activities for modelling concern methodology for fulfilling essential design
premises, or are linked to the utilization of new types of underground data. An essential component
is modelling of long fractures in conjunction with application of the EFPC criterion and criteria
related to the hydraulic properties of fractures for evaluation of deposition positions. A review is also
needed of the methodology for imaging of objects from mapped tunnel surfaces to three-dimensional
representation in relevant models. Furthermore, a review will be conducted of the methodology

for interpretation of hydraulic properties of flowing structures based on measurements in tunnels,
pilot holes and probe holes, with due consideration given to observation scale, two-phase flow and
skin effects. Other development of methodology and tools for modelling that are also important for
detailed characterization is dealt with in Section 25.3.

15.5 Execution methods, construction materials and special machines
15.5.1 Grouting
Current situation

The rock line’s biggest project since RD&D Programme 2007 is the fine sealing project. In this project,
an 80 metre long tunnel, called the TASS tunnel, was built in the Aspd HRL at a depth of 450 metres
/15-9/. The main purpose was to show that the rock at this depth can be sealed so that the requirement
on limited inflow to the backfill can be met.

Before grouting was done and the tunnel was excavated, the rock along the tunnel route was
characterized by means of three cored boreholes. Based on the rate of leakage into the boreholes,
the rate of leakage into the tunnel (without sealing) was predicted to be 30—120 litres per minute and
60 metres of tunnel. The level of sealing that was achieved, mainly by pre-grouting, corresponded
to an in-leakage rate of 1 litre per minute and 60 metres of tunnel. The post-grouting that was done
confirmed previous experience that post-grouting under high water pressures is complicated.

As a basis for selecting fan geometries and pumping pressures, predictions were made of the fracture
distribution and the smallest fracture that had to be sealed, and penetration lengths were calculated
/15-10/. Sealing was done with both conventional grouting fans outside the tunnel contour and with a
new geometry where the grouting holes were kept inside the tunnel contour. The alternative borehole
geometry also yielded satisfactory sealing results. Two different grouting materials were used: a
cement-based grout devised by SKB and Posiva, and silica sol. The project has also yielded valuable
knowledge on how the properties of the grouting materials affect the grouting process and its result.
This provides a means for controlling material properties and execution to achieve the requisite
watertightness with controlled spreading of grout.

Construction of the fine sealing tunnel has generated a large quantity of data which, together with
data from the previously built TASQ tunnel /15-11/, provides good opportunities for testing different
models for inflow and sealing for the purpose of understanding and predicting these processes.
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Programme

SKB’s development work to ensure limited inflow to the final repository is aimed at first gaining a
fundamental understanding of the mechanisms allow sufficiently watertight underground openings
to be achieved with acceptable materials. This understanding will then be translated into methods for
investigation and construction, as well as development of equipment and material. In order to have
practical control over the work, achieve the requisite results in the field and do this with reasonable
efficiency, it is necessary to have smoothly functioning communications, management and handling.

The grouting technology SKB needs must 1) meet the requirements related to long-term safety,
2) cope with the specific sealing scenarios that follow from the site specific hydrogeological condi-
tions, and 3) meet the requirements on quality-assured and efficient execution.

The KBS-3 method does not impose any particular requirements on the long-term durability of the
sealing. Sealing by grouting is done for the purpose of temporarily limiting the inflow of water so
that buffer and backfill can be installed without eroding. As is evident from Section 15.1, very low
inflows must be achieved in deposition holes and deposition tunnels. In addition there are restric-
tions regarding the impact which the rock surrounding tunnels may be subjected to, for example the
creation of new channels for water flow and the introduction of foreign materials into the rock mass.

Inspection of watertightness and in-leakage is essential for result follow-up of grouting, from an
environmental monitoring viewpoint and for a better understanding of the hydraulic response of

the rock to the construction activity. Inspection of watertightness and in-leakage will comprise an
integral part of construction inspection, but technology and procedures need to be further developed.

The site investigation in Forsmark has shown that the rock mass at repository depth has few conduc-
tive fractures. The inflows predicted beneath the more water-bearing shallow rock (without grouting)
are consequently low, which means that systematic pre-grouting is not judged to be necessary /15-2/.
The primary task in the design work at repository level is then to identify the sections along planned
deposition tunnels that are intersected by water-bearing fractures where selective grouting may be
needed. The development work for grouting within the deposition area is therefore aimed primarily
at solving a forecasting problem — being able to predict when grouting is needed based on investiga-
tions in pilot and probe holes — and is mainly conducted as a part of the detailed characterization
programme.

Use of silica sol is new within rock grouting. There are therefore reasons to actively gather new
knowledge and experience from studies and applications in other projects. The results obtained thus
far need to be translated into technology for routine industrial production. The waiting time after
grouting, before drilling and blasting for the next round can begin, is generally an important question.
Reduced waiting time permits great gains in tunnelling productivity and economy. In the case of the
Spent Fuel Repository, this can be important mainly for driving of the accesses through the more
conductive, superficial part of the bedrock. SKB’s intention is to pursue continued development in
this area in collaboration with the rest of the underground construction industry.

15.5.2 Rock excavation
Current situation

SKB has chosen conventional drill-and-blast as the rock excavation method for the final repository.
The biggest advantages of drill-and-blast are high flexibility, mature technology and comparatively
low cost, not just for rock excavation itself but also for subsequent work /15-12/. The method can
easily be adjusted to different rock conditions by adaptation of tunnel shape and blasting design to
prevailing requirements and site conditions. More detailed reasons for the choice of method and a
comparative study of different rock excavation methods will be presented in the application.

In conjunction with rock excavation for the fine sealing tunnel on Aspé (see Section 15.5.1), an
evaluation was made of how smooth a contour can be achieved with modern drilling equipment and
of what factors affect the extent of blast damage in the tunnel contour /15-13/. Since the primary
goal of the project was to obtain a smooth and watertight tunnel, there was plenty of time to evaluate
results from one excavation stage to the next (about 20 metres of tunnelling) and take corrective
action. The blasting technology that was applied was based on research results regarding how blast
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damage can be calculated /15-13/ and the results of previous blasting on Aspd /15-14, 15-15/. The
results showed that the tolerance requirements made by the backfill on the tunnel contour could be
met with good margin, see Figure 15-3 /15-16/.

To study the blast damage in the fine sealing tunnel, radar measurements were made on the tunnel
wall and blocks excavated from the wall were subjected to extensive investigations.

The radar measurements were carried out with high-frequency ground-penetrating radar (GPR)
/15-17/ in a grid with a point-to-point distance of 0.5%0.5 metre on the tunnel wall. The results are
illustrated in Figure 15-4. The Figure shows the distance into the rock from the tunnel contour where
elevated dispersivity has been measured (the dispersion zone). Dispersivity represents the frequency
dependence of the velocity and amplitude of the radar waves and is affected by the mechanical prop-
erties of the rock. An increased occurrence of fractures results in increased dispersivity. The variation
in dispersivity may thus reflect the relative fracture frequency in the tunnel wall, and the depth of the
dispersion zone gives an idea of the depth to which the fracture frequency is elevated.

Figure 15-4 indicates that areas with greater depth of the dispersion zone as a rule coincide well
with the locations of the inner parts of the blasting rounds, where a higher charge concentration is
required locally to initiate detonation in the boreholes. Documented natural fractures contribute to
the deeper dispersion zone visible in the middle of the figure.

In order to study more closely the effect of blast damage, eight blocks were sawn out from an eight
metre long section in the tunnel wall. The blocks were one metre long, 1.5 metres high and about
0.8 metre deep. Each block was sawn into slabs about ten centimetres thick. The slabs were studied
in detail with respect to natural and blast-induced fractures.

A three-dimensional model of the extent of the fractures was created /15-18/, see Figure 15-5. Most
blast-induced fractures were too short to be modelled between two slabs. The model showed that the
blast damage fractures were limited to the inner part of the blasting round, see also Figure 15-4. In
most of the model the blast damage is limited to short fractures, sub-parallel to the contour.

Samples over different fractures were extracted and their transmissivity was investigated in the
laboratory. The investigation was performed with the aid of a permeameter, which permitted creation
of an isostatic pressure to simulate the in situ stress state. The equipment had a detection limit for
transmissivity of about 10° m%s. There were not many fractures induced by blasting to test, but

the transmissivity of a number of them was below the measurement limit. Supplementary injection
tests in short boreholes within the expected excavation-damaged zone were performed at the places
where the blocks had been extracted. In some holes the local transmissivity was less than about

10 m?/s, while in others it was up to about 10 m %/s. Of greater importance, however, is the fact
that the induced fractures did not form a continuous network, which meant that the requirement on a
maximum transmissivity over a long stretch of tunnel (20-30 metres) could be met /15-19/.
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Figure 15-3. Measured cross-sectional area in the fine sealing tunnel, starting with the fourth blasting
round, which was done with full area. The red lines indicate the desired cross-sectional area, a deposition
tunnel and the largest permitted cross-sectional area.
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Figure 15-4. Depth of the dispersion zone (zone of elevated dispersivity) according to radar measurements
over the tunnel wall in the fine sealing tunnel at the Aspé HRL. The dispersion zone is interpreted as a
measure of the depth to which the fracture frequency is elevated /15-17/.

Figure 15-5. Section from fracture model from fine sealing tunnel. The model covers three boreholes in
the contour and extends over three blasting rounds. The photo at the upper right is from the end of a round
where the charge concentration is relatively high. The green and reddish-brown fracture planes show the
extent of the blast damage. The photo at the lower left comes from a section in the middle of a round and
shows — besides natural fractures — some blast damage fractures sub-parallel to the tunnel wall.
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In summary, the investigations of the fine sealing tunnel show that with the employed blasting tech-
nique and the applied quality control, it was possible to meet the requirements on the tunnel contour
— at least in the wall. This applies with respect to both geometry and not creating a continuous flow
path along the tunnel periphery. However, only cartridged explosives were used in order to optimize
charge control. Attempts to charge with string emulsion indicated problems in having adequate
control over the charge distribution /15-20/.

Programme

Experience from the rock excavation experiments that have been conducted are positive with respect
to the requirements the backfill makes on the tunnel contour, and the requirement of not creating a
continuous excavation-damaged zone that causes flow paths along the tunnel. Further development
is needed to fulfil these requirements in routine production, however. This applies to application of
the requirements in design, with regard to both site adaptation of the layout and performance require-
ments for the different unit operations. The methods for determining the scope of blast damage also
require further development.

A number of development questions require collaboration with manufacturers and suppliers. Development
of existing technologies to meet SKB’s project-specific requirements may for example include:

* Improvement of drilling equipment to ensure precision in the drilling towards the intended endpoint.

» Adaptation of equipment to obtain more information via on-line recording of drilling parameters
(MWD).

» In cooperation with suppliers, determine competence requirements for drilling equipment operators.

* Improvement of charging technique. Charging with cartridged explosive can be done with good
control of the charge concentration. But emulsion explosive, which is mixed at the tunnel face
when it is to be used, has many advantages with respect to safety and working environment.
However, the equipment does not have enough precision to control the charge towards the narrow
tolerances that apply in cautious blasting. Development of better control equipment for automatic
charging is important so that charging can be done with sufficient precision.

» Electronic detonators are necessary to obtain the instantaneous detonation of a number of parallel
holes that is required according to /15-13/ in order to minimize the blast damage.

Collaboration with other tunnel construction clients, primarily infrastructure-building agencies and
Posiva, can drive technology development and permit costs to be shared with other stakeholders.
When it comes to requirements on execution and control of contour accuracy and excavation-
damaged zone, SKB seeks collaboration with other actors.

15.5.3 Materials with low pH

Below a certain depth in the Spent Fuel Repository, only low-pH materials may be used. This
requirement influences the choice of grout and the materials that can be used for rock support,
primarily shotcrete. Grouts are dealt with in Section 15.5.1. The current situation and programme for
rock support materials are summarized below.

Current situation

Within the framework of the EU project ESDRED, tests were conducted in 2006 with low-pH shot-
crete for rock support at the Aspd HRL. The shotcrete that was used lacked reinforcement, however.

In 2009, SKB conducted new tests with low-pH shotcrete at the Aspd HRL, in an experimental
niche (NASA 0408A) at a depth of 56 metres and in the fine sealing tunnel at a depth of 450 metres.
These field tests were preceded by laboratory tests at CBI in Stockholm to develop the recipe for the
concrete. Material and shotcreting tests were then conducted on a pilot scale at Vattenfall’s concrete
laboratory in Alvkarleby. This time they included admixture of steel fibres in the shotcrete for
reinforcement in the way that is usually done for rock support with shotcrete.

SKB has also installed 20 rock bolts with low-pH grout in the aforementioned experimental niche.
The bolts will be monitored over a ten-year period. Of particular interest is the durability of the grout
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and possible increased corrosion of the bolts due to the fact that they are anchored with a grout with
a pH of about 11, compared with ordinary grout with a pH of about 12.5.

Limited tests to determine corrosion of steel in low-pH concrete were also initiated in 2009, and
these tests will be monitored for about 10 years. SKB is also the initiator and coordinator of an
international project started in 2008 for the purpose of devising a uniform method for measuring the
pH of cement products. Besides SKB, other participants in the project are Posiva in Finland, Nagra
in Switzerland, ENRESA in Spain and NUMO and JAEA in Japan. pH measurements using the same
method are also being performed by CEA in France and RAWRA in the Czech Republic.

Programme

The programme mainly entails monitoring the Asp tests with rock bolts and shotcrete as well as the
corrosion tests on rebar. The international pH project will preliminarily be concluded in 2011, but the
network that is established may lead to new cooperation projects.

In conjunction with the planned extension of the Aspd HRL with new rock caverns, grouting may be
done with low-pH grout, just as in the fine sealing project. Low-pH materials will also be used for
grouting of rock bolts and for rock support to the extent these types of support are needed. Design
and construction of an arched plug (see Section 13.4) may also require supplementary tests with
low-pH concrete made according to different recipes.

15.5.4 Deposition holes
Current situation
Boring machine

At the Aspd HRL, SKB has bored some fifteen deposition holes for different experiments and
demonstration projects. They have been done using TBM technology, adapted for boring vertically
downward. Furthermore, SKB has experience of boring of deposition holes using reverse raise
boring, both from trial boring of three holes in Posiva’s underground tunnel for the VL] repository
for low- and intermediate-level waste in Olkiluoto /15-21/ and from boring of long horizontal
deposition drifts for the development of KBS-3H at the Aspd HRL, see Chapter 16.

In the autumn of 2006, a feasibility study was conducted of possible methods for excavation of
deposition holes. The following methods were then considered of interest to study:

* Reverse raise boring

» Shaft boring machine (SBM) or tunnel boring machine (TBM)
*  Water cluster

* Air cluster

»  Water jet

* Core drilling

Based on the feasibility study, reverse raise boring was chosen as a reference method. The reasons
were that reverse raise boring has high efficiency, high durability, high safety, meets the require-
ments on the geometry of the deposition holes and causes little environmental impact. Furthermore,
the method is well established technology, which reduces the time and costs required for adaptation
to SKB’s needs and contributes to efficient operation and maintenance.

During 2007 and 2008, SKB conducted a preliminary design study of a machine that fulfils the
relevant requirement specification for the deposition holes. The design is based on a machine for
conventional raise boring of shafts, but has been modified to push the reaming head downward
instead of pulling it upward. The machine is automated and can position itself correctly in the tunnel.
It also carries the drill bit for the pilot hole and the drill pipes required to drill the pilot hole to full
depth. The drill pipes are handled by a robot arm mounted on the machine. When the pilot hole

is finished, the whole drill string is raised and the pilot bit is replaced with a reaming head which
enlarges the deposition hole to full diameter. But first the pilot hole must be characterized and
approved. Removal of the drill cuttings is planned to be done with water instead of vacuum/air, since
using water requires much less energy.
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Finishing of deposition hole

The bottom of the deposition hole has to be levelled so that a flat surface is obtained for buffer
blocks and buffer rings to be installed in accordance with the relevant requirements. The current
reference solution for this is described in Section 12.2.1. Experience from bottom levelling of the
deposition holes in the Prototype Repository shows that the technology needs to be further devel-
oped. One practical problem is that the work has to be done on the bottom of a roughly eight metre
deep shaft with a diameter of 1.75 metres.

Finishing the deposition hole also requires bevelling of the shoulder between the deposition tunnel
and the hole to provide the space needed for lowering a canister. Bevelling by wire sawing with dia-
mond wire has been done for two deposition holes in the demonstration tunnel at the 420-metre level
at the Aspd HRL. Both drilling and wire sawing could be done with standard equipment. Schematic
drawings of equipment for drilling of the holes for the diamond wire and subsequent sawing are
shown in Figure 15-6.

Programme
Boring machine

SKB intends to proceed with the design of a boring machine for deposition holes, according to the
method reverse raise boring. The geometric requirements presume that deposition holes can be bored
with small tolerances regarding diameter and plumb line. This makes special demands on positioning
of the machine, stifthess in the system, and monitoring of deviations during boring. The goal is to

be able to complete the design work so that the finished equipment is ready to be put into use when
the first deposition area is built. Tests of e.g. handling methods for the drill cuttings and details in the
design of the drill bit. Further development of technology for investigation of deposition holes (pilot
holes after reaming to full diameter) is planned to be integrated with the development of the boring
equipment.

Finishing of deposition hole

Different solutions will be evaluated for bottom levelling. The programme for the next few years
includes in-depth studies of how to level the bottoms of the deposition holes in a rational manner
by material removal or casting of a level bed and a suitable diffusion barrier. Practical tests of the
chosen method are foreseen, but the timetable for these tests is dependent on when new deposition
holes are bored in Onkalo or the Aspd HRL.

Figure 15-6. Bevelling of deposition hole by wire sawing. The left-hand figure shows drilling of the holes
for the diamond wire, done with standard equipment mounted on a fixture. A diamond-studded wire can
then be pulled through the holes to saw the bevel. The right-hand figure illustrates this. The equipment will
be designed so that it can saw both side walls and the bevel without changing setup.

RD&D Programme 2010, TR-10-63 185



15.6 Tools for data management and visualization

In order for the final repository project to be carried out within the given framework, data manage-
ment must be efficient and traceable. Modelling, design and construction will require short lead
times from ordering of investigations to delivery of quality-assured data. This is the starting point
for further development of databases and tools for modelling and visualization. The work will begin
with an evaluation of existing systems and tools, and a plan of action to guide the development
work will be drawn up. The systems that are needed must be developed and tested before the start of
construction.

15.6.1 Databases

The site investigations have entailed an extensive use of databases for gathering and storing of

data which has subsequently been retrieved and utilized for modelling, design, etc. Based on this
experience, SKB intends to further develop and adapt the database system to meet the needs that will
exist during construction and operation. The system must then be able to link and present geometric
information on boreholes and tunnels, along with results from investigations in them. This is neces-
sary in order to be able to check that the design premises are fulfilled. The system must also be able
to be used for presentation of data as a basis for both day-to-day decisions and long-term planning.

15.6.2 Visualization system

The deterministic geological modelling during the site investigations was done with the aid of

the SKB-developed system RVS (Rock Visualization System), which is based on the commercial
CAD program MicroStation. The need for fast, daily geological modelling for construction makes
demands on robustness and user-friendliness which the system does not meet today. A requirement
specification that meets the needs of the new work processes during construction and operation is
being prepared as a basis for further development. Commercially available systems, mainly from the
mining industry, and their potential for adaptation to SKB’s applications will be evaluated.
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16 KBS-3H - horizontal deposition

The KBS-3 method permits canisters to be emplaced either vertically (KBS-3V) or horizontally
(KBS-3H). Vertical deposition is the reference design, but SKB is also exploring the possibility of
switching to horizontal deposition at a later stage.

In both KBS-3V and KBS-3H, the canister is surrounded by a buffer of bentonite, see Figure 16-1. In
KBS-3H, no deposition tunnels are needed, since the long horizontal deposition drifts are bored directly
from the main tunnel, see Figure 16-2. A row of so-called supercontainers is deposited in the deposition
drifts. A supercontainer consists of a canister surrounded by bentonite buffer, held together by a perfo-
rated outer metal shell. A distance block of bentonite clay is placed between the supercontainers, partly
to seal the drift so that water flow along the drift is prevented, and partly so that the temperature in the
buffer will not get too high. A drift end plug will be installed at the mouth of the deposition drift. The
plug will hold the supercontainers and distance blocks in place until the main tunnel has been back-
filled. The deposition drifts will be spaced at a distance of between 25 and 40 metres, depending on the
properties of the rock, mainly its thermal conductivity. The rock volume that needs to be excavated for
a KBS-3H repository is considerably less than for vertical deposition. The facilities on the surface are
only marginally affected by which of the designs is chosen.

In the early 1990s, SKB explored the possibilities of emplacing the canisters horizontally /16-1,
16-2/, and in 2001 a research, development and demonstration programme for KBS-3H was presented
/16-3/. The purpose was to determine whether horizontal deposition can offer an alternative to vertical
deposition. During 2002-2007, SKB carried out studies in accordance with this programme in coop-
eration with Posiva. This work was reported at the end of 2007 /16-4/. Based on the results achieved,
SKB and Posiva decided to continue with the next stage of the research programme. This work was
initiated in 2008.

Figure 16-1. Schematic illustration of the KBS-3 repository with vertical (KBS-3V) versus horizontal
(KBS-3H) deposition.

RD&D Programme 2010, TR-10-63 187



Copper canister in supercontainer Supercontainer Drift end plug

Distance block Filling block Deposition niche

Compartment plug
i ~15-25m

Qinflow
Q<0,1 l/min
J\ Max 300 m

Figure 16-2. Schematic illustration of a KBS-3H repository.

16.1 Current situation and programme

In its review statement on RD&D Programme 2007, SKI raised a number of issues which, in their
opinion, need to be addressed regarding horizontal deposition. Among other things, SKI called for
information on the function of the distance blocks in the event of uneven wetting of the bentonite.
Wetting is of importance for the buildup of swelling pressure in the contact between deposition hole
and rock. In particular, wetting may be uneven in positions with rock breakout and/or water inflow
in the deposition hole. SKB now makes the assessment that with a Dawe-type design, the risk of
uneven wetting can be eliminated, see Section 16.1.1.

SKI further said that SKB should study whether there are differences between KBS-3H and KBS-3V
with regard to sensitivity for mechanical impact on the rock, particularly at high rock stresses. If the
loads lead to spalling or rock breakout in a deposition hole, this may lead to practical difficulties in
getting the container in place. According to SKI, the same may apply if, due to the damp atmosphere
in the deposition hole, the bentonite begins to swell before the container has reached its final position.

Since RD&D Programme 2007 was presented, equipment for deposition of supercontainers and
distance blocks has been developed and tested in one of the two full-diameter horizontal deposition
drifts at the Aspd HRL. Boring of the drifts, 95 and 15 metres in length, has in itself comprised an
important test. After some modifications, the technique for transporting supercontainers in the drifts
has been shown to work, and the equipment has been driven nearly 50 km, forward and back, in the
95-metre drift. Now work is under way to improve and optimize the technique. The goal is to obtain
a functional methodology and equipment with high reliability. The two horizontal deposition drifts
are also being used for testing different components. For example, post-grouting is being studied
with the aid of a Mega Packer, as well as plugging with a compartment plug.

An assessment has been made of the long-term safety of a hypothetical KBS-3H repository in
Olkiluoto and reported by Posiva /16-5/. The assessment is based on a preliminary design and layout
of the repository.

The main goal of ongoing activities is to further develop the design of KBS-3H so far that it is pos-
sible in the next stage to demonstrate the method on a full scale. To achieve this, evidence is required
showing that:

 the design is feasible with respect to construction, fabrication and installation,

 buffer in supercontainers and distance blocks, as well as supercontainers and plugs, function as
intended after deposition, so the initial state is achieved,

» the materials that are used for supercontainers and plugs do not impair the buffer’s barrier func-
tion, i.e. that the buffer meets the requirements with regard to long-term safety.

Provided that SKB and Posiva decide to proceed with KBS-3H, the following activities are planned
during the relevant RD&D period:

» prepare production line reports, specific for KBS-3H, and update other design-specific documen-
tation,

» verify components on full scale by demonstration,
» perform an assessment of the long-term safety of a hypothetical KBS-3H repository in Forsmark.

188 RD&D Programme 2010, TR-10-63



16.1.1 Design of a KBS-3H repository

The design of KBS-3H has been further developed since RD&D Programme 2007. The principle is
still the same (Figure 16-2), but a technique has been developed for drainage, artificial watering and
air evacuation. The technique is called Dawe (Drainage, Artificial Watering and air Evacuation) and
now comprises a reference design for KBS-3H. Dawe is based on artificial watering to achieve faster
and more even contact between buffer and rock wall. Before the supercontainers and the distance
blocks are deposited, a pipe is installed for air evacuation along the tunnel wall. During installation,
seepage water runs out along the tunnel floor, which is permitted by the fact that supercontainers and
distance blocks stand on spacers and water can then run beneath them. Due to the fact that the voids
in the deposition drift are then artificially filled with water through the compartment plug (so that the
buffer will swell rapidly), uneven wetting and large pressure gradients in the system can be avoided.
The air evacuation pipe is pulled out of the deposition drift before the buffer builds up too much
swelling pressure. In order that the blocks will not be harmed by humidity during installation, the
buffer in the Dawe design has a higher water content /16-6/.

In RD&D Programme 2007, SKB noted which development issues are important in order for
KBS-3H to achieve a technical level equivalent to that of KBS-3V. These included methods to
handle water inflows and layout studies to provide a basis for judging which rock stresses need to be
taken into account and how they affect the risk of spalling, see Section 16.1.3.

In order to assure the quality of the buffer, the water inflow along the deposition drifts must be man-
aged. By post-grouting with a Mega Packer, it is possible to seal a deposition drift at points where
the drift is intersected by a conductive fracture without drilling any grouting holes outside the drift
contour. The Mega Packer consists of a steel cylinder that leaves a 1.5 centimetre wide gap to the
walls of the deposition drift, see Figure 16-3. The gap is closed in both ends of the cylinder using
two hydraulic packers, creating a 1.5 metre long isolated section. The fracture can then be character-
ized hydraulically, whereupon the rock in the packered-off section can be injected with silica sol or
low-pH cement. The method has been tested in the Aspd HRL with very positive results /16-6/.

In order to carry out the installation of the supercontainer, and to be able to use a larger portion of
the deposition drift even where large inflows occur in individual fracture zones, it must be possible
to screen off very transmissive fracture zones. This can be done by placing compartment plugs on
both sides of the water-bearing fracture zones in the deposition drift. SKB has developed technology
for this. A slot is sawn out and a fixing ring over which the deposition equipment can pass is grouted
in. Later, when the deposition work outside the plug’s position has been completed, a steel plug is
fitted in this ring. The plug has a number of holes, permitting pellet filling, artificial watering and air
evaluation of the section inside it. Testing of a compartment plug has been under way since 2009 at
the Aspé HRL, see Section 16.1.2.

Compartment plugs are used to facilitate wetting of the buffer in the deposition drifts in the Dawe
design. The 300 metre long deposition drifts are divided into approximately 150 metre long compart-
ments. Supercontainers and distance blocks are placed in compartments where the water inflow is
very low (< 0.1 litre per minute), see Figure 16-2. The main function of the distance blocks is to
separate the supercontainers hydraulically and thermally. Filling blocks of bentonite are placed in
compartments where the inflow is greater than 0.1 litre per minute but less than one litre per minute.
They must primarily be able to resist erosion and support the function of the distance blocks. A drift
end plug is placed in the mouth of the deposition drift. It is supposed to seal tightly until the deposi-
tion niche and the main tunnels have been backfilled.

Alternative materials for the metal shell around the supercontainer have been studied. The choice

of reference material — steel, copper or titanium — will be made during the current project phase.

The most important factor for long-term safety is the effect of the material on the bentonite, which
has been investigated in comprehensive studies, see Section 16.1.3. Corrosion products and wall
thickness influence the choice of material. This in turn affects the size of the bentonite blocks, and
ultimately the density achieved at full water saturation. The studies have therefore included how
different materials would affect both the properties of the buffer and the size of the deposition drifts.
Copper has poorer strength properties than steel and titanium. If copper is chosen, the bottom part of
the supercontainer must therefore be made thicker, and the width of the spacers that create space for
the deposition machine’s sled must be increased.
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A preliminary layout of a hypothetical KBS-3H repository in Forsmark has been devised. The main
tunnels have roughly the same locations as in the layout for the KBS-3V repository. The deposition
tunnels have been replaced by the KBS-3H repository’s deposition drifts. Two alternative layouts
have been studied: one with 30 metres and one with 40 metres distance between the deposition
drifts. The deposition drifts are divided into two compartments by a compartment plug. A KBS-3H
repository in Forsmark is estimated to hold about 7,000 canisters if the deposition drifts are spaced
30 metres apart and just under 6,000 canisters if the spacing is 40 metres. Despite the fact that the
repository area per canister is greater for a KBS-3H repository than for a KBS-3V repository, the
total rock volume that needs to be excavated is considerably less.

Programme

The Dawe design with its various components will be evaluated and verified in greater detail.
Among other things, a comprehensive testing programme will be carried out in the Aspd HRL, see
Section 16.1.2.

Ongoing work on reports for production lines and facility description will continue, as will ongoing
work with geometric criteria for the deposition drift and boring technology. The latter work is aimed
at studying the need to update the requirements on the deposition drift and finding equipment to
measure and verify that the drift satisfies these requirements.

Additional issues that will be studied are:

+ installation of the air evacuation pipe along the wall before supercontainers and buffer components
are lifted in, and removal of this pipe through the compartment plug,

» effects of materials in supercontainers and plugs.

16.1.2 Demonstration in the Aspé HRL

The deposition equipment was delivered and installed in the Aspd HRL in 2006. A series of tests

and trials have been performed with the equipment. The deposition machine has been driven nearly

50 kilometres in the 95-metre drift, with supercontainer and distance blocks made of concrete, but also
without load. The tests, which were conducted on a full scale, showed that the equipment works prop-

erly /16-7/. Continued technical development work has been started to ensure long-term functionality.

The Mega Packer was tested in the 95 metre long deposition drift at a depth of 220 metres, see
Figure 16-3. A total of five positions were grouted, with an in-leakage rate of between 0.15 and 2.40
litres per minute. Silica sol was used as grout, and the total outflow from the deposition drift was
reduced from about four litres per minute to about 0.4 litre per minute /16-8/.

Figure 16-3. Mega Packer for post-grouting in a horizontal deposition drift placed in the 95-metre drifi in
the Aspé HRL.
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A compartment plug was installed in a slot sawn out in the 15 metre long deposition drift. The plug
was pressurized incrementally to 50 bar. Initially the leakage around the plug exceeded the set limits,
but after grouting with silica sol in preinstalled grouting hoses in the casting, a tightness well on a
par with stipulated values was achieved. The test shows that the concept with compartment plugs is
feasible and that sufficient watertightness can be achieved. The drift end plugs have a design similar
to that of the compartment plugs, and the positive results with the compartment plugs indicate that
the drift end plugs should also perform satisfactorily. Additional tests of the compartment plug are
planned within the current project phase. Results and experience will be reported when the current
project phase is concluded.

Laboratory tests of removal of water pipes in the Dawe design show that the pipes can be removed
as planned. But the tests have also indicated that removal must take place at a relatively early stage
of the swelling process, since the force required to pull out the pipes increases rapidly as the buffer
begins to swell. Erosion tests indicate that short pipes can be used when the compartment is filled,

which should reduce the risks during removal when only one pipe remains, the air evacuation pipe.

Programme

At present, work is under way to develop a programme for further testing of KBS-3H at the Aspd
HRL. Preliminarily, the programme will consist of subsystem tests where several components are
tested together.

In order for deposition to be possible in the nearly 300 metre long deposition drifts, the drifts must
meet strict geometric requirements. This is a key issue for horizontal deposition. To this end, drilling
must achieve straight pilot holes which can then be reamed up to full diameter. Some pilot holes will
therefore be drilled and inspected for straightness. The drilling tests will be done in the Aspd HRL,

at a depth equivalent to repository depth. Parts of a pilot hole will be reamed up to full diameter. In
parallel with the drilling tests, the geological and hydrogeological conditions will be studied and com-
parisons will be made between evaluated data from pilot holes and data from the full-scale deposition
drift. The deposition drift will also be used for trials with the Mega Packer at relevant groundwater
pressure, and possibly also tests of spalling processes in the rock wall. A deposition drift at repository
depth will also enable system tests to be carried out under realistic conditions in the future.

In addition to the tests at repository depth, integrated tests are also planned to demonstrate and test
several of the KBS-3H repository’s components together. These tests will preliminarily be conducted in
the existing 95 metre long deposition drift at a depth of 220 metres. These subsystem tests are aimed at:

» demonstrating full-scale fabrication, handling and transport of a supercontainer with bentonite
buffer,

* demonstrate the technique of depositing a supercontainer and buffer components of bentonite,

 test the Dawe design with full-scale artificial watering of the buffer in the supercontainer and
distance blocks,

* demonstrate the function of the compartment plugs in connection with artificial watering.

16.1.3 Long-term safety

A KBS-3H repository bears great resemblances to a KBS-3V repository. The similarities include

the properties of spent fuel, the copper canister and the bentonite buffer as well as conditions in the
geosphere and the biosphere. A safety evaluation for a KBS-3H repository can therefore be based on
knowledge obtained by the KBS-3V programmes in Sweden and Finland, and then focus on issues
that are specific for KBS-3H. The most important issues are:

* The deposition drifts in KBS-3H are long and there is a risk that piping and erosion will occur in
the buffer and distance blocks before the bentonite has become water-saturated.

* How processes that can affect several canisters in the tunnel can be avoided, such as spalling of
the rock and formation of transport pathways along the deposition tunnel.

* Inits present reference design, KBS-3H has several components of steel. The iron will corrode,
leading to hydrogen gas formation. This can in turn sometimes lead to increased microbial activ-
ity and the formation of pressure gradients in the system. The iron can also affect the physical
and chemical properties of the bentonite.

RD&D Programme 2010, TR-10-63 191



A preliminary assessment of long-term safety has been carried out for a KBS-3H repository with
data from Olkiluoto, the site selected for a final repository in Finland. The work has been described
in a number of interim reports plus a summary report /16-5/. The safety assessment was based on

the original design of KBS-3H, called the Basic Design, which, in a later stage of the project, was
not considered sufficiently robust and feasible. Instead, the Dawe design has been chosen as the
reference design. The conclusion of the safety assessment is that KBS-3H is a promising design for a
repository on this site, in terms of long-term safety and for the conditions prevailing at Olkiluoto.

The safety assessment has been reviewed by the Finnish Radiation and Nuclear Safety Authority
(STUK), which offered comments at the end of 2009. In its comments, STUK takes up effects of iron
components, the functionality of the buffer and spalling. Via its external expert group BRITE (the
Barrier Review, Integration, Tracking and Evaluation group), SSM has also conducted a thorough
evaluation of the work with KBS-3H. In its report, the expert group raises a number of issues that
require further research in order for a complete evaluation of feasibility and long-term safety to be
carried out for KBS-3H /16-9/.

Most of the issues raised by STUK and SSM have been studied within the KBS-3H project during
the ongoing project phase. The issue of the impact of iron on bentonite has been further studied
since 2007, and preliminary results show that iron reacts with the bentonite clay in several ways in
conjunction with the corrosion processes. The preliminary geochemical modelling with data from
Olkiluoto showed that the impact of iron on bentonite was limited to a couple of centimetres for

a period of up to several hundred thousand years /16-10, 16-11/. In response to the problems that
can arise due to the fact that iron affects the buffer, the KBS-3H project has studied the alternative
materials copper and titanium, see also Section 24.2.18.

The evolution of the buffer has been studied under conditions that are specific for KBS-3H. For
example, erosion during water saturation (Dawe) has been tested on a laboratory scale. Theoretical
studies have been made of spalling of the deposition drifts. The studies indicate that the rock stresses
will probably not lead to spalling. Additional thermally induced loads that could initiate spalling will
not occur earlier than 1-10 years after deposition.

Programme

The effect and extent of the affected zone in interactions between iron and buffer will be evaluated
with the aid of results from long-term tests on a laboratory scale. Data will be compiled and used to
model reaction and transport mechanisms in the buffer. Corrosion of iron gives rise to the formation
of hydrogen gas, so the effects of hydrogen and corrosion products on the pore water in the buffer
will be modelled. The effect of the supercontainer in the boundary zone between buffer and rock
will be clarified, and the acceptable size of the groundwater flow disturbances and the impact on
mass transport will be calculated. The goal is that, together with other material studies (titanium and
copper), the studies should provide a basis for choosing a reference material for all metal compo-
nents in KBS-3H repository.

Ongoing work to design the KBS-3H repository’s components is directly linked to long-term safety;
for example, the buffer’s ability to develop a counterpressure is important for minimizing the risk of
thermally induced spalling. Design premises for the KBS-3H repository’s components with respect
to long-term safety will be compiled.

Providing that SKB and Posiva decide to continue the work with KBS-3H, a site-specific assessment
of the long-term safety of a KBS-3 repository in Forsmark will be conducted, after SR-Site has been
completed. The assessment will be based on the results of SR-Site, with supplementary analyses of
the parts that are specific for KBS-3H. The purpose is to be able to compare the safety of the two
repository designs and, at a later stage, make a well-founded choice between KBS-3V and KBS-3H.
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17 Overview — research for assessment of long-
term safety

An overview is provided here of SKB’s natural science research programme within the framework of
our safety assessments, i.e. the assessments of the long-term safety of the Spent Fuel Repository and
the extension of SFR (the final repository for short-lived radioactive waste). The plans for the final
repository for long-lived low- and intermediate-level waste, SFL, are described in Part II, the LILW
programme. Much of the research that relates to the Spent Fuel Repository and SFR is also relevant
to the research that will be conducted for the safety assessment for SFL.

Research concerning safety assessment of a final repository for radioactive waste includes general
areas not specifically related to any given repository system and research related more directly to the
different repository systems.

The research that is conducted for the purpose of learning more about the long-term safety of the
final repository for spent nuclear fuel has mainly been conducted within the framework of the
SR-Site project. The basis for the focus of the research on processes in the engineered and natural
barriers incorporated in the repository concept can be found there. Table 17-1 provides an overview
of the processes and the scope of the efforts that are planned during the coming three-year period.

Research specifically related to the safety assessment for the extension of SFR is dealt with in
Chapters 20 and 21. Research on buffer also includes research on clay barriers in SFR and is dealt
with in Chapter 24. The processes that are studied for the safety assessment for the SFR Extension
Project (PSE) are compiled in Table 17-2.

A general introduction to the different research areas is given below. In addition, a summary is
provided of the link between the research programme and the various projects being conducted at the
Aspd HRL, along with an overview of research at Nova FoU (Nova R&D) in Oskarshamn.

The research programme also includes keeping track of other methods for disposal of the spent
nuclear fuel. SKB is following research on partitioning and transmutation (P&T) as well as disposal
in deep boreholes.

17.1 General research areas

Certain research areas are of a general nature and not linked to any specific repository system. These
areas are: Safety Assessment (Chapter 18), Climate Evolution (Chapter 19), Geosphere (Chapter 25)
and Surface Ecosystems (Chapter 26).

Future climate change may lead to glaciation and permafrost. These two phenomena have great
impact on the natural environment around a final repository. The climate can therefore indirectly
affect the barriers in a repository and thereby the outcome of a safety assessment.

A large number of processes in the rock (the natural barrier) influence the outcome of a safety
assessment. Important processes in the geosphere include fracturing, groundwater flow, water chem-
istry and earthquakes. Radionuclide transport and retention in the rock are included in the modelling
of these processes.

Site data and models of the ecosystem in Forsmark serve as a basis for the research within Surface
Ecosystems. The research includes work with numerical models for dose calculations.

17.2 Research linked to the repository system

The research that specifically relates to the final repository for spent nuclear fuel and the SR-Site
safety assessment takes place within the research areas Fuel (Chapter 22), Canister (Chapter 23), and
Buffer and Backfill (Chapter 24).

RD&D Programme 2010, TR-10-63 195



961

£9-01-¥1 ‘010z dwweiboid @Ay

Table 17-1. Processes in fuel, canister, buffer and backfill, and geosphere.

Code: RVEIRMIEINES Moderate initiatives ~ Minor initiatives/monitoring during coming three-year period

Type of process

Fuel

Canister

Buffer and backfill Geosphere

R (radiation-related)

Radioactive decay 22.2.2
Radiation attenuation/heat generation 22.2.3
Induced fission — criticality 22.2.4

Radiation attenuation/heat generation 23.2.1 Radiation attenuation/heat generation 24.2.2

T (thermal)

Heat transport 22.2.1

Heat transport 23.2.1

Heat transport 24.2.3 Heat transport 25.2.2
Freezing 24.2.4

H (hydraulic)

Water and gas transport in canister cavities,
boiling/condensation 22.2.1

M (mechanical)

Thermal expansion/cladding failure 22.2.1

Deformation of cast iron insert 23.2.2

Deformation of copper canister under
external pressure 23.2.3

Deformation from internal corrosion
products 23.2.4

ETCTRETal ool s MU Lo YR BT =1 e Metelale[iilels Sl Groundwater flow 24.2.3
24.2.5

Water transport under saturated conditions Gas flow/dissolution 25.2.4
24.2.6

Gas transport/dissolution 24.2.7
Piping/erosion 24.2.8

Mechanical processes (including swelling) Movements in intact rock 25.2.5
24.2.9

Reactivation — movement along existing fractures
24.2.7

Fracturing 25.2.8

Time-dependent deformations 25.2.9

Thermal expansion 23.2.1 Thermal expansion 24.2.10 Thermal movement 25.2.6
Radiation effects 23.2.5
C (chemical) Advection and diffusion 22.2.1 Corrosion of cast iron insert 23.2.6 Advection 24.2.12 Advection/mixing — groundwater chemistry 25.2.10
Residual gas radiolysis/oxygen formation 22.2.1  Galvanic corrosion 23.2.1 Diffusion 24.2.13 Diffusion — groundwater chemistry 25.2.12
Water radiolysis 22.2.5 Stress corrosion cracking of cast iron insert Osmosis 24.2.14 Reactions with the rock — groundwater chemistry
23.2.1 25.2.14

Metal corrosion 22.2.1
Fuel dissolution 22.2.6
Dissolution gap inventory 22.2.1

Speciation of radionuclides, colloid formation
22.2.7

Helium production 22.2.8

Corrosion of copper canister 23.2.7

Stress corrosion cracking of copper canister

23.2.8

Earth currents — stray current corrosion
23.2.1

lon exchange/sorption 24.2.15
Montmorillonite transformation 24.2.16 Microbial processes 25.2.16

Iron-bentonite interactions 24.2.17 Decomposition of inorganic engineering material
25.2.17

Dissolution/precipitation of impurities 24.2.18 Colloid formation — colloids in groundwater 25.2.18

Cementation 24.2.19 Gas formation/dissolution 25.2.20
Colloid release/erosion 24.2.20 Methane ice formation 25.2.21
Radiation-induced montmorillonite Salt exclusion 25.2.22
transformation 24.2.21

Radiolysis of pore water 24.2.22
Microbial processes 24.2.23

Integration/modelling

DFN 25.3.1

THM evolution unsaturated 24.2.11 THM evolution 25.3.2
HC evolution 25.3.3
Radionuclide transport Advection/mixing 24.2.24 Advection/mixing 25.2.11
Diffusion 24.2.25 Diffusion 25.2.13
Sorption 24.2.26 Sorption 25.2.15
Speciation 24.2.27
Colloid transport 24.2.28 Colloid transport 25.2.19
RN transport, near-field RN transport, near-field RN transport, near-field 24.3.15 RN transport, geosphere 25.3.4




Table 17-2. Processes in short-lived low- and intermediate-level waste and barriers for this.

Code: RVEJCAREIOTEH Moderate initiatives

Minor initiatives/monitoring during coming three-year period

Type of process Waste

Engineered barriers and backfill

T (thermal)
Freezing 20.2.2

Heat transport 21.2.2

Freezing 21.2.3

H (hydraulic) Water uptake in ion exchange resins and

bitumen 20.2.3
Water transport 20.2.4

Two-phase flow/gas transport 20.2.5

Water transport 21.2.4
Two-phase flow/gas transport 21.2.5

M (mechanical) Expansion/contraction of the waste 20.2.6

Fracturing 20.2.7
Breakout 20.2.8

Expansion/contraction 21.2.6
Fracturing 21.2.7
Breakout 21.2.8

C (chemical) Dissolution/precipitation 20.2.9
Degradation of organic compounds 20.2.10

Corrosion 20.2.12
Speciation 20.2.11
Diffusion 20.2.13

Dissolution/precipitation 21.2.9

Chemical cement and concrete
degradation 21.2.10

Corrosion 21.2.11
Sorption 21.2.12

Diffusion 20.2.13

Advection and mixing 20.2.14

Advection and mixing 20.2.14
Colloid formation and transport 20.2.15 Colloid formation and transport 21.2.15

Microbial activity 20.2.16
Radiolytic degradation 20.2.17

Modelling — Development of calculation codes 21.3.3
radionuclide transport

Microbial activity 21.2.16

Research relevant to SFR and the safety assessment for the Extension Project (SR-PSE) is being con-
ducted in the areas of Short-Lived Low- and Intermediate-Level Waste (Chapter 20) and Engineered
Barriers in SFR (Chapter 21).

Spent Fuel Repository

The level of knowledge for the SR-Site safety assessment is now deemed to be high enough to
bound the importance of identified uncertainties. The research programme is continuing so that we
can gather further knowledge and quantify remaining uncertainties. In this way, it should be possible
to make more realistic assessments of the Spent Fuel Repository’s safety margin in future safety
assessments.

The properties of the spent fuel and the processes that occur if the fuel comes into contact with water
is an important part of the research for the SR-Site safety assessment. Some of these processes are
strongly bound to the initial state (type of fuel, burnup etc.), and information on this can be found in
Chapter 10 (Part I11) as well as in Chapter 22.

The ability of the canister to isolate the fuel is vital, and research within the framework of the safety
assessment is focused on the processes that can be expected to occur after deposition. Important
processes are corrosion and mechanical load. Knowledge concerning the initial state of the canister
is presented in Chapter 11 (Part I1I) and in Chapter 23.

All processes in the buffer after deposition — for example water uptake and swelling, or freezing

and erosion — are important for the outcome of the SR-Site safety assessment. Many processes in
the backfill are virtually identical to those that occur in the buffer, and research on the backfill is

therefore presented jointly with the buffer in Chapter 24.

SFR

Short-lived low- and intermediate-level waste is deposited in SFR in Forsmark today. Work is under
way at SKB on the safety assessment for the Extension Project. The processes that occur in this
type of waste are specific for the waste type, and the research programme focuses on corrosion and
degradation of organic compounds in the waste, see Chapter 20.
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The engineered barriers that are used in SFR and are planned for the extension are greatly affected
by processes that occur in cement and concrete, which is reflected in the research programme, see
Chapter 21. Research on the processes that occur in the clay barriers that are used in SFR (the silo
buffer) is presented together with research on buffer and backfill in Chapter 24.

17.3 Research at the Aspé HRL and Nova R&D
17.3.1 Research at the Aspo HRL

The Aspd HRL is a cornerstone of SKB’s programme for research and technology development.

The purpose of many of the projects being pursued at the Aspd HRL is to gain better knowledge of
long-term safety. These projects mainly have to do with processes in the canister, the buffer and the
bedrock. A number of examples of projects in the Aspd HRL that are completely or partially focused
on long-term safety are given in Table 17-3, along with reference to where in this RD&D programme
the project is described.

Interest in research at the Aspd HRL is great not only in Sweden, but also internationally. Numerous
organizations from different countries are participating in the joint international work being
conducted in the Aspd HRL. The members of the Aspd International Joint Committee are Andra
(France), BMWi (Germany), CRIEPI & JAEA (Japan), NWMO (Canada) and Posiva (Finland). The
foreign organizations are participating both in the experimental work and in the modelling work
being done by the Task Forces.

Table 17-3. Overview of Aspé projects with a link to research on long-term safety.
For the location of the projects in the Aspd HRL, see Figure 1-10.

Project Process Section
Minican Deformation due to internal corrosion products 23.2.4
LOT Montmorillonite transformation 24.2.16
Corrosion of copper canister 23.2.7
Alternative buffer materials Water transport under saturated conditions 24.2.6
Iron-bentonite interactions 24.2.17
Lasgit Gas transport/dissolution 24.2.7
THM evolution, buffer 24.2.11
TBT Water transport under saturated conditions 24.2.6
THM evolution, buffer 24.2.11
Canister Retrieval Test (CRT) Water transport under unsaturated conditions 2425
Apse (Pillar Stability Experiment) Movements in intact rock 24.2.5
Prototype Repository Heat transport (buffer) 24.2.3
THM evolution, buffer 24.2.11
Water transport under unsaturated conditions 2425
Water transport under saturated conditions 24.2.6
Piping/erosion 24.2.8
Heat transport (geosphere) 25.2.2
Thermal movement 25.2.6
Fracturing 25.2.8
Time-dependent deformation 25.2.9
Integrated modelling THM (geosphere) 25.3.2
True Advection/mixture — radionuclide transport 25.2.11
Integrated modelling — radionuclide transport 25.3.4
LTDE Diffusion — radionuclide transport 25.2.13
Reactions with the rock — sorption 25.2.15
Colloid Transport Project Colloid formation 25.2.18
Microbial Projects Microbial processes 25.2.16
Matrix Fluid Chemistry Experiment  Diffusion — groundwater chemistry 25.2.12
PADAMOT Diffusion — groundwater chemistry 25.2.12
SWIW tests Integrated modelling — radionuclide transport 25.3.4
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17.3.2 Broadening of research at Nova R&D

Nova FoU (Nova R&D) (www.novafou.se) is a platform for research and development under the
auspices of Nova Hogskolecentrum in cooperation between SKB and Oskarshamn Municipality. As
such, Nova FoU is a centre of excellence where several universities, including Linnaeus University,
and other educational institutions and companies both from Sweden and other countries carry out
research and development projects. To help Nova FoU achieve its ambition of being a world-class
centre of excellence, information on the new research opportunities offered via Nova FoU, linked to
SKB’s laboratories, will be intensified nationally and internationally.

By agreement, Nova FoU has access to SKB’s laboratories (the Aspd HRL, the Bentonite Laboratory
and the Canister Laboratory), data and expertise. The research and development projects are
conducted in these facilities with different universities and companies as owners. The projects take
advantage of the unique opportunities offered by SKB’s laboratories, databases and competence
infrastructure. The research can be of a varying nature within multiple scientific fields, but the focus
is on geosphere research and development with links to hydrogeochemistry, hydrogeology, geology,
and soil and rock engineering. The principal categories are basic research, environmental research
and instrument development. Examples of current projects at Nova FoU are shown in Table 17-4.

Results from the geochemistry, microbial and hydromodelling projects will contribute to a better
understanding of the environment in which the Spent Fuel Repository will be located.

Geochemical processes are being studied by Linnaeus University’s geochemical research group,
which is based on the Nova FoU platform. Studies at Aspd, Laxemar and Forsmark have mainly
focused on surface water and groundwater /17-1, 17-2, 17-3, 17-4, 17-5/, but have now branched out
to include geology (fracture-filling minerals) and biogeochemistry (biological and organic materi-
als) as well. At present the group consists of a professor, a post-doc, a research assistant and three
doctoral candidates.

Table 17-4. Examples of projects within Nova FoU linked to the Aspé HRL.

Project Organization Description

Postgraduate Linnaeus University Linnaeus University’s geochemical research group at the Aspd HRL.

studies

Microbes University of Gothenburg Study of geogas-driven biosphere in the Aspé HRL.

Microbes I University of Gottingen Biomineralization, biogeochemistry and biodiversity involving studies of
microorganisms at Aspo.

Near-coastal KTH Hydrological transport pathways and coastal dynamics with integration of

modelling transport and transformation processes in water from land to sea.

Alfagate NeoSys AB 3D location of individuals. Development and adaptation of RFID technol-

ogy, creation of a software-independent solution and integration with
other operating systems on Aspo.

SAFESITE NeoSys AB Integrated fire protection. Fire alarm and security for the final repository,
development and adaptation of RFID technology.
EoS Oskarshamn municipality Low-grade waste heat. Research and technology development to

recover and utilize waste heat from industry.

17.4 Other methods

SKB is following the development of other methods besides KBS-3 for management and disposal of
spent nuclear fuel. These other methods are Partitioning and Transmutation (P&T, Section 27.1) and
disposal in deep boreholes (Section 27.2).
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18 Safety assessment

18.1 Introduction

The safety assessment is the instrument that is used to determine whether a repository for radioactive
waste satisfies the regulatory requirements on long-term safety that are made on such a facility. In
Sweden, the primary requirement is formulated as a risk limit, and a central part of the safety assess-
ment consists of quantitatively estimating the radiological risk associated with possible releases from
the repository in question. The safety assessment also plays an important role in providing feedback
to the RD&D programme by indicating 1) areas where greater knowledge could lead to more realistic
and thereby often more favourable outcomes of the assessments, and ii) possible improvements of
the design of a repository.

At present, SKB is conducting safety assessments as support for the licence applications to build a
final repository for spent nuclear fuel at Forsmark and for the licence applications for an extension of
the existing final repository for short-lived low- and intermediate-level waste at Forsmark (SFR).

All essential development of methodology for safety assessments is taking place within the frame-
work of the two projects where the aforementioned assessments are being conducted. Complete
accounts of methods and applications are given in the reports from the projects, and only a summa-
rizing overview is therefore provided in this RD&D report. Matters relating to the safety assessment
for the Spent Fuel Repository and for SFR are discussed in Sections 18.2 and 18.3, respectively.

The work concerned with the long-term safety of the planned repository for long-lived low- and
intermediate-level waste (SFL) is treated in Part II (the LILW programme).

18.2 Methodology for assessment of the long-term safety of the
Spent Fuel Repository
18.2.1 Methodology in SR-Can and its review

A ten-step methodology was used in the SR-Can safety assessment /18-1/. The methodology was
reviewed by SKI and SSI within the framework of the consultations with SKB during the site
investigation phase /18-2/. In summary, the then-regulatory authorities found the following, based on
their own work and reports from external consultants:

+ “SKB’s methodology for safety assessment largely complies with the authorities’ regulatory require-
ments, but parts of the methodology need to be further developed prior to a licence application.

*  “SKB’s quality assurance of the safety assessment SR-Can is insufficient.

» Prior to the licence application, a better knowledge base is needed with respect to certain critical
processes with a potentially great impact on the risk from the repository, including erosion of the
buffer in deposition holes.

» SKB needs to verify that the assumed initial state of the repository is realistic and achievable.
* The account of the risk of early releases should be strengthened.”

These main conclusions agreed well with SKB’s own view of important points in the work remain-
ing to be done up to the applications; most are expressed already in the SR-Can report.

SKI’s viewpoints on safety assessment methodology in the review of RD&D Programme 2007 were
largely based on the results of the regulatory authorities’ joint review of SR-Can. SKI summarized
its view of the safety assessment as follows:

*  “SKI notes that SKB has developed a methodology relating to safety assessment with an appro-
priate design in relation to SKI’s and SSI’s regulatory requirements. This conclusion is based on
SKI’s and SSI’s joint review of the safety assessment in SR-Can.
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» Like SSI, SKI considers that it is crucial for the future development of the programme that SKB
provides appropriate feedback to the need of research and development from the critical issues
identified in the review of SR-Can.

» Itis very important that SKB prior to SR-Site raises the level of ambition for the quality work in
conjunction with safety assessment. SKI finds that the consultations between the authorities and
SKB could be used for a continued dialogue to avoid unnecessary lack of clarity on methodologi-
cal issues, interpretations of regulatory requirements and reporting forms.”

Programme

All method development for the Spent Fuel Repository is taking place within the framework of the
SR-Site safety assessment project, which will be reported as a part of the documentation in support
of the licence applications to build the final repository for spent nuclear fuel. A detailed account of
method development is therefore not given here. The need for method development after submission
of the applications will also be presented in SR-Site.

The methodology used in SR-Site is based in large part on the methodology used in SR-Can, and it is
important to note that the regulatory authorities found in their review of SR-Can that the methodol-
ogy has an appropriate design in relation to relevant regulatory requirements.

In order to ensure that the viewpoints expressed in the review of SR-Can are heeded, the review report
has been systematically examined and more than 200 measures for development and improvement
have been identified. These will be documented internally by SKB within the framework of the SR-Site
project. As far as the viewpoint of the regulatory authorities in the review of RD&D Programme 2007,
that SKB should provide appropriate feedback to the need of research and development from the criti-
cal issues identified in the review of SR-Can, reference is made with regard to process understanding to
relevant other parts of this RD&D programme (fuel, canister, buffer, rock, etc.).

A number of themes of relevance to SR-Site have been taken up in the consultations with SSM, in
accordance with SKI’s review viewpoint. Here accounts have been given of the quality work within
SR-Site, of the methodology for SR-Site and of new findings surrounding buffer erosion.

18.3 Assessment of long-term safety of SFR

Since RD&D Programme 2007, SKB has published two relevant documents related to long-term
safety that have been reviewed by SSM:

» Safety Analysis Report for SFR, SAR-08, delivered April 2008 (in Swedish only) /18-3/,
* Supplement to RD&D Programme 2007, delivered in April 2009 (in Swedish only) /18-4/ .
The parts of the review of the two documents that concern the assessment of the long-term safety of

SFR are presented in the following sections, while the parts of the review that concern research are
mainly presented in Chapters 20 and 21.

Supplement to RD&D 2007 and results of its review

In the supplement to RD&D Programme 2007, SKB presented a plan for continued methodology
work within the SFR Extension Project, PSE. Since the project extends up to 2013, the plan included
the time interval encompassed by this RD&D programme.

The plan was dealt with very cursorily in regulatory review /18-5/.

SAR-08 and results of its review

In April 2008, SKB submitted the SAR-08 safety assessment to SSM. The Authority reviewed the
safety assessment during 2008 and 2009 and issued a decision in the matter in December 2009 /18-
6/. SSM is of the opinion that:
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“The Authority judges that the submitted report analyzes and evaluates long-term safety in a better
way than previous reports. The calculation cases and scenarios that are derived and analyzed are
structured in a manner that satisfies the Authority’s requirements and complies in essence with the
directions issued by the Authority. This facilitates assessment against the prescribed risk criterion
that applies to the long-term consequences of the final disposal of nuclear waste.”

However, SSM considers the plan presented by SKB for closure of the facility to be inadequate and
ordered SKB to:

“Present a concrete and coherent plan for the measures which, in accordance with applicable radia-
tion safety conditions, need to be taken upon closure of the facility by not later than 30 April 2010.”

SKB has responded to the Authority’s order by the designated deadline.

SSM also ordered SKB to supplement the safety analysis report by 31 December 2013 with:

* “an account of the anticipated barrier degradation in the repository part BMA based on all reason-
able and probable degradation processes,

* asensitivity analysis of the risk and importance of changed redox conditions at repository depth,

» adetailed justification of the assumed parameter distributions associated with the groundwater
flow in the repository and its vicinity, plus a well-founded discussion of which model variants
have been rejected.”

Methodology in SAR-08

SAR-08 employed a methodology that largely corresponds to the ten-step methodology used in
SR-Can. Among other things, SKB introduced in SAR-08 safety functions that are used to identify
the scenarios that are analyzed in the safety assessment. Concerning methodology, SSM writes in the
review report /18-6/ that:

“The new safety assessment methodology for SAR-08, which greatly resembles that developed

by SKB in SR-Can, is based on well-defined steps such as: FEP processing, initial state, safety
functions, reference evolution, selection of scenarios, selection of calculation cases, dose and
radionuclide transport calculations, weighing together of risk, and safety evaluation. SSM finds this
methodology to be expedient and concrete and considers that it offers good potential for conveying a
clear picture of features, events and processes that affect the repository’s long-term radiation safety.
The use of graphical aids in SAR-08 such as interaction matrices and information flow diagrams
contributes to the clarity of the presentation.”

In its review, SSM pointed to a number of areas where the safety assessment should be improved.
The Authority notes, for example, that the effect of degradation of the plugs that are installed to
reduce the water flow in the repository parts, as well as the effect of other redox conditions than
those analyzed, should be further studied or that the argumentation should be better substantiated.
It may therefore be advisable to take a look at the safety functions that were used in SAR-08 and
possibly supplement them.

The Authority is also of the opinion that:

“One area that can be improved is, however, the account of how identified features, events and
processes have been taken into account in the development of the conceptual calculation models.”

We plan to improve the presentation by using more structured background reports, such as the process
reports that were used in the most recent safety assessments for the Spent Fuel Repository. An initial
indication of how this may look is shown in Chapters 20 and 21, where research and study needs for
an SFR repository are presented in a similar process-based way as for the Spent Fuel Repository.

Regarding calculations and uncertainties in data, SSM says:

“On the whole, the calculation cases provide a good picture of the events and processes that can
affect the long-term radiation safety of the repository. In some cases, however, the calculations are
not optimally structured to shed light on the safety-related importance of remaining uncertainties.
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An example is the calculation cases that are supposed to illustrate the importance of degraded barri-
ers (early degradation of barriers and extreme permafrost).”

Further work is thereby required to substantiate the argumentation that is offered both in the descrip-
tion and in the identification of scenarios. In the most recent safety assessments conducted for the
Spent Fuel Repository, for example SR-Can, uncertainties in parameters have been identified and
analyzed in a special data report.

Programme

Methodology development for assessment of long-term safety for SFR is taking place within the
framework of the safety assessment project. The purpose of the project is to conduct an assessment
of the long-term safety of both the existing facility and an extended SFR.

The supplement to RD&D Programme 2007 contains a description of the methodology that is
intended to be used in the Extension Project’s safety assessment. A report structure is also presented
there. The plan is relatively unchanged compared with the one presented in the supplement, but for
the sake of completeness the report structure is summarized below:

FEP analysis

An FEP (Features, Events and Processes) report summarizes all features, events and processes of

importance for the repository system. As far as possible, the FEP report is based on work already

done in SR-Can and SR-Site. Based on identified FEPs, process reports are produced for different
system parts. The structure of the process reports is presented below.

Process reports

A necessary part of a safety assessment is presenting our understanding of the processes that can
take place in the repository system. This process understanding is based on, among other things, the
research that is being conducted within and outside SKB and on the FEPs that have been identified
(see above). Process reports were compiled in SR-Can (and are being compiled in SR-Site) for
different parts of the system in accordance with a predefined template. A similar template is being
prepared for the safety assessment for an extended SFR. Process reports will be written for the
applications concerning an extended SFR and will deal with:

» geosphere,

* waste,

* barrier system,

e climate,

* biosphere and surface systems.

Data report

The data report will present and qualify data used in the safety assessment. The data report for the
safety assessment of an extended SFR will conform to a similar structure as the data report for
SR-Can /18-7/ and SR-Site.

Radionuclide transport calculations

All models used in SAR-08 have been implemented in a new code for radionuclide transport.

The work has continued with a deeper sensitivity analysis than the one performed within SAR-08.
Extensive development is being done on biosphere modelling within the framework of the SR-Site
safety assessment. This includes collection of site-specific data and development of models and
modelling tools. The models used for the safety assessment of an extended SFR will, where applica-
ble, be based on the results obtained within SR-Site.
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Repository design

The work of designing the repository is being pursued in cooperation between design, safety
assessment and technology development. The long-term properties of the repository components are
taken into consideration in connection with geotechnical design and choice of technology. The work
includes developing engineered barriers (bentonite and concrete structures) as well as tunnel backfill
and plugging. Tunnel backfill is the material used to backfill tunnels and other disposal chambers.

Initial state

The work of preparing descriptions of the initial state will be done in cooperation with other sub-
projects within the SFR Extension Project (PSE).

Reference evolution

The work of preparing descriptions of the reference evolution of SFR will be carried out in coopera-
tion with the site investigation project. This work is based to different degrees on similar work that
has been done within SR-Site. It can be assumed that biosphere evolution will be nearly identical.
However, the evolution of the barrier systems may differ in the safety assessment of an extended
SFR, compared with the KBS-3 repository dealt with in SR-Site.

Safety functions

The Authority’s view of the safety functions used in SAR-08 is presented in the preceding section,
and SKB interprets the Authority’s reply as indicating that SSM is positive to the use of safety func-
tions. SKB intends to develop the concept further.

Scenario analysis

Safety functions, in combination with the stipulated requirements on future human actions (FHA),
were used in order to devise the scenarios that were subsequently analyzed in SAR-08. How scenario
analysis is to be conducted within the safety assessment for an extended SFR will be decided during
the course of the work. As is mentioned in the preceding section, the Authority considers that SKB
has handled scenario selection in an acceptable manner, but calls for additional scenarios in the
safety assessment.
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19 Climate evolution

In the time perspective in which the safety of the final repositories for spent nuclear fuel and for
short-lived radioactive waste (SFR) are being studied, i.e. hundreds of thousands of years and longer,
the climate in Scandinavia has varied enormously. The climate has alternated between warm inter-
glacial conditions similar to what we have today to periods with full ice age conditions. Even though
the climate as such does not have a great direct impact on repository performance, other processes
related to future climate variations will probably have a great impact. An example is the growth

of ice sheets and permafrost and changes in sea level. These processes in turn affect, for example,
groundwater flow, groundwater chemistry and stresses in the Earth’s crust, which are also of impor-
tance for repository performance. The climate at the ground surface also affects the evolution of the
biosphere. The biosphere in turn has a great influence on human activities, which should be able to
proceed in the landscape without man being affected by nearness to the repositories.

Knowledge of climate and climate variations is therefore of great importance in SKB’s safety
assessments for the final repositories for radioactive waste. The following descriptions of the climate
evolutions in SKB’s safety assessments mainly apply to the final repository for spent nuclear fuel.
However, large parts of these descriptions are also relevant for other types of repositories. Where
issues specifically concern SFR, this is stipulated.

19.1 Climate evolutions in SKB’s safety assessments

SKB’s climate programme has two main purposes today: 1) to contribute information for selecting,
substantiating and justifying the climate evolutions used in the safety assessments, and ii) to provide
detailed information for the descriptions of different climate domains, which can then be used in
other parts of SKB’s research programme.

As was noted in RD&D Programme 2007, it is not possible today to predict future climates in the long
time perspectives that are analyzed in SKB’s safety assessments. It is nevertheless possible to estimate
the magnitude of possible future climate changes, based for example on knowledge of natural histori-
cal climate variations and simulations of future climates. In other words, it is possible to describe
relatively well the bounds within which the Scandinavian climate may vary, even in very long time
perspectives. Within these bounds we can identify certain characteristic climate domains (temperate,
periglacial and glacial climate domains) that are of importance for repository performance. As before,
we are therefore focusing our research efforts in the climate field on identifying and understanding
conditions and processes within these climate domains. If it is possible to show that the repository
meets the safety requirements during the different conceivable climate domains, and during transitions
between them, it is not necessary in the assessment of repository safety to take into account the actual
future evolution of the climate in time and space to as great a degree. In descriptions of possible future
climate changes, it is important also to consider cases where human impact is included.

SKB’s approach is to handle the complex questions surrounding future climates by first constructing
a reference evolution. This is an example of how different climate domains might conceivably suc-
ceed one another during a future glacial cycle, i.e. during the coming 100,000 years or so. The refer-
ence evolution consists of a repetition of conditions reconstructed for the last glacial cycle, including
the Weichselian glaciation. The reference evolution provides process knowledge on how the different
climate-related processes(ice sheet, permafrost, shoreline displacement) function and interact.

Besides being used in the assessment of long-term safety, the reference evolution is also a suitable
scientific point of departure for an extended analysis of the impact of the climate on the repository.
Based on the reference evolution, our knowledge of possible climate variations and our knowledge
of the repositories’ performance and safety, a number of other climate evolutions are selected in a
structured manner. These cases cover all conceivable situations where climate-related processes that
could potentially have a major impact on the performance of the repository are not covered by the
reference evolution, for example thicker ice sheets or deeper permafrost. For these cases as well, the
way in which the different climate domains succeed one another over time is described, along with
how parameters such as ice sheet thickness, permafrost depth and shoreline displacement vary.
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Since it is not possible to describe with sufficient certainty an expected climate evolution during the
next 100,000 years, the climate evolutions that are constructed should not be regarded as attempts to
predict future climates. They are rather relevant examples of future evolutions that describe climate-
related processes in a realistic and integrated way in a 100,000-year perspective.

The climate evolutions that include a clear human impact via increased greenhouse effect include a
global rise in sea levels caused by increased melting of the Greenland ice sheet in particular and a
thermal expansion of the surface water in the world’s oceans. Including such climate evolutions is
necessary in view of the fact that Forsmark is located directly adjacent to the present-day coastline.

In the reference evolution, the reconstruction of the ice sheet during the Weichselian is important

for how the climate domains succeed one another. The reconstruction of the Weichselian glaciation,
whose results were described in RD&D Programme 2007, is used in turn to study shoreline displace-
ment (see Section 19.3), permafrost (see Section 19.4) and the occurrence of glacial earthquakes (see
Section 25.2.7).

In order to gain a better understanding of the change and variability we can expect of the climate in

the future, SKB has, in addition to earlier studies reported in RD&D Programme 2007, also carried out
studies on climate variations during the past three-year period. The purpose of one project was to study
extreme climate situations in Sweden in a 100,000-year perspective, while the purpose of other projects
has been to study climate variations from geological climate archives, and specifically to compile
paleoclimatic information for selected periods during the Weichselian, see Sections 19.2 and 19.5.

With the current approach and safety assessment methodology, the identified climate domains — and
their evolution in time and space in the selected climate cases — serve as a basis for SKB’s safety
assessments. The climate programme is being carried out in close cooperation with our programmes
for hydrogeology, geochemistry, biosphere, thermo-hydro-mechanical processes, buffer and canister,
see Figure 19-1.

Landscape modelling,
including ocean evolution

Modelling of stresses in the
Earth’s crust for analysis of
glacially induced earthquakes

Ice thickness and

/' pressure gradients

Analysis of thermo-hydro-
mechanical processes

Climate

Modelling of flow in ground-
water and surface water for
glacial and permafrost
conditions

Analysis of groundwater
chemistry

|

Geothermal heat flow
Thermal gradients
for palaeoclimate

Analysis of freezing
of parts of the repository

Figure 19-1. Diagram showing how different parts in the climate programme are linked to other parts in
the SR-Site safety assessment. Coloured boxes show phenomena studied in the climate programme. Certain
boxes show other activities in SR-Site where data from the climate programme are used. The arrows
indicate principal data flows in SR-Site.
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The research area concerned with future and past climate evolution is very active today. As a comple-
ment to its own research, SKB is therefore following current research in international scientific journals
and at scientific meetings, as well as the work of bodies or organizations that deal with climate issues.

19.2 Ice sheet dynamics and glacial hydrology

The glacial climate domain is defined as areas covered by glacial ice, in other words glaciers or con-
tinental ice sheets. The most important research areas for this climate domain are ice sheet dynamics,
glacial hydrology and the glacial history of the Weichselian.

A typical Quaternary glacial cycle spans a period of around 100,000 years. During the most recent gla-
cial periods, all of Sweden was dominated by the glacial climate domain during the maximum stages.
The average extent of the continental ice sheets during the Quaternary Period was, however, much less
than that; on average, the areas around Forsmark and Oskarshamn were in all probability ice-free.

The thermal and hydraulic properties of the ice sheet determine how the ice affects its bed (including
rock and groundwater) and thereby also how it affects a final repository. The glacial meltwater is
ion-poor and oxygen-rich. Groundwater recharge during periods of glacial climate domain therefore
causes water with such properties to be transported downward in the rock. Some of SKB’s efforts

are therefore spent on studying how groundwater is recharged and transported down through the

rock under glacial conditions, see Section 25.2.3, and how a groundwater of glacial origin affects,

for example, the properties of the buffer clay, see Chapter 24. When a continental ice sheet advances
and retreats, the rock stresses in the concerned area are affected, which could lead to a reactivation of
existing fracture zones in the form of glacial earthquakes, see Section 25.2.7.

Conclusions in RD&D 2007 and its review

SKI appreciated the way in which climate issues had been integrated in the safety assessment and
thought that SKB had made great progress in understanding how climate changes affect a repository.
SKI pointed out that the issue of glacial hydrology needed to be better integrated with other climate-
related issues and that differences in assumptions between the calculations for glacial hydrology and
the evolution of the inland ice sheet needed to be clarified. SKI also pointed out that SKB should
deal with the uncertainties that arise due to the fact that most process studies have been done on rela-
tively small glaciers, while most modelling is concerned with large ice sheets. SKI further pointed
out that calculated maximum ice thicknesses in Laxemar and Forsmark are reasonable, but that SKB
should describe the model better and the simplifications on which it is based.

SKI further commented that SKB should link the efforts to gain a better understanding of the hydro-
logical conditions in and around an ice sheet to the efforts related to reactivation of existing fractures
in the rock (Section 25.2.7). SKI pointed out that SKB should give a more detailed account of the risk
and consequences of glacial erosion at both candidate sites. SKI appreciated SKB’s plan to utilize

the Greenland ice sheet as an analogue of future glacial conditions at Forsmark. However, SKI com-
plained of the lack of a reference to the feasibility studies that were being conducted on Greenland.

The Swedish National Council for Nuclear Waste writes that the hydrogeology of the site must

be taken into account, and that the different climate scenarios should be taken into account when
modelling the interface zone between geosphere and biosphere. The Council wondered how and by
whom SKB’s planned studies of the last glaciation in Scandinavia will be done, given the fact that
such work is already under way elsewhere.

No viewpoints on the climate programme are found in SSI’s review of RD&D Programme 2007.

A study concerning an estimation of the erosion depth during the Quaternary Period was presented
in RD&D Programme 2007 /19-1/. The study estimates an upper bound for for the average erosion
of bedrock during a glacial cycle or a single glaciation. The erosion process had also been studied
within the framework of SR-Can (Process Report), where current literature in the field is reviewed
and conclusions are drawn regarding the impact on the repository. SKI emphasized that if consider-
able glacial erosion cannot be excluded, it should be taken into account in deliberations concerning
an appropriate depth for the Spent Fuel Repository.
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Newfound knowledge since RD&D 2007

SKB describes in its climate programme both a reference evolution containing a repetition of condi-
tions reconstructed for the last glacial cycle and alternative future climate evolutions. The alternative
evolutions that are studied are:

* A colder and drier climate than in the reference evolution, which results in deeper permafrost and
longer periods with a periglacial climate domain, see Section 19.4. Several alternative evolutions
are treated.

* A colder climate with greater precipitation quantities that can build up a thicker ice sheet or ice
that lasts longer than in the reconstruction of the last glacial cycle, see below in this section.
Traces of other glaciations than the last one are also utilized here. Several alternative evolutions
are treated.

» A future climate dominated by global warming, i.e. warmer than during the last glacial cycle, see
Sections 19.3 and 19.5. Several alternative evolutions are treated.

Glacial geological information

In order to get a better substantiated and more detailed picture of the reference evolution, several
studies of the glacial history of the Weichselian have been done. The studies concern both the

spatial and temporal extent of the ice sheet as described in this section, and involve quantitative
climate reconstructions for selected periods, in order to study the bounds within which the climate in
Scandinavia varied during the last ice age, see Section 19.5.

In September 2007, SKB arranged a small international workshop entitled “Fennoscandian pal-
aeoenvironment and ice sheet dynamics during MIS 3” /19-2/. The purpose was to shed light on the
state of knowledge concerning palaecoconditions during a part of the Mid-Weichselian called Marine
Isotope Stage 3 (MIS 3), a long period that preceded the last glacial maximum. One of the purposes
of the workshop was to gather the necessary input data for the climate modelling studies reported

in the paragraph “Information from climate models” in Section 19.5. After the workshop, SKB
published a special volume of the scientific journal Boreas, dealing with this important part of the
Weichselian glaciation based on the information presented at the workshop /19-3/.

The climate simulations carried out within SKB’s climate programme (see Section 19.5) focused on
a period during MIS 3. Such a climate simulation requires a specific ice sheet configuration for the
period in question. Pollen stratigraphic studies and datings of mammoth remains and sedimentary
sequences have, however, often given disparate pictures of the size of the ice sheet during MIS 3. In
order to permit an accurate assessment to be made of the configuration of the Weichselian during this
period (as input data to the climate simulation, among other things), a study was conducted where
all available datings of interstadial sediments from MIS 3 from Norway, Sweden, Denmark, Estonia
and Finland were compiled in a database /19-4/. It is the first time such a compilation has been done
where all available data are thoroughly and systematically assessed with respect to the quality of the
datings. The results show that one possibility is that large parts of Sweden were ice-free early and
during the middle part of MIS 3.

During the period in question, several studies have provided glacial geological information on the
Weichselian of importance for the description of the reference evolution /19-2, 19-4, 19-5, 19-6/. The
studies have, together with the studies described in Section 19.5, contributed information that neces-
sitates a revision of the classic picture of the Weichselian glaciation, with a very long uninterrupted
period of ice cover over Sweden from the start of the Weichselian around 74,000 years ago up to

the deglaciation around 10,000 years ago /19-7/. The new picture of a more dynamic ice sheet, and
thereby a more dynamic climate, with ice-free conditions in large parts of Scandinavia and Sweden
during MIS 3, is also confirmed by other studies from the general scientific literature, summarized
in /19-2, 19-4, 19-5/. Results from /19-4/ have also been published in a number of scientific articles
/19-8, 19-9, 19-10/. In this context, the large body of scientific articles that have come out of /19-5/
are also of relevance, as reported in Section 19.5. The results, which describe a more dynamic
picture of the ice sheet with ice-free conditions during parts of the Mid-Weichselian, concur with the
picture of the evolution of the ice sheet that is used in SKB’s reference evolution, see Figure 19-2.
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Figure 19-2. Examples of ice sheet configurations and ice surface elevation (with a 300 metre contour interval)
from the reconstruction of the Weichselian glaciation in SKB s reference evolution. It is worth noting that the
extent of the ice sheet during the long period called Marine Isotope Stage 3 (MIS 3) is very limited above
Sweden. This is exemplified in the figure by a picture of the ice 50,000 years ago, where the areas around
Forsmark and Laxemar can be seen to be ice-free. In contrast to the classic picture of the Weichselian glacia-
tion, where all of Sweden is covered with ice from MIS 4 until the end of MIS 2, much new information from
SKB's climate programme and from other research suggests that a long ice-free period prevailed during MIS 3.
Studies of the climate during an early and a late part of MIS 3 are described in Section 19.5.

The results of the studies have reduced the uncertainties in the glacial history of the Weichselian

and contributed important information on the long and important MIS 3 period during the Mid-
Weichselian. As a result, the safety assessment has better input data for the reference evolution based
on a repetition of the Weichselian glaciation, and a better picture of the variability that can occur
during a glaciation.

Knowledge of the configuration and evolution of the ice sheet at the time of the last glacial maximum
about 20,000 years ago and the subsequent deglaciation of Scandinavia is already relatively good.

Numerical ice sheet simulation

The numerical reconstruction of the ice sheet during the Weichselian (Figure 19-2), which was
described in RD&D Programme 2007, is still used for SKB’s reference evolution. The methodology
and the results that described how extreme climates within the glacial domain are studied, for
example concerning maximum ice thicknesses in Forsmark and Oskarshamn, are still relevant in the
climate programme. The results showed that the maximum expected ice thickness above the sites is
2,600 metres in Laxemar and 3,200 metres in Forsmark.

As before, in order to describe a reference evolution where all climate-related processes of impor-
tance for repository performance are included, the variation in ice extent and ice load history from
the ice sheet reconstruction (Figure 19-2) is used as input data in the model simulations of shoreline
displacement and permafrost that are included in the reference evolution, see Sections 19.3 and 19.4.

In conjunction with glaciations, couplings between mechanical and hydraulic processes are also
significant. Mechanical processes that can give rise to glacial earthquakes are, for example, depend-
ent on the groundwater’s pore pressure, which is affected during glaciations. The evolution of the ice
sheet described in the reference evolution (Figure 19-2) has been used as input data to a 3D model
study of how the stresses in the Earth’s crust have changed during the Weichselian and how this
affects the stability of faults /19-11/. The results of the study are described in Section 25.2.7.
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Process studies of ice sheet hydrology

In addition to the previous compilation of the theoretical knowledge concerning how water flows

in and underneath a glacier or ice sheet, and how this knowledge is applied in model simulations
/19-12/, a compilation has been made of spatial and temporal variations in glacial hydrology /19-13/.
The study summarizes extensive observations of glacial hydrology and basal hydrological conditions
from Storglacidren in northern Sweden made during the period 1990-2006. The study also discusses
how observed processes from small glaciers of this type can be used as analogues for the processes
at ice sheets.

A challenge in this context is that our knowledge of glacial hydrological processes at ice sheets is
inadequate, and that the processes in many cases are difficult to conceptualize in today’s large-scale
ice sheet models. The important link between the complex glacial hydrological system and the
dynamics and the flow of ice sheets is therefore largely lacking in today’s models. To address these
issues, SKB, together with its sister organizations Posiva and NWMO (Nuclear Waste Management
Organization, Canada), started a large research project on western Greenland (Greenland Analogue
Project, GAP) to study hydrological processes at an existing ice sheet, see Section 19.6. This project
will hopefully contribute information that makes the large body of glacial hydrological knowledge
available from small glaciers much easier to use in discussions on an ice sheet scale.

The model studies of hydrogeology under glacial conditions that have been carried out within SKB’s
hydrogeological programme are described in Section 25.2.3. The hydrogeological model studies and
the climate programme are integrated with each other due to the fact that the hydrogeological model
runs are set up with data and assumptions based on the knowledge or data gathered within the cli-
mate programme (Figure 19-1). Possible examples are which ice profiles and associated hydrostatic
gradients have been used, or the velocity at which the ice sheet arrives or departs above the model
domain. The hydrogeological simulations also treat cases with permafrost and a combination of
permafrost and ice sheet, which are also set up directly in cooperation with the climate programme.

Erosion

Since 2008, SKB has been conducting a project aimed at describing and, where possible, quantifying
denudation (weathering and erosion) of the ground surface during long time spans (100,000 and a
million years) in the regions around Forsmark and Oskarshamn. The method used is studies of the
long-term morphological evolution of the bedrock. SKB is also keeping abreast of current literature
in the field.

Programme

The scientific discipline that describes the hydrology at and beneath ice sheets is making rapid
progress, via both the GAP project and studies by other research groups of how the Greenland ice
sheet may respond to a warmer future climate. The current state of knowledge concerning ice sheet
dynamics and glacial hydrology that was compiled and reported in /19-14/ will therefore be updated
in connection with SR-Site and later again within the framework of the safety assessment for the
extension of SFR. Information about the basal hydrology of ice sheets, for example how the hydrau-
lic pressure situation varies on different spatial and temporal scales, is of great importance in setting
up simulations of groundwater flow under glacial conditions. We intend to continue working within
this area by studying how glacial hydrology can and should be conceptualized in hydrogeological
studies, see Sections 19.6 and 25.2.3. The GAP project is important in this context. The results will
give us a better understanding of the hydrological and geochemical conditions in and around a conti-
nental ice sheet, and specifically address issues concerning how an ice sheet affects the groundwater
flow and chemistry around a final repository.

In connection with the GAP, SKB also intends to carry out a programme concerning ice sheet model-
ling, with a focus on conceptual questions and how basal conditions and basal hydrology are handled
in ice sheet models. Field data collected from the study site for the GAP will be used (meteorological
information on meltwater production on the surface, ice movement data, ice thickness, basal
temperature, hydrological conditions, etc.). In addition, the model used for ice sheet simulations in
SR-Can and SR-Site, and the assumptions on which the simulations are based, will be described in
greater detail within the framework of SR-Site.
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In conjunction with the GAP, SKB is also planning a study with the specific purpose of transferring
the glacial hydrological knowledge obtained from the GAP to Scandinavian conditions, including
sub-projects that deal with the area around Forsmark.

The project which SKB is conducting for the purpose of describing and quantifying denudation of
the ground surface during long time spans in the areas around Forsmark and Oskarshamn is planned
to be completed in 2010. We will also continue to monitor the literature in this field.

19.3 Isostatic changes and shoreline displacement

Shoreline displacement is the most important climate-related process for a repository within the tem-
perate climate domain. The temperate climate domain is defined as a situation without an ice sheet
or permafrost. In other words it consists of areas with a temperate climate in a very broad sense, and
includes all conceivable climates in Sweden dominated by global warming.

In the SR-Site safety assessment, the description of a warmer future climate, caused by an increased
greenhouse effect, has been broadened compared with previous assessments. Two cases with
different durations of climate impact are now treated. In the first climate evolution, the first 60,000
years at Forsmark and Oskarshamn comprises, as before, a temperate climate domain. After that the
climate becomes gradually colder, with at first short, but then increasingly longer, periods of perma-
frost. The first period of glacial conditions comes at the end of this approximately 100,000-year-long
period. In the second climate evolution, dominated by global warming, a temperate climate domain
exists during the entire initial 100,000-year period, i.e. the climate skips a whole glacial cycle before
the onset of the next glacial period.

In reality, the evolution of a climate dominated by global warming could entail an initial period with
temperate climatic conditions of a different duration than in the selected cases. A warmer climate
globally could furthermore, at least theoretically, entail a cooler climate than today regionally
across Scandinavia, caused by shifts in the thermohaline circulation pattern in the North Atlantic.
How these complex issues are handled up to 2006 is described in /19-14/. This information will be
updated as a part of the work with SR-Site.

Relatively good knowledge exists concerning conditions and processes in the temperate climate
domain and their importance for repository safety and conditions in the biosphere.

Conclusions in RD&D 2007 and its review

SKI and the Swedish National Council for Nuclear Waste point out that a future ice sheet melting due
to global warming, and the importance of this for the final repository, should be examined in future
safety assessments, especially the consequences of infiltration of groundwater of higher salinity down
into the Spent Fuel Repository. The Council finds the proposed programme for refined predictions of
sea level rise in a warmer climate to be excellent, and points out that SKB needs to consider the prob-
lems which a higher sea level would entail during the repository’s construction period. The Council
writes that the impact of climate change on water chemistry needs to be taken into consideration.

Newfound knowledge since RD&D 2007

The current state of knowledge for theories regarding isostatic changes and shoreline displacement
has been updated and reported in /19-15, 19-16/. A very large quantity of information on future
changes in sea level has also been published in the general scientific literature since RD&D
Programme 2007. In addition to the two studies referred to above, the scientific state of knowledge
regarding isostatic changes and the impact of global warming on sea level variations will be updated
in the work with SR-Site and the safety assessment for the extension of SFR.

One of the new studies /19-16/ describes the physics behind Global Isostatic Adjustment (GIA), how
it affects sea levels and shoreline displacement, and the methods that are used to study and under-
stand these processes. The study describes the scientific background of the processes and methods
used in SKB’s GIA simulations of shoreline displacement. The report provides a more in-depth
understanding of GIA processes than that provided in /19-14/.
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A study done in cooperation between SKB’s biosphere and climate programmes provides a picture of
possible future sea level changes at Forsmark and Laxemar up until the year 2100 /19-17/. The study,
which is chiefly based on published information, includes processes such as eustatic changes (sea
level), isostatic changes (land uplift) and regional and local extremes in water level today and in 2100.
The results show that the maximum water level that could exist for short durations in the year 2100,
given a scenario with substantial global sea level rise, is just over +2.5 metres for Forsmark and just
under 3 metres for Laxemar-Simpevarp, see Figure 19-3. If additional uncertainties are included, the
value for both sites is more than +3 m. For a description of the different estimates of possible extremes
in global sea level rise, see /19-17/. In this context it is important to note that this scientific area is in a
very intensive phase, and revisions of these figures are to be expected.
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Figure 19-3. Compilation of predicted contributions to extreme sea levels of short duration in Forsmark
and Laxemar in 2100. Land uplift is indicated by downward arrows. As a rough measure of the uncertainty
of the three eustatic contributions, this uncertainty has been indicated by a bracket centred on the highest
value published by Rahmstorf /19-18/. For the references used in the figure, see /19-17/.
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Programme

The GIA simulations used to describe shoreline displacement in SR-Can will be used for the most
part in SR-Site as well. They will, however, be supplemented by new information from published
scientific literature, above all with respect to possible future sea level rises. The simulations, which
were performed in 2D, will also be supplemented by some information from three-dimensional GIA
simulations that include lateral variations in the thickness of the Earth’s crust /19-16/.

The scientific literature concerning future changes in sea level (causes, mechanisms and conse-
quences) will grow considerably in the years to come. SKB will therefore continue to follow this
field of research closely, and like in the study /19-17/ use relevant results for assessment of the
impact which changes in the shoreline at Forsmark would have on a Spent Fuel Repository, both in a
short (up to 2100) and a longer time perspective (several tens of thousands of years).

A climate evolution with a warmer climate due to an increased greenhouse effect, with its very long
initial period of temperate climatic conditions, was judged in SR-Can to be primarily positive for
repository performance. It is likely that a similar judgement will be made in SR-Site. The impact
which climate evolutions dominated by global warming may have on groundwater chemistry is
being treated in SR-Site, see Section 25.2.10.

19.4 Permafrost

Aggradation (growth) and degradation (melting) of permafrost are the most important climate-
related process for a final repository within the periglacial climate domain. In the reference evolution
described in the safety assessments, a periglacial climate domain with permafrost prevails during
much of the time, in SR-Can for about one-third of the next 120,000 years /19-14/. The occurrence
of permafrost greatly affects the groundwater’s flow pattern. Groundwater composition is also
affected due to salt exclusion.

Conclusions in RD&D 2007 and its review

SKI points out that SKB’s calculations of permafrost involve uncertainties in both models and input
data that have not been reported clearly, and that SKB should report the consequences of the fact that
buffer and backfill do in fact freeze. The Swedish National Council for Nuclear Waste finds that the
programme for handling of permafrost is good, and that studies of freezing in the backfill material
are particularly urgent.

Newfound knowledge since RD&D 2007

Detailed studies of permafrost growth in the Forsmark area have been carried out during the current
RD&D period. The permafrost simulations in SR-Can were performed in 1D /19-14, Sections 3.4 and
4.4.1/. The supplementary studies for SR-Site are being done in a newly developed 2D model based
on the former 1D model. The 15 kilometre long and 10 kilometre deep profile runs in the regional
topography’s gradient, through the planned Spent Fuel Repository. Detailed data from the site inves-
tigation programme have been used as input data with regard to, for example, surface topography,
thickness and composition of the overburden, topographic moisture index (including vegetation type),
shoreline displacement and future sea level change, locations of rock domains and fracture zones, and
thermal, chemical and hydraulic properties. The purpose of the study is to provide a realistic picture
of permafrost growth in the Forsmark area, and to what extent it affects repository performance. The
results are also used to set up realistic conditions regarding permafrost in hydrogeological studies of
groundwater flow under periglacial and glacial conditions. In these studies, dedicated groundwater
simulations are performed under conditions affected by permafrost or the combination of permafrost
and an ice sheet, see Section 25.2.3. In studies involving cooperation between climate, geohydrology
and biosphere disciplines, the effect of the presence of potential future taliks (unfrozen zones in soil
with permafrost) in the Forsmark area is also being studied, see Sections 25.2.3 and 26.6.

The new permafrost model also handles salt exclusion in connection with permafrost growth,
something that was not included in SR-Can. Results describing salinity during and after permafrost
conditions are planned to be used in SR-Site.
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The results from the permafrost study demonstrate the site-specific process of permafrost formation
and melting in the Forsmark area, given the local topography and the local properties of the ground
surface, the rock and the groundwater. The results further show that given similar input data and
setup of the model, simulations with the new improved model give maximum permafrost depths that
are well in line with those presented in SR-Can. The preliminary results indicate, as expected, that
conditions prevailing at the ground surface (temperature, vegetation and snow cover) are the primary
controlling parameters for the spatial and temporal extent of the permafrost in Forsmark. The results
further indicate that the multidimensional variation in thermal properties in the rock and the convec-
tive heat transport have only a minor effect on the permafrost, which supports the assumptions made
in SR-Can’s 1D permafrost simulations and a further use of these results in SR-Site as well.

Extensive sensitivity studies have been performed on input data with the new permafrost model,
including on the temperature curve used for the temporally transient simulations. Like before, the
reference evolution is analyzed, supplemented by climate cases more favourable for permafrost
growth. The uncertainties in input data, and their consequences for the results, will be described in
greater detail than in the permafrost study for SR-Can.

In this context it should also be mentioned that the properties of the buffer clay during and after
freezing have been studied, see Section 24.2.4.

SKB has also carried out a study where measured borehole temperatures from boreholes in Forsmark
and Laxemar have been compared with equivalent simulated temperature profiles (calculated

based on thermal conductivity, thermal diffusivity, geothermal heat flow and assumed variations

in palaeotemperature) /19-19/. The purpose was, among other things, to study the present ground
temperature at the sites and how it has been affected by past climate variations, and to calculate
values for the geothermal heat flow, corrected for a palacoclimatic influence. The results show that
the ground temperature used for the present-day situation in SR-Can’s permafrost simulations was
presumably too low. With the aid of results from this study, it has been possible to improve this

in SR-Site’s permafrost simulations, as described above. The calculated geothermal heat flow at
Forsmark and Laxemar was 61 and 56 metre-watts per square metre (mW/m?), respectively, with an
uncertainty of +12 percent and —14 percent for both sites /19-19/. The results have been used as input
data in the site-specific simulations of permafrost described above.

Programme

Even if permafrost is not included as a dedicated sub-project in the GAP, the GAP’s programme is
set up so that the project contributes important information in this area as well, see Section 19.6.
In the region where the GAP is being carried out, there is extensive permafrost in the bedrock in
front of the ice sheet today. Observations of, for example, salinity in the groundwater beneath the
permafrost will exemplify what the geochemical composition of the groundwater may look like

in crystalline bedrock under these conditions. In connection with the GAP, SKB plans to continue
portions of the ongoing permafrost modelling programme.

To gain a greater understanding of the palacotemperatures that have prevailed at Forsmark, we
plan to possibly go further with a more detailed study of one of the deep boreholes in the area. The
calculations of temperature curves for the borehole /19-19/ could be improved by reducing the
uncertainties in data on the thermal properties of the rock, after which more detailed information
could be obtained from a comparison with measured borehole temperatures.

Several of the approaches and methods used in the climate programme for the safety assessment of
the Spent Fuel Repository can also be used for safety assessments of the repository for short-lived
radioactive waste (SFR). However, there are in this context important differences between the two
repositories: SFR is located much shallower, and the half-lives of the radionuclides that give doses
are shorter. How this affects the validity of SKB’s climate evolutions (the climate cases from SR-Can
were used in SAR-08) will be further investigated within the framework of the safety assessment for
the extension of SFR. Within the framework of this safety assessment we also plan to carry out dedi-
cated permafrost/freezing simulations adapted to the special premises and issues that apply for SFR.

In connection with the GAP project (see Section 19.6), SKB plans, together with Posiva and NWMO,
to conduct studies of permafrost and its importance for hydrology and groundwater composition.
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19.5 Climate and climate variations

In addition to the studies of climate-related processes that take place in connection with ice sheets,
permafrost and shoreline displacement described above, the climate programme also includes studies
of the climate itself. The purpose is to provide more complete information and examples of what

the climate may be like within the different climate domains and to provide a better background for
estimating the magnitude of possible future climate changes. For this purpose, SKB uses both natural
climate archives and climate models.

Conclusions in RD&D 2007 and its review

SKI supports SKB’s plans to carry out projects aimed at obtaining a more detailed picture of the
climate in Scandinavia during a glacial cycle. The Swedish National Council for Nuclear Waste
points out that it is important to simulate the future climate evolution with an increased concentration
of greenhouse gases, and that SKB’s climate research should be developed according to three time
scales: the next 100 years, the subsequent 1,000 years and the 100,000 years following that.

Newfound knowledge since RD&D 2007

The two planned projects described in RD&D Programme 2007 aimed at providing a more detailed
picture of the climate in Scandinavia during a glacial cycle have been carried out as planned. A very
large quantity of results have been obtained from each project, something which is not possible to
present in this RD&D-programme. Most of the results are presented in the publications cited in

the following summation in the paragraphs “Information from geological climate archives” and
“Information from climate models”.

The information being gathered within SKB’s climate research programme is well suited to be used
to describe climate and climate-related processes for the three time scales: the next 100, 1,000 and
100,000 years.

Information from geological climate archives

A palaeoclimatic study of a sediment core from the Sokli site in northern Finland /19-5/ focuses on
the youngest interstadial during the Weichselian, MIS 3, where ice-free conditions on this site have
been dated to approximately 50,000 BP (other parts of the study are described in Section 19.2).

The locale from which the sediments have been taken is unique for Scandinavia in that the oldest
sediments are around 130,000 years old and that sedimentation has occurred on the site during very
long periods up to the present. An extensive reconstruction of conditions on the site has been carried
out based on an analysis of a large body of multi-proxy data. The results have been surprising in
many respects and call into question the classic picture of the glacial history of the Mid-Weichselian.
The results show that this part of northern Scandinavia not only had ice-free conditions about 50,000
years ago, but that the climate during the ice age was very warm, with mean July temperatures as
high as today (up to 13 + 1.15°C). The warm climate is believed to be in part due to higher insolation
during the summer at this latitude than today.

Studies showing ice-free conditions in a large part of Fennocandia 50,000 years ago (see /19-5/

and references in this) contribute important palacoclimatic information that enables us to better
understand within what limits the climate can vary naturally during a glacial cycle. The results are
interesting because they show that the climate has shown great temporal and amplitudinal variability
during the Weichselian. Such studies have never before been carried out so systematically and
broadly for any locale in Scandinavia in terms of the quantity of multi-proxy data and parameters
analyzed. The results of the study have also been published in a series of scientific papers /19-20,
19-21, 19-22, 19-23, 19-24, 19-25, 19-26/. The study has also been presented at a large number of
scientific conferences /19-27, 19-28, 19-29, 19-30, 19-31, 19-32, 19-33, 19-34, 19-35, 19-36/.

More studies of relevance to the subject of climate and climate variations /19-4, 19-8, 19-9, 19-10/
have been described in Section 19.2
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Information from climate models

SKB has conducted and concluded a multi-year climate modelling project whose overall purpose
was to describe extremes within which the climate can vary on a 100,000-year timescale /19-37/.
Based on the forcing conditions that have resulted in extreme conditions during the Weichselian as
well as possible future conditions affected by anthropogenic emissions, climate simulations have
been carried out to investigate and describe three different periods:

1. aperiod with a presumed periglacial climate (cold and dry) at the end of MIS 3 (about 44,000
years ago),

2. aperiod with glaciation (Last Glacial Maximum, LGM, about 20,000 years ago),

3. a future period dominated by global warming (several thousand years in the future).

In conjunction with the setup of the periglacial case, SKB arranged a small international workshop
/19-2/ to evaluate the state of knowledge concerning parameters that need to be defined in the
climate model (ice extent, sea level etc.) for the chosen period during MIS 3 and determine the best
values that can be assigned to these parameters in the climate models.

The simulations of the three cases were carried out first with a global climate model (CCSM3),
after which the results were scaled down in a regional climate model (RCA3), see Figure 19-4. The
regional model produced detailed information about climate variables such as air temperature and
precipitation over Europe. For the purpose of obtaining better data, vegetation simulations were also
carried out in conjunction with the regional climate simulations, whereby vegetation and climate
were allowed to influence each other (Figure 19-4). Relevant climate data for the three periods were
then extracted from the regional model for the areas around Forsmark and Oskarshamn.

In addition to the modelling activities, an effort was made to collect different types of proxy data on
climate parameters for MIS 3 and LGM. Some of the palacoclimatic data were used to bound different
parts in the model’s setup, while other palacoclimatic data were used to evaluate the model results.

The results of the comparison of the results from the global and regional model simulations with pal-
aeoclimatic data show that the model results are in broad agreement with proxy data /19-37/. They are
also in agreement with other model simulations. The resulting climates are also in qualitative agree-
ment with the imposed extent of ice sheets and types of vegetation. Of particular interest is the fact
that the results for the climate simulation for the MIS 3 stadial are consistent with the pre-imposed
ice-free conditions in southern and central Sweden. The study also shows that a modern climate
model for this late part of MIS 3 generates a cold and dry climate favourable for permafrost growth.

All simulations show that there is a wide span in possible climates in a 100,000-year perspective,
exemplified for Forsmark and Oskarshamn. The difference in mean annual temperature between
the simulation of a periglacial climate and a future climate dominated by global warming can be 15
degrees in the Forsmark area. The quantity of precipitation is around a factor of two higher in the
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Figure 19-4. The model structure used in /19-37/. AOGCM and RCM are the global and the regional
climate models, respectively. Dyn. Veg. Model is the vegetation model. Red arrows symbolize forcing
conditions and blue arrows symbolize simulated climate.
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warm, wet climate compared with the periglacial climate simulated for the end of MIS 3 (not to be
confused with the warm period at the beginning of MIS 3 studied in /19-5/).

Parts of the study /19-37/ have been published in scientific papers /19-38, 19-39/. The results have also
been presented at a number of scientific conferences /19-40, 19-41, 19-42, 19-43, 19-44, 19-45, 19-46/.

The results from /19-37/ constitute a large body of data that makes it possible to exemplify in detail
possible climate situations in the temperate climate domain dominated by global warming and in
the periglacial climate domain. The results, in the form of a large number of simulated climate
parameters on global, regional and above all local scales (Forsmark and Oskarshamn area), have
been made available and are being used within both the climate programme and other research
programmes at SKB, for example surface ecosystems, see Chapter 26.

The studies of geological climate archives and the studies with climate models contribute essential
information to the description of the variability and properties of the climate in SKB’s safety
assessments. The studies have contributed to a greater understanding of the more extreme climate
evolutions that are analyzed, and to investigating the realism of these climate cases.

Programme

In line with the glacial geological and palaeoclimatic studies that have now been done for the
Mid-Weichselian /19-5, 19-4/, SKB is planning to study similar issues for an earlier, and presumably
different, ice-free period during the early Weichselian and for the Holocene. The sediment core from
northern Finland that has been analyzed in detail for the MIS 3 period during the Mid-Weichselian is
planned to be analyzed in the same way for the interstadials MIS 5c—d during the early Weichselian.
The purpose is, like in the previous study /19-5/, analyze and, if possible, quantify climate
parameters for these earlier and presumably different periods during the Weichselian. The study will
supplement the picture of what climates prevailed during the preceding glacial cycle and improve
the background data for the descriptions of possible future climates in SKB’s safety assessments. In
this context, a study is also planned to analyze the Holocene sequence from the same sediment cores,
partly to further evaluate the methods used for the climate reconstructions for the Mid-Weichselian
/19-5/ and the early Weichselian (planned study), and partly to study Holocene climate variability.
To further nuance the picture of possible future climates, we also plan to possibly go further with
climate model studies to supplement the study in /19-37/.

19.6 Greenland Analogue Project (GAP)

In order to gain a better understanding of how climate change, and particularly glaciations, may
affect a final repository in the long term, SKB has, together with Posiva and NWMO, initiated a
project on western Greenland, the Greenland Analogue Project (GAP), where a modern ice age
analogue is being studied. The expected results are of great importance for safety assessments of
both the Spent Fuel Repository and for SFR.

Reconnaissance observations were conducted in the field area in 2005, after which the GAP was
initiated in 2008 with introductory field investigations. The project is planned to be finished in
2013. The field investigations for the project are being conducted on western Greenland in an area
east of the village of Kangerlussuaq. The rocks in the area exhibit great similarities to the rocks in
Forsmark. This similarity is a prerequisite for the studies to be meaningful and provide the desired
information on hydrology, hydrochemistry and permafrost adjacent to an ice sheet.

The following processes and general issues are being studied within the framework of the GAP:

1. How deep down in the bedrock can glacial meltwater penetrate?

2. What is the chemical composition of the meltwater if and when it reaches repository depth
(around 500 metres)?

Where beneath the ice sheet are meltwater and groundwater generated?
How large a fraction of the oxygenated meltwater reaches repository depth?
What is the pressure situation beneath the ice sheet?

S v kW

Can taliks act as discharge points for deep groundwater?
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By using the Greenland ice sheet as an analogue for a future situation at Forsmark with a glacial
climate domain, it is possible to make observations required for an integrated and better conceptual
understanding of hydrological and hydrogeochemical processes during glaciation. The goal of the
GAP is to provide better process understanding in order to be able to better create conceptual and
numerical models of groundwater flow, groundwater chemistry and hydromechanical factors during
glacial periods. One goal is that knowledge from the project can be used to better estimate the degree
of pessimism in the assumptions made in today’s hydrogeological simulations, and if possible reduce
the degree of uncertainty in these assumptions.

The following organizations and universities are participating in the GAP: University of Wyoming
(USA), University of Montana (USA), Aberystwyth University (UK), Waterloo University (Canada),
Stockholm University (Sweden), Uppsala University (Sweden), GEUS (Geological Survey of Denmark
and Greenland), GTK (Geological Survey of Finland), In2EarthModelling (Switzerland), TerraSolve
(Sweden), Bergab (Sweden), SKB, Posiva and NWMO. The following universities are also participat-
ing indirectly in the project: Bristol University, Edinburgh University, Cambridge University, Swansea
University, University of Washington, Princeton University and University of Indiana.

Conclusions in RD&D 2007 and its review

SKI regards with satisfaction SKB’s plans to use the Greenland ice sheet as an analogue for glacial
conditions at Forsmark and Laxemar. The Swedish National Council for Nuclear Waste considers the
planned Greenland Analogue Project to be highly urgent, but says that the description of the project
was vague and rudimentary.

Newfound knowledge since RD&D 2007

Comprehensive investigations were initiated in the field area on Greenland in conjunction with the
GAP and have subsequently been carried out in RD&D Programme 2007. Information has been
obtained on the permafrost depth in the area by means of cored boreholes and high-resolution
temperature profiling, and the preliminary results suggest that there are active taliks in front of the
ice. The results from bedrock and fracture mapping as well as geochemical analyses of the rocks in
the Kangerlussuaq area show that the bedrock resembles the bedrock in Forsmark to a high degree.
A network of GPS stations and automatic weather stations has been installed on the ice sheet in the
field area, and a large quantity of ice movement data and meteorological data has been collected
from these stations. Parts of the bottom topography beneath the ice have been studied by means of
ground-penetrating radar surveys. These radar data, together with the results of the surface investiga-
tions on the ice, provide indirect information on how the subglacial hydrological system works.

SKB arranged a project workshop that was held in the autumn of 2009 in connection with a GAP
modelling workshop that focused on ice sheet modelling and hydrogeological modelling. The results
from the GAP have been presented at a number of conferences/19-47, 19-48, 19-49, 19-50, 19-51/.

Programme

The GAP consists of three sub-projects (A—C) working towards specific objectives.

Sub-project A is studying indirectly the subglacial hydrology of the ice sheet and groundwater
recharge by means of glaciological and geophysical investigations. There is a full-coverage network
of continuous GPS stations for measuring ice movement and automatic weather stations for provid-
ing data for calculations of water production on the surface. Furthermore, measurements are made
via e.g. ground-penetrating radar, melt balance monitoring and seismic surveys.

The purpose of sub-project B is to make direct observations of subglacial hydraulic conditions
(including spatial and temporal variations in water pressure) by means of hot water drilling through
the ice sheet and placement of pressure gauges at the base of the ice.

Sub-project C studies the hydrogeochemistry and hydrogeology of the bedrock in the area outside
and beneath the ice by means of rock drilling and monitoring programmes. A borehole down to the
equivalent of repository depth is planned to be drilled and instrumented. Information on permafrost
in the area will also be obtained from sub-project C.
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Figure 19-5 is a schematic drawing illustrating in what areas the different sub-projects within the
GAP are conducting investigations. Table 19-1 lists the different data being collected in the GAP,
which are being used in the ice sheet and hydrogeological modelling work being pursued within, but
also in parallel with, the GAP.

Constant cooperation takes place between the three sub-projects for planning, rationalizing and
interlinking the results in the GAP. This also ensures that the end results from the project will provide
an integrated picture of ice sheet hydrology, geohydrology and geochemistry within the study area.

A number of disciplines within SKB’s research programme derive direct or indirect benefit from the
results of the GAP: 1. hydrogeology, the description of the hydrogeological conditions in and around an
ice sheet (Section 25.2.3); 2. geochemistry, hydrogeochemical conditions in connection with glaciation/
permafrost (Section 25.2.10); 3. thermal, hydrological and mechanical processes (THM), links between
mechanical and hydraulic processes in conjunction with glaciations and permafrost (Section 25.3.2);
and 4. biosphere, the evolution of the biosphere in a periglacial environment (Section 26.7).

Table 19-1. Data and information obtained within the GAP.

Sub-project Information/data

A Ice movement velocity (GPS), presence of free water at the bottom of the ice sheet, ice depth, bottom
topography (ground-penetrating and airborne radar), meltwater production (meteorological data),
water flow rates (tracer tests), pressure/outflow/flow rates in supraglacial lakes, seismic observations,
observations of supraglacial hydrology (remote analysis data)

B Spatial and temporal variations in water pressure beneath the ice sheet (ice drilling), borehole images
(ice drilling), ice movement velocity (GPS), subglacial topography (low-frequency radar), water flow
rates (tracer tests), meteorological data

C Bedrock data, geological-structural data, geochemical data including isotope data on deep and
surface groundwater, hydrogeological data (pressure, temperature and conductivity data), micro-
balances, temperature profiles in boreholes

Figure 19-5. Schematic illustration of part of the field investigation area on Greenland. The shaded dark
grey areas are permafrost. Beneath the proglacial lake is an unfrozen talik. A planned final repository in
Forsmark is visualized beneath the ice sheet. Yellow circles are a network of continuous GPS stations and
magenta-coloured squares are automatic weather stations for collection of data for sub-project A. The
blue vertical lines are planned boreholes for sub-project B. Green lines show cored boreholes drilled to
investigate taliks and the permafrost within sub-project C. The planned deep borehole is shown by the red
line running at an angle beneath the ice.
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20 Short-lived low- and intermediate-level waste

This chapter describes SKB’s natural science research concerning the repository for short-lived

low- and intermediate-level waste. Chapter 21 describes the research SKB plans to carry out in order
to gain a better understanding of how the engineered barriers in the different repository parts in

SFR are degraded during the post-closure period of 100,000 years. Chapters 25 and 26 deal with the
research SKB is conducting to gain a better understanding of the geosphere and the biosphere. The
research and development being pursued by the nuclear power plants (NPPs) regarding waste to be
disposed of in SFR is presented in Part II (the LILW programme).

Conclusions in the review of RD&D 2007 and the supplement to RD&D 2007

Comments from the regulatory authority regarding general issues pertaining to the safety assessment
of SFR are dealt with in Chapter 18.

In its review of RD&D Programme 2007, SKI finds SKB’s efforts to determine the radionuclide
inventory in SFR to be laudable. In particular SKB’s studies of C-14, Ni-59 and Ni-63 provide
important information. SKI also concurs in SKB’s opinion that the use of correlation factors for
certain nuclides should be replaced by other methods. SKI further considers it important that SKB
come up with models for analyzing the impact of organic complexing agents on long-term safety.

In its review of the supplement to RD&D Programme 2007, SSM takes a positive view of the efforts still
being made to gain better knowledge of the radionuclide content of operational waste from the NPPs,
particularly regarding the important radionuclide C-14. SSM points out the importance of having SKB’s
work also include investigations of the C-14 content of waste delivered from the facilities in Studsvik.

SSM also takes a positive view of the fact that SKB has initiated a project aimed at finding out more
about the degradation of cement and concrete over a long period of time, in view of the long time
periods being considered for SKB’s final repositories for low- and intermediate-level waste.

Safety assessment for the Extension Project

Since RD&D Programme 2007, the work with the safety assessment for the extension of SFR has
been structured, permitting the research described in this RD&D programme to be presented in a
similar manner to the research for the SR-Site safety assessment. This chapter therefore describes
the research on the initial state of the waste, which is the starting point for the safety assessment, and
the processes that are expected to affect the repository after closure. Since this is the first RD&D
programme where the research on short-lived low- and intermediate-level waste is described in this
manner, the focus is on description of variables and processes as well as programmes, rather than
conclusions and newfound knowledge since RD&D Programme 2007.

20.1 Initial state

For a description of the origin of the waste and the distribution of radionuclides in the repository, see
Part II (The LILW programme).

The initial state for SFR is defined as the state that exists in SFR at closure. In conjunction with
closure, the repository’s drainage pumping will cease and the repository will fill with water.

20.1.1 Variables

The initial state is the starting point for a safety assessment and is described by the initial values of
a number of variables, see Table 20-1. The variables characterize the waste in a suitable manner for
the safety assessment. The description applies not only to the waste itself, but also to the cavities
that exist in the waste containers and between the waste containers and the engineered barriers into
which water will penetrate. Processes such as advection and mixing will take place in the cavities.
The variables are defined in Table 20-1 and are described in the following sections.
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Table 20-1. Variables for the waste in SFR.

Variable Definition Section

Geometry Geometric dimensions of all waste containers. 20.1.2

Radiation intensity Intensity of alpha, beta, gamma and neutron radiation as a function of time 20.1.3
and space in the waste.

Temperature Temperature as a function of time and space in the waste. 20.1.4

Hydrovariables and Water and gas pressures in the waste and the cavities in the waste contain-  20.1.5

hydrological boundary ers, plus water flows from the surrounding area as a function of time and

conditions space.

Mechanical stresses Mechanical stresses as a function of time and space in the waste packages. 20.1.6

Total radionuclide inventory  Total occurrence of radionuclides as a function of time and space in the 20.1.7
different parts of the waste.

Chemotoxic inventory Total inventory of chemotoxic substances, including contributions from the 20.1.8
engineered barriers.

Material composition The materials of which the different components of the waste are composed, 20.1.9
excluding radionuclides.

Water composition and Composition of water and water content (including any radionuclides and 20.1.10

water saturation dissolved gases) in the waste and the cavities in the waste as a function of
time and space.

Gas composition Composition of gas (including any radionuclides) in the waste and in the 20.1.11

cavities in the waste as a function of time and space.

20.1.2 Geometry

SFR contains waste of different types with different geometries. One geometry parameter besides
the dimensions of the waste containers is the void volume, i.e. the volume of cavities in the waste
containers. If the empty space between the waste containers is not backfilled, this will also affect
advection and diffusion in the waste. The void volumes in the waste may also be of importance for
advection and diffusion in the waste.

Programme

SKB will develop models for the influence of the void volume on hydrovariables. The influence of
the void volumes on nuclide transport and long-term safety will be studied.

Backfilling will be studied with the aid of improved radionuclide transport models, see Section 21.3.

20.1.3 Radiation intensity

Radiation intensity is dependent the inventory of radionuclides and the geometry of the waste. The
radiation intensity in the waste deposited in SFR is low and has been judged to have little influence
on the evolution of the repository. Locally there may be waste packages with high activity levels.

Programme

Additional calculations may be needed due to a changed radionuclide inventory, for example if it
is decided to dispose of reactor pressure vessels in SFR. If it turns out that decommissioning waste
with high radiation intensity is to be disposed of, further calculations may be needed.

20.1.4 Temperature

The initial temperature in the repository is determined by the temperature of the surrounding rock.
Initially there are no heat-generating processes in the waste. Corrosion of aluminium does not occur
initially, since the aluminium is covered by a protective oxide layer that only dissolves when the
repository is filled with water and at high pH /20-1/. The radiation intensity of the waste deposited in
SFR is so low that temperature changes due to radioactive decay are negligible.
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20.1.5 Hydrovariables and hydrological boundary conditions

The hydrovariables are water pressure and gas pressure. The water flows from the surrounding area
comprise the boundary conditions.

The site of SFR was chosen in part because it is located in an area with a limited hydraulic gradient
and limited fracture transmissivity. The placement of the repository was chosen in part for the pur-
pose of ensuring low water flows through the different repository parts, which have been designed
with different capabilities for limiting the water flow (see Section 21.1.7).

There are no water flows during deposition, since the repository is drained by pumping during the
operating phase. When drainage pumping of the repository ceases, the tunnels will become water-
filled and the water pressure in the surrounding rock will increase. The water pressure drives the flow
through the repository parts and their surroundings. Water transport is described in Section 20.2.4.

20.1.6 Mechanical stresses

The waste containers are stacked in such a manner that they do not collapse under their own weight
and/or due to overcasting. Expansion/contraction of the waste (Section 20.2.6), rock breakout
(Section 21.2.8) and void volumes have an effect on mechanical stresses.

20.1.7 Total radionuclide inventory

At closure, the repository will contain radionuclides resulting from operation and decommissioning
of the NPPs as well as smaller quantities from industry and research. SKB calculates and constantly
monitors changes in the inventory to ensure that stipulated limits are not exceeded. Determination of
the radionuclide inventory is done by means of measurements and calculations of annual generated
activity at the NPPs and by correlation with key nuclides: Co-60, Cs-137 and Pu-239/240.

Conclusions in RD&D 2007 and the supplement to RD&D 2007 and their review

Both SSI and SKI, and later SSM, take a positive view of SKB’s efforts to determine the radionuclide
inventory in SFR.

Newfound knowledge since RD&D 2007

SKB’s programme for better determining the radionuclide inventory in SFR has continued and
additional efforts have been made to better assess the inventory of difficult-to-measure nuclides such
as C-14. Some of the other difficult-to-measure nuclides — CI-36, Ni-59, Ni-63, Mo0-93, Tc-99, I-129
and Cs-135 — are now determined annually, based on operating conditions and sampling at the NPPs.
We study and compile for each individual NPP the inventory that can be expected to arise and be
deposited in SFR as a result of the decommissioning of the reactors.

Programme

Further measurements than those reported in /20-2/ are needed to obtain a more reliable body of
statistics for deposited C-14 activity. In the expanded project, condensate filter demineralizer from
all BWR units and operating ion exchange resins from all PWR units will be analyzed. This will pro-
vide additional information on deposited C-14 activity, in both organic and inorganic form, in SFR.

SKB’s intention is to gain a better understanding of C-14, not just in the repository environment, but
also in other parts of the chain from NPP to biosphere. Figure 20-1 shows the areas where SKB is
conducting activities together with the NPPs.

Since the predominant future dose contribution in SAR-08 derives from organic C-14, we are pursu-
ing work to gain a better understanding of how this organic carbon behaves in the chain from NPP to
biosphere.
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Figure 20-1. Areas where SKB, together with the NPPs, is conducting activities to gain a better under-
standing of C-14. 1. Expanded analysis programme concerning uptake of C-14 on ion exchange resins.
2. Studies of actual deposited C-14 activity. 3. Retardation of C-14-containing species in the repository.
4. Consequences of C-14 release.

In parallel with the measurement and sampling programme, work is being pursued to determine the
structure of organic compounds with C-14 in ion exchange resins. There are indications in the lit-
erature that the majority of these compounds that are present in the water or the ion exchange resins
may be simple organic acids, such as acetic and formic acid /20-3, 20-4/. The content may differ
between PWRs and BWRs, so samples from both PWR and BWR reactors are being examined. This
may lead to a better understanding of how organic compounds containing C-14 originate in the NPPs
and how these compounds affect the long-term safety of SFR.

The purpose of the former and current measurement and sampling programmes is to find out how
much C-14 activity is absorbed by the ion exchange resins in condensate cleanup and reactor water
cleanup, respectively. Since the production rate of C-14 in the reactor water for each unit is known
/20-3/, and knowing how much of the produced C-14 is absorbed on the ion exchange resins, the
activity C-14 that is deposited can be calculated. This procedure can be somewhat misleading,
since a certain amount of C-14 is expected to be lost during the conditioning of the waste, mainly
at FKA, which dries its ion exchange resins before bitumen conditioning. As a part of its efforts to
get a better idea of how much C-14 activity will really be deposited in SFR by FKA, SKB will, in
cooperation with KTH and FKA, simulate the conditioning process in order to be able to measure
the loss of C-14 in the process. There are indications that this loss is of importance at temperatures
around 150°C. Furthermore, the effect of added evaporator concentrates during the drying of the ion
exchange resins will be studied with respect to the loss of C-14.

Waste with ash belonging to AB SVAFO, sent to SFR from Studsvik, is only expected to contain

a limited amount of C-14. Samples of 1,200 ash drums will be taken and analyzed with respect to
their nuclide-specific activity. The results of these analyses should provide an indication of the C-14
content of existing waste of the type in SFR.

A waste type that has been studied previously is the 95 boxes of graphite from the shutdown R1
research reactor. This waste has not yet been deposited since it contains a relatively large amount of
C-14, and it is not considered possible to dispose of this waste in the BTF repository in SFR.

The total amount of C-14 that has been shipped to and stored at Studsvik during the period 2002—-2009
is less than 135 GBq. The work with NNW (non-nuclear waste) is expected to continue as before.
Waste with C-14 that Studsvik Nuclear AB managed prior to 2002 has been incinerated. No study has
been made of the amount of C-14 in the ash after incineration. The results from the above-described
sampling programme should provide an indication whether C-14 is present in the ash.

Today the interim-storage at Studsvik holds solid and liquid waste with C-14. No conditioning has
yet been done of the waste that has been received since 2002.

The uncertainty of the activity of the total radionuclide inventory, i.e. the activity of all radionu-
clides, is affected by the input data used to calculate the inventory and the models used in the calcu-
lations. Efforts are constantly being pursued together with the NPPs to reduce the uncertainties. The
following points have thus far been identified as important in the continued study of uncertainties:
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* The radionuclide activity in the waste is calculated for the majority of nuclides on the basis of
measurements of, for example, a waste package’s gamma spectrum. The calculations are often
based on certain assumptions, such as the composition of the package. An inventory must be
done of the uncertainties in the measurement methods. An analysis will be made of how the
assumptions can affect the activity calculations.

* For short-lived key nuclides, the influence of the uncertainty of the production date on the
calculation of the activity will be investigated.

+ The activity of the majority of radionuclides is calculated from the activity of key nuclides using
correlation factors. An inventory of the correlation factors will be done in order to estimate the
uncertainty in the size of the correlation factors.

* The work of developing alternative methods to correlation will continue with a focus on the
nuclides that are crucial for long-term safety.

* The uncertainty of existing methods will be evaluated, and the possibility of using new methods
on historical measurement data will be examined.

» In certain cases the total amount of a certain nuclide contained in the waste can be determined.
The methods for calculating the distribution of the activity between the repository parts will be
further developed for these nuclides.

* Induced activity bound in certain materials, for example activity induced in reactor pressure ves-
sels, is not available for transport out of a final repository until the material has been degraded.
An inventory will be made of the availability of the radionuclides.

* There is waste, for example ion exchange resins, that has been collected in tanks over a long
period of time. The uncertainty in production date for this waste is relatively great, which means
that the uncertainty in the calculations of the activity of nuclides correlated to Co-60 can be
relatively great. A study will be done of how best to calculate the nuclide content of this waste.

20.1.8 Chemotoxic inventory

Substances with chemotoxic properties are also deposited in SFR, for example small quantities of
epoxy, lead and asbestos.

With the decommissioning of the nuclear power reactors, the quantity of substances such as asbestos,
lead and hardened epoxy will increase in the repository. The quantity of chemotoxic waste from
decommissioning will be estimated in the decommissioning studies that will be done, see Section 7.4.1.

20.1.9 Material composition

Much of the activity in SFR is in the wet waste. The wet waste consists for the most part of bead
resin, powder resin, mechanical filter aids, evaporator concentrates and precipitation sludge. The
ion exchange resins consist of organic polymers with acidic or basic groups, making them capable
of cation or anion exchange. Non-radioactive materials are also captured in the ion exchange resins,
examples being organic complexing agents such as citrate, gluconate and N,N-bis(carboxymethyl)
glycine (NTA), and various cations such as Fe(IT)/Fe(IlI), Ni(Il) and Zn(II).

Much of the wet waste is conditioned, in other words solidified in cement or bitumen. The largest
volume of raw waste consists of combustible solid waste. Due to incineration in Studsvik or local
at-plant disposal, the volume remaining for disposal in SFR is comparatively small, however. The
raw waste consists mainly of cellulose (paper, cotton and wood) and plastics (e.g. polystyrene, PVC,
polyethylene and polypropylene).

A large portion of the waste volume in SFR consists of metals, above all carbon steel and stainless
steel. Scrap metal arises mainly during maintenance outages when equipment is discarded, modified
or renovated. Large metal components may be deposited in SFR in conjunction with the decommis-
sioning of the reactors. In the case of large metal components, the corrosion rate is the limiting factor
for metal dissolution.

Other materials occurring in the waste include mineral wool (used for insulation), concrete and
brick. Various additional materials are also included in smaller quantities.
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Newfound knowledge since RD&D 2007

Estimates have been made of the quantity of decommissioning waste that may eventually be depos-
ited in SFR. The decommissioning waste consists primarily of metals and concrete, as concluded by
the decommissioning study done for the Barsebiack NPP /20-5/.

A literature review has been done to try to determine the consequences of deposition of large quantities
of oxalic acid derived from BKAB’s decontamination of the two reactor systems. The conclusions drawn
from this study are described in Section 20.2.10.

Programme

SKB has started a programme to quantify the amounts of non-radioactive cations deposited in SFR
via ion exchange resins from condensate cleanup and reactor water cleanup at the NPPs. The purpose
is to gain a better understanding of the future outbound transport of radionuclides with subsequent
dose consequences.

In order to minimize the amount of organic complexing agents in SFR — which mainly enter SFR
via cleaning agents that adhere to the ion exchange resins — we are investigating, together with the
NPPs, the possibilities of developing a cleaning agent that does not contain any organic complexing
agents, but is based entirely on inorganic complexing agents such as carbonate. This could ensure
that organic complexing agents do not enter the repository in large quantities during continued
operation and thereby minimize the risk of increased solubility of radionuclides. Carbonate is itself
a good complexing agent, but the high concentrations of Ca(Il) in the cement environment will
dominate carbonate complexation.

20.1.10 Water composition and water saturation

The degree of water saturation of the waste is initially low, since the repository is drained by pump-
ing during the operating phase. Water will enter the repository at closure, when drainage pumping
ceases. The groundwater that enters the repository will be affected by the materials in the repository
via various processes. The composition of the water will also be affected by the water flow through
the repository, where waters of different compositions are mixed.

The groundwater that will flow into the repository after closure can be characterized as a saline
groundwater. The reference composition of the penetrating saline groundwater after saturation of the
repository is given in Table 20-2 /20-6/. The basis for the reference composition of the groundwater
is measurements made during the construction of SFR 1 (1984-1986), data from the monitor-

ing programme for SFR 1 (1989-1999) and geochemical calculations /20-7/. In the geochemical
calculations, the water composition was adjusted so that the water is in thermodynamic equilibrium
with commonly occurring minerals in the rock. In calculating concrete degradation, the content of
calcium, magnesium and silicon was adjusted so that the water would be in equilibrium with calcite,
dolomite and quartz /20-6/.

A hydrogeological model has been used to calculate how long it takes to fill and saturate the
repository with groundwater /20-8/. The calculations show that the void (porosity) inside the silo
repository is saturated last and that this can take 25 years. It only takes a few years to fully saturate
BMA, BLA and BTF.

20.1.11 Gas composition

The initial gas composition will be controlled by the microbial activity attributable to SFR during the
operating phase. Full-scale experiments in Olkiluoto (Finland) have shown that anaerobic conditions
are created relatively quickly, and degradation of organic material (cellulose) leads to appreciable
levels of e.g. methane and carbon dioxide /20-9/.The formed gas will then diffuse out of the waste
and be expelled from the repository via the ventilation system.

When the repository has become water-filled, the processes begin that can lead to further gas forma-
tion, for example corrosion (Section 20.2.12), microbial activity (Section 20.2.16) and radiolytic
degradation (Section 20.2.17).
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Table 20-2. Composition of penetrating saline groundwater after saturation of the repository. Based
on measurement data from SFR and geochemical calculations (ion concentrations in [mg/l]) /20-6/.

Parameter Reference value Min. value Max. value
Redox [mV] Reducing -100 —400
pH 7.3 6.5 7.8
SO4* 500 20 600
Cl- 5,000 3,000 6,000
Na* 2,500 1,000 2,600
K* 20 6 30
Ca?* 430 200 1,600
Mg?* 270 100 300
HCOs3™ (alk) 100 40 110
Si as SiOz(aq) 5.66 - -

Charge balance in % -0.04%

20.2 Processes

A number of processes will eventually alter the state of the waste and in its cavities. Some take
place under all conditions, while others are only possible if water has penetrated into the waste or
anaerobic conditions prevail.

20.2.1 Overview of processes

The processes that affect conditions in the waste can be divided into four main classes: thermal, hydrau-
lic, mechanical and chemical. Under each main class, a number of different processes can occur and they
can interact with each other and affect or be affected by other processes that occur in the waste.

Thermal processes

There are few heat-generating processes in SFR. Corrosion of aluminium could be a possible excep-
tion, but has been shown to be of no importance /20-1/. Heat transport can essentially be expected
to take place via heat conduction, which is governed by the thermal conductivity and heat capacity
of the materials. The temperature of the repository, and thereby the waste, will be determined almost
entirely by heat exchange with the surrounding rock and groundwater. The influence of the waste on
the temperature is negligible. The influence of the temperature on waste containers of concrete and
cement-embedded waste is not negligible, and freezing alters the integrity of the concrete /20-10/.
Freezing is the process that is judged to affect the thermal evolution of the waste, see Section 20.2.2.

Hydraulic processes

The water flow through the repository and the waste is determined by the water permeability of dif-
ferent structural parts and the components in the repository, as well as by the hydraulic gradient. The
water flows through the different repository parts are so low (two centimetres per year) /20-8/ that
erosion of the waste containers will be negligible compared with chemical degradation. If gas is pre-
sent at the same time, this gives rise to a two-phase flow, where both the water flow and the gas flow
are affected by the relative degree of saturation of each phase. Two-phase flow can be of importance
in the analysis of gas flows, but can be neglected in the analysis of post-closure repository saturation,
since saturation takes place very rapidly /20-8/. High gas pressures caused by entrapped gas can

give rise to a locally elevated water pressure and therefore be a driving force for the water flow out
of these enclosures. Concentration gradients can also cause water flow via osmosis, but the process
is of no importance except for the description of the degradation of bitumen. The magnitude of the
water flow in the repository is determined to a high degree by the surrounding groundwater flow.
The following hydraulic processes are dealt with:

»  Water uptake in ion exchange resins and waste matrix, see Section 20.2.3.
»  Water transport, see Section 20.2.4.
* Two-phase flow/gas transport, see Section 20.2.5.
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Mechanical processes

The waste in the different repository parts will be subjected to external mechanical forces and
internal volume changes. This will affect the stress distribution in the waste, which can in turn lead
to cracking. If gas is generated that cannot escape, this can lead to considerable pressure and stress
build-up. Finally, the waste will be affected by any deformations in the rock (falling blocks, rock
movements, earthquakes etc.). The following mechanical processes are dealt with:

» Expansion/contraction of the waste, see Section 20.2.6.
* Fracturing, see Section 20.2.7.
* Rock breakout, see Section 20.2.8.

Chemical processes

The properties of different waste forms and waste containers are affected by numerous chemical
processes such as recrystallization, water uptake, chemical and microbial degradation, corrosion of
metals, dissolution/precipitation and formation of different corrosion products, leading to gas evolu-
tion. Water composition changes as a result of advection and mixing. Concentration differences are
equalized via diffusion. Sorption of radionuclides is affected mainly by the water composition in the
repository. The concentration of substances occurring in small quantities, such as complexing agents,
can have a great influence on the sorption of cations dissolved in the water. The microbial activity in
the repository is determined primarily by the availability of organic material, which is affected by the
groundwater flow /20-11/. The following chemical processes are dealt with:

» Dissolution/precipitation, see Section 20.2.9.

» Degradation of organic compounds, see Section 20.2.10.
» Speciation, see Section 20.2.11.

e Corrosion, see Section 20.2.12.

» Diffusion, see Section 20.2.13.

* Advection and mixing, see Section 20.2.14.

* Colloid formation and transport, see Section 20.2.15.

* Microbial activity, see Section 20.2.16.

* Radiolytic degradation, see Section 20.2.17.

The research programme for the various processes in the waste is dealt with in the following sec-

tions. The interaction of the processes with each other is not discussed here, but will be described
in the process report that will be submitted as a background report to the safety assessment for the
Extension Project.

20.2.2 Freezing

Concrete waste containers and cement-embedded waste are considered to behave in the same way on
freezing as the engineered barriers. This process is described in Section 21.2.3.

20.2.3 Water uptake in ion exchange resins and waste matrix

When the waste, especially ion exchange resins, takes up water it increases in volume and the entire
waste matrix swells. With increasing water content, the processes that lead to a change in water
composition are initiated. Increased water content enables the processes that lead to transport of
nuclides from the repository.

Water uptake in a bitumen matrix takes place by diffusion in towards ion exchange resins and salt
in evaporator concentrates, which are hygroscopic. The consequences of this could be to open up an
interconnected porosity in the bitumen matrix and cracking of the matrix due to the stresses caused
by the swelling. How rapidly water is absorbed depends largely on the fraction of ion exchange
resins in the matrix. The low fraction of ion exchange resins in bitumen in SFR suggests slow water
uptake. However, in the case of a few waste types with a higher fraction of ion exchange resins,
water uptake could conceivably proceed relatively rapidly /20-12/.
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The swelling of the bitumen matrix that takes place in connection with water uptake can also affect
surrounding barriers if insufficient expansion volume is available. A calculation of the theoretically
maximum swelling indicates that the volume increase could be greater than the void volume inside

the waste package in the case of certain waste types in the silo repository and BMA /20-12/. In BMA,
however, there are additional void volumes outside the waste packages if the packages are not grouted.

The main degradation of bitumen matrices that leads to release of radionuclides in the waste is
expected to be water uptake and swelling. The time for water uptake and how this affects the matrix
is very uncertain, however. Some indication of how effective a bitumen matrix is as a barrier for
radionuclides can be obtained from leaching experiments. Extrapolation of results from such leach-
ing experiments conducted over periods that are short in these contexts indicates that it could take
several thousand years before all radionuclides have leached out of the bitumen matrix in a 200-litre
steel drum /20-12/. The long-term material changes caused by water uptake and other processes

will, however, probably permit the release of radionuclides from the bitumen matrix faster than what
the leaching experiments indicate. A more reasonable time scale for release of radionuclides from
bitumen-solidified waste is of the order of several hundred up to a thousand years /20-12/.

Water uptake in cement matrices is expected to proceed more rapidly than in bitumen matrices,
and the cement in the cement-solidified waste in the silo is expected to be water-saturated within
25 years of closure /20-13, 20-8/, see Section 20.1.10. The changes that take place in the waste’s
concrete matrix are described in Section 21.2.10.

Water uptake for waste matrices in concrete moulds is controlled by the permeability of the concrete
to water, which is dependent on the properties of the concrete and hydraulic pressure gradients.

20.2.4 Water transport

The water pressure gradient in the waste gives rise to pressure-induced flow. In general, the waste
packages cannot absorb all water that enters the repository, leading to a build-up of water pressure.
The water pressure drives the flow through the waste. The size of the flow is determined by the
geometry and conductivity of the waste packages and the backfill material.

The size, direction and distribution of the water flow in different parts of the repository system and
the geosphere affect radionuclide transport. Transport of other species, microorganisms and bacteria
is also controlled by the water flow. Rock breakout and backfilling influence the water flow.

Programme

Hydrogeological calculations are planned to quantify expected water flows in the different parts of
the repository and to analyze the water flow from the repository to the surface ecosystem. The pro-
gramme for the latter is described in Section 25.2.3 and Section 26.6. The programme for modelling
of water flows through the repository is described in Section 21.3.

20.2.5 Two-phase flow/gas transport
See Section 21.2.5.

20.2.6 Expansion/contraction of the waste

Previous analyses of the conditions in SFR have shown that the amount of sulphate that is obtained
on complete degradation of all ion exchange resins in the silo repository and the volume increase
that results when the sulphate reacts with cement and concrete can be taken up by the available
expansion volume /20-14/. Volume increase of waste matrices and waste packages due to water
uptake in ion exchange resins conditioned in bitumen and formation of expansive corrosion products
can induce stresses in surrounding concrete barriers unless sufficient void volumes are available to
take up this volume increase, see Section 20.2.3.
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20.2.7 Fracturing

Carbonatization — caused by reactions with carbon dioxide and carbonate formed by decomposition
of organic matter in waste — can clog pores in the concrete, which can lead to fracturing. This pri-
marily affects cement and concrete in the waste packages if the waste is solidified with cement and/
or packed in concrete moulds. Microbial processes can also lead to fracturing, see Section 20.2.16.
The quantity of degradable organic matter in the silo repository is relatively small and the conditions
in other respects are not particularly favourable for sustaining microbial activity in either the silo
repository or the rock vaults that have concrete barriers /20-11/.

Corrosion products (see Section 20.2.12) have a larger volume than the original iron, which means
they can exert a pressure on the surrounding concrete, which can give rise to fracturing /20-14/.

Expansion and contraction of the waste can also give rise to fracturing. See also Section 21.2.7.

Programme

Studies are under way on the effects of carbonate on concrete in SFR. The programme includes ther-
modynamic modelling of the long-term function of the barriers at elevated carbonate concentrations
and assessment of the consequences of co-precipitation for relevant radionuclides.

A project for the purpose of studying the gas permeability of concrete and cement, which has a bear-
ing on fracturing, is described in Section 6.3.4.

20.2.8 Breakout

In the repository parts that lack engineered barriers (BLA), rock breakout can directly affect the
waste. In the repository parts that are surrounded by engineered barriers, breakout has no direct
effect on the waste.

Programme
Regarding the research planned by SKB on rock breakout, see Section 21.2.8.

20.2.9 Dissolution/precipitation

Dissolution of the waste releases ions from ion exchange resins and mobilizes nuclides, which
become available for transport. Processes such as water transport can alter the water composition,
and speciation will change when chemical equilibria are established. This can lead to precipitation
and immobilization of substances dissolved in the water. Dissolution of salt from evaporator con-
centrates releases chlorides, carbonates and sulphates, which in turn react with surrounding concrete
barriers and ion exchange resins. How rapidly dissolution takes place depends on how the waste is
conditioned and packaged, see also Section 20.2.3. It was assumed in the SAR-08 safety assessment
that all radionuclides from cement-embedded waste are available for transport when the repository
has been filled with water.

Water uptake in the bitumen matrix is slow, which means that dissolution and release of dissolved
salts takes place over a relatively long period of time, see Section 20.2.3. This suggests that the
impact on surrounding concrete should be small. However, the possibility cannot be ruled out that
with the passage of time (above all after the first 1,000 years), these dissolved salts could form such
high concentrations locally that nearby concrete could be affected, leading to porosity changes and
possibly also fracturing. A more detailed analysis is required to test this hypothesis.

During the operation of SFR, corrosion products such as iron oxides and iron hydroxides are formed,
which can sorb and possibly co-precipitate many elements. This suggests that precipitation of corro-
sion products is a process that could affect radionuclide transport in the repository.
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Programme

The programme that has been initiated to gain a better understanding of this process is described in
Sections 21.2.9 and 21.2.10. Further studies may be done to determine how rapidly radionuclides are
released from waste conditioned in different matrices.

20.2.10 Degradation of organic compounds

Chemical degradation of organic compounds and materials in the waste or its matrix can generate
products that affect the repository’s long-term safety. Formation of products with complexing ability
can under certain circumstances influence sorption and thereby radionuclide transport. Different
radionuclides will be affected to different extents. Whether or not radionuclides form soluble
complexes with organic complexing agents depends to a high degree on the oxidation number of
the radionuclide and whether the resultant metal-organic complex is stronger than the hydroxide
complex that is formed in the absence of the organic complexing agent.

An important mechanism for degradation of organic compounds and materials in the waste is
hydrolysis at the high pHs that are generated in the cement pore water.

A number of organic components have been investigated with respect to alkaline degradation. The
influence of the degradation products on the sorption and solubility of a number of radionuclides has
been investigated /20-15/.

Most of these substances are not relevant to the long-term safety of SFR, while others may be of
importance /20-16, 20-17/. The greatest influence is that of isosaccharinic acid (ISA), which occurs in
two diastereomeric forms: a and B /20-18/, se Figur 20-2. ISA is produced by alkaline hydrolysis of
cellulose and forms polydental complexes at high pHs when the hydroxyl group is deprotonated and
bonds to radionuclides. Strong complexes are formed with tri- and tetravalent radionuclides /20-19/.

Degradation of ion exchange resins can give products with complexing properties. Alkaline hydroly-
sis of anion exchange resins can give rise to amines with complexing properties /20-16/. Degradation
of cation exchange resins gives oxalate as the main degradation product. According to a number

of studies, these degradation products from ion exchange resins have no significant impact on the
sorption of radionuclides on concrete materials /20-17, 20-16, 20-20/. Sulphate and oxalate can be
formed by the radiolytic degradation of ion exchange resins /20-21/. Sulphate is expected to form
ettringite (a hydrated Ca-Al sulphate) on reaction with cement and concrete /20-14/. Oxalate affects
the sorption of metals under neutral to acid conditions. Under the conditions prevailing in a concrete
environment, the effect is limited due in part to the fact that the hydroxide ions compete with oxalate
regarding complexation and in part to the fact that oxalate is precipitated as calcium oxalate.

Radiolytic degradation of bitumen at high pHs has been shown to result primarily in mono- and
dicarboxylates and carbonates /20-22/. Of these, oxalate could be a potential complexing agent, but
it is deemed to be negligible in a concrete environment, since its calcium salt is insoluble and will
be precipitated. Furthermore, the radiation is deemed to be too low, except in the most radioactive
packages, to give any radiolytic degradation of bitumen /20-12/.

Newfound knowledge since RD&D 2007

Refined rate constants for degradation of cellulose have been published since RD&D Programme
2007 /20-23/.

A study regarding the degradation of oxalic acid under repository conditions has shown that carbox-
ylic acids with electron-attracting groups on the o carbon atom undergo decarboxylation under very
mild conditions. Malonic acid and acetoacetate are examples of this, see Figure 20-3.

The first step in the reaction entails transfer of a proton and simultaneous cleavage of a carbon-
carbon bond. The resultant enol then tautomerizes to the corresponding keto form (acetic acid),
which in this case is the most stable of the two tautomers. The formation of the enol form is essential
in order for the reaction to take place under mild conditions. Such a tautomer cannot be formed in
connection with decarboxylation of oxalic acid. Decarboxylation of oxalic acid therefore requires
more forced conditions /20-24/.
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Figure 20-2. o-isosaccharinic acid at left and p-isosaccharinic acid at right.
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Figure 20-3. Decarboxylation of malonic acid to acetic acid and Co,.

Carboxylic acids, such as malonic acid, are decarboxylated ap