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Executive summary

S1 Purpose and general prerequisites
S1.1 Purpose

This report constitutes the main report for the post-closure safety assessment that contributes to the
preliminary safety analysis report (PSAR) for SFR, the repository for short-lived radioactive waste at
Forsmark in Osthammar municipality, Sweden. Chapter 9 of the general part of the PSAR addresses
post-closure safety and the present report is the main reference to Chapter 9. The contents of that
chapter and this summary are essentially the same.

The main role of the post-closure safety assessment is to demonstrate that SFR is radiologically safe
for humans and the environment after closure. This is done by evaluating compliance with respect
to SSM’s regulations concerning post-closure safety and the protection of human health and the
environment.

The post-closure safety assessment evaluates the capability of the barrier system to protect human
health and the environment after closure by containing, preventing or retarding the dispersion of
radionuclides, based on a set of relevant scenarios for the evolution of the repository and its environs.
The assessment considers the ability of the barrier system to withstand features, events and processes
(FEPs) that can affect the post-closure performance of the barriers. The assessment relates to a period
of 100000 years after repository closure.

The post-closure safety assessment represented in this summary includes a description of the identi-
fication, documentation and handling of FEPs in the assessment. The initial state of the system, i.e.
the expected state at closure, and the expected evolution of the repository and its environs are also
described. Furthermore, it is presented how these are used as a basis for the selection of scenarios for
which radionuclide transport and dose calculations are then performed. It is demonstrated how the
requirements on the safety assessment methodology are met. Moreover, it is demonstrated how the
requirements regarding the results of the assessment are fulfilled, including an evaluation against
the regulatory risk criterion for the protection of human health, and evaluation of protection of the
environment, as well as the barrier system robustness.

S$1.2 Prerequisites

Necessary prerequisites include system boundaries and timescales for the assessment, the reference
inventory, the reference design and status of SFR1, as well as the site descriptive model. Moreover,
important inputs are results from previous assessments and RD&D related to SFR, and expected
conditions in the repository and its environs at the time of repository closure.

Repository system and system boundaries

In the post-closure safety assessment, the repository system comprising the repository and its environs
is evaluated. The repository includes the disposed waste forms (waste in its physical and chemical
form, after treatment and/or conditioning where applicable), waste packaging, engineered barriers, and
other components. The repository environs include the bedrock surrounding the repository stretching
up to the surface (geosphere), and the part of the surface area that can be affected by radionuclide
releases from the repository (biosphere or surface system).

The repository system evolves over time. The future state of SFR will depend on:
+ the initial state, i.e. the expected state of the repository system at closure,
» internal processes that can affect the repository system over time,

» external conditions that can affect the evolution of the repository system after closure.

It can be noted that inspections will be carried out during construction, operation and before closure
to ensure an adequate knowledge of the achieved initial state of the waste vaults.

SKB TR-23-01 11



Reference inventory

The requirements on the repository design and construction regarding post-closure safety are largely
based on the characteristics of the disposed waste. The description of the waste inventory is based
on the waste type descriptions, decommissioning studies and decommissioning plans as well as
information regarding disposed waste and forecasts of waste volumes, materials and radioactive
substances. Forecasts of the waste that is planned to be disposed and information on the waste that
has already been disposed of in SFR is regularly updated. PSAR is based on the latest comprehensive
forecast of, and information on, disposed waste delivered in 2016. This reference inventory is based on
the assumption of closure of SFR in 2075 and includes an estimation of uncertainties in the forecast
and data regarding the disposed waste. A more detailed account of radioactive substances in SFR is
given in Chapter 4.

An indication of the radiological hazard of the waste can be obtained by calculating the radiotoxicity of
the waste as the product of the activity of the relevant radionuclides and their corresponding ingestion
dose coefficients. At repository closure the radiotoxicity is dominated by short-lived radionuclides
such as Cs-137 and Ni-63. The largest part (88 %) of the radiotoxicity at closure is present in SFR1.
A hundred years after closure the radiotoxicity in the repository has decreased to less than 20 % and
after thousand years it has further decreased to about 2.5 % of its initial value (Figure S-1).

Reference design

The reference design constitutes a design of the repository that is valid from a defined point in time
until further notice. The reference design of SFR, including the components constituting post-closure
barriers and their functions is a prerequisite for the assessment. It is described in Chapter 4 and in
detail in the Initial state report.

Site descriptive model

The site descriptive model (SDM) for the SFR area is documented in the site descriptive model report
(SKB TR-11-04) and details regarding the surface systems are also described in the Biosphere synthesis
report. The site descriptive model is a synthesis of qualitative and quantitative information on the
present-day conditions in the bedrock and surface system at the repository site.

100
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Figure S-1. Contributions from radionuclides to total radiotoxicity (sum over all radionuclides) as a function
of time after closure of the repository. Other (grey dotted line) include contributions from all radionuclides
not explicitly shown in the figure.
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Management of uncertainties

The management of uncertainties is a fundamental aspect of a safety assessment. In the safety assess-
ment methodology in ten steps, that is described in the next section, the management of uncertainties
is an integral part. In the assessment uncertainties are categorised as scenario, system, modelling,
and data uncertainties.

Uncertainties are managed in several ways in the assessment. A scenario analysis is performed to
handle scenario uncertainty (Chapters 7-9). System uncertainties which concern comprehensiveness
issues, i.e. the question of whether all aspects important for the safety evaluation have been identified
is addressed by a systematic handling of FEPs that can affect the barrier system after closure. Modelling
uncertainties are handled by analysing process uncertainties by means of mathematical models. Data
uncertainties are managed by a structured approach to data selection and evaluation of data uncertain-
ties. This includes probabilistic methods, e.g. used in the forecast of the radionuclide inventory as
well as calculations of radionuclide transport and dos to humans. A commonly used way to handle
uncertainties is to make cautious or pessimistic assumptions in the calculations to ensure that the
risk from the repository is not underestimated. In Section 2.6 it is described how uncertainties are
managed in each step in the safety assessment methodology.

S2 Safety assessment methodology

The methodology for the post-closure safety assessment for SFR consists of ten main steps that
are briefly described in the following and in more detail in Section 2.6. The steps are partly carried
out concurrently and partly consecutively. A graphical illustration of the steps in the methodology
is shown in Figure S-2. In this summary, the implementation of the methodology is described in
Sections S3—-S9).

Reference inventory System boundaries RD&D results
and timescales
Reference design Site description Results of earlier
and status SFR1 P assessments
1 FEPs 2 Initial state
Features, events and processes potentially Expected state of repository and its environs
influencing post-closure safety of SFR at repository closure, including uncertainties
3 External conditions 4 Internal processes
- Climate and climate-related issues - Waste and engineered barriers
- Large-scale geological processes and effects - Geosphere and surface systems
- Future human actions
5 Safety functions 6 Input data
- Safety functions of the repository and its environs - Selection, qualification and quality assurance of data
- Measurable or calculable safety function indicators - Documentation of assessment activities and data flow
7 Reference evolution. 8 Scenario selection
Probable post-closure evolution of the repository - Main scenario
and its environs, including uncertainties - Less probable scenarios
- Residual scenarios

9 Scenario analysis 10 Conclusions
- Selection and description of calculation cases Demonstration of compilance
- Radionuclide transport and dose calculations
- Annual risk and protection of the environment

Figure S-2. An outline of the ten main steps of the present post-closure safety assessment. The boxes above
the dashed line are prerequisites for the methodology and its implementation.
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Step 1: Identification, selection and documentation of the handling of FEPs potentially relevant for
the post-closure safety.

Step 2: Description of the expected state of the repository and its environs at closure, including
uncertainties that can affect the capability of the repository to protect human health and the environ-
ment. This initial state is the starting point for the assessment of post-closure safety.

Step 3: Description of the external conditions identified in step 1. External conditions include climate
and climate related issues, large-scale geological processes and effects such as earthquakes, as well
as future human actions that can affect the protective capability of the repository. The step includes
the selection and description of external reference conditions for the assessment and selection of
less probable evolutions of external conditions. As the evolution of external conditions over the

next 100000 years is associated with considerable uncertainty, the reference external conditions

are represented by several developments that span the range of the probable evolution of external
conditions at Forsmark (Section S6).

Step 4: Description of the internal conditions identified in step 1, including the waste form and
packaging, engineered barriers and other repository components, geosphere and surface system.

Step 5: Definition of safety functions and safety function indicators based on the safety principles
limitation of the activity of long-lived radionuclides and retention of radionuclides. A safety function
is defined as a role through which a repository component contributes to safety. The evolution of

the safety functions over time is evaluated with the aid of a set of safety function indicators. These
consist of measurable or calculable properties of respective repository system component.

Step 6: Compilation of input data is a structured procedure for selecting all data to be used in the
quantification of the evolution of the repository and its environs, and in radionuclide transport and
dose calculations.

Step 7: Description of the probable post-closure evolution of the repository and its environs, including
uncertainties in the evolution that may affect the protective capability of the repository. This reference
evolution starts from the time for the initial state (step 2), and then follows the reference external
conditions (step 3). The reference evolution supports the selection (step 8) and analysis (step 9) of
the main scenario and less probable scenarios.

Step 8: Selection of a set of scenarios that together illustrate the most important potential courses
of development of the repository and its environs. The set consists of a main scenario, less probable
scenarios and residual scenarios. The main scenario takes into account the most probable changes
in the repository and its environment and is based on the initial state (step 2), the reference external
conditions (step 3) and the reference evolution (step 7). The aim of less probable scenarios is to
evaluate scenario uncertainties and other uncertainties that are not evaluated within the framework
of the main scenario. Residual scenarios are selected to illustrate the significance of individual barriers
and barrier functions, the effect of future human actions that potentially may affect the conditions
of the repository, the health detriment to humans intruding into the repository, and the consequences
of an unsealed repository that is not monitored.

Step 9: Analysis of selected scenarios including uncertainties to assess the protective capability of
the barrier system. The scenarios are described together with the calculation cases which evaluate
the uncertainties for each scenario. The cases are analysed with respect to radionuclide transport
and appropriate calculational endpoints, typically annual effective dose to humans and dose rates to
non-human biota. The risk of harmful effects of ionising radiation for a representative individual in
the group exposed to the greatest risk is calculated for the relevant scenarios. The risk contributions
from the main and less probable scenarios are then summed to a total annual risk considering the
probabilities of the different scenarios to occur and compared to SSM’s risk criterion. Furthermore,
dose rates to non-human biota are compared to international screening values. Collective dose is
also calculated.

Step 10: Conclusions of the performed assessment regarding compliance with SSM’s regulations on
barrier system robustness and protection of human health and the environment.

14 SKB TR-23-01



S3 Identification and handling of features, events and processes
S$3.1 Identification and selection of features, events and processes

The analysis of FEPs that may influence post-closure safety is an important part of the safety assess-
ment. The FEP analysis includes:

» Identification of all factors that may influence post-closure safety of the repository.

* Deciding whether each FEP identified needs to be addressed further in the safety assessment.
The motivations for excluding FEPs are documented in the SKB FEP database.

* Documentation of each included FEP in a FEP-catalogue for SFR.

The main part of the FEP-analysis is described in the FEP report, with a summary and minor updates
given in Chapter 3.

The bases for the identification of all relevant factors are international FEP databases and experience
from preceding safety assessments. FEPs are then selected from this information that are important
for the evolution of the repository system and/or that may influence post-closure safety. These are
sorted in one of following classes:

» Factors influencing the state of the repository at closure, i.e. the initial state.

* Processes in the repository system of importance for post-closure safety and the variables needed
to describe the state of the system at every given point in time.

» External conditions of importance for post-closure safety.

83.2 Handling of FEPs

The handling of the processes in the repository system that are judged to be of importance for post-
closure safety is described in the process reports, i.e. the Waste process report, the Barrier process
report, and the Geosphere process report. Processes in the biosphere are described in the Biosphere
synthesis report and climate-related processes in the Climate report.

S4 Initial state

The expected state of the repository and its environs at closure, including uncertainties in the state
that may affect the protective capability of the repository is the starting point for the assessment. The
description of this initial state is based on the prerequisites of the present assessment, including the
reference waste inventory, repository reference design and the site descriptive model. A description
of the initial state is given in Chapter 4. A detailed account is given in the Initial state report, the
SDM (SKB TR-11-04) and in the Biosphere synthesis report.

The description of the waste and repository represents the estimated state at the time of closure of
the repository, whereas the description of the environs, including the climate and climate-related
conditions, assume that they are similar to present-day conditions.

During the operational phase the facility is drained and at closure it will be re-saturated from the
surrounding rock. The time for resaturation depends on the occurrence of rock fractures and the
characteristics of the repository materials but is sufficiently short to be neglected for most processes.
Therefore, the repository is in the assessment assumed to be re-saturated at closure.

The initial state is important for the outcome of the post-closure safety assessment. To ensure that
the state of the disposed waste and the barrier system corresponds to assumed initial state at closure
requirements are defined for the waste and the engineered barriers (Chapter 2).
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S5 Safety functions and safety function indicators

The overall post-closure safety principles for SFR are limitation of the activity of long-lived radio-
nuclides and retention of radionuclides. Based on these principles, safety functions are defined for
repository components that are of vital importance for post-closure safety. A safety function is defined
as a role through which a repository component contributes to safety. Safety functions include barrier
functions as well as other aspects important for post-closure safety that are not coupled to the function
of a barrier (Section 5.1). The set of safety functions is an aid in the description of the repository
functions after closure and for identification and selection of relevant scenarios. Uncertainties related
to the safety functions are thereby evaluated in a structured manner.

The evolution of the safety functions over time is evaluated with the aid of a set of safety function
indicators. These consist of measurable or calculable properties of respective repository system com-
ponent. For these properties qualitative criteria are given that are coupled to the specified function.

An example of a safety function is limit advective transport through relevant engineered barriers. The
related indicator is hydraulic conductivity of bentonite in the silo and plugs as well as outer concrete
structures in 1I-2BMA. The qualitative criterion specified is that the hydraulic conductivity shall be low.

The use of safety functions and indicators is an aid in the evaluation of post-closure safety but is not
sufficient to demonstrate that an acceptable level of safety has been achieved. Nor is safety necessarily
compromised if a safety function is poorly upheld, this is rather an indication that more in-depth analyses
are needed to evaluate the safety. Quantitative calculations are required to show compliance with the
regulatory requirements, such as the risk criterion, irrespective of whether none, one or several safety
functions are poorly upheld. The safety functions and indicators are summarised in Table S-1.

The safety functions and indicators define aspects of the repository system important for post-closure
safety and they can be used to assess, and in some cases infer, requirements for the waste and the barriers
to be met at closure of the repository.

S6 Reference evolution

The reference evolution describes the probable post-closure evolution of the repository and its environs,
including uncertainties in the evolution that may affect the protective capability of the repository. This
reference evolution starts from the initial state and then follows the reference external conditions for the
next 100000 years, accounting for FEPs that are likely to influence the evolution. The description builds
on the knowledge gained in the previous steps of the assessment methodology, as well as dedicated
studies performed to assess the post-closure evolution of the repository and its environs. The reference
evolution supports the selection and analysis of the main scenario and less probable scenarios.

Three variants of the reference external conditions are considered (see below). These represent the
range of probable evolution of the external conditions at Forsmark over the next 100000 years.

» The present-day climate variant represents a future development where present-day climate conditions
prevail for the complete assessment period and the initial shoreline displacement is dominated by
isostatic rebound following the last glaciation. This development results in 1000 years of initial
submerged conditions above the repository.

» The warm climate variant represents a likely future development where similar-to-present levels
of anthropogenic greenhouse-gas emissions continue for the next few decades, after which they
gradually decline to net-zero emissions in the beginning of the next century. This development results
in 100000 years of temperate climate conditions and an increased sea level, which leads to a prolonged
initial period during which the area above the repository remains submerged beneath the sea.

» The cold climate variant represents a future development characterised by substantial reductions in
anthropogenic greenhouse-gas emissions and/or removal of atmospheric CO, by technological measures.
This development results in gradually colder climate conditions and two periods of periglacial condi-
tions (i.e. permafrost development) at Forsmark during the latter half of the assessment period.

The evolution of climate conditions in these variants, illustrated in terms of climate domains, are shown
in Figure S-3.
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Table S-1. Safety functions and safety function indicators.

Safety function

Safety function indicator

Repository system (sub-)component

Waste form and waste packaging

Limit quantity of activity

Activity of each radionuclide in each
waste vault: limited

Waste form in silo, 1-2BMA, 1BRT, 1-2BTF,
1-6BLA

Limit gas formation

Amount of gas-forming materials: low

Waste form and waste packaging in silo,
1-2BMA, 1BRT and 1-2BTF

Limit advective transport

Hydraulic conductivity: low

Waste packaging (concrete tanks) in 1-2BTF

Limit corrosion

pH in porewater: high
Redox potential E;: low

Waste form with induced activity in 1BRT

Sorb radionuclides

Amount of cementitious material: high
pH in porewater: high

Redox potential: low (reducing)
Concentration of complexing agents: low

Waste form and waste packaging in silo,
1-2BMA, 1BRT and 1-2BTF

Engineered barriers

Limit advective transport

Hydraulic conductivity in concrete and
bentonite: low

Bentonite in silo and plugs
Outer concrete structures in 1-2BMA

Hydraulic conductivity in backfill
(including crushed rock foundation): high

Backfill (including crushed rock foundation) in
1-2BMA and 1-2BTF

Allow gas passage

Permeability: sufficient to allow
gas passage

Gas evacuation system in silo and 2BMA
Cementitious materials in 1BMA and 1-2BTF

Sorb radionuclides

Amount of cementitious material: high
pH in porewater: high

Redox potential: low (reducing)
Concentration of complexing agents: low

Cementitious materials in silo, 1-2BMA,
1BRT, and 1-2BTF

Repository environs

Provide favourable Hydraulic conductivity: low Geosphere
hydraulic conditions Hydraulic gradient: low
Provide chemically Redox potential: low (reducing) Geosphere

favourable conditions

Avoid boreholes in the
direct vicinity of the
repository

Intrusion boreholes: few/absent

Boreholes downstream of
the repository: few

Biosphere, geosphere
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Present-day climate variant

Climate domains
Temperate B
2 12 22 32 42 52 62 72 82 92 102 Periglacial |
Warm climate variant Submerged [
conditions
2 12 22 32 42 52 62 72 82 92 102
Cold climate variant
2 12 22 32 42 52 62 72 82 92 102
Time (ka AD)

Figure S-3. Succession of climate domains in the variants of reference external conditions.

S$6.1 Conditions in the repository environs

The evolution of the conditions in the repository environs that affect the assessment of the protective
capability of the repository is described in the following based on the safety functions related to the
repository environs (Table S-1).

Evolution of surface systems

Doses to humans are affected by transport and accumulation in the surface system of the radionuclides
released from the geosphere to the biosphere.

The ecosystem development is strongly affected by the shoreline displacement that turns the seabed
into terrestrial areas. Relatively enclosed sea bays may become isolated and gradually turn into lakes.
After isolation from the sea, sedimentation and ingrowth gradually transform the lake into a mire
system. More open bays can turn directly into mires, without intermediate lake stages and more
exposed bottoms often become forested. Forests are the most common terrestrial ecosystem type in
Forsmark, but fen mires have been identified as the terrestrial ecosystem where deep groundwater
(e.g. from a repository) most likely will discharge. Such mires could after drainage be used as agri-
cultural areas that potentially could lead to exposure and dose through ingestion if the groundwater
contains radionuclides from the repository.

The Forsmark region is rich in calcite and calcite-bearing till deposits that have a marked influence
on the hydrochemistry in the area. When new areas of the present seafloor are raised above the sea
level, weathering of the calcite is initiated. This process increases the alkalinity and pH in the shallow
groundwater, streams, lakes and soils. This influences the sorption and transport of many elements,
including radionuclides. In the long-term, calcite is expected to be consumed leading to decreased
alkalinity and pH.

Mechanical evolution

The fracture network in the bedrock surrounding SFR is expected to remain unaltered during the
analysis period in the present-day climate variant. Rock fallout will occur, but predictions show
that the pillar between the BMA and BLA vaults is stable and the backfill in 1-2BMA, 1BRT and
1-2BTF protects the concrete structures from potential damage from rock fallout.

Earthquakes can affect the stability of the bedrock as well as the stability of the repository. The
seismic activity in the Fennoscandian shield is currently very low. However, it cannot be excluded
that an earthquake of significant magnitude takes place during the 100000 year assessment period.

Hydrogeological evolution

The safety function provide favourable hydraulic conditions relates to the groundwater flow through
the repository being mainly controlled by the flow conditions in the bedrock. Low groundwater
flow through the waste vaults supports slow advective transport and release of radionuclides out of
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SFR and also slow inward transport of reactive substances such as oxidants as well as slow degradation
of engineered barriers.

The groundwater flow in the bedrock surrounding SFR is expected to be very low during submerged
conditions and to successively increase during the transition period to terrestrial conditions. Stationary
values are expected by about 5000 AD.

During the submerged period the groundwater passing through the repository is expected to discharge
at the sea bottom above the repository. During the transition to terrestrial conditions above the repository
the discharge areas are diverted to the deformation zones north of the repository. When terrestrial
conditions prevail the main part of the groundwater from the repository is expected to discharge in a
topographical low point close to the deformation zones north of the repository (Figure S-4). The other
parts of the groundwater are expected to discharge into lakes and water courses farther away from SFR.
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Figure S-4. Distribution of groundwater discharge to the surface systems from the SFR1 waste vaults

(a and ¢) and the SFR3 waste vaults (b and d) for fully submerged conditions (a and b) and terrestrial
conditions (c and d). The colour scale shading from red to blue shows the density of particle exit locations
(%/m’) and the colour scale shading from green to brown shows the surface elevation above sea level (m)
during terrestrial conditions (c and d). The orange contours and associated labels in (a) outline biosphere
objects. The black lines represent the location of deformation zones outside the SFR Regional domain. The
straight black lines and the text within the black rectangles in (b) indicate the location of the deformation
zones. The blue-grey colour indicates marine environment (a and b). The grey areas indicate the thickness at
ground surface of deformation zones that are represented in the SFR Regional domain of the hydrogeological
model. The waste vaults in SFRI (a and ¢) and SFR3 (b and d) are indicated in magenta. The light blue
colour represents surface waters (¢ and d). The figure is modified from Ohman and Odén (2018).
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Geochemical evolution

The safety function provide chemically favourable conditions relates to the redox conditions in the
repository being influenced by the composition of the groundwater flowing into the repository. The
redox conditions in the repository influence the sorption properties of many radionuclides and thus
their retention in the repository.

During the initial period of submerged conditions, the groundwater composition in the bedrock
surrounding SFR is not expected to change much. During the transition to terrestrial conditions, the
brackish groundwater in the bedrock surrounding SFR will slowly change with time and be influenced
by the introduction of meteoric water into the uppermost part of the bedrock. Reducing conditions are
expected to prevail at repository depth during the entire analysis period. The dissolution of cement
minerals in the repository may affect the pH of the groundwater in the vicinity and downstream of
the repository. The groundwater from the repository is, however, expected to be substantially diluted
at short distance from the repository along the bedrock flow paths.

Submerged conditions

The location of SFR beneath the Baltic Sea affects the safety function avoid boreholes in the direct
vicinity of the repository.

The location of the repository also prevents humans locating boreholes above or downstream of

the repository for the purpose of water extraction. However, it cannot be completely ruled out that
drilling under water may be conducted for purposes other than water extraction. During terrestrial
conditions above the repository, wells for drinking water or agricultural purposes could be drilled,
which may affect radionuclide transport to the biosphere and doses to humans. The use and location
of drilled wells therefore influences the safety and are considered in the safety assessment.

S$6.2 Conditions in the repository

The evolution of the conditions in the repository that are of importance for the assessment of the
capability of the repository to protect human health and the environment is in the following described
based on relevant safety functions (Table S-1).

Near-field hydrological evolution

The safety functions limit advective transport and allow gas passage are related to the hydraulic
conditions in the repository.

The initial evolution of the near-field hydrological system largely follows the evolution of the regional
hydrogeological system driven by shoreline displacement. The degradation of the barriers is expected
to have a minor influence on changes in the groundwater flow during the transition period. When
the shoreline regresses past the repository, the main flow direction gradually changes from vertically
upwards to horizontal. The hydraulic gradient increases, which leads to increased flow rates in the
repository. The groundwater flow, however, still is expected to be fairly low due to the flat topography
in the area.

The bentonite in the silo and plugs contribute to the prevention of release of radionuclides by limiting
the groundwater flow through the vaults and the waste. The swelling capacity of the bentonite, caused
by montmorillonite minerals, gives the material low hydraulic conductivity and also enables the clay
to self-heal if channels or other forms of voids occur. Chemical processes affecting the bentonite are
slow and are not expected to have a pronounced effect on the flow-limiting properties during the
assessment period. In the silo and 2BMA, the barriers will have engineered gas-evacuation systems
that will minimise the gas-pressure build-up and thus ensure that barriers are not affected adversely.

The outer concrete structures in 1I-2BMA and the concrete tanks in 1-2BTF contribute to the prevention
of release of radionuclides by limiting the groundwater flow through the waste. The flow-limiting
properties relate to the combination of a dense concrete with a low porosity and no or only a few
small cracks. In 1-2BMA and 1BRT a hydraulic contrast is created between the concrete structures
with low hydraulic conductivity and the backfill with high hydraulic conductivity, which leads to
preferential flow through the backfill and thus reduces the flow through the waste.
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The properties of the concrete barriers will evolve over time due to internal processes, with leaching
and crack formation having the largest effect. Formation of cracks occurs due to rebar corrosion in
the concrete. The leaching of cement minerals is caused by the interactions between concrete and
the groundwater. General dissolution of the cement minerals and leaching affects the composition
of the hydrated cement, its porosity as well as the composition and pH of the cement pore water.
The hydraulic conductivity as well as the loadbearing capability may be affected leading to crack
formation. Together this leads to a larger part of the groundwater flow being directed through the
waste. This is illustrated in Figure S-5 for the waste vaults that contain concrete barriers and for four
concrete degradation steps, affecting the hydraulic conductivity, from intact to completely degraded.

The expected evolution of the hydraulic conductivity due to leaching and crack formation is illustrated
by the four steps in the evolution shown in Figure S-6. Given pessimistic assumptions regarding the
concrete properties at closure and its evolution, the hydraulic conductivity increases six orders of
magnitude from intact to completely degraded (Figure S-6). The temporal evolution differs for the
different waste vaults. The bentonite in the silo contributes to a slow degradation of the concrete
structure. The outer concrete structures in 1I-2BMA degrade slower than the existing structure in 1BMA.
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Figure S-5. Modelled flow rates (m’/a) in the waste vault (grey bars) and waste domains (coloured bars)
for different concrete degradation states for terrestrial conditions above the repository (shoreline position
corresponding to 5000 AD). Modified from Abarca et al. (2020).
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Figure S-6. Succession of the hydraulic conductivity of concrete in the waste vaults that include concrete
barriers, given pessimistic assumptions regarding the condition of the concrete at closure and its evolution.
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The main reason for this is that existing cracks in 1BMA are expected to widen, and new cracks may
form due to corrosion of tie rods or reinforcement bars in the concrete. The relatively thin concrete
of the tanks in 1-2BTF is the reason why the complete physical degradation in that vault occurs earlier
than in the existing 1BMA structures.

Evolution of chemical conditions

The safety functions limit corrosion, limit gas formation, and sorb radionuclides are related to the
chemical conditions in the repository.

The chemical conditions in the repository after closure are mainly controlled by the repository materials
and to a lesser degree by the inflowing groundwater. Post-closure safety is affected by materials that
are radionuclide-sorbing, affect pH, cement-degrading, gas producing, affect redox conditions, or
complex forming. Cementitious materials have the greatest effect as they occur in large quantities and
ensure high pH and high ionic strength, especially from calcium ions which leads to high sorption of
many radionuclides and low corrosion rates. The pH value follows the mineralogical evolution of the
cement and starts at pH > 13 and then decreases successively with the leaching of different cement
minerals. The leaching process is determined by the groundwater flow through the vault and the
amount of cement and is therefore different for the different vaults. The pH evolution in the vaults
that include concrete barriers is illustrated in Figure S-7, given pessimistic assumptions that imply

a faster evolution than expected.

Steel is also a material that affects the evolution of chemical conditions. The corrosion of steel results
in very low redox potential until all steel is corroded, which is expected to take more than 100000 years
in all vaults except 1-5SBLA in which the corrosion rates increase significantly when the pH value
decreases below 9 about 9000 years after closure. Thereafter the redox potential in 1-5SBLA is
controlled by the inflowing groundwater that is weakly reducing. The redox potential together with
the pH affect the chemical form (speciation) of the radionuclides and determines the corrosion rates of
steel and other base (non-noble) metals. The reducing conditions that prevail throughout the assess-
ment period are thus important for limited corrosion and limited gas formation. Limited corrosion
also ensures slow release of induced activity from the steel waste disposed in 1BRT.

The main processes for gas formation in the repository are corrosion of metals in the waste, the
waste packaging and the rebar in the concrete structures, as well as microbial degradation of organic
material in the waste. Radiation from the radioactive waste can also generate gas by radiolysis of
water and of organic materials. Microbial gas formation is expected to be negligibly low due the
high pH conditions. Corrosion of aluminium is fast at high pH and dominates the gas formation until
all metallic aluminium is completely corroded, which is expected to be the case after a few years
after resaturation of the repository, depending on the material thickness. After that gas formation
due to steel corrosion is expected to dominate. If gas is formed faster than it is transported away
the gas pressure will increase. A low pressure is either ensured by a sufficiently high permeability
for allowing gas passage through the barrier materials or through a gas evacuation system. Thus,
groundwater containing radionuclides is not expelled and the integrity of the barriers is not affected
due to the effects of gas formation.

Many radionuclides are expected to sorb onto different materials in the repository, and in particular
onto concrete that is a good sorbent that is present in large quantities. This significantly delays the
release of these radionuclides, however it needs to be considered that the sorption properties are
expected to change over time due to the mineralogical evolution of the cement. The bentonite in the
silo also contributes to sorption. Other materials that sorb radionuclides are expected to have a smaller
effect on radionuclide transport since they have weaker sorption properties (macadam) or they expect
to interact with fewer radionuclides (metals and corrosion products).
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Figure S-7. Succession of the four chemical concrete degradation states (I-11Ib) in the waste vaults that
include concrete barriers, given pessimistic assumptions regarding the condition of the concrete at closure
and its evolution.

Complexing agents are organic molecules that chemically bind with certain radionuclides, in particular,
positively charged metal ions. They form soluble metal complexes and thereby decrease their sorption.
Complexing agents occur mainly in waste with contents from the use of certain detergents at the
waste producers. Other organic materials in the repository can degrade to complexing agents. Some
of these have a small effect (e.g. cement additives) and others a larger effect such as cellulose which
degrades to isosaccharinate that sorbs onto cement and thus is retained in the repository for long times.
Highly soluble complexing agents are expected to be transported out of the vaults within a few
thousand years, depending on the groundwater flow through the vaults, and this decreases the effect
of complexing agents over time. The concentrations of complexing agents and the amounts of
materials degrading to complexing agents are regulated in the waste acceptance criteria to ensure
good sorption of radionuclides.

S$6.3 Warm climate variant
Conditions in the repository environs

In the warm climate variant, the evolution of the repository environs is expected to be similar to
the present-day variant, albeit with a of 3 500 years delay in the effects caused by the transition
to terrestrial conditions (Figure S-3).

Higher mean annual air temperature and changes in precipitation in the warm climate variant are
expected to mainly affect surface hydrology and ecosystems. The changes can lead to a higher
water deficit at or close to the surface and thus to an increased crop irrigation need compared with
the present-day climate variant. The conditions in lakes and streams are affected by the warmer
climate, but it has a limited effect on radionuclide transport in the surface system. A warmer climate
is expected to yield higher production and biomass in terrestrial ecosystems, including a higher
production of crops.

The changes in mean annual air temperature and precipitation are not expected to significantly affect
hydraulic, chemical or mechanical conditions in the bedrock surrounding the repository.

Conditions in the repository

The evolution of hydraulic conditions in the repository follows the evolution in the surrounding bedrock.
The chemical conditions in the repository are mainly controlled by dissolution of, and sorption onto,
repository materials. These processes are not sensitive to the small temperature differences expected
at repository depth in the warm climate variant. Thus, the same evolution as in the present-day
climate variant is expected.
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S$6.4 Cold climate variant
Conditions in the repository environs

The evolution of the conditions in the repository environs in the cold climate variant does not
differ from the evolution in the present-day climate variant over the first 50 000 years after closure
(Figure S-3). During the periglacial periods that occur thereafter the groundwater flow is expected
to halt around the repository. The freezing can occur in the entire area, but there could also be areas
in the landscape in which the groundwater is not frozen and radionuclide transport to the surface
could continue. A colder climate mainly affects hydrology and usually yields a lower production
and biomass in terrestrial ecosystems, including lower crop production.

Conditions in the repository

The evolution of hydraulic conditions in the repository follows the evolution in the surrounding
bedrock. During periglacial periods, the groundwater in the repository is expected to freeze and

all relevant chemical processes and radionuclide transport are expected to halt. After thawing the
chemical processes are expected to resume as before the permafrost. The water in the bentonite in
the silo and the plugs will freeze to some degree, depending on how low the temperatures get. When
the temperature rises after the periglacial period the bentonite is expected to regain its beneficial
properties.

At the time of the first periglacial period, the concrete barriers are expected to have lost their flow
limiting functions. Additional degradation of the concrete due to freezing of the pore water in the
concrete is therefore expected to have a limited effect.

S7 Identification and selection of scenarios

The assessment of post-closure safety and the protection of human health and the environment is
based on a scenario analysis. A scenario in the safety analysis comprises a description of how a given
combination of external and internal conditions affects repository performance. Each scenario describes
a sequence of events and conditions of the repository and its environs and how they affect the protective
capability of the repository. Three categories of scenarios are included in the safety assessment. These
are the main scenario, less probable scenarios and residual scenarios.

S71 Main scenario

The main scenario is based on the probable evolution of external conditions and realistic, or where
justified, cautious assumptions with respect to the internal conditions. The description of the main

scenario is based on the initial state, the reference external conditions and the reference evolution.

The main scenario and its analysis are described in Section S8.

S§7.2 Less probable scenarios

The aim of less probable scenarios is to evaluate scenario uncertainties and other uncertainties that
are not evaluated within the framework of the main scenario. The selection is based on the safety
functions and the FEPs identified as potentially affecting the safety function indicators. For each
safety function, uncertainties in how the initial state, internal processes and external conditions are
specified in the main scenario are evaluated to determine if there is a possibility that the status of
the safety function deviates from that in the main scenario in such a way that post-closure safety
may be impaired. It can be noted that the status of the safety functions evolves in the main scenario
and that some safety functions are not upheld for the entire assessment period in the main scenario. If
uncertainties are identified that lead to a deviation of the evolution of the status of a safety function in
comparison with the main scenario a less probable scenario is defined to account for the uncertainty
in the assessment of the risk from the repository.
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The analysis of uncertainties coupled to the status of the safety functions resulted in the finding
that deviations from their status in the main scenario could possibly occur for the safety functions
limit advective transport and sorb radionuclides which relate to the waste form and packaging as
well as the concrete barriers. Furthermore, deviations could possibly occur for the safety functions
provide favourable hydraulic conditions and provide favourable chemical conditions that relate to
the geosphere. The deviations have different causes, i.e. relate to different FEPs. Table S-2 shows
the selected less probable scenarios and associated safety functions that deviate from their status
in the main scenario.

Glacial conditions are judged to be less probable during the assessment period and therefore the
main scenario does not include any period with glacial conditions. Several safety functions could

be affected by a glaciation. A glaciation can lead to a pronounced increase in groundwater flow

and thus affects the safety function provide favourable hydraulic conditions. The safety function
provide favourable chemical conditions could be affected since high groundwater flows could lead

to intrusion of oxygenated water to repository depth. It could also affect sorption properties for certain
radionuclides and the safety function sorb radionuclides that relates to the waste form and packaging
as well as the engineered barriers. Intruding groundwater could also have a low salinity and could thus
affect the bentonite in the silo, which in turn affects the safety function limit advective transport. The
flow-limiting properties of the concrete barriers in 1-2BMA already have degraded at about 60000 AD
when a glaciation occurs in the glaciation scenario (Figure S-6). Thus, a glaciation would not lead to a
significant further impairment of the hydraulic barrier function. To consider the uncertainties connected
to glacial conditions in the risk assessment a glaciation scenario is defined.

It cannot be excluded that higher concentrations of complexing agents compared with those in the
main scenario could affect the transport out of the repository, even if this is judged to be unlikely.
This would imply that the safety functions sorb radionuclides in the waste form and waste packaging
as well as in the cementitious materials in the engineered barriers in the silo, 1-2BMA, 1BRT and
1-2BTF would deviate from the evolution in the main scenario. Therefore, the less probable scenario
high concentrations of complexing agents is defined.

Table S-2. Less probable scenarios and associated safety functions that deviate from the status
in the main scenario.

Less probable scenario Safety function
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The concrete evolution is handled with cautious assumptions in the main scenario. In the analysis it can,
however, not be excluded that the initial state of the barriers could be affected by fully penetrating
initial cracks caused by mishaps together with deficiencies in quality control during construction that
imply that the cracks are not detected in the inspections before closure, or due to repair measures for
detected cracks that would be less effective than expected. Such fully penetrating cracks could affect
the initial state and the evolution of the safety function limit advective transport. Crack formation in
the engineered barriers of 1-2BMA could lead to smaller accessible amounts of cement for sorption
along advection dominated transport paths through the cracks. The safety function sorb radionuclides
could thus also deviate from its evolution in the main scenario. To account for these uncertainties

in the risk assessment, a scenario with alternative concrete evolution is defined. Earthquakes have

a low probability of occurrence in the area around SFR and are therefore not included in the main
scenario. A sufficiently strong earthquake could affect the repository adversely. Earthquakes may cause
displacement along fractures in the geosphere, which alter the hydraulic conditions of the geosphere.
Furthermore, the hydraulic properties of the concrete structures as well as the waste form and packaging
may be affected. If cracks are formed the groundwater flow is affected, but also sorption might be
affected since accessible sorption surfaces along the radionuclide transport paths through the concrete
barriers decrease in comparison to diffusive or advective transport through intact concrete. The
bentonite in the silo could also be adversely affected. To account for these uncertainties the less
probable earthquake scenario is selected.

It can be noted that a given scenario can arise due to deviations of the status of several safety functions
in comparison to the main scenario. A deviation from the status in the main scenario of a safety function
can also lead to the selection of several scenarios. This has been accounted for in the assumptions
underlying the calculation cases for the less probable scenarios.

In principle, the uncertainties that lead to the definition of the less probable scenarios could occur
in different combinations in a single scenario. The probability of the scenario combinations is the
product of the probabilities of the less probable scenarios assuming their independence. Thus, the
contribution to the total risk becomes very small unless the combinations yield significantly higher
doses than the individual less probable scenarios. The identified possible scenario combinations
shows that no combination of less probable scenarios would lead to significant contributions to the
total annual risk. Scenario combinations are therefore not considered in the risk summation.

S7.3 Residual scenarios

Primarily, residual scenarios aim to illustrate the significance of individual barriers and barrier functions
and how they contribute to the protective capability of the repository. They are also selected to contribute
to the discussion of the robustness of the repository regarding the protection of human health. The
residual scenarios are studied independently of probabilities and are not accounted for in the risk
summation. The selection of the residual scenarios is based partly on the safety functions and partly
from the assessment of future human actions, for instance intrusion. Furthermore, residual scenarios
relating to an unsealed repository and unrepaired 1BMA are evaluated.

S8  Analysis of selected scenarios
S$8.1 Description of calculation cases

The selected scenarios are evaluated with the aid of calculation cases. For each calculation case descrip-
tions are given of the most important assumptions for the calculations, data used in the modelling,
and the FEPs on which the calculation case focuses. Most scenarios are evaluated by only a single
calculation case. For some scenarios, however, several calculation cases are considered necessary
in order to evaluate all uncertainties identified by the scenario description. An overview of the
scenarios and calculation cases included in the present safety assessment is given in Table S-3.
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Table S-3. Scenarios and calculation cases analysed in the PSAR.

Scenario Calculation case

Present-day climate (base case)

Warm climate

Cold climate

@ Timing of shoreline regression
§ Delayed release from repository

Main scenario S | Subhorizontal fracture

;i Alternative landscape configurations
§ Ecosystem properties @

.g Alternative delineation

§ Mire object properties

@ | Calcite depletion

Glaciation Glaciation

High concentrations of
complexing agents

High concentrations of complexing agents

Alternative concrete evolution

Less probable
scenarios

Alternative concrete evolution

Earthquake

Earthquake

Hypothetical early permafrost

No effect on engineered barriers ®
Effect on engineered barriers

Loss of engineered barrier function

No sorption in the repository
No hydraulic barriers in the repository

Loss of geosphere barrier function

No sorption in the geosphere
No transport retention in the geosphere

Alternative radionuclide inventory

Extended operation of reactors
Increased fuel damage frequency
Extended use of molybdenum-alloy fuel spacers

Oxidising conditions

Oxidising conditions

Initial concrete cracks

Initial concrete cracks

Unrepaired 1BMA

Unrepaired 1BMA

Residual scenarios

Unsealed repository

Unsealed repository

Drilling into the repository ©

Drilling event
Construction on drilling detritus landfill
Cultivation on drilling detritus landfill

Intrusion well ©

Intrusion well

Water management ©

Construction of a water impoundment

Underground constructions ©

Rock cavern in the close vicinity of the repository
Mine in the vicinity of the repository

Included in the risk assessment.
a Described in the Biosphere synthesis report.

® Described in the Radionuclide transport report.

9 FHA scenarios.
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Three calculation cases are selected for the main scenario based on the reference external conditions.
The present-day climate calculation case is selected as base case in the present safety assessment.
The base case constitutes the basis for the evaluation of uncertainties in the other calculation cases.
The descriptions for all other calculation cases are based on differences from the base case regarding
initial state, internal and external conditions. The results from these cases are compared with the
results from the base case.

The warm climate calculation case and cold climate calculation case of the main scenario represent
the range of probable evolution of the external conditions.

The main scenario also includes a set of supporting calculations (Table S-3), providing support for
the selection of assumptions in the calculation cases for the main scenario. They are defined to provide
a sensitivity analysis of specific uncertainties in external conditions and internal processes potentially
important to radionuclide transport through the repository. The calculations are used as input for the
selection of assumptions in the base case and, thereby, ensure that the evaluated uncertainties do not
lead to underestimating the dose in the main scenario. Therefore, the resulting doses in the supporting
calculations are similar, or lower, than the dose of the base case and, thus, it is not necessary to propa-
gate the calculations to the risk assessment in Chapter 10. It can be noted that in order to support

the selection of assumptions the supporting cases are evaluated before the assumptions in the base
case are set. The reason for evaluating these uncertainties in the main scenario, in contrast to the less
probable scenarios, is that a low probability of occurrence may not be justifiable or that they do not
relate to uncertainties in any safety functions of the repository system.

S8.2 Modelling radionuclide transport and dose
Background

For each calculation case, the radionuclide transport through the repository (near-field) and through the
bedrock (geosphere) to the surface system (biosphere) is quantified by means of mathematical models.
The calculations are performed using a sequential chain of models, where output data from one model,
in the form of annual activity releases for each radionuclide, is used as input data for the subsequent
model. As part of the management of uncertainties in the safety assessment, calculations are performed
both deterministically and probabilistically for most calculation cases. In this report, results from
probabilistic calculations are presented unless otherwise noted. Each calculation case is stochastically
evaluated by Monte Carlo simulations with 1000 iterations based on pre-defined statistical distribu-
tions of the input data. The models used in the radionuclide transport calculations are described in the
Radionuclide transport report and the Biosphere synthesis report, and the process for selecting
data and the selected parameter values are documented in the Data report and in selected parts of the
Radionuclide transport report, Appendix A, and the Biosphere synthesis report, Chapter 8.

Repository

The models for the repository describe the transport and retention of radionuclides in the waste domain
and the surrounding engineered barriers, and the release of radionuclides to the geosphere. The
engineered barriers limit the release of radionuclides from the repository by reducing the ground-
water flow and provide sorption capacity. The steel in the reactor pressure vessels in 1BRT also
constitutes a barrier in that the slow corrosion rate limits the release of activity induced in the steel.

Separate models have been developed for each waste vault to account for different barrier designs
and waste types as well as different groundwater flows. The vault models have been developed to
consider the main retaining properties of the barriers in the vaults but, depending on the vault, some
retaining abilities are neglected. Most importantly, sorption is pessimistically not considered in the
1-5BLA vault models, despite the presence of significant amounts of cement and other sorbents. Further
simplifications in the modelling of the repository include, among other things, that (i) solubility
limits for radionuclides are neglected, meaning radionuclides are assumed to be fully dissolved in
the waste porewater, with the exception of the fractions sorbed on the barrier material or induced in
the reactor pressure vessels disposed in 1BRT, (ii) sorbent properties of metals and their corrosion
products are pessimistically disregarded, and (iii) the potential transport-limiting effect of waste
matrices and steel packaging is neglected. Potential influence on the radiological consequences

of these simplifications are evaluated in the delayed release from the repository calculation case.
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Geosphere

The geosphere model describes the transport of radionuclides released from the repository through
the bedrock towards the surface. The model includes retention of radionuclides in the rock matrix.
Discharge areas for groundwater from the geosphere to the surface system (Figure S-4) occur in so
called biosphere objects. A biosphere object is an area in the modelled landscape that is predicted
to receive a substantial portion of the radionuclides following release from the geosphere. Seven
biosphere objects have been identified based on the modelled discharge areas for groundwater and
the local topography of the landscape (for more information, see the Biosphere synthesis report,
Chapter 5).

During periglacial conditions, radionuclide releases from the geosphere are presumed to occur only
via so called through taliks, that is unfrozen areas in the landscape.

Biosphere

Radionuclides are released from the geosphere to the deepest regolith layer represented in the biosphere
transport and exposure model. During temperate climate conditions, all radionuclides released from the
geosphere are presumed to be discharged into the same biosphere object located north of the repository
(object 157 _2), which is the object with the highest density of discharge locations for groundwater
from the repository (Figure S-4). From this biosphere object the releases are further transported to
other biosphere objects. Uncertainties with respect to radionuclide transport to and between biosphere
objects are assessed in the supporting calculations subhorizontal fracture calculation case and the
alternative landscape configurations calculation case. Uncertainties with respect to properties and
delineation of biosphere object 157 2 are assessed in the mire object properties calculation case and
the alternative delineation calculation case.

The biosphere transport and exposure model describes radionuclide transport, retention and accumula-
tion of radionuclides in aquatic ecosystems (including sea basins, lakes and streams) and terrestrial
ecosystems (including mires and agricultural land). Moreover, it calculates potential doses to humans
and dose rates to non-human biota. Two different types of water wells are also included in the assess-
ment, as water pumped from these wells may contain radionuclides from SFR. Both wells dug in

the regolith and drilled in the bedrock downstream (north) of the repository are evaluated. Drilled
wells that penetrate the repository are evaluated in the residual scenario drilling into the repository.
Uncertainties in the input data to, and processes in, the biosphere transport and exposure model are
assessed in the Biosphere synthesis report. As part of the management of uncertainties, a number
of supporting calculation cases have been identified and evaluated (Table S-3). These calculations
evaluate, among other things, uncertainties in how ecosystems are handled in the modelling (ecosystem
properties calculation case) and the effect of calcite depletion on sorption in the regolith (calcite
depletion calculation case).

The primary assessment endpoints from the modelling are annual effective dose to humans and absorbed
dose rates to non-human biota. Doses to humans are calculated for representative individuals of four
potentially exposed groups, describing different variants of land use. The potentially exposed groups in
the assessment are hunter-gatherers, infield—outland farmers, drained mire farmers and garden-plot
households. As basis for the risk calculation, the dose to an individual in the potentially exposed
group receiving the highest annual dose, obtained at each point in time, is used. Dose rates to non-
human biota are evaluated in relation to international screening values.

S$8.3 Results of radionuclide transport and dose calculations for the
main scenario

Base case

In the base case, chemical and physical degradation of cementitious materials occur in the waste
form and packaging as well as in the engineered barriers. The degradation leads to a gradual decline
of the material’s capability to retard the transport of radionuclides via sorption and to preserve low
groundwater flows. The temporal evolution of the hydraulic conductivity and pH of concrete have
been simplified to a number of stages corresponding to different degradation states for the concrete
(Figures S-6 and S-7). The presence of complexing agents in certain waste vaults is handled by
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applying sorption reduction factors for the radionuclides that are affected. The steel in the reactor
pressure vessels in 1BRT is expected to corrode during the entire assessment period. However, it is
in the base case pessimistically assumed that release of the entire induced activity from the reactor
pressure vessels occurs within the first 30 000 years.

The groundwater flow through the repository and its environs is initially very low but increases
gradually over the first 1 000 years of the assessment period due to shoreline regression. The discharge
areas are still submerged during this period (Figure S-4), which results in low doses (Figure S-8). At
just after 3000 AD, the land has risen sufficiently high above sea level that it is feasible to drain and
cultivate mires in object 157 2, resulting in increased doses compared with the submerged period
and the group drained mire farmers receives the highest dose. The maximum annual dose during the
assessment period, 5.6 nSv, occurs around 7000 AD. Thus, the dose in the base case remains below
the dose corresponding to the regulatory risk criterion (14 uSv) throughout the entire assessment period.

Most radionuclides have a limited impact on the total dose in the base case (Figure S-9). Of the

53 radionuclides included in the analysis only 11 contribute with a dose exceeding 0.1 uSv (about 1 %
of the dose corresponding to the regulatory risk criterion). A contributing factor to the small dose con-
tributions from most radionuclides is the high retention in the repository. For 41 of the 53 radionuclides
considered in the analysis, especially those with the highest radiotoxicity, more than 90 % of the initial
or produced radiotoxicity remains or decays within the waste vaults during the assessment period.
The radionuclides contributing most to the total dose are in the base case C-14 in the beginning of
the assessment period, Mo-93 at the time of maximum dose, Ca-41 in the middle of the assessment
period, and Ni-59 at the end of the assessment period. The relatively high dose from Mo-93 is caused,
among other things, by weak sorption on cement and rock matrix in combination with high accumu-
lation in the upper regolith layers cultivated by the group drained mire farmers.
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Figure §-8. Annual dose to a representative individual in the calculation cases that are evaluated in the
main scenario (solid lines) and in less probable scenarios (dashed lines). The doses represent the mean of
the probabilistic calculations for each case and only the doses of the exposed group receiving the highest
dose at each time point are shown. For the earthquake calculation case, only the calculation that gives the
highest dose maximum is displayed, i.e. the calculation in which the earthquake occurs at closure. Note that
the probabilities of the different scenarios have not been accounted for in this figure.
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Figure §-9. Annual dose (uSv) to a representative individual in the base case (black line) and for the
radionuclides contributing most to the total dose (coloured lines). The doses represent the mean of the
probabilistic calculations and only the doses of the exposed group receiving the highest dose at each
time point are shown. The total dose contribution from the remaining radionuclides is illustrated by the
grey dotted line. The maximum doses during the assessment period (uSv) are shown in parentheses in the
legend. The dose corresponding to the regulatory risk criterion (14 uSv) is indicated by the black dashed
line. The blue shading indicates the period with submerged conditions above the repository.

Another key result from the analysis of the base case is that the dose contributions from different
waste vaults are relatively similar. There is only one order of magnitude difference in maximum dose
between the waste vault that gives the highest dose (silo) and one that gives the lowest dose (1BTF),
despite the difference in initial radiotoxicity being approximately two orders of magnitude between
the waste vaults. This result indicates that the initial radiotoxicity of the waste is adequately distributed
between the individual waste vaults with their different barrier systems. It can be mentioned that the
contribution from SFR1 at the time of the maximum dose in the base case is 74 % and thus SFR3
contributes with 26 %.

Warm climate calculation case

In the warm climate calculation case, a longer submerged period compared with the base case is
assumed (Figure S-3), which means that it takes longer before new land areas emerge from the sea.
It also means low groundwater flow in the repository and surrounding bedrock for a longer period at
the beginning of the assessment period. The length of the submerged period is associated with large
uncertainty, which is evaluated in the supporting calculation case timing of shoreline regression. In
addition to a longer submerged period, an average drier climate is assumed, leading to an increased
water demand for cultivating crops and lower water flows through the regolith compared with the
base case.

The maximum dose throughout the assessment period is slightly lower in the warm climate calcula-
tion case than in the base case (Figure S-8). This is primarily due to the consideration that the main
contributing radionuclide Mo-93 (Figure S-9), decays to a greater extent in the repository during the
longer submerged period in this calculation case. On the other hand, the dose is slightly higher than
in the base case after about 10000 AD (Figure S-8). This increase is mainly due to the fact that the
water flows through the regolith are assumed to be lower than in the base case, which leads to lower
dilution with groundwater and thus greater accumulation in the regolith of certain radionuclides with
a long half-life (e.g. Ca-41 and Ni-59).
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Cold climate calculation case

In the cold climate calculation case, two periods of periglacial conditions occur during the last
50000 years of the assessment period (Figure S-3). During the initial period of temperate climate,
conditions in the repository and its environs are assumed to be identical to the base case. Releases
and doses are evaluated for both continuous permafrost, which results in a complete cessation of
radionuclide releases, and for discontinuous permafrost, which enables the releases to occur via a
talik. Since cultivation and water abstraction from wells is prevented by the frozen landscape, it is
assumed that hunter-gatherers is the only exposed group during periods of permafrost. At the time
of permafrost, the engineered concrete barriers are so severely degraded that freezing would not lead
to a significant further impairment of the hydraulic barrier function. The effect of earlier freezing

is illustrated in the residual scenario Aypothetical early permafrost.

The analysis of the cold climate calculation case shows that the presence of permafrost does not lead
to higher doses than in the base case (Figure S-8). The reason is that the only identified exposure
pathway during periglacial periods is hunting and gathering food, which gives more than an order
of magnitude lower doses than cultivation and well water usage.

Supporting calculation cases

The supporting calculation cases provide support for the selection of assumptions in the calculation
cases for the main scenario. Specifically, they assess uncertainties in future sea level rise (timing of
shoreline regression calculation case), uncertainties in the initial retention capacity of the repository
(delayed release from repository calculation case), and uncertainties in the biosphere analysis. These
relate to the spatial dispersion of the release (subhorizontal fracture calculation case), transport path-
ways within the landscape (alternative landscape configurations calculation case), and delineation
of biosphere object 157 2 (alternative delineation calculation case).

The timing of shoreline regression calculation case shows that the maximum dose gradually decreases
with the length of the submerged period; for the longest conceivable submerged period (20000 years),
the decrease is more than 50 %. Thus, the assumption of a relatively short submerged period in the
base case and the cold climate calculation case is cautious since a longer, more realistic, submerged
period results in lower doses. In the alternative delineation calculation case the entire radionuclide
release is assumed to occur pessimistically to the part of biosphere object 157 2 that is most suitable
for cultivation, which corresponds to one fifth of its total area. The assumption is considered hypo-
thetical, because it is not in line with the modeling of discharge areas in the landscape (Figure S-4).
Despite this, the doses in the calculation case are only about a factor of two higher than in the base
case, showing that the resulting dose is not very sensitive to the object delineation. In the remaining
supporting calculation cases, the maximum doses are slightly lower than in the base case. In summary,
the supporting calculation cases confirm that the assumptions in the main scenario are well chosen
and that the uncertainties evaluated in them are unlikely to result in a significantly higher maximum
dose than in the base case.

S$8.4 Results of radionuclide transport and dose calculations for the less
probable scenarios

Glaciation calculation case

In the glaciation calculation case radiological consequences of an ice-sheet (glaciation) above the
repository are evaluated. The underpinning assumption is that the next glaciation of the Forsmark
area will occur around 60000 AD, as a result of a substantial insolation minimum around 56 000 AD.
Such a climate evolution is considered to be significantly less probable than the development towards
periglacial climatic conditions during the end of the assessment period that is included in the main
scenario. Should the repository area be glaciated after about 60000 AD, both geological data and
modelling of future climates indicate that further glaciation will occur towards the end of the assess-
ment period; thus, a further glaciation is assumed during the last approximately 10000 years of the
assessment period in the calculation case.
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At the time of the first ice sheet’s advance over the area, the concrete barriers in the waste vaults
are already completely degraded. The glaciation is expected to lead to a complete degradation of
the bentonite’s hydraulic barrier function, altered sorption properties for certain radionuclides due
to penetration of oxygen-rich glacial meltwater and increased groundwater flows in the repository
and geosphere in connection with the retreat of the ice-sheet from the area.' All these effects are
considered in this calculation case.

After a glaciation, the Forsmark area is expected to have a temperate climate and submerged conditions.
The highest doses occur when draining and cultivation of the mire in object 157 2 becomes possible
again, i.e. when the object has become terrestrial after the submerged period, which is assumed to
occur between about 80000 and 90000 AD. However, the dose during this period is lower than the
maximum dose in the main scenario (Figure S-8; note that the probabilities of the less probable
scenarios are not taken into account in the figure).

Since the glaciation occurs so long after closure, only releases and doses of long-lived radionuclides
and their potential decay products are affected. Ni-59 is the radionuclide that contributes most to the
dose after a glaciation. The primary reason is the impaired function of the bentonite around the silo.

High concentrations of complexing agents calculation case

Complexing agents from chemical products used in the operation of the nuclear facilities are present
in part of the waste. Complexing agents can also be produced in the repository by degradation of
waste components such as cellulose and superplasticizers in concrete. The effect of complexing
agents is handled in the main scenario by reducing the sorption of certain radionuclides by applying
sorption reduction factors.

There are essentially four sources of uncertainty that could affect the concentrations of complexing
agents in the waste:

(i) degradation of superplasticisers,

(i1) dissolved complexing agents that may potentially travel with the groundwater from 1BLA to
1BMA,

(iii) possible yet unidentified amounts of complexing materials, and

(iv) polyamines in paint and their interaction with nickel.

These uncertainties are handled in the calculation case by applying a tenfold increase in the sorption
reduction factors compared with the main scenario. In addition, a tenfold decrease in sorption is applied
for nickel due to its interaction with polyamines, which is not accounted for in the main scenario.

Higher concentrations of complexing agents have only a limited effect on the maximum dose, as
the radionuclides that contribute most at the time of maximum dose in the base case (M0-93 and
C-14, see Figure S-9) are not affected by complexing agents. On the other hand, the dose from Ni-59
increases noticeably, resulting in an increase in the total dose especially at the end of the analysis
period (Figure S-8). However, the dose during that period does not exceed the maximum dose that
occurs around 7000 AD.

Alternative concrete evolution calculation case

Uncertainties related to the hydraulic properties of the concrete in the repository are mainly related
to the existence of cracks in the concrete, the degradation rate of the concrete, and the hydraulic
properties of the degraded concrete. However, these aspects are judged to be handled cautiously in
the main scenario. Despite this, it is assumed that the hydraulic conductivity of the concrete in this
calculation case is initially higher and increases earlier (degrades faster) during the first 50000 years
than in the main scenario, which leads to higher groundwater flow through the waste. In addition,
it is assumed that the effective diffusivity of the radionuclides in concrete and the porosity of the

" During the advance of the ice-sheet, the pore water in the geosphere and repository is assumed to be frozen
due to permafrost, whereby the impact of the ice on the groundwater flow is not considered.
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concrete increase earlier than in the main scenario and that cracks in the concrete are formed earlier.
After 52000 AD, the concrete is assumed to be completely degraded in all waste vaults, as in the
main scenario (Figure S-6).

These assumptions result in the total dose being higher than in the base case during the entire assess-
ment period (Figure S-8). The maximum dose is almost 50 % higher than in the base case. The
difference in dose compared with the base case is explained by higher releases of all radionuclides
from the repository except those present mainly in the BLA-vaults, where the concrete has no flow-
limiting or sorbing function in the analysis.

Earthquake calculation case

Radiological consequences of an earthquake are evaluated in the earthquake calculation case. Potential
consequences are only evaluated for the silo, where a pessimistic handling has been selected. The
pessimistic handling is judged to adequately compensate for the potential consequences of an earth-
quake for other waste vaults. The earthquake is pessimistically assumed to lead to insignificant
retention in the geosphere and to damage of the concrete structure in the silo as well as a loss of its
sorption capacity.

The evaluation includes calculations with earthquakes assumed to occur at different times. The highest
maximum dose is obtained when the earthquake occurs at closure. The maximum dose from this
calculation is almost 20 times higher than the corresponding dose from the silo in the base case
(Figure S-8), which is due to the fact that the entire activity of Ni-59 is transported out of the silo.?
It should be pointed out, however, that this result is a direct consequence of the pessimistic assump-
tions that have been made, in particular the assumed lack of sorption in the silo. The earthquake
calculation case is therefore considered to provide an upper-bound estimate with respect to radio-
logical consequences resulting from an earthquake rather than a realistic assessment.

S$8.5 Results of radionuclide transport and dose calculations for the
residual scenarios

The set of residual scenarios (Table S-3) illustrate, among other things, the significance of individual
barriers and barrier functions and are not included in the assessment of risk.

Overall, the evaluation of the residual scenarios shows that both sorption and the hydraulic properties
of the engineered barriers are important to achieve a dose in the main scenario that is lower than the
dose corresponding to the risk criterion. Radionuclide sorption and travel time in the geosphere are
less important for the dose than in the engineered barriers. When interpreting the results, it should be
noted that the conditions used in the calculation cases in the main scenario are already cautious for
both the repository and the geosphere.

The residual scenarios also cover a wide range of credible future human activities, which are based
on the premise that the actions cannot be performed if there was knowledge of the repository and/

or its nature (the location of the repository, its purpose and the consequences of the actions). These
scenarios are evaluated against criteria set out by the IAEA for when efforts to reduce the probability
of intrusion or to limit its consequences are warranted. The conclusion from such a comparison is
that no further efforts are warranted.

Finally, the analysis of the residual scenarios shows the importance of an adequate closure of the
repository.

? In comparison, more than 99 % of Ni-59 activity is retained or decayed in the silo in the base case.
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S$8.6 Annual risk and dose rates to non-human biota

Based on the annual doses for the main scenario and the less probable scenarios (Figure S-8), the
annual risk of harmful effects from ionizing radiation is calculated for a representative individual

in the group exposed to the greatest risk. The annual doses are multiplied with the coefficient for
conversion of effective dose to risk 7.3 percent per Sievert in accordance with SSMFS 2008:37. The
main scenario is assigned a probability of 1 and the probabilities for the less probable scenarios have
been estimated using expert judgments. The probability of the earthquake scenario has been calcu-
lated based on, among other things, earthquake statistics and that the accumulated probability that an
earthquake has occurred by the end of the assessment period is 0.1. The estimations for the other less
probable scenarios have resulted in a probability of 0.1 being assumed for these in the calculations,
however, the probabilities are judged to be lower than that. The results for annual risk in the calculation
cases in the main scenario and in the less probable scenarios are shown in Figure S-10.

The total annual risk is summed up taking into account that the main scenario and the less probable
scenarios are mutually exclusive. Hence, when less probable scenarios contribute to the total annual
risk at a given time, the probability of the main scenario is reduced by the probabilities of the con-
tributing less probable scenarios. Combinations of less probable scenarios have not been considered
in the risk summation.

To avoid underestimating the risk, the less probable scenarios are only included in the summation
of the total risk for time points when they give a higher dose than the main scenario.

The maximum total annual risk is 4.4 x 1077 (Figure S-11, Section S9.1), occurs at 6900 AD, and is
obtained assuming present-day climate for the main scenario and the less probable scenarios, except
for the glaciation scenario. An evaluation based on the development of cold and warm climate con-
ditions gives a lower maximum total annual risk. The total annual risk is thus below SSM’s risk criterion
of 10°°. The contribution of the main scenario dominates the total annual risk, except towards the end
of the assessment period when the contribution from the earthquake scenario is greatest. The other
less probable scenarios also contribute to the total annual risk.
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Figure S-10. Annual risk as a function of time, for the calculation cases in the main scenario (solid lines) and
the less probable scenarios (dashed lines). The annual risk from the less probable scenarios is calculated with
respect to the base case (present-day) climate. The dashed black line represents the regulatory risk criterion.

SKB TR-23-01 35



The contributions to the risk from different waste vaults depend on several factors such as the initial
radiotoxicity of the radionuclides, the flow-limiting and retention capacities of the barrier system,
accumulation and plant uptake of different radionuclides in the surface system, and the relative importance
of different exposure pathways. The silo contributes most to the total annual risk at the time of maxi-
mum risk, while 1BMA dominates in the beginning of the assessment period. Similar to the calculated
dose in the base case, the contributions from Mo0-93 and C-14 dominate the total annual risk when the
maximum occurs, while the very long-lived radionuclides Ca-41 and Ni-59 contribute most to the total
annual risk after about 20 000 years. Risk dilution has been evaluated and is deemed to have a limited
impact on the calculated total annual risk.

Furthermore, additional safety indicators are used to support the assessment of the protective capacity
of the repository. Calculated activity concentrations in environmental media for U-238 and Ra-226
from SFR have been compared with measured background concentrations in Forsmark. In addition,
the calculated concentrations of these radionuclides in water from a drilled well have been compared
with measured concentrations in Swedish wells. Both comparisons show that the calculated concentrations
from SFR are below background concentrations and thus that SFR does not make any significant
contribution to the concentrations of these radionuclides in the environment.

In order to show that biological diversity and the sustainable use of biological resources are protected
against the harmful effects of ionizing radiation, potential dose rates to non-human biota in affected
habitats and ecosystems have been evaluated. The evaluation has been done using the ERICA code
and is carried out for the base case, warm climate calculation case, cold climate calculation case, as
well as the supporting alternative delineation calculation case. In all calculation cases, the maximum
dose rates are three orders of magnitude below the international ERICA screening dose rate (10 uGy h™).
Furthermore, all dose rates are significantly lower than the lower limit of the most restrictive screening
value from the ICRP (4 uGy h'; which only applies to some vertebrates and coniferous trees). Thus,
populations of non-human biota are not expected to be affected by radionuclides from the repository.

S9 Conclusions of the safety assessment

The main objective of the post-closure safety assessment is to demonstrate that SFR is radiologically
safe for humans and the environment after closure. Compliance with regulations regarding the protection
of human health and the environment, as well as the robustness of the barrier system, are demonstrated.

S9.1 Protection of human health and the environment

The results from the calculation of the risk of harmful effects after closure show that the risk over the
entire assessment period of 100000 years is below 107 for a representative individual in the group
exposed to the greatest risk (Figure S-11). The risk calculation is based on present-day climate (base
case), which gives the highest maximum total annual risk among the variants of climate conditions.

Collective doses have been calculated for a global population (for C-14 releases) and a regional
population around the Baltic Sea (for all radionuclide releases) for relevant calculation cases in
the main scenario and the less probable scenarios. The calculated collective doses for the selected
calculation cases are 1.6-2.0 man Sv for the global population and 0.12-0.14 man Sv for the
regional population around the Baltic Sea.

The assessment of the biological effects of ionising radiation on the habitats and ecosystems concerned
shows that biodiversity and sustainable use of biological resources are protected against harmful effects
of ionising radiation from SFR.

S$9.2 Robustness of the barrier system

The requirements from SSM concerning safety in connection with the disposal of nuclear material
and nuclear waste means that the repository must be robust, in the sense that regulatory requirements
related to the barrier system and barrier functions as well as the design and construction of the barrier
system are met. The post-closure safety of SFR is maintained through a system of passive barriers.
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Figure S-11. Total annual risk as a function of time, obtained from the weighted summation of the main
scenario and all less probable scenarios using the base case (present-day) climate. The blue shaded area
shows the period of submerged conditions. The dashed black line represents the regulatory risk criterion.

The passive barrier system consists of engineered barriers and natural barriers and is described in
detail in the initial state of SFR. The post-closure safety assessment shows that the barriers contribute
to the containment and prevention or retention of dispersion of radionuclides, either directly or
indirectly by protecting other barriers in the barrier system. This can be illustrated by the results

of the risk calculations that show that none of the radionuclides that contribute most to the total
radiotoxicity at closure give any significant contribution to the total annual risk after closure.

The post-closure safety assessment is based on all features, events and processes (FEPs) potentially
relevant for the post-closure performance of the barriers. Relevant FEPs are addressed in the safety
assessment and the results show that SFR can withstand such FEPs. This conclusion is strengthened
by the analysis of the residual scenarios that aim to illustrate the significance of individual barriers
and barrier functions. These scenarios include cases with hypothetical defects that strongly affect the
barrier functions and includes unrealistic assumptions. Despite this, they result in annual doses in the
same order of magnitude as the dose corresponding to the risk criterion, which in turn is approximately
two orders of magnitude below the annual natural background radiation in Sweden of approximately
1-2 mSv.

Best available technique has been considered in the design of the barrier system, which generally also
leads to optimisation of the repository with respect to risk. Within the framework of the operation of
the existing SFR, waste acceptance criteria have been developed, among other things based on the
results of previous post-closure safety assessments. The revision of the acceptance criteria contributes
to reduced uncertainties in the actual initial state and thus the optimisation of the repository.

The importance of single deficiencies in individual barriers has been analysed in the less probable
scenarios and residual scenarios, and the results show that post-closure safety is not unduly dependent
on a single barrier or barrier function.

§9.3 Confidence in post-closure safety conclusions

There are several aspects of the post-closure safety assessment that strengthen confidence in the compli-
ance regarding the protection of human health and the environment and the robustness of the repository.
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The safety assessment methodology is systematically structured and takes into account the regulatory
requirements regarding the methodology and includes the aspects relevant for assessing post-closure
safety and protection of human health and the environment. The methodology is thus adequate to

be able to draw firm conclusions from the results of the post-closure safety assessment regarding
regulatory compliance.

The post-closure safety assessment is based on a well-defined initial state. The site of the extension
of the repository has been characterised in detail and was selected based on requirements on post-
closure safety. The barrier design is coupled to the overall post-closure safety principles limitation of
the activity of long-lived radionuclides and retention of radionuclides. The waste form and packaging
as well as the different characteristics and the radiotoxicity of the radionuclides have been the basis
for barrier design of the different waste vaults. The waste with the main part of the radiotoxicity is
disposed in the silo and 1-2BMA that have the engineered barrier systems with the highest retention
capabilities. For low radiotoxicity wastes, a simpler barrier design is accordingly adapted. During
construction, operation and before closure, the barriers are inspected to ensure a well-defined initial
state. The waste acceptance criteria ensure that the properties of the disposed waste are appropriate
in relation to post-closure safety.

The assessment of post-closure safety is based on an adequate understanding of the evolution of the
repository and its environs. The site of the SFR has been thoroughly investigated and characterised
in the site descriptive model, and the latest investigations in five core-drilled boreholes confirm the
understanding of the site. The reference evolution is based on a scientifically founded process under-
standing regarding processes affecting the barrier system and the surrounding environs, as described
in the FEP analysis and associated process reports. The reference evolution is the foundation for the
main scenario, which is based on probable evolutions of external conditions and realistic or, where
justified, cautious assumptions with respect to internal conditions. Scenario uncertainties are evaluated
with a set of less probable scenarios and also in supporting calculations to the main scenario. The
results from the scenario analysis and associated radionuclide transport and dose calculations have
been interpreted in detail and the sensitivity of the results to various uncertainties has been evaluated.

As long as the area above the repository is submerged beneath the Baltic Sea, groundwater flow through
the waste is very low due to low hydraulic gradients and that the barrier system is limiting the flow.
Human intrusion is restricted by the subsea location. The uncertainties regarding the protective
capability of the repository during this period are low and a large part of the initial radiotoxicity
decays. As the shoreline moves away from the repository, the groundwater flow through the waste
increases until about 5000 AD, when the flow stabilises at a low level due to the flat topography
and the barrier system. The flow-limiting concrete barriers in 1-2BMA degrade slowly and, in the
main scenario, it is not until 22 000 AD that the flow-limiting capabilities are expected to be lost
(Figure S-6). For the radionuclides that dominate the dose in the first 20000 years post-closure,
retention in the repository is important. For the time after 22 000 AD, only very long-lived radio-
nuclides have any significant effect on releases and doses from SFR. The flow-limiting properties of
the bentonite are upheld throughout the entire assessment period. The favourable sorption properties
of concrete provide an effective retention capacity throughout the assessment period for most of
these long-lived radionuclides. Long-lived radionuclides that are weakly or non-sorbing on concrete
are primarily handled with limitation of the inventory in SFR.

The management of uncertainties has been given great attention in the assessment. In SKB’s safety
assessment methodology, management of uncertainties is an integral part. The uncertainties have been
classified as scenario uncertainties, system uncertainties, modelling uncertainties and data uncertainties
and all these types of uncertainties have been taken into account in the safety assessment. A set of
residual scenarios aims to create an understanding of the importance of different barrier functions
and can be seen as bounding cases for the impact of uncertainties.

In summary, the understanding of the initial state and the evolution of the repository system, together
with credible or pessimistic assumptions in the radionuclide transport and dose calculations, and
thoroughly interpreted results, lend confidence in the conclusion that human health and the environment
are protected after closure of the repository.
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1 Introduction

This document is the main report for the post-closure safety assessment that contributes to the preliminary
safety analysis report (PSAR) for SFR, the repository for short-lived radioactive waste at Forsmark in
Osthammar municipality, Sweden (Figure 1-1). The main role of the post-closure safety assessment

is to demonstrate that SFR is radiologically safe for humans and the environment after closure.

This chapter gives a brief overview of the PSAR post-closure safety assessment undertaken as part of
the construction license application for the extension of SFR, the waste disposed in SFR, the repository
layout and relevant regulations. In addition, the purpose and content of this report are described.

1.1 Licensing of SFR

The safety assessment documented in the present report evaluates post-closure safety for SFR, which
consists of the existing part, SFR1 (Figure 1-2, top right, grey part), and the extension, SFR3 (Figure 1-2,
top right, blue part). SFR1 is designed for disposal of short-lived low- and intermediate-level waste
produced during operation of the Swedish nuclear power reactors, as well as waste generated during
the application of radioisotopes in medicine, industry, and research. This part became operational in
1988. SFR3 is designed primarily for disposal of short-lived low- and intermediate-level waste from
decommissioning of nuclear facilities in Sweden. The extension is called SFR3 since the name SFR2
was used in a previous plan to build vaults adjacent to SFR1.

Forsmark

100 200 300 490km

Figure 1-1. Map showing the location of Forsmark. Forsmark is situated in Osthammar municipality,
which belongs to the County of Uppsala.
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Figure 1-2. SKB's existing and planned final repositories. The existing part of SFR (SFR1) is illustrated in
grey and the extension (SFR3) is illustrated in blue.

SFR is operated by the Swedish Nuclear Fuel and Waste Management Company, SKB, and is part of
the Swedish system for management of waste from nuclear power plants, other nuclear activities, industry,
research and medical care. In addition to SFR, the Swedish nuclear waste management system also
includes the repository for spent nuclear fuel and the repository for long-lived radioactive waste (SFL;
Figure 1-2, middle right). A detailed description of the Swedish nuclear waste management system is
given in SKB’s research, development and demonstration (RD&D) programme (SKB TR-22-11).

A prerequisite for the extension of SFR is the licensing of the extended facility, SFR3. The licensing
follows a stepwise procedure. In December 2014, SKB submitted two licence applications to extend and
continue the operation of SFR, one to the Swedish Radiation Safety Authority (SSM) for permission
under the Act on Nuclear Activities (SFS 1984:3) and one to the Land and Environment Court for
permissibility under the Environmental Code (SFS 1998:808).

The applications included a post-closure safety assessment (SKB TR-14-01°) that was a part of the first
preliminary safety analysis report (F-PSAR) for the extended SFR. The applications were complemented
with additional information requested by SSM and the Land and Environmental Court. SSM served

as a statutory referral body for the Court’s review, and the authority submitted a consultation response
to the Court recommending approval of SKB’s licence application in January 2019. During two weeks
in autumn 2019, SKB’s application was examined by the Land and Environmental Court in a main
hearing. In October 2019 SSM submitted their pronouncement to the Swedish Government and
recommended approval of the permission sought by SKB. In November 2019 the Court submitted

its statement to the Swedish Government and recommended approval of the licence application.

The Swedish Government granted permit and permissibility in December 2021.

The current step in the licensing of the extended SFR is the processing of the construction license
application, submitted by SKB to SSM for review under the Act on Nuclear Activities. The licence
documentation consists of an application document and a set of supporting documents. A central

* For SKB reports without named authors, the report number is used instead of publication year when referring
to them in the text.
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supporting document is the preliminary safety analysis report (PSAR), with a general part consisting
of 10 chapters. Chapter 9 of the general part of that report addresses post-closure safety and the present
report is the main reference to Chapter 9.

The next step will be an updated safety analysis report (SAR) that reflects the construction of the
facility. The updated SAR needs to be approved by SSM before trial operation of the facility may
commence. The SAR shall then be supplemented, taking the experience of such trial operation into
account, which needs to be approved by SSM before the facility can be taken into regular operation.
The repository is currently estimated to be closed by year 2075.

The main role of the post-closure safety assessment is to demonstrate that SFR is radiologically safe
for humans and the environment after closure. This is done by evaluating compliance with respect to
SSM’s regulations concerning post-closure safety and the protection of human health and the environ-
ment. The post-closure safety of the existing SFR, and subsequently the extended SFR, has been
assessed on several occasions. The preliminary safety report that served as a basis for the government
licence to construct the facility was submitted in 1982, and the supplemented safety report that was
required for the operating licence was finished in 1987. The safety report was then supplemented in
1991 regarding the silo and updated in 1993. The safety assessment SAFE (SKB 2001) was reported
to the regulatory authorities in 2001 and supplements to this were produced in response to the regulator
review comments in 2005 and in the safety assessment SAR-08 (SKB R-08-130). The licence applica-
tion for the extended SFR included the first post-closure safety assessment of both the facility in
operation and the extension (SKB TR-14-01).

1.2 SFR - waste
1.2.1 Waste origin, characteristics, packaging and volumes

Short-lived low- and intermediate-level waste is disposed in SFR. According to the definitions used
by SKB?, which are based on operational considerations, intermediate-level waste requires shielding,
but no cooling, during handling and storage. In contrast, low-level waste can be handled without special
shielding. The waste can be divided into short-lived’ and long-lived, with the activity content in the
short-lived waste being dominated by short-lived radionuclides.®

The physical and radiological properties of the various types of waste disposed in SFR differ and the
waste is packaged, handled and disposed accordingly. The waste disposed in SFR1 has mainly been
produced during operation of the Swedish nuclear power reactors, such as spent ion-exchange resins
from cleaning reactor water, scrap metal from refurbishment and contaminated consumable items such
as protective clothing and equipment. The contamination derives from leakage of radionuclides from
the fuel, or from neutron activation of particles in the reactor water and components of the reactors. Low-
and intermediate-level waste from other Swedish nuclear facilities, including the decommissioned
nuclear reactor Agesta, the decommissioned nuclear research reactors in Studsvik, as well as from
the interim storage facility for spent fuel (Clab) is also disposed in SFR. In addition, legacy waste
from AB SVAFO (a company managing radioactive waste and facilities from early Swedish nuclear
research), Studsvik Nuclear AB (a company treating radioactive waste from hospitals, research and
industry) and Cyclife Sweden AB (a company treating low- and intermediate-level waste from the
nuclear industry and other industries using radiation) is disposed in SFR.

Most of the waste to be disposed in SFR3 originates from the dismantling of the nuclear power plants
and other nuclear facilities. This waste is mainly activated or contaminated reactor components, scrap
metal, concrete and other building materials.

* SKB, 2022. PSAR SFR — Allmin del kapitel 3 — Krav och konstruktionsforutséttningar. SKBdoc 1702855
ver 3.0, Svensk Kérnbréanslehantering AB. (In Swedish.) (Internal document.)

> Short-lived waste is defined according to the IAEA Safety Glossary (IAEA 2018) as “radioactive waste that
does not contain significant levels of radionuclides with a half-life greater than 30 years”. SKB uses a similar
definition, but with 31 years to include cesium-137, which is used as a key radionuclide to estimate the content
of other radionuclides. Waste that is not short-lived is consequently considered long-lived.

¢ In the safety assessment context, radionuclides with a half-life shorter than 31 years.
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The types of waste packaging used in SFR are ISO-containers, concrete tanks, steel drums and concrete
or steel moulds. In the waste vaults 1-2BMA and silo (see Figure 1-6), wastes (e.g. ion-exchange resins,
concentrates and sludge) are either solidified with cement or bitumen or embedded in concrete (solid
waste e.g. trash and scrap metal). This can be preceded by, for example, incineration, compaction,
segmentation or even melting of the wastes. All waste disposed in SFR must conform to approved
waste acceptance criteria (WAC).

The information on waste produced up until the end of 2016 and the future forecast from the inventory
report (SKB R-18-07) show that the volume of decommissioning wastes is expected to be greater
than that of operational wastes (Figure 1-3), but their activity content at closure is generally lower.
SFR will have a capacity of about 180000 m’ in total, and the current forecast for the waste volume
allocated to SFR1 is about 54 000 m* and about 100000 m® for SFR3.

1.2.2 Activity and radiotoxicity of the waste

At the time of disposal, the activity of radionuclides in the waste in SFR is dominated by short-lived
radionuclides, e.g. Fe-55 and Co-60. This means that a large fraction of the activity disposed in SFR
will decay substantially before year 2075, when the repository is estimated to be closed. The total
activity 100 years after closure is about 40 % of its initial value at closure and about 1.5 % remains
after 1000 years (Figure 1-4). Initially, Ni-63 dominates the total activity, with Cs-137 as the second
most contributing radionuclide. Then, from about 600 years after closure, Ni-59 dominates the total
activity until the end of the assessment period.

Ingestion radiotoxicity, below denoted ‘radiotoxicity’, serves to quantify the radiological hazard from
individual radionuclides in a simple way, here defined as the product of the activity of a radionuclide
and its corresponding ingestion dose coefficient. The radiotoxicity of a radionuclide is dependent

on factors such as the type and energy of the radiation it emits and its biokinetic behaviour in the
body. The radionuclides with the highest activity are not necessarily those that contribute the most to
the radiotoxicity of the waste. Initially, the radiotoxicity is dominated by Cs-137, with Ni-63 as the
second most contributing radionuclide (Figure 1-5). SFR1 contains 88 % of the total radiotoxicity

at closure. The total radiotoxicity 100 years after closure is less than 20 % of its initial value and
decreases to about 2.5 % after 1000 years dropping to about 1 % after 10000 years. By the end of
the assessment period, after 100000 years, less than 0.2 % of the initial radiotoxicity remains.

20 000
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16 000 —

Deposition volume (m?3)

Silo 1BMA  2BMA BRT 1BTF 2BTF 1BLA 2BLA 3BLA 4BLA 5BLA

Figure 1-3. Volume of waste allocated to different waste vaults in SFR (see Section 1.3 and Figure 1-6).
Operational waste is shown in blue and decommissioning waste in green.
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Figure 1-4. Contributions from radionuclides to total activity (sum over all radionuclides) as a function of
time after closure of the repository. Other (grey dotted line) includes contributions from all radionuclides
not explicitly shown in the figure. Note that the C-14 activity shown relates only to inorganic C-14 (84 %
of disposed C-14 is in this form). Due to different transport properties of carbon in organic form, inorganic
form and irradiation-induced C-14, these are treated separately in the assessment. The relative activity of

organic and irradiation-induced C-14 is less than 0.1 % of the total initial activity and thus included in the
‘other’ values.
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Figure 1-5. Contributions from radionuclides to total ingestion radiotoxicity (sum over all radionuclides)

as a function of time after closure of the repository. Other (grey dotted line) include contributions from all
radionuclides not explicitly shown in the figure.
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1.3 SFR - layout

SFR is sited and designed with the aim to ensure that the disposal of the nuclear waste included in the
SFR inventory is radiologically safe for humans and the environment.

The SFR waste vaults are located below the Baltic Sea and are connected to the ground surface via
two access tunnels. SFR1 consists of one 70-metre-high waste vault (silo) and four 160-metre-long
waste vaults (IBMA, 1-2BTF and 1BLA), see Figure 1-6. The waste vaults are covered by about
60 metres of bedrock.

SFR3 consists of six waste vaults, varying in length from 255 to 275 m: one waste vault for intermediate-
level waste (2BMA), one waste vault for segmented reactor pressure vessels (1BRT) and four waste
vaults for low-level waste (2-5BLA), see Figure 1-6. The waste vaults are covered by about 120 metres
of bedrock.

The barrier design is adapted to the waste form and the characteristics and radiotoxicity of the radio-
nuclides in the waste. The waste that constitutes the main part of the radiotoxicity is deposited in the
silo and 1-2BMA that have the barrier systems with the highest protective capability. For waste that
contributes with less relative radiotoxicity, the barriers are adapted accordingly with a simpler design.

1.4 Regulations relating to post-closure safety assessments

The criteria to be used to assess the post-closure safety of the repository are defined in regulations
issued by SSM and they are based on various pertinent components of framework legislation, the
most important being the Nuclear Activities Act (SFS 1984:3) and the Radiation Protection Act (SFS
2018:396). Guidance on radiation protection matters is provided by several international bodies and
national legislation is often, as is the case of Sweden, influenced by international recommendations,
such as the IAEA (International Atomic Energy Agency) safety standards.

Figure 1-6. Schematic illustration of SFR. The grey part is the existing repository (SFR1) and the blue part
is the extension (SFR3). The waste vaults in the figure are the silo for intermediate-level waste, 1-2BMA
vaults for intermediate-level waste, 1BRT vault for segmented reactor pressure vessels, 1-2BTF vaults for
concrete tanks and 1-5BLA vaults for low-level waste.
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Regarding the post-closure safety of nuclear waste repositories, there are two more detailed regulations
of particular importance, issued under the Nuclear Activities Act and the Radiation Protection Act
respectively:

» “The Swedish Radiation Safety Authority’s Regulations concerning safety in connection with the
disposal of nuclear material and nuclear waste” (SSMFS 2008:21). The document also contains
general advice on the application of the regulations.

* “The Swedish Radiation Safety Authority’s Regulations concerning the protection of Human Health
and the Environment in connection with the Final Management of Spent Nuclear Fuel and Nuclear
Waste” (SSMEFS 2008:37). The same document contains general advice on the application of the
regulations.

In PSAR general part Chapter 3, all relevant regulatory criteria in relation to post-closure safety
are described together with other regulatory requirements relating to the PSAR. Potential risks to
human health and the environment due to chemotoxic materials in the repository are addressed
in the environmental impact assessment (SKB 2014).

1.5 Post-closure safety assessment
1.51 Overview

Demonstrating that SFR is radiologically safe for humans and the environment after closure is done
by evaluating compliance with respect to SSM’s regulations concerning post-closure safety and the
protection of human health and the environment. Furthermore, the post-closure safety assessment

is being successively developed in the stepwise licensing process for the extended SFR and thus the
results from the PSAR assessment® provide input to the forthcoming updated assessment to be carried
out before trial operation of the facility.

The basis for evaluating compliance is a safety assessment methodology that conforms to the regulatory
requirements regarding methodology, and that supports the demonstration of regulatory compliance
regarding post-closure safety and the protection of human health and the environment. The overall
ten step safety assessment methodology applied has been developed and refined throughout the latest
post-closure safety assessments performed by SKB for SFR as well as for the spent nuclear fuel
repository.

1.5.2 Main developments since the SR-PSU

The PSAR post-closure safety assessment is an update and development of the safety assessment
SR-PSU that was part of the licence application to extend and continue the operation of SFR submitted
in 2014. The updates and developments relate to several aspects. The amendments that were submitted
to SSM during SSM’s license application review are incorporated into the PSAR assessment. SSM’s
findings in their license application review, included in the authority’s statement to the government,
are also considered. Since the SR-PSU assessment, SKB’s RD&D programme has continued with
efforts that are related to the safety assessment (SKB TR-19-24, SKB TR-22-11). These developments
are, for instance, related to the radionuclide inventory, initial state of the concrete barriers and refine-
ments of the safety assessment and underlying data. In the work with the update of the reporting in
the PSAR assessment, the ambition has been to improve the implementation and description of the
methodology and to clarify the arguments presented to facilitate regulatory review.

These amendments are accounted for in the PSAR and examples include the modifications of 1BRT,
exclusion of a planned third access tunnel as a consequence of the decision to segment the reactor
pressure vessels, and the development of the design of 2BMA with increased thickness of the outer
concrete walls and lids of the caissons and inner walls instead of grouting around the waste packages.

7 PSAR SFR — Allmin del kapitel 3 — Krav och konstruktionsforutsittningar. SKBdoc 1702855, ver 3.0,
Svensk Kérnbréinslehantering AB. (In Swedish). (Internal document.)

% For brevity, the PSAR post-closure safety assessment for SFR is also referred to as “the PSAR assessment”
or “the PSAR” in the present report.
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A gas venting system was added to 2BMA. The update of the reference inventory with new information
on materials and activities is an additional important development in the PSAR from SR-PSU. Smoke
detectors that were part of the SR-PSU inventory have now been reallocated to SFL, lowering the
radiotoxicity of the waste significantly. The layout of the tunnels and vaults in the extension of SFR
has been updated and refined. New information gained from RD&D ensures an adequate initial state
for the concrete caissons of 2BMA and the repair measures for IBMA. New information used to
refine the assessment relates to, for example, sorption on cementitious materials of very long-lived
radionuclides of importance for post-closure safety, sorption reduction due to various complexing
agents, future shoreline displacement and data on metal corrosion. New data have also been gathered
for the surface ecosystems on chlorine content in terrestrial vegetation and organic soils, for example.

The description of the safety assessment methodology is improved. This includes a more thorough
description of the management of uncertainties, an update of the set of safety functions (defined as a
role by means of which a repository component contributes to safety) along with improved descriptions
of the initial state FEPs (features, events and processes) and their coupling to safety functions and the
selection of less probable scenarios. The set of scenarios and calculation cases is updated to include
updated information on external conditions and internal processes; and supporting calculation cases
are identified to support the selection of a base case and increase confidence in the results of the
main scenario. The management of uncertainties is also improved by probabilistic handling of data
uncertainties in, for example, the estimation of the inventory, estimation of concentrations of com-
plexing agents, calculation of corrosion in 1BRT and groundwater flow in the radionuclide transport
calculations. The calculation of exposure of non-human biota is updated to include developments

in the method applied to derive dose rates and updates in the underlying data.

Part of the development work for SFR is carried out in relation to the operation of SFR1. This includes
the investigations of the 1BMA repair measures or updates of the inventory or WAC. In general, the
safety assessment is based on the layout, design and data that were available at the point in time when
the assessment was carried out, i.e. a data freeze is applied. The present post-closure safety assessment
that is part of PSAR thus constitutes a base line for subsequent developments carried out in relation
to the operation of the existing SFR. In the results and reporting of such work, the differences from
the present post-closure safety assessment will be discussed. For instance, this can apply to potential
future changes of the details of the inventory. When the developments are finalised, the results will
be incorporated in the work with the subsequent safety assessment that is to be reported as part of
the renewed SAR (FSAR).

1.5.3 Report hierarchy

The construction license application for the extension of SFR consists of an application document and
a set of supporting documents. A central supporting document is the general part of the preliminary
safety analysis report, that consists of ten chapters.” Chapter 9 of that report addresses post-closure
safety, for which the present report constitutes the main basis.

The present report, the Post-closure safety report, is supported by eleven main references for the
post-closure safety assessment. These are listed in Table 1-1 with a brief description of their content
and the abbreviated titles (in bold) by which they are identified in the text. Furthermore, there are
numerous additional references that include documents compiled either by SKB or other organisations,
or that are available in the scientific literature, as indicated in Figure 1-7.

® PSAR SFR — Allmin del kapitel 1 — Introduktion. SKBdoc 1702853, ver 3.0, Svensk Kirnbrinslehantering AB.
(In Swedish.) (Internal document.)
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Table 1-1. Post-closure safety report and main references for the post-closure safety assessment.
The reports are available at www.skb.se

Abbreviated title by which the

reports are identified in this report

and in the main references

Report number

Content

Post-closure safety report
SKB TR-23-01

(this report)

The main report of the PSAR post-closure safety assessment for SFR.

Initial state report
SKB TR-23-02

Description of the expected conditions (state) of the repository at closure. The
initial state is based on verified and documented properties of the repository and
an assessment of its evolution during the period up to closure.

Waste process report
SKB TR-23-03

Description of the current scientific understanding of the processes in the waste
form and in the packaging that have been identified in the FEP processing as
potentially relevant for the post-closure safety of the repository. Reasons are given
as to why each process is handled in a particular way in the safety assessment.

Barrier process report
SKB TR-23-04

Description of the current scientific understanding of the processes in the engineered
barriers that have been identified in the FEP processing as potentially relevant

for the post-closure safety of the repository. Reasons are given as to why each
process is handled in a particular way in the safety assessment.

Geosphere process report
SKB TR-14-05

Description of the current scientific understanding of the processes in the geosphere
that have been identified in the FEP processing as potentially relevant for the
post-closure safety of the repository. Reasons are given as to why each process
is handled in a particular way in the safety assessment.

Climate report
SKB TR-23-05

Description of the current scientific understanding of climate and climate-related
issues that have been identified in the FEP processing as potentially relevant
for the post-closure safety of the repository. Description of the current scientific
understanding of the future evolution of climate and climate-related issues.

Biosphere synthesis report
SKB TR-23-06

Description of the present-day conditions of the surface systems at Forsmark,
and natural and anthropogenic processes driving the future development of those
systems. Description of the modelling performed for landscape development,
radionuclide transport in the biosphere and potential exposure of humans and
non-human biota.

FEP report Description of the establishment of a catalogue of features, events and processes
SKB TR-14-07 (FEPs) that are potentially relevant for the post-closure safety of the repository.
FHA report Description of the handling of inadvertent future human actions (FHA) that are
SKB TR-23-08 defined as actions potentially resulting in changes to the barrier system, affecting,

directly or indirectly, the rate of release of radionuclides, and/or contributing
to radioactive waste being brought to the surface. Description of radiological
consequences of FHAs that are analysed separately from the main scenario.

Radionuclide transport report
SKB TR-23-09

Description of the radionuclide transport and dose calculations carried out for
the purpose of demonstrating compliance with the radiological risk criterion.

Data report Description of how essential data for the post-closure safety assessment are

SKB TR-23-10 selected, justified and qualified through traceable standardised procedures.
Model tools report Description of the model tool codes used in the safety assessment.

SKB TR-23-11
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Figure 1-7. The hierarchy of the Post-closure safety report, main references and additional references in
the post-closure safety assessment.

1.6  This report
1.6.1  Structure of this report

The present Post-closure safety report comprises a description of the assessment and includes
conclusions of importance and arguments for compliance with applicable requirements. It consists
of eleven chapters and eight appendices. The following is a brief description of the contents.

Chapter 1 — Introduction. This chapter describes the background to and the role of the post-closure
safety assessment. In addition, it provides an overview of the radioactive waste, the SFR repository
and its functioning, relevant regulations and the post-closure safety assessment.

Chapter 2 — Methodology. This chapter provides an overall description of the ten-step methodology
used in the safety assessment. This includes the prerequisites for the safety assessment methodology
and its implementation. The management of uncertainties is described at a general level and the
documentation and quality assurance are described.

Chapter 3 — FEPs. This chapter describes the analysis of FEPs potentially influencing the post-closure
safety of SFR. The FEP analysis includes identification of all factors that may influence post-closure
safety of the repository, deciding whether each FEP identified needs to be included in the analysis or
not and documentation of each included FEP.

Chapter 4 — Initial state. This chapter describes the expected state of the repository and its environs
at closure, including uncertainties in the state that may affect the protective capability of the repository.
The description of this initial state is based on the prerequisites of the present assessment, including

the reference waste inventory, repository reference design and the site descriptive model. The chapter

also includes descriptions of the barrier’s contributions to post-closure safety.

Chapter 5 — Safety functions. This chapter describes the method for identifying safety functions
and describes the identified safety functions and safety function indicators.

Chapter 6 — Reference evolution. This chapter describes the probable post-closure evolution of the
repository and its environs, including uncertainties in the evolution that may affect the protective
capability of the repository. This reference evolution starts from the initial state (Chapter 4) and then
follows reference external conditions for the next 100000 years, accounting for FEPs that are likely
to influence the evolution (Chapter 3). First, the evolution is described for the initial period after
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closure when the area above SFR is submerged beneath the Baltic Sea, then the evolution during
the remaining time of the safety assessment, i.e. from the end of the initial, submerged period to
100000 years after closure.

Chapter 7 — Main scenario. The post-closure safety assessment is based on a set of scenarios that
together illustrate the most important courses of development of the repository and its environs. This
chapter describes the main scenario, which takes into account the most probable changes within the
repository and its environs, accounting also for identified uncertainties. The evolution described is
based on the initial state (Chapter 4), the reference external conditions and the reference evolution
(Chapter 6). The main scenario includes three calculation cases to analyse the three considered variants
of external conditions, and a set of supporting calculation cases to provide a sensitivity analysis

of specific uncertainties in external conditions and internal processes important for radionuclide
transport through the repository system. The chapter also includes a description of the radionuclide
transport and dose calculation methodology and a presentation and discussion of the results.

Chapter 8 — Less probable scenarios. Less probable scenarios evaluate scenario uncertainties related
to alternative evolutions of the repository, or variations in the specified initial state or external conditions
that are not evaluated within the framework of the main scenario. This chapter first presents the
selection of less probable scenarios based on a systematic assessment of scenario uncertainties related
to each safety function (Chapter 5). Then the scenarios are described, including an assessment of

the probability of the occurrence of the scenario, and analysed.

Chapter 9 — Residual scenarios. Primarily, residual scenarios aim to illustrate the significance of
individual barriers and barrier functions and how they contribute to the protective capability of the
repository. The residual scenarios comprise sequences of events and conditions that are selected and
studied independently of the probabilities of the occurrences of the scenarios. The results for the
residual scenarios are used as a basis for discussing the robustness of the repository system regarding
the protection of human health and the environment. This chapter presents the selection of the residual
scenarios which are then described and analysed.

Chapter 10 — Annual risk and protection of the environment. This chapter presents the assessment
of the results from the analysis of the scenarios in Chapters 7 and 8 with respect to the radiological
safety for humans and the environment. The methodology for estimating the annual radiological risk
to humans is presented, together with the results for the main scenario, the less probable scenarios
and the sum of the risk from these scenarios. Furthermore, the evaluation of the protection of the
environment is presented. Alternative safety indicators as well as risk dilution are also addressed in
the chapter.

Chapter 11 — Conclusions. This chapter presents the demonstration of compliance with respect to
the protection of human health and the environment as well as the robustness of the barrier system.
The aspects of the assessment that strengthen confidence in the compliance statement are discussed.
Furthermore, the development of the safety assessment and feedback to subsequent steps of the
repository programme are described.

Appendix A — Terms and abbreviations. This appendix comprises terms, acronyms and abbreviations
used in the report.

Appendix B — Handling of requirements from SSMFS 2008:21. This appendix describes how the
regulations in SSMFS 2008:21, “The Swedish Radiation Safety Authority’s regulations and general
advice concerning safety in connection with the disposal of nuclear material and nuclear waste” have
been complied with in the assessment.

Appendix C — Handling of requirements from SSMFS 2008:37. This appendix describes how the
regulations in SSMFS 2008:37, “The Swedish Radiation Safety Authority’s regulations and general
advice concerning the protection of human health and the environment in connection with the disposal
of spent nuclear fuel and nuclear waste” have been complied with in the assessment.

Appendix D — FEPs in the SFR FEP catalogue.

Appendix E — Radionuclide and materials inventory.
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Appendix F — Approach to estimate dose from barrier failure in the silo following an earthquake.
Appendix G — Map of the Forsmark area.

Appendix H — Post-closure safety assessment flowchart. This appendix provides an overview
of the various assessment activities used in the evaluation of repository evolution and radionuclide
transport, as well as the connection between them in the form of data flow.

1.6.2 Contributing experts

Project leader for the PSAR safety assessment has been Jenny Brandefelt. A large number of people
from various fields of expertise have been involved in documenting the post-closure safety assessment.
Contributing experts are listed in each of the main references (see Table 1-1).

Main authors for this report, SKB employees unless otherwise noted, have been Georg Lindgren,
Johan Liakka, Maria Lindgren (Kemakta Konsult AB), Niko Marsic, Per-Gustav Astrand and
Thomas Hjerpe (Kemakta Konsult AB). In addition, the following experts, in alphabetical order,
have significantly contributed to this report: Katrin Ahlford, Patrick Bruines, Per-Anders Ekstrom
(Kvot AB), Svante Hedstrom, Olle Hjerne, Birgitta Kalinowski, Klas Kéllstrom, Diego Mas Ivars,
Teresita Morales, Per Martensson, Karin Pers, Maria Rasmusson, Jan Rosdahl, Peter Saetre, Patrik
Sellin, Frederic Wagner and Ola Wessely.

This report has been significantly improved at different stages by adjustments in accordance with
comments provided by informal and factual reviewers. Many of the experts listed above have also
contributed as informal reviewers. Further informal reviewers have been; Abel Sanchez Juncal,
Fredrik Vahlund, Jens-Ove Nislund, Jesper Petersson, Johan Ohman (GeoSigma), Johannes Johansson,
Kent Werner, Lino Nilsson, Magnus Odén, Olli Nummi (Fortum), Peter Hultgren, Rikard Svenman,
Robert Earon, Russell Alexander (Bedrock geosciences). Factual reviewers have been; Allan Hedin,
Mike Thorne (Mike Thorne and Associates Ltd.) and Jordi Bruno (Amphos 21 Consulting).
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2 Methodology

2.1 Introduction

This chapter presents the methodology used in this post-closure safety assessment. The methodology
was developed in SR-PSU (SKB TR-14-01) based on SKB’s previous safety assessment for SFR1
(SAR-08, SKB R-08-130). Further, it is consistent with the methodology used for the post-closure
safety assessment for the final repository for spent nuclear fuel to the extent appropriate, given

the differences of the two repositories. The methodology used in PSAR is essentially the same as

in SR-PSU with some refinements based on the experience from SR-PSU and regulatory review
comments. The description of the methodology has, however, been revised in response to review
comments, for instance regarding the descriptions of the management of uncertainties.

The core of this chapter is the description of the methodology in ten steps (Section 2.6). Sections 2.2
to 2.5 present some background information and prerequisites for the methodology and its implemen-
tation. These include descriptions of post-closure safety principles for the extended SFR and regulatory
requirements regarding the methodology. Necessary prerequisites include system boundaries and
timescales for the assessment, the reference inventory, the reference design and status of SFR1, as
well as the site descriptive model. Moreover, important inputs are results from previous assessments
and RD&D related to SFR. An account of how uncertainties are managed in the context of the
methodology and its implementation is also given. The present safety assessment is carried out in
the context of the stepwise licensing process and the handling of feedback to subsequent steps in

the SFR repository programme is described in Section 2.7. In the last section of this chapter, 2.8,

a description of documentation and quality assurance within the safety assessment work is given.

2.2 Post-closure safety and safety principles

The overall aim in developing a geological repository for nuclear waste is to ensure that the amounts
of radionuclides reaching the accessible biosphere are such that possible radiological consequences
are acceptably low at all times. SSM has in its post-closure safety regulations (SSMFS 2008:21 and
2008:37) stipulated what level of safety and protection of human health and the environment from
harmful effects of ionising radiation'® (protective capability) shall be achieved and detailed the means
by which this shall be realised. Furthermore, there are requirements on the approach to assessment
of safety and reporting. Important aspects of the regulations are that safety after closure shall be
maintained through a system of passive barriers. Moreover, the function of each barrier shall be to,
in one or several ways, contribute to the containment and prevention or retention of dispersion of
radioactive substances, either directly or indirectly, by protecting other barriers in the barrier system.
These aspects underly the post-closure safety principles set out below.

' In this context, harmful effects comprise cancer (fatal and non-fatal) as well as hereditary effects in humans
caused by ionising radiation, in accordance with ICRP (1991, paragraphs 47-51).
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Post-closure safety principles

The post-closure safety for SFR is based on two safety principles:"

s Limitation of the activity of long-lived" radionuclides is a prerequisite for the post-closure safety
of the repository. The WAC (Section 4.3) and the waste type descriptions ensure that the waste
disposed conforms to applicable requirements including those that relate to post-closure safety.

* Retention of radionuclides is achieved by the functions of the engineered and natural barriers.
The properties of the waste, together with the properties of the waste packaging and of the
engineered barriers in the waste vaults, contribute to safety by ensuring low water flow and
a suitable geochemical environment to reduce the mobility of the radionuclides. The bedrock
surrounding the repository provides stable geochemical and physical conditions and favourable
low groundwater flow conditions.

Thus, while retention of radionuclides relates mainly to the siting and design of the repository,
limitation of the activity of long-lived radionuclides relates to the waste. The two safety principles
are interlinked and applied in parallel. The engineered barrier system is designed for an inventory
that contains a limited amount of long-lived radionuclides, given the conditions at the selected site
and the natural barriers.

The relative importance of the safety principles is determined by the characteristics of different
radionuclides and the evolution of the barrier system and its functions during the assessment period.
The design and siting of the repository provide a higher degree of retention at early times than for
later times when groundwater flow increases due to the transition from submerged to terrestrial con-
ditions and engineered barriers degradation. Especially for mobile radionuclides that contribute to
doses to humans, the limitation of radionuclide activity concentration is of importance. Specifically,
disposal of very long-lived radionuclides with weak or no sorption needs to be limited with respect
to the inventory to be able to meet regulatory criteria related to the protection of human health and
the environment.

2.3 Regulatory requirements regarding methodology

The format and scope of this post-closure safety assessment and, specifically, the criteria to be used
to assess the safety of the repository are defined in regulations from SSM as described in Section 1.4.

The main regulations are SSMFS 2008:21 concerning safety in connection with the disposal of nuclear
material and nuclear waste and SSMFS 2008:37 concerning the protection of human health and

the environment in connection with the disposal of spent nuclear fuel and nuclear waste. Selected
parts of these documents are reproduced in Appendices B and C. The appendices also indicate how
the requirements in the regulations are handled in the post-closure safety assessment by reference

to relevant sections or through a description directly in the appendices.

One part of these regulations that influences the scope of the post-closure assessment is Section 9
of SSMFS 2008:21 that states that the safety analysis shall comprise FEPs that can lead to dispersion
of radioactive substances after closure (see Section 2.6.1). Further, as noted in Section 2.4.2, the
timescale for the assessment is coupled to requirements in both SSMFS 2008:21, Section 10 and
2008:37, Sections 10—12. Appendix 1 in SSMFS 2008:21 is referred to in Section 9 in the same
regulation and explicitly states requirements regarding reporting of analysis methods and post-
closure conditions:

"' It can be noted that the term safety principle is not uniquely defined. Here the term is used in the same way
as in F-PSAR, i.e., to denote a basic idea underlying the repository concept. The term has, however, also been
used in the post-closure safety assessment for the final repository for spent nuclear fuel to denote a starting
point underlying the development of the KBS-3 concept including, for instance, the decision to use natural
materials that show long-term stability in the repository environment. The term safety principle is also used in
TIAEA’s Safety Fundamental SF-1 (IAEA 2006) to denote the ten safety principles that are associated with the
fundamental safety objective to protect people and the environment from harmful effects of ionising radiation.

2 In the safety assessment context, radionuclides with a half-life greater than 31 years (Section 1.2.1).
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The following shall be reported with regard to analysis methods:

— How one or several methods have been used to describe the passive system of barriers in the
repository, its performance and evolution over time, the method or methods shall contribute
to providing a clear understanding of the features, events and processes that can affect the
performance of the barriers and the links between these features, events and processes.

— How one or several methods have been used to identify and describe relevant scenarios for
sequences of events and conditions that can affect the future evolution of the repository, the
scenarios shall include a main scenario that takes into account the most probable changes in
the repository and its environment.

— The applicability of models, parameter values and other assumptions used for the description
and quantification of repository performance as far as reasonably achievable.

— How uncertainties in the description of the barrier system s functions, scenarios, calculation
models and calculation parameters as well as variations in barrier properties have been dealt
with in the safety analysis, including the reporting of a sensitivity analysis showing how the
uncertainties affect the description of the evolution of barrier performance and the analysis
of the impact on human health and the environment.

The following shall be reported with respect to the analysis of post-closure conditions:

— The safety analysis in accordance with Section 9 comprising descriptions of the evolution in
the biosphere, geosphere and repository for selected scenarios, the environmental impact of the
repository for selected scenarios, including the main scenario, thereby considering defects in
engineered barriers and other identified uncertainties.

The regulations also include detailed requirements that relate to the scope of the safety assessment.
Specifically, SSMFS 2008:37 states in what way the collective dose shall be reported (Section 4),
how the probability of harmful effects shall be calculated that underlie the compliance with the risk
criterion (Section 5), how biological effects of ionising radiation in the habitats and ecosystems
concerned shall be described (Section 7) and that consequences of intrusion into a repository shall
be reported for different time periods (Section 9).

The management of uncertainties is an important aspect of a safety assessment, and the regulations
state several requirements. How these are addressed in this assessment is described on a general
level in Section 2.5 and more in detail in Section 2.6. According to the general advice to SSMFS
2008:37, the reporting should include an account of how quality assurance has been used in the
work with the repository and associated risk analyses and this is described in Section 2.8.

2.4 Assessment prerequisites

In addition to the safety principles and regulatory requirements described in the previous sections,
other necessary prerequisites for the post-closure safety assessment are described in this section.

241 System boundaries

The spatial boundaries for the assessment are established by the definition of the repository system,
consisting of the repository and its environs. The repository consists of the disposed waste forms,
waste packaging, engineered barriers and other repository structures. The repository environs consist
of the bedrock surrounding the repository (geosphere) and the surface systems (biosphere) above
the repository that can be affected by radionuclide releases from the repository.

In general, a strict boundary definition is neither necessary nor possible and the same boundaries

are not necessarily relevant to all parts of the safety assessment. Roughly the portions of the surface
systems and bedrock considered in the site descriptive model (SDM, SKB TR-11-04) are regarded as
part of the repository system. The analysis of the surface systems extends downward to the surface
of the bedrock and the analysis of the bedrock extends down to a depth of about 1000 m. Depending
on the analysis context, these definitions may be somewhat modified.
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Future human actions (FHASs) on a local scale are internal to the system, but not issues related to
the characteristics and behaviour of future society at large.

Local effects of climate are internal, but not the climate system on a larger scale. These definitions
relating to system boundaries are used as a basis for the FEP handling to be able to distinguish
between FEPs belonging to the repository system and external FEPs acting from outside the system
(FEP report, Section 2.1.1). These definitions are also used here to delineate the repository system
description.

2.4.2 Timescale for the assessment

The timescale for the assessment is established based on regulatory requirements which requires
knowledge on timescales relevant to the evolution of the repository and its environs.

Regulatory requirements regarding timescale for the assessment

The requirements on the assessment period are described in SSMFS 2008:21 and SSMFS 2008:37.
A safety analysis shall comprise the requisite duration of barrier functions, though a minimum of ten
thousand years (SSMFS 2008:21, Section 10). For the first 1 000 years following repository closure,
the assessment of the repository s protective capability shall be based on quantitative analyses of the
impact on human health and the environment (SSMFS 2008:37, Section 11). For the period after
the first thousand years following repository closure, the assessment of the repository s protective
capability shall be based on various possible sequences for the development of the repository s
properties, its environment and the biosphere (SSMFS 2008:37, Section 12). Both regulations give
recommendations in the form of general advice. For instance, it is recommended that the assessment
should extend at least to the time until the expected maximum consequences regarding risk and
environmental impact have occurred, but no longer than 100000 years. In the present assessment,
the safety of the repository is evaluated over a period of 100000 years.

Time periods relevant for evolution of conditions in the repository environs

During the assessment period, the external conditions will change. The position of the shoreline will
change due to a combination of eustatic changes, i.e. changes in sea level and isostatic changes in
the form of vertical movement of the Earth’s crust which, at Forsmark, is dominated by post-glacial
rebound. The shoreline position will affect the flow and chemistry of groundwater around the repository
and the potential for inadvertent intrusion. Hence, for the evolution of the repository, the following
time periods related to the shoreline position are relevant:

» The initial period, of 1000 years or more, when the area above the repository is submerged beneath
the sea. During this period a low hydraulic gradient, and hence low groundwater flow, in the
bedrock and a limited potential for inadvertent intrusion is expected.

* The period when the repository and its environs is affected by the movement in the position of the
shoreline.

» The period when the repository is located so far inland of the shoreline that steady-state conditions
prevail at repository depth.

In addition, the climate will change during the assessment period. For the evolution of the repository,
the following time periods related to climate are relevant (see further Section 2.6.3 for handling of
climate and climate-related issues):

» Periods when temperate climate conditions prevail. During these periods, the area above the
repository may be submerged under the sea, as today, or alternatively, terrestrial.

» Periods when periglacial climate conditions prevail with presence of permafrost at the surface
and within the bedrock. During these periods, the area above the repository is terrestrial.

» A period of glacial climate conditions followed by a post-glacial period. During the post-glacial
period the area above the repository is first submerged and subsequently terrestrial.
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In summary, the various processes and events occurring during the periods outlined above provide
a well-defined basis for the description of the thermal, hydrological, mechanical and geochemical
evolution of the repository system over the time periods considered in the safety assessment.

Timescales relevant for the radionuclide inventory

As noted in Section 1.2.2, as a result of radioactive decay, less than 2.5 % of the radiotoxicity in the
waste disposed in SFR remains 1000 years after closure. After 100000 years, less than 0.2 % of
the radiotoxicity remains. The radionuclide content disposed in SFR can be divided into short-lived
and long-lived (Section 1.2.1). Only a limited amount of long-lived radionuclides is accepted in the
wastes already disposed or to be disposed in SFR, which is reflected in the WAC and waste type
descriptions. These radionuclides may contribute to the radiological risk at longer times. For the
discussions in this report, a categorisation of radionuclides, based on their half-lives, is used:

» Short-lived radionuclides with a half-life of less than 10 years. These radionuclides are generally
not included in the radionuclide transport calculations, as they will decay during the operational
and resaturation period. To show compliance to the risk criterion, the radiological consequence of
these very short-lived (from the perspective of geological disposal) radionuclides must, however,
be considered. For radionuclides with a half-life less than 10 years Co-60 dominates the radio-
toxicity in the initial inventory (Section 1.2.2). Therefore Co-60 is included in the radionuclide
transport calculations for illustrative purposes.

» Short-lived radionuclides with a half-life longer than 10 years but less than 31 years are included
in the radionuclide transport calculations. These radionuclides will decay to insignificant levels
within a relatively short time. About 10 half-lives of these short-lived radionuclides coincides
with the 300 year period for which institutional control, in an international context (e.g. [AEA
2009), is foreseen to contribute to safety. Examples of radionuclides belonging to this category
are Sr-90 and Cs-137.

* Long-lived radionuclides with a half-life short enough to decay substantially during time periods
assessed. Times of relevance are, for instance, that when the shoreline passes over the repository,
the period up until a well for drinking water may be drilled in the vicinity of the repository, the
period until the concrete barriers totally degrade and lose their function and the period until the
point permafrost reaches repository depth. Examples of radionuclides belonging to this category
are Ni-63, Am-241, C-14 and Mo-93.

» Long-lived radionuclides with half-lives so long that they will not decay substantially during the
100000-year period of the assessment. Examples of such radionuclides are Ni-59, Ca-41, 1-129
and U-238.

2.4.3 Input for determining conditions at repository closure

The expected conditions (state) of the repository and its environs at closure of the repository are
established based on the assumed repository closure in 2075 AD and prerequisites regarding the
disposed waste, repository design and repository site. These are needed as input to the description of
the initial state that constitutes the point of departure for the assessment of the protective capability
of the repository. Necessary information is the reference waste inventory (SKB R-18-07), the reference
design (Initial state report), the status of SFR1, and information from the site investigations con-
ducted on the site for SFR and documented in the site descriptive model (SDM; SKB TR-11-04),
and the Biosphere synthesis report.

2.5 Management of uncertainties

The management of uncertainties is a fundamental aspect of any safety assessment. This is reflected
in SSM’s regulations in which requirements regarding the handling and reporting of uncertainties
related to post-closure safety are stated. It shall be reported how uncertainties in the description of
the barrier system s functions, scenarios, calculation models and calculation parameters as well

as variations in barrier properties have been dealt with in the safety analysis (SSMFS 2008:21,
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Section 10 and appendix 1). The appendix also states that in the reporting of the analysis of post-
closure conditions, identified uncertainties shall be considered in relation to the descriptions of
the evolution of the repository system for selected scenarios. It can be noted that the requirements
in SSMFS 2008:21 also cover the more general requirement in SSMFS 2008:1 with Chapter 4,
Section 1 stating that uncertainties in models, methods and data that are used for safety analyses shall
be taken into account. According to SSMFS 2008:37, Section 10, uncertainties in the assumptions
made shall be described and taken into account when assessing the protective capability of the
repository. In the general advice to SSMFS 2008:21 and 2008:37, recommendations are given

on which types of uncertainties should be considered and how they can be addressed in a safety
assessment.

The safety assessment methodology in ten steps, which is described in Section 2.6, has been developed
accounting for the stated requirements on management of uncertainties. Hence, the management of
uncertainties is an integral part of the methodology. In Section 2.6, the handling of uncertainties in the
steps of the safety analysis is described and some general aspects of uncertainties are discussed here.
These include the classification of uncertainties used in PSAR, the relation between the approaches
to management of uncertainties and the importance of the uncertainties for the results of the safety
assessment, and temporal aspects of uncertainties.

There is no unique way in which to classify uncertainties in a safety assessment. Here the classification
is adopted and described that is suggested in the general advice to SSMFS 2008:21. It captures relevant
aspects that also relate to the recommendations described in the general advice to SSMFS 2008:37
as well as international practice in this type of analysis (e.g. NEA 2012, IAEA 2012). The following
broad definitions are used:

* Scenario uncertainty refers to uncertainty with respect to external conditions and internal processes
in terms of the type, degree and time sequence, resulting in an uncertainty in the future states
of the repository system. It includes uncertainty in, for example, the evolution of the repository
system and climatic and other long-term processes.

» System uncertainty concerns comprehensiveness issues, i.e. the question of whether all aspects
important for the safety evaluation have been identified and whether the assessment is capturing
the identified aspects in a qualitatively correct manner. In short, have all FEPs been identified
and included in a satisfactory manner or has their exclusion been appropriately justified?

*  Modelling uncertainty arises from a necessarily imperfect understanding of the nature of processes
involved in repository evolution which leads to imperfect conceptual models. The mathematical
representation of conceptual models involves some simplification, also contributing to modelling
uncertainty. Imprecision in the numerical solution of mathematical models is another source of
uncertainty that fall into this category.

» Data uncertainty concerns all quantitative input data, i.e. parameter values, used in the assessment.
There are several aspects to consider in the management of data uncertainty. These include cor-
relations between data, the distinction between uncertainty due to lack of knowledge (epistemic
uncertainty) and due to natural variability (aleatoric uncertainty) and situations where modelling
uncertainty is treated by broadening the range of input data. The input data required by a particular
model is in part a consequence of the conceptualisation of the modelled process, meaning that
modelling uncertainty and data uncertainty are to some extent intertwined.

Different aspects of the safety assessment have different impacts on the results that underpin the
compliance discussion. Therefore, a part of the management of uncertainties is to identify the most
important aspects to be able to focus on them. In general, potential measures are to avoid, reduce
and assess uncertainties. The successive enhancement in the identification and evaluation of the
importance of uncertainties is a part of the iterative process of safety assessments. In this case, this
includes the experience from previous safety assessments for the present SFR (i.e. SAFE, Andersson
et al. 1998 and SAR-08, SKB R-08-130) and the update of the safety assessment that was part of the
license application for the extension of SFR (F-PSAR).

Temporal aspects are important for a post-closure safety assessment in general and the management
of uncertainties in particular. This is, for instance, reflected in SSMFS 2008:37 where different
requirements are placed on the assessment for the first thousand years and the time thereafter

(see Section 2.4.2 for details). In general, the uncertainties increase with time due to the need
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for projections of, for instance, external conditions. However, the effect of such uncertainties with
respect to compliance with the risk criterion generally decreases with time due to the decrease of the
radiotoxicity of the inventory.

The strategy for managing uncertainties in the present safety assessment includes several elements.
One element, primarily addressing data uncertainties, is the implementation of a probabilistic approach
to radionuclide transport and dose calculations using input data in the form of probability distributions
(Radionuclide transport report, Section 2.5.4). System and scenario uncertainties are primarily
managed by applying systematic approaches to FEP handling and scenario selection, respectively.
Another element, addressing particularly modelling and data uncertainties, is to opt for cautious or
pessimistic choices to ensure that calculation results, with a high degree of certainty, do not under-
estimate any potential radiological consequences. In the present safety assessment (and, in particular,
in this present report, the Radionuclide transport report and the Biosphere synthesis report),
these two terms are used as follows:

» Cautious indicates an expected overestimate of annual effective dose that follows from assumptions
made, or models and parameter values selected, within the reasonably expected range of possibilities.

* Pessimistic indicates an expected overestimate of annual effective dose that follows from assump-
tions made, or models and parameter values selected, beyond the reasonably expected range of
possibilities.

Calculations that serve as input to the radiological risk assessment are, when possible, based on cautious
rather than pessimistic assumptions, models or parameter values. Deliberately pessimistic assump-
tions, models or parameter values may be used in e.g. calculations that are intended to illustrate
and/or bound the effect of a certain process or hypothetical event, but that are not included in the
radiological risk assessment. The choice of cautious or pessimistic approaches may also indicate
availability of data, or lack thereof.

2.6 Methodology in ten steps

Prerequisites for the methodology and its implementation in the present post-closure safety assessment
have been described in the sections above, e.g. system boundaries, timescales, reference inventory,
reference design and the status of SFR1, and information from the site investigations conducted on
the site for SFR. Given these inputs, the safety assessment is carried out in ten main steps. These
steps are partly carried out concurrently and partly consecutively. A graphical illustration of the steps
in the methodology is shown in Figure 2-1. The methodology, and the implementation in subsequent
chapters, is described in the following subsections. Further details of the methodology are sometimes
provided in connection with the implementation, as appropriate. This applies, e.g., to the methodology
applied in the radionuclide transport calculations. Management of uncertainties is an integral part

of the methodology and, in the following subsections, aspects of uncertainty that relate to the steps
are described. It can also be noted that the work carried out in previous assessments is a basis for

the current assessment and that some parts of the present assessment are only updated to a limited
extent. A summary of main developments since the SR-PSU are summarised in Section 1.5.2.

2.6.1 Step 1: FEPs

A FEP is a feature, an event or a process that is potentially relevant for the post-closure safety and
hence needs to be addressed in the assessment. The first step in the methodology is thus to obtain a
comprehensive FEP catalogue in the sense that it covers all these factors. An extensive effort was
undertaken in the previous safety assessment SR-PSU (FEP report) to establish the FEP catalogue
for the assessment of post-closure safety of SFR, based on international and national databases as
well as SKB’s previous safety assessments. The FEP catalogue in the present safety assessment has
been established by performing a validity check of the SFR FEP catalogue from SR-PSU, accounting
for new knowledge, and a check against new international FEP lists (Section 3.3.2). This review
did not lead to any change in the set of FEPs included in the catalogue. The SFR FEP catalogue for
PSAR thus contains the same FEPs as the SR-PSU catalogue and covers all identified factors that
may influence post-closure safety.
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Reference inventory System boundaries RD&D results
and timescales
Reference design Site description Results of earlier
and status SFR1 P assessments
1 FEPs 2 Initial state
Features, events and processes potentially Expected state of repository and its environs
influencing post-closure safety of SFR at repository closure, including uncertainties
3 External conditions 4 Internal processes
- Climate and climate-related issues - Waste and engineered barriers
- Large-scale geological processes and effects - Geosphere and surface systems
- Future human actions
5 Safety functions 6 Input data
- Safety functions of the repository and its environs - Selection, qualification and quality assurance of data
- Measurable or calculable safety function indicators - Documentation of assessment activities and data flow
7 Reference evolution. 8 Scenario selection
Probable post-closure evolution of the repository - Main scenario
and its environs, including uncertainties - Less probable scenarios
- Residual scenarios

9 Scenario analysis 10 Conclusions
- Selection and description of calculation cases Demonstration of compilance
- Radionuclide transport and dose calculations
- Annual risk and protection of the environment

Figure 2-1. An outline of the ten main steps of the present post-closure safety assessment. The boxes above
the dashed line are prerequisites for the methodology and its implementation. The contents of each step are
described in detail in Sections 2.6.1-2.6.10.

The objective of the FEP analysis in the PSAR is two-fold; to make sure that all factors that may
influence post-closure safety are identified and to document the handling of each FEP in the SFR
FEP catalogue for PSAR. In this sense the FEP catalogue constitutes a “look-up-table” with a brief
description of the handling of each FEP and references to relevant reports that detail the handling
further.

The FEPs in the database are classified as 1) initial state FEPs, ii) internal processes or iii) external
FEPs (Chapter 3). The remaining FEPs are either related to the assessment methodology in general
or have been found to be irrelevant to SFR. A detailed description of the handling of FEPs and the
different tools that have been used to ensure a systematic and thorough treatment is given in Chapter 3
and in the FEP report. Furthermore, Appendix D provides tables of the complete set of FEPs included
in the SFR FEP catalogue (PSAR version), including a reference to the corresponding description in
various reports.

Management of uncertainties

The handling of FEPs is an important part of the management of system uncertainties. That is, this step
ensures that all aspects important for post-closure safety have been identified and properly addressed
in the safety assessment. This includes, for instance, handling of FEPs that relate to uncertainties in
the repository evolution and to uncertainties due to defects in engineered barriers and the initial state
of the repository.

58 SKB TR-23-01



2.6.2 Step 2: Description of initial state

The initial state is defined as the expected state of the repository and its environs at closure. The
initial state is fundamental to the safety assessment and requires thorough substantiation. The initial
state of SFR1 is based on verified and documented properties of the wastes and the repository and
an assessment of how these will change up to the time of closure, whereas the initial state of SFR3 is
mainly based on the reference design and present waste prognosis, see the Initial state report. The
WAC and the waste type descriptions ensure that the waste disposed conforms to applicable require-
ments including those that relate to post-closure safety. The initial state of the repository environs is
assumed to be similar to present-day conditions, as described in the site descriptive model, SDM-PSU,
see SKB TR-11-04 and the Biosphere synthesis report. The SDM-PSU is based on the result of the
site characterisation work performed during site investigations and includes data from the bedrock and
the near-surface systems. The resaturation period for the repository occurs after the point in time when
the initial state is defined but is sufficiently short to be neglected for most processes. A summary of
the initial state of the repository and its environs is given in Chapter 4.

Management of uncertainties

Uncertainties in the initial state of the barriers are a central aspect of the safety assessment. The

FEP processing performed in Step 1 resulted in identification of several relevant FEPs related to the
initial state. In the Initial state report uncertainties relating to the different existing waste vaults are
described. Some of the initial state FEPs relate to uncertainties such as potential deviations from the
initial state, which require separate assessment (Section 3.2). Deviations from the expected initial
state may occur for example through undetected mishaps leading to design deviations, incomplete
closure of the repository, etc. The initial state FEPs are considered in the scenario selection described
in Chapter 7 and 8. To limit uncertainties in the initial state, quality control measures are carried out
before closure of the repository (Initial state report). Research and development in relation to the
engineered barriers is carried out to ensure a robust initial state. For instance, tests have been carried
out at Aspd Hard Rock Laboratory to evaluate material and production methods for the concrete
caissons for 2BMA (Martensson and Vogt 2019, 2020) which can also form the basis for production
methods for other concrete structures in SFR3. Furthermore, uncertainties in the inventory of radio-
nuclides and other materials relevant to post-closure safety are also included in the description of the
initial state. Regarding the description of bedrock and surface systems, management of uncertainties
regarding the conceptualisation and parameterisation is an integral part of SDM-PSU and the Biosphere
synthesis report. The confidence in the description and remaining uncertainties have been assessed
and the remaining key uncertainties are discussed elsewhere (SKB TR-11-04, Section 9.8).

2.6.3 Step 3: Description of external conditions

Step 3 in the methodology concerns the description of external conditions. FEPs related to external
conditions identified in step 1 are handled in the three categories climate and climate-related issues,
large-scale geological processes and effects and FHAs. These external conditions and the handling
of related FEPs are described in the Climate report, the Geosphere process report and the FHA
report, respectively.

A key point in the handling of external conditions in SKB’s post-closure safety assessments is the
establishment of reference external conditions for the subsequent analysis. These serve as a basis
for the analysis of the reference evolution (defined in step 7, Section 2.6.7), which in turn supports
definition of the main scenario (step 8, Section 2.6.8). As the evolution of external conditions over
the next 100000 years is associated with considerable uncertainty, for example with regard to future
anthropogenic greenhouse-gas emissions and sea level rise, it is not possible to assign a single
development as probable. Therefore, the reference external conditions are represented by several
developments that span the range of the probable evolution of external conditions at Forsmark.

In addition to the reference external conditions, less probable future evolutions of external conditions
are identified and included in the analysis of scenario uncertainty (Section 2.6.8). Finally, highly unlikely
developments of external conditions that would have a more severe influence on individual barriers
and barrier functions are identified in support of the analysis of residual scenarios (Section 2.6.8).
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Most long-term processes that are relevant to post-closure safety that occur in the surface systems
and bedrock are affected by climate change and climate-related changes. Thus, a central part of
the description of external conditions is the formulation of a well-founded future evolution of the
climate and climate-related processes as described in the following subsection.

The large-scale geological processes that are included in the FEP handling are mechanical evolution
of the Baltic Shield and earthquakes. These processes are in common with the final repository for
spent nuclear fuel since the latter is planned to be located close to SFR. The processes are included
in the Geosphere process report, Section 1.4, with references to the descriptions in the geosphere
process report for the post-closure safety assessment for the final repository for spent nuclear fuel
(SR-Site, SKB TR-10-48).

FHAs may potentially affect the safety functions of the SFR repository and other factors important
for the overall post-closure safety. FHAs are not included in the reference external conditions but
are treated separately as residual scenarios (step 8, Section 2.6.8 and Chapter 9). This follows the
recommendations in the general advice to SSMFS 2008:37 by including several residual scenarios
for inadvertent human impact on the repository’s protective capability. These scenarios are stylised
in the way suggested in the general advice.

Methodology for handling climate and climate-related issues

The methodology for handling the future evolution of climate and climate-related issues is described
in the Climate report, Sections 1.4.2—1.4.3. In summary, the methodology consists of the following
steps.

* Identifying and describing a range within which future climatic conditions and climate-related
processes may vary at the repository site. Within these limits, characteristic climate-related
conditions of importance for repository safety can be identified. The conceivable climate-related
conditions can be represented as climate-driven process domains (Boulton et al. 2001), where such
a domain is defined as “a climatically determined environment in which a set of characteristic
processes of importance for repository safety appear”. In the following parts of this report, these
climate-driven process domains are referred to as climate domains. At a Swedish Baltic Sea
coastal site such as Forsmark, characteristic climate-related conditions can be represented by
the temperate, periglacial and glacial climate domains (Climate report, Section 1.4.3). In short,
the temperate climate domain is defined as a region without the presence of permafrost or ice
sheets, whereas the periglacial and glacial climate domains are defined as regions that contain
permafrost and ice sheets, respectively.

» Identifying and describing a few possible representative climate developments, so-called climate
cases, as a basis for assessing repository safety and the repository’s protective capabilities. These
climate cases are selected so that they together illustrate the most important and reasonably
foreseeable sequences of future climate states and their impact on the protective capability of the
repository and their environmental consequences. The set of climate cases for a specific safety
assessment is chosen to represent conditions covering the range of possible future climate develop-
ment at the repository site that may influence post-closure safety for the specific repository, see
Néslund et al. (2013). The selection of climate cases is based on the (i) identified range within
which future climatic conditions and climate-related processes may vary at the repository site
(see bullet point above) and (ii) knowledge of which processes are of importance for the functioning
of the repository concept under consideration (Step 1). The latter has been obtained from the iterative
process of having performed several safety assessments for a specific repository concept.

» Inthe PSAR, the selection of climate cases is further developed from previous safety assessments
to support the definition of scenarios in accordance with the regulations (SSMFS 2008:37 general
advice Sections 5-7). The main objective is to define climate cases in support of a main scenario,
less probable scenarios and residual scenarios (Step 8). For this purpose, a likelihood assessment
of the future climate evolution is conducted (Climate report, Chapter 4).

Based on these steps, five climate cases are selected for further analysis in the safety assessment.
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The present-day climate case represents a simplified development where present-day climate conditions
prevail for the complete assessment period and the initial shoreline displacement is dominated by
isostatic rebound following the last glaciation. These assumptions result in 100000 years of continued
temperate climate conditions at Forsmark, consistent with a likely future climate evolution during
this time (see below). This climate case also fulfils the regulatory requirement that the description
should include a case where the biosphere conditions prevailing at the time of the application will
not change (SSMFS 2008:37, Section 10 and general advice Sections 10—12).

The warm climate case represents a likely future development where similar-to-present levels of
anthropogenic greenhouse-gas emissions continue for the next few decades, after which they gradually
decline to net-zero emissions at the beginning of the next century. This development results in
100000 years of temperate climate conditions and a prolonged initial period during which the
repository area remains submerged beneath the sea.

The cold climate case represents a future development characterised by substantial reductions in
anthropogenic greenhouse-gas emissions and/or removal of atmospheric CO, by technological
measures. This development results in gradually colder conditions and two periods of periglacial
climate conditions at Forsmark within the latter half of the assessment period.

The glaciation climate case represents an unlikely future development towards colder climate condi-
tions that result in the succession of periglacial, glacial, submerged and temperate climate conditions
at Forsmark within the latter half of the assessment period. This climate case is included to evaluate
scenario uncertainty.

The hypothetical early permafrost climate case represents a highly unlikely future development
characterised by the development of permafrost and periglacial conditions at Forsmark within the next
50000 years. This climate case is included to facilitate illustration of the significance of individual
barriers and barrier functions independently of probabilities, under hypothetical assumptions of early
permafrost development.

A more detailed description of the climate cases used in the present assessment is provided in the
Climate report, Chapter 5.

Selection of reference external conditions

The present-day climate case, warm climate case and cold climate case are chosen as variants of the
reference external conditions, representing the range of probable evolution of the external conditions
at Forsmark over the next 100000 years. Future events related to large-scale geological processes
that affect the post-closure repository safety such as earthquakes are considered unlikely and are
therefore not included as part of the reference external conditions. The external conditions of the
reference evolution are described in Chapter 6 and in the Climate report, Section 5.2. The external
FHA FEPs are not part of the reference external conditions, because the FHAs are not part of the
reference evolution of the repository. The handling of FHAs is described in Chapter 9.

Management of uncertainties

The large-scale geological processes are discussed in SDM-PSU and the uncertainties are assessed
within the SDM (SKB TR-11-04, Section 5.5.2). The confidence level regarding the deformation
history and broad tectonic framework of the region is judged to be high. The uncertainties regarding
climate and climate-related issues can be classified as scenario uncertainty. The management of these
uncertainties follows SSM’s recommendations in the general advice to SSMFS 2008:21 and is handled
by introduction of several variants and calculation cases in the reference evolution and main scenario.
This is also in line with the general advice to SSMFS 2008:37 that states that given the great uncer-
tainties associated with climate evolution in a remote future and to facilitate interpretation of the risk
to be calculated, the risk analysis should be simplified to include a few possible climate evolutions.
In addition, the handling of FHA follows the recommendations in the general advice to SSMFS
2008:37 by including several residual scenarios for inadvertent human impact on the repository’s
protective capability.
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2.6.4 Step 4: Description of internal processes

The FEP processing (Step 1) identifies all internal processes considered to be of potential importance
for the post-closure safety of the repository system. The scientific knowledge and handling of each
of these processes in the post-closure safety assessment are described in detail in the Waste process
report, the Barrier process report, the Geosphere process report, and the Biosphere synthesis
report and underlying reports (SKB R-13-43, SKB R-14-02). The handling in the safety assess-
ment is the key outcome of these descriptions. The number of biosphere FEPs is large and detailed
descriptions of each FEP (within each ecosystem) are provided in underlying reports (SKB R-13-43,
SKB R-14-02). Several of the processes are handled through quantitative modelling, where each
model, in general, includes several interacting processes. The Model tools report provides an
overview of the computer codes used in these modelling activities, as well as computer codes used
in other steps of the methodology. To provide an overview of the various assessment activities and
models used in the evaluation of repository evolution and radionuclide transport, as well as the
connection between them in the form of data flow, a flowchart is provided in Appendix H.

Management of uncertainties

The internal processes are identified in the FEP handling and are described in the process reports for
the waste, the barriers and the geosphere as well as the Biosphere synthesis report including under-
lying reports (SKB R-13-43, SKB R-14-02). For each process that is described in the process reports,
the handling of uncertainties is described in a separate subsection. This includes, for instance, modelling
and data uncertainties. In the Biosphere synthesis report and underlying reports (SKB R-13-43,
SKB R-14-02) different document structures are applied, which include the handling of uncertainties.
Many of the processes are handled with quantitative modelling. This modelling effort relates to
many different disciplines and the management of the uncertainties is adapted to the needs and the
importance of the modelling within the safety assessment. For instance, the combined effects of
bedrock heterogeneity, parameterisation uncertainty and the transient flow regime on the hydrogeo-
logical calculation results are assessed in a sensitivity analysis (Ohman and Odén 2018). In response
to a review comment on SR-PSU by SSM (SSM 2019, Section 2.8), SKB has analysed conceptual
uncertainties (modelling uncertainties) in the near-field radionuclide transport modelling for the silo
and 1-2BMA by using simplified models, see Appendix C in the report describing the radionuclide
transport models for the near- field (Astrand et al. 2022).

In addition, uncertainties relating to internal processes may be handled by defining relevant scenarios
(Section 2.6.8). For instance, the high concentration of complexing agents scenario assesses the effects
of uncertainties in the transport of complexing agents between 1BLA and 1BMA. The uncertainties
may include system uncertainty, scenario uncertainty, modelling uncertainty and data uncertainty.

2.6.5 Step 5: Definition of safety functions

A safety function is a role through which a repository component contributes to safety. The set
of safety functions is an aid for describing the post-closure functioning of the repository and its
components. In addition, they are used for identification of scenarios.

This step consists of identifying and describing the repository system’s safety functions and how
they can be evaluated with the aid of a set of safety function indicators. These consist of measurable
or calculable properties of the waste, engineered barriers, geosphere and surface system. The safety
functions and indicators defined in this assessment are an update of the safety functions and indicators
identified in SR-PSU, accounting for experiences from SR-PSU and regulatory review comments
(Chapter 5).

In SR-PSU, the set of safety functions was based on knowledge of the expected future evolution

of the repository described in terms of the three areas 1) Initial state, 2) Internal processes and 3)
External conditions. In the identification process, the potentially important FEPs were screened and
a list of all potential safety aspects that need to be considered for relevant sub-components was used
as input, based on the description of the initial state in SR-PSU (SKB TR-14-01, SKB TR-14-02).
The two overall safety principles for SFR — limitation of the activity of long-lived radionuclides

and retention of radionuclides (Section 2.2) are in this way broken down and described in terms of
several specified safety functions and safety function indicators (Chapter 5).
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In subsequent steps, the safety functions are used to describe the post-closure functioning of the
repository. More specifically, the status of the safety functions related to the different repository
components is described in Section 8.2. In this context it is noted that a poorly upheld safety function
does not necessarily mean that safety is compromised, but rather that more in-depth analyses are
needed to evaluate safety. The selection of less probable scenarios is based on the evaluation of the
status of the safety functions in the main scenario (Section 2.6.8).

Management of uncertainties

The definition of safety functions is not directly coupled to the management of uncertainties. The
safety functions define the principles of the repository functioning and these definitions are, by their
nature, not subject to uncertainty. However, uncertainties regarding the evolution of the status of the
safety functions are handled within other steps of the safety analysis methodology, most notably in
the selection of less probable scenarios (Section 2.6.8).

2.6.6 Step 6: Compilation of input data

In this step, all data to be used in the quantification of the evolution of the repository and its environs,
and in radionuclide transport and dose calculations, are selected using a structured procedure.

The selection of data is determined by the conditions that exist over the period of relevance, as

well as the identified safety functions and their longevity of applicability, as reported in the Data
report, the Radionuclide transport report, the Biosphere synthesis report and Grolander (2013).
These reports describe how essential data for post-closure safety assessment of the SFR repository
are selected, justified and qualified through traceable standardised procedures. Additionally, the
flowchart in Appendix H describes the flow of input data between the different assessment activities
that are related to steps in the methodology described in this chapter. The flowchart is based on

a database that documents data flows and assessment activities.

Management of uncertainties

In the Data report, Section 2.1, the structured process is described in detail for data that relate to the
safety functions of the repository. A central aspect of the data supply is the data qualification, based
on, among other things, a discussion of modelling uncertainty and data uncertainty due to limited
precision, bias and issues of representativity. Moreover, the spatial and temporal variability of the
data are discussed. The so-called data customer that requests the data (the SKB assessment team),
then judges the adequacy and recommends the data that should be used in the modelling, considering
the uncertainties discussed by the data supplier. The structured process for selection, justification
and qualification of parameters used in radionuclide transport and dose calculations is described in
the Radionuclide transport report, Appendix A, the Data report, the Biosphere synthesis report,
Chapter 8, and Grolander (2013).

2.6.7 Step 7: Reference evolution

In this step, the probable post-closure evolution of the repository and its environs, including uncertainties
in the evolution that may affect the protective capability of the repository, is described (Chapter 6).
This reference evolution starts from the time for the initial state (step 2, Chapter 4), and then follows
the reference external conditions for the next 100000 years (step 3, Section 2.6.3), accounting for
FEPs that are likely to influence the evolution (step 1, Chapter 3). The description builds on the
knowledge gained in the previous steps of the assessment methodology (Section 2.6.1 to 2.6.6), as
well as dedicated studies performed to assess the post-closure evolution of the repository and its
environs. The reference evolution supports the selection (step 8) and analysis (step 9) of the main
scenario (Chapter 7) and less probable scenarios (Chapter 8).

Three variants of the reference external conditions (the present-day variant, warm climate variant
and cold climate variant) are considered. These represent the range of probable evolution of the
external conditions at Forsmark during the next 100000 years (Section 2.6.3). The effect of the variants
of the external conditions on the internal processes and the evolution of the repository system is
described in Chapter 6.
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The description of the reference evolution is divided into two parts. The first part is the evolution

of the repository and its environs during the initial period when the area above SFR is submerged
beneath the sea, including the transition to terrestrial conditions (Section 6.2). The duration of this
period may range from one thousand to several thousands of years depending on the future relative
sea level change at Forsmark, which is represented in the variants of the external reference conditions.
This part includes a detailed description of the evolution of the repository during the first 1000 years
as required in the regulations (Section 2.2, SSMFS 2008:37, Section 11 and general advice).

The second part of the reference evolution includes the evolution of the repository and its environs
during the remaining time of the safety assessment, i.e. from the end of the initial submerged period
to 100000 years after closure for the three variants of external reference conditions (Sections 6.3-6.5).

The post-closure evolution of the repository and its environs under these external conditions is
described for the following:

» Surface systems.
* Bedrock; thermal, mechanical, hydrogeological and groundwater chemistry.

» Repository including waste and engineered barriers; thermal, mechanical, hydrology and chemistry.

Management of uncertainties

The reference evolution is based on the previous steps in the methodology and therefore the treatment
of uncertainties in these steps is propagated into the reference evolution. The reference evolution
concerns many different disciplines that make use of different methods, models and data. The treat-
ment of uncertainties is thus related to the approaches within the different disciplines in the reference
evolution. This includes uncertainties related to all different steps as described in this chapter
(Sections 2.6.1-2.6.6). For instance, a range of probable external conditions is accounted for in the
reference evolution by considering the three different climate variants described in Section 2.6.3.
Potential further uncertainties that are not captured by the reference evolution, e.g. since they are
judged unlikely to occur or that may impair post-closure safety, are evaluated as part of the selection
of less probable scenarios (Section 2.6.8).

2.6.8 Step 8: Selection of scenarios

The assessment of the capability to protect human health and the environment is based on a set of
scenarios that together illustrate the most important courses of development of the repository and
its environs.

The requirements in Section 11 and Appendix 1 of SSMFS 2008:21 stipulate that it shall be reported
how one or several methods have been used to identify and to describe relevant scenarios for sequences
of events and conditions that can affect the future evolution of the repository. The scenarios shall
include a main scenario that takes into account the most probable changes in the repository and

its environment. For the scenarios, description of the evolution in the biosphere, geosphere and
repository shall be included and the environmental impact of the repository shall be reported thereby
considering defects in engineered barriers and other identified uncertainties. In the general advice
of the regulation, it is further detailed how scenarios should be classified and selected. The general
advice on how to show compliance with the risk criterion given in SSMFS 2008:37 also elaborates
on scenarios. It is stated that an assessment of the protective capability of the repository and the
environmental consequences should be based on a set of scenarios that together illustrate the most
important courses of development of the repository, its surroundings and the biosphere (SSMFS
2008:37, general advice to Sections 5-7). Furthermore, the different scenarios should describe how
a given combination of external and internal conditions affects repository performance, given an
initial state of the repository and specified conditions in the environment.

The scenarios in the present assessment thus include a main scenario that takes into account the
most probable changes in the repository and its environment and based on the general advice in the
regulations, also include less probable and residual scenarios.
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The main scenario

The main scenario takes into account the most probable changes within the repository and its environs
based on the initial state (step 2), the reference external conditions (step 3) and the reference evolution
(step 7). It is used as the starting point for the analysis of the impact of uncertainties, particularly

a base case is defined that is used as a starting point for this analysis (step 9), in line with the general
advice to SSMFS 2008:21, Section 9 and Appendix 1. The main scenario includes several calculation
cases (step 9) evaluating uncertainties in external conditions and internal processes potentially impor-
tant for the radionuclide transport through the repository system. The main scenario is described in
Chapter 7.

Less probable scenarios

The aim of less probable scenarios is to evaluate scenario uncertainties and other uncertainties that
are not evaluated within the framework of the main scenario, as recommended in SSM general
advice to SSMFS 2008:21. The selection of less probable scenarios is based on the safety functions
(step 5) and the FEPs (step 1) identified to potentially affect the safety function indicators. For each
safety function, uncertainties in how the initial state, internal processes and external conditions are
specified in the main scenario are evaluated to determine if there is a possibility that the status of the
safety function deviates from that in the main scenario in such a way that post-closure safety may be
impaired. The safety functions are evaluated primarily with respect to the key scenario uncertainties
affecting the safety function indicators, but also considering relevant system, modelling and data
uncertainties (Section 8.2). The evaluation systematically addresses uncertainties in the state of the
safety function indicators relating to the initial state, internal processes, and external conditions.
These uncertainties are discussed based on information given in the reference evolution (Chapter 6),
the Initial state report, the Waste process report, the Barrier process report, the Geosphere
process report and the Climate report.

The probabilities of each less probable scenario are assessed in connection to the scenario descriptions
(Sections 8.3-8.6). In general, the estimation of probabilities is based on expert judgement. Where
data are available, the estimation of probabilities is based on quantitative analyses.

In principle, each less probable scenario could be examined in each variant of reference external
conditions. In practise, however, it is deemed sufficient to evaluate less probable scenarios with the
present-day climate variant. For each less probable scenario, the possible effects of implementing
one of the other variants of reference external conditions is discussed (Section 8.7). If the result for
another variant are judged to give rise to higher dose consequences, this is explored further.

Residual scenarios

In line with the general advice to SSMFS 2008:21 and 2008:37, residual scenarios are selected to
illustrate the significance of individual barriers and barrier functions, the effect of future human
actions that potentially may affect the conditions of the repository, detriment to humans intruding
into the repository, and the consequences of an unsealed repository that is not monitored. The
approach for selecting residual scenarios that illustrate the significance of individual barriers and
barrier functions is based on the safety functions (step 5). Furthermore, the scenarios are selected
to contribute to the discussion of the robustness of the repository regarding the protection of human
health. To this end, the residual scenarios may include hypothetical assumptions that are associated
with a low realism or events with exceptionally low likelihood of occurrence. They comprise sequences
of events and conditions that are selected and studied independently of probabilities and the results
from the residual scenarios are thus not considered in the calculation of risk. Residual scenarios are
described in Chapter 9.

Combinations of scenarios

The different less probable scenarios explore uncertainties that are not handled in the main scenario.
The scenarios are defined based on different assumptions regarding the initial state, internal processes
or external conditions. In principle, the assumptions in the less probable scenarios that differ from
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the main scenario could be combined to form combinations of scenarios. Some assumptions might
be mutually exclusive, while others could be combined in a single scenario. As the scenarios are
less probable, a combination of two or more rather unlikely scenarios will be even more unlikely.
Combinations of scenarios therefore only give significant contributions to the risk if the consequences
of the combined scenario are significantly higher than the individual scenarios that are combined.
It is therefore foreseen that, at most, only a few, if any, of the many possible combinations need to
be explored. It can be noted that the increased use of probabilistic approaches, e.g. in the estimation
of the inventory and groundwater flow in the radionuclide transport calculations, implies that
uncertainties are combined to a greater extent in the main and less probable scenarios compared

to SR-PSU. The need for selection of combinations of scenarios is analysed in Section 8.7.2.

Management of uncertainties

The safety assessment methodology includes scenarios in line with the regulations and the objective
of the selection of scenarios is to handle scenario uncertainties, but other types of uncertainties, such
as modelling uncertainties, may also be relevant. The uncertainties are handled primarily in the main
scenario and the less probable scenarios. A set of supporting calculation cases in the main scenario
evaluate uncertainties for which a low probability of occurrence may not be justifiable or that do

not relate to uncertainties in any safety functions of the repository system. The primary objective of
residual scenarios is to illustrate the significance of individual barriers and barrier functions rather than
evaluating plausible scenario or modelling uncertainties. However, some of the residual scenarios
can be interpreted as bounding cases, thus also bounding the effects of the uncertainties related to the
scenario in question. For instance, the effect of uncertainties in the process of sorption is bounded by
analysing a residual scenario neglecting sorption in the repository entirely.

2.6.9 Step 9: Analysis of selected scenarios

In this step, the scenarios selected in step 8 are first described together with the calculation cases
which evaluate the uncertainties for each scenario. Thereafter, these cases are analysed with respect
to appropriate calculational endpoints, typically annual effective dose to humans and dose rates to
non-human biota.

Description of scenarios

In general, each scenario describes a sequence of events and conditions of the repository and its
environs and how they affect the protective capability of the repository and dose consequences. This
is in line with requirements in SSMFS 2008:21, Section 11 relating to the reporting of a method
for description of relevant scenarios. The main scenario is based on the initial state (step 2), the
reference external conditions (step 3) and the reference evolution (step 7). The scope of the main
scenario, including the management of uncertainties in the scenario, is described in Section 7.2.

The descriptions of the less probable (Chapter 8) and residual scenarios (Chapter 9) focus on the
aspects that differ from the main scenario with regard to the initial state, external and internal
conditions and the evolution of the repository system.

Description of calculation cases

To estimate radiological consequences, the scenarios are evaluated with the aid of calculation cases
that are analysed with mathematical models. For each scenario, calculation cases are identified
and described with respect to the most important assumptions for the calculations, data used in the
modelling and description of the FEPs on which the calculation cases focus. Often, only a single
calculation case is selected per scenario. For some scenarios, however, several calculation cases are
considered necessary in order to evaluate all uncertainties identified by the scenario description. A
calculation case may also include variants selected to evaluate the impact of alternative assumptions
within the framework of the calculation case description. An overview of the calculation cases
included in the present safety assessment is given in Table 2-1.
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Table 2-1. Scenarios and calculation cases analysed in the PSAR (Chapters 7-9).

Scenario

Calculation case

Main scenario

Present-day climate (base case)
Warm climate

Cold climate

Timing of shoreline regression
Delayed release from repository
Subhorizontal fracture

Alternative landscape configurations
Ecosystem properties @

Alternative delineation

Mire object properties

Supporting calculation cases

Calcite depletion @

Glaciation

Glaciation

High concentrations of
complexing agents

High concentrations of complexing agents

scenarios

Alternative concrete evolution

Less probable

Alternative concrete evolution

Earthquake

Earthquake

Hypothetical early permafrost

No effect on engineered barriers »
Effect on engineered barriers

Loss of engineered barrier function

No sorption in the repository
No hydraulic barriers in the repository

Loss of geosphere barrier function

No sorption in the geosphere
No transport retention in the geosphere

Alternative radionuclide inventory

Extended operation of reactors
Increased fuel damage frequency

Extended use of molybdenum-alloy fuel spacers

Oxidising conditions

Oxidising conditions

Initial concrete cracks

Initial concrete cracks

Unrepaired 1BMA

Unrepaired 1BMA

Residual scenarios

Unsealed repository

Unsealed repository

Drilling into the repository ©

Drilling event
Construction on drilling detritus landfill
Cultivation on drilling detritus landfill

Intrusion well ©

Intrusion well

Water management ©

Construction of a water impoundment

Underground constructions ©

Rock cavern in the close vicinity of the repository

Mine in the vicinity of the repository

Included in the risk assessment.

a Described in the Biosphere synthesis report.

® Described in the Radionuclide transport report.

9 FHA scenarios.
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Three calculation cases are selected for the main scenario based on the reference external conditions
(step 3). The present-day climate calculation case is selected as base case in the present safety assess-
ment. The descriptions for all other calculation cases are based on differences from the base case
regarding external conditions as well as the handling of FEPs for the repository (near-field), the bed-
rock surrounding the repository (geosphere) and the surface systems above the repository (biosphere).
The warm climate calculation case and cold climate calculation case of the main scenario represent
the range of probable evolution of the external conditions.

The main scenario is complemented with a set of supporting calculations (Table 2-1), providing sensitivity
analysis of specific aspects coupled to external conditions and internal processes potentially important
for radionuclide transport through the repository system. The objective of these calculations is to
support the selection of assumptions in the base case and improve the confidence in the results of the
main scenario. Given this objective and noting that the supporting calculations are evaluated before
the choice of assumptions in the base case and thus generally result in similar or lower mean annual
doses than the base case, these are not propagated to the summation of radiological risk. The reason
for evaluating these uncertainties in the main scenario, in contrast to the less probable scenarios, is
that a low probability of occurrence may not be justifiable or that they do not relate to uncertainties

in any safety functions of the repository system.

Radionuclide transport and dose calculations

For each calculation case, the radionuclide transport from the repository (near-field) through the bedrock
(geosphere) to the surface system (biosphere) is quantified. The endpoints of the calculations are the
annual effective doses to humans and absorbed dose rates to non-human biota. The term annual dose
is defined as the effective dose from external exposure in a year, plus the committed effective dose
from intakes of radionuclides in that year. It is calculated as the annual effective dose for an adult,
which is considered to provide a sufficiently good approximation of the average exposure during a
lifetime. Further details regarding the definition and calculation of annual effective doses are given

in the Biosphere synthesis report, Section 2.3.5. In the present assessment, dose refers to annual
effective dose and dose rates refer to absorbed dose rates unless otherwise noted. All exposure
pathways deemed to be relevant have been taken into account in the dose calculations.

The resulting effective doses that humans can incur, and for some calculation cases dose rates to biota,
from exposure to repository-derived radionuclides are then evaluated. The details of the calculations
are given in the Radionuclide transport report and summarised for each calculation case in this
report (Chapters 7-9).

As required in SSMFS 2008:37, Section 4, the collective dose is calculated as a result of the expected
release of radioactive substances over a period of 1000 years after closure of SFR. The collective dose
is estimated by summing the annual collective dose over 10000 years. Collective dose is calculated
for the base case and for calculation cases in the main scenario and less probable scenarios with altered
repository-derived releases during the first 1 000 years compared to the base case. The earthquake
calculation case is however excluded, even though releases could be substantially altered if an earth-
quake were to occur within the first 1000 years. The reason is that the annual probability of an earthquake
powerful enough to damage the barriers and to significantly alter radionuclide release is only 10°°
(Section 8.6.1). Hence, the cumulative probability for at least one earthquake to occur is significant
considering the entire assessment period but is two orders of magnitude lower if it is postulated that
the earthquake occurs during the first 1 000 years. The calculation cases for which collective doses
are calculated are the base case, the warm climate calculation case, the alternative concrete evolution
calculation case, and the high concentrations of complexing agents calculation case. The calculation
of collective dose is documented in the Radionuclide transport report, Chapter 9.

Annual risk — protection of human health

The estimation of annual risk based on the results from the dose calculations of the main and less
probable scenarios is described in detail in Section 10.2. SSM has established criteria against which the
results of risk calculations should be evaluated to ascertain whether the repository can be considered
safe. SSMFS 2008:37, Section 5 stipulates that the annual risk of harmful effects may not exceed 10°
for a representative individual in the group exposed to the highest risk from the repository (the most
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exposed group). This corresponds to an annual effective dose of 14 puSv, where the conversion to
dose uses a risk factor of 7.3 percent per Sv (as given in the regulation). This criterion applies if the
exposed group is relatively large. If the exposed group consists of a few individuals, the annual risk
to the most exposed individual can be evaluated against a risk criterion'® of 10 which is equivalent
to an annual effective dose of 140 uSv.

For each of the scenarios defined, radiological consequences have been calculated. The main scenario
and the less probable scenarios are the basis for the risk calculation. The approach taken in the risk
evaluation is described in detail in Section 10.2 and can be summarised as being to:

1. Calculate the conditional risk for each relevant calculation case of the included scenarios, i.e.
multiply the arithmetic mean dose for calculation cases with the dose to risk conversion factor
given in the regulations. This is called a conditional risk, since it assumes that the scenario in
question has occurred.

2. Sum the results from the different calculation cases considering their probability of occurrence
to obtain a total annual risk estimate as a function of time, accounting for some scenarios being
mutually exclusive. The less probable scenarios are only considered for a given point in time
if they yield a larger conditional risk than the main scenario. The probability of occurrence of
the main scenario is lowered by the probability of occurrence of the less probable scenarios that
contribute to the total annual risk such that the total probability is 1.

The estimated time-dependent total annual risk is the basis for the comparison with the risk criteria
in the regulations. The general advice to SSM’s regulations also recommends that the issue of risk
dilution is addressed. Risk dilution in its broadest sense refers to a situation in which an increase in
the uncertainty of the values of input parameters, or in the assumptions with respect to the timing of
an event, leads to a decrease in calculated dose or risk. Risk dilution and its handling are addressed
in Section 10.6.

Protection of the environment

The regulations require that a repository shall be implemented so that biodiversity and the sustainable
use of biological resources are protected against the harmful effects of ionising radiation (SSMFS
2008:37, Section 6). The biological effects of ionising radiation in the habitats and ecosystems
concerned shall furthermore be described (SSMFS 2008:37, Section 7). However, there is no limiting
value for exposure of animals and plants stipulated in SSM’s regulations, nor is there any international
consensus on values that should be used (see further discussion in the Biosphere synthesis report,
Chapter 12). Rather, the consensus is to apply an approach whereby a screening value (or range) is
applied; if dose rates are predicted or calculated to be above such a value or range, it is assumed that
there is the possibility of negative effects to a population of organisms and further assessment is thus
warranted.

The results of the calculations are interpreted with respect to the ERICA screening dose rate (Andersson
et al. 2009, Garnier-Laplace et al. 2010). Consideration is also given to relevant screening benchmarks
recommended by UNSCEAR (2011) and ICRP (2008), where these are more restrictive than the generic
ERICA screening value. The ERICA approach utilises a single screening dose rate of 10 pGy h™'
across all organism types. Given that there are no quantitative regulatory criteria for protection of
the environment with regard to ionising radiation, these values are considered to be relevant for

the assessment of regulatory compliance, noting that the methodology is in line with the general
guidance in ICRP (2003) that SSM recommends in the general guidance to SSMFS 2008:37. The
protection of the environment is discussed in Section 10.8.

" In the present analysis, only the exposure from a drilled well in the well interaction area is considered to be
relevant for a small group (Radionuclide transport report, Section 4.4). To account for this, the calculated
dose to this exposed group is divided by 10 to be comparable to the dose to other exposed populations, instead
of applying the 107° criterion directly. In all other cases the 107 criterion is applied.
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Management of uncertainties

In accordance with SSM’s general advice, the main scenario includes several calculation cases that
relate to uncertainties with respect to external and internal conditions, e.g. several climate variants
are part of the main scenario. Moreover, the supporting calculation cases address scenario and model-
ling uncertainties that are not necessarily associated with a low probability or do not affect the status
of any safety function.

Data uncertainties are accounted for by performing probabilistic simulations. An exception among the
scenarios is the unsealed repository scenario (Section 9.10); as this scenario is highly simplified and
pessimistic, it is considered appropriate to apply only deterministic calculations. Another exception
is the earthquake scenario for which a deterministic simulation was carried out for all radionuclides
except the key radionuclide Ni-59 (Section 8.6). The methodology used for the earthquake scenario
implies that the available computational capacity cannot handle probabilistic simulations for all
radionuclides and thus only probabilistic calculations for the key radionuclide Ni-59 were considered
merited.

The impact of data uncertainty on the annual dose is analysed specifically for the base case
(Section 7.4.6). The treatment of uncertainty in the radionuclide transport and dose calculations

is further described in the Radionuclide transport report, Section 2.5. This includes discussions
of parameter uncertainties and variation as well as numerical uncertainties and code variations.

In relation to dose calculation, human exposure to radionuclides dispersed in the environment is
modelled for representative individuals of four distinct potentially most exposed groups reflecting
diverse sets of relevant exposure pathways as described in Section 7.3.6. This is in line with the
general advice to SSMFS 2008:37.

As suggested in the general advice to SSMFS 2008:21 and 2008:37 alternative safety indicators have
been considered. The estimated activity concentrations in the environment for the main scenario base
case are compared with activity concentrations of naturally occurring radionuclides (Section 10.7).

In the risk calculations, the consideration of uncertainty is inherent, with the included scenarios
being weighted by their estimated probabilities. The uncertainties of the preceding radionuclide
transport and dose calculations are propagated into the risk calculations.

2.6.10 Step 10: Conclusions

The tenth and last step in the safety assessment methodology demonstrates compliance with regard
to the protection of human health and the environment as well as the robustness of the barrier system
(Chapter 11). These aspects are considered to be the central parts of SSM’s post-closure regulations
SSMFS 2008:37 and 2008:21. The robustness of the barrier system relates to barriers and their functions
as well as design and construction utilising best available techniques. This also couples to requirements
on optimisation. A discussion of compliance for each section of the regulations, together with the
handling of the recommendations in the general advice, is presented in Appendices B and C. The
compliance demonstration is based on the results and discussions in the preceding safety assessment
methodology steps, and the most important aspects that strengthen the confidence in the compliance
statement are discussed. Moreover, important developments of the safety assessment since SR-PSU
that consider the comments that SSM highlighted in its review of SR-PSU are described. Finally, the
handling of feedback to subsequent steps in the SFR repository programme is described.

Management of uncertainties

In Chapter 11 the confidence in the compliance statement is discussed and, the role of the management
of uncertainties is highlighted. Furthermore, the feedback to the subsequent steps in the SFR repository
programme inter alia aims at efforts to manage uncertainties, for instance regarding the initial state
of the post-closure safety assessment.
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2.7 Feedback to subsequent steps in the repository programme

The main contribution of the post-closure safety assessment to the preliminary safety analysis report
is to demonstrate that SFR is radiologically safe for humans and the environment after closure. The
assessment is a basis for SSM to evaluate regulatory compliance and to approve the start of facility
construction. However, the safety assessment is also used by SKB as an important input for the detailed
design of the facility, including the barrier system, for defining future RD&D needs, and for the
further development of the safety assessment in future steps. For instance, further development
applies to the estimated conditions in the repository and its environs at repository closure, as well
as the post-closure evolution and WAC, which are important prerequisites for subsequent safety
assessments in the future steps in the SFR repository programme and associated licensing steps.
The stepwise licensing of SFR is briefly described in Section 1.5 and the feedback to subsequent
steps in the repository programme in Section 11.3.2.

2.8 Documentation and quality assurance

The present safety assessment has been conducted in accordance with SKB’s integrated quality
management system that is certified according to ISO 9001:2015 (quality management), ISO
14001:2015 (environmental management) and ISO 45001:2018 (occupational health and safety).
Several processes of the management system relate to the safety assessment work and reporting.
This includes the main process construct, develop, and optimise repository systems and in particular
the subprocess license for nuclear facility that relates to the stepwise licensing process. Moreover,
several support processes are relevant, including performing programs, projects and assignments;
organisation, personnel and competence; management of requirements for repository systems and
repositories; and management of information. A list of the steering documents relevant for the
description in this section is given in Table 2-2.

Based on these overarching processes and related steering documents the program management
plan PSU — stage 1 has been established, which defines the programme-specific steering documents
including the quality plan for the SFR extension programme. The quality plan states that overall
quality objectives are that the preparation of the products within the programme follows SKB’s
quality management system, and to ensure that all finalised products comply with the requirements
that are specified in the programme charter.

For the quality assurance of the safety assessment reports the SKB quality management system process
instructions regarding formal review and preparation of public reports that relate to the process
management of information are important. At a detailed level, procedures for the qualification and
handling of data have been implemented in line with the process management of information. These
are described in the related reports. For instance, the procedure for qualification of input data is
described in detail in the Data report, Section 2.3. The procedure aims infer alia at ensuring scientific
adequacy and traceability of the data. Quality assurance aspects of the FEP-analysis and the FEP-
database are described in detail in the FEP report, Section 2.3 and the quality assurance principles
for the computer codes are described in the Model tools report, Chapter 2. In the process reports,
the structure for establishing the process descriptions is described, e.g. the Waste process report,
Section 1.5. In the Radionuclide transport report, Appendix A, quality assurance aspects of the
data handling relating to the modelling are described.

It is important that the requirements that the post-closure safety puts on the design and construction
of the SFR extension are propagated in an adequate way to other relevant processes and roles. The
process instructions in SKB’s management system concerning management of requirements for
repository systems and repositories and change control management of requirements and design
premises are refined for the SFR repository programme in the programme-specific plan for require-
ment management, verification and validation within PSU.

An important overarching aspect of the quality management is the competence of the persons involved
in the work. The SKB’s management system process instructions on organisation, personnel and
competence give support to ensuring adequate competence and staffing with the aim to develop the
organisation to maintain a high level of safety and to reach the objectives of existing and new activities.
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Table 2-2. Processes, process instructions, and PSU programme specific steering documents
relevant for post-closure safety assessment work and reporting.

Title of process (main process HP,
support process SP), process
instruction or programme specific
steering document

Steering document title (in Swedish)

Document number'

HP 1 Construct, develop, and optimise
repository systems

Processbeskrivning HP1 Uppfora, utveckla
och optimera slutférvarssystem

SKBdoc 1609269, ver 5.0

HP1.4 License for nuclear facility

Tillstand for karnteknisk anlaggning

SKBdoc 1938653, ver 2.0

SP1 Performing programs, projects
and assignments

Processbeskrivning SP1 Genomféra
program, projekt och uppdrag

SKBdoc 1609284, ver 2.0

SP2.2 Organisation, personnel and
competence

Process instruction:

» Organisation, personnel and
competence

Processbeskrivning SP2 Sakra personal
och kompetensfoérsorjning

» Sakra organisation, kompetens och
bemanning

SKBdoc 1908377, ver 3.0

» SKBdoc 1051846, ver 23.0

SP16 Management of requirements
for repository systems and repositories

Process instructions:

» Management of requirements for
repository systems and repositories

» Change control management of
requirements and design premises

Processbeskrivning SP16 Hantera krav pa
slutférvarssystem och slutférvar

* Hantera krav pa slutférvarssystem och
slutforvar

+ Andringshantering av krav och
Konstruktionsférutsattningar

SKBdoc 1886606, ver 6.0

» SKBdoc 1699400, ver 4.0
» SKBdoc 1701954, ver 4.0

SP6.2 Management of information
Process instructions:

» Formal review

» Preparation of public reports

Hantering av dokument

» Sakgranskning
» Framtagning av publika rapporter

SKBdoc 1039085, ver 17.0

+ SKBdoc 1050857, ver 19.0
» SKBdoc 1066520, ver 13.0

PSU - Programme-specific steering doc

uments

Program management plan PSU
— stage 1

Program Management Plan PSU — Etapp 1

SKBdoc 1948878, ver 1.0

Quality plan for the SFR extension
programme

Kvalitetsplan program SFR-Utbyggnad

SKBdoc 1480982, ver 4.0

Programme charter

Project Charter for Projekt SFR-utbyggnad

SKBdoc 1375964, ver 7.0

Plan for requirement management,
verification and validation within PSU

Plan for kravhantering och VoV — PSU

SKBdoc 1479880, ver 3.0

4 Internal document. In Swedish.
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3 FEPs

3.1 Introduction

This chapter describes the analysis of features, events and processes (FEPs) potentially influencing
post-closure safety of SFR. The FEP analysis is one of the main steps in the safety assessment
methodology, as described in Section 2.6.

The FEP analysis includes:

+ Identification of all factors that may influence post-closure safety of the repository, by screening
potentially important FEPs that are contained in international and national databases and SKB’s
previous safety assessments.

» Deciding whether each FEP identified needs to be included in the analysis or not. The motiva-
tions for excluding FEPs are documented in the SKB FEP database.

« Documentation of each included FEP.

In Table 3-1, a description of the terminology used in the FEP analysis and within the SKB FEP
database is given.

An extensive effort to establish the FEP catalogue for the assessment of post-closure safety of SFR
was undertaken in the previous safety assessment SR-PSU (FEP report). The resulting SFR FEP
catalogue (SR-PSU version) contains all identified factors that may influence post-closure safety.
The FEP catalogue in the present safety assessment has been established by performing a validity
check of the SFR FEP catalogue (SR-PSU version), accounting for new knowledge, and a check
against new international FEP lists. As explained in Section 3.4, this review did not lead to any
change in the set of FEPs included in the catalogue.

The objective of the FEP analysis in the PSAR is two-fold; to make sure that all factors that may
influence post-closure safety are identified and to document the handling of each FEP in the SFR
FEP catalogue (PSAR version). In this sense, the FEP catalogue constitutes a “look-up-table” with
a brief description of the handling of each FEP and references to relevant reports that detail the
handling further.

The PSAR FEP analysis procedure is described in Section 3.2. The selection of sources used to
identify relevant FEPs for the PSAR is described in Section 3.3. The FEP audit, comprising review
and update of the FEP catalogue, is described in Section 3.4. The different steps and results from the
FEP processing work are further described in Section 3.5 with separate subsections for each of the
main categories of FEPs. Since only minor changes have been made to the process descriptions and
handling of the FEPs, the SR-PSU FEP report has not been updated and the short name FEP report
refers to the SR-PSU FEP report.
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Table 3-1. Terminology used in the FEP analysis and within the SKB FEP database.

Term

Description

SKB FEP database

The SKB FEP database comprises separate FEP catalogues for all three of SKB’s final
repositories, i.e. SFK, SFR and SFL.

FEP catalogue

Each FEP catalogue contains a list of all FEPs (in the form of FEP records) included in the
safety assessment. In addition, the FEP catalogue may include information such as Couplings
(i.e. Influence tables and diagrams, Process tables and diagrams), Mapping (i.e. NEA mapping
and Matrix mapping), FEP charts, Assessment model flow charts (AMF), Interaction matrices
and references to associated reports (e.g. process reports).

The different FEP catalogues for each performed safety assessment are referred to as versions
of the respective FEP catalogue. A FEP catalogue is denoted by prefixing the name of the
repository and suffixing the version in question, e.g. “The SFR FEP catalogue (PSAR version)”.

FEP list

Alist of FEPs. The term is commonly used for FEP catalogues, or a part of these, in other
national programmes.

FEP record

Each FEP is represented by a FEP record specifying the FEP id, FEP name, main category,
system component and/or subcategory, description, handling, reference and revision.

NEA FEP database

The NEA International FEP database comprises two main components:
« the International FEP (IFEP) list, and

+ project-specific FEP (PFEP) lists.

Every NEA PFEP is mapped to at least one IFEP.

IFEP

The NEA IFEP list contains FEPs relevant to the post-closure safety assessment of solid radio-
active waste repositories that attempts to be comprehensive at a given level of detail and within
defined bounds. This forms a master list and classification scheme by which to examine project-
specific database entries.

PFEP

The NEA PFEP list are a collection of several national FEP lists and databases, with references,
compiled during various repository safety assessments and scenario development studies for
geological disposal programmes.

FEP analysis

FEP analysis is used to denote the entire procedure where FEPs are analysed (identified,
processed and documented) within a safety assessment.

Audit

The systematic review of selected FEP sources, performed to ensure that all relevant factors
influencing post-closure safety are identified. The result of the FEP audit is further treated in
the FEP processing procedure.

Processing

The procedure applied to the FEPs identified in the FEP audit, performed to ensure that all
relevant aspects of a process are addressed in the process description and handled within the
safety assessment. The result of the FEP processing is documented in the SKB FEP database
and in associated reports for the safety assessment.

Handling

The description of the way FEPs are taken into account within the safety assessment.

Mapping

The operation whereby FEPs in the SKB FEP database are mapped to either NEA PFEPs
(i.e. NEA mapping) or to the Interaction matrices (i.e. Matrix mapping).

Coupling

Couplings are used to define the mutual influences between processes and variables. The
couplings within a system component are described using Influence tables, Process diagrams
and Interaction matrices, which are also included in the SKB FEP database.

3.2

FEP analysis procedure

The FEP analysis procedure in the PSAR is based on a review of the FEP catalogue developed for
the SR-PSU. The establishment of the SR-PSU catalogue is documented in the FEP report. The FEP
analysis procedure, schematically illustrated in Figure 3-1, comprises several steps for the SR-PSU
and the PSAR respectively, as explained below. Steps denoted a) to d) relate to work conducted in
the SR-PSU (see the FEP report, Section 2.2), while steps e) to /) relate to the PSAR.
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SR-PSU FEP analysis procedure

a)

b)

d)

FEP sources. Selection of sources for the FEP processing comprises the SFR1 Interaction matrices,
including associated reports from the previous safety assessments for SFR, SAFE and SAR-08
(SKB R-01-13, SKB R-08-12); the SFK FEP catalogue (SR-Site version) and associated SR-Site
process reports; and the PFEP lists in the NEA International FEP database, version 2.1 (NEA 2006).
In addition, two FEP lists from other low- and intermediate-level waste disposal projects, Olkiluoto
LILW (Hjerpe et al. 2021) in Finland and Rokkasho 3 in Japan (unpublished version), were included.

FEP audit. A preliminary FEP catalogue was established based on the contents of the selected
FEP sources to ensure that all factors relevant to the SR-PSU were identified. The FEPs were
divided into the following seven main categories: initial state, internal processes, system
variables, biosphere, external factors, methodology and site-specific factors. Some of the main
categories are also divided into system components or subcategories, see Section 3.4.1. The
SR-PSU FEP audit is described in more detail in the FEP report, Chapter 3.

FEP processing. The preliminary FEP catalogue was further processed to ensure that all relevant
aspects of the FEPs were addressed in the description and appropriately handled in the SR-PSU.
The processing and handling of FEPs in the SR-PSU were documented in several reports, see
Section 3.3.3, and are described in more detail in the FEP report, Chapter 4.

Establishment of the SFR FEP catalogue (SR-PSU version). Based on the FEP processing, the
SFR FEP catalogue (SR-PSU version) was established. The set of FEPs handled in the reports
listed in Section 3.3.3 comprised the FEP catalogue for the SR-PSU. This FEP catalogue contained
all FEPs that needed to be included in the SR-PSU. The contents of the FEP catalogue are described
in more detail in the FEP report, Chapter 5.

PSAR FEP analysis procedure

e)

g)

h)

FEP sources. The PSAR uses the SFR FEP catalogue (SR-PSU version) together with the
associated reports produced for the SR-PSU, as a basis for the FEP processing (Sections 3.3.1
and 3.3.3). In addition, the following relevant FEP lists from other radioactive waste disposal
projects that became available after the establishment of the SR-PSU are included (Section 3.3.2)

NEA International FEP list version 3.0 (NEA 2019)

— Posiva’s SNF and LILW repositories (Hjerpe et al. 2021)

Posiva’s LILW repository (Nummi et al. 2012)

Ontario Power Generation’s (OPG) LILW repository (NWMO 2011).

FEP audit. This step comprised a simplified audit including a check of the validity of the outcomes
(i.e. the lists of component-specific processes and variables, Interaction matrices, and handling of
FEPs in the assessment) of the SR-PSU FEP analysis (Section 3.3.3). This check comprised two
tasks:

1. Validity check of the SFR FEP catalogue (SR-PSU version) (Section 3.4.1).

2. Check against international and national FEP lists that became available after establishing the
SFR FEP catalogue (SR-PSU version) (Section 3.4.3).

FEP processing. The FEP catalogue was further processed to ensure that all relevant aspects
of the FEPs were addressed in the description and appropriately handled in the PSAR. The
processing and handling of FEPs in the PSAR are documented in several updated SR-PSU
reports (Section 3.5.1).

Establishment of the SFR FEP catalogue (PSAR version) (Section 3.6).

The steps in the PSAR FEP analysis procedure are summarised in the following sections.
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SR-PSU

FEP sources

NEA FEP database SFR FEP catalogue National FEP lists
IFEP list, v 3.0 (SR-PSU version)
and associated reports

[
FEP audit

o Main categories of FEPs
< - -
n Initial state Internal Biosphere Sy.stem External Methodology Site-specific
o processes variables factors factors
| -
FEP processing
SFR FEP catalogue Associated
(PSAR version) reports

Figure 3-1. Schematic illustration of the FEP analysis procedure applied in the SR-PSU and the PSAR.

3.3 FEP sources
3.3.1 The SKB FEP database

The SKB FEP database is used as a tool for documentation of the outcome of the different steps in
the FEP analysis procedure carried out within safety assessments conducted at SKB. Thus, the FEP
database is regarded as a quality assurance instrument. A schematic overview of the two versions of
the FEP catalogue for the SFR repository is shown in Figure 3-2. In addition, the sources included
in the PSAR are shown.

For clarity, the different parts of the SKB FEP database are defined in Table 3-1. The SKB FEP
database comprises FEP catalogues for all three of SKB’s final repositories (i.e. SFK, SFR and SFL).
It also includes the complete list of NEA PFEPs included in the NEA International FEP database
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version 2.1 (NEA 2006). Each NEA PFEP belongs to one of the categories relevant or irrelevant

to the specific safety assessment. The NEA PFEPs considered to be relevant to the specific safety
assessment are mapped to FEPs defined and included in the FEP database for that specific assessment.
The NEA PFEPs considered to be irrelevant to the specific assessment, are included in a list of
assessment-specific irrelevant NEA PFEPs. Thus, each of SKB FEP catalogues constitutes a complete
set of currently known factors that can influence post-closure safety for the repository in question.

The SFR FEP catalogue (SR-PSU version) used the SR-Site version as input together with the SFR1
Interaction matrices. The approach adopted for FEP analysis and the structure of the FEP database
for SFR1, developed using interaction matrices, are documented for the previous safety assessments,
SAFE and SAR-08 (SKB R-01-13, SKB R-08-12). The database for SFR1, with Interaction matrices,
was superseded and relevant information from it was transferred via Matrix mapping into the SFR
FEP catalogue (SR-PSU version) (FEP report).

The PSAR uses the SFR FEP catalogue (SR-PSU version) together with the associated reports produced
for the SR-PSU, as a basis for the FEP audit and processing. A more detailed description of the
SKB FEP database can be found in the FEP report.

NEA IFEPs
v 3.0

National
FEP lists

L]

SR-PSU reports

SFR FEP catalogue
(PSAR version)

Figure 3-2. Schematic overview of the two versions of the FEP catalogue for the SFR repository. The
sources included in the PSAR are also shown. The lighter colours refer to earlier safety assessments, while
the darker colours refer to the current safety assessment.
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3.3.2 Other international and national FEP lists

Since the SR-PSU, FEP lists from other relevant radioactive waste disposal projects have become
available. In the PSAR, the following FEP lists were included in the analysis and checked against
the content of the SFR FEP catalogue (SR-PSU version) (see Section 3.4.3):

* NEA International FEP list version 3.0 (NEA 2019), which the NEA released together with a new
web-based FEP database (version 2.0). The IFEP list has been revised both in terms of its structure
and its content in comparison with the 2000 IFEP list (NEA 2000). Consistent with many of the
more recent PFEP lists (e.g. those from Sweden, Finland and Japan), the new IFEP list is structured
around a classification scheme based on external factors and disposal components (waste package,
repository, geosphere and biosphere), rather than on the 2000 IFEP list scheme that used external,
environment and contaminant factors. Each FEP contains a description, category, commentary
on its relevance to performance and safety and mapping to related FEP(s) in the previous public
version of the IFEP list. In total, 268 IFEPs (including FEP groups and subgroups) are contained
within version 3.0 of the NEA IFEP list.

* Posiva’s SNF and LILW repositories (Hjerpe et al. 2021). A preliminary version of the FEP list
for SC-OLA, which is Posiva’s safety case in support of the operating licence application for a
geologic disposal facility situated at Olkiluoto. This facility comprises a repository for disposal
of spent nuclear fuel based on the KBS-3V design and a repository for the low- and intermediate-
level waste arising from the operation and decommissioning of the encapsulation plant for the
spent nuclear fuel.

*  Posiva’s LILW repository (Nummi et al. 2012). FEP list for Posiva’s safety case in support of the
construction licence application for a geologic disposal facility situated at Olkiluoto, limited to
the repository for low- and intermediate-level waste.

*  OPG s LILW repository NWMO 2011). FEP list for the post-closure safety assessment for Ontario
Power Generation’s proposed deep geologic repository for low- and intermediate-level waste at
the Bruce nuclear site in Canada. It should be noted that the geological environment at the Bruce
site differs significantly from the Forsmark site. The OPG repository was planned to be located in
Ordovician sediments overlaid by Silurian sediments. This important difference was kept in mind
when comparing the FEP lists.

3.3.3 The SR-PSU reports

PSAR uses the SFR FEP catalogue (SR-PSU version), together with the associated reports produced
for the SR-PSU, as a basis for the FEP audit and processing (Sections 3.4 and 3.5). The reports where
processing and handling of FEPs was documented in the SR-PSU are listed below.

The processing and handling of initial state FEPs were documented in:

 Initial state report for the safety assessment SR-PSU (SKB TR-14-02, Chapter 12).

* Main report for the safety assessment for SR-PSU (SKB TR-14-01, Section 3.3, Initial state
deviations).

The processing and handling of internal process FEPs were documented in several process reports:

»  Waste form and packaging process report for the safety assessment SR-PSU (SKB TR-14-03).

+ Engineered barrier process report for the safety assessment SR-PSU (SKB TR-14-04).

» Geosphere process report for the safety assessment SR-PSU (Geosphere process report).

The processing and handling of system variable FEPs were documented in:

* Initial state report for the safety assessment SR-PSU (SKB TR-14-02).

» Waste form and packaging process report for the safety assessment SR-PSU (SKB TR-14-03).
» Engineered barrier process report for the safety assessment SR-PSU (SKB TR-14-04).

* Geosphere process report for the safety assessment SR-PSU (Geosphere process report).
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The processing and handling of biosphere FEPs were documented in:

* Biosphere synthesis report for the safety assessment SR-PSU (SKB TR-14-06).

» Components, features, processes and interactions in the biosphere (SKB R-13-43).

» Handling of biosphere FEPs and recommendations for model development in SR-PSU (SKB R-14-02).

The processing and handling of external factor FEPs concerning climatic processes and effects were
documented in:

* Main report for the safety assessment for SR-PSU (SKB TR-14-01, Sections 2.4.3 and 6.2).
* Climate and climate related issues for the safety assessment SR-PSU (SKB TR-13-05).

The processing and handling of external factor FEPs concerning large-scale geological processes
and effects were documented in:

» Geosphere process report for the safety assessment SR-PSU (Geosphere process report).

The processing and handling of external factor FEPs concerning future human actions (FHA) were
documented in:

* Handling of future human actions in the safety assessment SR-PSU (SKB TR-14-08).

The processing and handling of methodology FEPs were documented in:
* Main report for the safety assessment SR-PSU (SKB TR-14-01, Chapters 2 and 3).

The processing and handling of site-specific factor FEPs and other FEPs were documented in:
* Main report for the safety assessment SR-PSU (SKB TR-14-01, Chapter 3).

* Handling of future human actions in the safety assessment SR-PSU (SKB TR-14-08).

* FEP report for the safety assessment SR-PSU (FEP report, Section 4.3.4).

3.4 FEP audit

The purpose of the FEP audit is to ensure that all relevant factors influencing post-closure safety are
identified. For the PSAR, the audit is simplified to a review of previous work including a validity
check (Section 3.4.2) and a check against other FEP lists (Section 3.4.3).

As described in Section 3.2, the SFR FEP catalogue (SR-PSU version) was used as a basis for the audit.
The classification of FEPs used in the SR-PSU is also used in the PSAR, see Section 3.4.1 and the
FEP report, Section 2.1.2. The classification was set up to facilitate the auditing procedure and the
development of the SR-PSU catalogue and it is also a valuable tool used throughout the post-closure
safety assessment.

3.4.1 Classification of the PSAR FEPs

FEPs are classified using the same main categories as were used in the FEP processing for the SR-PSU
(FEP report). Consequently, the PSAR FEPs are divided into the following seven main categories:
initial state, internal processes, system variables, biosphere, external factors, methodology and site-
specific factors. The categories are listed in Table 3-2.

The system analysed in the PSAR, i.e. the repository and its environs, comprises the disposed radioactive
waste and packaging, the engineered barriers surrounding the waste packages, the geosphere and the
biosphere in the proximity of the repository. For the main categories internal processes and system
variables in the FEP catalogue, the system is divided into the following system components: waste
form, concrete and steel packaging, silo barriers, BMA barriers, BRT barriers, BTF barriers, BLA
barriers, plugs and other closure components and geosphere. The main category biosphere comprises
the subcategories: biosphere processes, biosphere subsystem components and biosphere variables.
Based on the nature of the biosphere processes they are subdivided into six subcategories: biological
processes, processes related to human behaviour, chemical, mechanical and physical processes,
transport processes, radiological and thermal processes and landscape development processes.
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The main category external factors, comprises the subcategories: climatic processes and effects,
large-scale geological processes and effects, future human actions and other.

Table 3-2. Classification of FEPs.

Main category System component or Subcategory
Initial state
Internal processes Waste form

Concrete and steel packaging

Silo barriers

BMA barriers

BRT barriers

BTF barriers

BLA barriers

Plugs and other closure components
Geosphere

System variables Waste form

Concrete and steel packaging

Silo barriers

BMA barriers

BRT barriers

BTF barriers

BLA barriers

Plugs and other closure components
Geosphere

Biosphere Biosphere processes
Biosphere subsystem components
Biosphere variables

External factors Climatic processes and effects
Large-scale geological processes
Future human actions

Other

Methodology

Site-specific factors

3.4.2 Validity check of the SFR FEP catalogue (SR-PSU version)

The lists of component-specific processes and variables, and Interaction matrices established for the
SFR FEP catalogue (SR-PSU version) were examined to check if they were still valid. The validity
check, including suggested adjustments, was conducted by the person responsible for the FEPs and
the manager of the post-closure safety assessment in co-operation with the editors of the reports
where processing of FEPs was documented.

It was found in the validity check that there was no need to change the lists of component-specific
processes and variables. Updates were made, but only in process descriptions, which are addressed
in the process reports. In the validity check of the Interaction matrices there was only one change
made, it is now identified that the variable ‘Radiation intensity’ may influence the process ‘Colloid
formation and transport’ (Waste process report, Table 3-13).

3.4.3 Check against other international and national FEP lists

The resulting FEP lists from the validity check were checked against relevant FEP lists from other
radioactive waste disposal projects that became available since establishing the SFR FEP catalogue
(SR-PSU version) (Section 3.3.2). The following FEP lists were included: NEA International FEP
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list version 3.0 (NEA 2019), Posiva’s SNF and LILW repositories (Hjerpe et al. 2021), Posiva’s LILW
repository (Nummi et al. 2012) and OPG’s LILW repository (NWMO 2011). Checking against inter-
national'® and national FEP lists'® did not result in any changes made to the FEP catalogue and no
formal documentation of the outcome of the review was added to the SKB FEP database. The validity
checks are available in two unpublished internal SKB documents.'>'®

3.5 FEP processing

The overall conclusion from the FEP audit described above, is that the SFR FEP catalogue (SR-PSU
version) is still valid for the PSAR. However, during the update of the process reports, modifications
have been made to the handling of internal processes included in the safety assessment. The handling
of each FEP in the PSAR was examined, accounting for new models and approaches applied, compared
with how they were handled in the SR-PSU. This task was typically performed after the assessment
was done or, at earliest, when the handling of a FEP had been decided. The processing, and especially
the handling of the PSAR FEPs, is briefly described for each of the main categories in the following
sections.

3.5.1 The PSAR processing documentation

The reports where processing, including the handling of FEPs, was documented in the SR-PSU are
listed in Section 3.3.3. In the PSAR, updated versions of the following reports have been produced:

e Initial state report

* Waste process report

e Barrier process report

* Climate report

* Biosphere synthesis report
* FHA report.

In addition, the following three SR-PSU reports are used in the PSAR, but not updated:
¢ FEP report
» Components, features, processes and interactions in the biosphere (SKB R-13-43)

* Handling of biosphere FEPs and recommendations for model development in SR-PSU
(SKB R-14-02)

* Geosphere process report.

It should be noted that the FEP audit and processing were implemented as an iterative process, since
the final contents of the updated reports in the list above may be dependent on the outcome of both steps.

The process reports'’ document all internal processes that have been found to be potentially relevant
to post-closure safety of SFR in the waste, the engineered barriers and in the geosphere. The processes
in the biosphere are briefly described in the Biosphere synthesis report; full definitions of the processes
and a detailed description of the handling of the biosphere FEPs in the safety assessment are given

in two supporting biosphere reports for SR-PSU (SKB R-13-43, SKB R-14-02). The documentation
of the processes related to external conditions are addressed in the Climate report, the Geosphere
process report and the FHA report as detailed in Section 3.5.7.

' Hjerpe T, 2022. Avstimning mot NEA IFEP 3.0. SKBdoc 1860518, ver 1.0, Svensk Kérnbrinslehantering AB.
(In Swedish.) (Internal document.)

'® Hjerpe T, 2022. Avstimning mot internationella FEP-listor. SKBdoc 1860515, ver 1.0, Svensk
Kaérnbrinslehantering AB. (In Swedish.) (Internal document.)

'7 Process reports comprise the Waste process report, Barrier process report and Geosphere process report.
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The purpose of the process reports is to document scientific knowledge regarding the processes to
the extent required to deal with them in an adequate manner in the safety assessment. For this reason,
the documentation is not completely exhaustive or detailed from a scientific perspective, because
this is neither necessary for the purposes of the safety assessment nor feasible within the framework
of an assessment. In general, all arguments, along with background data relating to decisions and
supporting references, are given in the process description under relevant headings. Furthermore, the
process reports provide documentation on which expert(s) compiled the fundamental information for
each process. All processes addressed in the process reports are documented according to a common
template comprising the following headings:

* Overview/general description.

* Dependencies between process and variables.

* Boundary conditions.

*  Model studies/experimental studies.

» Natural analogues/observations from nature.

» Time perspective.

* Handling in the safety assessment.

* Handling of uncertainties in the safety assessment.

* Adequacy of references supporting the handling in the safety assessment.

The descriptions of the processes in the biosphere do not strictly follow this template. The main
reason for this is that the biosphere is a complex system consisting of many different subcomponents
with numerous interactions between them, making it impractical to discuss each process in detail
separately.

3.5.2 Summary of FEPs and handling

In Appendix D, a compilation of all FEPs in the SFR FEP catalogue (PSAR version) is provided. For
each FEP, the FEP ID, FEP name and a reference to the corresponding description in various reports,
is given. The full descriptions and handling are very extensive for some FEPs therefore, for practical
reasons, these fields were omitted in Appendix D.

3.5.3 Initial state

The initial state FEPs are either related to an initial state in conformity to the specification given for
the repository design or to deviations from the expected initial state. The former are handled in the
category of system variables, see Section 3.5.5. There are five FEPs included in the main category
initial state. These initial state FEPs that are related to deviations from the expected initial state are
listed in Appendix D, Table D-1, with references given to the corresponding descriptions in the FEP
report and this report.

It was decided to exclude three of the initial state FEPs related to deviations from scenario selection.
One of them is related to severe perturbations like fire, explosions, sabotage and severe flooding
(ISGen01). The reasons for excluding this FEP are i) the probabilities for such events are low and

ii) if they occur, they shall be reported to SSM, their consequences assessed and correcting or
mitigating actions made accordingly. The second FEP excluded concerns effects of phased operation
(ISGen02). Since phased operation is in accordance with the plans, but the whole repository will be
closed at the same time, potential effects of phased operation are not considered to be a deviation from
the initial state. The third FEP excluded is related to effects detrimental to safety after repository
closure caused by monitoring activities (ISGen04). This FEP was excluded from further analysis
because this type of monitoring will not be accepted.

One of the two remaining initial state FEPs concerns the effects of an abandoned, not completely
sealed repository or open monitoring boreholes (ISGen03). This FEP is handled by the residual
scenario unsealed repository (Section 9.10).
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The last initial state FEP concerns undetected design deviations and mishaps during manufacturing,
transportation, deposition and repository operations etc (ISGen05). Measures to avoid or mitigate such
deviations during excavation, manufacturing, handling deposition etc are described in the Initial state
report. To the extent that such deviations may still occur, these issues are handled in the scenario
selection in Sections 8.2.3 and 8.2.6 and included in the less probable scenario alternative concrete
evolution (Section 8.5) and in the residual scenario initial concrete cracks (Section 9.8).

3.5.4 Internal processes

An in-depth understanding and handling of the processes that take place over time in the repository
system is fundamental to the safety assessment. The primary sources of information for this are the
results of decades of research and development work carried out by SKB and other organisations
which has led to the identification and understanding of the main processes relevant to post-closure
safety that are likely to occur in the repository and its environs.

There are 178 FEPs included in the main category internal processes. These are subdivided into the
SFR system components waste form, concrete and steel packaging, silo barriers, BMA barriers, BRT
barriers, BTF barriers, BLA barriers, plugs and other closure components and geosphere. Each FEP
in this category describes a process relevant to one or more of the SFR system components, excluding
the biosphere. The biosphere FEPs are handled as a separate category in the FEP catalogue, see
Section 3.5.6. The various system components are also characterised by several system variables,
see Section 3.5.5. Within a system component, each process is influenced by one or several of the
system variables describing the state of the component, and the process, in turn, influences one or
several of the system variables. The internal process FEPs are further described in the Waste process
report, the Barrier process report and the Geosphere process report.

All internal process FEPs are listed in Appendix D, Tables D-2 to D-4, with references given to the
corresponding descriptions in the respective process report.

3.5.5 System variables

There are 71 FEPs included in the main category system variables. In the same way as for internal
processes, these FEPs are subdivided into the SFR system components waste form, concrete and
steel packaging, silo barriers, BMA barriers, BRT barriers, BTF barriers, BLA barriers, plugs and
other closure components and geosphere. Within a system component, each process is influenced
by one or several of the system variables describing the state of the component, and the process, in
turn, influences one or several of the system variables. The FEPs are used to characterise the system
components, both in terms of the initial state of these variables and their states during repository
evolution. The biosphere FEPs are excluded from the main category system variables in the same
way as they are from the internal processes. Instead, the biosphere FEPs are handled as a separate
main category in the FEP catalogue with their own processes and variables, see Section 3.5.6.

The following system variables are defined for each of the eight system components in the repository
* Qas variables.

*  Geometry.

* Hydrological variables.

* Material composition.

* Mechanical stresses.

* Temperature.

»  Water composition.

For the waste form, two additional system variables are defined
* Radionuclide inventory.

» Radiation intensity.
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This adds up to a total of 58 system variables for the system components in the repository. For the
geosphere, there are 13 FEPs defined with slightly different and more detailed definitions, but they
essentially cover the same topics.

For all system variable FEPs defined for the system components waste form, concrete and steel
packaging, silo barriers, BMA barriers, BRT barriers, BTF barriers, BLA barriers and plugs and
other closure components, the FEP description and handling are identical to that in the SR-PSU.

The system variables are documented in the Waste process report, the Barrier process report,
the Biosphere synthesis report, and the Geosphere process report. The initial state of the system
components in the repository is described in the Initial state report, Chapter 12. A description

of the initial state of the geosphere and the biosphere is provided in Chapter 4 of this report. Each
system variable in these reports is also associated with a FEP record in the FEP catalogue.

All system variable FEPs are listed in Appendix D, Tables D-5 to D-7, with references given to the
corresponding descriptions in the respective process report, the Initial state report and this report.

3.5.6 Biosphere

The biosphere FEPs describe variables or processes relevant to one or several of the biosphere
subsystem components. There are 68 FEPs included in the main category biosphere, identified as
12 biosphere subsystem components (divided into 10 physical components and 2 boundary compo-
nents), 6 biosphere variables and 50 biosphere processes. These are treated separately in the FEP
catalogue, i.e. they are not included in the main categories internal processes or system variables.
The biosphere system components and variables are given in the Biosphere synthesis report and
the biosphere FEPs are documented in the SR-PSU FEP report for the biosphere (SKB R-13-43).

A major effort was directed to the formulation of the biosphere FEPs in the SR-PSU (SKB R-14-02,
FEP report), building on work done for the SR-Site (SKB TR-10-45) and previous safety assess-
ments for SFR. This work also served as a basis for the analysis of biosphere FEPs in the PSAR.
SKB (R-13-43) contains general descriptions of the processes considered to be of importance for the
safety assessment. In addition, it contains definitions of subsystems of the biosphere and variables
needed to describe the evolution of the biosphere in relation to those aspects that are of importance for
radionuclide accumulation and transport. For each biosphere process, biosphere subsystem component
and biosphere variable defined in SKB (R-13-43), a biosphere FEP has been included in the FEP
catalogue.

Based on the nature of biosphere processes, six subcategories of processes can be defined (biological
processes, processes related to human behaviour, chemical, mechanical and physical processes,
transport processes, radiological and thermal processes and landscape development processes). In
the Biosphere synthesis report, these process categories are defined and key processes are briefly
described, pointing out mainly the changes compared with the SR-PSU. In addition, features of the
physical components are briefly described.

Not all identified biosphere processes are expected to be quantitatively important for transport

and accumulation of radionuclides. Of the 50 biosphere processes identified, 45 were considered
sufficiently relevant to consider. However, to incorporate all 45 relevant FEPs into the biosphere
transport end exposure model would result in a very complex model. Instead, many of the FEPs are
included in supporting modelling used to derive parameter values for the biosphere transport and
exposure model. All processes, considered and not considered, have a record in the FEP catalogue. All
PSAR biosphere FEPs are identical to those in the SR-PSU and are listed in Appendix D, Table D-8,
with references given to the corresponding descriptions in the two supporting biosphere reports for
the SR-PSU (SKB R-13-43, SKB R-14-02).

3.5.7 External factors

External conditions at the disposal site may change significantly during the period addressed in the
safety assessment. External conditions and the way in which they change with time are described
within the main category external factor FEPs.
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There are 27 FEPs included in the main category external factor in the FEP catalogue, divided into
the subcategories climatic processes and effects, large-scale geological processes and effects, future
human actions and other, see sections below. The results from the FEP processing of the external
factors are described separately for each subcategory in the following.

All external factor FEPs are listed in Appendix D, Tables D-9 to D-12, with references given to the
corresponding descriptions in the respective report.

Climatic processes and effects

Variations in climate and climate-related issues, such as the ongoing relative sea level change, are
the most important external conditions that influence the conditions in the repository environs and
thus may affect the repository in a time perspective up to a hundred thousand years. Most processes
that are relevant to post-closure safety and that occur in the biosphere or the geosphere are affected
by variations in climate and climate-related issues. The safety assessment must therefore treat the
potential influence of all plausible climate-related changes on the post-closure safety of the repository.

There are seven climatic processes and effects FEPs included in the FEP catalogue. These represent
climate and climate-related issues relevant for the repository site and have been identified to potentially
influence the post-closure safety of SFR. These include climate forcing and climate evolution. Further,
the following climate-related issues of relevance for the repository site in South-Central Sweden are
included: development of permafrost, ice-sheet dynamics and hydrology, glacial isostatic adjustment,
shore-level changes and denudation. The handling of the climatic processes and effects FEPs resulted
in the different climate evolutions considered in the safety assessment (Section 2.6.3).

All climatic processes and effects FEPs are identical to those in the SR-PSU and are documented in
the Climate report and listed in Appendix D, Table D-9.

Large-scale geological processes and effects

The large-scale geological processes are related to the mechanical evolution of the Baltic Shield and
earthquakes, including uplift due to tectonic activity.

The causes of mechanical processes in the geosphere may be of quite different origin, from natural
large-scale processes, such as tectonic plate movements, to fast small-scale events, such as rock fall
in a tunnel. Rock mechanical processes take place in the bedrock due to changes in load or due to
changes in material properties. Irrespective of the nature of the cause, the response in the rock mass
will consist of some displacement and maybe fracturing. Hence, large-scale geological processes are
implicit in the descriptions of intrinsic processes and interactions in the Geosphere process report.
The large-scale mechanical evolution of the Baltic Shield as well as earthquakes are further described
in the SR-Site Geosphere process report (SKB TR-10-48, Sections 4.1.2 and 4.1.3 respectively).
These descriptions also apply to the post-closure safety assessment for SFR.

There are two large-scale geological processes and effects FEPs included in the FEP catalogue and
these are listed in Appendix D, Table D-10.

Future human actions (FHA)

Issues related to FHA include potential human actions that are conducted at, or near, the repository
site and that may affect, either directly or indirectly, the conditions of the repository. The PSAR
addresses inadvertent FHA potentially resulting in changes to the barrier system affecting, directly
or indirectly, the rate of the release of radionuclides from SFR, and radioactive waste being brought
to the surface giving rise to exposure of people at the surface. Inadvertent future human actions are
defined as actions carried out without knowledge of the repository and/or its nature (the location

of the repository, its purpose and the consequences of the actions).

The methodology has been developed so that the technical aspects of FHA FEPs are closely tied
to the safety functions of the repository system and other factors relevant from the perspective of
post-closure safety, such as disposal depth and potential for natural resources. The FHA FEPs have
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been checked against the safety functions and other factors identified as relevant in the context of
assessing FHA for SFR. When identified as important to consider, they have been included in one of
the four FHA scenarios assessed in the PSAR.

There are 17 FHA FEPs defined in the FEP catalogue. These FEPs are documented in the FHA report
and listed in Appendix D, Table D-11.

Other

There is only one FEP defined in the subcategory other in the FEP catalogue and it deals with meteorite
impact. This FEP has been excluded from further handling in the safety assessment. The motivation
for this is that there is very little likelihood over the assessment period that a meteorite big enough

to damage the repository will impact the Earth. The probability that the impact will occur on the
repository site is very low. Moreover, such an impact would cause great damage to the local and
regional biosphere, humans included (Collins et al. 2005). These direct effects of a meteorite impact
are judged to be far more serious than any possible radiological consequences. This is discussed in
the FHA report and the FEP is listed in Appendix D, Table D-12.

3.5.8 Methodology

The methodology FEPs address aspects relevant to the basic assumptions for the assessment and

to the methodology used in it. There are two methodology FEPs (Assessment basis and Assessment
methodology) included in the FEP catalogue. The methodology applied in the safety assessment is
described in Chapter 2.

NEA PFEPs associated with the Assessment basis relate to:

» Biological evolution that might lead to different effects of radiation in the future compared
with today

» Changes in society’s ability to treat cancer or its view on radiation hazards

» Aspects that are addressed in the environmental impact assessment, which is part of the
licence application submitted to the Land and Environment Court for permission under the
Environmental Code (SFS 1998:808), rather than in the post-closure safety assessment.

* Technological advances in food production.

NEA PFEPs associated with the Assessment methodology relate to:
» Data and modelling issues such as correlations and uncertainties
* Design issues

+ Implementation of various features in the modelling.

These NEA PFEPs are all mapped to the corresponding methodology FEP in the FEP catalogue.
The methodology FEPs are listed in Appendix D, Table D-13.

3.5.9 Site-specific factors

The site-specific factor FEPs represent issues that are specifically relevant to the Forsmark site. Two
site-specific factors are included in the FEP catalogue. One is related to the construction of nearby
rock facilities and the other to the nearby nuclear power plant.

Construction of nearby rock facilities concerns the impact of future construction of rock facilities
like the planned spent fuel repository at Forsmark or other underground constructions. Impacts of
the spent fuel repository are not considered in the assessment, since no effects on a closed SFR are
expected except possibly for a small hydraulic impact from the repository during its operational
period (SKB TR-11-01, Section 10.2.5). Other such potential future events have been considered
in the selection and analysis of scenarios related to future human actions, which is reported in the
SR-PSU FHA report (SKB TR-14-08, Section 5.4).
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Issues related to the nearby nuclear power plant concern the potential impact of the Fenno-Skan
cable which is a submarine high voltage direct current power cable between Sweden and Finland.
Corrosion has been observed in down-hole sampling equipment in boreholes at Forsmark and the
effect has been attributed to the influence of electric power cables. Earth currents is one of the
processes included in the Geosphere process report and the impact of earth currents on corrosion
rates is addressed in the Waste process report and the Data report.

The site-specific factor FEPs are listed in Appendix D, Table D-14.

3.6 Establishment of the SFR FEP catalogue (PSAR version)

Based on the FEP analysis described above, the SFR FEP catalogue (PSAR version) was established

and included in the SKB FEP database. The FEP catalogue contains all FEPs that need to be handled in
the PSAR. Each FEP is represented by a FEP record specifying the FEP ID, FEP name, main category,
system component and/or subcategory, description, handling, reference and revision. Table 3-2 sum-

marises the classification of FEPs in the FEP catalogue, which comprises in total 353 FEP records.

In Appendix D, a compilation of all FEPs in the FEP catalogue is provided together with updated
references. The complete information for each FEP is present in the FEP catalogue, including
updated references to the PSAR reports, and in the associated reports, see Section 3.5.1.
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4 Initial state

4.1 Introduction

This chapter describes the expected state of the repository and its environs at closure, including
uncertainties in the state that may affect the protective capability of the repository. The description
of this initial state is based on the prerequisites of the present assessment (Section 2.4.3), including
the year of repository closure expected to be in 2075, the reference waste inventory, the repository
reference design and the site descriptive model. The initial state is the starting point for the description
of the reference evolution (Chapter 6) and thus for the selection and analysis of the main scenario
(Chapter 7) and less probable scenarios (Chapter 8).

This chapter begins with a description of the barriers contributing to post-closure safety (Section 4.2).
Thereafter, the description of the initial state is divided into two major parts; the first part describes
the waste and the repository (Sections 4.3 and 4.4) and the second part describes the conditions in
the environs (Sections 4.5—4.7). The description of the waste and repository represents the estimated
state at the time of closure of the repository, whereas the description of the environs, including the
climate and climate-related conditions, assume that they are similar to present-day conditions.

4.2 Barriers contributing to post-closure safety

The description of the initial state focuses on, but is not limited to, the barrier system of SFR, which
comprises engineered and natural barriers (Table 4-1). The function of each barrier is to, in one or
more ways, contribute to the containment or retention of radioactive substances, either directly or
indirectly by protecting other barriers in the barrier system (Section 2.2). Depending on the waste
vault under consideration, barrier functions may be connected to the waste form (i.e. the waste in

its physical and chemical form after treatment and/or conditioning), waste packaging, grouting,
concrete structures, bentonite, backfill material and plugs. The barrier functions of the geosphere
and the sub-sea location are related to low groundwater flow that limits concrete degradation and
the radionuclide release from the repository, and to avoiding boreholes in the direct vicinity of the
repository. Moreover, the geosphere provides a stable geochemical environment around the repository
with reducing conditions that are favourable for slow steel corrosion and results in effective sorption
on material surfaces in the repository for many elements. The geosphere and the sub-sea location are
also barriers to human intrusion. All vaults will be sealed with plugs (see Section 4.4.8). These plugs
have hydraulic barrier function which reduces the groundwater flow through the vaults. The description
of the barrier functions is an important basis for the definition of safety functions (Chapter 5).

The barrier functions of the various components are described for each vault in Section 4.4. The
components with the most important barrier functions (Table 4-1) are also assigned a safety function;
these are selected in Chapter 5, which also provides additional descriptions complementing those in
Section 4.4. Components with indirect contributions to post-closure safety are still considered barriers.
These include, for example, components providing mechanical stability, which are also included in
Table 4-1 even though they are not assigned a safety function.
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Table 4-1. Barriers essential to the post-closure safety of the SFR repository and its different
vaults, as described under the subsections Barriers contributing to post-closure safety in
Section 4.4.

Silo 1-2BMA 1BRT 1-2BTF 1-5BLA
Waste form Waste form Waste form Waste form' -
Concrete moulds Concrete moulds Concrete packaging? -
Concrete structures?®, Concrete structures® Concrete structures® Concrete structures’,
grout* grout*, cementitious
backfill®
Bentonite® - - - -
Gas evacuation Gas evacuation - - -
system system'®
Backfill (top) Backfill"' Backfill"' Backfill"' -
Plugs™ Plugs™ Plugs™ Plugs™ Plugs™
Geosphere Geosphere Geosphere Geosphere Geosphere
Sub-sea location Sub-sea location Sub-sea location Sub-sea location Sub-sea location

1

Ash-filled drums (concrete between outer and inner drums).
Concrete tanks and concrete moulds.

Slab, outer wall, inner walls and lid.

Grout around waste packages.

1BMA: slab, existing and new outer walls, inner walls and lid.
2BMA: slab below caissons, caissons including slabs, outer and inner walls and lids.

Slab, walls, inner walls between waste packages and lid.

Slab and lid.

At sides between waste packages and rock.

Side bentonite layer, bottom and top sand-bentonite layers.

9 Applies to 2BMA only.

™ Backfill material in waste vaults and in tunnels adjacent to plugs and foundation material on which the structures rest.
"2 Bentonite in plugs in connection with waste vaults and bentonite in plugs in tunnels.

2

3

4

5

6

7

8

9)

4.3 Waste

This section describes the waste in terms of a reference waste inventory and summarises the information
contained in the Initial state report. Waste in its physical and chemical form, after treatment and/or
conditioning where applicable, is here denominated waste form. The waste form together with its
waste packaging constitutes a waste package.

4.3.1 Origin of the waste
Operational waste

A large part of the waste in SFR comes from the operation of the Swedish nuclear power plants.
Radioactive waste stems from radioactive materials produced when neutrons from nuclear fission
in the reactor core react with atoms in surrounding materials, the reactor water or material deposited
on the core surfaces (so called crud) to produce radionuclides. Furthermore, radionuclides are also
formed in the fission process itself and by neutron capture in the fuel material. These radionuclides
are typically contained within the fuel rods but can be released to contaminate the reactor water and
surfaces of the reactor in the case of fuel damage.

The reactor water undergoes clean-up to remove the radionuclides and other impurities. The reactor
water is purified in the reactor’s clean-up circuits by means of ion-exchange resins that retain ionic
radionuclides in the reactor water. The ion-exchange resins serve also as filters to remove contamina-
tion in the form of dispersed particles.

Even though most of the radionuclides are removed from the reactor water by the clean-up system,
all surfaces that come in contact with the reactor water or steam (in the case of a BWR) will be
contaminated to some degree. Hence, even the ion-exchange resins used to purify the water from
the condensers in BWR plants will be radioactive.
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Waste consisting of such ion-exchange resins, as well as mechanical filter resins, evaporator concentrates
and precipitation sludges arises during the operational period.

Some radionuclides are released from the spent fuel stored in storage pools at the nuclear power
plants and at the interim storage Clab. The pools also have clean-up systems with ion-exchange resins
that are used in roughly the same way as in the reactor water clean-up systems.

Solid waste is also generated. Some solid waste consists of components of the primary system or
other active systems at the nuclear facilities, but most consists of material that has been brought
into a controlled area and contaminated and then discarded.

In addition to the waste from the nuclear power plants and Clab/Clink, operational waste is produced
by the activities at Studsvik Nuclear AB, AB SVAFO and Cyclife AB. Operational waste has also
arisen from the Agesta nuclear reactor. Radioactive wastes also arise in other industrial activities,
research and medical care.

Decommissioning waste

Large quantities of contaminated scrap metal and concrete are generated during decommissioning
of nuclear power plants. Most of the decommissioning waste is conventional or is released as con-
ventional waste if the level of radioactivity is shown to be below the regulatory limits for clearance
or after approval from SSM. For the very low-level waste, near-surface repositories are planned to
be used when available. The remaining volumes of short-lived low- and intermediate-level waste are
to be disposed in SFR. Materials that have been close to or within the reactor core, such as control
rods and other core components, are classified as long-lived and are planned to be disposed in the
repository for long-lived low- and intermediate-level waste, SFL.

The reactor pressure vessels (RPVs) of the BWR have sufficiently low levels of activation in the material
to qualify as short-lived waste suitable for disposal in SFR. To limit exposure during decommissioning,
the RPVs and other surfaces of the primary circuits will be decontaminated. Decontamination will
also likely be performed for less active surfaces to achieve activity levels below the clearance limits.
Ion-exchange resins will be used to process the liquid waste from decontamination and the spent resins
are to be disposed in SFR. Secondary waste is also expected from decommissioning when equipment
and material, brought into a controlled area, is contaminated and then discarded.

4.3.2 Materials in the waste

A large part of the radioactivity in the operational waste originates from different water clean-up
systems. This waste consists of bead resin, powdered resin, mechanical filter aids, evaporator con-
centrate and precipitation sludge. The ion-exchange resins consist of organic polymers with acidic
or basic groups, making them capable of cation or anion exchange.

A relatively large fraction of the operational waste consists of metals, mostly carbon steel and stainless
steel. Scrap metal arises mainly during maintenance outages when plant systems are modified,
renovated or dismantled.

The largest volume of raw waste consists of combustible solid waste. However, incineration or disposal
in near-surface repositories, means that the volume remaining for disposal in SFR is comparatively
small. The waste consists mainly of plastics (including PVC, polyamine, polystyrene, polyethylene
and polypropylene) and cellulose-based materials (paper, cotton and wood), although cellulosic waste
has in recent years decreased due to concerns about complexing agents (Section 6.2.8). Ashes from
incineration of this type of waste are also disposed in SFR.

In addition to these materials, operational waste also includes mineral wool, brick and concrete, as
well as small quantities of other materials.

Management of radioactive material that does not come from nuclear-power activities takes place
at the facilities in Studsvik before final disposal. Examples of such waste are spent radiation sources,
equipment containing radiation sources, waste from radiotherapy units, radioactively contaminated
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material and radioactive chemicals. This handling gives rise to scrap metal in the form of iron, stainless
steel and aluminium, and trash in the form of residual products such as ashes and soot from incineration
of combustible waste such as clothing and rags.

The radioactive waste from decommissioning of the nuclear power reactors primarily consists of iron,
steel and concrete. Large quantities of concrete come from the so-called biological shields surrounding
the reactor pressure vessels. In addition to these materials, there are also other metals, sand from
sand beds in the off-gas treatment system and some secondary waste (metals, plastic and cellulose-
based materials).

4.3.3 Waste packaging

Nearly all waste disposed in SFR is contained in some kind of packaging. The different types of
waste packaging in use or planned to be used in SFR are described below and shown in Figure 4-1.

Steel packaging such as containers, steel moulds and drums, will start corroding already during (and
even before) the operational period. However, this corrosion is not expected to be extensive and not
significantly affect their integrity. Corrosion of rebars, in concrete tanks and moulds, that cause small
cracks in the concrete during the operational period cannot be ruled out. This is not expected to be of
importance for the properties of the concrete packages as sorption barriers for radionuclides but may
lead to increased hydraulic conductivity compared with fully intact concrete.

ISO container

ISO containers of steel are used for low-level solid waste from both operation and decommission-
ing, which is disposed in the BLA vaults. Inside the containers, the waste is packed in boxes, bales,
drums or directly in the container. The containers are made of carbon steel and consist of 20-foot
full- and half-height containers and 10-foot full- and half-height containers. A 20-foot full-height
container has outside dimensions of 6.1 mx2.5 mx2.6 m (LxW xH).

Steel mould

Steel moulds are used primarily for cement- or bitumen-solidified waste (ion-exchange resins, filter
aids, evaporator concentrates) or concrete-embedded solid waste, which is disposed in the silo and
1-2BMA. The steel moulds are made of carbon steel. The outside dimensions of the steel moulds are
1.2mx1.2mx1.2m.

Concrete tank

Concrete mould

Figure 4-1. Schematic illustration of waste packaging used or intended to be used in SFR.
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Double mould

SKB plans to use steel double moulds for intermediate-level decommissioning waste that will be
disposed in 2BMA or 1BRT. The waste in double moulds primarily consists of concrete and steel,
but also sand. Among other things, the segmented reactor pressure vessels from BWR are planned
to be disposed in this type of container. The waste is embedded in concrete. The double moulds are
made of carbon steel. A double mould is twice as big as a steel mould. The outside dimensions of
the double mould are 2.4 mx 1.2 mx 1.2 m (Lx W x H).

Steel drum, drum tray

Steel drums are used primarily for cement- and bitumen-solidified waste, which is disposed in the
silo and 1BMA, as well as for ashes, which are disposed in 1BTF. Furthermore, steel drums are used
as inner packaging in some containers and moulds. The standard outer dimensions of the steel drums
are: diameter 0.6 m and height 0.9 m.

Steel drums assigned to the silo and 1BMA are usually handled on a drum tray, normally made of
carbon steel, but some are made of stainless steel. Using a drum tray enables four drums to be handled
at the same time with outside dimensions of 1.2 mx 1.2 m*0.9 m (Lx W xH).

Concrete tank

Concrete tanks are used for dewatered ion-exchange resins, filter aids and sludges, which are disposed
in 1-2BTF. The concrete tanks are made of 15-cm-thick reinforced concrete. The outside dimensions
of a concrete tank are 3.3 mx 1.3 mx2.3 m (LxWxH).

Concrete mould

Concrete moulds are used primarily for solidified waste (ion-exchange resins, filter aids, evaporator
concentrates and sludges) or concrete-embedded solid waste that is disposed in the silo, I-2BMA
and to a lesser extent (used as supporting walls) in IBTF. Concrete moulds are made of reinforced
concrete, normally with a wall thickness of 10 cm, but sometimes thicker. The outside dimensions
of the concrete mould are 1.2 mx 1.2 mx1.2 m.

4.3.4 Waste acceptance criteria (WAC)

The main tool used to ensure that the waste is properly managed and emplaced in the correct waste
vault in SFR is the set of WAC. WAC are quantitative or qualitative requirements given in the safety
analysis report (SAR) for the existing repository and address post-closure safety but also aspects
related to waste handling during the operational period that must be fulfilled for the waste to be
accepted for final disposal. The WAC include general requirements on geometry, dimensions, weight,
labelling and conditioning, as well as radiological, chemical, physical and mechanical requirements.

SFR1 have had a complete, standalone set of WAC since 2012. It has been updated successively
and version 5.0 was approved in 2021."® When the WAC is updated, existing waste types undergo
a compliance control with respect to the new requirements. If not fully compliant, SKB judges
whether the non-compliance has an insignificant impact on the safety of SFR in which case no action
is needed. On the other hand, if measures are warranted, these could for example be updates to the
safety assessment including increased conservatism, or practical measures within SFR.

As of now and until taken into operation, SFR3 has only preliminary WAC, largely based on the
SFR1 WAC.

To systematically classify the wastes, different waste types have been defined. All waste that is dis-
posed in SFR must satisfy an approved waste type description that covers the whole handling sequence
from production to final disposal for each specific waste type. The waste type descriptions contain

'8 Sédergren K, Snis K, Reitti M, 2021. Acceptanskriterier for avfall i SFR. SKBdoc 1336074 ver 5.0, Svensk
Kérnbrinslehantering AB. (In Swedish.) (Internal document.)
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information on how the WAC, relevant for the specific waste type, are to be fulfilled and verified. More
information on WAC, waste handling and quality controls is found in the Initial state report, Chapter 3.

4.3.5 Waste volumes and material quantities

Waste volumes, material quantities and radionuclide inventories for the waste vaults are presented in
this section. The waste volume allocated to SFR1 according to the current prognosis is about 54000 m?
of operational waste and less than 400 m® of decommissioning waste to be disposed in the silo. The
waste volume allocated to SFR3 according to the current prognosis is 100000 m®, whereof more than
80 % is decommissioning waste.

The waste volumes allocated to different waste vaults are shown in Figure 1-3. The waste volumes,
material quantities and inventory of radionuclides are based on the current prognosis given in the
inventory report (SKB R-18-07) where the number of packages of the different waste types allocated
to the respective waste vaults are also reported. Characteristics of the waste in the respective vaults
are summarised in Appendix E, Table E-3, including material quantities and corrosion surface areas
in the waste form and the packaging, the voids and pore volumes in the packaging along with the
outer volume and disposal volume of waste packages.

Uncertainties in the waste volume and uncertainties related to unforeseen changes in operational con-
ditions at the waste producers have not been considered. Uncertainties in material composition with
regard to gas-forming materials, ion-exchange resin, cellulose as well as aluminium and zinc have been
calculated (SKB R-18-07, Section 3.3 and Table C-3). The uncertainty in ion-exchange-resin quantity
affects C-14 and CI-36, for which the accumulated activity is distributed to the packages in proportion
to the quantity of ion-exchange resin per package.

The waste type S.14 (concrete-embedded trash and scrap metal) has been included with the information
regarding activity and material available in the waste register and earlier estimates of the material
composition. This is assumed to be representative since the deviating waste suspected to be present in
some S.14 packages is assumed to be removed from 1BLA (SSM 2020) prior to closure of the facility.
The removed waste will be further characterised, and disposed according to the results, where SFL
could be an option if SFR is found not suitable.

4.3.6 Waste allocation to different vaults

The distribution of waste packages between vaults in SFR is given in the inventory report (SKB R-18-07).
The characteristics of waste assigned to each vault are described in the subsequent sections.

Waste in silo

The silo is intended for intermediate-level waste. The waste form consists of bitumen- or cement-
solidified ion-exchange resins and smaller quantities of concrete-embedded trash and scrap metal.
A limited amount of cement-solidified sludge is also included. The waste is disposed in concrete-
and steel moulds or in steel drums on a drum tray.

Waste in 1-2BMA

The 1-2BMA vaults are intended for intermediate-level waste. The waste form in 1BMA consists
primarily of bitumen- or cement-solidified ion-exchange resins and concrete-embedded trash and
scrap metal. A small quantity of evaporator concentrates and sludge is also disposed here. The waste
in IBMA is packaged either in concrete and steel moulds, in steel drums on drum trays or in steel
boxes. 2BMA is designed primarily for intermediate-level waste such as trash, scrap metal, sand
and concrete. The waste in 2BMA will normally be disposed in concrete or steel moulds and in
steel double moulds. Steel drums placed on drum trays can also be used as packaging.

Waste in 1BRT

The 1BRT vault is intended for decommissioning waste which primarily consists of segmented reactor
pressure vessels (RPVs). The waste in 1BRT includes the ten BWR pressure vessels from Barsebiack
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(B1, B2), Forsmark (F1, F2, F3), Oskarshamn (O1, O2, O3), Ringhals (R1) and Agesta. In addition,
the non-activated but contaminated parts from the segmented PWR pressure vessels, Ringhals (R2,
R3, R4), are also included in the 1BRT waste inventory. The waste from the pressure vessels, which
consists exclusively of iron and steel, is placed in steel double moulds and embedded in concrete.
The exchanged reactor pressure vessel lid from R2 and the two exchanged reactor pressure vessel
lids from R3 and R4, will also be disposed in 1BRT.

Waste in 1-2BTF

The waste form in 1-2BTF is primarily dewatered ion-exchange resins. Ashes and some cement-
solidified ion-exchange resins are also disposed in 1BTF.

Waste in 1-5BLA

1-5BLA are all intended for low-level waste. Operational waste that consists primarily of trash and
scrap metal but also bitumen- or cement-solidified waste (ion-exchange resins, evaporator concentrates
and sludge), is disposed in IBLA. The waste form in 2-5BLA includes a small fraction of operational
waste in the form of trash and scrap metal, while most of it is decommissioning waste consisting of
concrete, metals, sand etc.

4.3.7 Radionuclide inventory

The radionuclide inventory for SFR, including uncertainties, is calculated from the best-estimate
inventory and uncertainties for different wastes (SKB R-18-07).

The main difference in the present inventory compared with the inventory calculated for the SR-PSU
is that the radionuclide inventory in the decommissioning waste from the nuclear facilities at the
Studsvik site is now included.

Furthermore, some components that were previously excluded from the reported short-lived decom-
missioning waste, have now been included. Non-activated parts (with only surface contamination) from
the Swedish PWR reactor pressure vessels, for example, are now disposed in 1BRT. The estimated
activity of these parts includes activity for some radionuclides that were not present in the previous
1BRT inventory. Isotopes of uranium, which were previously excluded from the decommissioning waste
from the NPPs, are now included. Hence this additional information could appear as a significant
difference compared with the inventory in SR-PSU, but the absolute activity levels for these radio-
nuclides are quite modest.

Another significant difference in the PSAR is that some operational waste is allocated to 2BMA,
which results in an overall activity increase for this particular waste vault whereas the corresponding
decrease can be observed in 1BMA.

The Swedish inventory of discarded industrial smoke detectors that previously was planned for disposal
in the silo is now allocated to SFL. The activity levels of the radionuclides Am-241 and its decay
product Np-237 are therefore substantially lower in the silo as compared with those adopted in SR-PSU.

There are also some differences with respect to the methodology. The method for estimating the
activity levels of Ni-59 and Ni-63 in low- and intermediate-level waste from Clab has been updated
since SR-PSU. The method is now based on measurements of Ni-63 and subsequent correlation of
Ni-59 instead of the previous correlation of these two radionuclides with the Co-60 activity. The
result of this change is a somewhat higher inventory of Ni-63 and Ni-59 in the silo.

The distribution of non-package-bound data has been improved for the radionuclide C-14, where the
distribution now is based on the actual ion-exchange resin weight in the waste package rather than
the weight of the whole waste form. This change results in a redistribution of C-14 activity for waste
packages containing waste of common origin but having different waste forms. Moreover, C-14 from
the PWRs is now distributed to all waste packages containing ion-exchange resins from Ringhals
NPP. Previously, this activity was thought to be confined to waste in the silo, but there is not enough
evidence to support this assumption. In general, the so-called difficult-to-measure radionuclides for
the operational waste forecast are now estimated from a forecast of non-package-bound activity based
on a statistical analysis of yearly reported activity levels for disposed activity.
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Finally, the present inventory is compiled from all disposed and forecast packages individually whereas
the previous inventory was compiled from package type average activities. The previous approach led
to short-lived radionuclides being overestimated in vaults dominated by already disposed waste and

underestimated in vaults that primarily will contain forecast operational and decommissioning waste.

The reference inventory for 2075, the estimated year of repository closure, is shown in Figure 4-2. The
uncertainties are handled in a probabilistic manner and include measurement uncertainties, uncertain-
ties in correlation factors and uncertainties in other methods used to calculate the best estimate of the
radionuclide inventory (see more details in the Initial state report and SKB R-18-07). Uncertainties
in material composition applicable to ion-exchange resin, cellulose as well as aluminium and zinc
have also been calculated. The uncertainty in ion-exchange resin quantity affects C-14 and CI-36,

for which the accumulated activity is distributed to the packages in proportion to the quantity of
ion-exchange resin per package.
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Figure 4-2. Radionuclide inventory considered in the PSAR. The top of each bar shows the best estimate of
total disposed activity in SFR (Bq, left vertical axis) and the black plus shows the uncertainty (95" percentile).
Also, the fraction of disposed radioactivity in each waste vault is indicated by the colours (on a linear scale)
for each radionuclide with shading according to the legend. (Based on Table E-1 and Table E-2 in Appendix E.)
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Uncertainty in waste volume and uncertainties related to unforeseen changes in operational conditions at
the waste producers have not been considered in the uncertainty compilation presented in Figure 4-2.
However, such changes have been considered by three alternative inventories that are used as the basis
for a residual scenario. The alternative inventories include extended operation of the remaining reactors
from 60 years to 80 years, extensive fuel damage during the remaining operation, and extended use of
fuel spacers with a high molybdenum content. The input data for these calculation cases is described
in the Data report, Chapter 4.

4.4 Repository

This section describes the repository in terms of a reference design and summarizes the information
contained in the Initial state report. The respective vaults are presented in Sections 4.4.1-4.4.7.

SFR is a subsea hard rock repository that is reached via two access tunnels from a surface facility. SFR1
comprises a silo and four waste vaults for different waste categories. The waste vaults are located
about 60 m down in the bedrock. The bottom of the silo is located much deeper, however, about 130 m
down in the bedrock. When SFR3 is built it will comprise six waste vaults located about 120 m down
in the bedrock, which means that they are approximately at the same level as the bottom of the silo,
see Figure 4-3.

The reference design of SFR3 has been developed since SR-PSU was submitted to SSM and repair
measures are planned for IBMA in SFR1. The main design features that have changed are:

* In 1BMA, concrete walls will be erected outside the existing structure and a concrete lid will be
cast on top to ensure an adequate initial state.

* The height and width of both the rock cavity and caissons have increased in 2BMA and the
number of caissons has decreased by one.

» There will be no grouting of I-2BMA.
* Inner walls will be constructed within the caissons of 2BMA.

* The reactor pressure vessels will be segmented and packaged rather than disposed whole. 1BRT
will contain a concrete structure with compartments for embedded waste packages. The waste
packages are surrounded by grout. On top of the radiation shielding lids a reinforced concrete lid
will be cast.

* The dimensions of the 1BRT waste vault have increased.

* The geometry of the 2-5BLA waste vaults has been slightly modified.

The reference design for the extension of SFR, except for that used in the post-closure safety assess-
ment, is based on the design Layout 2021 (Initial state report). The post-closure safety assessment
for the SFR repository (PSAR), including this report, is instead based on the repository extension
design from Layout 2020. Since the preparation of a licence application is a relatively long process,
the hydrogeological models for the PSAR are based on an earlier design than described in this report
(Abarca et al. 2020, Section 3.1, Ohman and Odén 2018), these discrepancies are very small and will
not have a significant effect on the conclusions from the safety assessment. All other parts of the post-
closure safety assessment are, however, based on the design described in present report. An overall
picture of the closed repository is shown in Figure 4-4.

Inspection and control of the repository during construction and operation

Handling of uncertainties in the initial state of the barriers is a central aspect of the safety assessment.
To limit the uncertainties in the initial state of the vaults, inspections and controls are to be carried
out (Initial state report). SKB has a quality management system that includes procedures for e.g.
project management and safety audit. These procedures have served as a basis for framing the control
documents, or quality assurance systems, that have governed the work with both SFR1 and SFR3.
The quality management system meets the requirements in ISO 9001:2015.
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Elevation reference
Pier Sea bottom -2.3m Sea level RH2000
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Figure 4-3. View of SFR with designated levels in RH2000 (the Swedish national reference height system,).

View is towards the NW, approximately perpendicular to the waste vaults. The grey part is SFRI1 and the
blue part is SFR3.

Figure 4-4. Schematic plan of the closed SFR with a detailed view of the silo. Key to numbering: 1) Plugs
in access tunnels 2) Transition material 3) Mechanical plug of concrete 4) Backfill material of macadam
5) Hydraulically tight section of bentonite 6) Backfill material in access tunnels and the central area of the
tunnel system 7) Non-backfilled openings. Note that the figure shows the Layout 2021 while Layout 2020 is
used as basis for the modelling in the PSAR (except for hydrogeology that uses an earlier layout).
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In particular, there is a focus on the system uncertainties related to the initial state of IBMA after
the planned measures to repair and strengthen the concrete structure. For the 1BMA repairs and the
vaults in SFR3, controls and inspections are to be undertaken during construction to ensure that
requirements are met. During the emplacement of the waste, the conditions in each waste vault
will be inspected and controlled.

Before closure, final inspections and controls are to be carried out in all vaults, including planned
backfilling and plugs. The inspections and controls are to ensure an adequate knowledge of the
achieved initial state of the waste vaults, which reduces the overall assessment uncertainties.

441 Silo

The silo is a cylindrical vault with a free-standing concrete cylinder, see Figure 4-5. The silo vault
is about 70 m high with a diameter of about 30 m. The concrete cylinder is made of in situ cast
concrete and the concrete bottom is founded on a bed of 90 % sand and 10 % bentonite. The concrete
cylinder is divided into several vertical shafts, and the gap between the concrete cylinder and the
rock is filled with Na-bentonite. The material composition of the bentonite is given in the Initial
state report, Section 12.3.5. The rock walls are lined with shotcrete and a rock drainage system

is installed between the bentonite and the rock.

Conditioned intermediate-level waste is disposed in the silo in concrete and steel moulds as well as
in steel drums, see Figure 4-5. Grouting of waste packages in the shafts is done progressively. During
operation, each shaft is provided with a radiation shielding lid that will be removed before closure.

Figure 4-5. The silo, a vault for intermediate-level waste in SFR1, during the operational period.
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Description of the closure of the vault

The closure plan for SFR (Mértensson et al. 2022) describes the planned measures for closure of the
silo. In an initial step of the closure, the shafts are to be covered with cement grout up to the top rim of
the concrete silo. This provides a radiation shield on top of the concrete silo, which simplifies the work
of reinforcing and casting a concrete lid. The concrete lid is cast on a thin layer of sand and provided
with gas venting in the form of pipes filled with sand that penetrate the lid, see Figures 4-6 and 4-7.
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Figure 4-6. Schematic vertical cross-section of the silo at closure. The waste packages are surrounded by
grout in this waste vault. Key to numbering 1) Cement-stabilised sand 2) Crushed rock backfill 3) Compacted
Sfill with a mixture of 10 % bentonite and 90 % sand 4) Reinforced concrete slab with sand layer and gas
evacuation channels 5) Waste 6) Side bentonite layer 7) Outer concrete wall 8) Inner (shafi) walls of concrete

9) Concrete slab 10) Bottom sand-bentonite layer 11) Bottom drainage system.
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Figure 4-7. Schematic cross-section of silo top at closure. Key to numbering: 1) Waste 2) Reinforced concrete
slab with sand layer and gas evacuation channels 3) Compacted fill with a mixture of 30 % bentonite and

70 % sand 4) Compacted fill with a mixture of 10 % bentonite and 90 % sand 5) Unreinforced concrete slab
6) Compacted fill of friction material 7) Cement-stabilised sand 8) Constraining wall of concrete against silo
roof tunnel (1STT) 9) Constraining wall of concrete against loading-in building (IB) 10) Boundary between
works associated with grouting and backfilling 11) Sand layer 100 mm 12) Gas evacuation channel @ 0.1 m
13) Sand layer 50 mm 14) Grout (permeable).
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The top bentonite layer in the gap between the rock and the concrete silo may have been affected
during the operational period and is planned to be replaced and complemented with new bentonite. The
silo top above the concrete lid is to be backfilled with different layers of backfill material. The backfill
materials intended to be used in the silo top are shown in Figure 4-7. A mixture of sand and bentonite
is placed on top of a thin layer of sand and protected by a thin unreinforced concrete slab. The space
above it is filled with crushed rock or macadam and, at the very top, with cement-stabilised sand.

Finally, a plug is installed at the bottom of the silo and two at the top to seal the silo, see Section 4.4.8.

Barriers contributing to post-closure safety

The entire concrete silo and its interior including shaft walls, grout, concrete moulds and waste form
serve as mechanical elements that withstand the swelling pressure from water-saturated bentonite,
the pressure from gas formation and the load from self-weight. All these cementitious materials also
have chemical barrier functions by ensuring good sorption properties for many radionuclides on the
surface of the material, thus limiting their release. Cementitious materials also set a high pH value,
which limits corrosion of steel and gas production caused by microbial activity.

Concrete moulds, concrete structures and grout also contribute to limit the groundwater flow through
the waste and thus the release of radionuclides.

The side bentonite layer mainly constitutes hydraulic barrier, which limits the groundwater flow
through the waste. The top and bottom sand-bentonite layers also have hydraulic barrier function.
The bottom layer also contributes mechanically stable foundation for the concrete structure. The
bentonite also contributes to good sorption properties for many radionuclides.

The gas evacuation system in the silo top has a barrier function to allow gas to escape to avoid high
gas pressure which can result in gas-driven advective transport of dissolved radionuclides.

The top backfill of crushed rock protects the engineered barriers against rock fallout.

Condition of the subcomponents at initial state

The waste packages in the silo are embedded in grout as they are emplaced. This means that the
condition of the waste packages cannot be inspected afterwards. Steel packaging will probably start
to corrode during the operational period. The possibility of small cracks, more than 0.1 mm wide,
forming in the concrete packaging during the operational period cannot be ruled out.
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The silo concrete barrier is anticipated to be intact (i.e. non-cracked) at closure of the repository. Due
to the bentonite barrier outside the concrete barrier in the silo, continuous inspection of the concrete
barrier is difficult to perform and inspection has therefore only been done during construction. The
condition of this barrier at closure is thus somewhat uncertain.

4.4.2 1BMA, vault for intermediate-level waste

The 1BMA waste vault is approximately 20 m wide, 17 m high and 160 m long. The waste is disposed
in an approximately 140 m long concrete structure divided into 13 large compartments and two smaller
compartments. The load-bearing parts of the concrete structure are founded on solid rock and the
slab on a base of crushed rock levelled with gravel. The slab and walls structures are made of in situ
cast reinforced concrete. To keep the forms in place during casting, penetrating form rods made of
steel were used. The walls and roof in the vault are lined with shotcrete.

In the compartments, concrete and steel moulds, as well as steel drums (on a drum tray or in a drum
box) are disposed by a remote-controlled overhead crane that runs on the top edge of the walls of the
concrete structure, see Figure 4-8. The waste is disposed in an appropriate compartment as it arrives
at SFR; moulds are stacked six high and drums eight high. As the compartments are filled, they are
temporarily closed with thick radiation-shielding prefabricated concrete elements. At least two rows
of concrete moulds are installed in each compartment to support the prefabricated concrete elements.

Figure 4-8. Vault for intermediate-level waste, 1BMA, in SFRI during the operational period. The upper
detail shows the emplacement of waste packages, the lower detail shows the concrete lid. In addition, there
is a view of SFR with the position of 1BMA in darker grey.
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Description of the closure of the vault

The closure plan for SFR (Mértensson et al. 2022) describes the planned measures for closure of
IBMA. An extensive programme for investigation of the concrete structure has been carried out
and has revealed that extensive repair and strengthening measures need to be adopted to achieve the
desired hydraulic and mechanical properties at closure. The repair and strengthening measures are
planned to take place when the operational period is complete (Elfwing et al. 2018). The measures
include that new reinforced external concrete walls are erected on the outside of the existing ones,
see Figure 4-9. This will limit groundwater flow through the waste and will compensate for the
cracking that has been observed in the existing structure. The external concrete walls replace the
existing ones as the main hydraulic barrier of the concrete structure and ensure that the desired initial
state is obtained. A thick reinforced concrete lid that can carry the load of the backfill material is cast
on top of the prefabricated concrete elements that provide radiation shielding during the operational
period, Figure 4-9. It should be noted that the base slab in 1BMA is not being repaired by injecting
cement into cracks or by introducing a new hydraulic barrier. The slab is thus considered to be highly
conductive in this assessment.

When the operations are concluded, but before closure, the equipment and installations in the vault
are removed and the space between the concrete structure and the rock wall is backfilled with
macadam, see Figure 4-9.

At the end of the waste vault that connects to the transverse tunnel (1TT), a concrete plug is installed
as a mechanical constraint for the bentonite in the tunnel. It is not possible to install a concrete plug in
the connection to the waste vault tunnel (BST); instead, here the mechanical constraint for the bentonite
consists of a section with transition material and backfill material in the waste vault, see Figure 4-4.
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Figure 4-9. Schematic cross-section of IBMA at closure. Key to numbering: 1) Void 2) Macadam backfill
3) Waste domain 4) Existing outer wall 5) New outer wall 6) Pre-fabricated concrete element 7) New
concrete lid 8) Slab 9) Crushed rock.
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Barriers contributing to post-closure safety

The new outer walls and lid constitute the main hydraulic barriers, limiting the groundwater flow
through the waste. The remaining parts of the concrete structure and the concrete moulds also contribute
to limit the groundwater flow through the waste.

In addition, the new outer walls and lid maintain the mechanical integrity of the concrete structure
against the load from the backfill and water pressure that may occur during saturation at repository
closure. The macadam backfill protects the engineered barriers against rock fallout and constitutes
support for the plugs. Moreover, the high hydraulic conductivity of the macadam backfill and the
crushed rock foundation provide a hydraulic barrier function as they lead the groundwater flow around
the waste.

All the cementitious materials (waste form, concrete moulds and concrete structures) have chemical
barrier functions. The choice of cementitious materials ensures good sorption properties for many
radionuclides on the surface of the material, thus limiting their release. Cementitious materials also
set a high pH value, which limits corrosion of steel and gas production caused by microbial activity.

Condition of the subcomponents at initial state

The waste packaging in IBMA is made of reinforced concrete or steel. Steel waste packaging will
probably start to corrode during the operational period. The possibility of small cracks, of more than
0.1 mm wide, forming in the concrete packaging during the operational period cannot be ruled out.

Steel reinforcement (rebar) in the original concrete structure will corrode during the operational period
and this assessment therefore focuses on uncertainties related to the initial state of 1BMA and the
planned measures to repair the concrete structure (Elfwing et al. 2018). Inspections show that the
original concrete structure is cracked to an extent that will significantly affect the hydraulic conduc-
tivity (Hejll et al. 2012). The inspections have been performed in empty compartments in 1BMA,
corresponding to one quarter of the entire concrete structure. Extrapolating the results from the
mapping of cracks to the entire concrete structure introduces further uncertainties. A new outer
hydraulic barrier will therefore be built outside the walls and roof of the existing concrete structure.
The situation is similar for the 1BMA slab, where extrapolating the crack distribution from inspected
compartments to the rest of the concrete foundation also is uncertain. The 1BMA slab will however
remain unrepaired. In this assessment, it is assumed that the concrete foundation has penetrating
cracks and is therefore highly conductive.

For the IBMA repairs, controls and inspections are to be undertaken during construction to ensure
that requirements are met. The inspections and controls are to ensure an adequate knowledge of the
achieved initial state of the waste vaults, which reduces overall assessment uncertainties.

A recent compilation of available information (see the Data report, Chapter 7) for the existing IBMA
concrete structure shows furthermore that the cement content is lower than was reported as the initial
state in the previous assessment, which contributes to an uncertainty in the material composition and
other parameters (e.g. diffusivity) describing the initial state properties of the concrete structure.

4.4.3 2BMA, vault for intermediate-level waste

The 2BMA waste vault in SFR3 is an approximately 23.5 m wide, 18.6 m high and 275 m long vault
for intermediate-level waste (Figure 4-10). Experience from the construction of IBMA has been utilised

in the design of 2BMA. Specifically, the use of reinforced concrete is reduced to a minimum to avoid
adverse effects of steel rebar corrosion on post-closure barrier performance. Therefore, 2BMA has

13 free-standing unreinforced concrete caissons with a base of 18.1 mx 18.1 m and a height of 9 m.
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Figure 4-10. Vault for intermediate-level waste, 2BMA, in SFR3 during the operational period. The lower
detail shows a view of SFR with the position of 2BMA in SFR3 in darker grey.

The bottom slabs of the concrete caissons are 0.60 m thick and the outer walls are 0.68 m thick. The
thickness of the outer walls is slightly reduced at the top to act as support for pre-fabricated concrete
elements. The inner walls are built of pre-fabricated reinforced concrete.

The concrete caissons are founded on a concrete slab cast on top of the of crushed rock and the vault
walls and roof are lined with shotcrete.

Waste packages in the form of steel moulds, concrete moulds and drums are to be disposed in each
caisson by a remote-controlled gantry crane. The gantry crane moves on tracks being cast firmly
into the vault floor, implying that it does not rest on the caissons. Prefabricated concrete elements,
emplaced on top of the caissons, provide radiation shielding during the operational period.

Description of the closure of the vault

The closure plan for SFR (Martensson et al. 2022) describes the planned measures for closure of 2BMA.
The radiation shielding lids are left in place and act as support for the covering concrete (0.6 m) which
is cast at repository closure at the latest. The radiation shielding lids (pre-fabricated concrete elements)
and the overcast concrete together make up the lid of the concrete structure. A gas evacuation system
is installed during closure (see Figure 4-11), which consists of:

1. Horizontal (empty) discharge channels running along the border between the pre-fabricated concrete
elements and the more compact overcast.

2. Vertical gas discharge channels filled with porous cement mortar emplaced along an outer wall
(and which penetrate the cast lid). In the present design, six vertical gas discharge channels for
each caisson will be built with the cross section of 0.20 m % 0.25 m. The gas evacuation system
is designed so that the structural integrity of the concrete structure is not affected.
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Figure 4-11. Schematic illustration of the planned gas evacuation system in 2BMA (units in metre).
a) Cross section of the whole system. b) Cross section showing horizontal (empty) discharge channels.
¢) Vertical discharge channels filled with porous cement mortar, seen from above.
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Equipment and installations in the waste vault are removed and the space between caissons, as well
as between caissons and the rock wall, is backfilled with macadam, see Figure 4-12. The geometry
of the waste vault is such that concrete plugs can be installed at both ends of the waste vault as
mechanical constraints for the bentonite in connecting tunnels.

Barriers contributing to post-closure safety

The concrete caissons constitute the main hydraulic barriers, limiting the groundwater flow through
the waste. The remaining parts of the concrete structure and the concrete moulds also contribute to
limit the groundwater flow through the waste.

In addition, the caissons including the inner concrete walls maintain the mechanical integrity of the
structure against the load from the backfill and water pressure that may occur during saturation at
repository closure. The macadam backfill protects the engineered barriers against rock fallout and
constitutes support for the plugs. Moreover, the high hydraulic conductivity of the macadam backfill
and the crushed rock foundation provide hydraulic barrier function as they lead the groundwater
flow around the waste.
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Figure 4-12. Schematic cross-section of 2BMA at closure. Key to numbering: 1) Void 2) Macadam backfill
3) Waste domain 4) Outer wall 5) Inner wall 6) Lid 7) Caisson slab 8) Slab 9) Crushed rock.

All the cementitious materials (waste form, concrete moulds and concrete structures) have chemical
barrier functions. The choice of cementitious materials ensures good sorption properties for many
radionuclides on the surface of the material, thus limiting their release. Cementitious materials also
set a high pH value, which limits corrosion of steel and gas production caused by microbial activity.

The gas evacuation system in the caissons has a barrier function to allow gas to escape to avoid high
gas pressure which can result in gas-driven advective transport of dissolved radionuclides.

Condition of the subcomponents at initial state

Steel waste packaging will probably start to corrode during the operational period. The possibility
of small cracks, more than 0.1 mm wide, forming in the concrete packaging during the operational
period cannot be ruled out.

Since 2BMA has not yet been built, there is uncertainty regarding the properties of the barrier after
construction. However, SKB has built similar concrete structures in the Aspdé Hard Rock laboratory
(Mértensson and Vogt 2019, 2020) and this experience suggests they can be constructed appropriately.

The foundation is an important factor that could affect the flow-limiting properties of the concrete
barrier. If the laying of the foundation is not done satisfactorily, it could result in uneven load
distribution and subsequent crack propagation in the concrete structures.

444

The 1BRT waste vault for segmented reactor pressure vessels from BWRs in SFR3 is about 17.5 m
wide, 15.2 m high and 255 m long. The walls and roof of the vault are lined with shotcrete and a
concrete slab is cast on a layer of crushed rock. The vault has a cast reinforced concrete structure
which is divided into compartments by inner walls, see Figure 4-13.

1BRT, vault for segmented reactor pressure vessels
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Figure 4-13. Vault for reactor pressure vessels, 1BRT, in SFR3 during the operational period. The lower
detail shows SFR with the position of IBRT in darker grey.

One part of the concrete structure is intended for disposal of the double moulds and is divided into
compartments by inner walls. The other part is for disposal of waste packages of different dimensions
and the inner walls are added between the waste packages as the space is filled.

The double moulds are positioned in the compartments using a remote-controlled overhead or gantry
crane that is supported outside the concrete structure. Other waste is transported into the vault by
truck. Pre-fabricated concrete elements are placed over full compartments.

Description of the closure of the vault

The planned measures at closure of 1BRT are described in the closure plan for SFR (Mértensson

et al. 2022). At closure of the vault, the space between the waste packages will be filled with self-
compacting concrete so that a network of load-bearing structures is formed and a low corrosion rate
is ensured. A reinforced concrete lid will be cast on top of the pre-fabricated concrete elements.

The space outside the concrete structure will be backfilled with macadam and concrete plugs will
be installed at the ends towards the waste vault tunnel (2BST) and the transverse tunnel (2TT), see
Figure 4-4. Figure 4-14 shows a schematic illustration of 1BRT at closure.

Barriers contributing to post-closure safety

The waste form in itself contributes to slow release of radionuclides since a significant portion of the
radioactivity is induced in slowly corroding steel.

All cementitious materials (waste form and concrete structures) have chemical barrier functions. The
choice of cementitious materials ensures a high pH value, which limits corrosion of steel and thus
the release of induced radioactivity. Further, it limits the gas production and ensures good sorption
properties for many radionuclides on the surface of the material, thus limiting their release.

The concrete structures contribute to limit the groundwater flow through the waste. Moreover, the
high hydraulic conductivity of the backfill and the base of crushed rock provide hydraulic barrier
function as they lead the groundwater flow around the waste.
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Figure 4-14. Schematic cross-section of 1BRT at closure. Key to numbering: 1) Void 2) Macadam backfill
3) Waste domain 4) Outer wall 5) Lid 6) Slab 7) Crushed rock.

In addition, the concrete structures maintain the mechanical integrity of the whole structure against
the load from the backfill and water pressure that may occur during saturation at repository closure.

The macadam backfill protects the concrete structures against rock fallout and constitutes support for
the plugs.

Condition of the subcomponents at initial state

Steel waste packaging will probably start to corrode during the operational period.

1BRT is not yet built and there are presently no approved waste type descriptions or acceptance criteria.
This introduces uncertainties regarding the amount of concrete that will be disposed in the waste vault,
but note that the requirement states at least 12000 m® concrete which is assumed in the safety assessment.

4.4.5 1BTF and 2BTF, vaults for concrete tanks

The two waste vaults IBTF and 2BTF in SFR1 are approximately 15 m wide, 9.5 m high and 160 m long.
The vaults are primarily designed for disposal of dewatered ion-exchange resins in concrete tanks. The
walls and roof of the vaults are lined with shotcrete. The concrete slab is cast on a foundation of crushed
rock and surrounded by a 1 m high moulded skirting along the rock wall to divert possible groundwater
leaks from the host rock. To facilitate the planned grouting around the concrete tanks, several concrete
pillars are cast on the skirting; see the illustration at the bottom of Figure 4-15 and Figure 4-16.

Besides concrete tanks, drums containing ash from incineration at the facilities in Studsvik are also
disposed in 1BTF. To provide support for the ash-filled drums in 1BTF, concrete tanks are positioned
along the tunnel long axis and partition walls are built up of concrete moulds with low activity contents
and low surface dose rates; see the illustration at the top of Figure 4-15. Grouting around the ash-filled
drums is done progressively during operations.

2BTF predominantly contains concrete tanks which are positioned four abreast and two high, after which
prefabricated concrete elements are placed on top to provide radiation shielding during operation, see
Figure 4-16.
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Figure 4-15. Vault for concrete tanks, 1BTFE, in SFRI during the operational period. The upper detail
shows the emplacement of ash-filled drums, the lower detail shows the skirting and concrete pillars. In
addition, there is a view of SFR with the position of 1BTF in darker grey.

Figure 4-16. Vault for concrete tanks, 2BTF, in SFRI1 during the operational period. The upper detail shows

the emplacement of concrete tanks, the lower detail shows the skirting and concrete pillars. In addition, there
is a view of SFR with the position of 2BTF in darker grey.
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Description of the closure of the vaults

The closure plan for SFR (Martensson et al. 2022) describes the planned measures for closure of 1BTF
and 2BTF. The space between concrete tanks and rock wall is filled with cementitious backfill as
the first step in closure of the waste vaults. In 2BTF, which contains only concrete tanks, the spaces
between the concrete tanks are filled with grout in the next step and, on top of the prefabricated
concrete elements, a concrete slab is cast to bear the weight of the macadam. In 1BTF, the ash-filled
drums in the inner part of the waste vault are already grouted and the outer part with only concrete
tanks is, at closure, grouted in the same way as in 2BTF. Finally, the space above the concrete lid is
filled with macadam up to the roof and the waste vaults are plugged in the same way as IBMA, see
Section 4.4.2.

Figure 4-17 shows a schematic illustration of 1BTF and 2BTF at closure.

Barriers contributing to post-closure safety

For the concrete tank section, the tank walls are the main hydraulic barriers. For the sections containing
the ash-filled drums, the concrete between inner and outer steel drums, the grout and the concrete
packaging surrounding them contribute to limit the groundwater flow through the waste.

The macadam backfill protects the engineered barriers against rock fallout and constitutes support
for the plugs. Moreover, the high hydraulic conductivity of the macadam backfill and the crushed rock
foundation provide hydraulic barrier function as they lead the groundwater flow around the waste.

All the cementitious materials (waste form, waste packaging, grout, cementitious backfill and con-
crete structures) have chemical barrier functions. The choice of cementitious materials ensures good
sorption properties for many radionuclides on the surface of the material, thus limiting their release.
Cementitious materials also set a high pH value, which limits corrosion of steel and gas production
caused by microbial activity.

Condition of the subcomponents in 1BTF and 2BTF at initial state

The waste packages (ash-filled drums) in 1BTF are embedded in grout as they are emplaced. This
means that the condition of the waste packages cannot be inspected afterwards, although it is likely
that the steel waste packaging will start to corrode during the operational period.
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Figure 4-17. Schematic cross-section of 1BTF and 2BTF at closure. Key to numbering: 1) Void 2) Macadam
backfill 3) Waste domain 4) Cementitious backfill 5) Pre-fabricated concrete elements 6) Cast concrete lid
7) Slab 8) Crushed rock (0.3 +0.15 m).
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The main hydraulic barrier in 1-2BTF consists of painted concrete tanks in which the waste is being
stored. These tanks are successively disposed in the waste vaults during the operational period. The
fact that the concrete tanks have painted surfaces makes their initial state difficult to evaluate and
this introduces uncertainties regarding the flow-limiting properties that the concrete tanks have at
initial state.

The possibility of small cracks, more than 0.1 mm wide, forming in the concrete packaging as well
as in the concrete grout during the operational period cannot be ruled out.

4.4.6 1BLA, vault for low-level waste

The 1BLA waste vault in SFR1 for ISO containers with low-level waste is about 15 m wide, 13 m
high and 160 m long. The waste is disposed in ISO containers stacked two abreast and three to six
high, depending on their size, see Figure 4-18. The vault has a concrete slab cast on a foundation
of crushed rock, and the rock walls and roof are lined with shotcrete.

Description of the closure of the vault

The closure plan for SFR (Martensson et al. 2022) describes the planned measures for closure of 1BLA.
A concrete wall is installed at the end towards the transverse tunnel (1TT) and approximately 4 m

is backfilled with macadam, after which a concrete plug is cast. A mechanical constraint consisting
of backfill material is needed at the end towards the waste vault tunnel (BST) to hold the transition
material in the earth dam plug in place, see Figure 4-4. This mechanical constraint is made by back-
filling 10 m of the waste vault with macadam against a retaining wall and filling the space above the
backfill and above the level of the connecting tunnel with concrete. Figure 4-19 shows a schematic
illustration of 1BLA at closure.

Figure 4-18. Vault for low-level waste, I1BLA, in SFRI during the operational period. The lower detail shows
SFR1 with the position of 1BLA in darker grey.
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Figure 4-19. Schematic cross-section of 1BLA at closure, exemplified with full-height containers. Key to
numbering: 1) Void 2) Waste domain 3) Slab 4) Crushed rock (0.3 +0.15m).

Barriers contributing to post-closure safety

There are no engineered barriers in 1BLA other than the plugs, see Section 4.4.8.

Condition of the subcomponents at initial state

No grouting of the waste packages is planned, nor will the vault be backfilled. The ISO-containers
are expected to corrode somewhat during the operational period.

4.4.7 2-5BLA, vaults for low-level waste

The four vaults, 2-5BLA, for low-level waste in SFR3 are approximately 17.5 m wide, 12.4 m high
and 275 m long. The waste is disposed in ISO containers stacked two abreast and three to six high,
depending on their size, see Figure 4-20. The vault has a concrete slab on top of a crushed rock layer
and the rock walls and roof are lined with shotcrete.

Description of the closure of the vaults

The closure plan for SFR (Martensson et al. 2022) describes the planned measures for closure of
2-5BLA. Concrete plugs are to be installed at the ends towards the waste vault tunnel (2BST) and
the transverse tunnel (2TT) along with mechanical constraints intended to serve as support when the
concrete plugs are no longer intact. The constraint is made by backfilling 10 m of the waste vault
with macadam against a retaining wall and filling the space above the backfill and above the level
of the connecting tunnel with concrete. Figure 4-21 shows a schematic illustration of 2-5SBLA at
closure.
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Figure 4-20. Vaults for low-level waste, 2-5BLA, in SFR3 during the operational period. The lower detail
shows SFR with the position of the four waste vaults in darker grey.
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Figure 4-21. Schematic cross-section of 2-5BLA at closure, exemplified with half-height containers. Key to
numbering: 1) Void 2) Waste domain 3) Slab 4) Crushed rock.
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Barriers contributing to post-closure safety

There are no engineered barriers in 2-5BLA other than the plugs, see Section 4.4.8.

Condition of the subcomponents at initial state

No grouting of the waste packages is planned, nor will the vaults be backfilled. Steel waste packaging
will probably start to corrode during the operational period.

4.4.8 Plugs and other closure components

The closure plan for SFR (Mértensson et al. 2022) describes the planned measures for closure of SFR.
Plugs for waste vaults plus closure of tunnels, the tunnel system and boreholes are described in the
following.

The upper part of the access tunnels is to be filled with stone blocks and sealed with concrete plugs.
Finally, the ground surface will be restored to blend in with the surrounding landscape. In addition, all
boreholes at SFR will be sealed so that the water flow in the surrounding rock is not affected by them.

The plug sections are hydraulically tight sections with bentonite that is held in place by mechanical
constraints. Wherever warranted by the geometry of the tunnels and the properties of the rock, concrete
plugs are installed as mechanical constraints. Where this is not suitable, a mechanical constraint con-
sisting of backfill and transition material is installed instead. The role of the transition material is to
hinder bentonite transport out from the hydraulically tight section, to take up the load from bentonite
swelling and transfer it to the backfill material. The backfill material consists of macadam and the
transition material of 30 % bentonite and 70 % crushed rock. A mechanical constraint of backfill

and transition material together with a tight section of bentonite is called an earth dam plug.

Plugs for waste vaults

A total of five plug sections (P1TT, PIBTF, P1BST, P2TT and P2BST) are to be installed to seal the
waste vaults in SFR1 and SFR3, see Figure 4-22. All plugs consist of a hydraulically tight section and
mechanical constraints that hold it in place. In most positions, concrete plugs are planned for mechanical
support. In the sections adjacent to the connecting tunnel BST where the geometry and the local geo-
logical conditions make it difficult to construct concrete plugs, earth dam plugs (Martensson et al.
2022) are planned as they do not require local mechanical support from the rock walls. The function
of the bentonite-filled sections (Figure 4-4) is to act as hydraulic seals and the function of the plugs
is as mechanical constraints for the bentonite sections.

Plugs to silo

Three plug sections: lower silo plug (NSP), upper silo plug (OSP) and silo roof plug (STP) are
installed to seal the silo, see Figure 4-23. An important factor in designing the plugs has been to
find suitable tunnel geometries to install the mechanical constraints that hold the hydraulically
tight sections with bentonite in place.

Sealing of access tunnels and tunnel system

Plugs of concrete and bentonite, see Figure 4-4, will be installed in the access tunnels to minimise
the water flow along these tunnels. The design of the plugs is shown in Figure 4-24. The tight
section of bentonite is 10 m long. The remaining part of the access tunnels and tunnel system will
be backfilled with macadam. The motive for choosing macadam is that it should constitute mechani-
cal support for the plugs and impede human intrusion into the repository. In addition, vertical shafts
connecting different parts of the repository are planned to be sealed and plugged.
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Figure 4-22. Plugs adjacent to waste vaults are marked with a dashed line. Key to numbering: 1) Yellow
colour within borderline for plug sections shows parts of crushed rock backfill that are active parts of the
earth dam plug, green colour shows transition material (a mix of bentonite and crushed rock) and brown
colour shows hydraulically tight material 2) Grey colour within borderline for plug shows parts of backfill
in tunnel system that are active parts of the earth dam plug 3) Hatched areas indicate where the damaged
zone should be removed by controlled methods. Blue colour represents concrete sections.

Figure 4-23. Illustration of closed silo with three plug sections (NSP, OSP and STP). Blue colour shows concrete
plugs (A-1) and brown colour shows hydraulically tight sections (J, K, L). Key to numbering: 1) Construction
tunnel, BT 2) Lower construction tunnel, NBT 3) Central tunnel, CT 4) Connecting shaft 5) Silo 6) Loading-in
building, IB 7) Silo bottom tunnel, 8) Drainage tunnel 9) Silo roof tunnel, 1STT 10) Terminal part of lower
construction tunnel 11) Silo tunnel. Tunnel parts 1, 2, 3, 4 and 10 belong to the tunnel system.
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Figure 4-24. Schematic reference design of the access tunnel plug. Key to numbering: 1) Macadam backfill
2) Constraining concrete wall 3) Concrete 4) Bentonite 5) Working direction.

Sealing of boreholes

The boreholes that were included in the preliminary investigations and those that intersect or are located
very close to the underground facility have been or will be sealed prior to the start of construction of
SFR3 and the remaining boreholes will be sealed after the repository operational period.

Barriers contributing to post-closure safety

All repository parts will be sealed with plugs. These barriers limit groundwater flow through the
repository vaults.

Condition of the system components at initial state

Plugs and other closure components are installed near the time of closure and are expected to be in
good condition at initial state.

449 Decommissioning and closure

The SFR facility will be decommissioned when all waste has been disposed in the facility. When the
decision to end operations has been taken and appropriate permits have been granted, decommissioning
of the facility will begin and continue until the repository has been closed and sealed. The PSAR-
version of the closure plan (Martensson et al. 2022) describes the presently planned closure sequence
and this plan will be updated before the closure works begin. Demolition and dismantling of existing
systems will then be coordinated with the execution of closure. After decommissioning and closure,
the repository is a passive system that can be left without having to take any further measures to
maintain proper function. Facilities above ground will be demolished during clearance of the site.

Closure of SFR includes installation of backfill material and plugs at selected locations in the
underground facility (Section 4.4.8).

Directly after sealing and the cessation of drainage pumping, water will start to re-saturate the repository.
Numerical calculations (Borgesson et al. 2015) have shown that it will take 13 to 53 years for water
to fully saturate the silo vault, which is surrounded by bentonite. Full resaturation of the other waste
vaults has been calculated to take a few years (Holmén and Stigsson 2001) and the cement-conditioned
waste will become saturated shortly after repository closure, whereas the bitumen-conditioned waste
will take a considerably longer time due to the hydrophobic character of bitumen. In the perspective
of the long duration of the safety assessment period, the resaturation process is assumed to be
instantaneous, and the repository is considered saturated at initial state.
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4.5 Climate

This section describes climate and climate-related conditions relevant to the initial state of the
repository environs and summarises information from the Climate report.

4.5.1 Temperature, precipitation and potential evapotranspiration

The initial-state climate is represented by locally measured meteorological data during the full year
between October 2003 and September 2004, defined here as the normal year (Bosson et al. 2010).
During that year, the average air temperature was 6.4 °C and the accumulated precipitation was
583 mm. The annual potential evapotranspiration of that year is estimated to have been 421 mm.
These values are similar to the average annual air temperature and precipitation during the 1986-2005
reference period used by the IPCC (Climate report, Section 3.3) as well as the 2004—2010 period
when the site investigations were carried out (Bosson et al. 2010, Werner et al. 2013). The average
air temperature of the normal year is however nearly 1 °C higher than that for the 1961-1990 AD
reference period used in the SR-PSU, and thus is consistent with the overall warming trend observed
in the Forsmark region.

Due to current and future greenhouse-gas emissions, the average annual surface air temperature,
precipitation and potential evapotranspiration in Forsmark are expected to increase up until the time
of closure (see the Climate report, Section 3.4.3). Based on the fifth assessment report from the
IPCC and regional modelling of the future climate in Sweden (IPCC 2013, Sjokvist et al. 2015), the
increases in air temperature and precipitation, respectively, are projected to be within the range of
0.5—4 °C and 0-20 % up until the time of closure, depending e.g. on the amount of future greenhouse
gas emissions (see the Climate report, Section 3.4.3). Based on an analysis of future projections from
global hydrological models, the annual potential evapotranspiration in Forsmark is estimated to increase
by 3-6 percentage points per degree of air temperature increase (Climate report, Appendix D), thus
resulting in an increase within the range of 0-25 % up until closure.

Due to the uncertainty in the magnitude of these increases, the initial state is, for simplicity, defined with
reference to the normal year. The uncertainty in the future increase in air temperature, precipitation
and potential evapotranspiration is captured by the span of future climate evolutions described by the
reference external conditions (Chapter 6).

4.5.2 Shoreline displacement

Changes in the shoreline displacement, i.e. the relative sea level, in the Forsmark area are determined
by the opposing contributions of eustasy and isostasy. SFR is situated within an area with considerable
isostasy, which amounts to 6.7 mm per year (Vestel et al. 2019). The isostatic component is partly
compensated by the eustatic contribution in the area today which amounts to 2.6 mm per year. This
means that the relative sea level is currently decreasing by 4.1 mm per year (see the Climate report,
Section 3.5.1).

At closure of the repository, the shoreline is assumed to be in the same position as today. This is a
reasonable assumption given the large uncertainty associated with future changes in sea level (see the
Climate report, Section 3.5). According to the study of Pellikka et al. (2020), the median projection
of the Forsmark relative sea level change, from 2000 to 2080 AD, is —0.29 m for weak global warming,
—0.19 m for moderate global warming and —0.04 m for strong global warming. However, when
considering the 5 to 95 % percentile range of the projections, the equivalent changes are —0.40 to
—0.10 m for weak global warming, —0.35 to +0.21 m for moderate global warming and —0.25 to
+0.66 m for strong global warming (Pellikka et al. 2020).

4.6 Surface systems

This section describes the initial state of the surface systems and summarizes information from the
site investigations that were conducted for the SR-PSU and documented in the site descriptive model
(SDM-PSU; SKB TR-11-04), and the Biosphere synthesis report.
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For the surface system, the initial state is assumed to be similar to the present-day conditions at
Forsmark. This is presented below for the topography and the regolith composition (Section 4.6.1),
the hydrology and near-surface hydrogeology (Section 4.6.2), the chemical conditions (Section 4.6.3),
the ecosystems (Sections 4.6.4), the human population and land use (Section 4.6.5) and wells and
water resource management (Section 4.6.6). The information is here summarised from the Biosphere
synthesis report, Chapter 3 and mainly originates from the site descriptive model (SDM) for SR-PSU
(SKB TR-11-04) which, in turn, is largely based on SDM-Site (SKB TR-08-05), i.e. the site description
for the repository for spent nuclear fuel at Forsmark.

4.6.1 Topography and regolith

The Forsmark region has a comparatively flat bedrock surface with a gentle slope towards the north-east.
The existing fracture zones and the small-scale variations in bedrock topography are partly evened out
by variations in thickness of the regolith, i.e. unconsolidated deposits above the bedrock, resulting in
a relatively flat topography (Figure 4-25).

A digital elevation model (DEM; Stromgren and Brydsten 2013) was developed in the SR-PSU
project to describe the topography and bathymetry of the Forsmark area (Figure 4-26) The DEM has
aresolution of 20 m and is a central data source for the site characterisation. It is also used as input
to most of the descriptions and models of the surface system.

Figure 4-25. The Forsmark area seen from the southeast with the only larger arable land area, Storskdret,
in the foreground and the Forsmark nuclear power plant in the background.
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Figure 4-26. The digital elevation model (DEM) of the Forsmark area, including the bathymetry (bottom
level) of the sea (Stromgren and Brydsten 2013). The map shows the location of the existing and planned
extension of SFR.

The elevation differences are small in the terrestrial parts of the Forsmark area, especially near the
coastline, and in the marine areas in the vicinity of SFR. Prominent topographical features of the
landscape are the relatively small glacial landforms such as eskers. The most elevated areas are

in the southwestern part of the area and the deepest area (about 55 m below sea level) is a trough
(Grisorinnan) that runs in a NNW-SSE direction in the eastern part of the bay Oregrundsgrepen
(for a map of the area including the geographical positions mentioned in the report, see Figure G-1).
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In the Forsmark area, most regolith was formed during, or after, the final phase of the latest glaciation.
Data describing regolith properties are an important input for modelling of hydrology and transport of
elements within the biosphere. Soil, i.e. the upper part of the regolith in terrestrial systems, properties
are also strongly associated with vegetation types and land use in terrestrial ecosystems. The description
of the spatial distribution of regolith and its properties is based on primary data obtained from extensive
field mapping, investigations in the form of drilling, excavations and geophysics and physical and
chemical laboratory tests (for further details, see Sohlenius et al. 2013b and references therein).

The distribution of surface regolith in Forsmark (Figure 4-27) is typical for areas located below the
highest coastline since the last glaciation. Exposed bedrock occurs in locally high topographical areas,
mainly along the shoreline and in terrestrial areas. Till is the dominant type of regolith in the most
elevated areas and occupies about 65 % of the surface in terrestrial areas and 30 % of the sea floor
outside Forsmark (exemplified by Figure 4-27). A glaciofluvial deposit, Borstilasen, has N—S and
NW-SE orientations along the coast of the mainland and continues on the sea floor east of SFR. Glacial
clay primarily occurs below present lakes and in depressions on the sea floor. Postglacial sand often
covers the glacial clay. Postglacial clay gyttja, rich in organic material, is predominantly found and is
currently being deposited in shallow bays and in the deepest parts of the sea floor. Gyttja mainly consists
of organic material and is currently being deposited in lakes. Peat accumulates in fens and along the lake
shores. The sea floor close to the location of SFR is dominated by till and in the lower topographical
areas by glacial clay covered with sand.
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Figure 4-27. Surface distribution of regolith layers with a minimum thickness of 0.5 m and areas with
exposed rock in the Forsmark area. Note that lakes and the sea are shown without surface water. Modified
from Petrone et al. (2020).
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Figure 4-28. Modelled total regolith thickness, left) in the Forsmark area and right) closest to SFR
(Sohlenius et al. 2013b). Bedrock outcrops are shown as areas with regolith depth 0-0.1 m.

A regolith depth and stratigraphy model (RDM) has been constructed to provide a geometric model
of the thickness and distribution of regolith layers. The RDM is based on the general top-down
stratigraphy of the Forsmark area, consisting of peat, gyttja and clay gyttja, postglacial sand/gravel,
glacial clay, glaciofluvial sediments and till (Sohlenius et al. 2013b).

The total regolith depth ranges from negligible up to 47 m. The coastal zone and the islands (including
the coastal zone of the island of Grésd) are characterised by thin regolith layers and frequent rock
outcrops. Generally, the regolith is deeper in the sea, with an average thickness of about 8 m, whereas
the average thickness in the terrestrial area is about 4 m. The regolith thickness on the sea floor around
the SFR pier is mostly 1-5 m (Figure 4-28).

4.6.2 Hydrological and near-surface hydrological conditions

The marine area at Forsmark consists of the open bay Oregrundsgrepen, with a wide and deep boundary
towards the north and a narrow and shallower strait towards the south. Most of this coastal area is
shallow (sea depth less than 10 m), except for Griasordnnan (down to >50 m). Local freshwater runoff
produces a slightly lower salinity than in the Gulf of Bothnia as a whole and the salinity stratification
in Oregrundsgrepen is generally weak (Aquilonius 2010). The direction of seawater flow through
Oregrundsgrepen varies with time but, on an annual basis, there is a net flow directed from north

to south (Karlsson et al. 2010).

Based on the sea bathymetry according to the DEM (Strémgren and Brydsten 2013), the present-day
marine area outside Forsmark was divided into 38 basins. The water retention time (average age

in the 38 basins) was calculated to vary between 13 and 29 days (average 19; Werner et al. 2014).
Water exchange is more rapid in the deeper areas close to the open Bothnian Sea, whereas it is
slower in the partly isolated shallow coastal basins.
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The area above SFR is currently mainly sea covered, but the lakes, streams and hydrological conditions
of the present landscape can give valuable information about the future hydrology and element trans-
port pathways in the release area from SFR. A total of 25 present and future (currently sea-covered)
lake catchments and sub-catchment areas, ranging from 0.03 to 8.67 km® have been delineated within
the Forsmark area (Brunberg et al. 2004, Andersson 2010). Lake Fiskarfjarden, Lake Bolundsfjarden
and Lake Eckarfjarden (Figure 4-30a) are the largest present lakes in the area (Figure 4-29), but they
all have a surface area less than 1 km* and their average depth is about 1 m. The streams in Forsmark
are small (Figure 4-30b) with highly seasonal flows and many stretches are often dry in the summer.
Wetlands are common and cover 10-20 % of the Forsmark area (Lofgren 2010).
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Figure 4-29. Overview map of lakes, streams and some monitoring stations.
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Figure 4-30. a) Lake Eckarfjdrden, one of the larger lakes in the Forsmark area. Like other lakes in the
area, Eckarfidrden is a shallow oligotrophic hard water lake surrounded by reed. b) The third largest
stream in Forsmark, near the inlet to the second largest lake in the Forsmark area (Lake Bolundsfjdrden).

The groundwater pressure gradients at Forsmark generally follow the elevation gradients of the surface
topography when examining the yearly average groundwater pressure data. Groundwater divides in
the regolith are therefore assumed to coincide with topographical surface-water divides. The close
correlation between the ground-surface topography and near-surface groundwater levels results in

a small-scale near-surface groundwater flow system that overlie more large-scale groundwater flow
systems at greater depths.

4.6.3 Chemical conditions

The mobility and retention of chemical elements in the landscape are the basis for the radionuclide
transport modelling of the biosphere. Knowledge about the distribution of elements and how this is
determined by the chemical conditions of the surface system at Forsmark is based on extensive site
investigations and modelling of limnic, marine and terrestrial systems including surface water, ground
water, regolith, soils, sediments and biota (Biosphere synthesis report, Section 3.4 and references
therein). Since 2002 there has been an ongoing long-term chemical monitoring programme at the
site, comprising surface water and groundwater from regolith and bedrock (SKB R-07-34, Berglund
and Lindborg 2017). The distribution of different elements in biotic and abiotic pools, together with
estimates of element fluxes into and out of the pools, shows the major sources and sinks of elements
in the landscape (Tréjbom and Grolander 2010). The results indicate that by far the largest fraction
of most elements in both terrestrial and limnic ecosystems is found in soils and sediments, but
significant pools of nutrients and essential trace elements are also found in organisms in terrestrial
ecosystems. Recent studies have shown that a significant fraction of the Cl is bound in the biomass
of the terrestrial system and that this pool has a high turnover rate (Svensson et al. 2021).

Till and glacial clay in Forsmark have a high content of calcite which originates from Palacozoic calcite
containing limestone that outcrops on the sea floor north of the Forsmark area (Biosphere synthesis
report, Section 3.4). The high calcite content strongly affects chemical properties of the regolith,
including sorption and element transport. The surface water and shallow groundwater generally
become slightly alkaline (pH 7-8) from calcite weathering processes and have high concentrations of
major constituents from marine relics after the recent emergence from the sea. Calcite also influences
the development of terrestrial and limnic ecosystems at the site. For instance, secondary calcite
precipitation and co-precipitation of phosphate contribute to the development of the nutrient-poor
oligotrophic hard water lakes that are characteristic of the Forsmark area (Section 4.6.4 and Andersson
2010). The rich supply of calcium also influences soil formation and the development and structure
of the terrestrial ecosystems (Lofgren 2010).
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4.6.4 Ecosystems

One use of the description of the present-day surface ecosystems, together with scientific knowledge,
is to identify processes potentially affecting transport, accumulation and uptake of elements to account
for in the radionuclide transport modelling and safety assessment. This is done in a systematic manner
by developing an interaction matrix for the surface system and FEP identification (Biosphere synthesis
report, Chapter 6). The most important such processes in aquatic and terrestrial ecosystems, respec-
tively, are summarised below (Figure 4-31 and Figure 4-32).

Marine ecosystems

The marine ecosystems at Forsmark are characterised by brackish conditions (salinity between fresh-
water and saltwater), resulting in low species diversity as few organisms are adapted to the brackish
environment. Shallow waters, subdued bathymetry, restricted light penetration and upwelling along
the coast result in a relatively high primary production of primarily benthic vegetation in the near-shore
zone, in a region of otherwise fairly low production (Aquilonius 2010). The primary producers are
dominated by benthic organisms such as microalgae, vascular plants and benthic macroalgae. The
fauna is dominated by detrivores (i.e. snails and mussels feeding on dead organic material) on both
hard and soft bottom substrates. The fish community is dominated by the marine species herring
(Clupea harengus) in the pelagic zone, whereas limnic species (especially Eurasian perch, Perca
Sfluviatilis) and three-spined sticklebacks (Gasterosteus aculea) dominate in near-shore areas.

Both abiotic and biotic processes influence transport and accumulation of elements in marine eco-
systems (Figure 4-31). However, carbon budgets show that advective flux (water exchange) rather than
biotic fluxes (e.g. primary production and consumption) often regulate transport and accumulation
of elements (particular in open and offshore basins).

deposition

A respiration

resuspension
~sedimentation

Figure 4-31. Conceptual model of functional groups and important fluxes affecting transport and accumulation
of elements in aquatic, i.e. limnic (Andersson 2010) and marine (Aquilonius 2010) ecosystems. Green arrows
are fluxes mediated by biota (including consumption of fish by humans), grey arrows are fluxes of water,
particles and gas, and the blue arrow represents sorption/desorption processes. The symbols on the right are
examples of smaller-bodied flora and fauna in aquatic ecosystems.
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Figure 4-32. Conceptual model of important fluxes affecting transport and accumulation of elements in

a wetland ecosystem and arable land on a drained part of a mire (Ldfgren 2010). Green arrows are fluxes
mediated by biota (the uptake includes water for drinking), grey arrows are water and gas fluxes, and the blue
arrow represents sorption/desorption processes. “Release” indicates a hypothetical release of groundwater
from the bedrock containing repository-derived radionuclides. The mire was preceded by a lake stage and

a marine stage, in which gyttja/clay and postglacial clay (shown as greenish regolith layers) were disposed
prior to the peat (uppermost, brown layer).

Limnic ecosystems

Present-day lakes in the Forsmark area are small and shallow (Figure 4-29 and Figure 4-30a). They are
characterised as oligotrophic hardwater lakes, with high calcium and low nutrient levels (Andersson
2010). This lake-type is common along the coast of northern Uppland but is rare in the rest of
Sweden (Brunberg et al. 2002, Hamrén and Collinder 2010).

Shallow depths and relatively clear waters allow photosynthesis in the entire benthic habitat and the
lake bottoms are covered by dense stands of macrovegetation and a thick layer of microphytobenthos
(microscopic algae and bacteria). The benthic primary producers dominate the biomass and primary
production. The shorelines are dominated by reed belts, which are extensive especially around the
smaller lakes. The fish community is dominated by perch (Perca fluviatilis), roach (Rutilus rutilus),
tench (7inca tinca) and crucian carp (Carassius carassius), of which the two latter species are resistant
to low oxygen concentrations that could occur during winter under the ice.

Modelling of carbon dynamics in limnic ecosystems shows that, in some of the largest lakes in the area
(e.g. Bolundsfjirden and Eckarfjarden), the primary production involves large amounts of carbon
compared with the amounts that are transported from the surrounding catchment area. Consequently,
there is a large potential for inorganic carbon entering the lakes, e.g. with deep groundwater, to be
incorporated in the food web via primary producers. In the larger lakes, there is a relatively high
degree of accumulation in sediments, which can be a permanent sink for radionuclides and other
compounds. In the smaller lakes, the primary production is less important, and they function more
as through-flow systems (Andersson 2010).

The small streams in the Forsmark area (see Figure 4-30b) are often dry in summer and the vegetation
coverage is highly variable. However, some streams close to the coast carry water for most of the
year that allow for fish migration and extensive spawning migration has been observed between the
sea and Lake Bolundsfjarden (Andersson et al. 2011).
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Terrestrial ecosystems

The terrestrial vegetation is strongly affected by topography, regolith characteristics and human land
use. Some three quarters of the land area in Forsmark is covered by forests, dominated by Scots pine
(Pinus sylvestris) and Norway spruce (Picea abies). Due to the calcareous regolith, the field layer is
characterised by herbs, broad-leaved grasses and many orchid species. The area has a long history of
forestry, with a high percentage of younger and older clear-cuts in different succession stages. Most
of the frequent wetlands are coniferous forest swamps or open mires (Figure 4-33). Less mature
wetlands consist of rich fens due to the high calcareous content of the regolith. Agricultural land
(arable land and grassland) covers only a minor part of the land area of Forsmark today.

The most common larger mammal species in the Forsmark area are roe deer (Capreolus capreolus)
and moose (4/ces alces). In total, 139 bird species have been found in the Forsmark area (Green
2019). The most common species in Forsmark are, as in comparable regions of Sweden, chaffinch
(Fringilla coelebs) and willow warbler (Phylloscopus trochilus) (Lofgren 2010). The conservational
aspects are primarily associated with wetlands and forests containing red-listed and/or legally protected
species (Hamrén and Collinder 2010). Two such rare species are the fen orchid (Liparis loeselii) and
the pool frog (Rana lessonace).

Earlier safety analyses showed that wetlands are the natural terrestrial ecosystems most likely to
receive and accumulate radionuclides directly from a geological repository via deep groundwater
transport (SKB TR-10-09 and SKB TR-14-06). An extensive description of wetlands and other
terrestrial ecosystems, including availability of primary data, evaluations of data and terrestrial
models for the Forsmark area, is provided in Lofgren (2010).

Figure 4-33. A wetland in the Forsmark area dominated by reed, Phragmites australis (Figure 4-2 in
Lofgren 2010).
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4.6.5 Human population and land use

At the site, the Forsmark nuclear power plant is a large industrial activity in an otherwise relatively
undisturbed area. There are a few holiday homes and permanent residents within a 5 km radius from
SFR and one farm (Storskéret about 5 km from SFR, Figure 4-25 and Figure G-1). The area is used
for hunting and fishing, but only occasionally used for other recreational activities due to the small
local population, the relative inaccessibility of the area and the distance from major urban areas.
Land use has previously been dominated by commercial forestry and timber extraction has been the
only significant anthropogenic outflow of biomass from the area.

Despite the lack of farming close to SFR, present agricultural activities in the areas around Forsmark
are described due to the importance of cultivated land for potential future radionuclide exposure.
Currently, most arable land in the region around Forsmark, as generally in the county of Uppsala, is
situated in areas with water-deposited clays (glacial and postglacial) and other fine-grained deposits,
formed in topographical depressions when the area was covered by the Baltic Sea (Lindborg 2010).
These deposits are, however, almost lacking in the terrestrial areas close to SFR and the proportion
of arable land is therefore low. That can, however, change in the future when the fine-grained deposits
situated at shallow water depths around SFR become available for cultivation through the shoreline
displacement (further described in Section 6.3.2). A smaller fraction of the arable land is situated in
areas with till and peat. The till in most areas has a high content of boulders and stones and is therefore
not suitable for cultivation. The proportion of organic deposits used for cultivation has generally
decreased significantly in Sweden during the last 60 years and the proportion of cultivated peat deposits
in the County of Uppsala (5 %) is close to the Swedish average (Berglund et al. 2009). Today, creating
new ditches in areas unaffected by ditches is generally forbidden and peat-covered wetlands (i.e. mires)
are at present not converted to arable land in Sweden. However, a larger proportion of the Swedish
peatland could potentially be used for cultivation in the future.

4.6.6 Wells and water resources management

All public water supply in the Municipality of Osthammar is based on groundwater (Werner et al.
2010). The public water supply closest to SFR is located at the Borstilasen esker, about ten kilometres
southeast of SFR.

At present, c. 30 % of the inhabitants in Osthammar obtain their drinking water from private wells
(Werner et al. 2010). Today, there are some private wells (dug in regolith or drilled in bedrock) in
land areas along the coast. Analyses of the well water show that the water quality varies from potable
to non-potable. Some wells are not used as drinking water supplies, but instead for other purposes,
e.g. irrigation of garden plots.

The current well density (both dug and drilled wells) varies between 0.5 and 2 wells per km” in
different sub-areas within northern Uppland (size 3 300 km?). According to an analysis of data from
the Geological Survey of Sweden (SGU) Well Archive for more than 5000 private wells drilled in
bedrock in northern Uppland, the depth ranges from a few tens of metres up to about 200-250 metres
(Werner et al. 2013, Figure 6-2). Generally, the deeper wells have been drilled for the purpose of
geo-energy production. A typical depth for a water-supply well in bedrock is about 60 m (Werner

et al. 2013, Section 6.2).

Current water management in Forsmark includes pumping out groundwater from SFR, a cooling-
water channel from the sea to the Forsmark nuclear power plant, the use of Lake Bruksdammen
(about 4 km southwest from Forsmark) as a water supply, and a groundwater drainage system at the
nuclear power plant. There are no land improvement or drainage activities registered in public records.
However, there are shallow (drainage) ditches in the forests and the level of Lake Eckarfjarden has
previously been artificially lowered.

In Sweden today, the proportion of arable land that is irrigated is small, 3—4 % (Bergstrom and Barkefors
2004) and is primarily located in the county of Skéne (southern Sweden). In Uppsala County, the
total irrigated area was estimated to be below 100 ha in 2006 and irrigated areas thus make up less
than 0.1 percent of the total arable land in the county (Brundell et al. 2008, see also Lofgren 2010
for a discussion). Irrigation of land for cereals and fodder is very rare and, instead, it is primarily
potatoes and horticultural products that are cultivated on irrigated land.
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4.7 Geosphere

This section describes the initial state of the geosphere and summarizes information from the site
investigations that were conducted on the site for SFR. The SFR3 site investigations included seven
new core drilled boreholes and four percussion drilled boreholes. The site investigation is documented
in the site descriptive model (SDM-PSU; SKB TR-11-04).

Supplementary investigations (Earon et al. 2022) have been performed in five cored boreholes as
a part of the preparations for construction of the extension and they confirm the understanding of
the site presented in the SDM-PSU. However, this section focuses on data collected up to the end
of the site investigation for PSU.

471 Bedrock temperature

For consistency with the definition of the initial-state air temperature (Section 4.5.1), the temperature
in the repository and the bedrock at repository depth is assumed to be the same as the present-day
bedrock temperature at initial state, i.e. about 5—7 °C (Sundberg et al. 2009, Viisdsvaara 2009).

4.7.2 Rock types and rock domains

The area at SFR has been divided into four domains (RFRO1-RFR04) with similar conditions with
regard to rock types. Domain RFRO1 is dominated by pegmatite to pegmatitic granite (SKB rock
type code 101061). Domain RFR02 has a much more heterogeneous composition than RFRO1 and
locally consists of fine- to medium-grained metagranite—granodiorite (101057), which is the most
common rock type in this domain (Curtis et al. 2011). The domain also contains a considerable amount
of pegmatite and pegmatitic granite. Both SFR1 and SFR3 are situated for the most part in domain
RFRO02, whereas the access tunnels are situated in RFRO1, see Figure 4-34.

There are no data from drill cores or tunnels for domain RFRO03, but the interpretation of magnetic
measurements indicates that the domain is dominated by pegmatite and pegmatitic granite. Data
are also lacking for RFR04, but the assessment is that the rock type composition is similar to that
in RFRO2. The rock type composition in RFR03 and RFR04 is uncertain, but due to the peripheral
location of these domains to SFR, the uncertainty is not important.

Figure 4-34. 3D view of SFRI towards the west. The coloured areas show the boundaries between the
different rock domains. The area for SFR3 is located for the most part in domain RFR02, on the side
towards the viewer (SKB TR-11-04).
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4.7.3 Deformation zones and subhorizontal superficial structures

A local and a regional model have been constructed that show the interpreted deformation zones in
the area based on available information (see Figure 4-35 and Figure 4-36). The latter figure contains
a combined model with both deformation zones and rock domains shown in a 3D view. This figure
also shows the location of SFR1. SFR3 will be on a level with the deepest parts of SFR1, in the
Central Block to the southeast of SFR1 (see Figure 4-3).

The local model contains all modelled deformation zones that have a size corresponding to a trace
length on the ground surface of > 300 m. The regional model contains only local major and larger
zones, i.e. zones with a trace length on the ground surface of > 1000 m. The regional-scale volume
is referred to as the SFR Regional domain.

The conceptual understanding of the deformation zones and the bedrock structure at Forsmark,
described in Stephens et al. (2007) and presented in Curtis et al. (2011), Section 2.3 was adopted
in the SFR study. Further details on fracture domains and fracture properties such as fracture
mineralogy are discussed in Curtis et al. (2011), Section 4.5.

The deformation zones are divided into different groups, namely:

1) Vertical to steeply dipping zones with a WNW to NW strike. Six zones in the Central Block belong
to this group and some of them are expected to intersect the planned rock volume for SFR3.

2) Vertical to steeply dipping zones with a NNE to ENE strike. These zones are shorter compared
with zones in group 1. The group consists of a total of seven zones, one of which lies within the
Central Block.

3) Vertical to steeply dipping zones with a NS to NNW strike. These end at zones belonging to the
preceding two groups. This group includes two zones that intersect the Central Block.

4) Moderately to gently dipping (< 45 °) zones. The group consists of a total of three zones, one
of which lies within the Central Block.

There are also water-bearing subhorizontal structures observed above all in the near-surface bedrock,
these were probably formed due to destressing and they are interconnected to differing degrees to
other horizontal fractures and to the deformation zones (see also Section 4.7.5).

Information on uncertainties in the geological understanding at SFR are discussed in SKB (TR-11-04)
and Curtis et al. (2011, Section 5.6).

4.7.4 Rock mechanical characterisation

The expected range of common rock mechanical parameters of intact rock is given in Table 4-2.
It should be noted that the rocks in average can be classified as RS (very strong) to R6 (extremely
strong) using the ISRM Strength Classification (Brown 1981).

Table 4-3 provides estimated values of mechanical parameters for single fractures. When it comes to
assessment of mechanical properties for single fractures, subhorizontal shallow fractures (0—-50 m)
have been described in a category of their own, since their properties are expected to differ from all
the other fractures. Observations in televiewer logging images support this separate description and
difference in character of the subhorizontal shallow fractures (SKB TR-11-04).

A common way to characterise the properties of a rock mass is to model the strength with a
Mohr—Coulomb failure criterion and deformation properties with elastic parameters. Table 4-4 gives
typical values of these rock mechanical parameters for the rock mass in SFR, both in the rock domains
and in the deformation zones. The properties in the deformation zones are expected to differ between
the core and the outer parts (transition zone towards the less damaged rock mass), although many
of the minor zones are not expected to have any pronounced core. See further details in Stephens

et al. (2007, Section 5.2).
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Figure 4-35. Intersection of deformation zones with the ground surface. a) Regional model area. The large
regional zones ZEMWNWO0001 and ZFMNW08054 comprise, along with their splays, the boundaries of
the central tectonic block in which both SFR1 and SFR3 are situated. The colours indicate confidence in
the model with regard to the existence of the zones: high = red, medium = green. The brown area indicates
what is currently terrestrial. b) Local model area (SKB TR-11-04, modified from Figure 5-16).
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Figure 4-36. Rock domains (the colours indicate rock type composition) and deformation zones in the SFR
local model volume, version 1.0 viewed obliquely downwards towards the north. The block location is shown
in Figure 4-35.

Table 4-2. Rock mechanical parameters of intact rock in the SFR area (Given in the form of a
truncated normal distribution: mean/standard deviation and min—-max). SKB (TR-11-04, Table 6-3).

Parameter 101057 — 101061 — 111058 — 103076 — 102017 —
Granite to Pegmatite, Fine- to Felsic to Amphibolite
granodiorite pegmatitic medium- intermediate

granite grained metavolcanic
granite rock

Uniaxial compressive strength (MPa) 226/50 183/45 280/45 139/45 142/45
126-326 90-270 210-350 100-200 60-230

Crack initiation stress (MPa) 116/26 114/22 148/22 - --
64-168 64-166 104-192

Indirect tensile strength 13/2 12/3 16/2 9/2 9/2

(Brazilian test) (MPa) 10-18 8-16 12-20 5-13 5-13

Young’s modulus (GPa) 75/3 74/4 74/2.5 99/3 81/4
69-81 66-82 70-79 93-105 73-89

Poisson’s ratio 0.23/0.04 0.30/0.03 0.28/0.03 0.35/0.03 0.22/0.04

0.14-0.30 0.26-0.35 0.22-0.32 0.29-0.41
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Table 4-3. Estimated mechanical properties of single fractures in the SFR area. SKB (TR-11-04,
Table 6-6).

Parameter Subhorizontal (dip 0-20°) Other fractures at a depth z = 0-150 m and
fractures at a depth z = 0-50 m, Subhorizontal fractures where z > 50 m,
o,’ = effective normal stress o,’ = effective normal stress

Normal stiffness, K, [MPa/mm] K,=10%xg,’ K,=10xg,

Shear stiffness, K;[MPa/mm] Ks =K, /3 K, = K,/20

Friction angle, @, [°] for normal 66° 48°

stress range 0-0.5 MPa

Friction angle, @, [°] for normal 32° 35°
stress range 0.5-1.5 MPa

Apparent cohesion for normal 0.4 0.4
stress range 0.5-1.5 MPa

Dilatancy 15° 15°

Table 4-4. Rock mass values of strength and deformation properties in rock domains and
deformation zones. The Mohr-Coulomb constitutive model has been assumed. Data for depth
of 20-150 metres. SKB (TR-11-04, Tables 6-8 and 6-9).

Friction angle, M-C Cohesion, M-C Deformation modulus Poisson’s ratio
(0-5 MPa) (0-5 MPa) for the rock mass, Em

Rock domain 50-60° 13 MPa 50 GPa 0.34

Outer part of deformation zone  51° 2 MPa 13 GPa 0.35

Core of deformation zone 37° 2 MPa 2.6 GPa 0.46

No direct measurements of the rock stress have been made in the area where SFR3 is planned to be
located, but there are several stress measurements conducted in the SFR area close to the SFR3 location
(SKB TR-11-04, Section 6.4), however there is a large spread in the measurements. Furthermore,

a greater variation in rock stresses can be expected in the shallowest rock. The estimate that has

been made (Table 4-5), based on measurements made in the SFR area, must therefore be regarded

as uncertain. The stress magnitudes will, however, be relatively low at repository level, and are not
expected to be a significant factor for constructability or safety. The dominant orientation of the
principal stress is judged to be relatively well known.

Adjacent to the excavated tunnels and waste vaults, the stresses will be redistributed so that they
differ from the in situ stress given in Table 4-5. There is expected to be an excavation-damaged zone
(EDZ) in the rock mass along the tunnel walls, caused by the blasting. The fracture frequency in the
EDZ is expected to be higher than in the surrounding rock but limited to the close vicinity of the
vaults (Geosphere process report).

Table 4-5. Rock stresses with depth dependence in the SFR area from the rock surface down
to a depth of 250 metres (z is the depth in metres). SKB (TR-11-04, Table 6-11).

All rock domains Major horizontal stress Minor horizontal stress Vertical stress
Magnitude (MPa) oy =5+0.07z g,=0.07z o, =0.027z
Orientation (trend from north) 142° 52° Vertical
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4.7.5 Bedrock hydrogeology

The SFR3 site investigations included fracture mapping surveys and hydraulic tests. A detailed
description of the investigations and analysis of the geometric and hydraulic properties of the fractures
is provided in the Site Descriptive Model of the SFR area, SDM-PSU (SKB TR-11-04, Chapter 7).
An account is given there of the occurrence of transmissive fractures in deterministically modelled
deformation zones (larger than 300 m) and between them in the rock mass, consisting of stochastically
modelled fractures (smaller than 300 m). One of the observations in SDM-PSU is that the most trans-
missive fractures down to 200 m have been encountered in the rock mass between deterministically
modelled deformation zones. Another observation is that gently dipping fractures are the most
transmissive, even inside the steeply dipping deformation zones. Among the steeply dipping fracture
sets, it is the NW-SE set that is the most transmissive. In the area planned for SFR3, the frequency
of transmissive gently dipping fractures is lower in the interval —100 to —150 m than it is above

or below this depth interval, see Figure 4-37.
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Figure 4-37. a) Borehole coverage (total borehole length) in the area closest to SFR3, and b) PFL-f"
and PSS? transmissivity data (in interval) outside deformation zones divided into fracture sets (NW, Gd =
Gently dipping, Hz = Horizontal, NE and EW). SBA = shallow bedrock aquifer (for explanation, see text).
The depth interval 100—150 m contains fewer highly transmissive fractures than the interval 50—-100 m
(SKB TR-11-04, Figure 9-14).

' Flowing fractures detected by the Posiva Flow Log (PFL), known as PFL-f data (Follin et al. 2007).
? Single-hole Pipe String System (PSS) injection tests (Follin et al. 2007)
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In SDM-PSU, a total of eight shallow bedrock aquifers (SBA) structures (SBA1-SBAS8) have been
modelled (Figure 4-38). Three of these subhorizontal structures are shown in Figure 4-37: SBA1,
SBA2 and SBAG6. The SBAs are deterministic representations of hydrogeological data interpretations
(PFL-fs, hydraulic interferences and borehole radar), and they are represented as planar structures in
the conceptual and numerical flow models. The SBA structures are linked together into a persistent
fracture network by steeply dipping fractures (see Ohman et al. 2012, Appendix B).

4.7.6 Present groundwater composition and origin

The hydrochemical conditions in the bedrock are described in the SDM-PSU (SKB TR-11-04) and
in Nilsson et al. (2011). The SFR groundwaters show some characteristic features. The chloride
concentration range is within 1500 to 5500 mg/L. The §'*O values varies within—15.5 to —7.5 %o
V-SMOW. Marine indicators, such as Mg/Cl, K/Cl, SO,/Cl1 and Br/Cl ratios show relatively large
variations, especially considering the limited salinity range. This suggests the presence of ground-
waters with different origins.

From measured Eh values — and in accordance with the redox chemistry for iron, manganese, sulfur
and uranium — it can be concluded that weakly reducing conditions (—140 to =190 mV) prevail generally
in the investigated groundwaters. The redox-buffering capacity is provided by fracture-filling iron(II)
minerals (mainly chlorite, clay minerals and pyrite) present in the conductive fractures in addition to
biotite in the bedrock (Sandstrom and Tullborg 2011, Sandstrom et al. 2014).

Of great importance for the understanding of the present-day groundwater chemistry at SFR is the
evolution of today’s “Baltic Sea” area during Weichselian and Holocene times (Westman et al. 1999,
SKB TR-08-05). This is further discussed in SKB (TR-11-04, Chapter 8).
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Figure 4-38. Visualisation of eight SBA structures a) view from above and b) view towards the northeast.
The relevant boreholes are designated by their KFR (cored boreholes) and HFR (percussion boreholes)
numbers.
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Groundwater types identified in SFR1

Four different types of groundwaters have been defined considering the climatic history of the Holocene
(Westman et al. 1999): Local Baltic, Littorina Sea with a glacial component, Brackish-glacial and
Mixed-brackish (transition type). These groundwater types reflect the main origin of the groundwater
but also changes due to mixing and reaction that occurred after the intrusion into the bedrock. The
subdivision into these characteristic types of groundwater has been based on the chemical variables,
chloride, magnesium and §"*O.

The composition of the present groundwater types, as well as reactions and processes that have
influenced their chemistry, are presented in Table 4-6.

Table 4-6. Groundwater types in SFR — composition, reactions/processes and origin (SKB TR-11-04,
modified from Table 8-1).

Groundwater type

Composition/
characteristics

Dominant reactions
and processes

Origin

Local Baltic Sea

Chloride 2500-3500 mg/L
50 -9 to =7.5 %o V-SMOW
Na-(Ca)-(Mg)-CI-SO, type
Cl/Mg weight ratio < 27

lon exchange and micro-
biological reactions in the
bedrock have resulted in
decreased concentrations

of Mg, K, Na and SO, as well
as enrichment of Ca and
HCO; compared with Baltic
Sea water.

It is unclear whether the Baltic
Sea water was present at all in
the deformation zones before
the construction of the tunnels
in SFR. It is more probably a
modern component that has
been introduced due to the
drawdown caused by tunnels
as indicated by the tritium
content.

Littorina Sea with a
glacial component

Chloride 3500-6 000 mg/L
5'®0 -9.5 to ~7.5 %o V-SMOW
Na-Ca-(Mg)-CI-SO, type
Cl/Mg weight ratio < 27

The Na/Ca ratio is lower

than the marine ratio. These
changes are caused by ion
exchange, but also by dilution
with glacial meltwater.

Compared with the original
Littorina Sea water, it has been
diluted (lower Cl and 8'®0
values) with glacial meltwater.

Brackish-glacial

Chloride 1500-5000 mg/L
5"%0 < =12.0 %o V-SMOW
Na-Ca-Cl type

Cl/Mg weight ratio > 32

An old mixture of different,
mainly non-marine
groundwaters.

This is the oldest groundwater
type at SFR and the amounts
of post-glacial components
are very small. It is a mixture
of primarily glacial meltwater
(last deglaciation or older)
and brackish non-marine
water (pre-glacial). It probably
contains components of old
meteoric water prior to the
last deglaciation as well.

Mixed-brackish
(transition type)

Chloride 2500-6 000 mg/L
50 -12.0 to =9.5 %o V-SMOW
Na-Ca-(Mg)-CI-(SO,) type

Natural or artificial mixing
of the three different
groundwater types above.

Significant mixing of the
brackish-glacial and the two
brackish marine groundwater
types (mostly the Littorina Sea
type) has caused this ground
water of transition type. It is
more common during the last
two decades, according to data
from long time series sampling,
which suggests artificial mixing
due to the presence of the
repository.
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Figure 4-39 displays a 3D presentation of the SFR site, the boreholes, the groundwater types and the
deformation zones. The hydrostructural properties of the SFR site determine the distribution and the
degree of mixing of the different groundwater types. The Littorina Sea type is observed primarily
along vertical deformation zones with high hydraulic conductivity, with the propagation of the Local
Baltic Sea type expanding downwards in basically the same zones. The oldest groundwater type at
the SFR site (Brackish-glacial) is present in bedrock with low conductivity located above and below
subhorizontal, highly conductive structures/zones. Processes of mixing, resulting in the so-called
Mixed-brackish (transition type) of groundwater, are occurring mainly along, and in the vicinity of,
these conductive structures, for example in and close to subhorizontal zone ZFM871.

Groundwater types in the area for SFR3

The hydrochemical sampling carried out in SDM-PSU has yielded data from a total of fifteen borehole
sections in five cored boreholes and three percussion boreholes. Furthermore, the SICADA database
contains data from two percussion boreholes from the site investigation in Forsmark for the spent
fuel repository (Laaksoharju et al. 2008) and from a total of 45 borehole sections in 18 older cored
boreholes drilled from the existing tunnels in SFR1 (Nilsson et al. 2011).

mm Local Baltic typ
= Littorina type

1 Mixed transition type
mm Brackish glacial type

Figure 4-39. 3D presentation, viewed from above and from the southeast, of the groundwater type distribution

in the regional model volume. The SFR boreholes are enlarged in the upper figure. The green outline at the
surface demarcates the shoreline with the pier and small islet.
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Fewer data are available from the area for SFR3 than from the SFR1 area and data from the central
part of SFR3 are entirely lacking. In general, most of the deeper sections in the investigated boreholes
are characterised by various proportions of glacial meltwater (brackish-glacial groundwater type),
whereas the groundwater type Mixed-brackish (transition type) is mostly prevalent at shallower
levels (see Figure 4-39; borehole KFR105). It can be noted that no waters of the Littorina Sea type
and only a few waters of Local Baltic Sea type have been encountered in the investigated borehole
sections. The Local Baltic Sea type of water is present only at shallow depths.

4.7.7 Changes in water composition caused by drawdown in SFR

In general, mixing takes place mainly in and near the deformation zones — between Littorina Sea type
and Local Baltic Sea type groundwater, and between Brackish-glacial type and Littorina Sea type
groundwater, the latter forming the Mixed-brackish (transition type) groundwater. The distribution
of the different groundwater types shows that the major deformation zones have acted as flow paths
for groundwater during long geological periods and still act as efficient pathways, whereas fractures
in less conductive bedrock between these zones generally retain old, more isolated groundwaters.

Measurement series in boreholes and tunnel systems show that the CI content declined between years
1986 and 2000, followed by a nearly stable period up to year 2010 (SKB TR-11-04). This is as expected
because the greatest changes with regard to groundwater pressure and inflows to the boreholes and
the tunnel system occurred soon after construction. During the construction and operation of SFR3,
the same pattern in groundwater chemistry can be expected as in SFR1, with an increasing occurrence
of the local Baltic Sea and Mixed transition groundwater types. However, no Littorina Sea type ground-
water has been encountered, which would indicate a lack of flow paths. Therefore, intrusion of modern
Baltic Sea water will probably be less pronounced in SFR3 compared with the existing part of SFR.
This may imply that the rate of changes will be slower in SFR3.

However, the observed changes in SFR1 indicate that the future impact of SFR3 on the groundwater
chemistry may occur in a relatively short time. A few positive Eh values have been measured, most
of them in year 2000. It is possible that they may be linked to the presence of amorphous Fe(I1I)
oxyhydroxides (Gimeno et al. 2011), but it is more probable that they are due to the influence of an
open repository (and/or that the time required for making adequate redox measurements was not
allocated). More recent and repeated measurements show reducing conditions. Furthermore, in a
supplementary study (Sandstrom et al. 2014), minerals interpreted as Fe(III) oxyhydroxides were
re-evaluated and with the exception of two samples found to be iron-rich layered clay minerals,
uranium-minerals, hematite-stained adularia and albite or even rust-coloured metallic iron from

the drilling process.

Although it has not been proven, it is quite possible that the groundwater flow path from the main-
land Forsmark may supply shallow groundwater. Potentially, this groundwater can contribute to

a mixing between groundwater of meteoric origin and water originating from the Littorina Sea.
However, the composition of this mixture cannot, at present, be distinguished from that of Baltic
Sea/Littorina Sea water mixtures.

4.7.8 Water composition in the initial state

The composition of penetrating groundwater (used as reference groundwater composition in the
PSAR) is given in Auqué et al. (2013), see Table 4-7. The composition is based on weighted values
for all groundwater types occurring in SFR with broad intervals. The redox potential (£,) is based
on modelled values and on the measured values reported in Section 4.7.9. It is likely that the £, will
stay at today’s value or even decline, since the dissolved oxygen in the groundwater will be rapidly
consumed as the tunnels are filled with water.

When the repository resaturates, reactions will also occur with the concrete in the structures in SFR.
The pH in the pore water in the concrete is around 13 and, when the repository has become water-
saturated, hydroxide ions from the concrete’s pore water will contribute to an increase of the pH in
the water in the repository. During the sampling period 1986 to 2010, a slightly rising trend in the
groundwater pH can be seen, but the range of measured values is large.
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Table 4-7. Composition of penetrating water and range of variation of the relevant parameters
during the temperate climate domain when the area above the repository is submerged beneath
the sea. Concentrations in mg/L (Auqué et al. 2013, Tables 4.1 and 4.2). Data from the earlier
safety assessment SAFE are shown for comparison (Héglund 2001).

Quantity Reference value Range SAFE reference value and (range)
Samples from SFR down to —200 m

pH 7.3 6.6-8.0 7.3 (6.5-7.8)

E. -225 —100 to —350 Red. (100 to —400)
cl 3500 2590-5380 5000 (3000-6 000)
SO% 350 74-557.2 500 (20-600)
HCO; 90 40-157 100 (40-110)

Na 1500 850-1920 2500 (1000-2600)
K 20 3.8-60 20 (6-30)

Ca 600 87-1220 430 (200-1600)
Mg 150 79-290 270 (100-300)
Sio, 1 2.6-17.2 5.66
Uncertainties

A large amount of data on the groundwater composition is available, which minimises the significance
of errors in single points and, as far as temporal uncertainties are concerned, there are enough data

to see trends. The spatial distribution, however, is uneven since there are many sampling points in
SFR1, whereas there are fewer in the area for SFR3 and none in the central part of SFR3.

The undisturbed hydrochemical conditions prevailing before the construction of SFR1 are not known
since there are no groundwater chemistry data available before the construction of SFR1, and this
adds to the uncertainty.

Site-specific aspects of the groundwater regarding pore water, microbes and gases were not studied
in the site investigations for SDM-PSU (SKB TR-11-04). SFR data on organic matter (dissolved or
total organic carbon) are also relatively few. Some interpretations and knowledge from the Forsmark
site, SDM-Site Forsmark (Laaksoharju et al. 2008, SKB TR-08-05) are considered applicable and
also relevant for SFR.
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5 Safety functions

5.1 Introduction

The post-closure safety of SFR is achieved by limiting the activity of long-lived radionuclides disposed
in the repository and ensuring that the transport of radionuclides from the waste, through the engineered
barriers and through the geosphere and biosphere is sufficiently retarded. The overall post-closure
safety principles for SFR are therefore formulated as limitation of the activity of long-lived radio-
nuclides and retention of radionuclides (Section 2.2). The content of long-lived radionuclides in the
waste is limited by only accepting waste that conforms to approved waste type descriptions. Slow
outward transport of radionuclides is achieved by ensuring a low groundwater-flow rate through the
waste and the engineered barriers, through each waste vault, and by retarding radionuclide transport
relative to this groundwater flow. This retardation is achieved mainly by ensuring effective sorption.
The barriers contributing to the post-closure safety of the SFR repository are listed in Table 4-1 and
a description of the barrier functions is given in Chapter 4.

A detailed and quantitative understanding and evaluation of repository safety requires a description
of how the main safety principles, limitation of the activity of long-lived radionuclides and retention,
relate to the components of the repository. Based on the understanding of the properties of the
components and the long-term evolution of the system, several safety functions connected to the
safety principles can be identified. In this context, a safety function is defined as how a repository
component contributes to post-closure safety. Safety functions include barrier functions as well as
other aspects important for post-closure safety that are not coupled to the function of a barrier. For
instance, a safety function regarding the safety principle limitation of long-lived radionuclides in
the repository is coupled to the waste, which is a component of the repository, but not coupled to
a function of the barriers. There are also cases in which a barrier has a function in retaining radio-
nuclides, but that this is not defined as a safety function that the analysis relies on, for instance
sorption onto the macadam backfill is not accounted for in the calculations. The safety functions
are an important input for defining requirements on the barriers and the waste (WAC).

To evaluate the extent to which the safety function is upheld over time, each safety function is
associated with one or several safety function indicators. A safety function indicator is defined as
a measurable or calculable property of a repository component.

The evaluation of safety functions and indicators is an aid in the evaluation of post-closure safety
but is not sufficient to demonstrate that an acceptable level of safety has been achieved. Nor is safety
necessarily compromised if a safety function is poorly upheld, this is rather an indication that more
in-depth analyses are needed to evaluate the safety. Quantitative calculations are required to show
compliance with the regulatory requirements, such as the risk criterion, irrespective of whether none,
one or several safety functions are poorly upheld.

An important use of the safety functions and indicators is in the selection of scenarios. The methodology
is described in Section 2.6.8. The selection of the less probable scenarios is entirely based on the
safety functions and indicators, whereas the residual scenarios partly are derived based on safety
functions and partly on other considerations. The implementation with respect to the less probable
scenarios is given in Chapter 8 and for the residual scenarios in Chapter 9.

Less probable scenarios are selected to evaluate uncertainties that are not evaluated within the
framework of the main scenario. In principle, less probable scenarios are identified when there is

a probability that safety function indicators deviate significantly from the conditions in the main
scenario, such that post-closure safety may be impaired. The approach for the identification of the
less probable scenarios is based on an evaluation of uncertainties related to the initial state, internal
processes and external conditions. To facilitate this evaluation of uncertainties, FEPs potentially
affecting the safety function indicators for each safety function were identified (Section 5.6).
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5.2 Method for identification of safety functions and update
after SR-PSU

Safety functions were first introduced in the post-closure safety assessment for the existing SFR in
SAR-08 (SKB R-08-130) and were also used in SR-PSU including safety functions for the extension
part of SFR (SKB TR-14-01). The safety functions defined in this assessment are based on the safety
functions and indicators identified in those previous assessments, taking into account the results and
regulatory review comments. These developments are part of the general iterative process of an
evolving safety assessment.

A safety assessment depends on an assessment of the future evolution of the repository and is described
in the following three areas; 1) Initial state, 2) Internal processes and 3) External conditions (Section 2.6).
From these areas of knowledge, including the screening of potentially important FEPs, a set of safety
functions was defined in previous analyses that described how the repository system components
contribute to the post-closure safety. In this identification process, a list of all potential safety aspects
that need to be considered for relevant sub-components was used as an input, given the description
of the initial state in SR-PSU (SKB TR-14-01, SKB TR-14-02).

As a result of the experience from SR-PSU and review comments from SSM (SSM 2019), several
changes were introduced in this assessment. In summary, the safety function indicator hydraulic
contrast in the 1-2 BMA and 1-2 BTF waste vaults has been substituted by the two indicators hydraulic
conductivity in the concrete barrier and in the surrounding macadam backfill. A safety function relating
to gas formation has been introduced for the waste packages in the silo (previously safety function
indicator gas pressure), 1-2BMA, 1BRT and 1-2BTF. Furthermore, limit corrosion has been introduced
as a safety function for 1BRT. Finally, a safety function relating to allowing gas passage has been
defined for the engineered barriers in the silo, 1-2BMA and 1-2BTF. SSM suggested separate safety
functions for the engineered barriers and the geosphere, which has also been introduced in the present
assessment.

SSM suggested in the review of SR-PSU that it would be adequate to consider mechanical stability of
the waste packaging and barriers in the waste vaults as a safety function (SSM 2019). The mechanical
stability of the repository is taken into account in the design to ensure that the concrete structures can
withstand the loads from resaturation, macadam and rock fallout. For instance, the mechanical stability
of 1-2BMA for 20000 years after closure has been evaluated (Martensson 2017). The mechanical
stability of the waste packages is ensured by the waste acceptance criteria and waste type descriptions
(Section 4.3.4). Since SR-PSU, SKB has carried out further work on mechanical stability of the concrete
barriers in 1BMA and anticipated measures including the construction of concrete walls outside the
existing structure and casting a concrete lid on top of the concrete structure as described in the closure
plan (Mértensson et al. 2022). There is also ongoing work relating to the concrete tanks in 1-2BTF in
connection with an injunction from SSM. In the present assessment, it is judged that even though no
safety function for mechanical stability is introduced, the possible post-closure effects of mechanical
degradation are handled in an appropriate way by the analysis of the temporal evolution of post-closure
mechanical stability of 1-2BMA. Furthermore, the safety functions coupled to hydraulic conductivity
of the concrete barriers and sorption represent the effects of mechanical degradation, for instance by
considering fracturing of the concrete due to various post-closure processes. The handling of the effects
of mechanical stability of the BTF tanks awaits further results from the ongoing analysis and possible
future actions.

SSM furthermore commented that SKB should consider defining quantitative criteria for the safety
function indicators (Part III Section 2.7 in SSM 2019). The use of criteria for the safety function
indicators has been revisited in this assessment with the result that it is still judged to be appropriate
not to define such quantitative criteria. The reason for this decision is explained in the following.

The performance of the repository components does not generally change in discrete steps. The
repository performance will change continuously with time and there is no clear distinction between

an acceptable and an unacceptable performance for the individual components and their safety functions.
As explained in the introduction to this chapter, the scenario selection is coupled to the deviation

of the safety function indicators from their developments in the main scenario. Thus, uncertainties

not handled within the main scenario are analysed in the less probable scenarios, as described in the
definitions of the respective calculation cases. Including quantitative criteria would not necessarily
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simplify the understanding of which uncertainties are handled in the main scenario in contrast to the
less probable scenarios. Even in the main scenario, the status of the safety functions slowly degrades
over time and the criteria may not be met at some point in time during the assessment period. For
example, the flow-limiting function of the concrete barriers in 2BMA is assumed to completely degrade
during the assessment period, even in the main scenario. Thus defining a safety function indicator
criterion is not an aid to define which uncertainties are evaluated in the main scenario and the less
probable scenarios. The key issue as regards the role of safety functions in the evaluation of less
probable scenarios is not whether a function indicator fulfils a quantitative criterion or not, but whether
the performance of the function, as probed by the development of its associated indicator, is significantly
impaired compared to the situation in the main scenario. An indication of the magnitude of uncertainty
handled within the main scenario is given by the probabilities of the less probable scenarios, they
handle evolutions that are judged to have a probability of 10 % or less to occur.

In Sections 5.3 and 5.4 the safety functions and indicators relating to the two safety principles for
SFR are described and, in Section 5.5, they are summarised in a table.

5.3 Safety functions for limitation of the activity of long-lived
radionuclides

The overall safety principle: limitation of the activity of long-lived radionuclides entails that only
certain kinds of waste are accepted for disposal. This safety principle takes account of the general
SKB mission and is therefore to be seen in a wider perspective, including the roles of other facilities
in the waste management programme.

Waste is allocated to the extended SFR and distributed within the repository in accordance with certain
criteria (SKB R-18-07). In the license for the extended SFR, conditions are given for the inventory of
activity relating to the entire repository and to the different waste vaults (Regeringen 2021).

The waste that is considered suitable for disposal in the extended SFR is presented in an inventory
report (SKB R-18-07). This is based on data on already disposed operational wastes and estimates
of future operational and decommissioning wastes.

In recognition of the safety principle: limitation of the activity of long-lived radionuclides, the safety
function limit quantity of activity is defined. In this respect the waste is a component of the repository
system and the radionuclide-specific inventory has an important role in contributing to the post-closure
safety of the repository. Thus, a relevant safety function indicator is the activity of each radionuclide
in each waste vault.

5.4 Safety functions for retention of radionuclides

The overall safety principle retention of radionuclides applies to waste form and packaging, barriers
in waste vaults, plugs and other closure components, the geosphere and surface system. Retention is
achieved mainly by limiting advective transport and ensuring effective sorption. Thus, the waste is
contained in such a way as to only allow for a slow release and transport of radionuclides.

Within the context of the disposal strategy discussed in Section 5.3, WAC are fundamental and the
specific properties of the waste packages are selected to limit radionuclide release. Thus, the following
discussion focuses first on requirements placed on the waste and waste packaging, before considering
the engineered barriers, geosphere and biosphere.

5.41 Waste form and packaging

In the Initial state report, the waste form and the packaging are defined separately. In the context
of a safety function, the waste form and packaging are considered together and described as waste
packages. In the following, the safety functions defined for the waste packages and related indicators
are described.
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Limit gas formation. The materials in the waste must be limited so that possible negative effects
on the hydraulic function of the surrounding barriers are avoided. The most relevant gas-forming
materials that the waste in the different waste vaults may contain are metallic aluminium, metallic
zinc, easily degradable organic waste such as paper and metal parts with high specific surface area,
e.g. metal swarf.

The defined safety function is limit gas formation with the safety function indicator amount of
gas-forming materials.

Limit advective transport. For waste packages made of materials with low hydraulic conductivity,
their hydraulic resistance, in combination with the surrounding barrier’s hydraulic resistance, will
limit the groundwater flow. The limited flow of water through the waste packages should, in turn,
ensure a slow advective transport of radionuclides through them. In 1BRT, 1-2BMA, 1-5BLA and
the silo, low groundwater flow through the waste packages is, however, not relied upon in the safety
assessment. In 1-2BMA and the silo the surrounding technical barriers ensure favourable flow
conditions through the waste and 1BRT relies upon slow release of induced activity and sorption in
the surrounding concrete barrier. In the case of 1-5BLA, there are no requirements regarding the
hydraulic properties of the waste packages and the safety assessment does not take credit for the
hydraulic resistance that can be attributed to the waste packages. Thus, the advective transport in
1-5BLA is limited by the favourable low groundwater flow conditions provided by the surrounding
geosphere and the plugs in the repository.

The hydraulic influence of the waste packaging in 1-2BTF has a role in contributing to safety and
the safety function limit advective transport is defined with the safety function indicator hydraulic
conductivity.

Limit corrosion. The induced activity content that is present in the reactor pressure vessels and
possibly also in other metal wastes in 1BRT is released because of corrosion and the rate of release
is controlled by the corrosion rate. The corrosion is limited by high pH and low redox potential in the
porewater surrounding the metal surfaces. This is described in detail in the Waste process report.

Limited release of induced radionuclides has a role in contributing to safety and thus the safety
function limit corrosion is defined with pH in porewater and redox potential as safety function
indicators.

If the concentration of a certain element is sufficiently high, it reaches equilibrium with a solubility
limiting phase and the element will not dissolve further. This means that the solubility limit is reached.
The solubility limit is dependent on the water chemistry. Examples of radionuclides whose concen-
tration might be limited by solubility are C-14, Ni-59 and Ni-63 (see the Waste process report).
Solubility limitations are, however, not considered in the present safety assessment and no safety
function is defined. Excluding solubility limitation is generally a cautious approach; the effect of

it for SFR has been briefly investigated separately (SKB TR-14-09, Appendix B).

Sorb radionuclides. Many radionuclides sorb to solid materials in the waste package, where the
sorption capacity varies depending on the solid material and the porewater chemistry. This sorption
limits the concentration of dissolved radionuclides in the porewater (see the Waste process report)
and this contributes to slow release from the waste, regardless of whether the transport is diffusive
or advective. In principle, radionuclides can sorb not only onto the concrete or cement in the waste
form, but also to ion-exchange resins, ash, corrosion products, etc, as well as to waste packaging.
The sorption properties of waste destined for disposal in the silo, I-2BMA, 1BRT and 1-2BTF are
determined by how the waste is conditioned. However, the safety assessment only takes credit for
sorption onto cementitious materials in the waste packages. According to Appendix E, Table E-3,
the quantity of cementitious materials is limited in 1BLA (about 3 % of the total waste weight). For
2-5BLA about 26 % of the waste material consists of concrete, see Appendix E, Table E-3. However,
no credit is taken for sorption in 1BLA or 2-5BLA, even though sorption is likely to contribute to
the retardation in 2-5BLA to some extent.

Sorption takes place on solid surfaces. Cement has a relatively large porosity, which favours sorption.
The large amount of cement in the silo, 1-2BMA, 1BRT, and 1-2BTF ensures that there are available
sites for sorption in the repository vaults. The availability of sorption sites along the radionuclide
transport paths is considered in the radionuclide transport calculations.
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As long as the cementitious materials are not significantly chemically altered, the pH in the porewater
will be higher than 10.5. This generally guarantees favourable sorption conditions for important
cations. Anions are assumed to sorb poorly to cementitious materials in the entire relevant pH range.
This is described in detail in the Waste process report.

The redox potential is an important parameter for sorption, where low redox potential leads to increased
sorption of some important radionuclides. A low redox potential is ensured by the presence of a large
amount of oxidizable materials, mainly metallic iron in the form of steel.

The waste contains complexing agents (e.g. NTA and citric acid) and, moreover, degradation of
some organic matter in the waste (particularly cellulose) can give rise to complexing agents. These
agents can impact sorption by complexing with certain radionuclides in solution and reducing the
degree of radionuclide sorption due to this change of chemical form. In dissolved form, complexing
agents could also conceivably compete for radionuclide uptake via sorption onto solid surfaces.
Furthermore, complexing agents can bind and dissolve radionuclides that are otherwise solubility
limited. Therefore, the amounts and, more specifically, the concentrations of dissolved complexing
agents in the waste needs to be kept low.

Hence a safety function sorb radionuclides is defined with the safety function indicators amount of
cementitious materials, pH in porewater, redox potential and concentration of complexing agents.

5.4.2 Engineered barriers

The engineered barriers in the waste vaults are concrete structures, macadam backfill, bentonite and
top backfill in the silo, grout and shotcrete (Chapter 4). The plugs and other closure components are
also part of the engineered barrier system.

In the following, the safety functions for the engineered barriers are described.

Limit advective transport. Water flow in the interior of the waste vaults and through the waste
packages should be limited. Two different approaches are used to achieve this: 1) the hydraulic contrast
between the permeable macadam backfill (including crushed rock foundation) surrounding the concrete
structures and the less permeable concrete structures enclosing the waste packages (only the concrete
tanks in 1-2BTF) diverts water flow away from the concrete structures to the more permeable surround-
ing materials and 2) the bentonite buffer surrounding the silo has a low hydraulic conductivity and
will limit groundwater flow through the silo.

The hydraulic conductivity of both the macadam backfill and the concrete barriers is of importance
for 1-2BMA and 1-2BTF (concrete tanks), whilst the hydraulic conductivity of bentonite is of main
importance for the silo and the bentonite-filled sections of the plugs that act as hydraulic seals to the
waste vaults.

The hydraulic barrier function has a role in contributing to safety and the safety function defined is
limit advective transport with the safety function indicators hydraulic conductivity in concrete and
bentonite and hydraulic conductivity in backfill (including crushed rock foundation).

Allow gas passage. In the silo, a permeable grout is used and the lid will be provided with evacuation
pipes in order to allow gas to escape. However, there is a slight possibility that gas formed inside
the silo will create an over-pressure that might expel water. Gas formed in 1-2BMA and 1-2BTF
might also influence the advective transport of radionuclides. The possible influence is governed by
the amount of gas-forming materials and the permeability of the barrier, i.e. the ability of the barrier
to release gas. The calculated gas quantities are discussed in Section 6.2.8 and it can be noted that
little gas formation is expected in 1-2BTF. The permeability is either sufficient to allow gas passage
within the barrier material itself or a technical solution is necessary to ensure passage. Such a technical
solution will be implemented for 2BMA.

Hence, the safety function allow gas passage is defined with the safety function indicator permeability
for the silo, 1-2BMA and 1-2BTF.
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Allow gas passage has not been defined as a safety function for 1BRT even though the waste comprises
scrap metals. A permeable grout will be used to grout the waste packages, allowing for gas to be
transported through the grout. The formed gas might lead to fracturing of the outer concrete structures
in 1BRT allowing gas and water to be transported through the fractures. Since limit advective transport
has not been defined as a safety function in 1BRT the safety function allow gas passage is not of
concern for 1BRT either.

Sorb radionuclides. The radionuclides released from the waste packages are retarded by sorption
in the grout surrounding the waste packages, the concrete structures and the macadam outside the
concrete structures as well as in the bentonite surrounding the concrete in the silo.

The highest sorption capacity for radionuclides is found in cementitious materials (concrete walls,
grout, etc) that have large specific surface areas, which favours sorption. It should, however, be
noted that the safety assessment also takes credit for sorption in bentonite and crushed rock in the
radionuclide transport calculations. Sorption in the plugs is not considered in the safety assessment,
even though sorption is expected to occur within the material of the plugs.

As long as the cementitious materials are not significantly chemically altered, the pH in the pores will be
higher than 10.5. The gradual leaching of minerals from cementitious materials will lead to changes
in the sorption capacity for different radionuclides, but many cationic radionuclides sorb well during
all stages of cement chemical degradation. Anions are assumed to sorb poorly to cementitious
materials in the entire relevant pH range.

The redox potential is an important parameter for sorption. For a repository such as SFR, a low redox
potential implies a slower release of some important radionuclides.

The waste is the main source for complexing agents. However, complexing agents in the waste also
influence the sorption in the barriers.

Sorption in the engineered barriers contributes to the safety and the safety function sorb radionuclides
is defined with the safety function indicators amount of cementitious materials, pH in porewater,
redox potential and concentration of complexing agents.

5.4.3 Repository environs

The geosphere has several functions from a post-closure perspective. The main functions of the
geosphere concern its role as a boundary condition for the waste vaults and are described below. In
addition, the geosphere retards radionuclides, however no safety function has been identified for
retardation in the geosphere, since its contribution to post-closure safety is not vital. The geosphere
also ensures the isolation of the repository from the biosphere.

Provide favourable hydraulic conditions. Low groundwater flow through the waste vaults is

a prerequisite for slow advective transport of radionuclides out of SFR. This applies in particular
to slightly or non-sorbing radionuclides. Low groundwater flow through the waste vaults is also

a prerequisite for slow inward transport of reactive substances such as oxidants and slow barrier

degradation.

Groundwater flow through the waste vaults is mainly determined by the groundwater flow in the
geosphere, considering the role of the plugs and the bentonite surrounding the silo that hinders
advective flow. The flow through the geosphere is determined by the hydraulic gradient and the
hydraulic conductivity of the bedrock. The hydraulic conductivity relates to the flowing fracture
network characteristics. These quantities can be changed by e.g. an earthquake (see the Geosphere
process report).

The site for SFR was chosen in part for the low hydraulic gradient of the geosphere. At present, the
area above SFR is located beneath the sea where the general hydraulic gradient is very low. The
direction and magnitude of the hydraulic gradient will change due to shoreline displacement. After
a few millennia, when the ground surface above the repository is expected to be above sea level,
the hydraulic gradient in the geosphere will be higher. Deviations from the general gradient are
then expected to be controlled more by the local, rather than the regional, topography.
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The safety function provide favourable hydraulic conditions is defined given that the geosphere
provides the boundary conditions for groundwater flow through the waste vaults. The relevant safety
function indicators are hydraulic gradient and hydraulic conductivity.

Provide chemically favourable conditions. Sorption of many elements — such as Tc, Pu, Np and
Se — is sensitive to the redox conditions in the repository. Sorption of these elements under oxidising
conditions can differ considerably from sorption under reducing conditions. The redox conditions in
the repository are determined by the composition of inflowing groundwater and oxidation reactions
inside the repository, mainly corrosion of iron.

The safety function provide chemically favourable conditions is defined as the inflowing ground-
water is a boundary condition influencing the redox potential and has a role in contributing to the
safety through its effect on sorption in the waste vaults. The relevant safety function indicator is the
groundwater redox potential.

Avoid boreholes in the direct vicinity of the repository. An important safety aspect of SFR is its
location beneath the Baltic Sea where it is expected to remain for at least 1000 years after closure.
In addition to the beneficial hydraulic features, the external condition of the sub-sea location of the
repository also prevents humans locating boreholes above or downstream of the repository for the
purpose of water extraction. However, it cannot be completely ruled out that drilling under water
may be conducted for purposes other than water extraction.

Due to shoreline displacement, the surface component will change over time, which is accounted for
in the safety assessment.

Drilled wells intended for drinking water or agricultural purposes may affect radionuclide transport
to the biosphere. The use and location of drilled wells therefore influences the safety and this must
be considered in the safety assessment.

The location of the repository in relation to the shoreline is considered of crucial importance for the
possibility of boreholes in the repository area or immediately downstream of the repository.

In recognition of the safety principle retention of radionuclides the safety function avoid boreholes
in the direct vicinity of the repository is defined. The relevant safety function indicators are intrusion
boreholes, and boreholes downstream of the repository.

5.5 Summary of defined safety functions for the assessment

The safety functions and safety function indicators that have been defined in this chapter are
summarised in Table 5-1.

As stated above, the following definitions are used:

» A safety function is defined as a role by means of which a repository component contributes
to safety.

» A safety function indicator is a measurable or calculable property of a repository component
that is used to indicate the extent to which the safety function is upheld.
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Table 5-1. Safety functions and safety function indicators.

Safety function

Safety function indicator

Repository system (sub-)component

Waste form and waste packaging

Limit quantity of activity

Activity of each radionuclide in each
waste vault: limited

Waste form in silo, 1-2BMA, 1BRT,
1-2BTF, 1-5BLA

Limit gas formation

Amount of gas-forming materials: low

Waste form and waste packaging in silo,
1-2BMA, 1BRT and 1-2BTF

Limit advective transport

Hydraulic conductivity: low

Waste packaging (concrete tanks) in 1-2BTF

Limit corrosion

pH in porewater: high
Redox potential E;: low

Waste form with induced activity in 1BRT

Sorb radionuclides

Amount of cementitious material: high
pH in porewater: high

Redox potential: low (reducing)
Concentration of complexing agents: low

Waste form and waste packaging in silo,
1-2BMA, 1BRT and 1-2BTF

Engineered barriers

Limit advective transport

Hydraulic conductivity in concrete and
bentonite: low

Bentonite in silo and plugs
Outer concrete structures in 1-2BMA

Hydraulic conductivity in backfill
(including crushed rock foundation): high

Backfill (including crushed rock foundation)
in 1-2BMA and 1-2BTF

Allow gas passage

Permeability: sufficient to allow
gas passage

Gas evacuation system in silo and 2BMA
Cementitious materials in 1BMA and 1-2BTF

Sorb radionuclides

Amount of cementitious material: high
pH in porewater: high

Redox potential: low (reducing)
Concentration of complexing agents: low

Cementitious materials in silo, 1-2BMA,
1BRT, and 1-2BTF

Repository environs

Provide favourable Hydraulic conductivity: low Geosphere
hydraulic conditions Hydraulic gradient: low
Provide chemically Redox potential: low (reducing) Geosphere

favourable conditions

Avoid boreholes in the
direct vicinity of the
repository

Intrusion boreholes: few/absent

Boreholes downstream of
the repository: few

Biosphere, geosphere

5.6

Identification of FEPs potentially affecting the safety functions

The safety functions are used as a tool for scenario selection (Section 2.6.8). The selection of the
less probable scenarios is based on an evaluation of uncertainties related to the initial state, internal
processes and external conditions causing deviations in safety functions and safety function indicators.
To facilitate this evaluation of uncertainties, key FEPs potentially affecting the safety function
indicators for each safety function were identified. This was done by the safety assessment team,
consulting subject matter experts where needed. The results of this exercise, i.e. key FEPs potentially
affecting safety function indicators, are presented in Tables 5-2 to 5-4.

Since safety function indicators are measurable, or calculable, properties of repository components,
they are directly related to the variable FEPs which describes the properties and conditions of each
system component. The first step was to identify which variable FEPs may affect the safety function
indicators; this was done by expert judgement.
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The second step was to identify key internal processes that may affect the identified variable FEPs in
such a manner that the safety function indicators may be affected. FEPs that are judged to only have
a negligible, or minor, influence on the variable are excluded. In this step, the influence tables in the
process reports (Waste process report, Barrier process report and Geosphere process reports) were
used, where, for each internal process, it is evaluated if it influences one or more of the variable FEPs.
Hence, this identification of internal processes is based on expert judgement of possible influences
made by the authors of the individual chapters of the process report. The selection of key internal
processes was made by expert judgement.

The third step was to, by expert judgement, identify key external FEPs related to climate or large-
scale geological processes or events that may affect the identified variables. Note, external FEPs
related to future human actions (FHA FEPs) are not included in this exercise since identification
of scenarios based on such FEPs is treated separately, as they are driven by specific regulatory
guidelines (Chapter 9).

The fourth and final step was to identify, using expert judgement, if any initial state FEPs may affect
the safety function indicators for each safety function.

Table 5-2. Safety functions for the waste form and waste packaging and FEPs that may directly
affect the safety function indicators, limited to key FEPs to address in the selection of less
probable scenarios. The codes for the FEP classification given in brackets are found in the
FEP report, Chapter 5 and Appendix 2.

Safety function Key FEPs Repository system
(sub-)component
Limit quantity of Radionuclide inventory (VarWMO06) Waste in silo, 1-2BMA,
activity Radioactive decay (WM01) 1BRT, 1—ZBTF, 1-5BLA
Limit gas formation ~ Material composition (Var'WWM07, VarPa05) Waste form and waste
Gas variables (VarWM09, VarPa07) packaging in silo, 1-2BMA,

1BRT 1-2BTF
Degradation of organic materials (WM15), Microbial processes and

(WM17), Metal corrosion (WM18, Pa12), Gas formation and
transport (WM19, Pa13)

Limit advective Geometry (VarPa01), Hydrological variables (VarPa03) Packaging (concrete tanks)

transport Phase changes/freezing (Pa02), Fracturing/deformation (Pa05), in 1-2BTF
Dissolution, precipitation and recrystallisation (Pa10)

Climate evolution (Cli03), Ice-sheet dynamics and hydrology (Cli06),
Earthquakes (LSGe02)

Design deviations — Mishaps (IsGen05)

Limit corrosion Water composition (VarWwM08) Waste form with induced

Dissolution, precipitation and recrystallisation (WM14), Metal activity in 1BRT
corrosion (WM18)

Climate evolution (Cli03), Ice-sheet dynamics and hydrology (Cli06)

Sorb radionuclides ~ Material composition (VarWMO07, VarPa05), Water composition Waste form and waste
(VarWwmMo08, VarPa06) packaging in silo, 1-2BMA,
Dissolution, precipitation and recrystallisation (WM14, Pa10), 1BRT and 1-2BTF

Degradation of organic materials (WM15), Metal corrosion (WM18,
Pa12), Diffusive transport of dissolved species (Pa07)

Climate evolution (Cli03), Ice-sheet dynamics and hydrology (Cli06)
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Table 5-3. Safety functions for the engineered barriers and FEPs that directly may affect the
safety function indicators, limited to key FEPs to address in the selection of less probable

scenarios.

Safety function

Key FEPs

Repository system
(sub-)component

Limit advective
transport

Geometry (VarSi01, VarBMAO1, VarPg01), Hydrological
variables (VarSi03, VarBMAO3, VarPg03)

Phase changes/freezing (SiBa02, BMABa02), Piping/erosion
(SiBa06, Pg06), Mechanical processes (SiBa07, Pg07,
BMABa06), Dissolution/precipitation (SiBa14), Montmorillonite
transformation (SiBa17, Pg15), Concrete degradation
(BMABa12), Metal corrosion (BMABa15)

Climate evolution (Cli03), Ice-sheet dynamics and hydrology
(Cli06), Earthquakes (LSGe02)

Design deviations — Mishaps (IsGen05)

Bentonite in silo

and plugs

Quter concrete
structures in 1-2BMA

Geometry (VarBMAO1, VarBTF01), Hydrological variables
(VarBMAO3, VarBTF03)

Phase changes/freezing (BMABa02, BTFBa02), Mechanical
processes (BMABa06, BTFBa06), Concrete degradation
(BMABa12, BTFBa11)

Design deviations — Mishaps (IsGen05)

Backfill in 1-2BMA and
1-2BTF

Allow gas passage

Geometry (VarSi01, VarBMAO1, VarBTF01), Hydrological
variables (VarSi03, VarBMAO3, VarBTF03)

Mechanical processes (SiBa07, BMABa06, BTFBa06),
Concrete degradation (SiBa13, BMABa12, BTFBa11),

Gas evacuation system
in silo and 2BMA

Cementitious materials
in 1BMA and 1-2BTF

Sorb radionuclides

Material composition (VarSi05, VarBMAOQ5, VarBRT05, VarBTF05)
Concrete degradation (SiBa14, BMABa12, BRTBa11, BTFBa11),
Sorption (including ion exchange of major ions) (SiBa10),
Aqueous speciation and reactions (SiBa15), Sorption on
concrete/shotcrete (BMABa09), Sorption (BTFBa09, BRTBa09)
Climate evolution (Cli03), Ice-sheet dynamics and hydrology
(Clioe)

Cementitious materials
in silo, 1-2BMA, 1BRT,
and 1-2BTF

Table 5-4. Safety functions for the repository environs and FEPs that directly may affect the
safety function indicators, limited to key FEPs to address in the selection of less probable

scenarios.
Safety function FEPs Repository system
component

Provide favourable Temperature (VarGe01), Repository geometry (VarGe05), Geosphere
hydraulic conditions