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PREFACE

In the publication "Reports on the Applicability of International
Radiation Protection Recommendations in the Nordic Countries"
published in 1976, the radiation protection authorities in Denmark,
Finland, Iceland, Norway and Sweden expressed their agreement on
the main principles of radiation protection. All aspects of radiation
protection are covered by the recommendations.

In 1986, the radiation protection authorities published a revision of
Chapter 21 in that report, called "Application in the Nordic Countries
of International Radioactive Waste Recommendations". The report
was based on both national and international reports and was divided
into two main parts: waste originating from the nuclear fuel cycle
(nuclear waste) and waste from other sources (non-nuclear radioactive
waste). The main emphasis in that report was on non-nuclear waste,
with some, mostly qualitative, discussions on low and intermediate
level nuclear waste.

In early 1987, a working group was convened with members from
the Finnish and Swedish radiation protection and nuclear safety
authorities with the aim of preparing a proposal concerning basic
criteria for the disposal of high level radioactive waste. Although
there is no nuclear power programme and therefore no anticipated
disposal of large amounts of high level radioactive waste in Denmark,
Iceland and Norway, some of the meetings have been held in those
countries, thereby allowing the relevant authorities to follow and
participate in the work.

At the end of 1989, a draft report called "Disposal of High Level
Radioactive Waste, Consideration of Some Basic Criteria, A Con-
sultative Document" was issued by the Nordic authorities. This docu-
ment was sent for review and comment to a number of expert
organizations within and outside the Nordic countries. On the basis
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of the comments, a revision of the document was initiated by a
working group1 consisting of three members of the original group and
three new members. A draft report of this group was discussed in a
seminar held in Stockholm in January 1992.

Together with other international criteria documents, this document
is intended to constitute a basis for the development of national
regulatory activities on the subject.

1)

Members in the working group on criteria for disposal of high level
radioactive waste have been:

J O Snihs (chairman) Swedish Radiation
G Johansson (secretary) Protection Institute (SSI) ?

S Norrby Swedish Nuclear Power \
S Wingefors Inspectorate (SKI) I

R Mustonen Finnish Centre for Radiation
E Ruokola and Nuclear Safety (STUK)
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Chapter 1: INTRODUCTION
1. The series of Nordic documents on radiation protection principles (the

so-called "Raggboken") (1) present the joint views of the Nordic auth-
orities on radiation protection issues. These views are to be regarded as
recommendations to the same Nordic authorities to be considered in
their work on national regulations and applications.

2. This document deals with the principles of disposal of high level radio-
active waste (HLW), including spent fuel. These entail high activity and
potential releases of radioactive substances with significant radiological
consequences to the environment. Other aspects to be considered include
the technical quality of the disposal system, the risk of criticality and the
non-proliferation of fissile materials. This document is therefore intended
for authorities in nuclear safety as well as radiation protection.

3. The emphasis in this report is on radiation protection criteria. More spe-
cific guidelines would be needed to clarify how to demonstrate that a
specific site and technical design complies with the specified general
radiation protection criteria. To issue such guidelines is the task of the
national authorities concerned.

4. This document is primarily directed to the authorities but can also be of
interest to the nuclear power industry in its planning of disposal facilities.
It can also be used by politicians and by the public as a source of in-
formation on the problems associated with high level waste and on the
principles by which these problems would be solved. Because disposal
of high level waste includes aspects relating not only to radiation pro-
tection and nuclear safety but also ethical, societal and political con-
siderations, the document may contribute to a broad and constructive
discussion and the development of new ideas.

5. An earlier Nordic document (2) deals with low and intermediate level
radioactive waste. Some of the principles given there also concern high
level waste. However, it was considered necessary to continue the work
and prepare a special document on high level waste disposal because of
the long timescales involved.



6. This document contains the current Nordic views on the basic criteria
concerning the disposal of high level waste. The main emphasis has
been placed on the long-term aspects; thus the criteria do not include
requirements on the safety of disposal operations, for example. The
recommendations given by the International Commission on Radio-
logical Protection (ICRP) and the ideas and discussions presented by
the Nuclear Energy Agency of the OECD (NEA) and the International
Atomic Energy Agency (IAEA) in various publications (3,4, 5,6, 7)
were the main documents taken into account.

7. The discussions in this document concentrate on the deep geological
repository which is the main disposal concept currently being conside-
red in the Nordic countries. The plans in Finland and Sweden include
the selection of a disposal site around the year 2000 and a construction
period in the early part of the next century. This means that there is still
time for discussion, further development and good planning. Other
basic concepts may also be suggested, for example, continued storage
in a facility near ground level or in an unsealed deep underground facil-
ity, with continued surveillance and control. This would mean postponing ^
the decision on the final solution to the future. However, these concepts I
would need further consideration and are not included in this document. ;

8. Many chemical substances resulting from various human activities, 1
such as certain heavy metals and a number of chemical compounds have f
similar detrimental effects on living organisms to ionizing radiation.
Some of these chemical substances can have residence times in the \
environment comparable to those of long-lived radionuclides. Thus &
disposal, similar to that of nuclear wastes, or even co-disposal with such §
wastes, might be suggested. Co-disposal of wastes which are very dif-
ferent in terms of chemical composition is, however, questionable
because of the potential interactions that might jeopardize the integrity
of the disposal system.

9. Threshold levels exist for the detrimental effects of some chemicals, but
for others, the only prudent approach is the use of a non-threshold hypo-
thesis, as is also the case with ionizing radiation. Universally applicable
hazard coefficients for both radioactive and non-radioactive wastes
would be very valuable. However, too little is known about the genotoxic
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properties of various substances to allow such hazard indexes to be
defined for each substance. In addition, the risk assessment methodologies
for genotoxic chemicals are generally not so developed as those for
radioactive substances. Further exchange of information between the
fields of nuclear and non-radioactive waste management would be
desirable to harmonize safety principles and management practices.



Chapter 2: THE NUCLEAR FUEL
CYCLE

10. The nuclear fuel cycle consists of many steps starting from uranium
mining and ending with the disposal of wastes. The nuclear fuel cycle
of a light water reactor is illustrated in Figure 1 and described below.

11 The uranium concentration in commercially exploited ores is normally
more than 0.1 %. In a uranium mill, which is usually co-located with the
mine, the ore is chemically concentrated to 70 - 80 % of uranium. Large
amounts of low level wastes arise from uranium mining and millin&.
Nowadays, uranium is not mined in the Nordic countries and previous
mining has only occurred on a small scale.

12. The content of the fissile isotope, U-235, in natural uranium is only
0.7 % while its content in the fuel for a light water reactor must be about
3 %. Therefore, the uranium ore concentrate is converted into volatile
uraniumhexafluoride and then enriched in special facilities. Depleted
uranium arises as a byproduct at the enrichment plants. There are no
such plants in the Nordic countries.

13. At a fuel fabrication plant, the uranium hexafluoride is first converted
into uranium dioxide. Then uranium dioxide is pressed into small
cylindrical pellets which are put into zirconium alloy tubes. These fuel
pins are assembled in fuel elements each containing about 100 fuel pins.
A fuel element for a light water reactor contains 100 - 500 kg of ura-
nium. There is a nuclear fuel fabrication plant in Sweden (in Västerås).

14. The fuel is used at nuclear power plants. There are four NPP sites in
Sweden with a total of 12 reactors in operation. In Finland, there are two
sites with two reactors each. All of the reactors in Sweden and in Finland
are light water reactors: 11 BWRs and 5 PWRs. There are no NPPs in
other Nordic countries, although in Norway and Denmark, large re-
search reactors are in operation.
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15. In a reactor, the fissile nuclides, mainly U-235, are split into fission
products. Most of them are radioactive, predominantly short-lived, but
some fission products are very long-lived. In addition, transuranics (e.g.
pluton»um) are formed through the neutron capture of the U-238 iso-
tope. Most transuranics are very long-lived. The radionuclide content of
spent fuel as a function of time is shown in Fig. 2.

16. Once a year, 20 - 25 % of the fuel in a reactor is replaced by fresh fuel.
The removed spent fuel emits very intense radiation and generates heat.
Spent fuel is first stored in the fuel pools at the reactors. At the Oskars-
hamn NPP, there is a central interim storage facility, where spent fuel
from all Swedish NPPs is transported for extended storage. The Olkiluoto
NPP has a storage capacity for all spent fuel to be generated during the
entire operating lifetime of the reactors. The spent fuel of the Loviisa
NPP is transported to Russia after five years' cooling time.

17. There are two main options for spent fuel management: either repro-
cessing or direct disposal. In reprocessing, uranium and plutonium,
which can be further used as nuclear fuel, are separated and various
kinds of wastes are left. The high level waste stream contains almost all
of the fission products and the remaining transuranics. At present, there
are large commercial reprocessing plants in operation in France, Great
Britain, Russia and Japan.

18. The high level liquid wastes from reprocessing will be solidified in glass
or ceramic materials. Before disposal, the solidified waste will be en-
capsulated. At present, some countries aim at starting the disposal of
high level waste within two decades. The disposal methods are discussed
in Chapter 3.

19. Direct disposal is based on the encapsulation of fuel bundles or pins as
such in corrosion-resistant canisters. The disposal concepts are similar
to those of high level reprocessing waste. The current waste manage-
ment plans of the Swedish NPPs and of the Olkiluoto NPP in Finland are
based on the direct disposal of spent fuel.

ft
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Chapter 3: METHODS FOR THE
DISPOSAL OF HIGH LEVEL
RADIOACTIVE WASTES

3.1 Less likely options

20. During the early years of nuclear energy production, a number of exotic
disposal options were discussed. The emplacement of encapsulated
high level waste in the ice cap of the Antarctic has been suggested, but
never seriously considered. The disposal of high level radioactive waste
by rockets or shuttles into outer space has been studied in some detail.
The main objections are the risks of launch or low orbit failure. Thus
space disposal based on current technology seems unrealistic.

21. Deep well injection into fractured media at a depth of several thousand
metres has been discussed in the USA and Russia, based on experience
from the oil and gas industry. Before injection, the liquid slurry of high
level waste would be mixed with clay and cement. The main disadvan-
tages are the uncertainties related to long-term releases of radioactive
substances and the irretrievability of the waste.

22. A similar concept is rock melting. L iquid high level waste would be in-
jected into a cavity at several thousand metres depth. Decay heat would
melt the surrounding geological media and the waste would be mixed
with the molten rock. Upon cooling, the waste would be embedded in
the rock matrix which has a lew teachability. The disadvantages are
the same as for deep well injections.

23. Partitioning of waste and subsequent transmutation of some of the long-
lived radionuclides is a method of treatment rather than a disposal
method. The basic idea is to separate some part of the high level waste,
such as the transuranics, for recycling in thermal or breeder reactors or
for destruction by accelerators. The main problems are the technical
difficulties, additional risks and secondary wastes resulting from the
actinide separation and the high costs of this option.

24. Sub-seabed disposal is a concept that has been investigated e.g. within
the OECD/NEA Seabed Working Group (8). The legal aspects have
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been discussed at the London Dumping Convention. The barriers in
sub-seabed disposal would be the waste form, the canister, the seabed
itself, and finally, the ocean waters would effectively dilute the released
radionuclides. Emplacement could be achieved either by a penetrator
containing the high level waste or through a drilled hole from a platform.

25. Current international attitudes towards sub-seabed disposal vary widely.
A number of countries would like to go further in the evaluation of sub-
seabed disposal as a possible option for the disposal of high level waste.
The political attitude in the Nordic countries is negative to sea dumping
and sub-seabed disposal of high level waste might be in conflict with this
attitude.

3.2 Deep geological disposal

; 26. Most of the countries with a nuclear programme have considered mined
geological disposal as the preferred method for the disposal of high
level waste. The basic idea is to enclose the waste, vitrified waste or
spent fuel, in a durable canister and emplace it in a deep geological for-
mation surrounded with man-made and natural multiple barriers. The
selected disposal system should ensure long-term isolation from the
biosphere, be based on technology available currently or in the near
future and be feasible to model. This concept is discussed in more detail
in Chapter 3.3.

27. The very deep hole concept is closely related to mined geological re-
positories. The waste packages would be emplaced from the surface
into very deep boreholes: depths ranging from 3 to 10 km have been dis-

I cussed. The main barrier would be the great depth and the geological
I properties of the site. One disadvantage would be that the geological

characteristics needed for the safety analysis of this option are not ad-
equately known. The technique of drilling large holes to those depths is
not yet sufficiently demonstrated.

28. Another mined geological disposal concept that has been discussed at
• % some length is the so-called hydraulic cage concept. Such a feature is

t included, for example, in the WP Cave design (9) where the waste is

I
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compactly emplaced in crystalline rock. Around the disposal cavity,
there is a relatively impermeable quartz-bentonite layer of about 5 m in
thickness. This barrier is surrounded by the hydraulic cage, which limits
the interaction between waste and groundwater. The repository is kept
dry until its sealing. Thereafter groundwater will enter the repository,
but its turnover will be very low. The problems with the concept are con-
nected, for example, to the modelling of the hydrology in the repository
after sealing and to the behaviour of the quartz-bentonite buffer.

29. A variety of different rock types have been suggested as a site for a re-
pository. In Sweden and Finland, disposal into crystalline rocks, mainly
granites and gneisses, is the preferred option. Similar geological for-
mations are studied in Canada, France, Japan, Switzerland, and Russia.
The advantages of crystalline rocks include great structural strength,
resistance to erosion and their high abundance in the earth's crusts.
However, crystalline rocks are intersected by fractures, joints and fis-
sures and, therefore, hydrogeological characteristics are important in
the selection of disposal sites.

30. Clay is being considered as a host medium for high level waste reposi-
tories in Belgium, France, Italy, Japan, Switzerland, and Russia. One of
the problems with clay formations is the technical difficulties in buil-
ding a repository due to the low structural strength of clay. Favourable
long-term properties of clay formations are their plasticity, very low
groundwater flow rate and high sorption capacity. Belgium has con-
structed a demonstration facility in a clay formation.

31. Salt formations are the main candidates for a host medium for a high
level waste repository in Germany. This option is also being investigated
in the Netherlands, France, and Russia. Salt has high thermal conductivity,
it reseals faults and man-made penetrations and it is easy to mine.
The very existence of salt domes shows the local absence of flowing
groundwater. The disadvantages are high solubility, geological insta-
bilities, poor sorptive capacity and the corrosive nature of brines. Salt
formations may also be regarded as potential future resources.

32. Other candidate host formations for repositories are basalt and tuff. In
Japan, tuff has been investigated as a promising medium and, in the
USA, tuff has been selected as the candidate for the location of the first
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high level waste repository. Unsaturated conditions, such as at the
Yucca Mountains in the USA, are favourable because of the very slow
groundwater movement. In the USA, basalt has also been investigated
as a host medium for a repository.

3.3 The present disposal plans in the Nordic countries

33. The preferred disposal option in Sweden is the KBS-concept (10) orig-
inally developed by the Swedish utilities. Spent fuel is first stored for
about 40 years. The fuel is then encapsulated in copper-steel canisters
with a 10 cm wall thickness. The canisters are deposited at a depth of
about 500 m in deposition holes which are scattered so that the tem-
perature rise and other adverse effects in the host rock are limited. The
canisters will be surrounded by a bentonite backfill. The tunnels and
shafts will be filled with a mixture of sand and bentonite.

34. The main physical barriers in the KBS-concept are the spent fuel ma-
terial, the canister, the buffer material and the host rock. In addition,
some chemical interactions limit the release of radioactive substances.
The feasibility of the concept has been studied through comprehensive
safety assessments. They indicate that the concept seems to provide an
effective isolation of high level wastes from the biosphere.

35. The technology needed for carrying out the practical work exists today.
There are research programmes which aim at improving the scientific
knowledge of the disposal system. The investigations for site selection
are underway in Sweden and a rock laboratory is under construction.
According to the present plans, construction of a demonstration disposal
facility will start in the year 2005 and it will be commissioned some
years later.

36. The situation in Finland is quite similar to that in Sweden as regards the
disposal concept and host media. The first phase of the site investigation
process has been completed. Disposal site selection is scheduled to take
place in the year 2000.

37. The cost of spent fuel disposal in Sweden and Finland is estimated at
around 400 USD/kgU (27). This amounts to 1 - 2 US mills per kWh. The

s
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future costs of spent fuel management are covered by fees included in
the price of electricity, which are collected in funds managed by gov-
ernment bodies.

38. It is planned that the spent fuel from the Nordic research reactors in Risö
(Denmark), Halden (Norway), Studsvik (Sweden) and Otaniemi (Fin-
land) will be returned to the suppliers of the fuel. However, the avail-
ability of this option in the future is not certain.
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Chapter 4: REGULATORY
REQUIREMENTS AND
GUIDELINES

4.1 Long-term aspects

39. The safety issues relating to the disposal of high level waste differ in
character from those of many other parts of the nuclear fuel cycle. As
radioactive releases intotheenvironmentarenotexpected until thousands
or maybe even millions of years after the closure of the repository, it is
not possible, in practice, to limit the releases by continuous control and
monitoring of the source. Thus, high confidence in the disposal system
is required before disposal can be implemented.

40. Predictions of long-term radiological impacts are difficult to make due
to future changes in environmental conditions. Within some thousands
of years, major changes in the ecology and landscape will probably
occur due to human actions, climatic changes and geological processes.
Lakes will dry out, rivers alter their course and coastlines draw away due
to the land uplift. Biological systems will change due to climatic
changes (greenhouse effect, approach of glacial epoch) and human ac-
tions (e.g. deforestation).

41. Beyond ten thousand years it can be expected that repeated glaciations
will make life for humans and most other species impossible for long
periods of time. It is not possible to predict with any reasonable reliabil-
ity the environmental conditions during the interglacial periods. In the

% geosphere, the groundwater quality and flow regime as well as rock
I stresses may be significantly affected by the glaciations. Rock movements
| which are much more intensive than those occurring today will probably

take place, especially when the glacier is in the process of retreating.

42. Though the uncertainties tend to increase with time, the radiological
risks from disposal will not necessarily be at their greatest in the very far

| future. This is because the activity of high level waste decreases with
\ time, thus limiting the potential consequences from disposal.

I
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43. In our society, much emphasis is placed on individual protection, be-
cause individuals do not accept significant risks to themselves, or in the
case of near future risks, to their descendants. In the assessments of in-
dividual radiation risks, the concept of the critical group is commonly
applied to represent the most exposed individuals, such as people living
in the vicinity of a nuclear facility.

44. The individual protection principle may be applied to waste disposal in
a similar way in a time frame which is reasonably predictable, perhaps
up to some thousands of years. But in the far future beyond 10 000 years,
the situation is somewhat different. It becomes difficult to define the
most exposed individuals as their characteristics, habits and living con-
ditions cannot be predicted. A complementary approach is to limit any
societal radiological impact. This may be expressed in terms of collective
doses or risks or other indicators of the total radiological impact.

45. The future societal exposure should be well below the level which
causes unacceptable detriment to human health or to the environment;
that is the risk level at which the society generally intervenes to reduce
the risk. On the other hand, there is no definite general level of accept-
able collective dose or risk, though some risks are so low that they are
generally accepted by the present society. A practice nowadays is as-
sumed to be acceptable, if the total detriment it causes is appropriately
small in relation to the expected benefit, and if the exposures are as low
as reasonably achievable, economic and social factors being taken into
account (the ALARA principle). These principles might not be adequate
for waste disposal, as the practice (that is, nuclear energy production)
mainly benefits the present generations while the radiological impact is
experienced in the far future.

\ 46. It is therefore advisable to supplement the existing radiation protection
; principles by one which ensures that the total radiological impact from
| the disposal of high level waste is small in comparison with the corre-
f sponding impact from the natural radionuclides. Collective doses are
| very sensitive to biospheric uncertainties and are thus not ideal as
1 measures of harm in assessing the far future radiological impact of waste
: disposal. An appropriate approach might be to compare the release rate

of the disposed radionuclides from the geosphere to the biosphere with
.. * the respective flows of natural radionuclides.
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47. However, as the radiological impact is unevenly distributed, it is im- '
portant to ensure that the peak individual doses are most unlikely to
exceed the dose limit and are well below the level of deterministic health
effects. For this purpose, the concept of the hypothetical critical group
is useful. This group consists of those individuals living in a place
where, and a time when exposures are likely to be the greatest. Their
characteristics and habits may be assumed to be the same as those of
people living today. The environmental conditions can be defined on the
basis of present conditions and some standard biospheric scenarios.

48. In the very far future, beyond millions of years, the total activity inven-
tory of a high level waste repository (around 1000 TBq) will be less than
that of a typical uranium ore deposit. The average inflow of radionuclides
from a repository to the biosphere will also be less than that from many
uranium ore deposits and below any reasonable constraint. Thus, a
repository of high level waste can be regarded as a part of nature after
millions of years and assessments of radiological impact need not •
extend beyond that time. <

i

4.2 Existing recommendations and regulations

49. Due to the long-term aspects discussed above, the established princip-
les of radiation protection and nuclear safety cannot be applied to high
level waste disposal without further interpretation and extension. This
situation has been recognized by the international expert organizations,
such as the ICRP, IAEA and OECD/NEA. In the 1980's, these organiz-
ations started work aiming at the clarification of the principles as ap-
plied to waste disposal.

50. In its publication (3), the ICRP sets forth an application of the individual
protection and optimization principles to the long-term radiological
impact from waste disposal. The individual protection requirement is
extended to include unlikely disruptive events and processes by intro-
ducing an individual risk limit in addition to the previous individual
dose limit. The application of the optimization requirement is discussed

f as regards long-term aspects and consideration of uncertainties, trans-
„ boundary releases and unlikely disruptive events. A methodology for

the assessment of individual radiological risks is also suggested.
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51. The NEA's expert group published its report (4) on long-term radiation
protection objectives for radioactive waste disposal even earlier than
the ICRP. As the NEA's expert group had close contact with the corre-
sponding task group in the ICRP, the recommendations expressed in
the NEA's report are consistent with the ICRP's principles and vice
versa. The NEA's report gives also some examples of the application of
the radiation protection objectives. In 1990, the NEA organized a work-
shop on the subject. The conclusions of this workshop are summarized
in proceedings (5).

52. In 1983, the IAEA published recommendations for criteria for the
underground disposal of solid radioactive wastes (6). This report in-
cludes a number of radiological, technical and geological criteria. In
1989, the IAEA published a safety standards report on safety principles
and technical criteria for the underground disposal of high level radio-
active wastes (7). The IAEA has also appointed a standing working
group to discuss the subject.

53. Under its Plan of Action for Radioactive Waste Management, the Euro-
pean Commission is preparing a document containing recommended
criteria for siting a repository (11). The document includes considerations
for underground as well as near surface repositories. General siting cri-
teria are proposed, while quantitative requirements will depend on dis-
posal system-specific safety assessments.

54. In the USA, the Environmental Protection Agency (EPA) issued in
1985 a standard on high level waste disposal (12), but in 1992, Congress
decided on the promulgation of a new standard. The main radiological
criterion in the EPA's standard of 1985 is based on cumulative releases
within 10000 years of various radionuclides into the environment. The
US Nuclear Regulatory Commission (USNRC) has issued a regulation
(13), which sets numerical performance standards for the main barriers
of the disposal system as well as criteria for siting the repository and
the design of the repository and waste package.

55. In Canada, the Atomic Energy Control Board (AECB) has issued a
regulatory policy statement (14) dealing with the regulatory objectives,
requirements and guidelines for the disposal of radioactive wastes. This
document includes some general principles, an individual protection
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principle in line with the ICRP's recommendations and an additional
radiological protection requirement to be applied in case that the indi-
vidual risk criterion cannot be fully met. The Canadian document also
contains guidelines for demonstrating compliance with the requirements.

56. In the Federal Republic of Germany and in Switzerland, guidelines on
the disposal of nuclear wastes have been established (15, 16). These
documents include an individual protection goal in the form of dose
constraints. Guidance on how to demonstrate compliance with the dose
upper bounds is not given. Optimization by means of collective doses
for the public is not required. In the German regulation, some general
technical and geological criteria are given too.

57. In the United Kingdom, the competent authority, the Department of the
Environment (DoE), has so far issued a guideline only for disposal of
low and intermediate level wastes (17). This document sets an individ-
ual risk constraint for the probability of fatal cancer and calls for com-
parison with the radioactivity naturally occurring in the general locality
of the disposal facility. The National Radiological Protection Board has
issued a document on radiological protection objectives for the land-
based disposal of solid radioactive wastes (18).

58. In France, a basic safety rule for deep geological disposal was issued in
1991 (19). This document includes an individual dose constraint for the
normal evolution of the disposal system. With respect to disturbing
events, the acceptability is decided case-by-case, but no deterministic
health effects are permitted. The rule also includes the ALARA principle
and some qualitative criteria for the site, repository location, waste
packages and engineered barriers.

59. The Swedish and Swiss radiation protection and nuclear safety authorities
? have issued a joint advisory document (20) as a regulatory guide for
I radioactive waste disposal. It includes a discussion of such topics as
I radiation protection, safety assessment and site selection issues.

I 60. In Finland and Sweden, general requirements on waste management
f exist in legislation, but no specific regulations dealing with the safety of
\ high-level waste disposal have so far been established. When reviewing

the reports on spent fuel disposal, the Swedish and Finnish authorities
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have adopted some radiation protection criteria (21,22) but these are not
intended to reflect the ultimate position of the authorities.

61. The following are the recommendations, developed by the Nordic auth-
orities, intended to constitute a basis for national regulatory activities on
the subject.

43 Nordic recommendations

4.3.1 General considerations

62. General objective

The disposal of high level waste shall aim at protecting human health
and the environment and at limiting the burden placed on future
generations.

63. High level waste must be disposed of in a way which can be shown to
provide an effective and reliable isolation of the radioactive substances
from the environment. It is obvious, however, that any geological iso-
lation of high level waste cannot be complete in a very long-term per-
spective. It is also obvious that all disposal operations cannot be im-
plemented by the generations which produce the waste. Thus, more
specific guidance is given below on the level of safety to be afforded for
future generations and on the limitation on burdens.

64. Objective 1: Long-term safety

The risks to human health and the effects on the environment from
waste disposal, at any time in the future, shall be low and not greater
than would be currently acceptable. The judgement of the acceptability
of a disposal option shall be based on radiological impact irrespective
of any national boundaries.

65. On ethical grounds, the overall level of protection to be afforded to
future individuals shall not be less than that which is currently required.
The level of protection required for human individuals is likely to be
adequate to protect other species, although not necessarily individual
members of those species.
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66. There is no general agreement on the currently acceptable level of risk
to human health. Several approaches can be selected to characterize the
acceptable level of individual protection. One approach is to consider
the societally regulated risks, such as lung cancer due to radon in
houses, industrial accidents, traffic accidents or domestic electrical ac-
cidents. The average annual probability of death due to such causes gen-
erally falls within the range of 1 -100 per million in the Nordic countries.

67. Another approach is to consider the risks that the individuals themselves
might accept. This level varies greatly depending on the characteristics
of the risk. Many individuals subject themselves to risks with an annual
likelihood of death of up to 100 -1000 per million, if the risk is volun-
tary, if they receive benefit or pleasure from the activity causing the risk
and if they can control the risk themselves (e.g. smoking, driving a car
or practicing some sports). On the other hand, some individuals may be
concerned about risks with an annual likelihood of death which is as low
as 0.1 -1 per million, particularly if the activity causing the risk is not
voluntary, not controllable and not beneficial to the individual.

68. A third approach is a comparison with natural radiation and the corre-
sponding risks. Local variations in the natural radiation doses to man
due to his living habits and residential environment are at least some
tenths of one mSv/a (if the very much more variable exposure to radon
is not taken into account) and the global variations are several mSv/a.

69. The disposal of high level waste or spent fuel may give rise to radiation
exposures beyond the frontiers of the country where the disposal takes
place. The level of radiation protection for individuals outside the borders
of the host country of the disposal site shall not be less stringent than
the level adopted for individuals within the country. A problematic situ-
ation might arise, if the radiation protection standards adopted in one
country are much more stringent than those adopted in a neighbouring
country which hosts a repository for high level waste close to the com-
mon border. Though the national borders are irrelevant with respect to
the long-term risks from disposal, such a situation should be handled
through harmonization of the radiation protection regulations in various
countries.
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70. Some very long-lived radionuclides may be dispersed globally and
build up in the environment over a long period of time. To avoid an un-
acceptable build up of radionuclide concentrations in the environment,
the cumulative effect of all waste repositories must be taken into ac-
count.

71. Objective 2: Burden on future generations

The burden on future generations shall be limited by implementing, at
an appropriate time, a safe disposal option which does not rely on long-
term institutional control or remedial actions as a necessary safety
factor.

72. In this context, the burden includes the financial costs, the administrative,
research and other resource commitments, as well as the radiological,
social and other impacts which society must provide or endure in con-
nection with the disposal of radioactive waste. The appropriate time for
the disposal and closure of the repository, without the intention of sub-
sequent retrieval of the waste, depends on a number of scientific,
technical and socio-economic factors, which are discussed below.

73. The current use of nuclear power contributes to improved living con-
ditions which also benefit future generations and serve to reduce the
consumption of and pollution from other non-renewable energy re-
sources. However, since it is the present generation which mainly bene-
fits from the exploitation of nuclear energy, it is reasonable that this gen-
eration should bear, at least, the financial birden of waste disposal. This
economic burden should correspond to the efforts needed to reduce the
future radiological burden to an acceptable level, as it is judged cur-
rently.

74. The timing of the implementation of waste disposal depends on a number
of factors. As the activity and heat generation of radioactive waste de-
crease with time, it is advantageous to store high level waste for some
decades to facilitate the encapsulation and disposal operations. Longer
interim storage might be justified e.g. if a much better disposal method
is expected to become available later.

75. Under normal circumstances, prolonged interim storage of high level
waste entails no great radiological risk. However, an interim storage
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facility above ground or near the surface is much more vulnerable to
military operations, sabotage and catastrophic events than a disposal
facility at a great depth.

76. A relatively early disposal may be economically advantageous, as in-
terim storage implies continuing investment and operating costs. How-
ever, in the event that an interim storage for spent fuel already exists and
that no more nuclear energy is produced, the additional costs due to the
extension of the interim storage period are comparatively low, provided
that the fuel elements do not require further conditioning.

77. Although concepts for the disposal of high level waste already exist, re-
search and development work should be continued with the aim of selec-
ting the disposal site and technology. Further development of safety
assessment methods is also needed.

78. Before disposal operations are implemented, the safety of the disposal
system must be convincingly shown through safety assessments. The
general public, especially in the neighbourhood of the disposal site,
should be thoroughly informed about the waste disposal plans. Gaining
social acceptance may take time and delay the implementation of dis-
posal or the permanent closure of the repository, even after the technical
and safety-related feasibility of disposal has been demonstrated.

79. The principle concerning the limitation of the burdens on future gene-
rations also implies that they need not take any action to protect them-
selves against the effects of waste disposal. Thus, such disposal alter-
natives, which rely on monitoring, surveillance or other institutional
controls as a primary radiation protection feature for very long periods
of time, are not recommended. This is because institutional controls are
not considered very reliable beyond a few hundred years and they would
represent a significant burden upon the future generations.

80. Although they may not be mandatory to ensure safety, institutional con-
trols, such as keeping public records or archives, controlling the land use
and placing permanent markers at the disposal site, decrease the prob-
ability of human intrusion. Other institutional controls, such as monitoring
or scientific investigations, may be carried out. It is also possible that,
after the completion of the disposal operations, all or some parts of the
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disposal facility can be kept open for prolonged periods, for example,
in order to permit in-situ observations of the per-formance of the disposal
system.

81. Protection against the diversion of fissile materials for the production of
nuclear weapons is accomplished by the safeguards system operated by
the IAEA in collaboration with national authorities. In principle, the
safeguards system also covers the disposal of high level waste, but sur-
veillance has not yet been established. The safeguards surveillance dur-
ing the disposal operations will probably be carried out as for present
nuclear fuel handling facilities. Although the retrieval of fissile material
in a sealed repository is very difficult, the post-closure safeguards as-
pects should be carefully considered in the implementation of the dis-
posal system.

82. Retrievability should not be a prerequisite for safety during the post-
closure phase. This does not necessarily mean that wastes which have
been deposited would be impossible to recover. Even with contemporary
technology, it should be possible to recover almost any undispersed ma-
terials with reasonable effort, provided that the location of the disposal
facility is known.

83. It may be decided that a disposal facility should include features to make
it easier to retrieve the wastes. In this case, care must be taken in the facil-
ity design not to compromise the long-term safety of the disposal sys-
tem.

4.3.2 Radiation protection principles

84. The proposed Nordic recommendations are in line with the ICRP's sys-
tem of radiation protection consisting of the following three principles:

a) Justification of practice.

No practice involving exposure to radiation should be adopted unless
it provides sufficient benefit to the exposed individuals or to society to
offset the radiation detriment it causes.
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b) Optimization of protection.

In relation to any particular source within a practice, the magnitude of
individual doses, the number of people exposed, and the likelihood of
exposure where this is not certain should be kept as low as reasonably
achievable, economic and social factors being taken into account. This
procedure should be constrained by restrictions on the doses to individu-
als (dose constraints), or the risks to individuals for potential exposure
(risk constraints), so as to limit the inequity likely to result from the
inherent economic and social judgements.

c) Individual dose and risk limits.

The exposure of individuals resulting from the combination of all the
relevant practices should be subject to dose limits, or to some control
of risk in the case of potential exposure. These limits aim at ensuring that
no individual incurs a radiation risk that is judged to be unacceptable
from these practices in any normal circumstances. Not all sources are
susceptible of control by action at the source and it is necessary to
specify the sources to be considered as relevant before selecting a dose
limit.

85. The principle of justification of practice is relevant when adopting a
practice, but not for the disposal of already existing waste. Other con-
ceptual and practical difficulties in a direct application of the ICRP
principles were discussed in paragraphs 43 - 47. The applied principles
presented below clarify the application of the fundamental principles to
disposal of high level waste.

86. Applied principle 1: Optimization

Radiation protection relating to waste disposal shall be optimized. In
doing so, radiation doses and risks must be compared and balanced
against many other factors that could influence the optimized solution.

87. The requirement for optimization is sometimes implemented in other
radiation protection activities by a rigorous analysis of the available
alternatives for achieving an optimal balancing of the radiological im-
pact, economic costs, and other factors. The principle of optimization
remains valid for the geological disposal of high level waste, but the
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application of the principle requires special consideration, since the
uncertainties in projecting radiological effects are large. However, the
disposal of high level waste has to fulfill the requirement that the ex-
pected releases and the consequent radiological impact, though associated
with large uncertainties, will remain far below the respective constraints.

88. In addition to radiological effects, many other important factors affect
the siting and design of a repository. These include the availability of
various waste management facilities, costs, environmental effects, so-
cial, institutional and political considerations. Thus the alternatives
available for the management of high level waste are very few. In ad-
dition, detailed information needed for the optimization of the disposal
system and of the site is not available until a late stage of a repository
development project. Such comprehensive evaluations can be made for
a very limi'jd number of sites and disposal concepts.

89. Despite the difficulties, the principle of optimization should be used to
guide analysis throughout the processes of site selection, waste condi- ;

tioning and repository design. It should be remembered that almost all I
of the other relevant factors besides the radiological ones are very limit- j
ed in terms of the time perspective, mainly concerning the people of j
today and those living in the near future. Optimization will often in-
clude engineering judgements rather than rigorous safety or performance
analysis. In particular cases, a decision-making support methodology,
such as multi-attribute analysis, may be helpful for structuring the infor- '
mation and distinguishing between the various alternatives.

90. Applied principle 2: Individual protection ]

Up to reasonably predictable time periods, the radiation doses to
individuals from the expected evolution of the disposal system shall be
less than 0.1 mSv per year. In addition, the probabilities and con-
sequences of unlikely disruptive events shall be studied, discussed and
presented in qualitative terms and whenever practicable, assessed in
quantitative terms in relation to the risk of death corresponding to a
dose of 0.1 mSv per year.

91. According to the recommendation of the ICRP, the principal effective
dose limit for the public from practices involving radiation is one mSv

.,. per year. This dose limit has generally been applied as a basis for pre-

I
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scribing the authorized constraints for releases from nuclear facilities.
However, as an individual may be exposed to radiation from several
man-made sources, only a small fraction of the dose limit has normally
been allowed for a specific nuclear facility or practice. In the Nordic
countries, an individual dose commitment corresponding to ten percent
of the ICRP dose limit for members of the public has been adopted as
a design basis for limiting normal releases from nuclear power plants
(1).

92. The same principle can also be applied to the protection of individuals
from disposed wastes. Accordingly an annual dose constraint of 0.1 mS v
or less (see below) is recommended as the primary criterion for individual
protection, as a prudent fraction of the dose limit should be reserved for
other local sources and potential future sources. This dose constraint can
also be regarded as a source constraint, as it is expected that other re-
positories make an insignificant contribution to the highest individual
doses from the repository of interest. If this is not the case, the over-
lapping effect of all repositories should be considered and the source
constraint correspondingly lowered.

93. The dose constraint given above is applied to the expected evolution of
the disposal system and to scenarios which cannot be regarded as very
unlikely. Some unlikely disruptive events, such as severe faulting of the
host rock, locating a borewell close to the repository or intrusion into the
repository, might contribute significantly to the individual risk from
waste disposal. Such scenarios shall be studied, discussed and presented
in such a way that qualitative and, whenever practicable, quantitative
judgements can be passed on them. An annual risk constraint, correspon-
ding to the dose constraint of 0.1 mS v per year, is applied to such events.

94. According to the ICRP's present view, the risk constraint corresponds
to an annual probability of the order of 5 per million that a serious detri-
mental health effect will occur to an individual or genetically to his de-
scendants. The risk constraint also implies that the annual probability of
any given individual receiving radiation doses causing deterministic
health effects (that is, above 0.5 Sv) shall be less than about one per
million. One methodology for quantitatively analyzing risks from
potential exposure situations is presented by die ICRP (3).
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95. Because of different diets, living habits and environmental conditions,
there is always a "tail" in the individual dose or risk distribution. Some-
times this "tail" may exceed the respective constraint though the av-
erage value in the critical group remains below. This is not specific to
the disposal of waste. The concept of the critical group allows for a few
persons with extreme habits and characteristics to receive a much higher
dose than the average. Acceptance of the "tail" in dose or risk distribu-
tion is not contrary to the present practices and is consistent with the
individual protection principle.

96. Primarily due to the environmental uncertainties discussed in paragraphs
39 - 42, it is not well-founded to extend individual dose or risk predic-
tions and comparisons with the respective constraints into the very far
future. In general, dose assessments beyond about ten thousand years
are very uncertain.

97. Dose assessments, in the relative sense, can be made for longer time
periods, assuming the hypothetical critical groups discussed in paragraph
47. In this case, the resulting doses or risks should be interpreted as
safety indicators (relative measures of safety), not as predictions of
really occurring doses. Such analyses should be extended to time
periods until the calculated doses no longer increase or the related un-
certainties are too high.

98. Applied principle 3: Long-term environmental protection

The radionuclides released from the repository shall not lead to any
significant changes in the radiation environment. This implies that the
inflows of the disposed radionuclides into the biosphere, averaged over
long time periods, shall be low in comparison with the respective
inflows of natural alpha emitters.

99. As discussed in paragraph 46, one principal radiation protection objective
for very long time periods should be the limitation of the total radiological
impact from disposal. To ensure adequate protection of man and the en-
vironment in the surroundings of the disposal site, the repository in-
duced exposures and activity concentrations there should not exceed the
respective natural levels.
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100. A practicable measure of the total radiological impact is the activity
inflow of the deposited radionuclides from the geosphere to the biosphere,
as it avoids the uncertainties related to human behaviour, man or the
evolution of living organisms. The activity inflow should be averaged
over long time periods, i.e. 104 years or more, as it is not possible to de-
termine accurately when releases or their peak values occur.

101. The activity inflow constraint should be such that

i the resulting peak individual doses are generally not in excess of the
dose limit and even in the most extreme cases well below the level
of deterministic health effects;

ii the resulting activity concentrations in primary recipients at the
disposal site fall within the range of the typical concentrations of
long-lived natural alpha emitters in similar environments;

iii the activity inflow from all high level wastes to be disposed of glo-
bally is very low compared with the respective inflow of long-lived
natural alpha emitters;

102. In the absence of extensive biospheric analyses, it is currently not poss-
ible to assign definite numerical values to the activity inflow constraint.
However, the calculations presented in Annex 1 indicate that an ap-
propriate constraint would probably fall within the following ranges:

a) 10-100 kBq/a for the long-lived alpha emitters

b) 100 -1000 kBq/a for the other long-lived nuclides per amount of
waste which is produced when one tonne of natural uranium is
processed into nuclear fuel and then used in a reactor.

103. A long-term radiation protection constraint should be such that com-
pliance with it can be demonstrated by a safety analysis based on ex-
perimentally validated data and models. As discussed in Annex 1, dem-
onstration of compliance with the activity inflow constraint is more
straightforward than with e.g. dose constraints.

104. The activity inflow constraint is intended to limit, in particular, the grad-
ual long-term releases after the integrity of the disposal system has been
substantially impaired. Early releases, which are due to factors such as
unplanned failure of a barrier or disruptive events, should not be judged
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against the activity inflow constraint but the individual dose or risk
constraint.

4.3.3 Assurance principles

105. A high degree of confidence in the safety of the disposal system is
needed before a disposal concept can be implemented. The assurance
principles below clarify how the compliance with radiation protection
constraints and other design bases should be demonstrated and illustrated.

106. Assurance principle 1: Safety assessments

Compliance of the overall disposal system with the radiation protection
criteria shall be convincingly demonstrated through safety assessments
which are based on qualitative judgement and quantitative results from
models that are validated as far as practicable.

107. It is recognized that the long-term safety of disposal of high level waste
cannot be demonstrated directly. However, it can be indirectly demon-
strated by describing the evolution of the disposal system by using
models based on technical and scientific knowledge. Demonstration of
compliance with safety criteria therefore involves safety analysis and ,
comparison of the results with the constraints. I

108. Safety assessments which aim at demonstrating compliance with the j
constraints should take account of uncertainties in the evolution of the
disposal system. The risks or at least consequences from unlikely pro- j
cesses and disruptive events which might constitute a significant fraction j
of the total risk from waste disposal should be assessed. The general
approach and methodologies of safety assessments are discussed in
Ref. 23.

109. There are different kinds of uncertainties. The scenario uncertainties are
due to our inability to predict the future changes in geological and en-
vironmental conditions. The conceptual uncertainties relate to our
limited capability to understand and model the processes relevant to the j
safety of disposal. In addition, the data used as input in models are often
uncertain due to statistical variations or lack of experimental results. \
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110. Compliance with the constraints should be demonstrated with a high
degree of confidence. The scenario uncertainties should be dealt with by
creating an envelope for the evolution of the disposal system through a
systematic and comprehensive evaluation of events and processes po-
tentially relevant to safety. The conceptual uncertainties should be re-
duced by further research and validation or be handled by bounding
analyses. The data uncertainties can be treated by bounding assumptions
in a deterministic analysis or by providing a statistical distribution of
data for a probabilistic analysis.

111. Models to be used in safety assessments should be validated as far as is
reasonable by evidence from laboratory tests and field observations, in-
cluding natural analogues. It is also important to ensure the high quality
of general and site-specific data to be used in the safety assess-ment.
Validation of models and data is more thoroughly discussed in Ref. 20.

112. Because of the uncertainties in assessments, it is important to not only
use calculated figures but also to make qualitative judgements of op-
tions, scenarios and results of numerical analyses. The estimation of
probabilities and consequences of some events, such as human intrusion,
is very approximate or speculative. In many cases, such events can be
excluded from further consideration on the basis of qualitative or sim-
plified quantitative assessments, and refined estimates are only needed
if such events prove to be limiting. Such human intrusion scenarios, for
which quantitative assessments are impossible, can be interpreted as
"rest risks". Their acceptability need not be deemed against the constraints
but still the risks from them should be limited as far as practicable.

113. Realistic scenarios, models and input data should be applied when pre-
paring safety assessments with the aim of comparing several different
disposal systems, so as to facilitate a comparison between the various
alternatives. The analysis of radiological impact can be truncated at the
time when the subsequent impact is the same for all alternatives or when
it is no longer possible to distinguish between options due to large un-
certainties associated with the calculations.

114. Assurance principle 2: Quality assurance

A quality assurance programme for the components of the disposal
system and for all activities from site confirmation through construction

ft
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and operation to the closure of the disposalfacility shall be established
to achieve compliance with the design bases and pertinent regulations.

115. The objective in the design and implementation of the disposal system
shall be high quality. The requirements should be set, taking into con-
sideration the importance to safety of each component of the disposal
system. For this purpose, the applicant must define the systems, com-
ponents, structures and materials which are of essential importance, not
only to the operational safety of the disposal but also to long-term
safety, and present their design bases. The applicant shall introduce a
quality assurance programme to ensure that the design bases are ful-
filled.

116. The programme should contain a provision for ensuring the identification
of and compliance with the requirements of the appropriate, recognized
engineering and mining codes as well as regulations, standards, specifi-
cations and practices. Comprehensive records must be kept of all the
phases of design, fabrication, construction and testing of repository
components. The programme should also define the organizational
structure for implementing the quality assurance activities and clearly
delineate the responsibility and authority of the various personnel and
organizations involved.

117. Assurance principle 3: Multibarrier principle

The long-term safety of waste disposal shall be based on passive
multiple barriers so that

a) deficiencies in one of the barriers do not substantially impair the
overall performance of the disposal system

b) realistic geological changes are likely to only partly affect the sys-
tem of barriers.

118. The barriers of a disposal system consist of various isolating structures
and materials as well as physico-chemical interactions limiting the release
of radioactive substances. Due to the long timescales involved it is
necessary that the barriers should be passive, that is, no man-made or
automatic postclosure protective actions should be needed to ensure
radiation protection and nuclear safety.
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119. Because high level waste presents a potential hazard for a very long time
and because the long-term performance of the barriers involves sig-
nificant uncertainties, it is necessary that the safety of the waste disposal
system does not rest on one single component or barrier but rather on
the combined function of several dissimilar barriers. If there are defi-
ciencies in the performance of one of the barriers, the overall system
should still be sufficient to meet the radiation protection and nuclear
safety requirements. On the other hand, this principle does not mean the
redundancy of barriers in the absolute sense, that is, that each single bar-
rier in itself should be sufficient. The latter part of the criterion aims at
ensuring that realistic geological changes (such as those due to gla-
ciation) do not jeopardize the overall safety as they are likely to signifi-
cantly impair the performance of only one barrier or to have only minor
effects on other barriers.

120. The overall systems approach incorporates the idea that in safety ass-
essments it is primarily the performance of the disposal system as a
whole thai has to be assessed and assured rather than the performance
of the individual components. With this approach, detailed quantitative
criteria on the performance of single barriers need not be specified in the
early phases of a repository development. Once site- and design-speci-
fic plans are available, performance goals for single barriers should be
considered.

4.3.4 Technical and geological recommendations

121. Asa supplement to the safety principles, qualitative technical and geo-
logical recommendations are given tor the design of a disposal system
and for the selection of a disposal site. These recommendations indicate
features that are currently considered as predominantly favourable with
respect to the safety of high level waste disposal (though not necessarily
for all disposal concepts). To increase their practicability, the scope of
the technical and geological recommendations is limited to the disposal
of high level waste in crystalline bedrock.
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122. Recommendation 1: Site geology

The site should provide good natural conditions for the containment
and isolation of radioactive substances. Thus a good site should

a) have hydrogeologicalcharacteristics that provide lowgroundwater
flow within the repository, a long groundwater transit time from
the repository to the biosphere and favourable dispersal charac-
teristics

b) have geochemical characteristics that contribute to a low corrosion
rate of the canister material, a low dissolution rate of the waste
matrix as well as to a low solubility and an effective retardation of
the released radioactive substances

c) be located in a region of low tectonic and seismic activity

d) not be adjacent to any natural resources which are not readily
available from other sources

e) be easy to characterize.

123. The geology of the disposal site is of great importance for the safety of
waste disposal. The geological medium becomes increasingly important
as a barrier, especially in the long-term, after the engineered barriers
have become impaired. Even in a shorter perspective, the host medium
provides the prerequisite for the functioning of the engineered barriers.

124. The most likely way radionuclides can migrate from the repository to
the biosphere is by groundwater transport. Special emphasis must there-
fore be placed on the characteristics of the site which affect the migration
of radionuclides by groundwater. Such characteristics are the hydro-
geological properties of the rock affecting the groundwater flow rate
and regime and the dispersal capacity of the groundwater network.
Those characteristics also include the geochemical properties which
affect the corrosion of the canister material, the dissolution of the fuel
matrix, and the solubility and retardation of the released radionuclides.

125. Due to their slow migration in the geosphere, many radionuclides decay
to an insignificant level before they reach the biosphere. This delay,
however, may not permit some very long-lived radionuclides to decay
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sufficiently and, therefore, they should be dispersed and diluted so that
their concentrations are at a very low level before they enter the bio-
sphere.

126. Rock movements of tectonic or seismic origin could damage the engin-
eered barriers in the repository or unfavourably modify the hydro-
geological regime in the host medium. For this reason, the disposal site
should be selected to avoid such areas where tectonic or seismic activity
is exceptionally high or can be suspected of becoming so later on. Indi-
cations of potentially active tectonic areas include major neotectonic
faults and anomalous land uplift or subsidence.

127. There are two arguments against locating a repository near valuable, or
potentially valuable, natural resources. First is the desire to allow future
generations to exploit natural resources for their own benefit without
having to incur undue radiological risks. The location of a repository
near such resources might preclude the future use of them or might re-
quire remedial actions to be taken to avoid disrupting the repository.

128. The second consideration involves the possibilitj' that the knowledge of
a repository's location might not be available to a future individual or
society seeking to exploit natural resources. In this case, an inadvertent
intrusion into a repository could reduce its integrity leading to a release
of radionuclides to the environment and leading to undue radiological
risks.

129. The types of geological resources to be avoided in the repository area
include fossil fuels, metal ores and major groundwater resources, which
are valuable now or may be so in the future. Unique deposits of materials
which are not readily available from other sources or unique site features

I such as geothermal potential should also be avoided, even if they have

' no current or foreseeable economic value.

I 130. Recommendation 2: Repository design

i The repository should be located

\ a) at a sufficient depth to protect the waste packages from external
i events and processes and render inadvertent human intrusion very

unlikely
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b) ina host rockformation large enough to accommodate the repository
and the buffer zones

The configuration of the repository should be such that

c) the temperature rise due to heat generation from the waste pack-
ages remains at an adequately low level

d) the extent of potentially adverse geochemical disturbances due to
the emplaced waste is limited

e) the increase of fracturing due to the repository construction or
the emplaced waste is limited

f) the emplaced waste remains sub-critical with respect to nuclear
fission even in the long-term.

131. The minimum depth of the repository should be such that credible hu-
man activities (such as explosions, excavations) and natural processes
(such as erosion, glaciation) acting on the surface will not unacceptably
affect the performance of the disposal system. Other aspects to be taken
into account are the decrease in groundwater flow, the increase in tem-
perature and rock stresses and the changes in groundwater quality with •
depth and time. Naturally, the site-specific geological characteristics
greatly affect the depth to be selected. In various countries, 200 -1500 m j
has been suggested as the depth for a high level waste repository.

132. The t lickness and lateral extent of the host rock, which has a low hy- •
draul c conductivity, should be extensive enough to contain the repository
and the buffer zones needed to isolate the disposed waste packages *
from major fracture zones, lithologic contacts or other unfavourable }
geological structures. To achieve this, it may be necessary to divide the ]
repository into a few sections at the same depth or at different levels.

133. The average distance between the various waste packages should be
such that a temperature rise due to the heat generation of waste is limited
to a level which does not significantly compromise the performance of
the rock or the backfill materials. In the case of disposal in crystalline
rock, the backfill material, for example bentonite, is normally the most
sensitive barrier with regard to a temperature rise.
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134. Other factors affecting the distance between the various waste packa-
ges include geochemical changes (for example, due to radiolysis) and
an increase in fracturing (for example, due to excavations and a tem-
perature rise) around waste packages. Such zones of disturbed rock
should take up onl> a minor fraction of the volume of the repository,
otherwise the performance of the host rock as a barrier might be sub-
stantially impaired.

135. Spent fuel, in particular, contains fissile materials in sufficient quantities
to achieve criticality if the waste packages were improperly deposited.
The achievement of an initially subcritical configuration in the repository
does not present a problem. The risks of subsequent criticality are worth
considerating, for example, if a great number of waste packages con-
taining fissile materials were to be stacked in a vertical borehole. If the
engineered structures collapse, the fissile material might accumulate,
due to gravitation, at the bottom of the hole. This configuration should
not be capable of reaching criticality. Some geochemical or near-field
chemical processes might also reconcentrate fissile materials released
from disposed waste.

136. Recommendation 3: Backfilling and closure

The backfilling and closure of the repository should contribute favour-
ably to the containment and isolation capability of the disposal system.
The backfill material around the waste packages should

a) protect the waste package from minor rock movements

b) further reduce the mass transfer rate of corroding and dissolving
agents and released radioactive substances around the waste
packages

c) have a sufficient mechanical and chemical long-term stability

The closure of the repository should aim at

d) limiting groundwater flow in the repository

e) disconnecting any groundwater flowpaths that might adversely
affect the safety of disposal

f) maintaining long-term structural stability in the repository

g) preventing inadvertent human intrusion into the repository.
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137. Backfilling material includes the buffer material in the deposition holes
around the waste packages and the filling material in tunnels and shafts.
Backfilling of the repository and the selection of backfill materials and
methods should be considered to help fulfill the performance require-
ments of the repository. Backfilling should reduce groundwater contact
with the waste packages, supplement the radionuclide retardation capa-
bility of the geological medium, contribute to favourable chemical con-
ditions around waste packages, protect the waste packages from minor
rock movement, and help maintain the structural integrity of the reposi-
tory.

138. Due to their importance forthe long-term safety of the disposal system,
the backfilling materials should preserve their favourable properties for
very long periods of time. To ensure this, stringent demands must be
made on the chemical, mechanical and thermal stability of the materials
to be selected.

139. A satisfactory closure of a repository, including the sealing of any pen-
etrations, is necessary to prevent or restrict the release of radioactive
materials and to render human intrusion difficult. The repository should
be well-documented to ensure that future generations are made aware of
it. Placing markers above ground or underground at the disposal site
should be considered as a measure to prevent inadvertent human intru-
sion. In the case of spent fuel disposal, some safeguards surveillance
measures for the closed repository may also be implemented. The
necessity of such measures has not yet been resolved.

140. Recommendation 4: Waste package

The waste package should provide an engineered barrier which will
effectively contain and isolate radioactive substances. Thus the waste
package should:

a) have such mechanical and chemical stability so as to provide
a substantially complete isolation of radioactive substances for an
adequately long period of time, and thereafter

b) limit the average release rate of radioactive substances from the
repository to a sufficiently low level

When selecting material for the waste package, consideration should
be given to its value as an attractive target for future explorations.
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141. The waste package is composed of waste (solidified waste or spent fuel
elements), a canister and filling material (if needed).

142. The initial isolation is provided mainly by the canister. As fabrication
defects cannot be completely excluded, even initial isolation may not be
absolute. The multibarrier approach should ensure that overall safety is
not jeopardized by a small number of initially defective canisters.

143. The role of the waste canister in the multibarrier system varies depending
on the timescale of interest. A minimum requirement for the canister
lifetime is that it should, at least, prevent the release of the most active
radionuclides which decay to an insignificant level within some hund-
reds of years. In the case of spent fuel disposal, it may be prudent to de-
sign for substantially longer periods of initial isolation as the activities
of many transuranics decrease significantly within a period of about
100 000 years.

144. A canister which can be shown to have a very long lifetime contributes
significantly to the confidence in the safety of the disposal system. One
should take into account that not only the average duration of the canisters
but also the range of their duration is a parameter of importance. Both
the canisters and the waste matrix affect the release rate of radioactive
substances from the repository. A long time span for the penetration of
canisters may significantly decrease the release rate of radionuclides,
especially those which are not released congruently with the waste ma-
trix.

145. After the integrity of the canister has been lost, the waste matrix, the
buffer material and the limited solubility of the radionuclides limit the
release rate of radioactive substances. In the case of spentfuel, afraction
of some radionuclides can be released from the matrix within a short
period as they are accumulated in the gas gap or grain boundaries of fuel
pins.

146. The deposited waste packages will be subject to high hydrostatic and
lithostatic pressures as well as additional pressure from the swelling
buffer material. Package design should be such that these pressures
would be unlikely to induce adverse effects such as mechanical failures
or enhanced corrosion.
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147. When selecting materials for the waste packages, consideration should
be given to the possibility that human intrusion into the repository
might be encouraged by the existence of a source of materials conside-
red to have either intrinsic or scarcity value. Thus the benefits to be at-
tained by using such materials as effective barriers should be carefully
weighed against the intrusion risks.

I
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Chapter 5: SITE SELECTION

5.1 General

148. In most countries with a nuclear power programme disposal of high
level waste in deep geological formations is the preferred option. In Fin-
land and Sweden, the geological formations that have been studied are
in crystalline rock. Generic studies have shown that deep geological for-
mat' ~>s in crystalline rock offer good possibilities of isolating the waste
from the biosphere for long time periods.

149. The choice of rock type, the designofthe repository and the siteselection
must, in principle, be regarded as an interactive process with updated
performance assessments coupled to the different phases in the process.

150. The factors which are relevant to site selection can be divided into three
major groups. The first group contains factors directly coupled to the
geological medium. Such factors are: geological structure, hydrogeo-
logical factors (hydraulic gradient, porosity and permeability), long-
term stability (tectonics, seismicity), and geochemical parameters. The
second group includes the environmental factors of interest to the short-
and long-term safety of the disposal system, for instance, the aquatic
and the terrestrial environment, agricultural aspects and transportation
aspects. The third group includes factors such as social and political
aspects, land ownership, economic aspects and the existence of natural
resources at the site with the associated risks of intrusion.

5.2 Site selection procedure

151. There are three main stages in the site selection procedure: area survey,
preliminary site selection and site confirmation

152. The purpose of the area survey is to compile an inventory of regions
which may contain potential sites. From this inventory, a small number
of sites will be identified for preliminary site selection. The area survey
largely consists of eliminating the regions which are unsuitable due to
such factors as their hydrogeologic, tectonic or demographic characte-
ristics or due to their potential natural resources.
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153. The purpose of a preliminary site selection process is to identify a few
potentially suitable sites for further investigation. To characterize the
candidate sites, it is necessary to implement an extensive field inves-
tigation programme which includes such measures as geophysical
measurements at the surface, deep drillings and measurements at depth.
Site-specific performance analyses, based on site-specific repository
designs, are needed to be able to characterize and compare the candidate
sites and judge their suitability.

154. When a site has been chosen as a potential location for a repository, it
is necessary to characterize it in more detail to confirm its suitability. For
this purpose, further geophysical investigations at the surface, deep
drillings and measurements at depth are needed. In addition, sinking a
shaft to the planned depth of the repository may be required. In the site
confirmation phase, performance analysis is a useful tool both for
judging the suitability of the site and for directing the site investigations.

5.3 Responsibilities

155. It is important that the implementing and regulatory functions are kept
apart as far as practicable so that the independent review by the competent
authorities is not questioned. Thus the utilities, or any organization rep-
resenting them, are responsible for carrying out the site selection pro-
cess including the necessary studies, investigations and reporting. It is
the responsibility of the competent authorities to issue guidance on and
criteria for site selection and to review, when necessary, the results from
the site selection process.

156. The guidelines and criteria given at an early stage in the site selection
process may be of a general nature and will have to be made more spe-
cific as the site selection proceeds. The recommendations given in
Chapter 4.3 are intended to form a basis for site suitability criteria to be
applied in the preliminary site selection phase.

157. The authorities should also give guidance on the reporting of the site se-
lection process and on the requirements for field investigations and per-
formance analyses, particularly in a later phase of the site selection pro-
cess.
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158. The authorities should review the results from the site selection process
after the completion of each phase. It is desirable that the authorities
consult prominent scientists and relevant research organizations during
the review process.

159. In the site selection process, it is important that people living in the vi-
cinity of a potential site should be given the information needed to
understand the consequences of siting a repository near the place where
they live. Responsibility for that information rests with the implementing
organization and with the authorities.

I
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Chapter 6: RESEARCH

6.1 Procedures

160. Generic, as well as some preliminary site-specific studies (10,24,25,
26) have shown that there are design concepts available for the final dis-
posal of high level waste in a manner that is acceptable from the radi-
ation protection and nuclear safety points of view. For site selection and
repository design, further research is needed within a number of areas.
The main objective of the on-going research programmes is to provide
the scientific basis for site selection and repository design. The knowledge
gained should be of such a level of detail that a specific repository can
be shown to be safe. Another aim of the research is to take advantage of
additional knowledge in certain areas in order to optimize the repository
system. In the process of optimization it is important to maintain suffi-
cient safety margins in the performance assessment.

161. In Sweden and Finland, the nuclear industry is required by legislation
to carry through a research and development programme aiming at safe
final disposal. In the Swedish case, this programme is reviewed every
three years by the authorities. In Finland, the research programme
carried out by the utility is reviewed annually.

162. In the review, the broadness of the programme is considered in addition
to the radiation protection and nuclear safety aspects, in order to keep
alternative disposal methods and a sufficient number of potential sites
open for decisions at later phases in the programme.

6.2 Some important research areas

163. Radiation protection and nuclear safety-related research is performed to
reduce both conceptual and data uncertainties. There are a number of
issues of a conceptual nature that need to be further investigated before
a repository can be licensed. For example, it is necessary to increase our
understanding of groundwater flow and radionuclide transport in frac-
tured rock in order to gain enough confidence in the geosphere modelling
used in safety assessments. It is also important to investigate different
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couplings between hydrological, thermal, chemical and mechanical
phenomena that may be of importance in the performance assessment.
Other important research areas are fuel dissolution behavior, which
gives the source term to the safety assessments, and mechanisms for the
transport of radionuclides in the biosphere.

6.3 Implementation of research

164. The way to resolve conceptual uncertainties is through the normal
scientific process of interaction between theory (modelling) and experi-
ments. In the area of nuclear waste disposal, this process is often called
validation and is, to a large extent, performed in close international coo-
peration. The experiments used involve laboratory and field experiments
as well as studies of natural analogues.

165. For the evaluation of a disposal system, data are needed for the different
parts of the system. The data originate from various sources such as ex-
periments, site investigations and calculations using research models.
There will always be uncertainties in data. The uncertainties can, how-
ever, often be reduced by further research or more detailed investigations,
if needed. The impact of the remaining data uncertainties on the results
of the performance assessment has to be clarified with appropriate un-
certainty analysis techniques.

166. The research programmes for the final disposal of nuclear waste are
very broad and cover many scientific disciplines. Parts of the research
activity are relatively expensive and require such measures as the exca-
vation of underground laboratories. Large research projects are often
successfully carried out through joint international work. The achieve-
ment of scientific consensus on unresolved issues also requires interna-
tional exchange between scientists. Interaction between the research
programmes in different countries should therefore be encouraged.
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6.4 The role of performance assessment

167. Given the large safety margins in generic performance assessments and
the cost of the research programmes, the question of "when do we know
enough?" arises. At present, this question can not be given a quantitative
answer. On one hand, the required level of knowledge and the level of
detail in data must be reasonably limited. On the other hand, a sufficient
level of understanding of system behavior must be achieved. This means
that conceptual uncertainties need to be resolved to a large extent or that
the consequences of these uncertainties should be analyzed. It could be
argued that it would be sufficient if several alternative conceptual
models used in parallel in the performance assessment give acceptable
results with respect to radiation protection and nuclear safety. However,
the use of different conceptual models in the assessment would indicate
that parts of the repository system are not well understood and if the con-
sequences of this are unacceptable, the whole concept may not be ac-
ceptable in the final licensing procedure.

168. The performance assessment should be used as a tool to identify important
research areas. Only by analysing available information on all areas of
importance in comprehensive safety evaluations of the disposal system,
the need for further research in specific areas can be clarified.

6.5 Interaction between research and criteria
development

169. The progress in research will most probably also have some impact on
the regulatory criteria. In this context, performance assessment also
plays a key role. The criteria which have been suggested in this document
are more of a generic than of a detailed nature. It is important to recog-
nize that criteria development will proceed with close links to the progress
in research. In this way, the criteria given in this document can be further
elaborated or modified.

I
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ANNEX 1 Implications of the
environmental protection
principle

1. This Annex illustrates, by using some hypothetical assumptions, how
the doses to individuals and activity concentrations in the environment
can be limited, if the repository meets the environmental protection cri-
terion. Demonstration of the compliance with the criterion is also dis-
cussed.

2. The environmental protection criterion limits the average maximum
release into the biosphere of the disposed radionuclides (activity inflow
constraint). It is assumed that this constraint is 10 kBq/a for the long-
lived alpha emitters and 100 kBq/a for the other long-lived nuclides per
tonne of natural uranium, which has been used in a reactor to produce
the waste. In the following example calculations, the Swedish high level
repository is taken as reference. According to the present plans, it will
contain about 7000 tonnes of spent fuel. The amount of natural uranium
is estimated at about 50 000 tonnes, thus the activity inflow constraint
is 0.5 GBq/a for the alpha emitters and 5 GBq/a for the other nuclides.

1. Individual doses

3. The individual doses resulting from a certain activity inflow to the bio-
sphere are dependent on the nuclide composition of the waste and on the
biospheric characteristics. To provide a rough illustration, the doses
from a few very long-lived nuclides were calculated using the DETRA
code (1). In accordance with the activity inflow constraint, it is assumed

\ that 5 GBq/a of Tc-99,1-129 and Cs-135, and 0.5 GBq/a of Np-237 are
I released to the biosphere. The calculations are carried out for six recipi-
| ents of various types and sizes and are based on a current, typical Scan-
ia dinavian biosphere.
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Individual dose rates from an average inflow of 5 GBq/a of Tc-99,1-129 and
Cs-135 and 0.5 GBq of Np-237 to the biosphere. Calculations are based on a
current, typical Scandinavian biosphere. The recipients and scenarios conside-
red are:

1 Small lake, draining, farming of its bottom sediment
2 Small lake, exposure from fish and drinking water
3 Large lake, draining, farming of its bottom sediment
4 Coastal area, exposure from fish
5 Regional sea, exposure from fish
6 The Baltic, exposure from fish

On the right, the ranges of the average global per capita dose rate from the same
nuclides are estimated. It is assumed that one million tonnes of spent fuel is
disposed of globally and that all the repositories meet the proposed radiation
protection constraints.
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4. The results of the calculations are presented in Fig. 1. It can be seen that
if the primary recipient is small, the highest individual doses may ex-
ceed the individual dose constraint and be of the same order of magnitude
as the dose limit. As the size of the recipient increases, the indiviual
doses rapidly decrease. The activity inflow constraint also implies that
the average global per capita doses from the nuclides considered prob-
ably remain below 105 mSv/aeven if 106 tonnes of spent fuel or equival-
ent amount of high level wastes were deposited.

5. Naturally local variations and future changes in biospheric conditions
greatly affect the exposures to disposed radionuclides. Accordingly,
large uncertainty margins should be included in the doses given in
Fig. 1.

6. Abstraction of water from a borehole well might, in worst cases, give
rise to individual doses above the dose limit. The analyses carried out
in (1) and (2) indicate that for some nuclides (Iodine-129, Neptunium-
237 and Plutonium-239) the individual doses might be 1 -10 mSv/a, if
the activity inflow into the well is the same as the constraint and dilution
of the contaminated water is low.

2. Activity concentrations

7. As a consequence of the release of radioactive substances from the re-
pository, elevated activity concentrations may accumulate in the primary
recipient. In addition, radionuclides may accumulate in soil which is
irrigated with water taken from the primary recipient. Below, the peak
activity concentrations that might be found in well water, lake water and
in soil are estimated based on (3). It is assumed that the activity inflows
of the disposed long-lived nuclides are the same as above, that is, 5 GBq/

| a for fission products and one tenth of that for alpha emitters.

I 8. The calculations indicate that the peak activity concentrations will be

I • 10-50 Bq/litre in borehole well water,
' • 0.01 - 0.1 Bq/litre in lake water and

• tens - hundreds Bq/kg in soil.
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9. These figures can be compared with the typical and elevated concen-
trations of natural long-lived alpha emitters (uranium, thorium and
radium) in the environment. In aquatic environments the abundance of
these elements decreases in the order: uranium > radium »thorium.
The Uranium-238 concentration in groundwaters varies between 0.01
and 50 Bq/litre, the mean value being around 1 Bq/litre. In surface
waters, uranium occurs in lower concentrations, typically from 0.001 to
0.1 Bq/litre, the mean value being about 0.01 Bq/litre. Radium-226 con-
centrations in groundwaters and surface waters are about one tenth of
those of Uranium-238. Concentrations of uranium and radium in
groundwaters and surface waters in the vicinity of a uranium ore deposit
may be tens of Bq/litre. Concentrations of thorium isotopes in aquatic
environments are insignificant compared to those of uranium and
radium.

10. In terrestrial environments these three elements occur in more equal
concentrations. Their typical concentrations in Nordic soils vary from
10 to 100 Bq/kg and their elevated concentrations are thousands of
Bq/kg.

11. It can be concluded that if the activity inflow constraint is met, the peak
activity concentrations of the disposed radionuclides in surface waters
and in soil will fall in the range of the concentrations of long-lived natu-
ral alpha emitters. The highest concentrations of disposed radionuclides
in a borehole wells might be comparable to the elevated concentrations
of uranium and radium encountered nowadays in wells.

3. Global effects

12. It can be estimated that not more than 10 million tonnes of natural ura-
nium will be used for nuclear energy production in thermal reactors. If
all the wastes originating from this programme were deposited so that
the activity inflow constraint is met, the global release into the biosphere
would be 1 TBq/a for fission products and 0,1 TBq/a for alpha emitters
on the average. The global inflow to the biosphere of the long-lived
natural alpha emitters (uranium, thorium and radium) from weathering
of soils and rocks is estimated to be at least 1000 TBq/a. Thus, on the glo-
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bal scale, the effects of the disposed radionuclides would be insignificant
in comparison with the long-lived terrestrial radionuclides.

4. Comparison with other radioactive releases

13. The proposed activity inflow constraint can be compared with the re-
leases to the biosphere from other practices. In Sweden these include

• 700 GBq/a of Th-232 from mining waste,
• 60 GBq/a of Th-232 from coal ashes,
• 20 GBq/a of Am-241 from spent fire detectors,
• 10 GBq/a of Th-232 from chemical fertilizers and
• 6 GBq/a of Th-232 from utilization of peat.

14. Thus, the assumed activity inflow constraint for the Swedish high level
waste repository, 0.5 GBq/a for the alpha emitters and 5 GBq/a for the
other nuclides, can be regarded as low compared with other releases.
However, the releases from the other practices are spatially much more
dispersed than those from a repository for high level waste.

f
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5. Demonstration of long-term safety

15. Before the deposited radionuclides enter the biosphere, they must "pen-
etrate" several barriers. Such barriers include material layers delaying
the release of nuclides (for example, waste canister and host rock) and
physico-chemical interactions limiting the release rate of nuclides (for
example, dissolution of the waste matrix, the solubility in the near field
or at the redox front and the retardation in rock). Barriers of the latter
type are more important for the very long-lived nuclides.

16. The disposal system often has one dominant barrier for a given nuclide.
The dominant barrier controls the release of the radionuclide into the
biosphere, to a great extent. A rough picture of the long-term safety of
the disposal system is obtained by comparing the release rates provided
by the dominant barriers, with the activity inflow constraints.

17. A measure of the minimum long-term isolating capacity to be provided
by the disposal system (or the dominant barrier) is obtained by dividing
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the activity inflow constraint by the maximum inventory of the nuclide
in the waste; this gives the following fractional release rates for spent
fuel:

Technetium-99 106/a
Iodine-129 6104/a
Cesium-135 5 Ifr5/a
Neptunium-237 106/a
Plutonium-239 7107a

18. The fractional release rates given above can be regarded as quite low.
For instance, the fractional long-term release rates of soluble elements
from the glass or the spent fuel matrix are reported to be on the order of
10'Va (4). The low solubility and effective retardation in rock of some
nuclides in favourable geological conditions may provide significantly
lower fractional release rates. Anyhow, a further reduction of the activ-
ity inflow constraint does not seem realistic because this might render
the scientific demonstration of the compliance with the constraint im-
possible.
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ANNEX2
Table 1. Summary of objectives/criteria for high level waste disposal

Organization/
Country

NEA
(1984)

ICRP
Publication 46
(1985)

IAEA
Safety Series 99
(1989)

Main Objective/Criteria Other Features/Comments

Max. individual risk
objective 10"5/a
(all sources)

Individual dose limit
1 mSv/a and risk limit
105/a (all sources)

Idem ICRP Publication 46

CANADA Max. individual risk
AECB Regulatory objective 106/a
Document R-104
(1987)

No consensus on ALARA
optimization

ALARA taking into account
both doses and probabilities

Also technical criteria
for disposal system
features, safety analysis
and QA.

Period for demonstrating:
104 a, but no sudden
increase thereafter. No
optimization required.

FRANCE
Basic Safety
Rule
(1991)

GERMANY
Rad. Prot.
Ordinance,
(1989)

SWITZERLAND
Reg. Doc. R-21
(Revision
underway)

Max. long-term individual ALARA principle. Proof
dose 0.25 mSv/a (normal of long-term geological
evolution) stability. Case-by-case

eval. of disturbing events
but no determ. effects.

Individual dose
< 0.3 mSv/a for all
reasonable scenarios

Individual dose
< 0.1 mSv/a at any time
for reasonably probable
scenarios

Calculation of individual
doses limited to 104 a,
but long-term isolation
potential must be assessed.

Sealing of the repository
must be possible within
a few years without the
need for institutional
control.
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U. KINGDOM
NRPB
(1992)

USA, EPA
40 CFP Part
191 (Revision
underway)

USA, NRC
10CRF
Part 60

Max. individual risk
objective 10 5/a (all
disposal facilities)

Release limits based on
< 10 serious health
effects during 104 a from
disposal of HLW from
10001 of spent fuel

Optimization should be
relaxed if the max.
individual risk is less
than 10"6/a.

Individ, dose < 0.25 mSv/a
for the first 1000 a. Also
requirements on drinking
water contamination.

Waste package containment NRC subsystem
for 300-1000 a
Release via engineered
barriers < 105/a of the
max. inventory
Groundwater travel time
>1000a

requirements
shall comply with the
EPA Standard.


