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SUMMARY

A critical revision of the previous safety assessments (SSR and FSA) made by SKB on
the Final Repository for Radioactive Operational Waste, SFR is presented. The review of
the Deepened Safety Assessment (FSA) performed by SKI and SSI is also discussed.
Based on this critical revision improvements are suggested. Hydrology, formation of
complexes, and long-term behaviour of the barriers are some of the aspects where the
safety assessment could be improved.
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INTRODUCTION

The Final Repository for Radioactive Operational Waste, SFR, is located under the
Baltic Sea close to Forsmark nuclear power plant. It is a repository for low and
intermediate level waste. The first stage of SFR, which is in operation, comprises a
disposal capacity for 60 000 m3. A second stage with a capacity of approximately
30 000 m3 is planned.

A Safety Assessment, SSR (SKB, 1987) was presented by SKB to the authorities in
1987. In 1992, a Deepened Safety Assessment, FSA, (SKB, 1991) was presented in
accordance with the operating permit obtained in 1988. In that report, some areas are
covered in detail, namely, the effects of gas production, the effect of complexing
agents from the degradation of cellulose and the change in the hydrological regime
due to land rise. The Deepened Safety Assessment (FSA) was reviewed by SKI and
SSI and presented in two reports (SKI, 1992; SSI, 1992).

The aim of this report is a critical revision of the previous safety assessments and of
the review of the Deepened Safety Assessment (FSA) made by SKI and SSI. From
this critical revision improvements are suggested.
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PREVIOUS WORK

In this section, a description of the previous Safety Assessments is presented. This is
based on the Deepened Safety Assessment, FSA, presented in 1991 to the
governmental authorities (SKB, 1991) and on the previous Safety Assessment
presented in 1987, SSR (SKB, 1987).

The Swedish Nuclear Power Inspectorate (SKI) and the Institute for Radiation
Protection (SSI) wrote a report (SSI-SKI 1992) about the evaluation of the Deepened
Safety Assessment presented by SFR. A summary of this report is also presented.

2.1 PREVIOUS SAFETY ASSESSMENT

The SFR repository is located in bedrock 50 m below the Baltic Sea. Due to land rise,
the Baltic Sea will move to the east and the rock above the repository will emerge
from the sea. The land rise rate is currently about 6 mm/year, which means that at the
same rate the repository will reach the coastline in 1000 years.

The land rise will modify the hydrology in the region where the repository is located.
So, two different periods were distinguished. One is the salt-water period when the
repository is below the Baltic Sea. Another is the inland period that starts when the
repository reaches the coastline in 1000 years. Since the hydrology is very different
between these periods, calculations were made for both periods.

During the salt-water period, the groundwater flow will be very small since no local
gradients are created under the sea. The sea above the repository will be the primary
recipient. As the transport distance from the repository to the recipient is short, the
retardation in the far field was conservatively neglected.

During the inland period the repository will not be below the sea and the zone above
the repository will be one of recharge. The hydraulic gradient and the groundwater
flow will then be increased. The flow direction will be downward in the repository.
Regarding the recipient, a small lake will be formed downstream of the repository
and a well may be bored there after 2 500 years. In this period, when the recipient is a
well or a lake situated some thousands of metres from the repository, retardation by
diffusion and sorption in the rock matrix are considered.

A base scenario was defined for each part of the repository for each period. This
corresponds to "the best estimate," i.e., the scenario that is expected to take place.
Due to the large inaccuracies, some variation scenarios are defined, to study the
release of radionuclides under extreme situations. The probability that one of these
scenarios takes place is small. No calculations combining several of these extreme
scenarios were therefore made.
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2.1.1 The base scenario during the salt water period

During the salt-water period, the repository is below the sea bottom. The hydraulic
gradient is small and the groundwater flow is horizontal or weakly upward. The
primary recipient is the sea located above the repository. From scarce over-pressure
measurements, the groundwater flow is estimated to be 0.2-0.5 1 /m 2 • year. The
retardation in the geosphere is conservatively neglected since the distance from the
repository to the recipient is short. Sorption on cement, concrete or filling material
retards the radionuclide migration.

Silo. Radionuclides are transported from the silo by diffusion in the concrete walls
and bentonite barrier. Water flow through the silo is negligible. It is assumed that the
anaerobic corrosion of metals and its corresponding gas generation start successively
in the silo. After some tens of years all the surfaces will be corroded.

The gas formed expels a certain volume of water to create channels for the gas
escape to the upper part of the silo. Gas accumulates below the bentonite/sand barrier
at the top. The pressure increases until channels in the bentonite/sand barrier open
and gas escapes. Over-pressure in the silo pushes some water into the silo walls and
bottom. Further radionuclide transport takes place by diffusion in the concrete walls
and the clay barriers. When pressure equilibrium is reached, a steady state is obtained
and no more water will be expelled from the silo.

BMA. The water flow takes place in BMA between the concrete building and the
rock walls. It is determined mainly by the flow rate in the surrounding rock, since the
flow resistance in the sand and the unfilled space above the building are small. A
fraction of the water can flow through some fissures in the concrete building.
Nuclides diffuse through the waste matrix, concrete barriers to the water flowing in
the fissures or around the repository. Sorption can vary depending on the degradation
level of cement and concrete and the existence of substances that can form
complexes.

BTF. Water flows in BTF mainly in the unfilled space above the concrete tanks. A
fraction of the water can flow through the concrete tanks. This flow will be increased
by degradation of the concrete with time. Radionuclides emigrate with the water
flowing in the tanks and by diffusion to the unfilled space. Sorption can be reduced
by the presence of substances that can form complexes.

BLA. Water flow through BLA is determined mainly by the water flow in the rock
surrounding the BLA and the possible influence of other caves. Radionuclides are
dissolved in all the water contained in the BLA. The water flowing in BLA transports
radionuclides out.

Radionuclide transport through the geosphere. Nuclides escaping from the
different parts of the repository are transported with the groundwater through
fractures and fracture zones into the recipient (Baltic Sea). Retardation caused by
sorption on fracture surfaces and diffusion into the rock matrix are small due to the
short travel times.
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2.1.2 The variation cases during the salt water period

Several extreme cases were studied for the salt-water period. For the base scenario,
the dose to the biosphere is dominated by the release from BMA. The release from
the silo is negligible. Release from the silo could be increased if contaminated water
was expelled from the silo. This could occur, for example, if gas passages are
blocked.

If some passages for the gas transport are blocked, an additional volume of
contaminated water could be pushed out from the silo. Therefore, if the silo walls or
bottom are damaged, this water volume may be directly expelled from the silo. Two
situations may be distinguished. The volume of contaminated water expelled is small
and the water does not reach the rock. Further transport takes place by diffusion. In
the other case, the volume of water is large and a certain volume of contaminated
water is directly expelled into fractures in the rock. Several extreme cases, related to
gas production, have been studied:
• Clogging of the evacuation pipes.
• Reduction of the porous concrete permeability.
• Clogging of the porous concrete at a certain level.
• Silo walls are cracked (e.g., by ettringite formation).
• A few large fractures appear on the silo walls.
• A combination of two cases: Clogging of the evacuation pipes and a fracture at

the bottom.

No extreme cases have been calculated for the other parts of SFR (BMA, BTF and
BLA).

2.1.3 The base scenario during the inland period

When the inland period starts, the zone above SFR will be a zone of recharge and the
groundwater flow will be increased. After 1 000 years, the water flow rate is
estimated to be 5 l/m2year. After 2 500 years, the water flow will be 15 l/m2year.
The water flow will be downward during the inland period.

The hydraulic conductivity of the barriers will increase with time. This means that
transport by flow will be the main mechanism for radionuclide migration from all
parts of the repository, even from the silo.

Radionuclides that escape from the repository will be transported by the groundwater
flowing in fractures and fracture zones. Since the transport distance will be long, the
retardation caused by diffusion and sorption in the rock matrix must be considered in
the calculations. Formation of complexes and channelling can reduce the effect of
diffusion/sorption in the rock.

The radionuclide inventory at the start of the inland period is determined directly by
the initial inventory and decay. No early release of nuclide is assumed.

Silo. The water flow in the silo is determined by the hydraulic conductivity of the
clay barriers and the water flows into the silo through the top. The concrete walls do
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not limit the water flow. The water in the silo flows mainly through the porous
concrete. A fraction of the water flows through fissures in the waste. Nuclides escape
from the silo by advection with the water flowing in it and by diffusion through the
concrete wall and bentonite around the silo.

Gas is produced in the silo by anaerobic corrosion of metals. When over-pressure in
the silo exceeds the pressure needed to open the gas passage in the sand/bentonite
barrier, gas can flow out from the silo into the dome and then through fractures in the
rock. Stationary conditions are reached, and no water is expelled in this period.

BMA, Water flows into BMA through the cavern walls and the ceiling. Most of the
water flow takes place through the space above the concrete construction. Nuclides
are transported by diffusion from the waste into the flowing water. A fraction of the
water flows through the concrete building, nuclides are then transported out by
advection. Products of cellulose degradation may reduce the sorption by forming
complexes.

BTF. Water flows into BTF through the ceiling and flows in the unfilled parts of
BTF and in fissures in the concrete tanks. Nuclides are transported out by the water
flowing through the concrete tanks.

BLA. Nuclides are transported by the water flowing through BLA.

2.1.4 The variation cases during the inland period

Clogging of the evacuation pipes. To expel water from the silo in this period, it is
required that gas production starts or increases significantly. Another reason may be
an increase of the pressure in the silo caused by the obstruction of an earlier open gas
passage. To illustrate the consequences of this situation, it is assumed that clogging
of the evacuation pipes takes place. Pressure in the silo is increased until fractures are
formed in the evacuation pipes or silo walls. The worst alternative is that the water is
expelled through a single fracture at the silo bottom. The sand/bentonite constitutes a
hydraulic barrier and sorption on the sand/bentonite retards the transport of
radionuclides.

Well direct in a cavern. In another extreme case, a well is drilled directly into a
cavern. The probability of this is low since a well in the silo is expected to give little
water because of the hydraulic resistance in the silo (Bentonite barrier). Moreover,
water in the silo will have a high pH even after 1 000 years. Water from other parts
of the repository will not be suitable as potable water due to the large volume of
concrete.

2.2 EARLIER MODELLING WORK

Main assumptions used in the calculations:
• Plugs and other actions hydraulically isolate the different parts of the repository

and tunnel system. The radionuclide release of each part of the repository is
calculated independently.
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• Radionuclides are totally dissolved in the water in the packages, except C-14
present as calcium carbonate. The initial radioactive carbon is assumed to be 10 %
organic carbon and 90 % inorganic carbon.

• Regarding data for sorption on concrete for the salt-water period, the lowest value
between fresh and leached concrete is used. For the inland period, the lowest
value between leached and degraded concrete is used.

• Nuclide transport from the repository to the biosphere. No retardation for the salt
water period. Retardation is considered for the inland period.

• The direction of the water flow is upward during the salt-water period and
downward during the inland period.

• For the inland period, it is assumed that no nuclides have been released during the
salt-water period, inventory decreases only by decay.

The main assumptions used in the different parts of the repository for the salt and
inland period are listed below.

2.2.1 Silo modelling

The salt water period

• The water flow rate around the silo is 1 l/m2year. No water flows through the
silo.

• The interior of the silo is modelled as a well-stirred tank. Transport resistances in
waste matrix, concrete box, and porous concrete are neglected.

• Radionuclide transport takes place by diffusion through the outer silo wall,
through the bentonite barrier and into the water flowing in the rock around the
silo.

• Sorption on concrete is considered.
• To calculate the diffusion resistance in the outer silo wall, only 0.5 m is

considered. It is assumed that 0.3 m is degraded and has a high diffusivity.
• Anaerobic corrosion starts directly after closing. The corrosion rate increases from

0 to 100 % in 20 years.
• The silo is initially water-saturated. About 50 m3 of water are expelled when gas

production start. This contaminated water is retained in the sand layer at the top.
• An over-pressure of 50 kPa is needed to open gas channels in the sand/bentonite.

This over-pressure pushes out 140 m3 of water into the silo wall and bottom.

The inland period

• The groundwater flow is 5 and 15 l/m2year after 1 000 and 2 500 years
respectively.

• The total water flow through the silo is 7 and 25 m3year after 1 000 and 2 500
years respectively. Water flows into the silo through the top and out through the
bottom.

• Sorption on the waste matrix, concrete boxes, porous concrete and interior
concrete walls is considered.

• The silo is modelled as a well-stirred tank. Nuclides are transported out with the
flowing water and by diffusion through the silo sides and bottom.
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2.2.2 BMA modelling

The salt water period

• The total water flow in BMA is 32 m3/year and is upward. Concrete walls are
cracked, therefore they do not resist the water flow.

• The interior of the building is modelled as a well-stirred tank.
• Sorption in the waste matrix and concrete is considered.
• Radionuclides are transported with the water flowing through the concrete

building and by diffusion through the concrete walls.

The inland period

• The total water flow in BMA is 320 and 1 000 m 3/year after 1 000 and 2 500
years respectively. The direction of the water flow is horizontal and perpendicular
to the cavern. 4 % of the water flows through the concrete building.

• BMA is modelled as a well-stirred tank.
• Sorption in the waste matrix and concrete is considered.
• Nuclides are transport by diffusion into the flowing water in the empty space

above the concrete building.
• Calculations were performed with a sorption 50 times lower for those

radionuclides that can form complexes with cellulose.

2.2.3 BTF modelling

The salt water period

The calculations are divided into two parts, the first 100 years and the period after
100 years. For the first 100 years:
• The total water flow in BTF is 23 m 3/year and is upward.
• The concrete walls of the tanks avoid water flow through the waste.
• Each tank is modelled as a well-stirred tank. Radionuclides are transported by

diffusion through the tank walls. Transport resistance in the concrete around the
tanks is neglected.

For the time after 100 years, the concrete hydraulic conductivity has been increased
and water flow is possible through the tanks:
• The total water flow is 23 m3 /year and is upward. All the water flows through the

concrete tanks.
• Each tank is modelled as a well-stirred tank. Radionuclides are transported by the

water flowing through the tanks and by diffusion through the tank walls.

The inland period

• The total water flow is 230 and 800 m3/year after 1 000 and 2 500 years
respectively.

• BTF is modelled as a well-stirred tank. Sorption in the concrete tank and concrete
surrounding the tanks is considered.

• Radionuclides are transported by the water flowing through BTF.
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2.2.4 BLA modelling

The salt water period

• The total water flow is 23 m 3/year and is upward.
• The whole cavern is modelled as a well-stirred tank. Sorption is not considered.
• Radionuclides are transported by the water flowing through BLA.

The inland period

• The total water flow is 230 and 800 m3/year after 1 000 and 2 500 years
respectively.

• BLA is modelled as a well-stirred tank. Sorption is not considered.
• Radionuclides are transported by the water flowing through BLA.

2.3 PREVIOUS REGULATORY REVIEWS

In 1987, SKB presented to the authorities a Safety Assessment (SSR, 1987).
Operation of SFR was allowed with some conditions. SKI and SSI required some
improvements in the silo safety assessment (1988). In 1989, SKI and SSI required
from SKB an improved assessment for the silo long-term safety. The Deepened
Safety Assessment (FSA) was then presented (SFR 91-10). SKI and SSI (SSI 92-07
and SKI 92-16) evaluated the Deepened Safety Assessment for SFR. A short
summary of this evaluation is given below.

2.3.1 Criteria used in the review by SKI-SSI

Some criteria used in the evaluation of the SSR and FSA relating to the transport of
radionuclides are:
• Barrier functions are described for a sufficiently long time.
• Barrier long-term stability is considered.
• Models used in safety assessments are relevant and sound.
• Uncertainties are considered in the formulation of scenarios and calculated cases.
• The dose for the individual less than 0.1 mSv/year.

2.3.2 Niiclides inventory and waste

Based on the experience of operation, the margins used by SKB for the waste
inventory are considered by SKI and SSI to be sufficient. For example, if the waste
production from 1987 is extrapolated, the overestimation for Co-60 is by a factor of
3, for Cs-137 by a factor of 5 and for the transuranic elements by a factor of 10. If the
1990 forecast is used, the margins are even larger.

A part of the waste that would be deposited in the silo regarding its origin and
activity, will be deposited in BMA (or BTF) to avoid negative effects (gas production
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and formation of complexes). This increases the activity in BMA and reduces the
activity in the silo.

It is important that cellulose is not deposited in the silo. According SKI-SSI, this
would be a condition for the operation of the silo. Research into the degradation of
cellulose and complex formation is of the utmost importance. Revision of the amount
of substances that may generate gas would also be made.

2.3.3 Hydrogeology

According SKI-SSI, in the Deepened Safety Assessment, a discussion of the
uncertainties in the given hydraulic properties is missing. SKI-SSI consider that the
existence of possible sub-horizontal fracture zones should be investigated. The values
of permeabilities used by SKB show a large uncertainty, they could be five and ten
times larger for fracture zones and mass rock respectively. However, these
permeabilities could be smaller that the values used by SKB. Uncertainty in the
measured over-pressures in the Signo zone is also pointed out.

For the inland period, SKI-SSI consider that the water flow may be 4 times larger
than the values used by SKB. Additional calculations are required. Uncertainty
regarding the water flow direction is also pointed out. Regarding the dilution factor
in possible wells, SKI-SSI consider that the dilution factors are large. For example,
for a well located directly above SFR, where SKB used a dilution factor of 2, SKI-
SSI propose no dilution.

2.3.4 Properties of the technical barriers

Barriers in the repository and their function. According to SKI-SSI, after 500 -
1 000 years, it is possible that the concrete walls will be damaged to such an extent
that the concrete walls do not impede water flow. For the silo, vertical water flow
could then be established.

Chemical properties. Regarding chemical properties of the concrete, SKI-SSI
consider that attack of the concrete by sulphate should be addressed in the
perspective of the long- term stability of the concrete. SKI-SSI consider that the
uncertainties about concrete mechanical strength are large, but that these
uncertainties do not influence the radionuclide release.

Regarding the pH of the water in BMA, SKI-SSI point out that other processes than
dilution may contribute to the diminution of the pH.

Regarding the porous concrete, SKI-SSI consider that the Deepened Safety
Assessment, FSA, does not show that the property of the porous concrete to carry off
the gas from the silo will be retained for long times.

Physical transport properties. SKI-SSI consider that the assumption that the porous
concrete will be stable for a long time is uncertain. However, the consequences of a
variation in the transport properties of the porous concrete have a small significance.
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Mechanical properties of the concrete used in the construction. SKI-SSI point out
that the silo will be undamaged for at least 500-1000 years if attack by sulphate is
solved in an adequate way. They consider that the value of 280 kPa used as the
maximum pressure that the silo may support is too small for fresh and undamaged
concrete. For times longer than 1000 years, the silo walls could be damaged and this
should be considered when the volume of water pushed out by the gas is determined.

Disturbing processes. SKI-SSI consider that the influence of cellulose in the
formation of complexes should be addressed still more. For BMA, the sorption
constants for plutonium, americium and technetium are reduced by a factor of 50 to
consider the formation of complexes in the presence of a substantial amount of
cellulose. SKI-SSI consider that the determination of the factor 50 is not clear and
could be improved. The factor for BMA, according to SKI-SSI, should be as large as
75 - 300. For unfavourable cases this factor may be 3 000. Cellulose in the silo and
BTF cannot be neglected.

According to SKI-SSI, similar factors could be used for sorption in bentonite and
sand/bentonite. For Ni, Co, Fe and Nb no sorption should be used.

2.3.5 Function analysis

According to SKI-SSI, the use of simple models with pessimistic values for the few
parameters included in the models may result in too unrealistic a description of the
system. They also indicate that the extreme cases accounted for are unrealistic and
improbable. Therefore, it is not possible to set a probability measure to the different
cases.

According to SKI-SSI, the water flow through the repository is very uncertain. The
values used by SKB can be one order of magnitude too large. But, it cannot be ruled
out that the values are larger than the values used by SKB.

Each part of the repository is modelled as a well-mixed tank, with maximum release
as a consequence. SKI-SSI consider that the release would be significantly reduced if
water flows only through certain channels in the waste containers. If the distance
between these paths is large, the radionuclide transport is then controlled by
diffusion.

Silo. During the inland period, according to SKI-SSI, the flow rate with which water
is pushed from the silo will never be larger than the gas production at the then
existing pressure. This water flow rate may be compared with the flow rate of the
water flowing through the silo. Both the flow rates are of the same order of
magnitude, 20-30 m3/year (water flow rate through the silo proposed by SKI-SSI for
the inland period). Therefore, SKI-SSI did not perform any calculation with water
expelled from the silo.

SKI-SSI consider that the assumption of a well-stirred tank used for the silo means
that many difficult problems are avoided (e.g., the course of the concrete degradation
or preferential paths through the silo). This means, however, that the consequences
are over-estimated.
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Radionuclides transport by groundwater. According to SKI-SSI, transport
properties of the geosphere are missing. Formation of colloids and the existence of
colloid-forming substances in the repository are factors that increase the
uncertainties. Complexes formed under the high pH in BMA may be destroyed by the
lower pH existing outside the repository. These free nuclides may then be sorbed on
the fracture surfaces and rock matrix.

Transfer to the biosphere. SKI-SSI point out that a dilution factor of 10 is a careful
choice, but that wells nearer than 1000 m from repository are also a possibility. A
more pessimistic assumption is to consider no dilution at all, only the dilution inside
the repository.

Calculated cases for the inland period. Regarding the inland period, SKI-SSI
consider that to get a complete description of the well scenario, a well drilled earlier
and nearer to the repository should be studied.

Regarding BMA, SKI-SSI are critical with respect to the water flow through the
concrete building. If the whole cavern is modelled as a well-stirred tank, the doses
could be one order of magnitude larger.

SKI-SSI performed some calculations to illustrate uncertainties. All repository parts
were modelled as a well-stirred tank. Doses were calculated for the case where a well
is bored downstream from the repository at 1 500 years.

2.3.6 Further comments in SKI-SSI report

In their evaluation of FSA, SKI-SSI have the following comments
• The most important scenarios were discussed in FSA, but a more complete

scenario analysis could have been done.
• The same concept for the land rising is used by SKB in both safety assessments

(SSR and FSA). No new description of the course of the land rising has been
presented.

• Regarding the variation analysis, no good connection is observed between the
scenario analysis and the selection of the calculated cases.

• Alternative models can address uncertainties in the models (mathematical,
physical or geometrical). Sensitivity analysis or probabilistic calculations may
address parameter uncertainties.

• In FSA (and SSR) two or several extreme cases have not been considered in
combination since they are too improbable. SKI-SSI consider that combination of
different not too pessimistic cases would be useful. This may be done in a
probabilistic way.

In the review, SKI-SSI conclude that some important uncertainties may be reduced if
some measures are taken:
• Restriction and control of the amount of organic material into the different parts of

the repository.
• Research into the formation of complexes with degradation products of cellulose.
• Regulations for information about the repository.
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COMMENTS ON PREVIOUS WORK

Some comments are given about the previous Safety Assessments (SSR and FSA)
regarding the radionuclide release from the repository and transport to the biosphere.

Hydrology

For the zone where the repository is located, the Darcy velocity is known for the salt-
water period, and after 1 000 and 2 500 years for the inland period. For the salt-water
period, only one value is assumed. There is no information about the transition from
the salt-water period to the inland period (1000 years).

The flow through the different caverns and the silo during the inland period was
directly calculated from the Darcy velocity. No hydraulic interactions between the
different parts of the repository are considered. The repository is not included in the
water-flow modelling.

In the caverns, the waste (or concrete building) occupies a part and the remainder is
left empty. No information about the distribution of the water flow between these
sections is given.

Formation of complexes

When nuclides form complexes, the solubility is increased and the sorption is
reduced. In order to account for it, the value of the sorption coefficient is reduced by
a factor of 50. The model on which this assumption is based is not clear. If the model
assumes that the nuclide-complex is sorbed with a smaller sorption constant (50
times smaller), this is correct. If the model assumes that a fraction of the nuclide-
complex will not be sorbed, the use of the factor 50 is wrong.

Relation between the scenario and the model used

The models used in the release calculations should be based on the scenarios
describing the processes that take place in the repository with time. There are some
differences (important) between the scenario formulated for a given case and the
model used to calculate the release in the same case. Scenario and modelling of BMA
is an example.

Long-term behaviour of the barriers

The long-term behaviour of the barriers (concrete, porous concrete, bentonite and
sand/bentonite) to a large extent influences the choice of the model to be used. In the
models, different criteria are used to consider the variation of the concrete
permeability with time.
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Conservative models

The models used in both Safety Assessments are too conservative. In a sense, this is
an advantage since the model is simplified and some problems may be avoided. In
another sense, it is disadvantage, since important processes may be lost.
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SUGGESTED IMPROVEMENTS

4.1 IMPROVEMENTS

Modelling, to a large extent, depends on the scenarios defined to describe the
processes taking place in the repository with time. To improve the modelling in a
future safety assessment for SFR, knowledge of several aspects should be increased.
Below, some aspects, which it is possible to improve, are discussed in detail. In the
following, the term short time will mean the period from the repository sealing to
about 1 000 years, the time after 1 000 years will be denoted by long times.

Hydrology

More detailed hydrological calculations are required to improve the modelling at
SFR. Large uncertainties regarding the hydrology are found in the earlier safety
assessments (SSR and FSA). New groundwater flow calculations including the silo
and the caverns should be performed.

For the caverns, the distribution of the water flow between the empty part of a cavern
and the concrete building should be determined. This is important for short times,
when it is expected that the concrete barriers will remain intact. Calculations similar
to those performed for the caverns in SFL should be performed for SFR (Holmen,
1997). For long times, the possibility of using this flow distribution will depend on
the long-term stability of the concrete.

Sorption properties of the different barriers

Sorption data for concrete, porous concrete, bentonite, sand, sand/bentonite and
concrete used as conditionings for the waste are required. The sorption data should be
updated to the "state of the art" values when the safety assessment is performed.

For each nuclide and each material, two values should be supplied: the "best
estimate," and the lowest value that may be expected for sorption. For concrete,
values for fresh, leached and degraded concrete should be available.

Formation of complexes

Some organic materials (i.e., degradation products of cellulose) may form stable
complexes with some radionuclides. The complex formation increases the solubility
of the respective radionuclide and decreases the sorption. The former is important if
the assumption that the radionuclides are totally dissolved is to be ruled out. For the
latter, a consistent and sound approach should be formulated in which the decrease of
the sorption constant by complex formation is considered.
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Long-term behaviour of the barriers

The barriers may be degraded or damaged with time and water flow through the
waste may take place. Moreover, the diffusion resistance of the barriers may decrease
if they are degraded. The behaviour of the barriers with time is of vital importance
for short times, when sorption and diffusion resistance may significantly retard the
release of nuclides with short half-life. If water flow is avoided through the concrete
construction, radionuclide transport in the concrete building takes place only by
diffusion.

For long times, the function of the repository could be improved if some diffusion
resistance could be accounted for. If water flow, for example, occurs through some
fractures or preferential pathways through the waste, the transport of radionuclides
would be controlled by diffusion.

Gas production

Gas production caused by anaerobic corrosion of metals (i.e. iron) and degradation of
organic substances may occur in the repository and a certain volume of contaminated
water may be expelled from the repository. The modelling may be improved by a
better knowledge of the factors determining the volume and flow rate of the water
expelled from the silo. For example, corrosion rates as a function of time, volume of
free water in the silo, volume of water easy to remove from porous concrete and
concrete.

The silo is designed to allow a given pressure in the interior, 280 kPa. If the silo
construction allows for a larger pressure, gas production could expel a larger volume
of water if gas passages were clogged (e.g., clogging of evacuation pipes). This
should be considered.

Nuclide availability

The concentration of some radionuclides could be controlled by their solubility, due
to the limited volume of water in the concrete boxes in the silo. Availability of the
radionuclides could also be a factor that controls the concentration.

Nuclide inventory

The radionuclide inventory in the earlier safety assessments is rather conservative.
However, to avoid that organic substances are deposited in the silo (complex
formation) a part of the waste that would be deposited in the silo was deposited in
BMA. This increases the inventory for BMA by a factor of about 2.

4.2 MODELLING ASPECTS

When a system is modelled, an important aspect is the relationship between the
uncertainties of the input parameters and the uncertainties in the results from the
simulations. This should be considered when data or models are improved. In some
cases, the uncertainties in the results are not reduced when the uncertainties of certain
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"input parameters " are reduced. This is not trivial since the effects of some
parameters are very complex and depend on the properties of the radionuclide to be
studied.

Another difficulty is when radionuclide transport takes place through several
pathways in parallel or several steps in series. In the former case, the pathway with
the least transport resistance will mainly determine the release. In the latter case, the
release will be controlled by the step with the greatest transport resistance. This is
valid for radionuclides with half-lives longer than the time constant for the processes
taking place in the system. For release of radionuclides with short half-life, sorption
plays an important role. This should be considered when the models are improved.

To illustrate this, we can use BMA, where concrete boxes containing the waste are
deposited in rooms with thick concrete walls. Water flows in these rooms along the
space between the concrete boxes with the waste. In the first case, it is assumed that
the diffusion resistance in the concrete boxes is negligible. Radionuclides may
emigrate from these rooms by diffusion through the room walls and they may also be
transported out by the water flowing in the rooms. If the water flow is sufficiently
small, the release will be determined by diffusion. On the other hand if the water
flow is sufficiently large, advection will determine the release of radionuclides from
BMA.

To continue the discussion, it is assumed that the diffusion resistance in the concrete
boxes is not negligible and it is concentrated at the box walls. If this diffusion
resistance is sufficiently large, diffusion in concrete boxes will control the release of
radionuclides from BMA. Unfortunately in this case, this resistance is small, since
the contact area between the concrete boxes and the water in the deposition room is
large and the diffusion length is small.

In this description, relative terms (sufficiently small, sufficiently large) have been
used. The real values depend on the radionuclides, diffusion coefficients, water
flows, diffusion lengths and diffusion surface areas. Once that these values are
known, the importance of the different processes should be addressed.

An example is shown as an illustration. Several concrete boxes are deposited in a
room at MBA. The total area for the concrete boxes is A m and the diffusion length

2 ,
L m. The diffusion coefficient i sDm/s and the water flow through the cell is
Q m3/s. The initial concentration in the concrete boxes is Co , and it is assumed that
will remain constant over a long time. The time to equilibrate the walls of the
concrete boxes is small. It is also assumed that nuclides escape from the cell only by
advection. No diffusion is allowed through the concrete walls of the room.
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The differential equation for the outlet concentration is:

(1)

The solution for C=0 at t=0 is

C=-

*fP^i
(2)

L L Q J

From this simple equation, it is possible to evaluate in which case the radionuclide
release will be controlled by the water flow rate, Q, and in which case the release will
be controlled by diffusion in the concrete walls of the boxes containing the waste.

If the flow rate is small compared with the term DA/L, then the outlet concentration,
after a while, will be Co . This means that the release may be calculated directly as
QCO. This means that advection determines the radionuclide release.

On the other hand, if the water flow is large, the outlet concentration will be
(DAC0 )/LQ and the radionuclide release will be DAC0 /L. The release of
radionuclide is then independent of the water flow rate and is determined by
diffusion. For nuclides with a short half-life, the exponential term should be studied.
From this term, the time constant for the process can be obtained.
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4.3 MODELLING

A base case should be defined to model the radionuclide release from the repository.
This base case should be as realistic as possible for the mechanisms that take place.
Simulations using conservative assumptions should be performed. Finally
simulations for "unrealistic" extreme cases could be performed.

Models using the well-stirred tank, which is a very conservative assumption, should
be avoided for short times.

Sorption is an important mechanism to be considered when the release of
radionuclides is modelled. For radionuclides with short half-life, sorption in the
barriers retards the transport and the radionuclides may have enough time to decay to
negligible activity. Sorption also reduces the concentration of the radionuclides
dissolved in the pore water. Sorption should be included in all the materials if
suitable sorption data are available.

As pointed out above, the long-term stability of the barriers is crucial in the
formulation of the models to be used. When the barriers are quite intact and little or
no flow takes place through the containers with the waste, a small release may be
expected. In this case, the models should be detailed and include the diffusion
resistance in the waste containers. When the barriers are damaged and water flow
takes place through the waste containers, no detailed modelling is needed. The well-
stirred tank approach could be an alternative, in several cases.

The modelling from the different parts of the repository could be carried out using
the program NUCTRAN (Romero et al., 1995a,b). NUCTRAN models the transport
of radionuclides from a repository using the concept of compartments. Analytical or
semi-analytical relationships are used in locations where other models require a fine
discretisation (i.e., equivalent flow rate concept).

4.3.1 Silo modelling

For short times, the release from the silo is small compared with the release from
BMA. Improvements in the silo modelling thus have little influence in the total
release from the repository for short times. During this period the barriers are quite
intact, with the exception of the outer silo wall, which may be damaged by
interactions with the bentonite. In the silo, the transport takes place by diffusion. A
detailed modelling could be used. The release from the silo into the water flowing in
the rock should be calculated using the equivalent flow rate concept.

For long times, the release of radionuclides from the silo is significant compared with
the total release from SFR. In this period, the situation is more complicated. The
barriers are not intact. The concrete walls have been partially degraded. The concrete
is fractured and is not an effective barrier to water flow through the silo. The long-
term stability of the concrete determines the model to be used for the silo in this
period. The most probable scenario is that water flows in the silo through the porous
concrete. This requires that the porous concrete maintains its large hydraulic
conductivity with time. Some water flow can, however, takes place through the
concrete boxes if they have become damaged. The need for a detailed modelling of
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the silo interior could be addressed using simple models (Section 4.2). The silo
lateral wall and the bentonite around the silo also constitute an effective resistance to
the transport of radionuclides by diffusion through them.

4.3.2 BMA modelling

For short times, the long-term stability of the concrete is crucial for the release
calculations from BMA. If the concrete is intact, the flow through the concrete
building would be small. Most of the flow would take place along the empty space
above the concrete building and through the sand-filled space along the concrete
building. This should be considered in the model. A detail modelling is important in
this period. Retardation by sorption and diffusion resistance are important processes
to retard the release of radionuclides with a short half-life.

For long times, the situation depends on the long-term stability of the concrete. If the
barriers are damaged, water flow takes place in the concrete building. The most
probable scenario is that most of the water flows through the empty space above the
building. Part of the flow will take place through the concrete building. For long
times, the need for a detailed modelling for BMA should be addressed. At about 1000
years, the radionuclides with a short half-life have decayed to insignificant activity.
After that, the diffusion resistance may be important, sorption is in general less
important.

4.3.3 BTF modelling

For short times, the stability of the concrete tanks and their special construction
should be considered when the radionuclide release is calculated. In other aspects,
similar criteria should be applied for BTF as for BMA.

4.3.4 BLA modelling

In BLA, the waste is deposited in steel containers, which will corrode in a short time.
Diffusion resistance cannot therefore be accounted for and a well-stirred tank should
be used to model BLA. The possible materials for sorption are also scarce.
Radionuclides may be sorbed in the concrete used in the floor and on the walls as
cover.

4.3.5 Far-Field modelling

The modelling of the transport through the geosphere is influenced by several factors.
Some aspects to be considered are:
• Transport paths in the geosphere. According to FSA, in the salt-water period, it is

expected that most of the paths from the repository reach the biosphere in the
Baltic Sea. During the inland period, the zone above the repository is a zone of
recharge. The paths from the repository reach the biosphere, 1-2 km from the
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repository, possibly in a small lake. With a more detailed hydrology some changes
could occur.

• Water flow and flow-wetted surface. For radionuclides that diffuse into the rock
matrix and may be sorbed in the rock matrix, the transport in the geosphere is
mainly determined by the water flow rate distribution and the flow wetted surface
area. For nuclides that are not sorbed in the matrix, flow porosity also influences
the transport if the residence time is not sufficiently long. The retardation of
radionuclides transported in a fracture zone may be small because of the large
water flow rates. On the other hand, the retardation could be large due to the
possibly large flow-wetted surface areas found in a fracture zone. Even in short
paths with small flow rate and a large flow wetted surface area, retardation by
matrix diffusion and sorption may be important.

Migration paths would be modelled in the migration scale hydrogeological analyses.
Regional scale and repository scale analyses would be used to judge whether
migration paths would change with time as a consequence of land rise. It is possible
that different distinct periods can be identified during which the migration paths
would be stable, such as the salt water and the inland period considered in previous
analyses, but it is not certain and provisions for handling such potential
complications in the migration modelling may be needed.

Transport in the geosphere should be modelled for short times, even if the recipient is
located directly above the repository.

As discussed by Andersson et al. (1998) there is a general lack of data for the flow-
wetted surface and its potential correlation to the migration paths. This implies that
rather generic data, with wide uncertainty ranges, would need to be applied. There is
also a need for matrix porosity, diffusivity and sorption data. However, precise
values are not very critical. It will probably be possible to apply the values suggested
for SR-97.

The main migration model used in the SKB deep repository analyses such as SR 97 is
FAR31 (Norman and Kjellbert 1990), where the flow field is divided into multiple
single flow paths in order to adjust this one-dimensional advection dispersion matrix
diffusion model to each migration path. At present, in other SKB project (Alternative
models), different model concepts are being considered to study the transport in the
geosphere, namely, the Stochastic Continuous Model, the Discrete Fracture Network
(code: Fracman-PAWork), and the Channel Network Model (code: CHAN3D). The
potential benefits of these different approaches are currently evaluated within the
framework of SR 97.

An alternative to migration calculation in FARF31 could be direct solution of the
migration in the migration scale hydrogeology codes. Such possibilities already
exists within the discrete fracture network model (code: Fracman-PAWork,
Dershowitz et al., 1995; Foxford et al., 1996) and the channel network model (code:
CHAN3D, Gylling et al., 1997).

The methodology to be used to model the radionuclide transport in the geosphere
would be chosen based in the experiences reached within SR 97.
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4.4 DATA REQUIREMENTS

The modelling is, to a large extent, determined by studies carried out in other parts of
this project. Once the respective scenarios are defined, the modelling work may start.
Due to the uncertainties in the data, various values are required, namely, the "best
estimate" to be used in the most probable scenarios and some conservative values.

Some data would be improved before the modelling work, examples are the
modelling work are listed below.

Flow-wetted surface. It is a very important entity for the modelling of radionuclides
that interact with the rock matrix. The radionuclide transport is locally determined by
the relationship flow-wetted surface and water flow rate. For nuclides that are not
sorbed in the matrix, flow porosity also influences the transport if the residence time
is not sufficiently long. There is a general lack of data for the flow-wetted surface
and its potential correlation with the water flow rate.

Sorption data. Sorption data for the materials in the repository are required
(Concrete, sand, bentonite, sand/bentonite). For concrete, the sorption data should
comprise values for fresh, leached, and degraded concrete. Data for porous concrete
and concrete used for waste conditioning are also required.

Formation of complexes. If it is assumed that dissolution is controlled by the
solubility, the possible formation of complexes should be considered. Sorption for
some nuclides is modified due to complex formation. A conceptual model should be
developed to explain the reduction of the sorption by complex formation.

Hydrology. The Darcy velocity in the rock around the silo and the water flow in the
caverns are required. For the caverns, the distribution of flow between the empty
section and the concrete building should be determined for different ratios of
hydraulic conductivities.

Long-term behaviour of the concrete. Concrete properties (Hydraulic conductivity,
diffusivity, and even sorption) change with time. The changes of these properties
with time should be determined. The same is true of the other barriers in the
repository.
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CONCLUSIONS

The modelling of radionuclide transport from the repository and of the transport
through the geosphere depend on several factors, which will be discussed in other
parts of the project. Some of these aspects are:
• Long-term behaviour of the barriers
• Sorption and diffusion data.
• Hydrology.
• Formation of complexes.

These and other aspects will decide which specific model is to be used when
radionuclide release is to be calculated. For radionuclide transport from the silo and
the caverns, NUCTRAN is a suitable tool for these calculations.
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