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Preface

This report describes a proposed methodology for clearance (in accordance with SSMFS 2011:2
(SSM 2011)) in conjunction with dismantling and demolition of nuclear facilities. The report is aimed
at those who work with planning and management of decommissioning and clearance projects and
should be seen as a complement to the existing practice that is described in the Clearance Manual
(SKB 2011).

The report is based on four background reports developed in cooperation with expertise (see Table F-1)
in different disciplines with experience from major clearance projects in Sweden such as

» clearance of the central active laboratory (ACL) in Studsvik,
» clearance of the leaching and sorting plant in Ranstad,
+ clearance of turbine rotors at Ringhals,

* clearance of m/s Sigyn.

Table F-1. List of contributions to the report.

Chapter Author Organisation

4-8 Per Lidar, Arne Larsson, Olga Korneevets and Klas Lundgren Studsvik Nuclear AB

9 Tommy Norberg Chalmers University of Technology
11 Simon Duniec and Per-Olof Aronsson Energy Solutions

12 Miranda Keith-Roach, Maria Lindgren and Mark Elert Kemakta Konsult AB

Since the experience from clearance of nuclear facilities in Sweden is limited, the report also contains
information and recommendations from international standards and guidance documents from other
countries (MARSSIM (NRC 2000), NiCoP (SDF 2005)). The proposed methodology will most
likely need to be revised as nuclear facilities are dismantled and demolished in Sweden. Only when
the methodology has been tested practically, a practice can be established for clearance during
dismantling and demolition of nuclear facilities.

SKB R-17-05 3






Contents

1.1
1.2

2.1

2.2

23
24

3.1
32

33

4.1

4.2

43

5.1
5.2

6.2
6.3

Introduction
Overall requirements
Adaptation of the clearance process

Clearance during decommissioning
Preparatory measures in different operational phases
2.1.1  Construction and modification

2.1.2  Operation

2.1.3  Transition period

2.1.4 Dismantling and demolition

The clearance process

2.2.1 Initial assessment

2.2.2  Survey measurement

2.2.3  Preparations for clearance measurement
2.2.4 Clearance measurement

Derivation of clearance levels

Summary

Risk categorisation

Categorisation in the different phases for a facility
Division and principles

3.2.1 Extremely small risk of contamination
3.2.2  Small risk of contamination

3.2.3 Risk of contamination

3.2.4 Contamination above the clearance limit
Recategorisation during clearance

Radiological survey

Initiation

4.1.1 Needs analysis

4.1.2  Goals and purpose

Initial assessment and planning

4.2.1 Existing information

4.2.2 Initial assessment

4.2.3  Choice of measurement methods for survey measurements
4.2.4 Sampling strategy for survey measurements

4.2.5 Documentation and plan

Survey measurement

4.3.1 Sampling and measurement

4.3.2 Measurement methods for radiological survey

4.3.3  Analysis and evaluation

4.3.4 Recommended implementation of survey measurements
4.3.5 Documentation and management

Decontamination

Choice of decontamination methods
Implementation

5.2.1  Verification of decontamination results

Determination of nuclide vectors
Estimated presence of radionuclides
6.1.1  Other facilities
Determination of correlation factors
Handling of uncertainties

SKB R-17-05

10

11
11
12
12
12
13
13
14
14
15
15
15
16

17
17
17
18
18
19
20
20

21
22
22
23
23
23
24
25
25
26
27
27
27
28
29
31

33
33
34
34

35
35
36
37
37



7.2

7.3

8.1

8.2
8.3

8.4
8.5

8.6
8.7

9.1

9.2

9.3

9.4

9.5

10
10.1
10.2

10.3

Clearance measurement

Planning of clearance measurements

7.1.1  Choice of measurement methods

Implementation of checks for radioactivity

7.2.1  Checks for loose contamination

7.2.2  Checks of the distribution of activity and anomalies
7.2.3 Measurement site

Documentation

Statistical evaluation of clearance measurements
Interpretation of compliance

8.1.1 UCL95

8.1.2 P95

Mean value calculation for surface-specific activity
Uncertainty analysis

8.3.1 Uncertainty distributions

8.3.2  Scintillation efficiency

8.3.3  Net count rate

8.3.4 Uncertainty in the nuclide vector

8.3.5 The clearance product

Simulation

Sampling strategy for clearance measurement

8.5.1 Combining data from different sampling occasions
Uncertainty for individual measured values
Assessment of the occurrence of anomalies

Control programme

Activity description

9.1.1 Radiological survey, categorisation of objects and decontamination
9.1.2  Determination of activity

9.1.3  Evaluation

Management

Applicable regulations and special decisions

9.3.1 The regulation SSMFS 2011:2

9.3.2  Special decisions

Quality assurance

9.4.1 Management system

9.4.2  Procedures for self-monitoring and independent inspection
9.4.3 Management of deviations

9.4.4  Authorisation

Documentation

9.5.1 Reports

9.5.2  Storing of data

9.5.3 Archiving

Quality assurance

ISO standard for quality assurance, certification and accreditation

Management system

10.2.1 Scope

10.2.2 Management responsibility, quality policy, planning, authorities,
communication and quality meetings

10.2.3 Infrastructure and operating environment

Quality assurance during the clearance process

10.3.1 Control programme

10.3.2 To develop and verify measurement methods

10.3.3 Conducting measurements

10.3.4 Document results

10.3.5 Approval and clearance

39
39
39
41
42
42
43
43

45
45
46
46
46
46
47
48
49
49
49
50
50
50
50
51

53
53
53
54
55
55
55
55
55
55
55
55
56
56
56
56
56
56

57
58
58
58

59
59
60
60
61
61
62
64

SKB R-17-05



10.4 Personnel resources
10.5 Secondary processes
10.6 Analysis and improvements
10.7 Other comments
11 Derivation of clearance levels
11.1 Introduction
11.2  Process for derivation of clearance levels
11.3  Methodology for dispersion and dose calculations
11.3.1 General description of the methodology for dose calculations
11.3.2 Dispersion of radionuclides
11.4 Scenarios
11.4.1 The Swedish Environmental Protection Agency’s model for
guideline values for contaminated land
11.4.2 Internationally available scenarios
11.4.3 Selection of scenarios
11.4.4 Ensuring selected scenarios
11.5 Data needs for dispersion and dose calculations
11.5.1 Information on the material and radionuclides
11.5.2 External exposure
11.5.3 Internal exposure
11.5.4 Dispersion of radionuclides
11.5.5 Dispersion in the food web
11.5.6 Handling of uncertainties of input parameters
12 Cost model
12.1 Boundaries and conditions
12.2  Model
12.2.1 Examples of cost estimation
12.3 Preparation of cost estimates
12.4 Evaluation of costs
12.5 Uncertainties
12.6 Cost drivers
12.6.1 Operation
12.6.2 Transition period
12.6.3 Dismantling and demolition
References

Appendix A Definitions

Appendix B Measurement and sampling equipment

Appendix C Information management and software support

Appendix D Survey and clearance measurement in a hypothetical facility

Appendix E Statistical example

Appendix F  Clearance levels for the sorting plant in Ranstad

SKB R-17-05

66
66
67
67

69
69
70
70
71
72
73

74
74
74
77
77
78
79
80
80
80
81

83
&3
83
84
85
86
86
86
86
87
87

89
93
99
109
111
119
125






1 Introduction

In conjunction with planning of and actual decommissioning, many activities are governed by the
facility’s radiological status. Therefore, clearance and associated activities (for example radiological
survey, decontamination and clearance measurement) have a central role during a decommissioning
project.

Today, the Clearance Manual (SKB 2011) is used as a basis for clearance of materials generated
during operation of the Swedish nuclear facilities. During dismantling and demolition, clearance

of materials may entail logistic challenges, when large quantities of material need to be cleared in

a relatively short time. Measurement methods and analyses will, however, not necessarily differ
from those used today for clearance of materials from operation. This report focuses therefore on
clearance of buildings, rooms and land, where an efficient measurement and analysis procedure will
be of great importance for avoiding extended clearance projects, with increased decommissioning
costs as a result.

The report generally refers to contaminated objects or objects risking contamination. In conjunction
with determination of radioactivity, activation must also be considered. It will, however, only concern
a small fraction of the objects that will be subject to clearance during dismantling and demolition,
because materials that have been activated often have activity levels that, by a large margin, exceed
the limit for clearance (one exception is parts of the biological shield, which may be considered for
clearance). Therefore, the report mainly focuses on contaminated objects.

Chapter 2 describes the clearance process and its activities, as well as how clearance should be
incorporated into the overall decommissioning process. Chapter 3 describes the risk categories that
are used throughout the clearance process in order to effectively adapt the work in each stage. Initial
assessment and radiological survey of objects are described in Chapter 4. Preparations for clearance
measurement are outlined in Chapter 5 (decontamination) and 6 (determination of nuclide vectors).
Clearance measurement and subsequent statistical analysis are described in Chapter 7 and 8. Chapter 9
provides recommendations for how control programmes should be designed and what information they
should include in order to comply with the regulatory requirements in SSMFS 2011:2 (SSM 2011).
Chapter 10 provides recommendations for quality assurance, handling of documentation and require-
ments on competence. The methodology for derivation of clearance levels is described in Chapter 11
and a proposed cost model for calculating costs for a clearance project is presented in Chapter 12.

1.1 Overall requirements

Clearance means that the Nuclear Activities Act and the Radiation Protection Act are no longer
applicable for the object that has been cleared. This implies that one of these laws (or both) was
previously applicable for the object. Clearance thus differs from the concept of exemption, where
an object is excluded from the Radiation Protection Act.

Materials that have or may have been contaminated and/or have been activated in practices involving
ionising radiation must initially be regarded as radioactive materials. The responsibility for these
materials lies with the licensee according to the Nuclear Activities Act (SFS 1984:3) and the Radiation
Protection Act (SFS 1988:220). This responsibility remains until the material has been cleared or the
waste has been placed in a final repository that is closed and sealed. In conjunction with decommis-
sioning, it will not be possible to immediately rule out the risk of contamination for some buildings
and parts of land. Clearance will be a critical step for these objects, since there is no capacity (in
today’s Swedish system for management of radioactive waste) for treating soil or entire buildings

as radioactive waste.

Clearance is also the endpoint for decommissioning of a nuclear facility. When all radioactive material
has been disposed of and all buildings and land have been cleared, the facility itself is cleared. The
Nuclear Activities Act and the Radiation Protection Act are then no longer applicable for the facility.

SKB R-17-05 9



In order to clear an object, it must have been checked for radioactive substances as stated in § 2
SSMEFS 2011:2. Furthermore, it requires an assessment of whether the check was adequate and that
the presence of radioactive substances do not exceed the levels indicated in SSMFS 2011:2. For
buildings, rooms and land, decisions on the clearance are made by the Swedish Radiation Safety
Authority (SSM).

1.2  Adaptation of the clearance process

The clearance regulation SSMFS 2011:2 (SSM 2011) applies to all materials, buildings and rooms
and all land that may have been contaminated in practices involving ionising radiation. The same set
of requirements thereby applies to all objects for which contamination cannot be completely ruled
out, regardless of the extent to which the object has been actually contaminated.

For clearance in conjunction with dismantling and demolition of a nuclear facility, however, it is not
reasonable nor appropriate to treat all objects in the same way. Objects with known contamination
should be managed more rigorously with respect to decontamination and radioactivity checks than
objects that have most likely never been contaminated, but for which the risk cannot be completely
ruled out. Adaptation of the methods for radioactivity checks with respect to the assessed presence
of contamination is supported by recommendations from the IAEA regarding methods for clearance
measurements (IAEA 2012), and is an explicit requirement in the regulations (7 § SSMFS 2011:2).

This report therefore proposes that the stages in the clearance process are adapted to the risk categorisa-
tion that is described in the Clearance Manual (SKB 2011) and clarified here in Chapter 2, although
the actual process is the same for all objects.
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2 Clearance during decommissioning

Decommissioning of a nuclear facility requires a number of documents that describe how the
decommissioning will be carried out (see Chapter 9 SSMFS 2008:1 (SSM 2008)). In the preparation
of these documents, clearance needs to be considered (Figure 2-1). This means that even before the
decommissioning phase begins, it is necessary to form an opinion of which objects may be subject
to clearance. It should be noted that the initial assessment and some survey measurements will most
likely need to be performed before the decommissioning plan, the waste management plan and the
sub-project application can be completed.

In conjunction with the planning of decommissioning, sub-projects for decommissioning are identified,
which must be reported to SSM before they can begin. When reporting these sub-projects, where
clearance is included, the clearance work should be prepared in detail.

21 Preparatory measures in different operational phases

This section describes, in general terms, the measures and work operations that should be adopted
in different operational phases for a facility, in order to permit effective clearance of the facility in
connection with decommissioning.

Decommissioning plan

Waste

Sub-project management plan

» Operating history
« Facility description
« Delimitations

« Zoning

» Etc

Clearance
necessary

Preparations for
P Clearance

Survey
clearance Clearance
measurement measurement
measurement

Initial assessment

l/ |
Extremely small risk

of contamination

Figure 2-1. Schematic illustration of the clearance process during decommissioning. When preparing the
decommissioning plan, the waste management plan and the description of the decommissioning sub-projects,
objects in need of clearance will be identified. The clearance process begins with an initial assessment,
which requires detailed information on the object’s operating history. After the initial assessment, the object
or parts of the object may be excluded from clearance. If clearance is necessary, the clearance process
continues with survey measurement, decontamination, clearance measurement and finally a decision on
clearance.
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2.1.1 Construction and modification

According to stipulated requirements, decommissioning, where clearance is included, should be
taken into account even before a facility is constructed. To facilitate the clearance of a facility, it

is advantageous to design the facility with risk categorisation (see Chapter 3) in mind. The facility
should be divided into risk categories in advance and be designed so that areas that should be kept
free of contamination do not risk being contaminated. If it can be guaranteed during decommissioning
that certain parts of the facility cannot have been contaminated, these parts can be decommissioned
with no need for clearance.

Clearance should also be considered in conjunction with the selection of materials, for example surface
coating that can facilitate/impede clearance and hazardous materials (which may not be disposed

of in a final repository). The presence of organic materials can also have a negative impact on the
long-term safety of the final repository and may therefore require special measures or clearance.

A description of how the facility is designed with respect to clearance must be documented for a long
time and managed so that it is easily available in conjunction with planning of decommissioning.
The documentation should also reflect any deviations that arose during the construction phase.

These recommendations should also be considered for modifications of the facility, for example
modification or extension.

2.1.2 Operation

Efforts to determine the presence of radioactivity should be initiated as early as possible during the
operational phase, at the latest when the date for final shutdown has been determined. At this stage,
it is usually time to prepare a detailed plan for the transition period and subsequent dismantling and
demolition. For this work, information from the radiological survey has a central role.

The survey information is crucial for determining the extent and approach for decommissioning
activities and management of materials and waste. During operation, the radiological survey is often
conducted as a combination of an operation-supporting check to ensure the radiological operating
environment and a collection of data for future decommissioning.

It is also important that events of importance for clearance and characterisation are documented in

a systematic manner (Chapter 9 SSMFS 2008:1 (SSM 2008), IAEA 2002), so that it is guaranteed to
be available when the work with the survey prior to clearance begins. If contamination due to, for
example, spill is first detected in connection with clearance measurement of activity, it might lead
to increased costs and delays in the decommissioning projects.

Deficiencies in the documentation on contamination during operation also makes it difficult
to credibly claim that parts of the facility cannot have been contaminated, and therefore may be
excluded from clearance.

2.1.3 Transition period

In order for dismantling and demolition to be efficient, the survey should be completed in all areas
possible, at the latest by the end of the transition period. Risk categorisation and identification of
decontamination needs for surveyed areas should also be completed. Nuclide vectors for clearance
and correlation of difficult-to-measure nuclides in waste should also have been determined.

Control programmes for surveyed parts of the facility should be available at the latest by the end of
this phase, so that they can be submitted to SSM in conjunction with the sub-project application.

Survey information from operation usually needs to be supplemented in this phase. The new conditions
often facilitate survey activities. In addition, some areas will only be available for survey when this
phase begins.

The transition period is limited to a few years in the decommissioning plan, but much of the survey
work needs to be completed, so as not to delay the subsequent dismantling and demolition. Therefore,
as much as possible of the survey and the preparatory work for writing control programmes should be
carried out already during operation.
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At the latest in this phase, an account according to Article 37 of the Euratom treaty (EU 2010a)
should be submitted with information on, for example, clearance levels.

21.4 Dismantling and demolition

During dismantling and demolition, decontamination and/or clearance measurements for clearance of
surveyed objects are carried out. Some parts of the facility will be available for survey only after certain
systems are dismantled. Therefore, during this phase, there will be objects or parts of objects in all
stages of the clearance process. It will also be important to consider the risk of cross contamination and
efficient management of objects in different stages of clearance (surveyed, decontaminated, clearance
measured, cleared). This will also affect the logistics of in which order objects will undergo clearance.

During this phase, it will probably be necessary to install new systems for e.g. ventilation and power
supply. It is then of great importance that these systems can be cleared easily or be entirely excluded
from clearance (extremely small risk of contamination, see Section 3.2.1).

2.2 The clearance process

The stages that must be completed and documented in order for an identified object to be cleared,
following a decision by the licensee or in applicable cases SSM, are called the clearance process. This
process is described in the Clearance Manual (SKB 2011). The Clearance Manual mainly focuses on
materials and small components and is in that respect applicable for clearance in connection with
decommissioning. During decommissioning, it will probably be necessary to clear more materials in a
shorter time period than during operation, but this does not require any changes to the clearance process.

For buildings, rooms, land and to some extent large components, there is nevertheless reason to clarify
the clearance process in order to avoid unnecessary measurements and extended clearance projects.
The following is a description of the stages in the clearance process (Figure 2-1) from the time an
object is identified as potentially “clearable” (or in need of clearance). Below each stage, the activities
that need to be completed in order to proceed to the next stage in the process are presented (Figure 2-2).

Preparations for

s Survey Clearance
Initial assessment clearance Clearance
measurement measurement
measurement
» Assessment of * Measurement *Removal of » Measurement * Application
- existing information » Sampling activity * Analysis « Decision
:j':_’, « Categorisation * Analysis « Verification
2  *Division/ * Recategorisation » Recategorisation
£ stratification
«Division of objects « Division of objects « All waste removed »Database with * Object cleared
with respect to risk with respect to « All equipment measurement
categories risk categories dismantled results
«Plan for survey * Measurement « All parts of the « Statistical analysis
measurement methodology object possible « Activity below the
«Sampling strategy *Nuclide vectors to clear clearance limit
% * Plan for remedial
8 action
é « History report * Survey report « Control « Clearance report + Decision on
i) programme clearance
3
£
=
o
o
(=)

Figure 2-2. Stages in the clearance process, activities included, goals for each stage and documentation

that should be completed within the framework of each stage. The control programme (see Chapter 9) must
be completed and submitted to SSM before clearance measurement can commence, but it may be completed
earlier than specified in the figure.
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2.2.1 Initial assessment

When an object has been identified, an initial assessment (see further Section 4.2) of the object begins,
with the purpose of categorising it according to the risk categories specified in the Clearance Manual:

» Extremely small risk of contamination.
» Small risk of contamination.
* Risk of contamination.

+ Contaminated above the clearance limit.

For a complex object (such as a building), it is appropriate to divide it into smaller parts and categorise
each part separately. This can be done in different ways, for example by considering physical bounda-
ries between different rooms or by considering how different activities (with different contamination
impact) have been separated from each other.

The assessment is based on the documentation available for the object, for example drawings,
zoning, operating history. If the object is categorised under extremely small risk of contamination
(see Section 3.2.1), it does not need to be cleared and can be regarded as conventional. A very limited
measurement effort may, however, be needed to verify this (see Chapter 5 in the Clearance Manual).

In other cases, formal clearance must be carried out and a plan for survey measurement (Section 2.2.2)
should be prepared as a basis for the next stage. It should contain

+ adivision of the object into areas according to the presence of contamination, so that the
contamination level can be assumed to be homogeneous in each area,

» asampling strategy for survey measurements (including background measurements) and
sampling for determination of nuclide vectors (see Chapter 6),

* the choice of measurement method and calibration method (see Section 4.2.3).

In order to select a measurement method, an initial assessment of occurring nuclides should be made.
Although the main purpose of survey measurement is to identify potential areas with contamination,
it may still be useful to include the results of the radiological survey when the results of clearance
measurements are analysed. It can therefore be a good idea, in this stage, to also begin to draw up

a control programme for subsequent clearance measurement (see Chapter 9).

2.2.2 Survey measurement

This stage can be said to be the starting point for formal clearance. From this point, it is difficult to
credibly categorise an object under extremely small risk of contamination (unless previous historical
information is found to be inaccurate). The object must therefore, from this point onwards, be subject
to clearance or managed as radioactive waste. Survey measurement is described in greater detail in
Section 4.3.

The radiological survey aims to provide a detailed picture of the degree of contamination (and
activation, where applicable), and how it is distributed over the object, so that any decontamination
measures can be carried out before clearance measurement. In connection with clearance, the goal is
to, with limited effort, minimise the risk that contamination above the clearance level is first detected
in connection with clearance measurement, since the measurements must then be interrupted for
removal of activity in the contaminated areas.

In conjunction with the radiological survey, it can also be appropriate to determine the nuclide com-
position of the contamination. Alternatively, this can be done in conjunction with decontamination.
The results of survey measurements should serve as a basis for

* initial assessment of the contamination level for each subarea of the object,
» determination of nuclide vectors for assessment of nuclide-specific activity (see Chapter 6),
» updated division of the object with respect to subareas (see 2.2.1),

» updated categorisation of each subarea of the object,
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* choice of decontamination measures (method, extent, etc. see Chapter 5),
» choice of method for clearance measurement,

+ assessment of the potential for clearance using regulatory or in other ways stipulated clearance levels.

After the radiological survey, all parts of the object should be able to undergo clearance measurement,
if they have not been found to be contaminated above the clearance level. In conjunction with this,
a decision should be made on whether the object can be cleared with current clearance levels. The
results of the survey should be documented in a specific report.

2.2.3 Preparations for clearance measurement

In this stage, all measures that are required to remove radioactivity from contaminated parts of the
object are carried out, so that all parts of the object can be cleared after clearance measurement. Unless
nuclide vectors have been determined in previous stages, an analysis of the nuclide composition must
be conducted in conjunction with this stage (for example in conjunction with decontamination). The
steps that should be performed or updated are:

» Decontamination (see Chapter 5).

» Division of the object so that each subarea can be regarded as homogeneous with respect
to presence of radioactivity.

* Determination of nuclide vectors for clearance (see Chapter 6).

* Completion (unless carried out previously) and submission of the control programme
(see Chapter 9).

2.2.4 Clearance measurement

In this stage, clearance measurement (Chapter 7) is performed according to the control programme.
All measurement data should be stored in a quality assured manner. A statistical analysis (Chapter 8)
and evaluation of measurement data should be documented in a report, that will then serve as a
basis for decisions on clearance. The report should also describe the implementation of checks for
radioactivity and thereby show that the control programme has been followed.

Decision on or application for clearance

If the object is considered to be material, in the last stage, a formal decision on clearance is made by
the licensee. For buildings that will be sold or demolished and for land a decision by SSM is required.
Buildings and rooms that meet the requirements for clearance can be used for other purposes within
the licensee’s activities, without a decision on clearance.

The application for clearance to SSM is sent as a formal letter, where a report from the clearance
measurement and subsequent analysis of data is attached.

2.3 Derivation of clearance levels

In some cases it may be necessary to apply for clearance of one or several objects with other
clearance levels than those specified in SSMFS 2011:2 (SSM 2011). This approach is also used for
clearance of land.

When it comes to clearance of land, it should be possible to derive clearance levels when the final
state of the facility and the future use of the site have been determined.

The work with derivation of clearance levels (Chapter 11) for land should take place in parallel with
the development of a complete decommissioning plan, so that the consequences for the chosen final
state of the site are clear. In this process, it is important to involve other stakeholders, such as the
municipality and county administrative board.
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When defining scenarios and the final state, an analysis of a suitable reference object should be
included. The reference object should represent the original (before construction of the facility)
radiological conditions. Guidelines for determining these are provided by the IAEA (2014b). The
guidelines suggest that a similar, but unaffected, area can serve as a reference object in cases
where the site’s original radiological conditions are unknown.

In conjunction with the development of material for the account according to Article 37 of the
Euratom treaty (EU 2010a), clearance levels should be presented. However, this does not apply
to clearance levels for land, since they are not normally judged to affect any other countries in
the EU (EU 2010b, Appendix 5.4).

As mentioned above, in some cases it may be necessary to apply for clearance with other levels
than those prescribed. If so, it is likely that this situation arises in conjunction with the radiological
survey, if it turns out that an object cannot (with reasonable efforts) be cleared according to prescribed
levels, but that the alternative, to consider the entire object as radioactive waste, is unmanageable.
Other alternatives must then be evaluated.

24 Summary

The different stages in the clearance process require extensive preparations in order to be implemented
efficiently. This means that much of the preparations must be carried out during a time when the
facility is still in operation. In order to limit the extent of the clearance work, it is also important
that the documentation of the facility with respect to the presence of contamination is complete and
easily available in the planning phase prior to a clearance project. If the documentation is inadequate
or inaccurate, it will be difficult to categorise objects under the risk category extremely small risk of
contamination (see Section 3.2.1), which in turn leads to more objects needing to go through all the
stages in the clearance process before demolition.
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3 Risk categorisation

A nuclear facility often has large variations in the degree of radioactive contamination. Large parts
of the facility are located outside the controlled and from a radiological perspective protected area.
With fully functioning barriers, radioactive contamination should not occur outside the controlled
area. Since most facilities have handled radioactive material on a radiation protected area, there is,
however, an obvious risk that small quantities of radioactivity could have been released and thereby
contaminated materials, rooms or land. History also shows that radioactive contamination has been
detected in, for example, break rooms, workshops, outside gates, outside changing rooms, in temporary
storage areas etc. In most cases, the radioactivity has been below the clearance limit.

In order to achieve systematic management of clearance, adapted to the risk of contamination, a
system for categorisation of radioactive contamination has been developed in the Swedish nuclear
industry, which is described in greater detail in section 3.2 below and in the Clearance Manual (SKB
2011). The concept of risk is used here in the same way as in the Clearance Manual, even though it
is actually a question of the probability of contamination rather than risk.

3.1 Categorisation in the different phases for a facility

During operation, there is some categorisation in the nuclear facilities through the division into
controlled area, radiation protected area and other areas. There are no radiological activities in other
areas. However, shipments of contaminated material or equipment may have passed through these
areas. In some cases, e.g. final inspection of emptied and cleaned transport containers is done outside
the protected area.

Controlled areas are usually divided into several categories (for example white, blue, yellow or red) from
several aspects (for example airborne contamination, surface contamination and external radiation).

This division is not sufficient in a decommissioning context. Decommissioning requires a finer
division, especially for the lower levels, at the same time as it is important to find out and describe
how the situation actually is and not how it should be. In for example workshops, repair of material
that have been in controlled areas (which has been cleaned and cleared) can over time build up a radio-
logical inventory to the extent that it cannot be ruled out that it might exceed the clearance limit.

Somewhat simplified, it is in conjunction with the radiological survey that a facility or an object is
categorised, since it is then the actual conditions are investigated.

In practice, a facility or an object needs to be categorised even before or in connection with the planning
of the survey. To survey an entire facility in the same way is not particularly efficient and probably a

lot more expensive than adapting the survey based on the risk and degree of radioactive contamination.
To only survey the controlled area (and thereby declare other areas to be without risk of radioactive
contamination) is not in line with neither good practice nor the applicable regulatory framework.

3.2 Division and principles

The following categories are used in the clearance context:
» Extremely small risk of contamination.

* Small risk of contamination.

* Risk of contamination.

* Contamination above the clearance limit.

The jointly defined categories are described below. By using these categories during the stages
of the clearance process, work can be adapted in order to be as efficient as possible. The clearance
measurements also need to be adapted to each category, see further Chapter 7.
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3.21 Extremely small risk of contamination

Materials, rooms, buildings and land where no radioactive material has been handled and no conta-
mination has been historically detected, which thus cannot reasonably have been contaminated with
radioactive substances, can be categorised under extremely small risk of contamination.

For this category, it is not necessary to complete a measurement programme for clearance under
normal circumstances. Thus, there is no reason to carry out survey measurements either. The catego-
risation is based on other assessments such as descriptions of the activities that have been carried
out and other historical information.

Materials, rooms, buildings and land with extremely small risk are actually outside the scope of
what is covered in the clearance regulation. No formal clearance is needed for this category, however,
it requires an assessment of whether the categorisation is correct.

Examples of materials are:

» All materials outside the controlled area that cannot reasonably have been subjected to any
radioactive contamination.

* Materials from the radiation protected area that with great certainty cannot have been subjected
to any radioactive contamination.

Examples of buildings and rooms are:

» All buildings and rooms outside the controlled area that cannot reasonably have been subjected
to any radioactive contamination.

* Buildings and rooms within the radiation protected area that with great certainty cannot have
been subjected to any radioactive contamination, for example an electrical room with a separate
entrance.

Examples of land are:

» All areas outside the controlled area that cannot reasonably have been subjected to any radioactive
contamination.

» Areas within the radiation protected area that with great certainty cannot have been subjected to any
radioactive contamination, for example green spaces that have never been used as storage areas etc.

No materials and no rooms, buildings or outdoor spaces within the controlled (with respect to
contamination) area should be categorised under extremely small risk of contamination.

3.2.2 Small risk of contamination

The category small risk of contamination includes materials, rooms, buildings and land that may
have been contaminated with radioactive substances, but that nevertheless on good grounds can be
assumed to be free from radioactive contamination, or to be clearable with a good margin to regula-
tory limits without any special measures (for example decontamination).

For the category small risk of contamination, a radiological survey with some verified measurements
may need to be carried out. Materials, rooms, buildings and land with small risk of contamination
must be formally cleared.

The extent of the measurement programme is adapted to the risk of contamination and can therefore
consist of sampling and/or scanning.

If activity close to current limits is measured, or if there is a need for decontamination prior to clearance,
the object should unconditionally be recategorised under risk of contamination or contamination
above the clearance limit.

Examples of materials are:

» Materials outside the controlled area that could, but (naturally) should not have been subjected
to any radioactive contamination, for example equipment in the clean side of changing rooms,
furnishings in offices and break rooms in connection to the controlled area.
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* Materials from the radiation protected area that should not have been subjected to any radioactive
contamination.

» Materials from the controlled area that with good certainty have not been exposed to any radioactive
contamination of importance in a clearance context.

Examples of buildings and rooms are:

» Buildings and rooms outside the controlled area that may have been exposed to radioactive
contamination or where there is a risk that surfaces in the rooms have built up radioactive conta-
mination over time.

* Buildings and rooms within the radiation protected area where only packaged radioactive material,
or unshielded materials with a surface contamination below applicable limits for surface contami-
nation, have been handled.

* Rooms within the controlled area where no radiological activities have been conducted, no
personnel from radiological activities have passed through and that has not reasonably been exposed
to any airborne contamination. For this category, good facility knowledge over time is important.

Examples of land are:

» Other areas outside the controlled area, i.e. those that are not categorised under extremely small
risk (if there are areas outside the controlled area with a risk of contamination, they should be
classified as radiation protected areas).

» Areas within the radiation protected area where packaged radioactive material, or unshielded
materials with a surface contamination below applicable limits for surface contamination, have
been handled.

» Outdoor spaces within the controlled area where only packaged radioactive material, or unshielded
materials with a surface contamination below applicable limits for surface contamination, have
been handled.

3.2.3 Risk of contamination

The category risk of contamination includes materials, rooms, buildings and land that, as a result

of conducted activities or handling, can be assumed to be contaminated with radioactive substances.
In many cases, decontamination measures must be taken before clearance. For the assessment of
risk, a radiological survey should be carried out. Materials, rooms, buildings and land with risk of’
contamination must be formally cleared.

Examples of materials are:

* Materials from the radiation protected area where surface-contaminated or potentially surface-
contaminated materials have been handled or stored to such an extent, that it cannot be ruled out
that the materials, for example tools and handling equipment, will exceed the clearance limit.

* All other material from the controlled area that has not already been found to be contaminated
or have a radioactive content above the clearance limit.

Examples of buildings and rooms are:

* Buildings and rooms within the radiation protected area where surface-contaminated or poten-
tially surface-contaminated material has been handled or stored to such an extent, that it cannot
be ruled out that they will exceed the clearance limit.

+ all other buildings and rooms within the controlled area that have not already been identified as
contaminated above the clearance limit.

Examples of land are:

* Areas within the radiation protected area where surface-contaminated or potentially surface-
contaminated material has been handled or stored to such an extent, that it cannot be ruled out
that they will exceed the clearance limit.

* All other areas within the controlled area.
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No material and no rooms, buildings or outdoor surfaces outside the controlled area should normally
be categorised under risk of contamination.

3.2.4 Contamination above the clearance limit

In the context of surveys, at least one additional category is often used, namely materials, rooms,
buildings and land with radioactive contamination above the clearance limit.

For this category, the main question is whether it is necessary/possible to carry out decontamination
or if the object in its entirety should be considered as radioactive material or waste. For rooms, build-
ings and land, it is a question of which measures are required to meet the criteria for clearance. This
can be done by for example cleaning or removal of surface layers (see Chapter 5).

Clearance measurement is not necessary until after the requisite decontamination (if possible), when
clearance measurements can be conducted in accordance with the category risk of contamination.

3.3 Recategorisation during clearance

Some objects or parts of objects will have to be recategorised during the clearance process, when
new information becomes available or measures are taken to remove contamination. Recategorisation
can take place at any time, but it must be documented and justified in a traceable way, since the
remaining stages in the clearance process are dependent on the object's risk categorisation. On two
occasions in the process, recategorisation should always be done:

» After completed radiological survey when the object’s radiological status is known in detail.

» After decontamination when the object’s radiological status has changed.

The following principles should be used for recategorisation:

+ Extremely small risk of contamination — If information emerges with the result that contamination
cannot be ruled out or if contamination is detected, the object shall be recategorised according to
the risk of occurrence of contamination.

» Small risk of contamination — If the survey does not show any presence of contamination, the
object remains in this risk category. If contamination is detected, the object should be recatego-
rised according to the risk for occurrence of contamination.

» Risk of contamination — If the survey does not show any presence of contamination, the object
can be recategorised to small risk of contamination. If contamination above the clearance limit
is detected, the object should be recategorised to contamination above the clearance limit.

» Contamination above the clearance limit — After decontamination (and verification), the object
can be categorised under risk of contamination.

It is important that recategorisation as a result of measured activity is adapted to the risk of contami-
nation above the clearance level. If it is possible to assess the uncertainty in the measurement data,
this risk can be quantified as in Section 8.6. It is also necessary to assess how the contamination is
distributed over the surface of the object and, based on some method of interpolation, judge whether
there may be contamination above the clearance limit in any point that was not subject to survey
measurement.

Recategorisation of objects from a higher risk category to extremely small risk of contamination
cannot be based on measurement results or decontamination measures. It is not possible to claim
extremely small risk, if contamination could not be ruled out based on operating history earlier in
the process. However, during the process it may turn out that the historical information used in the
initial assessment was inadequate or inaccurate. If this has led to an incorrect categorisation of an
object, the categorisation could be revised based on correct and complete information. It may then
be necessary to recategorise an object to extremely small risk of contamination.
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4 Radiological survey

The term radiological survey can be summarised as a status assessment from a radiological point
of view. The purpose of the survey is partly to verify the initial categorisation, but predominantly to
get an overview of the presence of radioactive contamination from several aspects such as its type,
form, extent and concentration. The radiological survey is one of the most important cornerstones
in a decommissioning project and constitutes the basis for

e choice of measurement method for clearance measurement,
* determination of nuclide vectors,

» delimitation and risk categorisation of facility areas (i.e. surfaces) prior to clearance measurement.

A radiological survey often entails extensive work where large quantities of data is collected, generated
(by measurement) and compiled. Therefore, thorough planning and systematic storage and processing
of data are extremely important in order to ensure that the extensive work effort also provides the
information needed to proceed in the clearance process and the entire decommissioning. If managed
correctly, these data can also be used as a complement to clearance measurements.

In an ideal scenario, planning for decommissioning of a nuclear facility starts before the facility is
constructed (see Section 2.1.1). Thereafter, various types of survey activities are conducted during
the entire life cycle of the facility. The content and intensity of the investigations change with the phases
of the facility. Radiological survey activities are conducted in some form up until the decommissioning
has been completed and the facility is no longer subject to the nuclear regulatory framework.

A common misunderstanding is that radiological survey only concerns measurements, samples and
radiological analyses. The truth is that operating history, incident reports, knowledge of changed
activities, facility modifications etc. are equally important parameters in a radiological survey.

Another common misunderstanding is that the results from a radiological survey also constitute

a complete basis for clearance. Some information can typically be used as a basis for clearance
provided that quality criteria, traceability, etc. are met. Normally, however, a radiological survey is
considerably less detailed than what is needed for clearance, since a radiological survey and clearance
measurements prior to clearance have different purposes. The results of the survey should give an
overview of a facility’s radiological status while the clearance measurements should ensure that
applicable limits are met.

As soon as decommissioning of a nuclear facility is planned or decided, planning of the survey must
begin/be intensified.

Survey planning should include
» developing a set of requirements for the survey,

* an analysis of how the survey project’s needs are implemented as practical measures (needs
analysis, see Section 4.1.1),

» what principles and goals are needed (purpose),
* aninventory of the methods and measures required to complete the survey,

* the choice of information management tools and quality assurance systems.

The implementation of systems and procedures for ensuring traceability and quality assurance must
be given priority. Far too many survey projects have been forced to discard large quantities of
information due to deficiencies in quality assurance and traceability.
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4.1 Initiation

Before a radiological survey is initiated, it is important to establish the needs and goals for collection of
information. The initiation phase therefore consists of an identification of the purpose and principal goal
of the efforts, and should be documented in a technical report containing

* purpose and goals,

» conditions — a brief description of the objects and/or facility parts that will be surveyed,
* identified needs (see Section 4.1.1 below),

* initial risk categorisation insofar as it exists (see Section 4.2 below),

» available data, other available information,

 the types of survey activities expected,

+ adaptation to the statistical model that will be used.

It is crucial to define which information is required and what requirements are made on accuracy. Survey
activities are expensive and usually have relatively long lead times from initiation until the final report is pro-
duced. To a large extent, the radiological survey is a prerequisite for subsequent activities. An insufficient
or incorrectly performed radiological survey, caused by inadequate needs analysis or inaccurate initial
facility categorisation, could have serious consequences for a decommissioning project.

411 Needs analysis

A needs analysis regarding the type of information that should be collected, the degree of detail (detection
limits, number of measurement points per unit area, etc.) and delimitations, must be carried out to ensure
that the survey achieves established or likely goals. It is recommended to use an established methodology
to conduct the needs analysis.

The USA’s federal environmental authority, the U.S. EPA, has developed the following method for
needs analysis (see for example EPA 2006a, MARSSIM (NRC 2000) or MARLAP (NRC 2004)). This
methodology, often called the DQO process (Data Quality Objectives), has been implemented and used in
a number of countries. The methodology consists of seven steps developed to define clear survey goals:

1. Describe the problem
Describe the question that the survey should answer clearly. Utilise experience from previous surveys
(for both the own facility and other similar facilities). Create an understanding of the question.

2. Identify the goal of the project
List the questions to be answered and the actions and decisions that may be required for this.

3. Identify the input data required to answer the questions
Identify what information must be gathered to create conditions for answering the questions and
choose suitable methods for collecting and analysing data.

4. Define the outer limits of the project
Define boundaries for the survey efforts with respect to execution time and physical limitations.
Determine when and where the information should be gathered.

5. Develop a decision model
Define which parameters and criteria are of importance and their requirements. They will then be
used as criteria for the survey’s measurement and analysis efforts.

6. Formulate acceptance criteria
Define acceptance criteria for information and conclusions in the survey, based on the consequences
of an incorrect decision due to inadequate information. This assessment can concern the number of
samples (i.e. how fine-grained the study is), selected measurement methods, detection limits, which
nuclides are measured, etc.

7. Optimise the survey project
Evaluate information from previous surveys of the facility and prepare alternative data collection
models. Choose the most efficient methods or combination of methods that satisfy stipulated require-
ments. It is important that the gathered information is representative, in line with established goals
and sufficiently complete.
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41.2 Goals and purpose

The goals and purpose of survey activities may vary, but when it comes to surveys in order to clear
and demolish a facility, the overall goal is to produce the information needed for subsequent stages in
the process, normally clearance measurement or decontamination (when objects cannot be categorised
under extremely small risk of contamination ). The radiological survey should then include

* determination of the radioactive contamination’s form, extent and variation,
+ verification of the facility’s theoretical activation and contamination calculations,

e determination and/or verification of nuclide vectors.

In addition to providing an overview of the facility’s radiological status, the radiological survey
should produce information as a basis for

» assessing requisite decontamination, both suitable methods and extent,
» quantifying the need for waste management, waste treatment and final disposal,

* determining what restoration efforts are needed in the later phases of decommissioning
(potential revision of the decommissioning plan),

» assessing the dose to decommissioning personnel and the risk of releases as well as the need for
remote handling, ventilation and personal protective equipment,

» preparing safety analysis reports, environmental impact statements, cost calculations, accounts
according to article 37 (EU 2010a), etc.

4.2 Initial assessment and planning
4.2.1 Existing information

Quality assured existing information concerning the facility is a great asset for a survey project.

A well balanced use of existing information in the continued work, both measurement data and other
information, may entail great savings in terms of resources, as well as the number of measurements
and analyses.

It should be noted that historical information is not always to the advantage of a survey project.
Incorrect, exaggerated or inadequate information may entail unnecessarily extensive efforts in order to,
for example, identify radiological consequences of an incident. A thorough evaluation of collected
historical information in an early phase is recommended.

Information that needs to be gathered is, for example, drawings and descriptions of the facility as-built,
i.e. as the facility is actually constructed (which may differ from the drawings), as well as information
on zoning and any previous risk categorisation. In order to get as good a description of the operating
history as possible, previous activities should be described in as much detail as possible. The descrip-
tion should answer the following questions:

* Has water- or airborne contamination occurred in the object (leakage in active areas)?

*  Where have contaminated materials been handled/stored?

*  Where have known contamination incidents occurred (leakage in for example tank cells)?
*  How could the contamination have spread (for example with personnel)?

* What maintenance measures have been carried out?

* Are there environmentally hazardous materials (hazardous materials and health and safety risks
should also be identified)?

» Could the contamination be related to external influences or activities that occurred on the site
before the facility was commissioned?

It cannot be assumed that all events of importance for clearance have been documented so that the
information is easily available. Therefore, if possible, interviews should be conducted with operative
personnel in order to get as good a picture of the facility’s history as possible.
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The following points need to be taken into particular consideration when it comes to existing/historical
information:

 Identify areas that deviate from the norm (due to for example spill or historical activities that
have affected the radiological environment), and thus warrant extra attention in conjunction with
the survey.

+ Describe historical events and previous activities in a structured and detailed manner (for example
date or time period, site, activity/incident description etc.), including relevant reference material.

» Address areas where there are inconsistencies or gaps in the available information.

Well-structured management of existing information can create opportunities for
» more targeted efforts during the survey and the rest of decommissioning,
» lower costs (by avoiding new collection of already existing data),

 reducing the risk of an inadequate/incomplete survey.

4.2.2 Initial assessment

The purpose of the initial assessment is primarily to make a risk categorisation of the object. Further
survey work is then adapted to this risk categorisation.

It is very important that a facility under decommissioning, as early as possible is categorised
according to the risk categories described above in Chapter 3. If the initial risk categorisation
cannot be retrieved directly from existing documentation, the historical information (according
to Section 4.2.1) should serve as a basis for a first risk categorisation.

For a facility in operation, the categorisation is highly preliminary for natural reasons, but still of
great importance both for planning of survey efforts and for decommissioning planning in general.
An initial categorisation can also help facilities in operation to avoid that contaminated material is
brought into areas that have been categorised as clean.

An inadequate or incorrectly performed initial facility categorisation can, in the worst case, lead
to an insufficient survey and that radioactive contaminated material is later transported out of the
facility by mistake.

If the initial categorisation is too conservative, it may entail that unnecessary resources are spent on
radiological survey of completely clean facility parts.

It is therefore of great importance that the initial risk categorisation is made carefully. In this stage,
the category extremely small risk of contamination can be applied for the parts of the facility where
it is safe to say, based on the existing information on the facility, that contamination does not occur
(see Chapter 3).

In addition to this risk categorisation, during the initial assessment the information that is required to
plan and perform survey measurements and decontamination should be gathered. The information that
should be produced in this phase is

» the desired final state of the site and future activities at the site (applies above all to land),
* a 3D model to create a sampling plan and analyse measurement data,
+ theoretical assessment of potentially occurring nuclides and calculation of nuclide vectors,

+ suitable decontamination methods for handling
— loose contamination,
— locally penetrated contamination (for example fractures and interfaces),
— fixed or homogeneously penetrated contamination or activation.
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4.2.3 Choice of measurement methods for survey measurements

A part of the purpose of the survey is to determine a suitable measurement method for clearance
measurements. In conjunction with survey measurements, it is not certain that all factors that affect
the choice of measurement method are known. The choice of measurement methods for survey
measurements must therefore be based on existing information on the facility as well as experience
from previous survey activities.

The choice of method for survey measurements is greatly affected by the type of radioactive
contamination and the contamination properties:

» The presence of substantial alpha- and pure beta-emitting contamination requires sampling and
subsequent laboratory analyses for nuclide-specific determination of activity.

» Highly heterogeneous contamination increases the need for sampling to determine the nuclide
composition.

» Contamination that has penetrated into the matrix, for example contamination of concrete
structures, requires sampling.

» Activated material also requires sampling to determine the depth of activation and nuclide
distribution.

» Other types of contamination, for example purely shallow contamination on metallic surfaces or
other building surfaces with insignificant risk for penetration of radioactivity, can often be deter-
mined by field measurements, provided that the background level does not cause disturbances.

It should be tried to combine measurement methods that cover a large area (for example gamma
spectroscopy measurement with an unshielded detector or dose rate measurement) with methods
that provide detailed local information about the contamination (count rate measurement or gamma
spectroscopy measurement of a small surface). Thereby, it is possible to get an overview of both
the average contamination level and the contamination’s spatial distribution.

Based on the initial assessment of the presence of radioactivity, distribution and nuclide vectors,

the following steps should be carried out:

* Identify suitable measurement methods for determining activity with scintillation equipment and
gamma spectroscopy (which most likely can also be used for clearance measurement).

 Identify difficult-to-measure nuclides for ex sifu analysis.

+ Identify quality assured methods for ex situ analyses or identify suppliers that can perform these
analyses (for example by accreditation).

4.2.4 Sampling strategy for survey measurements

The purpose of developing a sampling strategy is to establish principles and guidelines for the
implementation phase in order to ensure that sufficient and appropriate information is collected.
For example:

» approaches considering physical, radiological and temporal limitations,
» requirements on procedures to ensure that quality objectives and traceability can be achieved,

+ principles for management of data and other information, as well as statistical models for evaluation.

During the survey, it is not necessary to ensure that statistical methods are applicable in the same
way as during clearance measurements. Measurement points can thus be distributed to cover the
surfaces of objects as well as possible or to focus sampling efforts in order to identify and delineate
contaminated areas. The methodology that is employed for analysing the contamination’s spatial
distribution (for example kriging') can, however, impose requirements on the distribution of measure-
ment and sample points (OECD/NEA 2013).

! Kriging is a statistical method for interpolation.
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The strategy for sampling and measurement can either be based on assessment or probability. Probabi-
listic methods require no direct knowledge of the facility, since the measurement points are chosen
randomly or distributed according to a certain scheme (for example in a grid). The probability of
radioactive contamination is not a criterion for the location of measurement and sampling points.
Because the purpose of survey measurements is mainly to localise and determine the extent of potential
contamination, an approach based on assessment can limit the sampling to areas where the probability
of contamination is judged to be highest. In this way, the costs for sampling, analysis and measure-
ment can be minimised, but it requires very good knowledge of the facility. Otherwise, there is a
great risk of missing contaminated areas that will only be detected in connection with clearance
measurements.

In complex situations, a combination of assessment-based and probabilistic methods may be prefer-
able. The requirements for clearance measurement (Chapter 7) should also be taken into account, so
that data from the survey can be reused.

In order to implement the strategy chosen for sampling and direct measurements, a plan is needed.
Such a plan should contain

* an introduction describing the object, the problem behind the survey and the purpose/goal of the
project,

+ asummary of the sampling and measurement strategy, including the actual strategy but also an
overview of the considerations that have been made,

» adescription of how the strategy is implemented in practical measures,

+ distribution of measurement and sampling points,

* adescription of measurement techniques and acceptance criteria,

* instructions for management of samples, measurement data and other information,

* instructions and requirements for field measurements (including function checks and calibration),

» procedures for information management and analysis of data.

The last point also includes systems for registration and storage of measurement data, including
position information.

4.2.5 Documentation and plan

The results from the initial assessment and the preparatory steps prior to survey measurements should
be reported in a history report. The intention is not to produce new information to fill obvious gaps,
inconsistencies and other deficiencies in the available information. Deficiencies should instead be
identified and noted as a basis for decisions on actions. The report should also clearly describe what
evaluation has been made of the existing/historical information.

The document should be based on a critical assessment of relevant information, whose quantity and
quality varies depending on the original purpose of the historical documentation.

The report should include

* adescriptionof the division into subareas according to risk categories,

* risk categories for each subarea and justification of these,

» adescriptionof the estimated nuclide-specific presence of radioactivity,

* adescriptionof proposed measurement methods and the extent of measurements,

* recommendations and conclusions for continued work.

The sampling plan is preferably documented in the same system that is used for planning the measure-
ments, registration of measurement data and analysis of measured values.

When the initial assessment is concluded, updates should be made to the project plan, cost calculation
and project organisation for the continued work.
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4.3 Survey measurement
4.3.1 Sampling and measurement
The process for sampling and measurement consists of three parts:

1. Preparations — understanding of the sampling plan, development of operative instructions,
development of sampling and measurement equipment, preparation of the sampling object. The
preparations should include ensuring the calibration of monitoring equipment, function checks
and, not least, training of personnel.

2. Execution — sampling, field measurements, radiation protection and conventional safety, inspection
and handling of sample containers, documentation of the actions performed.

3. Delivery — dispatch of samples to the analysis laboratory, management of sample results and
archiving of sample material.

Common errors in conjunction with sampling are for example
* incorrect preparations,

* unsuitable choice or use of sampling tools,

* uncalibrated equipment,

+ inadequate or incorrect vessel for samples,

+ faulty sample composition or sampling,

* incorrect ambient value (measurement environment),

» changed conditions (weather, temperature),

* loss of sample material (for example volatile elements),

e cross contamination,

+ sampling at the wrong position or incorrect registration of position,

» inadequate or faulty labelling of samples.

For more examples of potential errors in sampling and sample handling see for example MARLAP
(NRC 2004).

4.3.2 Measurement methods for radiological survey

Typical field measurements are dose rate and count rate measurements and nuclide-specific gamma
measurements.

Dose rate measurements are used as a first indication of radioactive content and are conducted accord-
ing to standard radiation protection procedures, primarily in areas that contain radioactive systems or
system parts. It is not possible to determine whether a material or a surface is subject to clearance or
not with a dose rate instrument, which is why dose rate measurement at very low dose rates needs to
be supplemented with count rate measurement to be of greater value for a radiological survey.

Count rate measurement with a scintillation detector gives a good indication of the total activity
level for beta- and (depending on the choice of detector) gamma-emitting nuclides. Alpha-emitting
nuclides can also be determined but there is a great risk of shielding if the surfaces have any coating
or, for example, have been repainted. It is important to mention that low-emitting nuclides, such as
nickel isotopes Ni-59 and Ni-63, cannot be detected with a scintillation detector. If, and if so to what
extent, low-emitting nuclides may occur in such concentrations that they need to be determined,
should be assessed in the planning phase since they have a great impact on the requirements and
costs for laboratory analyses.

Nuclide-specific field measurement of gamma-emitting nuclides with a germanium detector or

a sodium iodide detector is an effective method for determining the activity for larger surfaces.
Alternatively, a gamma camera (see for example Carrel et al. 2011) can be used for field measure-
ments (more examples of measurement and sampling equipment is provided in Appendix B).
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Laboratory-analysed material samples should serve as a basis for determination of the nuclide vector.
The nuclide vector can in turn provide a scintillation efficiency, if scintillation efficiency measure-
ments cannot be conducted for practical reasons.

Background radiation (for example K-40 in concrete) needs to be considered in all field measure-
ments, and can be handled by for example a separate determination of the background level or
background correction based on analysis of gamma spectrum (Gilmore 2008).

Somewhat simplified, sampling supplemented by laboratory analyses can be divided into smear tests
and material sample analysis. These methods include simple analyses such as smear tests combined
with in situ analysis of total activity , as well as material samples, which are sent to special laboratories
for determination of low-emitting nuclides such as C-14 and CI-36.

Smear tests are a simple but unreliable method for determination of radioactivity. Put simply, smear tests
give an indication of the amount of loose radioactivity. Smear samples can, if required, be analysed on a
nuclide-specific basis. Smear samples, however, give no indication of fixed radioactive contamination.
Despite their limitations smear tests are, because of their simplicity, an important and appreciated
measurement method for radiological survey. A radiological survey conducted solely by means of
smear tests, however, provides very limited and unreliable results.

As a complement to smear test sampling, sweeping of larger areas of the surface can be conducted
in order to provide a general overview of the contamination. Smear tests using tape or a similar
sampling material can also be an alternative for areas not suitable for standard smear tests (such as
concrete surfaces).

Determination of fixed nuclides is made by analysis of material samples. Samples are measured in
their entirety (nuclide-specific gamma measurement) or a small subset of the samples are prepared
for analysis (nuclide-specific alpha or beta measurement). Nuclide-specific analysis of material
samples is particularly important in the determination of nuclide vectors (see Chapter 6)

4.3.3 Analysis and evaluation

The laboratories where analyses of the samples are performed must meet stipulated requirements on
quality assurance (see Chapter 10). Deficiencies in quality assurance reduce or, in the worst case,
eliminate the value of the analysis results.

Supplementary quality assurance measures, such as double analyses for a subset of samples, can be
carried out as a part of quality assurance. Data from the double samples can be used in several ways,
for example to identify deviations, trends or patterns of interest, and not least the uncertainty in the
analyses.

Many samples taken for the radiological survey can also be useful for determining the presence of
radioactivity in other parts of a facility. Information on nuclide composition can, for example, be
used for determination of nuclide vectors for objects with a similar contamination history.

Efficient and reliable processing of data in conjunction with radiological survey is extremely important.
The development of a system for managing the information that is gathered in a survey project should
be given priority early in the planning phase. There are commercial systems on the market which
will likely need to be adapted to the specific need. A clear requirements specification needs to be
prepared before proceeding with the evaluation and choice of system. Before sampling and measure-
ments begin, the system for collecting and systematising data must be tested and quality assured
(examples of data management systems are given in Appendix C).

Data management means, among other things, assessment and evaluation of the data generated in
field measurements and laboratory analyses, with the purpose of ensuring usefulness, quality and
that overall goals are met.

A preliminary assessment of obtained measurement data should be made as soon as possible. Early
discovery of individual or systematic deficiencies reduces the consequences. For example, sample
material may still be in the laboratory, measurement and sampling personnel with equipment are
available for both determining the cause and to take compensatory measures. Early discovery reduces
the risk of increased costs and delays in the project.
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If a set of data is identified as unusable or deviant, the deficiency should be followed up formally
with those involved. This provides the conditions for a quick remediation and information for trend
and performance tracing of equipment, measurement teams, analysis laboratory etc.

If an information item is judged to be complete and without unacceptable deficiencies in the prelimi-
nary assessment, it should be registered in the information management system. If data from previous
measurements are already registered in the system, it is important that there is a formal step where
someone assesses the information and approves it for use in the radiological survey. This step needs
to be documented.

Statistical or automated methods can be used for assessment of data but they cannot fully replace
manual assessment.

The process for inspection and approval of data needs to be effective, since it normally involves
large quantities of data. The consequences of late discovery of deficiencies due to delay could
be large. The necessary competence for reviewers should be in proportion to the complexity and
importance of the information.

Unexpected or deviant results should be manageable in the survey, but the DQO process (see
Section 4.1.1) may need to be updated to take the unexpected or deviant results into account (the
goal of the survey may for example need to be revised, if the contamination level for an object
differs much from what was expected).

4.3.4 Recommended implementation of survey measurements

In order to carry out survey measurements as efficiently as possible, it is recommended that the
measurement efforts and execution are adapted to the risk categorisation made in conjunction with
the initial assessment. A proposal for implementation for the different risk categories is described
below. The description assumes that the object will be dismantled and demolished and that it will
not be used (or be in operation) after the survey measurements.

The description assumes that material samples for determination of penetration depth and nuclide
vectors are only taken in areas with contamination above the clearance limit. If there are no such
areas, the survey must be supplemented with material samples from areas with lower risk categories.

Extremely small risk of contamination

Objects in this category do not need to be cleared and no survey of the presence of radioactivity
is necessary. However, some verification is needed of the categorisation extremely small risk of
contamination. The following steps are proposed:

* Measure the activity at points where the probability of finding contamination is the highest.
» Delimitate/seal off the area and manage it so that it will not be contaminated.

» If contamination is detected, the object or part of the object shall be recategorised under small
risk (or higher). The same applies for dismantled material.

Small risk of contamination

For objects categorised as only small risk of contamination, survey measurements are not really
needed, since the presence of contamination is improbable. A small amount of targeted measure-
ments may, however, need to be carried out to justify less extensive clearance measurement efforts
(compared with objects in the category risk of contamination) and to verify that there are no points
with elevated contamination. The following steps are proposed:

» Ifpossible, dismantle all process equipment and move all equipment that can be dispensed with
and clear it as material or classify it as radioactive waste.

» Register from where the equipment has been dismantled or moved. If contamination is detected
on materials, it should be possible to trace where in the room the contamination may occur.

SKB R-17-05 29



* Conduct a few gamma spectroscopy measurements for larger surfaces (uncollimated detector)
to determine the average activity and the relation between gamma-emitting nuclides (if there is
contamination).

» Conduct some measurements with scintillation equipment and take smear samples where the
probability of finding contamination is highest.

* Alternatively, a gamma camera can be used for localising (or rejecting the presence of) contami-
nated areas.

» If contamination below the clearance level is detected or if the gamma spectroscopy measure-
ments suggest that there are contaminated areas, the object or part of the object shall be surveyed
further according to the category risk of contamination. Here, a subjective assessment of which
activity levels can be tolerated in the category small risk of contamination is required.

» If contamination above the clearance level is detected, the object or part of the object shall be
recategorised under contamination above the clearance limit.

Risk of contamination

For objects in this category, survey measurements are of great importance in order to minimise
the risk that contamination above the clearance level is encountered in connection with clearance
measurements. However, it is possible that parts of the object are clean, so it is desirable that the
results of the survey measurements as far as possible can be reused in conjunction with analysis
of clearance measurements. The following steps are proposed:

+ Carry out the first to the fourth point in the list for small risk of contamination above (if they
have not been carried out earlier). The need for traceability when it comes to dismantled/moved
material is greater here, as the risk of contamination is higher.

* Conduct some measurements with scintillation equipment and take smear samples to cover the
entire surface of the object. In order to analyse the spatial variation of the contamination, the
distance between measurement points must not be too large (see Desnoyers and Dubot 2012). If
previous measurements have not indicated any contamination, it might be appropriate to distribute
measurement points independently and equally (see Section 8.5). In this way, the measurements
can be combined with clearance measurements, if contamination above the clearance level is not
encountered.

» Conduct scanning measurements with scintillation equipment to locate contamination (or use a
gamma camera). The purpose of these measurements is to identify small areas with increased
activity that could otherwise be missed in the sampling measurements.

» Conduct an analysis of the distribution of activity for the object (for example by geostatistical
methods).

» Conduct a larger number of measurements with scintillation equipment where the analysis shows
information gaps.

» If contamination above the clearance level is identified, the object or part of the object shall be
recategorised under contamination above the clearance limit. If contamination is not detected,
the object can be recategorised under small risk of contamination. If only contamination below
the clearance limit is detected, the object can undergo clearance measurement according to the
category risk of contamination.

Contamination above the clearance limit

In small areas, highly contaminated areas or areas where it is known beforehand that the contamina-
tion is evenly distributed, it is not meaningful nor appropriate from an ALARA perspective to conduct
surveys. These areas should first be decontaminated and thereafter categorised as risk of contamination
for clearance measurement. The contamination should, however, be sampled for nuclide-specific
analysis.
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In large areas where the contamination level varies, there is reason to limit decontamination efforts
in order to cover only the contaminated parts of the object. If it can be justified from an ALARA
perspective, the object can be surveyed first in order to identify contaminated areas. The following

steps are proposed:

Carry out the first and second point in the list for small risk of contamination above (if they have
not been carried out earlier).

Carry out the second to the fourth point in the list for risk of contamination (if they have not been
carried out earlier).

Conduct a larger number of measurements with scintillation equipment around contaminated areas.

Conduct a new analysis of the distribution of activity for the object in order to delimit areas that
must be decontaminated.

Sample the contamination for nuclide-specific analysis.

Take material samples in contaminated areas to analyse the penetration in the material (also take
samples in fractures, interfaces, outlets etc.). This also applies to penetration in soil.

Revise the risk categorisation after the comprehensive assessment of survey measurements (some
parts of the object may perhaps be delineated and categorised as a lower risk category).

4.3.5 Documentation and management

The results of the survey measurements should be presented in a survey report. In the report, the con-
clusions drawn in the history report should be revised (see Section 4.2.5). The report should include

a revised division into subareas,

a revised risk category for each subarea and its justification,

measurement results, including the distribution of activity over the surface of the object,
revised measurement methods,

revised proposals for decontamination measures,

an updated nuclide vector based on measurement data.

The project plan and cost estimate should also be revised with respect to the results of the survey
measurements (see Chapter 12).

Surveyed areas should be marked so that it is clear that survey measurements have been performed.
Objects in the category extremely small risk of contamination or small risk of contamination should,
if possible, be sealed off so that new contamination is prevented.
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5 Decontamination

This chapter describes, in general terms, decontamination prior to clearance measurement of buildings,
rooms and land. Decontamination for an entire decommissioning project is in other words not described.

Decontamination is carried out in part to permit clearance of objects with contamination above the
clearance limit and in part to wherever possible remove loose contamination in accordance with SSM’s
general advice to 7 § SSMFS 2011:2 (SSM 2011). When removing contamination, the aim should be a
remaining contamination equivalent to a tenth of the regulatory clearance levels.

Decontamination is normally carried out after completed survey and risk categorisation, i.e. when there is
an idea of the extent and spread of the contamination. In some cases, however, it may be necessary to carry
out decontamination before the survey measurements are conducted, for example for highly contaminated
areas where survey measurement before decontamination would lead to unacceptable doses to the personnel.

Decontamination may also be needed after clearance measurement has been carried out, in cases where the
object is not clean enough. Such a late discovery should be avoided, if possible, since delayed decontami-
nation may affect surrounding objects (by spread of radioactivity) that are potentially already clearance
measured. If there is extensive need for decontamination after clearance measurement of an object, the
quality of the work in previous stages in the clearance process (see Section 2.2) should be questioned.

The extent of the decontamination efforts should be adapted to the object’s risk categorisation:

» For objects in the category small risk of contamination, no decontamination is required for radiological
reasons.

» For objects in the category risk of contamination, decontamination may be required prior to clearance
measurement if the results of the survey indicate the presence of loose contamination or contamination
above clearance levels. If it is known beforehand that loose contamination below clearance levels
occurs, it might be appropriate to remove it even before the survey measurements to avoid spread of
contamination.

» For objects in the category contamination above the clearance limit, decontamination may be
required even before the survey measurements are performed.

5.1 Choice of decontamination methods

Already after the initial assessment and risk categorisation (see Section 4.2), it should be possible to
identify suitable decontamination methods with regard to the expected presence of radionuclides and
material and surface properties.

When selecting decontamination methods, the following should also be taken into consideration:

» Techniques to prevent spread of contamination.

* Minimising the amount of waste.

+ Waste management and potential for final disposal of the waste.

* Methods for verification of decontamination results.

Cross contamination during or after the radiological survey must be avoided as far as possible, since

it not only jeopardises the risk categorisation, but also leads to uncertainty and increased costs as
additional decontamination and recategorisation may be required.

The risk of cross contamination can be managed by sealing the rooms that can be assumed to be free of
contamination and by isolating areas during decontamination, for example by temporary barriers, and
ventilation systems that prevent the dispersion of contaminated dust.

United States Environmental Protection Agancy has compiled a detailed description of decontamination
methods for contaminated surfaces and contaminated media and land (EPA 2006b, 2007). The Clearance
Manual (SKB 2011) also proposes a number of decontamination methods for building and rooms surfaces.
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These guidelines are intended as an aid in decision-making, but if there is no proven experience, it might
be appropriate to gather information to support the choice of measures and implement this through a small-
scale demonstration. This often entails laboratory-based tests that can provide important information on
how the proposed technology will perform during specific real conditions.

5.2 Implementation

How effective the methodology for decontamination is depends on project-specific conditions. An extensive
decontamination effort with the aim of removing all potential contamination is often time efficient (in terms
of calendar), as the risk of ending up in an iterative process with decontamination and supplementary
surveys in several steps is reduced. The disadvantages are that the amount of waste increases and that

the work effort for decontamination will probably be considerably larger. If there are advantages with
minimum waste generation, a methodology should be selected where known contamination is removed
after which the object is surveyed again (or undergoes clearance measurement directly).

In order to achieve efficient execution of the decontamination required, the following work method is
recommended:

* Specify and delimit the activities:
— Decide what should be decontaminated.
— Choose methods and criteria for each activity.

» Set clear goals:
— What criteria should be fulfilled for decontamination to be considered sufficient.

* Begin primarily at the top of buildings and decontaminate downward, from within and out, and
secondarily with the most contaminated surfaces and continue to cleaner areas.

*  Work building by building and room by room.
* Ensure that the waste generated is managed continuously.

* Document the activities continuously:
— What has been done and with which method?
— What has been achieved?
— Document the origin and properties of the waste.

Experience from completed decommissioning projects shows that it is often more efficient to remove more
material at decontamination. A cleaner object can be cleared faster, and the risk of needing to carry out
supplementary decontamination and new clearance measurements decreases. It is also compatible with
the general advice to SSMFS 2011:2 (SSM 2011), that a tenth of the regulatory clearance levels should
be the goal when removing loose contamination.

Removal of extra material at decontamination in order to achieve clearance for the removed material is,
however, neither good practice nor allowed (SSM 2011). In practice this entails that it can be necessary
to justify why for example concrete is shaved off a wall evenly over the surface down to the rebar in a
room, instead of shaving the wall one piece at a time with subsequent measurements. Regardless of if
the removal is done evenly over the surface or one piece at a time, the removed material is to be regarded
as waste and must be treated as such.

5.2.1 \Verification of decontamination results

It is desirable that the decontamination methodology also includes a methodology for verifying that
decontamination has been sufficient for the object to undergo clearance measurement. Verification is
preferably carried out with the same measurement methods used during survey measurements. However,
the extent should be more limited with random measurement of activity in the measurement points where
contamination was encountered during survey measurements.

In order to exclude that contamination may have spread to other parts of the object, a few new measure-
ments can also be made for measurement points close to the decontaminated areas, where contamination
has not previously been detected. However, it is not meaningful to carry out such measurements before
the decontamination results are verified.
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6 Determination of nuclide vectors

A large number of the nuclides that can be expected to occur in the contamination at nuclear facilities
are to be regarded as difficult-to-measure and cannot be detected at measurements in situ, regardless
of whether the measurements are made with nuclide-specific methods or not. Nuclide vectors, which
indicate correlation factors for constituent nuclides (level of activity relative to some measurable
key nuclides, or relative to the total activity), are therefore absolutely necessary in order to perform
clearance based on nuclide-specific clearance levels.

Recommendations for how nuclide vectors should be determined are described below (see also
examples in the Clearance Manual (SKB 2011), Appendix 3).

6.1 Estimated presence of radionuclides

As a basis for the design of the final repositories for decommissioning waste, nuclide-specific
inventories of radioactivity have been estimated for all Swedish nuclear power plants. The studies
were based on operating histories to date and forecasts for future operation of the facilities that have
not yet been taken out of service. The methodology is described by Lundgren (2012).

The nuclides included in these studies are based on a list agreed on with SKB, which is coordinated
with the report that is made for operational waste to SFR. The list includes a total of 48 nuclides, all
with half-lives greater than a year, and is presented in Table 6-1. This list of nuclides can be used as
a starting point for developing a nuclide vector for clearance during dismantling and demolition of
facilities that correspond to the Swedish nuclear power plants with regard to the presence of radio-
activity. This requires that clearance occurs after a period of decay. For clearance shortly after shutdown,
more short-lived nuclides should also be taken into account, for example Co-58 in PWR plants®. In
these cases, the facility’s safety analysis report for operation should provide information on occurring
nuclides.

The studies can also be a basis for calculating the average surface activity for neutron-irradiated and

contaminated concrete. Although there are variations between the reactors (above all between PWRs
and BWRs), by comparing these average surface activities with the clearance levels for each nuclide,
it can be concluded that:

* Co0-60, Cs-137 and Cs-134 are dominant for clearance of contaminated surfaces and materials,
e Fu-152 and Co-60 are dominant for clearance of neutron-irradiated concrete,

*  Ag-108m, Eu-154 and transuranics may need to be considered.

For clearance after a long decay time, it is, however, possible that more long-lived nuclides will be
bounding when the level of radioactivity for Co-60 has decreased.

The nuclides that are in the list, but have no stipulated clearance levels, occur in such limited extent
(in relation to other nuclides) that they, for all reasonable values for clearance levels, will not affect
the potential for clearance.

% Due to loosening of corrosion from Inconel surfaces in the steam generators, significant quantities of Ni are
released to the reactor water, which is then activated in the core and forms Co-58.
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Table 6-1 . Nuclides occurring in the Swedish nuclear power plants of relevance for clearance.
The nuclides stem from fuel (Fuel) and/or activation of engineering materials (Ind).

Nuclide t'e Iyr Principal origin Nuclide t'z lyr Principal origin
H-3 12.3 Fuel, Ind(B, Li) Cs-135 2.30E+06 Fuel

Be-10' 1.60E+06 Fuel, Ind(Be, B) Cs-137 30 Fuel

C-14 5700 Fuel, Ind(N) Ba-133' 10.5 Fuel, Ind(Ba)
ClI-36 3.01E+05 Ind(Cl) Pm-147 2.62 Fuel

Ca-41' 1.03E+05 Ind(Ca) Sm-151 90 Fuel, Ind(Sm)
Fe-55 2.73 Ind(Fe) Eu-152 13.5 Fuel, Ind(Eu)
Co-60 5.27 Ind(Co) Eu-154 8.59 Fuel, Ind(Eu)
Ni-59 7.60E+04 Ind(Ni) Eu-155 4.75 Fuel

Ni-63 101 Ind(Ni) Ho-166m’ 1200 Fuel, Ind(Ho)
Se-79' 1.10E+06 Fuel, Ind(Se, Br) U-232 69.8 Fuel

Sr-90 28.8 Fuel U-236 2.37E+07 Fuel

Zr-93 1.53E+06 Ind(Zr) Np-237 2.14E+06 Fuel

Nb-93m 16.1 Ind(Nb) Pu-238 87.7 Fuel

Nb-94 2.00E+04 Ind(Nb) Pu-239 2.41E+04 Fuel

Mo-93 4000 Ind(Mo) Pu-240 6563 Fuel

Tc-99 2.14E+05 Fuel, Ind(Mo) Pu-241 14.3 Fuel

Ru-106 1.02 Fuel Pu-242 3.74E+05 Fuel
Ag-108m 418 Fuel, Ind(Ag) Am-241 433 Fuel

Pd-107" 6.50E+06 Fuel Am-242m 141 Fuel
Cd-113m’ 14.1 Fuel, Ind(Cd) Am-243 7365 Fuel

Sn-126" 2.30E+05 Fuel Cm-243 30 Fuel

Sb-125 2.76 Fuel, Ind(Sn) Cm-244 18 Fuel

1-129 1.61E+07 Fuel Cm-245 8500 Fuel

Cs-134 2.07 Fuel, Ind(Cs) Cm-246 4730 Fuel

"The nuclide has no stipulated clearance level.

6.1.1 Other facilities

When it comes to other nuclear facilities, nuclide vectors need to be determined in a similar manner
as for BWR and PWR facilities.

For the research reactor R2 in Studsvik, it should be particularly noted that significant activation
of aluminium has taken place, and that the pool walls consist of an aluminium lining and iron ore
concrete with another composition than for example concrete in the biological shield for Swedish
BWRs and PWRs. Furthermore, it should be taken into account that tanks with heavy water, and
thereby production of tritium, have been a part of the construction, which in the event of leakage
may have given rise to contamination of concrete. Furthermore, the irradiation activities that have
occurred must be considered, which may have resulted in contamination with nuclides specific for
the facility.

For the closed heavy water reactor Agesta, the concentration of tritium in the reactor water must
be considered, since tritium from the reactor water may have spread and contaminated engineering
materials in the facility (e.g. concrete that have been exposed to reactor water leakage).

Calculated nuclide vectors for the Clab facility, show large similarity with those in BWRs and
PWRs. A distinction is, however, relatively high concentrations of Cs-137 in relation to Co-60 in
the storage pools. Concrete in Clab, which has been contaminated due to leakage, can thereby be
expected to have a higher content of Cs-137 (in relation to Co-60) compared with contaminated
concrete from BWR and PWR plants.

The facility in Ranstad has contamination in the form of material containing uranium, including
decay chains, and thus deviates from the other facilities.
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6.2 Determination of correlation factors

Most of the long-lived radionuclides in radioactive waste are difficult to quantify with ordinary
gamma measurements. In most cases, time-consuming chemical separation methods are required
before the activity can be determined. Nuclide vectors can be used for estimating the radioactive
content for these difficult-to-analyse radionuclides, where correlation factors between difficult-
to-analyse nuclides and reference nuclides are used. The prerequisite is that there is a reasonable
correlation between the difficult-to-measure nuclide and the reference nuclide.

For determination of the radioactive content for building parts, as a basis for decisions on clearance,
the following methodology is suggested:

* The basic theoretical nuclide vectors should be updated before dismantling and demolition with
respect to operating history up until shutdown of the facility, and the decay time up until the survey.

» Different building parts should be grouped into areas where reasonably equal vectors can be
assumed. The aim should be to restrict the number of vectors, so as not to unnecessarily compli-
cate the determination of activity.

+ Validation measurements for the vectors should be carried out as follows:

— Gamma spectrometry measurements should be made for selected surfaces, and for samples
from contaminated areas. The number of measurements should be chosen so that reasonable
statistics are obtained.

— In a few cases, samples for laboratory measurement are taken for determination of certain
nuclides that are difficult to measure from the aspect of final disposal. Examples of nuclides
that should be determined in relation to the reference nuclides Co-60 and Cs-137 are Ni-63,
Mo-93 and alpha-emitting transuranics.

» The theoretical vectors are adjusted based on validation measurements.

* The correlation between count rate measurement with a scintillation detector and the activity for
each nuclide vector is determined by calibration against calibration specimens, or, when needed,
calibration through count rate measurement in the positions that have undergone gamma
measurement.

» Through the determined correlations between net count rate (corrected for background radiation)
and activity according to each nuclide vector, limits for clearance are determined according to the
scintillation measurements.

6.3 Handling of uncertainties

The nuclides that are expected to affect clearance the most are also those that are easiest to measure
and, therefore, quite large uncertainties can be tolerated for the more difficult-to-measure nuclides.
For certain nuclides, however, it will be difficult to determine the activity levels in other than a
very small number of samples. It will then be difficult to say anything about the activity level or the
uncertainty for these nuclides. In such cases, calculated values can be used (adapted to the measured
activity of detectable nuclides). It is then recommended to choose a very conservative value and
disregard the uncertainty, or assign a generous uncertainty.

The quantitative uncertainty has, in the studies mentioned in Section 6.1, been set to a factor of 3 for
the calculated total activity in biological shields and at least one order of magnitude for calculated
activity on contaminated building surfaces. The uncertainty in the nuclide vector can be incorporated
in the statistical analysis of the results from clearance measurements, according to Section 8.3.4.

In order to minimise the number of material samples and costly laboratory analyses, the number of
nuclide vectors should be limited. However, if the nuclide vector varies greatly between different parts
of an object, we should consider dividing the object into different parts and determining a nuclide
vector for each part. This is particularly true if the variation indicates that the contamination has
different origins. Alternatively, clearance measurements with nuclide-specific gamma spectroscopy
can be relied on to a greater extent, in order to consider variations in the relationship between
gamma-emitting nuclides.
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7 Clearance measurement

Clearance measurement refers to the check for radioactivity that serves as a basis for a decision on
clearance. It is described in the control programme for rooms, buildings, land and materials above
100 tonnes/yr, that shall be submitted to SSM before clearance measurement begins. As for the
radiological survey, it is important to carefully plan the clearance measurements and that measure-
ment data can be managed in a systematic and quality assured manner.

Clearance measurements will serve as a basis for the statistical analyses that should show that the
activity level for an object does not exceed the regulatory clearance limit. Furthermore, for clearance
it must also be shown that loose contamination has been removed to a sufficient extent and that it

is not likely that there are points with locally elevated activity that may have been missed during
clearance measurement. For the two latter analyses, however, there are no regulatory requirements
to relate to.

According to 7 § SSMFS 2011:2 (SSM 2011), the methods and extent of the check for radioactivity
prior to clearance should be adapted to the estimated presence of radioactive contamination. Therefore,
it is recommended that the risk categorisation is also used for adapting the extent of clearance measure-
ments. This is also in line with the IAEA’s recommendations (IAEA 2012).

Furthermore (in accordance with 7 § SSMFS 2011:2), clearance measurement should be adapted to
the properties of the object. For clearance of land, clearance measurement should include a measure-
ment of radioactivity as a function of depth, while clearance measurement for buildings and rooms is
preferably conducted with respect to surface activity. For concrete and other porous materials, however,
penetration of radioactivity into the materials must also be considered. The IAEA’s recommendations
(IAEA 2012), as well as other guidance documents (for example MARSSIM (NRC 2000), NICoP,
SKB 2011), provide more examples of how clearance measurements should be adapted to different
materials.

7.1 Planning of clearance measurements

Clearance measurements will usually be considerably more extensive than the survey measurements
described in Chapter 4. The reason for this is that clearance measurements should show, with high
statistical certainty, that an object can be cleared, while survey measurements mainly aim to provide
a basis for decisions on further management of the object. For this reason, it is also important to
carefully plan the execution of clearance measurements in detail. In addition to choosing measure-
ment methodology and sampling strategy, it should be decided in advance how measurement data will
be stored and processed and what analysis methodology will be applied. For this purpose, it should
be possible to use the same systems as in the radiological survey (see Section 4.3.3).

It is also important to prepare instructions for how clearance measurements should be carried out in
practice, how quality assurance should be implemented and what competence is required to carry out
the measurements and analyse the results, and who is authorised to make decisions during the course
of the process (see Chapter 10).

The planning of clearance measurements should be documented in the control programme (whose
content is defined in Chapter 9). In conjunction with this planning, it is also appropriate to update the
project plan and cost calculation (see Chapter 12) for clearance, as the extent and resource require-
ments of the clearance measurements are concretised.

7.1.1 Choice of measurement methods

The results from the radiological survey should give sufficient information for selecting the best
suited methods for clearance measurement. The following is a description of the properties of the
measurement object and the measurement method that should be taken into account when selecting
a measurement method for clearance measurement.
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Measurement object

The necessary extent of measurements vary depending on whether it is a building or a room or if

it is land, and depending on the assessed risk category. It is also important to consider the previous
history and usage of the facility. The choice of measurement methods is affected by whether a thick
layer of contamination or thin surface contamination has previously occurred, and an assessment of
the contamination’s penetration into the material. The contamination’s distribution thus needs to be
determined (see Section 7.2.2).

Different materials and geometries may need to be taken into account in scintillation measurements.
The equipment manufacturer’s documentation and experts should be consulted in order not to risk
performing clearance measurements with questionable quality or little value.

The extent of measurements and sampling for clearance of land differs from clearance of buildings or
rooms, since radioactivity may have been transported and spread in the ground. The three-dimensional
distribution of activity thus needs to be considered when selecting a measurement method for land.
This, together with the need for consultation with stakeholders, means that clearance of land requires
another timetable than clearance of buildings or rooms.

The background radiation of the object to be measured must also be taken into account when selecting
a measurement method. It may, for example, require nuclide-specific measurements to distinguish
background radiation from contamination. The possibility of correcting for background radiation by
pairwise measurements with a shielded and unshielded detector (for scintillation equipment) needs
to be studied. This type of background correction simplifies the statistical analysis, but if it is not
possible a separate determination of the background level for the object must be made, or the clear-
ance measurements must be conducted without background correction.

Nuclide composition

The Clearance Manual (SKB 2011) describes the possibility of clearance based on scintillation
detection and nuclide vectors. Suitable sources for identifying nuclide vectors may be the SAR,
nuclide-specific in situ and/or ex situ measurements, relevant analyses for other materials, or other
relevant facilities (see Chapter 6 in this report). It is not possible to perform clearance without
nuclide-specific information relevant for the facility, and this information, in reality, often comes
from several sources. With good documentation of the facility, the need for nuclide-specific in situ
measurements is reduced.

Nuclide composition also affects the choice of measurement method in the sense that radioactivity
from occurring nuclides must be possible to detect with such accuracy that radioactivity below the
clearance level can be detected with certainty. If the nuclide vectors are known and stable for the
facility, the possibility of basing the clearance measurements on a measurement of the total activity
rather than nuclide-specific measurements increases.

The efficiency factor of the measuring probe (total activity per count rate) must then be determined
by measuring the count rate for samples/measurement points where the nuclide composition is
known from for example gamma spectroscopy measurements. The analysis may also need to be
supplemented with a calculation of the expected count rate, based on the equipment’s specified
sensitivity to certain radiation and a given nuclide composition.

With knowledge of the ratio between count rate and total activity, a measured count rate can be
converted to a nuclide-specific surface activity, by means of a nuclide vector that describes occurring
nuclides’ activity in proportion to the total activity. Even the activity of nuclides that the detector is
not sensitive to can then be calculated.

In case of uncertainty, it should be possible, with a few gamma-spectroscopy measurements, to
show whether a certain nuclide vector is valid for a certain object. This also gives the possibility
to determine the ratio between some gamma-emitting key nuclides and based on this calculate an
adapted nuclide vector for the specific object.
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Measurement uncertainty

Since the measurement method’s uncertainty must not be greater than to permit, with certainty,
detection of radioactivity close to the limit for clearance, measurement uncertainty must also be con-
sidered when selecting a measurement method for clearance measurement. This overall requirement
in turn imposes requirements on the measurement system, on individual measured values and on the
sampling strategy. Simply expressed, the following requirements are imposed:

*  Minimum detectable activity (MDA) must correspond to a presence of radioactivity well below
the requirement for clearance. MDA can be calculated according to instructions in SS-ISO
11929:2010 (SIS 2010). MDA should be calculated for the measurement time that is practically
applicable with respect to the extent of the measurement programme.

* Individual measured values must not exceed the requirement for clearance. An operational limit
for the measured count rate should be defined, in order to immediately detect areas that must be
decontaminated (see Section 8.6).

» Measurement points for clearance measurement shall be independent and equally distributed
(SS-ISO 11932 (SIS 1997) recommends a stratified random selection).

* The number of necessary measurements for a building or a room can be determined according
to the instructions in SS-ISO 11932 (SIS 1997) (the same methodology can be used for land).
The possibility of reusing measurement results from the radiological survey should also be
considered.

» The acceptable risk level for occurrence of anomalies (hot spots) also imposes requirements on
the number of measurements (see Section 8.7).

For nuclide-specific measurement, some (occurring and measurable) nuclides will presumably

not be detected for each measurement area, since the level of activity for certain nuclides could be
well below the MDA. It is then necessary to either assign a highest probable activity value to these
nuclides (for example MDA/2), to calculate the activity by means of a nuclide vector or to justify
when and why the presence of these nuclides can be excluded.

7.2 Implementation of checks for radioactivity

Existing measurement methods for clearance measurement of buildings, rooms and land can

be divided into methods for measurement of total activity, and methods for nuclide-specific
measurement. Measurement methods can also be divided into in sifu and ex situ and the type of
nuclide-specific measurement, see further Table 6-1 in the Clearance Manual.

For buildings, rooms and land, it is preferable to perform most of the measurements (both total
activity and count rate) in situ with a hand-held instrument. In order to be able to correlate between
the different measurement types, supplementary nuclide-specific measurements can be conducted
with in situ gamma spectroscopy (for example ISOCS or ISOTOPIC). This can be carried out by
pairwise measurements that ensure, by means of shielding or collimation, that the detectors for each
measurement method records activity from the same area. This combination provides good prospects
for cost-effective clearance measurement.

In order to check loose contamination, smear tests are used, whose results and accuracy is affected
by several factors, see further the Clearance Manual Section 6.3.1. Results from smear tests can
serve as a complement to other clearance measurements.

Material samples are normally analysed ex situ for total activity or nuclide-specific activity.
Regarding the theory for nuclide-specific measurement, see Gilmore (2008) and the Clearance
Manual (SKB 2011).

The implementation of clearance measurements (for potentially surface-contaminated objects)
should be adapted to the object’s risk categorisation according to the following:

» For objects with small risk of contamination and no previous contamination, the following applies:
— Surface activity is measured by sampling, and each measurement value must have sufficient
quality (see Section 7.1.1).
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» For objects with small risk of contamination, but with previously observed contamination below
the clearance limit, the following applies:

— Surface activity is measured by sampling, and each measurement value must have sufficient
quality (see Section 7.1.1).

— Random smear samples should be taken to ensure that loose contamination does not occur,
unless smear samples from survey measurements can be considered sufficient.

— 100 % of the surface is measured with lower requirements on measurement data. In practice,
scanning (lower integration time) with a scintillation detector is used. The scanning measure-
ment must, however, be carried out in a systematic and controlled manner so that MDA can
be estimated.

* For objects with risk of contamination, the following applies:

— Surface activity is measured for 100 % (an integrated measurement over each m®) of the
surface, and each measurement value must have sufficient quality (see Section 7.1.1).

— Smear samples should be taken to ensure that loose contamination does not occur, unless
smear samples from verification of decontamination can be considered sufficient.

For clearance of land, clearance measurements should be adapted in the corresponding way. At
lower risk, sampling measurements can be considered sufficient, possibly supplemented by gamma
spectroscopy measurements on the ground surface, in order to assess surface contamination over

a larger area. At higher risk of contamination (for example adjacent to areas with known contamina-
tion above the clearance level), it may be necessary to excavate and measure the excavated material
to obtain an extent of measurements corresponding to a comprehensive measurement.

During clearance measurement, the licensee should conduct random independent measurements
to ensure that the clearance measurements are of sufficient quality (see Section 10.3.3). It is also
appropriate to analyse the results continuously in order to be able to decide on extended clearance
measurements or decontamination measures.

If an area turns out to require decontamination, the clearance measurements should be interrupted until
the area is decontaminated. After decontamination, the clearance measurements can be resumed. The
decontaminated area should then be inspected to 100 % of the surface according to the bullet list
above. Furthermore, already performed measurements should be repeated in areas adjacent to the
decontaminated area to ensure that they have not been contaminated again.

When clearance measurements are completed, the area should be closed off, sealed and managed so
as not to risk that the area is contaminated again.

7.21 Checks for loose contamination

In the general advice to 7 § SSMFS 2011:2 (SSM 2011), it is stated that loose contamination should
be removed if it can be done with simple methods. Therefore, the check for radioactivity should be
supplemented with an analysis of smear samples from the surface of the object. The general advice
states that a tenth of the stipulated clearance levels should be the aim of remedial action.

It should be possible to use data from surveys and decontamination to show that the recommendations
above have been fulfilled, but for objects in the category risk of contamination, additional smear
tests may be necessary to show that all loose contamination has been managed.

7.2.2 Checks of the distribution of activity and anomalies

In random checks for radioactivity, there is always a risk that there is one or more points with activity
above clearance levels that have not been detected and that deviate from the distribution of activity
for the rest of the object. Clearance measurements should therefore be supplemented with an analysis
of the risk that one or more such anomalies occur.

Section 8.7 presents a statistical method for this, but this analysis requires a decision on what is a
reasonable risk level. In order to justify such a decision for a certain object, a supplementary check
of the object’s distribution of activity can be conducted. This can be done by for example scanning
count rate measurements over the entire surface of the object/subarea, or by means of a gamma camera.
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These techniques are generally not sensitive enough to be used for clearance, but if no activity is
detected in these checks, the MDA for the chosen measurement method can be assigned the highest
possible value for a hypothetical anomaly. This peak value can then be used to argue that a certain
risk level for the occurrence of anomalies is acceptable.

For scanning count rate measurements over the whole surface, the following should be considered:
» Several probes can be used at the same time for increased efficiency.

» The probes can be mounted on a carriage (see Appendix B) and rolled with an even speed across
a surface in a predefined pattern.

* Scanning measurements give a higher MDA compared with measurements with a stationary
probe. Methods for determining MDA in scanning measurements are described in, for example,
MARSSIM (NRC 2000) Chapter 5.

Count rate measurements can also be supplemented by gamma spectroscopy measurements over
larger surfaces of the object. The measurements provide a gamma spectrum, corresponding to the
total activity for a large surface from which the average activity can be calculated. If this mean value
does not deviate from the mean value calculated from count rate measurements, it can be used as
support that the count rate measurements cover enough of the object’s surface. The uncertainty in
gamma measurements is, however, crucial for how large anomalies may have been missed.

Penetration of activity into porous materials must also be taken into account in connection with
clearance measurements. The extent of penetration of activity into various materials should have
been studied in conjunction with survey and clearance measurement. This information should be
possible to reuse in connection with clearance measurements. In other cases, supplementary sampling
and analyses must be carried out in connection with clearance measurement. Gamma spectroscopy
measurements may be advantageous here, as gamma radiation from shallowly penetrated activity
and activity in fractures can be detected and distinguished from background radiation. For clearance
according to surface-specific clearance levels, all activity should be attributed to the surface. Measured
surface activity should thus be adjusted to include underlying activity.

For clearance of land, it is also necessary to check the extent to which radionuclides may have
been transported from the original site of contamination. Since the site-specific conditions that
affect the transport of radionuclides must be studied for derivation of clearance levels for land
(see Chapter 11), some of the information that emerges there should be possible to use to identify
any additional clearance measurements that need to be conducted to cover the three-dimensional
distribution of radionuclides in the ground.

7.2.3 Measurement site

In order to conduct clearance measurements of material during decommissioning, there should be

a specific measurement site (with low background radiation but close to the facility) for clearance
measurement of dismantled components. The measurement site should be able to conduct clearance
measurements for a large flow of materials with nuclide-specific gamma spectroscopy.

At the measurement site, material samples may also be handled and calibration between different
measurement techniques performed. Such a measurement site will therefore also be needed for clear-
ance of rooms, buildings and land, even if the majority of clearance measurements are then carried
out in situ.

7.3 Documentation

After completed clearance measurement, the results should be documented in a clearance report,
which will also serve as a basis for the application for clearance of rooms, buildings and land.

The report shall describe how the clearance measurements have been conducted in relation to the
description in the control programme. The report should also present the results of the statistical analysis
of measured values. Since the report will be used to make decisions regarding clearance (or continued
use in the licensee’s activities), it is important that the report is quality assured (see Section 10.3.4).
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8 Statistical evaluation of clearance measurements

For clearance of buildings and rooms as well as land, clearance measurements will be performed
by random sampling rather than as a complete scan of all surfaces. Extensive statistical analysis
will therefore be required to show that the requirements for clearance are met in the application for
clearance. This chapter describes a proposal for a statistical methodology for analysis of data from
clearance measurements (a hypothetical example is given in Appendix E).

The uncertainty in the assessment of the presence of radioactivity in a larger object such as a building
is dependent on the uncertainty in a number of different parameters:

» Spatial variation of contamination.
* Uncertainty in the measured net count rate.
* Uncertainty in detector efficiency.

* Uncertainty in the nuclide vector.

Calculating the combined uncertainty from these different parameters may appear difficult, but the
alternative is to rely on very conservative assumptions. The latter will lead to unnecessary limitations
of what objects can be cleared and as a consequence, increased quantities of waste.

Considering the great efforts that will be spent on measurement in conjunction with survey and
clearance measurement, it is warranted to conduct a thorough statistical analysis of the uncertainty
regarding the presence of radioactivity.

This section describes the statistical methodology that should be the basis for assessment of uncertainty
in the results from clearance measurements. The methodology is described on the basis of clearance
measurements performed by count rate measurement of the total activity. However, it is entirely
possible to transfer this methodology to clearance measurements with nuclide-specific in situ
measurements.

8.1 Interpretation of compliance

The requirement for clearance according to nuclide-specific levels is defined by the sum of fractions
of the clearance levels for the radionuclides present (SSMFS 2011:2), according to the following
equation (in continuation called the sum criterion):

N

. . Ci

inteckning = Z —=<1
—~ Crni

where C; and Cpy; are the activity and clearance level, respectively, for nuclide i per unit mass or
area, and A is the number of nuclides occurring.

For clearance of materials, the activity concentrations may be calculated as a mean value over a maxi-
mum of 1000 kilograms. No maximum permissible area for mean value calculation is specified for the
application of clearance levels per unit area (for buildings and rooms), but according to the regulations,
the clearance levels should be applied to each square metre of the surface. The interpretation of this is
that the sum criterion may not be exceeded for surface activity calculated as a mean value over 1 m*.

However, it can never be proven with 100 % certainty that the activity in an object will not exceed the
clearance levels or that the assessment of total activity does not exceed the sum criterion. It is possible,
though, to calculate the probability of exceeding a specified limit. The following are some statistical
measures that can be used to show that clearance requirements are met based on random sampling.

In addition to these calculated results, the clearance measurements must also meet the requirements
for individual measured values (Section 8.6) and must be supplemented with an analysis of the risk
of occurrence of pointwise contamination with high radioactivity (4ot spots), hereinafter referred to
as anomalies (see Section 8.7).
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8.1.1 UCL95

UCL9S indicates the level which the expectation value for a population will not exceed with a
credibility (certainty) of 95 %. UCL stands for upper credibility limit and 95 refers to 95 % probability.
UCLD9S5 is a suitable measure to show that the sum criterion has not been exceeded with respect to
the average activity. If UCL95 for the sum is less than 1, it is likely (at more than 95 %) that the
sum criterion concerning average activity is met. The measure UCL9S5 is above all important when
the quantity of radioactivity needs to be determined, for example for derivation of clearance levels
according to Chapter 11.

8.1.2 P95

P95 indicates a limit for a new (hypothetical) observation (i.e. an upper limit in a prediction range). P95
indicates a limit that with 95 % credibility will not be exceeded for instance in a new measurement. P95
is therefore a suitable measure for the sum criterion not being exceeded in any square metre, and can
thus be used as a basis for the application for/decision on clearance. If P95<1, it is likely (at more than
95 %) that a new measurement (given that a measurement relates to activity for a m” or a tonne, depend-
ing on which clearance levels are applied) would not demonstrate activity above the clearance limit.

8.2 Mean value calculation for surface-specific activity

For measurement with single readings with scintillation equipment, the mean count rate is measured
over the detector surface (~ 0.01 m?). If the standard deviation of these measurements is determined as
s, the standard deviation of a mean value over 100 independent measurements will be a factor of 10
lower (s/7100). There is therefore reason to believe that the mean value over 1 m? has a considerably
lower standard deviation than the standard deviation of the individual measurements. Since measure-
ment of adjacent surfaces in order to calculate the mean value over 1 m” (integrated measurement) is
presumably not independent, the correct factor is probably lower than 10. If the statistical evaluation is
based on the standard deviation of a single reading, the assessment of uncertainty will be conservative.
However, it is possible to determine how the standard deviation for single readings could be scaled
to correspond to the standard deviation for measurement over 1 m” and then to use the scaled
standard deviation in the uncertainty analysis.

8.3 Uncertainty analysis

This section describes how different contributions to uncertainty are to be assessed and combined in
a final analysis of the total uncertainty in the assessment of whether an object can be cleared.
The sum criterion can be written as:

YoTwbr <1 (8-1)

where y,, is the scintillation efficiency (Bq cps™), ry is the mean net count rate (cps/m” or cps/kg),
and b, (Bq'm® or Bq'kg) is the clearance constant, which is defined as:

n

pi
l. Crni

b R —
where p; is the proportion of activity for nuclide i in the relevant nuclide vector. yp, 7y and p; must all be

determined in connection with clearance, and the uncertainty of these determinations must be calculated.

In order to calculate the combined uncertainty in ypryby, it must be possible to simulate the input
parameters separately with respect to their uncertainty distributions.

Equation 8-1 specifies the clearance condition for a mean net count rate. If the condition is instead
made for a single measurement of the net count rate py, the condition is:

YpPnbr <1
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8.3.1 Uncertainty distributions

In the statistical analysis of the sum (yprybr and yppybz), it is assumed that the uncertainty in input
parameters most often can be described with a normal or log-normal distribution.

In order to determine which distribution best fits the observed data, a comparison can be made of
quantiles for data (or log-transformed data) and quantiles for a standard normal distribution. If these
quantiles are plotted against each other, the result should be points along a straight line if the data are
normally distributed (or log-normally distributed). Data (or log-transformed data) for observation
number £ (sorted in order of magnitude from the lowest to the highest value) for n observations
should then be compared to the value of the cumulative standard normal distribution for p, where

_2k—1
Pk = o

(8-2)

It is also also possible to apply for example Lilliefors’ (Lilliefors 1967) normal distribution test.
However, it is important to understand that the outcome of such a test answers the question of if the
null hypothesis (that data are normally distributed) can be rejected. If the null hypothesis cannot be
rejected, though, that does not necessarily imply that the data are from a normal distribution.

In some cases, the data does not support the assumption that the normal or log-normal distribution
would be a reasonable model for the uncertainty for a given parameter. It is then necessary to rely
on nonparametric statistics to describe the uncertainty, or to base the statistical analysis on only the
mean value over the parameter (it follows from the central limit theorem that, for large quantities of
data, the mean value can be assumed to have a normally distributed uncertainty even if individual
observations are not normally distributed).

Normally distributed data

If x is normally distributed, the uncertainty distribution for the expected value of x (i) is given by
a t-distribution with (v = n — 1) degrees of freedom according to

Uy =X+ t-5,/Vn (8-3)

where #n is the number of measurement points and s, and x are the estimates of the standard deviation
and mean value calculated from measured data. In simulation, ¢ is deducted from a t-distribution with
v degrees of freedom and then g, is calculated. The uncertainty distribution for a new measurement
value x; is given by

1
X = Etesy 1+ (8-4)

Log-normally distributed data
On the other hand, if x is log-normally distributed, the following applies:

logx = y~N(uy, 0y)
By calculating y after having logarithmised measurement data, the mean value and standard devia-

tion can be estimated (y and S,) and with these x, can be simulated as follows (Gelman et al. 2004):

Draw u from a * distribution x’(v) and calculate

’V
oy, = |[—*S
y u y

v is once again the number of degrees of freedom (n — 1). Then draw z from a standard normal
distribution and calculate

_ Oy
uy=y+z-— (8-5)

5
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In the same way as in the normally distributed case, the uncertainty distribution for an individual
value y, can be calculated as

_ 1
yi=y+t-sy 1+E (8-6)
1. and o, (expected value and standard deviation of the original scale) are obtained from

2

o

y

— oMyt
x =€ 2

u

Oy = ,uxqfe"; -1

and x; can be calculated from

xi = eyi

Nonparametric methodology

For data that do not follow any known distribution, an upper limit can nevertheless be estimated
according to the following:

Let p; be the probability that the value for a hypothetical observation x is less than or equal to value
x; for observation number & (sorted in numerical order from the lowest to the highest) of n observa-
tions. An estimation p, of p; can be obtained from Equation 8-2.

By assigning a value to p, (for example 95 %), k can be calculated from Equation 8-2 and the limit
corresponding to the probability p, is given by the value for the observation x; in data. If p, gives
a value for £ that is not an integer, it is possible to calculate a value for x, through interpolation

xp =% + (x40 —x;) - (k=10
where i is the integer part of .

This estimate is associated with an error, however, and an upper limit can be determined from

p=D+ 24

where z, is the standard normal distribution quantile corresponding to the risk a (z,~1.645 for a = 0.05).
From this upper limit for p, a new value for k£ and x; can be determined. In order to apply this method-
ology, relatively large quantities of data are needed, since the upper limit for x; otherwise risks being
outside the range of measured data.

8.3.2 Scintillation efficiency

The scintillation efficiency yp can be determined by measurement of the count rate for objects where
the activity is known. This can be achieved by double measurements of count rate and activity (with
some detector system that provides determination of activity with low uncertainty). yp is calculated
as the expected value y, of the quotient of the measured count rate » divided by the activity a.

r
x=—
a
YD = HUx

yp can never be less than 0, which is why it can be reasonable to assume that the data are log-normally
distributed, but if x, is sufficiently far from 0, a normal distribution may also be appropriate. The
log-normal model is probably slightly more conservative, though. From quantile plots and a normal
distribution test, a suitable distribution can be assigned.
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8.3.3 Net count rate

The net count rate is calculated as the difference between the total count rate ; and the background r;:
'n=T7r—Tg

The net count rate can be determined either by clearance measurements being performed as paired
measurements where the count rate in each point is measured with and without contribution from
background (for example by shielding the detector). Alternatively, the background count rate is deter-
mined in a separate measurement. A third alternative is to conservatively disregard the background
and base clearance solely on 7

If rrand 7 are determined in separate tests, it is not appropriate to simulate 7, and r separately and

to form the simulation of ry from these, as this would give negative values for ry in some cases.
Although individual determinations of the net count rate can be negative, the expected value cannot
be negative. Screening out such negative values is not a solution to the problem, since it would result
in a non-representative selection from the distributions of 7 and ;. The statistical analysis of clearance
measurements for the sorting plant in Ranstad (Norberg 2012) contains a description of how the net
count rate can be simulated given separate background measurement. The following description assumes
paired measurements instead, even though the analysis can also be applied to total count rate.

For objects where contaminated areas have not been found during the survey, the normal distribution
is probably a good model for net count rates, but if there are large variations in the contamination’s
spatial distribution, it may be better to assume log-normally distributed net count rates. Furthermore,
the spatial distribution of measurement values may have to be analysed to identify any correlation
between measurement values and position. If data for instance show increasing measured values
along a certain space coordinate, there is reason to suspect that there is a point along this coordinate
where the sum criterion could be exceeded. However, this should already have emerged during the
radiological survey. In cases where data is not normally distributed, a division of the object into
smaller subareas should be considered.

Estimates of the mean value and standard deviation (x and s,) can be calculated from measured net
count rates. For normally distributed net count rates, ry can be calculated according to Equation 8-3
and the net count rate, and for a particular observation, py can be calculated according to Equation 8-4.
P95 can be calculated/simulated from the latter expression.

8.3.4 Uncertainty in the nuclide vector

The nuclide vector is in this case assumed to be defined as the activity of every nuclide in proportion
p; to the total activity. For nuclide-specific clearance measurement, the nuclide vector is often defined
as each individual nuclide’s activity in proportion to the activity of one or more key nuclides, but the
analysis of uncertainty in the proportions can be done in the same way.

Furthermore, the nuclide vector is assumed to be determined for a number of samples where the
activity of occurring nuclides has been determined with sufficiently high accuracy that the uncertainty
in individual measurement values will not affect the nuclide vector (the variation in proportions is
assumed to be larger).

The uncertainty in proportions can be described with a Dirichlet distribution that considers Y ; p, =1,
but in order to use the Dirichlet model, some form of assignment of the error for at least one of the
proportions is required, which is not trivial. It is also possible to simulate the uncertainty in each
individual nuclide’s activity relative to a key nuclide.

This report, however, suggests determination of the value of the clearance constant by for each
sample. An estimation of the mean value and standard deviation of b can then be calculated from the
samples taken, and by can be simulated based on one of the uncertainty distributions in Section 8.3.1.

8.3.5 The clearance product

For simulation of the clearance product, each of the parameters is simulated according to the description
above, to then form the simulation yprybe. yp and b, are simulated according to Equations 8-3 and
8-5 for normally or log-normally distributed parameters. The same holds for ywhen calculating UCL,
but for the calculation of P95, py is simulated according to the distribution for an individual value
(Equations 8-4 and 8-6).
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8.4 Simulation

This guideline proposes simulation of the combined uncertainty through Monte Carlo simulation.

This means that values from uncertainty distributions are sampled randomly repeated times. The value
that corresponds to the 95th percentile of all simulated values provides UCL95 or P95, depending on
which uncertainty distributions are being simulated. This determination of limit values also has some
uncertainty depending on the simulation’s extent. In order to minimise this uncertainty, the number of
values should be large (>10°) and several simulations with different random seeds should be carried out
in parallel. By comparing the results of simulations with an increasing number of values and different
random seeds, it is possible to ensure that the uncertainty in simulated limits does not affect the clear-
ance result.

In order to assess the uncertainty in a simulated value, it is possible to calculate an upper confidence
interval for the simulated limit with the same parameter-free methodology as proposed in Section 8.3.1.

8.5 Sampling strategy for clearance measurement

In order for the statistical methodology to be applicable, the measurements must be independent
and equally distributed. This means that targeted sampling or sampling according to a predefined
pattern undermines the statistical analysis. Independent and equally distributed measurements can
be achieved by choosing the measurement location randomly within a part of an object. This can
sometimes be considered problematic, since randomly selected measurement points risk giving poor
coverage of the object area. In order to overcome this problem, a stratification of objects is proposed
(see Figure 8-1), so that measurement is done in each subarea (strata), but randomly within these
(SS-ISO 11932 (SIS 1997)). By dividing the object into smaller areas and ensuring that each area
is measured, better coverage is achieved.

8.5.1 Combining data from different sampling occasions

Clearance measurements may be repeated for certain objects, for example to reduce uncertainty
in net count rate and thus be able to clear the object. If the measurements are conducted in a similar
manner and the measurement points are equally distributed and independent in all cases, the statis-
tical analysis can be based on the total amount of data.

8.6  Uncertainty for individual measured values

Since the requirement for clearance is that the sum criterion is fulfilled for each square metre, individual
measured values that are likely to derive from contamination exceeding the sum criterion must not
occur. Therefore, uncertainty must be determined for each individual measured value. The Clearance
Manual proposes so-called operative limits for clearance measurements defined as the clearance level
minus the standard deviation s in the individual determined activity multiplied by 1.645. However,
applying this requirement for all measurements is somewhat conservative. Instead, the following is
proposed for individual measured values:

* Measured values where yppybr<1—1.645s are not likely to exceed the clearance condition (are
always accepted).

»  Measured values where yppybr > 1+1.645s are very likely to exceed the clearance condition (the
activity must always be removed). Clearance measurements should be interrupted and resumed
after decontamination.

*  Measured values where 1—1.645s <yppybr<1+1.645s can be accepted, but the contamination
should be removed if possible by simple means. Clearance measurements can be completed and
analysed before decontamination.

50 SKB R-17-05



4

I <
L 4 'S L 4
L 2 - 'S * * .
*
. .
. *, N
. .
* . o o
. **
¢ -
* 3 * S
. .
°* * '3 4 * N
* .
.
S

Figure 8-1. Schematic illustration of stratified and non-stratified random selection. By ensuring that each
square is sampled, the risk of missing large areas in sampling is reduced.

The standard deviation cannot be easily calculated and the simulation procedure proposed for evaluation
of measurement data (Section 8.4) will be unmanageable for each individual measured value. In this
case, it is possible to use the approximation that is recommended in SS-ISO 11929:2010 (SIS 2010):

2 E 2
Sf = (—) Sz 8-7
f - axi i ( )
L
where szf is the variance for a function f{x,, x,, ..., x, ) and s°, the variance for the variable x. The vari-

ance for py is determined from the number of measured pulses 7 R and n; and the measurement time ¢,
and #; for background and total count rate measurement (Gilmore 2008) according to
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The combined uncertainty for the sum (s;) according to Equation 8-7 can then be calculated as
2
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where the first term contains the variance for the individual count rate measurement, while the two
last terms contain the variance of the mean value for detector efficiency and the clearance constant
that is estimated from #, and n; measured/determined values.

8.7 Assessment of the occurrence of anomalies

In the context of random clearance measurement of radioactivity for larger objects such as buildings,

it is natural to pose the question whether one can be sure that no pointwise source of radioactivity has
been missed. Such sources are often called /ot spots. Here we choose to call them anomalies since they
correspond to a presence of activity, which greatly deviates from the overall distribution of activity.

In order to handle the issue above, it is possible to use statistical methods for assessing the risk of
anomalies. By assigning a size and geometry to the anomaly, it is of course possible to make an
assessment of the risk of occurrence, based on how large a portion of the object area was covered by
clearance measurements. However, it is difficult to make a reasonable assessment of the size of an
anomaly, since radioactive contamination with relatively high activity may nevertheless be small.
This report therefore recommends a statistical analysis where the anomaly can be arbitrarily small.

If g, is the probability that there are one or more anomalies, we can assume a priori that it follows a
beta distribution beta (1.1). This is a uniform distribution on the unit interval (0.1), i.e. all values of
q, are equally probable.
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After measurement where fis the number of identified® anomalies among n completed measurements,
the following applies*:

qa~beta(1+ f,14+n-f)

If anomalies are identified, the activity should of course be removed and repeated clearance measure-
ments carried out. The analysis of the final result of clearance measurements will reasonably most
often yield /= 0. The probability of occurrence of anomalies is therefore given by

qa~beta(1,1 +n) (8-8)

It is not possible to specify an individual value of the probability that there are anomalies, in the same
way as it is not possible to say anything about for instance the highest conceivable net count rate. For
the net count rate, it is possible (as discussed in Section 8.3) to specify how probable it is that the mean
value (or the value of a new measurement) is below a predefined limit, or, which limit corresponds to
a certain credibility (for instance UCL95 and P95). Statements concerning the occurrence of anomalies
must in the same way be given in relation to a fixed limit for g, or credibility. For example, we can
specify the risk level (the value of ¢,) given some pre-defined credibility, for example 95 %, or we
can, for a given risk level (for example 5 %), specify the credibility that this is not exceeded.

Concerning the sum criterion, there is a specified limit, and we can show that this limit is maintained
with a certain credibility. No such limit is defined for ¢,. Therefore, we suggest that the credibility
for ¢,=5 % and the risk level for a credibility of 95 % are presented as a complement to the remaining
statistical analysis and that reasonable levels for these values are determined in consultation with SSM.

If two objects are measured with the same number of measurements, the risk level will be the same
(if no anomalies are detected), since Equation 8-8 yields that g, then only depends on the number of
measurements (see Figure 8-2). If the objects are of different sizes, however, the risk of anomalies
cannot be said to be similar. In other words, the risk level must be put in proportion to the object’s

or subarea’s surface area. The interpretation should be that a risk level on for example 5 % means
accepting that 5 % of the object’s area may have elevated levels. Whether this risk level is acceptable
or not depends on how large the total area of the object is. Furthermore, the risk categorisation from
the radiological survey should be considered in the assessment. A large object with previously identified
contamination above the clearance level should have a much lower risk level than a small object
deemed to have only small risk of contamination. Furthermore, this analysis can be supplemented with
measurements to determine an upper limit for potentially occurring anomalies (see Section 7.2.2).
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Figure 8-2. a) Credibility as a function of the number of measurements for q, = 1 %, 5 %, and 10 % (the
dashed line indicates 95 % credibility), and b) q4 as a function of the number of measurements for 99 %,
95 %, and 90 % credibility. In all cases an outcome where no anomalies were encountered is assumed.

* Anomalies can be identified as measured values that, given the uncertainty distribution of other measured
values, appear very unlikely (see the methodology described in Section 8.3.1).

* Here it is assumed that the probability of encountering an anomaly is constant and that the outcome of the
measurements (with respect to the occurrence of anomalies) then follows a binomial distribution.
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9 Control programme

The control programme shall, according to SSMFS 2011:2 (SSM 2011), contain information on
methodology and extent of checks for radioactivity, who is authorised to perform the checks and
information on quality assurance, self-assessment and documentation. For buildings, rooms, land or
material quantities over 100 tonnes per calendar year, the control programme shall be submitted to
SSM before activity checks are performed.

The control programme, produced by each licensee for the own facility, shall

1. describe the methods for and extent of the checks, i.e.

a. what components, building parts, land and other objects will be inspected,

b. when the measurements will be performed and the prerequisites for these measurements,

c. the extent of measurements,

d. the measurement methods, instructions and procedures that will be used in execution of the
measurements,

e. guidelines for extended checks or other actions in case of unexpected deviations from the
expected measurement results (see Section 8.6 and 10.3.3).

2. state who is authorised to conduct the checks, and

3. contain information on quality assurance, self-assessment and documentation of results.

The work of preparing a control programme can preferably be started early in the clearance process,
so that it can be ensured that survey measurements are of sufficient quality to be reused for clearance
measurement. However, the control programme should be submitted only after completed survey
and decontamination. The results from the radiological survey can then be described in general
terms, with reference to separate documents where survey, decontamination and categorisation are
presented in detail.

If the control programme is instead submitted early in the clearance work, all the results from survey
and categorisation will not be available. The control programme will then have to describe the princi-
ples for both clearance measurement and the clearance process in its entirety (including radiological
survey, categorisation and decontamination). The control programme will also need to be designed in
a more general manner to cover all situations that may arise during the survey and decontamination
work. References to work instructions should be given to provide detailed information on for example
sampling strategy, measurement methods, etc.

In an appendix to the Clearance Manual, a proposal for a control programme is presented. The
following is a supplementary description of the information that should be presented in the control
programme for clearance in conjunction with dismantling and demolition.

9.1 Activity description

The activity description should present the operating history and events during operation that affect
clearance on a general level. It should also describe the extent of the control programme regarding
the objects that will be subject to clearance measurement. Thereafter, the different stages in the clear-
ance process should be described. The focus should be on clearance measurement with associated
analysis of measurement data.

9.1.1 Radiological survey, categorisation of objects and decontamination

If the control programme is prepared early in the process, it should present the methodology that
serves as a basis for the survey. The principles for risk categorisation should be described as well as
how objects in each risk category will be handled. It should be made clear how risk categorisation
is established and documented. Decontamination methods should be described in general terms,
particularly with respect to how the risk of dispersion of contamination will be handled. References
to work instructions for the constituent steps should be given.
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If the survey has already been completed, a description of how the radiological survey was conducted
should be included instead. The results of the different stages are presented in general terms with
reference to separate reports.

9.1.2 Determination of activity

Methods and procedures that will be used for clearance measurement of radioactivity prior to
clearance shall be presented. The description should be general with references to work instructions,
method descriptions and standards.

Sampling strategy

The distribution of measurement and sampling points should be described for each measurement
method, as well as to what extent measurement and sampling will be carried out. If the radiological
survey is already completed, the sampling strategy can be described in detail. Otherwise, the principles
for how the sampling strategy is adapted to the radiological survey should be described.

Smear tests

The extent and assessment of smear samples taken in connection with clearance measurement should
be described. Requirements on measurement equipment as well as the sampling and analysis procedure
should be described with reference to work instructions and standards.

The purpose of smear tests is primarily to show that loose contamination has been removed in
accordance with SSM’s general advice for 7 § in SSMFS 2011:2 (SSM 2011). Removal of loose
contamination and verification of the results of remedial action should be completed before clearance
measurements begin. In such cases, there should be a report or a protocol from the remedial action
that can be referred to.

Checks with count rate equipment and gamma spectroscopy

During clearance measurement, both count rate measurement and gamma spectroscopy are likely
to be used. Requirements on measurement equipment, sampling and analysis procedure should be
described with reference to work instructions and standards. The use of count rate measurement
for activity checks should be justified based on the estimated nuclide vector.

Determination of nuclide vectors

Determination of nuclide vectors that will be used for clearance with nuclide-specific clearance
levels shall be described. The section should include:

 alist of nuclides, which if necessary also explains why certain nuclides are excluded,
» sampling method and extent,

+ analysis methods.

In cases where nuclide vectors have already been determined, the results can be presented briefly
with reference to the previously prepared report.

Checks for the distribution of activity

It should be clear from the control programme if, and if so which, other measurements and analyses
will be applied to ensure that the distribution of activity was sampled/measured to a sufficient extent
(see Section 7.2.2).

It should also be described how activity checks will be conducted to determine the activity levels
in fractures and on other surfaces that are difficult to access, and how the possible penetration of
activity in porous materials will be checked.
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9.1.3 Evaluation

The statistical methodology that will be used for evaluation of results from each method for determi-
nation of activity, shall be presented in detail or with reference to separate method descriptions. The
criteria that will serve as a basis for clearance must also be defined here (see Chapter 8).

9.2 Management

Cleared objects will need to be managed after clearance to ensure that they are not contaminated
again. Some objects might be interim-stored before final removal. Buildings, rooms and land will
need management before conventional demolition. The measures that will be adopted to prevent
recontamination during this period should be presented.

9.3 Applicable regulations and special decisions

The conditions for clearance should be specified in the control programme. For clearance of land,
references should be given to the material used for derivation of clearance levels and decisions on
future land use.

9.3.1 The regulation SSMFS 2011:2

It should be clear what specific paragraphs in SSMFS 2011:2 (SSM 2011) that are relevant for
clearance according to the control programme. Here, it should be stated whether the clearance
decision is taken by the licensee or SSM.

9.3.2 Special decisions

In the cases where clearance is done with other clearance levels than those given in SSMFS 2011:2
(SSM 2011), or if other exemption has been given from the regulations in SSMFS 2011:2 (SSM 2011),
this must be reported with references to available documentation and the decision by SSM.

9.4 Quality assurance

Measures taken to ensure the quality of measurement, evaluation and documentation in conjunction
with activity checks shall be described in the control programme. References should be given to
work procedures and management systems.

9.41 Management system

It should be explained how the control programme is incorporated in the management system or if
the management system contains references to ensure that the control programme is followed. Reference
should be given to the parts of the management system that will be used for measurement, evaluation,
documentation and decision on/application for clearance.

9.4.2 Procedures for self-monitoring and independent inspection

The self-monitoring that will be carried out and which steps in the monitoring that will be reviewed
(sampling, analysis, documentation, etc.) should be presented. It is also appropriate to here describe
independent inspections (see Chapter 10) and how large deviations that can be tolerated when com-
paring measurement data (for example by specifying a confidence level for significance testing).
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9.4.3 Management of deviations

In connection with clearance measurement, it is possible that deviations from the control programme
will occur and there should be procedures for managing such deviations. It should also be described
how deviations identified for example in conjunction with self-monitoring will be managed.

9.4.4 Authorisation

Authorisation and description of the roles that occur in connection with clearance measurement shall
be described in this section (see Chapter 10 and the Clearance Manual).

9.5 Documentation

Documentation constitutes the basis for clearance or an application for clearance. Furthermore, there
are requirements that the documentation should be saved for 10 years after the decision on clearance.
The control programme should describe what documentation will be developed in connection with
clearance measurement and what other documents will be included in the basis for clearance (see
Section 10.3.4).

9.5.1 Reports

To make decisions regarding clearance or apply for clearance at SSM, a clearance report needs to be
developed that summarises the work and results of clearance measurements according to the control
programme. As a basis for this report, the following are used:

» Drawings and description of objects.

* Documentation on determination of nuclide vectors.

+ History and survey report.

» Calibration/verification documentation for measurement methods.
* Measurement protocols.

+ Review documents.

9.5.2 Storing of data

For larger objects, large amounts of measurement data will be generated. Measurement data include
time and location specifications, measured values and information on equipment, contractors etc and
are preferably stored in a database. The data stored in conjunction with measurements and the format
used for storing data should be presented (see Section 10.3.4).

9.5.3 Archiving

The control programme should specify how and which documentation will be archived. Archiving is
required to ensure the preservation of documentation for 10 years from the decision on clearance (see
Section 10.3.4).
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10 Quality assurance

A fundamental requirement in SSMFS 2008:1 (SSM 2008) is that each licensee must have both the
organisation that is required for the nuclear activities (including decommissioning) and the manage-
ment system that is required to lead, control and procure these activities. The implementation of the
management system, its suitability and efficiency will be reviewed systematically and periodically
by an audit function for analysis and improvement of the activities. The audit function must have an
independent position in relation to the activities that will be subject to review. Furthermore, there
must be an established audit programme at the facility. Quality assurance of all clearance is thus
also a part of the licensee’s management system, with requirements on audits and monitoring. Any
deviations during the clearance process should be discussed in quality meetings together with those
responsible for the management system, where decisions on corrective actions are taken.

The licensee should also establish an expert group that continuously follows the clearance process,
inspects the measurement results and solves any resulting measurement problems. At each expert
group meeting, minutes are recorded and saved in the documentation system. The expert group could
consist of representatives from project management, supervisors for the measurement group and an
expert in, for example, radiochemistry, radiophysics, and statistics.

Following a well-defined procedure, also for quality assurance, should entail greater cost-effectiveness
overall, which makes it easier to keep to the established timetable. This reduces the risk of unforeseen
events and thereby also the risk of unforeseen added costs. Additional advantages are increased
safety and a higher confidence in the rest of the world.

For clearance, requirements are made in accordance with SSMFS 2011:2 (SSM 2011) that quality
assurance during clearance measurements shall be described in the control programme. There are
therefore reasons to provide specific recommendations for how quality assurance should be performed,
from preparation of the control programme to clearance measurement, documentation and decisions
on/application for clearance, since these parts of the clearance process are governed by the regulations.

Initial assessment, radiological survey and decontamination are not regulated specifically in SSMFS
2011:2, and there is thus no specific requirements on quality assurance. The quality assurance that
follows from the licencee’s management system for similar work tasks should be sufficient.

The objective of this chapter is to describe how the clearance process can be quality assured during
dismantling and demolition of nuclear facilities, i.e. how process flow can be controlled in order

to minimise the risk of mistakes. The content should be regarded as a development of Chapter 8
(Quality assurance and documentation) in the Clearance Manual (SKB 2011), which mainly deals
with quality assurance for clearance of components and materials.

The regulation SSMFS 2011:2, 8 § includes requirements on quality assurance and self-monitoring
for clearance. It is important to meet these requirements, so that neither SSM’s nor public confidence
in the activities is damaged through incorrectly conducted clearance. Self-monitoring in this context
means monitoring carried out in own activities (also for external actors) and with own responsibility,
i.e. peer review and approval of instructions, testing protocol, reports, etc. Other forms of monitoring
activities that are discussed in this chapter are independent inspection, i.e. an inspection activity
that is not directly involved in the clearance process. Independent inspection refers to an inspection
performed by competent resources either within the licensee’s own organisation or an impartial
inspection that is carried out by an external competent resource.

There is no tailored quality management system for clearance during dismantling of a nuclear facility,
since there have been few projects of the type in Sweden. But there are several aids and recommenda-
tions for how testing activities can be quality assured. Among the most important are ISO 9001:2008
(ISO 2008) and ISO 17025:2005 (ISO 2005). They are discussed in more detail in Section 10.1 below.
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10.1 ISO standard for quality assurance, certification and
accreditation

ISO 9001:2008 (ISO 2008) defines requirements on management systems for quality and states that
the organisation or project should be based on the customer’s or SSM’s requirements and consider
internal work methods for more efficient work flows. ISO 9001:2008 should serve as a basis for
quality assurance in clearance during dismantling and demolition of nuclear facilities. This is also
true of the licensee’s own management system. See Section 10.2 below.

I1SO 17025:2005 (ISO 2005) is a standard for quality control of testing and calibration laboratories.
The standard is divided into two parts, one for requirements on the management system (basically

ISO 9001:2008) and one for technical requirements, like technical competence, premises, environ-
mental conditions etc.

The certification entails a formal process where an accredited certification body assesses for example
a laboratory and issues a written statement on their general competence and activities.

Many organisations that use external laboratories demand that the laboratory is accredited according
to ISO 17025:2005. Accreditation means that an accreditation body assesses a laboratory with respect
to a defined type of check or measurement and gives a formal recognition of its competence in this
area. The accreditation process aims to increase the reliability of results from testing and calibration,
and to make it easier for customers to choose reliable testing, measurement and calibration services.
In Sweden, this means that the accreditation body SWEDAC (Swedish Board for Accreditation and
Conformity Assessment) assesses the laboratory, or that the laboratory is assessed by a foreign,
internationally recognised accreditation body.

Accreditation means that laboratories can prove their competence and that they have functioning
quality assurance, and is a proof of technical competence and independency. Regulatory authorities
or other procurers, such as industries or county councils, in some cases demand accreditation in
order for laboratories to perform certain types of testing/calibration.

ISO 17025:2005 is used for assessment of laboratories all over the world, factors that are regarded
as relevant for the laboratory’s technical competence are:

» Technical competence of personnel.

» The laboratory’s independency.

» Validity and adequacy of testing and calibration methods.

» Traceability of measurements and calibrations.

* Adequacy of equipment and its maintenance.

» Environment for testing and calibration.

* Collection, handling and transport of samples, material, instruments etc.

* Quality assurance of testing and calibration data.

Even if a laboratory meets the requirements in ISO 17025:2005, it does not automatically mean that

it also meets the requirements in ISO 9001:2008, this requires a separate certification of the laboratory
in question.

If there is any advantage, for example technical, economical or logistic, of engaging accredited
laboratories should be considered from case to case, if there is access to such companies for the
requisite clearance measurements or other analyses in the clearance process.

10.2 Management system
10.2.1 Scope

According to ISO 9001:2008 (ISO 2008), a management system considers all activities in an
organisation that affect the quality of a product; in this case the clearance data. The management
system is built up as the licensee’s corporate management prescribes policies, goals and procedures
for the clearance work.
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Fundamental requirements for the licensee’s organisation, management and control of nuclear
activities are given in SSMFS 2008:1 (SSM 2008). The following is a brief summary of the most
important parts that should be included in the licensee’s management system, with respect to the
clearance process (see also the introduction to Chapter 10 above):

* Control of documents: The documents in the management system are built up based on a number
of requirements, such as traceability, distribution and validity.

* Management commitment: This part determines and describes how responsibility, policy, goals,
communication and management review are managed.

* Management of resources: In order for a management system to function, it is important that
relevant resources, such as personnel with the right skills and infrastructure, are allocated.

* Product preparation: This part establishes all requirements that directly concern the preparation
of clearance data such as planning, control programmes, execution of measurements, results of
evaluations, self-monitoring, reports and storage of data.

* Monitoring, measurement, analysis and continuous improvement: This part deals with internal audits,
monitoring and measurement of processes, deviations as well as preventive and corrective actions.

Since the clearance process may require involvement of external resources to a large extent, for
example to perform measurements and analyses, it is a requirement that the external companies
engaged by the licensee have their own, approved management systems based on applicable parts
of ISO 9001:2008 and ISO 17025:2005 (ISO 2005), unless they are included in the licensee’s own
organisation and work under the licensee’s management system. This does not, however, release
the licensee from the main responsibility for the quality of the externally delivered service (See also
Section 10.4 below).

10.2.2 Management responsibility, quality policy, planning, authorities,
communication and quality meetings

The licensee has a legal responsibility that the clearance process is conducted in a correct and error-
free manner. It is therefore important that the management declares a quality policy for the process
in writing. The quality policy can be included in the licensee’s management system for the entire
dismantling and demolition process, but can also be created separately in order to emphasise that
clearance is an important part of this process. The clearance data will serve as a basis for clearance
of the facility. The role of management is also to establish the focus on quality with all involved
organisations and personnel.

10.2.3 Infrastructure and operating environment
Infrastructure

The licensee should together with project management already in the planning stage make sure
that there is access to infrastructure in the form of monitoring equipment, auxiliary material and
laboratory capacity. The infrastructure that is necessary to carry out the activities while assuring
quality should be specified in the control programme. This may entail that the licensee already in
the planning stage prior to dismantling and demolition must inventory the availability of suitable
contractors that meet stipulated requirements, and if necessary establish the contacts required to
create these conditions. See also Section 10.1 above.

Operating environment

It is important to ensure the requirements on operating environment, especially when sampling,
testing and/or calibration is performed elsewhere than in permanent laboratories, so that the results
do not become invalid due to environmental conditions and that these conditions do not affect the
quality of measurements in an unfavourable manner. Requirements on a suitable operating environ-
ment are also specified in ISO 17025:2005 (ISO 2005), Section 5.3.

The licensee, together with project management, should make sure that the personnel are working
in a physical and psychosocial work environment in accordance with the Working Environment Act
(SFS 1977:1160) and the Radiation Protection Act (SFS 1988:220).

SKB R-17-05 59



10.3 Quality assurance during the clearance process

Generally, the process flow can be described in six stages according to Figure 10-1 below, depending
on what will be cleared. The difference is mainly that clearance of buildings, rooms and land shall
be determined by SSM.

The following sections, 10.3.1 to 10.3.5, present a proposal for how quality assurance can be managed
in each step of the clearance process according to Figure 10-1 below.

Before the control programme can be devised it is often necessary to conduct a radiological survey and
preliminary risk categorisation of the facility (see Chapter 3), in order to determine the extent of the
control programme on the basis of preliminary measurements and facility history. This process is
concluded with a survey report that is managed according to the licensee’s management system, and
reviewed and approved internally by personnel that are well acquainted with the historical activities
in the facility and have good knowledge in radiophysics and/or radiochemistry. The documentation
from the radiological survey, including performed measurements, is managed to a suitable extent in
accordance with Sections 10.3.3 and 10.3.4 below.

10.3.1 Control programme

In order to ensure that the written control programme and its extent corresponds to the requirements
in SSMFS 2011:2 (SSM 2011) 8 §, review and approval can be carried out in the following steps:

* A documented peer review of the scope and content of the control programme and that the control
selection is correct, and that the licensee has followed established principles, methods and approaches
for its preparation. The peer review is carried out by an authorised individual, that did not participate
in the preparation of the control programme, and that has sufficient competence to review it, i.e.
Good Knowledge (GK) of the discipline according to the competence requirements in Section 10.4
below.

+ After the peer review, there is an independent review of the control programme and control selection,
which focuses on if the licensee has followed established principles, methods and approaches
for preparation of the control programme, including the peer review, and that the conclusions
and decisions made are reasonable. The review can be carried out by an independent resource
with Good Knowledge (GK) of the discipline according to the competence requirements in
Section 10.4 below.

* Thereafter, the control programme is approved by an authorised manager within the unit that
developed the control programme and control selection, or a responsible project manager for the
sub-project concerned.

After approval of the control programme and control selection, they are submitted to SSM, if
required according to the conditions in SSMFS 2011:2 8 § and each licensee’s standard procedures
for such cases.

— - . Clearance of material

Training/- Training/ Training/

competence competence competence

requirements requirements requirements Decision on Report to

* * * clearance by SSM
licensee

Prepare Submit control Conduct Document Assess-

control = programme to gy measure- [P results = ment/rewiev

programme SSM ments by licensee
Application Assessment/-
to SSM decision by

Develop and

verify Clearance of

measurement room/building/land

methods

Figure 10-1. Process flow for clearance of material, room, buildning and land.
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10.3.2 To develop and verify measurement methods
Premises

The measurement methods and the extent of the check should be adapted to the estimated presence
of radioactive contamination and to the properties of the material, room, building or land, and be in
accordance with Swedish or international standards or guidelines that have been decided by SSM
(see Chapter 7).

It is important to, as far as possible, select measurement methods that are
» based on standardised procedures,
* have been used for a long time with documented experience,

+ practically applicable.

For each measurement method, there should be a procedure (instruction) that states application area,
conditions for measurement, competence requirements, necessary equipment and calibrations, how
the measurement is performed, acceptance levels and how results and any deviations are documented
and reported.

Measurement methods — verification

To confirm that the results obtained in clearance measurements are correct and corresponds to the
requirements on accuracy, applicable measures should be taken and documented according to ISO
17025:2005 (ISO 2005) Section 5.4.5. The technology that is used to determine the performance of
a method should be one of or a combination of

 calibration of measurement instruments using standard radiation sources,
* comparison with results from other measurement methods,
» systematic assessment of factors that affect the results,

» estimation of the uncertainty in results based on the principles of the method and practical experience.

Verification of a measurement method should be carried out by an authorised individual with compe-
tence requirements for Reviewer according to Appendix 9 in the Clearance Manual (SKB 2011) and
approved by an authorised individual with competence requirements for Approver (GK) according to
the same Appendix. The verification of the measurement method is attested by the instruction being
signed by both of these functions, and can be carried out within the licensee’s own organisation.
Thereafter, the approved measurement method with the associated instruction is ready to be used.

10.3.3 Conducting measurements

The following description mainly deals with quality assurance for clearance measurement, but
may also be applied to as far as possible ensure the quality of measurements in conjunction with
radiological survey.

Premises

The measurements can either be performed by the licensee or by an approved contractor, which
reports to the licensee. One reason for choosing the latter alternative may be the large quantities of
material, components and building volumes that are managed and cleared during a relatively brief
period in conjunction with dismantling and demolition.

The control programme should accurately define competence requirements on personnel who will
carry out measurements, evaluations of measurement results and who are authorised to make model
calculations. Requirements for competence of contractors is described in SSMFS 2011:2 (SSM 2011),
17 § and the Clearance Manual (SKB 2011), Chapter 9 (Competence requirements and training).
Competence requirements for personnel at external organisations engaged by the licensee can be
found in relevant parts of ISO 17025:2005 (ISO 2005), Section 5.2.
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For model calculations and evaluations of gamma spectroscopy measurements, Good Knowledge
(GK) is required in both radiophysics and/or radiochemistry as well as long experience from similar
projects. Evaluation of routine gamma measurements can be made by personnel with lower compe-
tence levels, provided that the results are reviewed by personnel with Good Knowledge.

Quality assurance of clearance measurements

All clearance measurements are carried out by personnel with sufficient experience of radioactivity
measurements (see Section 10.4 below). Each evaluation of measurements should be reviewed by
at least one additional authorised individual with competence requirements for Evaluator according
to Appendix 9 in the Clearance Manual. The review also includes verifying that all input data agree
with the measurement results and to release the measurement results.

All handling of measurement instruments is documented in the form of instructions that are reviewed
and updated when necessary. Measurement equipment should in relevant parts meet the requirements
in ISO 17025:2005, Section 5.5.

The traceability of measurements and quality assurance of testing and calibration results should in
relevant parts meet the requirements in ISO 17025:2005, Sections 5.6 and 5.9.

If the contractor that is engaged for clearance measurement is accredited with respect to a defined
type of check or measurement, according to the requirements in ISO 17025:2005 (see Section 10.1
above), the contractor is also solely responsible for quality assurance of their results, and in that
case no further action from the licensee is required. Signed measurement protocols and reports
from performed clearance measurements are thereby sufficient documentation.

Otherwise, at recurrent intervals (as is evident from the control programme), random quality checks
should be conducted by an independent inspector with competency requirements for Evaluator
according to Appendix 9 in the Clearance Manual (SKB 2011). The inspector’s task is to check
that the regular measurements are carried out in accordance with the control programme and the
current measurement instructions, to perform clearance measurements and verify that measurement
results from the same measurement point are equivalent. A decision on how large deviations can be
tolerated when comparing measurement values should be made in advance, with knowledge of the
measurement system’s uncertainties (see Section 9.4.2). Even in these cases, signed measurement
protocols and reports from performed clearance measurements are sufficient documentation. Any
deviations should, according to the introduction above, be addressed in quality meetings with those
responsible for the management system, where decisions on corrective actions are made. The results
of the checks are reported and saved in the documentation system.

All measurement results are documented. If a measurement is repeated, both measurement results
should be saved with comments on why the measurement was repeated.

In order to ensure that the measurements are performed according to the control programme, follow-
up should be performed by an expert group according to the introduction above, which continuously
follows the clearance process, controls the measurement results and solves any measurement
problems.

10.3.4 Document results
Premises

The execution and result of a check should be documented. The documentation must be preserved
until clearance has occurred and thereafter for ten years, or another time frame given by SSM (see § 9
SSMFS 2011:2).

For each measurement, the contractor documents the results in a measurement protocol. When all
measurements have been carried out, the licensee presents and comments on the results in a clearance
report for each sub-project. The clearance report summarises all the results obtained in measurements
with reference to underlying control programmes, reports and measurement protocols.
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Documentation and archiving

Requirements on a documentation system are described in ISO 9001:2008 (ISO 2008). The entire
clearance process is very complex and it is extremely important to have a system that covers all neces-
sary documentation. The standard ISO 9001:2008 imposes a requirement to have a controlling document
(can be called instruction for document management) that describes both requirements and procedures
for how documentation systems should be managed. The documentation system includes the quality
policy, quality manual, control programme with all included procedures for the execution of measure-
ments, evaluations, clearance approval and all measurement results produced during the process.

The controlling document should contain the following:

» All documents are reviewed and approved by an authorised individual before they come into force.
* All documents are inspected and updated (if necessary) in recurrent intervals.

» If the documents are updated, there should be a system that describes version status.

» Older versions should be archived so that they are not used in the clearance process by mistake.

The control document should also contain instructions for how measurement results, evaluations and
documented clearance decisions should be archived. Archiving shall take place in a safe manner. Data
should be easily accessible and linked to the right objects, and there should be no risk of mistakes.

Otherwise, the requirements for external actors according to ISO 17025:2005 (ISO 2005), Sections 4.13,
5.7 and 5.10 should be fulfilled in relevant parts.

It is judged to be completely necessary to collect all measurement data in a database. Measurement
data should generally be stored in raw format, i.e. as they are measured and presented by monitoring
equipment, in order to be processed in various analysis tools. All measurement data should, besides
measured values, also contain information on time, position, equipment used, calibration, contractor,
environmental conditions etc. See ISO 17025:2005 Section 5.4.7 and ISO 17025:2005 Section 5.10.

It is important to be aware of the fact that incorrect input is probably one of the most common quality
deficiencies. The system should therefore have functions for the laboratory/contractor to register
measured data directly into the system, which means that the licensee obtains the data directly in a
database and does not need to import anything. However, this requires that all data are quality assured
by the laboratory/contractor before they are registered in the licensee’s system. Finally, a check

is made that the registration of data in the licensee’s database is correct (review according to the
licensee’s management system).

There should also be functions that warn of potentially incorrect data, for example large deviations
(outliers), by comparing different data from the same measurement point with each other or warn
of too large variations in adjacent measurement points. In addition, manual measures are required
to correct any errors. There should also be functions for export of data to other systems and analysis
tools.

Used correctly, a database can be one way for the licensee to present measurement data in its reports
to regulatory authorities such as SSM.

Archiving can be done in a well-established (quality assured) database and/or in the form of paper
documents. SSMFS 2011:2 requires that data is stored at least 10 years after clearance has occurred.
It is important that all documentation, both paper documentation and electronic documentation, is
quality assured and that reported measurement data are kept intact, so that they do not change in any
unauthorised manner in the database or degenerate over time, for example become unreadable or
unusable in newer computer systems.
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10.3.5 Approval and clearance
Premises

The last stage in the clearance process is different depending on what is to be cleared, i.e. material/
components, buildings or land, which can also be seen in Figure 10-1 above:

1. A decision on clearance of material and components can be made internally by the licensee’s own
organisation. Since large quantities (> 100 tonnes) are involved, the control programme should be
submitted to SSM in advance. Clearance of more than 1000 kg of material per calendar year shall
be reported to SSM in conjunction with the annual report.

2. A decision on other uses (than practices with ionising radiation) of rooms within the licensee’s
own activities can be made by the licensee.

3. A decision on clearance of buildings and rooms that will be sold or demolished is made by SSM
after an application by the licensee.

4. A decision on clearance of land is made by SSM after an application by the licensee. The clearance
levels for land are determined by SSM in each specific case.

All documentation, measurement protocols, model calculations and reports are saved in the licen-
see’s documentation system. See Section 10.3.4 above.

Clearance of materials and components, and decisions on other uses for buildings
and rooms

Clearance of materials and components requires as a basis a compilation of all measurement results,
conclusions and a statement by a person with competence requirements corresponding to Evaluator
according to Appendix 9 in the Clearance Manual (SKB 2011). The clearance decision is made by

a person with competence requirements corresponding to Approver according to the same appendix.
If the total amount of cleared material exceeds 1000 kg per calendar year, the results are reported to
SSM together with the annual compilation reports.

If the total amount of cleared material exceeds 100 tonnes and if it required a separate control pro-
gramme, reporting can be done in the form of a separate clearance report which, besides a summary
of measurement results, also presents a description of measurement methodology and measurements
performed.

Review and approval of the clearance report is carried out in the following steps:

* A documented peer review of extent, results and content of the clearance report in relation to
the control programme that serves as a basis for it, including an assessment of the results and
conclusions that are presented in the report. Peer review is carried out by a person that did not
participate in preparation of the clearance report, and has Good Knowledge (GK) of the discipline
according to the competence requirements in Section 10.4 below.

» After the peer review, the clearance report is approved by an authorised manager within the unit that
developed the clearance report, or the responsible project manager for the sub-project concerned.

A decision on clearance of materials and components is made by an authorised individual at the licensee
with Good Knowledge of the discipline according to the competence requirements in Section 10.4
below. See also Section 9.1.2 (Competence requirements and training) and Appendix 9 in the
Clearance Manual.

The same procedure applies for buildings and rooms that in the future will be used by the licensee
for other purposes than practices involving ionising radiation, and temporary clearance for rooms in
buildings that will later be sold or demolished after a special clearance decision by SSM.

Clearance of buildings to be sold or demolished

Clearance of buildings that will be sold or demolished requires a separate report that describes
building history, choice of clearance levels, measurement methods, conducted measurements, the
calculation models used, measurement results, conclusions and a statement.
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To ensure the scope and content of the report, review and approval of it can be carried out according
to the proposal in the following steps:

* A documented peer review of extent, results and content in relation to the control programme
that serves as a basis for the report and an assessment of the results and conclusions presented
there. Peer review is carried out by a person that did not participate in preparation of the report
and has Good Knowledge (GK) of the discipline according to the competence requirements in
Section 10.4 below.

» After the peer review, there is an independent review of the report. The review can be carried out
either by an independent function within the licensee’s own organisation or by an independent
external resource with good knowledge (GK) of the discipline according to the competence
requirements in Section 10.4 below.

* Subsequently the report is approved by an authorised manager within the unit at the licensee that
developed the report in question.

The formal application to SSM on clearance of buildings to be sold or demolished is managed
according to each licensee’s standard procedures for licence application.

Clearance of land
Establishment of clearance levels for land

The clearance levels for land are determined by SSM in each specific case. Practically, this entails that
SSM decides on applicable clearance levels for land on a specific site, after an application from the
licensee concerned. This requires a report that describes the land’s history and future use based on
probable scenarios as stated in Chapter 11.

In order to ensure the scope and content of the report, review and approval of it can be carried out
according to the proposal in the following steps:

* A documented peer review of extent, results and content of the report and an assessment of the
results, conclusions and standpoints presented in it. Peer review is carried out by a person that
did not participate in preparation of the report and has Good Knowledge (GK) of the discipline
according to the competence requirements in Section 10.4 below.

» After the peer review, there is an independent review of the report. The review can be carried out
either by an independent function within the licensee’s own organisation or by an independent
external resource with Good Knowledge (GK) of the discipline according to the competence
requirements in Section 10.4 below.

» Subsequently the report is approved by an authorised manager within the unit of the licensee that
developed the report in question.

The formal application to SSM for establishment of clearance levels for land is managed according
to each licensee’s standard procedures for licence application.

Clearance decision for land

Clearance of land requires a separate report, which describes the land’s history, choice of clearance
levels, measurement methods, conducted measurements, the calculation models used, measurement
results, conclusions and a statement.

In order to ensure the scope and content of the report, review and approval can be carried out accord-
ing to the proposal in the following steps:

* A documented initial review of extent, results and content in relation to the control programme
that serves as a basis for the report and an evaluation of the results and conclusions presented
there. The review is carried out by a person that did not participate in preparation of the report
and has Good Knowledge (GK) of the discipline according to the competence requirements in
Section 10.4 below.
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» After the initial review, there is an independent review of the report. The review can be carried
out either by an independent function within the licensee’s own organisation or by an independent
external resource with Good Knowledge (GK) of the discipline according to the competence
requirements in Section 10.4 below.

» After the reviewing, the report is approved by an authorised manager within the unit at the licensee
that developed the report in question.

The formal application to SSM on clearance of land is managed according to each licensee’s standard
procedures for licence application.

10.4 Personnel resources

Before the clearance activities are started, project management should ensure that there is enough
personnel with adequate training and experience. The competence level of personnel should at least
correspond to the requirements made in SSMFS 2011:2 (SSM 2011), 17 §. If a subcontractor is
engaged, the client shall ensure that the subcontractor has a management system according to ISO
9001:2008 (ISO 2008) and ISO 17025:2005 (ISO 2005) and that the personnel resources provided
correspond to the client’s requirements on training and competence. Competence requirements
according to relevant parts in ISO 17025:2005 Section 5.2 also apply for external companies.

The requirements made on personnel should be described in detail in the control programme for
clearance. These requirements are based on Chapter 9 (Competence requirements and training) in
the Clearance Manual (SKB 2011), which specifies the following three roles:

Measures: Conducts practical measurements based on instructions from work
management.
Evaluates: Evaluates or reviews measurement results and decides whether supplementary

checks are needed.

Approves: Makes a final assessment of the clearance case. Shold have good knowledge
of the activities and activity system, but detailed knowledge of measurement
techniques is not required.

For grading the competency requirements within the different disciplines, the following levels are used:

Awareness (Aw): Means that the person is familiar with the discipline and knows where
supplementary information can be obtained.

Knowledge (Kn): Means that the person has insight into the discipline’s function, build-up and
application and knows where supplementary information can be obtained.

Good knowledge (GK): Means that the person has insight into the discipline in its entire extent and
also knowledge of its background and philosophy.

Appendix 9 in the Clearance Manual also contains proposals for competence profiles for the different
roles in the clearance process.

10.5 Secondary processes

All measurement instruments used for the measurements should periodically be calibrated against
certified standards, inspected and, if necessary, adjusted according to the relevant instructions. The
instruments should be protected so that no unauthorised individual can alter their settings. Each
calibration occasion, inspection and adjustment must be documented and added to the contractor’s
documentation system. These procedures should be incorporated into the contractor’s management
system.

The standard ISO 17025:2005 (ISO 2005) specifies in Section 5.5 the requirements made on the use
of measuring equipment.
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10.6 Analysis and improvements

According to the introduction above, the application of the management system, its suitability and
efficiency should be investigated systematically and periodically by an audit function for analysis and
improvement of the activities. This means that all in clearance constituent processes are analysed at
regular intervals with respect to their functionality. The time intervals for these analyses are determined
and documented in the management system. Each analysis should be documented and presented in
quality meetings. Quality meetings determine actions if the analyses show deviations from the quality
requirements and provide recommendations for improvement of processes. A detailed compilation
of requirements and procedures on correction and improvement measures can be found in ISO
9001:2008 (ISO 2008), Chapter 8 and ISO 17025:2005 (ISO 2005), Section 4.11.

10.7 Other comments

For further support in addition to the recommendations in this chapter, it is possible to use relevant
parts of the British nuclear industry’s Code of Practice, Chapter 4 (SDF 2005) and Survey Manual,
Chapter 4, (ORISE 2008), developed by Oak Ridge Institute for Science and Education. The content
of these two reports are based on foreign (British and American) conditions, and therefore have not
been considered in this chapter. They can nevertheless be useful when the licensees designs their
quality management systems.
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11 Derivation of clearance levels

11.1 Introduction

General clearance levels (clearance for unrestricted use) have been determined through analysis

of scenarios and calculation of dose for selected scenarios. According to the IAEA (IAEA 2007),

a scenario is a postulated or assumed set of conditions and/or events. A scenario may represent the
conditions at a single point in time or a single event, or a time history of conditions and/or events.
The choice of scenarios focuses on the individuals that are most exposed to radiation, the critical
group. When deriving clearance levels for unrestricted use, a number of different scenarios were
analysed and the assumptions in the scenarios are pessimistic, so as not to underestimate the dose.
General clearance levels are therefore relatively restrictive.

Clearance for specific purposes is an alternative to general clearance. Clearance can then be carried
out after a licence application, which demonstrates, with knowledge of the material, site and handling,
that the dose to the public is acceptable. This can be achieved through analysis of scenarios and
calculations of dose and dispersion in the same way as for preparation of general clearance levels.
The limitations, which are specified in conditions, entail that fewer scenarios are possible, fewer
exposure pathways need to be considered and pessimistic general assumptions can be replaced with
more realistic values and site-specific data. Figure 11-1 presents a schematic illustration of the
process for conditional clearance.

In order to show that the calculated doses for conditional clearance are credible, the following is
needed (NRC 2006):

» Characterisation of the radioactive source term.
* Reasons for choice and design of scenarios.

* Account of the choice of parameter values.

* Account of mathematical model or code used.

* Analysis of uncertainties.

There are uncertainties in the selection and design of scenarios, models and data, so they should all
be included in the analysis of uncertainties.

For land, the clearance levels determined by the Swedish Radiation Safety Authority apply in each
specific case (SSM 2011). The application for clearance of land is preferably made with the method-
ology described above. SSM presently works with preparing rules for clearance of land. They are based
on relevant parts of the methodology used by Naturvéardsverket (the Swedish Environmental Protection
Agency) for calculation of guideline values for substances in contaminated land (Naturvardsverket
2009), but adapted to the special exposure pathways that apply for radioactive substances.

Clearance for specific purposes
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management of
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Figure 11-1. Schematic illustration of the process for derivation of clearance levels.
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This chapter describes the exposure pathways that are considered in scenarios and how suitable
scenarios and representative data are chosen to support clearance. An appendix to this report
(Appendix F) presents the decommissioning of the sorting plant in Ranstad as an example of how
the choice of scenarios and calculations of dose and dispersion was used to support the application
for conditional clearance of materials (building materials, objects and other loose materials), for
construction work on the site and for disposal in a landfill for hazardous waste.

11.2 Process for derivation of clearance levels

The process for derivation of clearance levels (Figure 11-1) can start independently of the process
for clearance. For materials, buildings and land, suitable disposal options must be identified and
the entire management from and including clearance must be described in detail. For land, the final
state of the site and continued land use must be defined instead, which requires consultations with
local stakeholders such as municipality and county administrative board. After this initial work,
conditional clearance and clearance of land follows the same process of selection of scenarios
and exposure pathways and gathering of site-specific data for the parameters included in dose and
dispersion calculations. In this phase, the contaminated material’s properties must also have been
determined, but it is not necessary to have completed clearance measurements.

In connection with clearance, the concentration of radionuclides will be very low, probably well
below the solubility limit. Thus the activity levels do not affect the chemical and physical processes
that govern radionuclide transport. For this reason, it is not necessary to have completed clearance
measurements in order to carry out the work with derivation of clearance levels. However, it is neces-
sary to decide at an early stage what radionuclides need to be considered in the dose and dispersion
calculations. If clearance measurements are not conducted until after clearance levels have been derived,
it may also turn out that the object cannot (without extensive decontamination efforts) be cleared
according to the derived clearance levels. From a cost and efficiency perspective, there is therefore
reason to have a good idea of the object’s degree of contamination before clearance levels are derived.

Decisions on applying clearance levels for land, or other clearance levels than those given in the
regulations, are made by SSM. The application for a licence to apply derived clearance levels can be
sent separately, or the results from dispersion and dose calculations can be submitted in conjunction
with the application for clearance of a specified quantity of material.

11.3 Methodology for dispersion and dose calculations

The critical group in a scenario is exposed via one or more specified exposure pathways that are
judged to be important. An overview of common exposure pathways is shown in Figure 11-2. Some
important exposure pathways may also arise after the dispersion of material or radionuclides from
the original site for the radioactive material. This section therefore presents the methodology for
calculating dose via different exposure pathways and different dispersion pathways.

© Kemakta Konsult AB

Radioactive material

Figure 11-2. Examples of exposure that can arise from radioactive material, in this case land (courtesy
of Kemakta Konsult AB).
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11.3.1 General description of the methodology for dose calculations
External exposure

Gamma radiation and other photons emitted from radionuclides give rise to external exposure of
individuals in the vicinity of a radioactive source. The size of the external exposure from a particular
source depends on a number of factors such as

» size, shape and density of the source,

» radionuclides, activity, photon energy,

+ distribution of activity in the material,

» distance to the exposed individual,

* occurrence of shielding,

* exposure time.

The size and shape of the source affects the radiation field in the environment and thereby how the
dose rate changes with the distance from the source. The distance plays an important role, since
radiation and intensity decreases with distance. A useful analogy is the heat from a fire, which also

decreases with distance. A large fire provides heat at a larger distance than a small fire, in the same
way the radiation field at a given distance is stronger if the source has larger dimensions.

Shielding between a radioactive material and an individual can reduce exposure by radiation absorp-
tion. Radiation energy is also lost by interaction with the material itself, and this is affected by the shape
and density of the source. The distribution of activity is important, a material with shallow contamina-
tion emits more radiation than a material with a homogeneous distribution of activity. In addition,
exposure time is important, since the dose rate is multiplied by the time in order to calculate the dose.

The effect of the size, shape and density of the source is included in the exposure factors prepared
for external exposure. These may be radionuclide-specific, Sv/h per Bg/kg for a given radionuclide
or relate to a mean photon energy, Sv/h per Bq/kg and MeV emitted per decay to easier combine the
exposure when the material contains many radionuclides. The effect of self-shielding is also often
included through simplified assumptions on how activity is distributed in the material.

Dermal exposure

Many radionuclides emit B-radiation. This type of radiation has short reach in air, but if dust containing
B-radiating radionuclides congregate on the skin it may give rise to dermal exposure. The effective
dose is dependent on

* how much dust there is on the skin,
» radioactivity in the dust,
* how large a skin surface is covered with dust,

» aradionuclide-specific skin dose factor.

Internal exposure

Radionuclides can enter the body through ingestion of food or drinking water that have been contami-
nated and by inadvertent ingestion of particles and soil. Inhalation of radioactive gases, aerosols and
small particles results in radionuclides getting into the lungs. The impact of different radionuclides in
the body depends on

* type of radiation (a, f, y),
 radiation energy,
» radio-sensitivity of the exposed body part,

* biochemistry of the element.
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The biochemistry is important since it governs how the element passes through the body and the
time spent in different body parts. The exposed individual’s age also plays a role, since the sensitivity
to radiation declines with increasing age. With respect to this, radionuclide-specific dose coefficients
(committed effective dose) for ingestion and inhalation have been prepared, expressed in Sv/Bq

for different age groups (ICRP 2012). There are separate dose coefficients for ingestion through

the mouth and inhalation. For most radionuclides, several values are given for the dose coefficients
depending on how quickly different chemical forms of a radionuclide are metabolised in the body.

11.3.2 Dispersion of radionuclides

For the scenarios where impact on the environment is included, a calculation must be made of what
concentrations can arise in water, air and different parts of the food web (accumulation of radio-
nuclides should also be considered). The scenarios used for clearance usually includes

» dispersion with water,
+ dispersion with dust,

 dispersion in the food web.

Figure 11-3 shows examples of dispersion and exposure pathways that can be included for the case
of a landfill containing radioactive material.

Dispersion with water

Radionuclides in soil or disposed materials can be disseminated when water passes through the
material and radionuclides are leached out. Leaching of radioactive substances depends on properties
of both the material and the radionuclide (see further Section 11.5.4). Released radionuclides are
transported down to the groundwater and can thereafter be transported further to a water recipient,
for example a well, a river or a lake. The transport in groundwater can occur with very different rates
and depends on permeability, water flow, dispersion due to the fact that transport rates differ between
different flow paths in the groundwater zone. Furthermore, the transport rate is highly affected by
retention (sorption) of radionuclides on the solid material in the groundwater zone.

Radioactive decay is of great importance for radionuclides with a half-life shorter than the transport
time in the groundwater zone. Special consideration must be given to nuclides in decay chains, because
they are transformed at decay into new substances with other transport properties and half-lives, which
under certain circumstances may lead to an increased concentration of daughter nuclides.

Soil and dust
—
External dose

" -

© Kemakta Konsult AB.

Figure 11-3. Examples of dispersion and exposure pathways from a landfill (courtesy of Kemakta Konsult AB).
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The transport of radionuclides to a water recipient is time-dependent and can be described with an
advection-dispersion equation that considers the immobilisation of different radionuclides, decay as
well as in-growth in the case of decay chains. The equation uses parameters that describe ground-
water zone properties: density, porosity, dispersion coefficient, distance along the transport path to
the water recipient and water velocity. Immobilisation of radionuclides to the solid material is often
described by assuming a local equilibrium. Discipline-specific K, values (K, = concentration in the
solid material/concentration in the water) are used for this.

Both leaching and decay leads to reduced activity in the source with time. However, in-growth of
progeny could lead to that the activity for certain nuclides increases with time. Time-dependent
calculations for the source needs to take this into account.

Dispersion with dust

Contaminated dust can spread in the atmosphere and give rise to dose in the environment. By mixing
in the atmosphere, the concentration of dust decreases with the distance from the source. Site-specific
meteorological parameters can be used to calculate the dilution, but most often estimated general
dilution factors are used. In some scenarios presented in [AEA (IAEA 2005), 1 % of the dust in the
air close to a landfill or facility was assumed to consist of contaminated material.

Dispersion in the food web

The radionuclides in a water recipient can cause exposure of individuals that use the water for drinking,
for livestock or to irrigate soil for food production. Transport pathways and transfer in the food web to
humans are illustrated in Figure 11-3. If radionuclides are transported to a lake or other surface water
recipient, consumption of fish may also lead to exposure of humans. Dispersion in the food web can
be calculated by means of general transfer factors. A more detailed ecosystem model is usually not
necessary due to the large uncertainties associated with future scenarios.

11.4 Scenarios

When clearance levels are derived, it must be ensured that the cleared material does not pose more
than a trivial risk for humans, either now or in the future. General clearance levels have been produced
through analysis of scenarios, with scenarios that describe different exposure situations and contain a
number of conditions including behaviour and habits of the most exposed individuals. These scenarios
can apply to for example work sites, accommodation, agriculture or recreational areas and contain a
number of simplified exposure pathways. Their goal is to not underestimate doses that could occur
in a real case.

The pessimistic assumptions on conditions made in these scenarios leads to restrictive clearance
levels. Furthermore, there are many different conceivable scenarios where exposure of humans can
arise and general clearance levels are governed by the scenario that gives the highest dose. Since
conditional clearance applies for a given site and a given management, it is possible to limit the
exposure scenarios that are relevant. Furthermore, there is often site-specific information available
that can be used in the dose calculations. This may permit clearance of materials with higher activity
concentrations without increasing the risk.

There are scenarios that describe exposure as a result of releases of radionuclides from nuclear
facilities during normal operation. Studsvik EcoSafe’s project was focused on improvements within
the areas: dispersion in air and water, exposure pathways and area descriptions and critical group

for the nuclear power plants in Barsebdck and Oskarshamn (Studsvik 2002a, b). There are aspects in
common with conditional clearance, but also things that differ. The information for the site is largely
similar, although the scenarios for normal operation mainly concern the present, and for conditional
clearance the future needs to be considered to a greater extent. The release from a nuclear facility
during normal operation occurs to air and a surface water recipient, while the source at conditional
clearance is contaminated solid material. Therefore, both the critical group and exposure pathways
will differ.
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This section describes the Swedish Environmental Protection Agency’s model for guideline values for
contaminated land and internationally available scenarios that provide a good starting point for the
choice of site- and condition-specific scenarios. Furthermore, the way of thinking behind the selection
of scenarios is described and how to ensure that the selected scenarios fulfil their purpose.

11.4.1 The Swedish Environmental Protection Agency’s model for guideline
values for contaminated land

The Swedish Environmental Protection Agency’s model for guideline values for contaminated land
(Naturvardsverket 2009), which is also a point of departure for SSM, uses two scenarios that are
dependent on land use, sensitive land use including accommodation, day-care, schools, playground,
and less sensitive land use including commercial areas, industries, roads or railways. For sensitive
land use, there are 6 different exposure pathways that take into account direct exposure to contaminated
soil through ingestion via the mouth, dermal exposure and inhalation of dust, as well as indirect
exposure via inhalation of vapours and consumption of plants and groundwater that are contaminated.
For less sensitive land use, only 4 of the exposure pathways are used: ingestion via the mouth, dermal
exposure, inhalation of dust and vapours. For both scenarios, it is assumed that all relevant exposure
pathways occur simultaneously and that guideline values are calculated from the total exposure.

11.4.2 Internationally available scenarios

There is an established methodology for calculating the dose to a critical, or most exposed, group for
different exposure pathways and these have been combined in many different scenarios in various
studies. There are descriptions of scenarios that are used in the derivation of general clearance levels
(e.g. EC 2000b, TAEA 2005), clearance levels for buildings and building materials (EC 1999, 2000a)
and clearance of decommissioning waste and land from decommissioning of nuclear facilities (NRC
1992, 1998). The permissible maximum dose to the critical group is higher in the USA, 250 puSv/year
(at the state level, however, lower limits may occur), than in Europe, the order of magnitude 10 pSv/year
(EU 2013). Doses due to radon inhalation are usually considered separately, for example by controlling
that concentration limits for radon in air are not exceeded.

The European Basic Safety Standards (EU 2013) applies general clearance levels that are derived
by the IAEA (IAEA 2005). The IAEA’s report is therefore a particularly important international
guideline. The study used eight probable scenarios, which are presented in Table 11-1 and their
exposure pathways are summarised in Table 11-2.

The dose limits applied were about 10 uSv/year (the trivial dose level for nuclear facilities) under
realistic conditions. Less probable conditions were also considered and compared with lower require-
ments, 1 mSv/year. The scenario “RH — Construction materials in residential buildings” can be used as
an example to describe how a general scenario with external exposure can be designed. The individual
is assumed to be in the home 4 500 (realistic) or 8 700 (low probability) hours per year and the home is
a3x4x2.5 mroom. The construction material is assumed to have a density of 1500 kg/m’, a thickness
of 20 cm and the construction material in the roof and two walls is assumed to consist to 10 % of the
radioactive material.

In a scenario with exposure pathways due to dispersion through water to evaluate general clearance
levels wasn’t chosen, because it was considered difficult to define a general case without being too
pessimistic (EC 2000b). These exposure pathways should, however, be included in scenarios for
conditional clearance.

In the international documents, there are generally more examples of scenarios for clearance of material
and buildings than for clearance of land, but many of these scenarios are nevertheless relevant for land.

11.4.3 Selection of scenarios

Scenarios for conditional clearance need to be considered from case to case and are expected to take
into account the possible exposure of the public and workers under the assumption that specified
conditions have been fulfilled. There are many issues to consider when scenarios are selected and
defined and Table 11-3 presents a compilation of possible questions.
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Table 11-1. Exposure scenarios considered and relevant pathways (IEAEA 2005).

Scenario Description Exposed individual Relevant exposure pathway
WL Worker on landfill or in other Worker External exposure on landfill
facility (other than foundry)
Inhalation on landfill
Direct ingestion of contaminated material
WF Worker in foundry Worker External exposure in foundry from equipment
or scrap pile
Inhalation in foundry
Direct ingestion of contaminated material
WO Other worker (e.g. truck driver) Worker External exposure from equipment or the load
on the truck
RL-C Resident near landfill or other Child (1-2 a) Inhalation near landfill or other facility
facility
Ingestion of contaminated foodstuffs grown
on contaminated land
RL-A Adult (>17 a) Inhalation near landfill or other facility
Ingestion of contaminated foodstuffs grown
on contaminated land
RF Resident near foundry Child (1-2 a) Inhalation near foundry
RH Resident in house constructed Adult (>17 a) External exposure in house
of contaminated material
RP Resident near public place Child (1-2 a) External exposure
constructed with contaminated
material Inhalation of contaminated dust
Direct ingestion of contaminated material
RW-C Resident using water from Child (1-2 a) Ingestion of contaminated drinking water,
private well or consuming fish fish and other foodstuffs
RW-A from contaminated river Adult (>17 a)

Table 11-2. Exposure pathways applied in IAEA (2005).

Scenario External Inhalation  Ingestion Drinking  Ingestion of Ingestion
exposure of dust of soil/dust  water cultivated food  of fish

WL — Worker on landfill or in other X X X

facility (other than foundry)

WF — Worker in foundry X X X

WO - Other worker X

(e.g. truck driver)

RL — Resident near landfill or other X X

facility

RF — Resident near foundry X

RH — Resident in house constructed X

of contaminated material

RP — Resident near public place X X X

constructed with contaminated

material

RW — Resident using water from X X X

private well or consuming fish from
contaminated river
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Table 11-3. Types of questions to consider when selecting scenarios for conditional clearance.

What is the future use of the material/land?

How will people spend time in the area? Which activities may occur?

How long will people stay in the area at most? How can different activities lead to contact with radioactive material?
What values for exposure parameters (times, consumption of home-grown plants, animals) are realistic?

Will the land use change?

What alternative uses of the land are conceivable? Could they lead to higher doses? What is the probability of these uses?
Will material be transported from the site for other use? Is it likely that the use leads to a higher dose?

What age group will be most exposed?

Which scenario could lead to the very highest dose? Is this scenario at all realistic?

What would a scenario with low probability and that gives rise to high dose, but that is not unreasonable, look like?

A good start is to consider scenarios for general clearance in international documents (e.g. EC 1999,
2000b, IAEA 2005, NRC 1992, 1998, 2006, see also Section 11.4.2). These scenarios have been
produced by technical expert groups and thereby provide good background information on an
appropriate, although general, choice and definition of scenarios and support for reasonable assump-
tions. When it comes to conditional clearance, there is additional information (or opportunity to
gather information) on a given site and/or specific clearance conditions that should also be included
in the derivation of scenarios. In some cases, the general clearance scenarios can be adapted to the
conditions, the situation and the probable future land use. In other cases, other exposure pathways
and scenarios may be more relevant. Scenarios should be selected for analysis of possible exposure
pathways both directly after clearance and in the future, on-site and after dispersion of material or
radionuclides (Section 11.5.4). Scenarios can include for example reuse, recycling or deposition,
depending on the licencing conditions. The selection of scenarios often requires some insight into
future changes in land use and how they can affect exposure pathways.

When several alternative, but nevertheless probable, scenarios have been identified, however, not all
of them need to be studied with detailed dose calculations but only those that are the most restrictive
(result in the highest dose). The assessment of which scenarios are restrictive can be made based on
previous experience and scoping calculations. What will be the most restrictive scenarios depends

on the dose-related activities that may occur on the site in the different alternative scenarios, and

to what extent people are engaged in these activities. Some exposure pathways are strongly time-
dependent (external dose and internal dose due to inhalation of dust, ingestion of soil) and other depend
on consumption habits (for example internal dose from consumption of contaminated vegetables).
Dilution, depth distribution and coverage of the material may also vary between different scenarios
and thereby affect the dose.

Agriculture or self-sufficiency in a contaminated area is often most restrictive due to the long exposure
times, food production and the occurrence of wells some distance from the contaminated material. The
NRC (NRC 2006) notes that an agricultural scenario is restrictive compared with an accommodation
scenario, but in Swedish conditions these two scenarios are more similar due to greater potential for
self-sufficiency. Thus, the scenario that suits the site in question and the conditions must be found.

Simplifications of dose calculations in scenarios also need to be justified due to the limited exposure
pathways. For example, in (EC 2000b) it is judged that the dose from ingestion of soil is higher than
the dose from vegetables and therefore did not consider the dose from vegetables. In scenarios with
dispersion of water to an area some distance from the original material, water consumption is often
the main exposure pathway since it is most direct, but biological accumulation of some isotopes can
also lead to high exposure from, for example, ingestion of fish.

Age plays a role for both habits and sensitivity to radiation, and should be considered in the choice
of critical group in scenarios. There are regional differences in habits (see Section 11.5.5), in the
USA, for example, adults have the highest consumption of all food except milk, and therefore they are
usually most exposed in consumption scenarios (NRC 2006). Data for Sweden shows that teenagers
eat the most (Karlsson and Aquilonius 2001), which combined with their lower body weight and higher
radiation sensitivity compared with adults means that they are often most exposed in consumption
scenarios.
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11.4.4 Ensuring selected scenarios

The selected scenarios need to provide a complete picture of restrictive, representative dispersion
patterns and exposure pathways. According to experience from previous cases, SSM wants to see

the reasons for selected scenarios, for example that they are based on both published examples and
site-specific information. Agreement regarding both scenarios and applied values (see Section 11.5)
with previous studies will make it easier for SSM to assess the results, whereas site-specific informa-
tion and considerations show a good understanding of the situation and how it is likely to develop.
Information from the municipality, the county administrative board and the state concerning their
plans and future visions for the area should be included in order to ensure the confidence in selected
future scenarios.

11.5 Data needs for dispersion and dose calculations

Dispersion and dose calculations require suitable data to give reliable results, and the need for data
could be large, as shown in Table 11-4. In all scenarios, data should be chosen with reasonable caution
and adapted to the selected scenarios, the site and land use. Characterisation of materials and site-
specific conditions are often needed in order to conduct realistic dispersion calculations and it may
also reduce the pessimism in other dose calculation parameters. This section discusses where data can
be found, how they are measured or studied as well as handling of uncertainties in the data.

Table 11-4. Data needs for dispersion and dose calculations.

Type of data Data need
Information on the material Basic data
and radionuclides Material composition, nuclide-specific activity, weight of waste, etc.

Gamma energy of the specific radionuclide and dose factors for ingestion and inhalation.

Scenario-affected properties

Dilution factors and depth distribution of the cleared material.
The material’s shielding capacity in its cleared form.

Dust formation properties.

Leaching properties
Leaching of radionuclides.

External exposure Exposure times.
Exposure geometry and shielding.

Direct internal exposure Exposure times.
Dust concentrations and respiratory rate.
Orally ingested quantity.

Dispersion of radionuclides Meteorological data (precipitation, evapotranspiration®, runoff).

Data describing transport pathways for water.

Data describing the retardation of radionuclide transport (K4 values).
Dilution in wells or surface water (lakes and rivers).

Dispersion in the food web Amount of water for irrigation of own cultivation or agriculture.

Consumption of water.

Transfer factors for radionuclides from water and soil to food according to Figure 12-3.
Consumption of different types of food (crops and animal products).

Transfer factors for radionuclides from water to fish.

Consumption of fish.

' Evapotranspiration is the sum of evaporation and plant transpiration.
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11.5.1 Information on the material and radionuclides
Basic data

Characterisation of material composition, nuclide-specific activity concentrations, waste weight etc.
is done in connection with clearance, see Chapter 4 and 7. Basic data concerning the radionuclide’s
gamma energy and dose factors (see Section 11.3.1) are available in reports. For example, the IAEA
publishes dose factors in their Basic Safety Standards (latest edition IAEA 2014a).

Scenario-affected properties

Material properties can be greatly affected due to management as a result of the clearance process

or assumptions in the scenario. An example is admixture of lime that may be done to increase the pH,
which leads to reduced leaching of many substances. Mixing or dilution with other materials affect the
concentration of radionuclides and the material’s physical properties can also be affected. This entails
that a dilution factor must be estimated and that attention is needed in the choice of other parameters
regarding material properties. Depth distribution of the radioactive material in the ground or a landfill
also affects all exposure pathways via physical barriers for the radioactive material, shielding of
radiation or proximity to the root zone and the groundwater zone. General information is also needed
regarding the material’s shielding capacity, since self-absorption of radiation decreases exposure.

With respect to dust, the material’s ability to form dust and the probable contribution to the total dust
concentration, either in a certain area or at certain work operations, needs to be assessed. Here it is
also important to determine how radionuclide concentrations can vary between the actual material
and the dust, for example when the bulk and surface concentrations are not equal, or when several
materials contribute to the total dust concentration. The concentration of radionuclides can also vary
with particle size (IAEA 2005).

Leaching properties

For scenarios that include dispersion of radionuclides with water, it is necessary to have data describing
the material’s tendency to release radionuclides in contact with water, which is usually called leach-
ability. Low leachability entails that the radionuclides are tightly bound to the waste material and
that the transfer of radionuclides to the water is therefore limited. Since leachability varies with both
the substance and the chemical conditions, leaching tests often need to be carried out. Leachability

is usually measured in sieved or crushed material (< 4 mm) in a two stage batch test according to the
standard EN 12457-3 (SIS 2003) (Figure 114).

/Stage 1 _ ~

L/S =2 e
175 g of sail Shaken 6 h
350 g of leachate

Solution
decanted E Samples | Leached quantity at L/S=2 (mg/kg)
and filtered for analysis is calculated from the concentration
/inleachate
- J
s Stage 2 ~

— //’\
~1400 of new &
leachate is poured Shaken 18 h

on to a total
of L/S=10

Leached quantity at L/S=10 (mg/kg)
is calculated from the concentration
in leachate and already leached
quantity at L/S=2

Solution

decanted - Samples
and filtered & - for analysis

- J

Figure 11-4. Description of two stage leaching (L/S = 2 and 10).

78 SKB R-17-05



It is important to assess which analysis limits may be needed to detect the leached radionuclides
in the material. In most cases it is in the order of a few percent of the content in the solid material
that leaches out in a leaching test. Different types of analysis methods can be used, spectrometric,
chemical and isotope analyses. For difficult-to-measure radionuclides, it is sometimes possible to
use results for other isotopes of the element or for chemically similar elements.

Waste in a landfill can be a mixture of various materials and substances and has very heterogeneous
chemical and physical properties. Different waste types can therefore be expected to have different
leaching properties. Leaching of radionuclides from the radioactive waste is determined, not only by
the properties of the waste, but also by the environment. It is very important that the samples analysed
are representative for both the material and the mixture that will occur at the landfill.

The results from two stage leaching can often be represented by the assumption of exponential release
of radionuclides from the material. This means that the concentration in the leachate declines expo-

nentially with water volume/time according to Figure 11-5. The shape of the curve is determined by
the kappa parameter. A high value for kappa implies fast leaching, while a low kappa value entails a
more constant leaching. All activity in a material is not leachable and the results from leaching tests
also make it possible to perform an estimate of how large a fraction of the radionuclide activity that
can be leached out. Attention must also be given to how the waste properties can change with time,

as a change of e.g. the material’s ability for pH buffering can affect the leachability. Batch tests can

therefore be supplemented with pH-static leaching tests®, in order to obtain information on how the

material acts at different pH values and the material’s buffering capacity.

More information about concentration development can be gained from percolation tests (column tests)
according to the standard SS-CEN/TS 14405 (SIS 2004). These tests measure the leachate that flows
through a column packed with a dry granular material at different L/S ratios, often L/S = 0.1; 2 and
10. This test takes longer, typically a few weeks and is considerably more expensive than batch tests.

11.5.2 External exposure

Exposure time, geometry and shielding are defined in each scenario and the international documents
that support the selection of scenarios (Section 11.4.3) can also provide support for the selection of
suitable data.

C = Coe™™v/™

Increasing kappa,

Concentration (Bq L")

Water volume (L)

Figure 11-5. Leachate concentration as a function of water volume that has leached the material for
different exponentially declining leaching rates.

> In pH-static leaching tests, the material is leached at a pH that is held constant through the addition of a base
or acid. The analysis is often conducted with pH 4, 6, 8 and 10 and with the material’s natural pH.
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11.5.3 Internal exposure

Calculation of the internal dose is based on inhalation of dust and ingestion of dust, soil or particles.
Data are therefore needed on dust content in the air and respiratory rates as well as an orally ingested
quantity of dust, soil or particles. The dust content varies greatly with the environment, from everyday
situations with low dust content to dusty work environments such as crushing during demolition of
buildings. According to Arbetsmiljoverket (the Swedish Work Environment Authority) (AFS 2011:18),
the maximum permissible respirable dust content in a work environment is 5 mg/ m’, although this is
often exceeded for demolition work (Karlsson and Christensson 2008). The effect of using a mask or
filters in work machines vary greatly (Fjillstrom et al. 2009) and based on reported measurements,

a general reduction factor of 20 can be chosen with the use of a mask. The IAEA used a dust content
of 0.5 mg/m’in a work environment and 0.1 mg/m’ for public places, and a respiratory rate for an
adult of 1.2 m*/h (IAEA 2005).

11.5.4 Dispersion of radionuclides

To calculate the dispersion of radionuclides and the doses that arise from using water from a con-
taminated water source, data are needed for each step of the analysis (see Section 11.3.2).

The first step is to calculate leaching of radionuclides, which is based on leachability data, as
described in Section 11.5.1. Leaching is also dependent on the water flow through the contaminated
material and therefore, meteorological data are needed for choosing representative parameter values
for precipitation, evapotranspiration and runoff in the contaminated area. Data are available from
public data sources, for example SMHI, authorities and site-specific studies. If conditional clearance
applies for deposition, there might be information on the landfill infiltration, particularly if it is an
existing landfill with a classification.

When the radionuclides have begun to leach, the dispersion is dependent on the water’s transport
pathway. If there are no hydrogeological data for the area, site-specific investigations should be
carried out, including

» site-specific geology (soil types, bedrock, permeability and porosity),

* hydrology (location relative to contaminated land/landfill; depth and extent of the groundwater
zone, water flow),

* nearby water recipients and probable sites for a well need to be identified.

The hydrogeological conditions also determine the dilution in the well or surface water (lakes and
rivers) to which the radionuclides are transported. The location of a probable future or existing well
must take into account that the water should be potable, which makes it necessary to also consider
how the cleared material may affect water quality with respect to other aspects (pH, solutes, heavy
metals, etc).

With knowledge of the groundwater zone’s solid material and preferably also the water chemistry, it
is possible to choose representative K, values that describe the retardation of transport of individual
solutes and radionuclides. K, values can be adapted to site-specific conditions, for example pH,
geochemical redox conditions or high concentrations of complexing agents in the water. The more
knowledge of the groundwater zone’s solid material and the water chemistry, the better material
for selection of representative K, values. In the absence of site-specific data general, pessimistic K4
values can be used. It is also possible to measure site-specific K, values, but it requires extensive
investigations and analyses.

11.5.5 Dispersion in the food web

The dispersion in the food web starts with either radioactive land (on the original site or in a landfill)
or radioactive water in a well or surface water recipient (after dispersion with water). In the first
case, the dilution with other materials governs radionuclide concentrations in the soil and in the other
case, the irrigation rate and irrigation time for cultivation and immobilisation of radionuclides on the
ground. Irrigation and immobilisation of radionuclides also leads to external exposure and internal
exposure via ingestion and inhalation of radioactive soil particles. Parameter values for these data
can be chosen using publicly available information.

80 SKB R-17-05



Water consumption must also be defined for humans and animals in dispersion scenarios (Figure 11-3)
and for the public the individual’s water consumption is often an important exposure pathway. Transfer
factors from soil to plants vary depending on the soil type, and transfer factors from different soil types
to plants, plants to animal products and fresh water to fish have been evaluated (IAEA 2010). Eating
habits should be selected from publicly available information, so that they are representative for the
site, since they vary regionally. For example, in (IAEA 2005) German consumer habits, where adults
consume 1.7 kg of fish per year are used in comparison with data for Swedish consumer habits of
27 kg of fish per year, which are used in the calculation of dose consequences for removal of waste
containing uranium from the sorting plant in Ranstad (Kemakta 2012). The probability that home-
grown food is the only food source also depends on the site and is higher for individuals that live

in rural areas than for individuals in urban areas. In the scenarios in (IAEA 2005) it is assumed that
25 % of the food comes from the contaminated area , compared with an assumption 0of100 % in

a corresponding Swedish study (Kemakta 2012).

11.5.6 Handling of uncertainties of input parameters

All parameters used in a dose calculations are subject to uncertainties. Some uncertainties are easier
to distinguish and assess than others, but it is important that the uncertainties are described and handled
in a consistent and structured manner.

Uncertainties associated with the radionuclide concentrations in the material and material quantities
are assessed in conjunction with the characterisation (see Chapter 4 and 7). The effect of these
uncertainties can then be studied in the dispersion and dose calculations.

When calculating dispersion and dose, there are other uncertainties built in through the choice of
parameters that are realistic but somewhat pessimistic, for example those controlled by possible
activities, dilution with other materials, behaviour and eating habits. The importance of known or
expected variations in parameter values can be explored by calculating variation cases. In many
cases, the models used are linear so it is relatively straightforward to predict what a change in a
parameter value entails. Certain parts, such as models for dispersion in the groundwater, may provide
a nonlinear response, and it is therefore not easy to predict what a variation of a parameter entails.

Sometimes it is difficult to determine a reasonable limitation of a parameter value. One way to handle
it is to define scenarios that are restrictive, but with much lower probability than the base case. Since
there is a lower probability for these, they can therefore be considered to have lower requirements with
regard to the calculated dose. The requirements according to the IAEA (IAEA 2005) for “realistic*
scenarios are a maximum dose of 10 pSv/year (trivial risk) and for scenarios with “low probability*
a maximum dose of 1000 pSv/year (maximum dose to the public). This is, however, not implemented
in the Swedish regulations SSMFS 2011:2 (SSM 2011).

Another way to handle data uncertainties is to perform probabilistic calculations (e.g. Monte Carlo
simulations). In the USA for example, probabilistic uncertainty analyses are made where the “maximum
mean dose” is used to show compliance with the regulations (NRC 2006). However, probabilistic
calculations require extensive knowledge concerning parameters and furthermore, the uncertainties
in choice and design of scenarios are likely to be more important. Thus a deterministic assessment

is primarily recommended.
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12 Cost model

12.1 Boundaries and conditions

Calculated costs for decommissioning of the Swedish nuclear power plants are reported in the most
recently completed decommissioning studies (SKB 2013a, b, ¢, Griffiths et al. 2008). Based on these
studies and the clearance process in Section 2.2, a cost model for clearance is proposed in this chapter.

As a basis for assessing the costs for clearance of material, compared with other disposal options,
reference is made to the Clearance Manual (SKB 2011). This chapter will only consider buildings
and land, since final disposal of these within the Swedish radioactive waste management system
is not assumed to be a realistic alternative. This chapter therefore does not intend to create a model
for comparison of different disposal options.

12.2 Model

In order to create a cost model that sheds light on the factors affecting the cost of the clearance
process, constituent cost elements have been identified on the basis of reference cases depending
on risk categorisation. The result is a botfom-up model, similar to how cost estimates are prepared
for dismantling and demolition in the decommissioning studies for the nuclear power plants (SKB
2013a, b, ¢, Griffiths et al. 2008).

By starting from the reported clearance process in Figure 2-2 and the recommendations in this
report, four reference cases can be identified depending on the risk categorisation in Figure 12-1.

Initial
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Extremely small
risk of conta-
mination

The licensee

Verification decides
No clearance

Clearance
measurement —> Clearance
Less extensive

Clearance
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o
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Figure 12-1. Four reference cases for handling objects depending on risk categorisation.
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Each element included in the reference cases according to Figure 12-1 is a constituent cost element in
the cost model for clearance. Each cost element consists of activities which are presented in Figure 2-2.
By identifying these activities, cost elements are built up depending on the risk category.

The necessary activities for each cost element in turn consists of various costs. These costs consist of
the time required for work (competencies/resources) and the costs for equipment and consumables.
Based on experience and previously known data for these costs and times, a cost is developed for a
cost element depending on the size, nature and risk categorisation of the object.

Some derived unit costs/key ratios for each operation are presented in the decommissioning studies
(SKB 2013a, b, c, Griffiths et al. 2008). They can for example be costs and time for different types
of decontamination and clearance measurements. These unit costs may need to be developed as more
experience of clearance is built up in Sweden, with respect to how the extent of the work varies
depending on risk categorisation and application of relevant requirements. Type of competence/
resources, equipment and consumables can be similar regardless of cost elements and reference
cases. By applying different weighting factors depending on the reference case, different costs
and times will be obtained depending on the extent. For example, no difference can be seen in the
execution of a clearance measurement for the risk category risk of contamination compared with

a clearance measurement for the risk category contamination above the clearance limit, but in the
latter case it may be a question of a complete measurement covering the entire object, which gives
a higher weighting factor. To exemplify differences in measurement efforts depending on risk
categorisation as well as differences in survey or clearance measurement, the extent of survey and
clearance measurement for a hypothetical facility is presented in Appendix D.

Each cost estimate for a reference case must also be timed and built up of activities that can be
produced by means of a Gantt chart, which is a type of flowchart used in project management

for describing different phases. This can then be included in the entire decommissioning project’s
project plan and thereafter, analyses can be made of the extent to which clearance affects the critical
path and thereby which time-dependent costs in the form of project management, energy consumption,
etc. are affected.

12.2.1 Examples of cost estimation

In order to describe how costs can be estimated and can vary depending on risk category, a number
of examples are provided here. They are based on the risk categorisation in Figure 12-1 for an assumed
room with the dimensions width = 10 m, length = 20 m and roof height = 5 m and with the following
conditions (SKB 2013a, b):

+ Complete clearance measurement is performed with 100 % measurement of B/y-emitting nuclides
and random samples for a-emitting nuclides. The time needed is 20 min/m’.

* More extensive clearance measurement is performed with 50 % measurement of f/y-emitting
nuclides and random samples for a-emitting nuclides. The time needed is 15 min/m?.

» Less extensive clearance measurement is performed with measurement of B/y-emitting nuclides
through random samples, which is equivalent to about 20 % of the surface being measured. The
time needed is 10 min/m’.

The time needed for each object includes clearance measurement and documentation of results.

Example 1

Roofarea 200 m?  Small risk of contamination Less extensive clearance measurement 10 min/m? 33h
Wall area 300 m*  Risk of contamination More extensive clearance measurement 15 min/m? 75h
Floorarea 200m? Contamination above the Complete clearance measurement 20 min/m?> 67 h

clearance limit
Total 175h
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Example 2

Roofarea 200 m?  Small risk of contamination Less extensive clearance measurement 10 min/m? 33h

Wall area 300 m?  Small risk of contamination Less extensive clearance measurement 10 min/m? 50 h

Floorarea 200 m? Risk of contamination More extensive clearance measurement 15 min/m? 50 h
Total 133 h

Example 3

Roofarea 200 m?  Small risk of contamination Less extensive clearance measurement 10 min/m? 33h
Wall area 300 m*  Small risk of contamination Less extensive clearance measurement 10 min/m? 50 h
Floorarea 200 m? Small risk of contamination Less extensive clearance measurement 10 min/m? 33h

Total 17 h

The examples above show about +25 % difference in the time needed for requisite clearance measure-
ment in an assumed room depending on the contamination level assumed for the different surfaces
and the specific time assumed for measurement of these surfaces.

12.3 Preparation of cost estimates

During a clearance process, cost estimates need to be reviewed and revised based on the increased
information and understanding obtained. Estimates will also be transformed to budget costs when
work extent and quotes from contractors are prepared. This section describes a recommendation
concerning in what stages in the clearance process the estimated costs should be updated.

Through the information gathered during the initial assessment when a plan is prepared for the
continued work, the cost estimate should be adapted to this and compared with previous estimates.

Before survey measurements are carried out the planning of their extent is important. Depending
on how the work is planned and procured, the cost estimate can be supplemented with information
from actual quotes from suppliers. As work progresses and the cost outcome is compared with the
remaining estimate, a more precise cost picture is obtained.

After the survey work, the extent of decontamination work can be established which is a part of the
preparations prior to clearance measurement. When this work is procured and established, the cost
estimate is revised. When the decontamination work is completed, the estimated part of the costs will
consist of clearance measurements, while the rest is the outcome.

The work has then come so far that it is time for clearance measurement. In this planning it is
important that work is procured and cost estimates revised.

When the work with clearance measurement is defined and procured, the cost estimate can be revised
one last time. During this phase, the main part of the measurements in the clearance process are
conducted and the consumption of resources is high, which is reflected in Appendix D where the
extent of measurements is exemplified. If different parts of an object undergo clearance measure-
ment at different times, the results of the first clearance measurement can show whether the extent
of measurements was sufficient. If necessary, the extent of measurements can be revised for the
remaining parts of the object and then the cost estimate can also be revised.

The remaining costs consist of preparing the application for clearance, for which the clearance report is
a basis. After this phase, the decommissioning project can evaluate the final outcome for the cost of
clearance which can be incorporated into the cost model in the form of new unit costs and weighting
factors.
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12.4 Evaluation of costs

ALARA and BAT should be applied as general principles in the clearance process for example when
selecting measurement and decontamination methods. However, these principles should also be
compared with the cost for alternative methods. Costs can for example be referred to in order to justify

» conditional clearance,
» greater extent of decontamination,

 larger quantity of radioactive waste.

12.5 Uncertainties

Estimated costs for a reference case are based on given conditions and that the management is ideal
and takes place according to plan. Depending on a number of different factors, the conditions may
change and thereby the cost estimate will also change both in the form of increased or reduced costs.
For example, an object may be reclassified to another risk category after the survey or clearance
measurement, which directly affects the costs for clearing the object.

In the work with uncertainty analysis and the assessment of which reference case should be used for
an object, it can be justified to conduct a cost calculation for several reference cases (alternative risk
categories), to form an idea of the risks and opportunities connected with the outcome of the risk
categorisation.

During the execution of a clearance and decommissioning project, uncertainties are handled continu-
ously by reducing risks and carrying out opportunities. As the project progresses, the cost estimate
consists of both the real outcomes and estimated costs, which means that the uncertainty declines
gradually.

12.6 Cost drivers

Cost drivers in this context refers to factors that affect the costs. The following is a number of
examples of cost drivers linked to clearance for a nuclear facility’s entire service life. This includes
the phases operation, transition period and dismantling and demolition. It is important to identify
cost drivers and how they affect the costs to cover uncertainties.

Work within the OECD/NEA (OECD/NEA 2010) has identified cost drivers significant in cost
estimates for decommissioning and those concerning clearance are

» changed extent of the decommissioning project, i.e. increased or decreased extent, changed
requirements and increased requirements on information and level of detail,

+ stakeholders’ influence on the final state of the site and management of waste,

» characterisation of the facility with regard to materials, activity and environmentally hazardous
waste,

+ storage of waste and availability of alternatives for management and removal,

* management of cleared objects.

12.6.1 Operation

During the operation of a nuclear facility, a requirement is that there is a plan for decommissioning,
including management of waste and clearance, with an increasing level of detail as shutdown
approaches. Furthermore, continuous cost calculations are made for decommissioning and the
uncertainties should be reduced when the start of the decommissioning project approaches.
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Before shutdown approaches and the decommissioning project starts in preparation for shutdown,
it may be sufficient to know at a general level which the large cost drivers are.

When a decommissioning project has started and detailed planning is carried out for decommissioning
some years before shutdown, cost calculations need to be specified in more detail so that investment
decisions can be taken for implementation of the project. It will then be important to have a com-
prehensive and detailed picture of cost drivers. This is especially important in order to conduct
uncertainty analyses as correct as possible and actively work to minimise project risks and carry
out project opportunities.

Examples of cost driving factors during operation with respect to clearance are

* incorrect management of contaminated material in the facility, i.e. incorrect management of risk
categorisation of the facility,

* how/if systematic characterisation/survey work is conducted,
* maintenance of the facility that minimises leakage,
» inadequate planning for clearance and how it affects the project when it starts,

» which final state is determined or that not final state is determined, affects extent and costs of
clearance,

» quality of historical data/information such as instructions for archiving, systematic reporting of
events that affect clearance,

» absence of adequate inventory/characterisation/information,
» absence of resources/competence for decommissioning and clearance,

» absence of specified requirements during normal operation with respect to decommissioning and
clearance in the business management system,

+ inadequate handling of risk categorisation.

12.6.2 Transition period

The decommissioning project continues during this period, which means that factors affecting the
critical path for the project are important.

Examples of cost driving factors during the transition period with respect to clearance are:

+ inadequate survey, which is important for verification/revision of risk categories, thereby multiple
demolition activites cannot begin as quickly as possible and take place in parallel depending on
what is intended to be cleared,

 the extent of measurements for the survey that affects the timetable and also the basis for making
future decisions,

» extended timetable for this period, which means that information and documentation becomes
obsolete and that competence and experience are lost.

12.6.3 Dismantling and demolition

During dismantling and demolition, the decommissioning project is most active and progresses with
maximum workforce. Therefore, the factors that affect the total timetable become cost drivers. This
period is concluded with clearance which is the formal concluding part, and entails that the decom-
missioning project can be considered concluded. Thereby, clearance is the most important parameter
to complete the project.
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Examples of cost driving factors during dismantling and demolition with respect to clearance are
* number/extent of measurement resources for clearance measurements that affect the timetable,
* lack of clarity and insufficient information for decisions on clearance, the project does not end,
e choice of measurement methods,

+ if clearance occurs as material or building,

+ if clearance of buildings is performed for decommissioning or for continued use,

» process flow (facility) for clearance, to make it rational and large-scale,

» choice of technology for clearance,

» regulatory requirements,

+ licensing processes.
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Appendix A

Definitions
A1 Definitions, terms and concepts
Determination of activity

Nuclide-specific determination of activity is made by measurement or calculation (nuclide vector) of
the activity.

Activity check

Entails measurement of radioactive contamination and should first be done by checks for loose con-
tamination with smear tests and by measurement with count rate equipment. For all materials except
tools and equipment that will be used in the same way, a nuclide-specific determination of activity is
also needed to verify that the clearance conditions stipulated by regulatory authorities are met.

Alpha emitters with low radiotoxicity

Natural uranium, depleted uranium, natural thorium, uranium-235 or uranium-238, thorium-232,
thorium-228 and thorium-230 when they occur in ore or in physical or chemical concentrates, and
alpha emitters with a half-life below ten days.

Transition period

Based on SSMFS 2008:1, Chapter 9. The initial period during decommissioning directly after final
shutdown of a facility. During this period the fuel is managed and some preparations can be done for
dismantling and demolition, such as decontamination of primary reactor circuits, survey work and
adaptations of buildings and systems.

Decommissioning

SSMFS 2008:1, 1 chapter § 2. Measures taken by the licensee after final shutdown of a facility in
order to dismantle and demolish all or parts of the facility, and to reduce the amount of radioactive
elements in soil and remaining buildings to such levels that permit clearance of the facility.

BAT

Best Available Technique, using the most effective method to limit releases of radionuclides and
detrimental effects on human health and the environment, without leading to unreasonable costs,
(SSMEFS 2008:23, § 2).

Disposal

Management of waste with methods specified in the Waste Management Ordinance SFS 2001:1063
Appendix 5, for example different types of deposition, incineration, etc.

Decontamination

Decontamination refers to measures for removal of activity from an object by physical or chemical
separation.

Direct clearance

By measurement with advanced instruments log and calculate a mean value of the result to permit
clearance in one step.
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Operation

Refers to the main activities for which a facility is built. The period extends from construction
and up to final shutdown. Thereafter follows decommissioning, which lasts until the facility is
dismantled and demolished.

Self-monitoring

Inspection that is carried out in the own activities (also at external actors) and on individual responsibility.

Ex situ measurements

The measurement object is taken to another site where measurement is performed, for example when
the background level at the site is too high.

Fissile material

Fissile nuclides are uranium-233, uranium-235, plutonium-239 and plutonium-241.

Clearance

With clearance is meant that the Radiation Protection Act (1988:220) and the Nuclear Activities
Act (1984:3) are no longer applicable to materials, rooms, buildings and land that may have been
contaminated with radioactive substances in practices involving ionising radiation (SSMFS 2011:2,
§ 2). Materials, buildings and land have been checked and their content of radionuclides are below
stipulated Clearance levels.

Clearance limit

Refers to a limit of the value when clearance can take place. This is described as a requirement
according to the sum formula for nuclides in SSMFS 2011:2.

Clearance level

Refers to nuclide-specific levels for clearance.

Industrial area

Area intended for the establishment of industries and other companies without direct contact with
consumers. In an industrial area there may also be waste management, service workshops, or other
activities that can not be mixed with accommodation.

In situ measurement

Measurement of an object on site.

ISOCS

In situ Object Counting System (brand). Measurement equipment for mobile gamma spectroscopy
based on a HPGe detector from CANBERRA.

ISOTOPIC
Measurement equipment from ORTEC (brand), which is of the same type of system as ISOCS.

Characterisation

By investigating and analysing an object creating an idea of its constituents. For example material
composition and the presence of radioactive and environmentally hazardous elements.
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Survey

Status determination of an object based on the occurrence of radioactive substances.

Survey measurement

Targeted measurement that is performed during survey.

Categorisation

See Risk categorisation. Division of objects according to the risk of radiological contamination.

Confidence

The reliability of an experiment or measured value.

Controlled area

Based on SSMFS 2008:51, 4 kap. 3 §. An area where the annual effective dose may be above 6 mSyv,
or where surface contamination may exceed the current limit.

Special rules apply for a controlled area in order to protect against ionising radiation and prevent
dispersion of radioactive contamination. Access to the controlled area is supervised. At the entrace to
the controlled area, levels for direct radiation, surface contamination and airborne activity should be
indicated.

In a clearance context, areas categorised with respect to surface contamination and/or airborne
activity are of the greatest importance. A controlled area only with respect to direct radiation can be
of importance in risk categorisation, since it may lead to some risk of radioactive contamination.

See also Protected area.

Control programme

Based on SSMFS 2011:2, 8 §. An established documentation that describe methods for and extent
of the checks, who is authorised to carry out the checks as well as information on quality assurance,
self-monitoring and documentation of results.

Clearance measurement

Based on SSMFS 2011:2, 8 §. Refers to the measurement that verifies the checks, according to the
prepared Control programme, with respect to the occurrence of radioactive substances before
clearance can take place.

Nuclear waste
(Taken from “The Act (1984:3) on Nuclear Activities”).
a. spent nuclear fuel that has been placed in a final repository,

b. radioactive substances that have arisen in a nuclear facility and that have not been produced or
removed from the facility in order to be used for educational or research purposes or for medical,
agriculture-technical or commercial purposes,

c. material or other that has belonged to a nuclear facility and has become radioactively contaminated
and no longer will be used in such a facility, and

d. radioactive parts of a nuclear facility to be decommissioned.
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Loose and fixed contamination

Loose contamination is found on the surface of an object and can be removed by means of simple
remedial actions such as wiping or washing. Fixed contamination is integrated into the material and
can only be removed with special decontamination methods, for example blasting.

MDA

Minimum Detectable Activity. The minimum activity a system can measure with safety, depending
on the desired degree of reliability, background level, measurement instrument efficiency and
measurement time.

Dismantling and demolition

Based on SSMFS 2008:1, Chapter 1 § 2, Chapter 9 § 6-8. The period during decommissioning that
requires a report according to article 37 in the Euratom treaty and a revised safety analysis report
with respect to the planned activities. During this period, decontamination, dismantling and demolition
of the facility is performed to such an extent that the quantity of radioactive elements decrease to
levels that permit clearance.

See also the definition of Demolition.

Nuclide vector

A nuclide vector is used to calculate the activity for nuclides that are not measured directly. This
is done by relating the activity of the vector nuclides, by means of a factor, to either a measured
nuclide, or to a total measurement of an activity type in a specific system or a delineated area.

Independent inspection

An inspection performed by an internal or external competent and independent resource, that has
not previously been involved in the management of the specific case.

Object

Refers to a system, a surface or an area that is defined and has been delineated in extent. It can
consist of all or parts of the system/system identity, surface or area.

Operational limit

Limit for measurement with hand-held instruments when the object (material, room, building or
land) is so contaminated that clearance cannot take place. The measurements should be interrupted
for remedial action if the operational limit is reached.

Count rate equipment

Equipment that measures the number of alpha and/or beta particles that hit the active surface of
the instrument. Certain count rate instruments can also measure gamma radiation. Mostly used for
measurement of surface contamination.

Radiation protected area

See also Protected area.

Representative sampling/measurement

Sampling/measurement aimed to create a representative picture of the whole.
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Targeted sampling/measurement

Sampling/measurement with a specific purpose, for example inspection of areas with greater risk of
radioactive contamination than others.

The concept of risk

Risk is a measure of the harmful effects of a future event. Risk is usually, even if there is no generally
accepted definition, defined as a function of

+ the probability that a certain event occurs and
+ the consequence of the occurrence of this event.
The probability of a detrimental event multiplied by an evaluation of damage is the usual meaning

of risk in technical applications. In a clearance context, the expression “risk” mostly refers to prob-
ability. The parameter consequence is, however, not in any way unimportant.

The consequence of incorrect clearance can in an extreme case pose a potential threat to human
health, animals and the environment. Such a scenario is very unlikely. A more likely potential
consequence of incorrect clearance is reduced confidence from regulatory authorities, recipients
of cleared material and the public.

Risk categorisation

Division of objects and areas into categories based on the risk of radioactive contamination:

* Extremely small risk of contamination — materials, rooms or buildings where, based on the
assessment, there has not been any risk of radioactive contamination and which thus can be
assumed to be free of contamination.

* Small risk of contamination — materials, rooms or buildings where there may have been a risk
of radioactive contamination, but that on good grounds can be assumed to be clean.

* Risk of contamination — materials, rooms or buildings where there is or has been a risk of
radioactive contamination.

« Contamination above the clearance limit — radioactive contamination above the clearance limit.

Dismantling
In the European Commission’s recommendation (2010/635/Euratom) regarding application of article 37
in the Euratom treaty, there is a definition of dismantling which reads:

“Within these activities dismantling comprises disassembling, cutting and demolition of contaminated
or activated components, systems and structures including their packaging and transfer off-site.”

The concept of dismantling can thus be said to replace demolition until the facility or part of the
facility is cleared. This is followed by demolition of cleared parts, which then entails conventional
demolition.

Remedial action

Remedial action is a simpler form of decontamination and includes wiping or washing.

Stratification

Division of an object into subareas.

Protected area

According to the regulation SSMFS 2008:51. A work place that is covered by the regulations and
that is not Controlled area, i.e. where the annual effective dose may be 1-6 mSv. NB, not to be
confused with Protected area according to SSMFS 2008:12 (physical protection).
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Sampling

Random, targeted or systematic inspection/information collection in order to create a representative
picture of the whole. For small numbers of samples there is large uncertainty. Targeted (via instruction/
procedure) and systematic sampling is preferred above random sampling.

Smear test

Sampling and assessment of loose surface contamination according to ISO-SS 7503-1.

Radiation protection check

Refers to scanning with for example smear test, measurement square or probe in order to check the
clearance condition linked to total specific surface activity.

Total activity

The total amount of radioactivity for an object.

Conditional clearance

Clearance with special conditions, according to for example RP89.

Surface activity

Activity on the surface of an object.

Surface contamination

Radioactive contamination on the surface.

A2 Symbols in mathematical formulas
Symbol Meaning

C Surface- or mass-specific activity for nuclide i

Ceni Surface- or mass-specific clearance level for nuclide i

Yo Detector efficiency (scintillation detector)

n Net count rate

Pn Net count rate in a single measurement

br Clearance constant

X Estimation of the mean value for the variable x

Sy Estimation of the standard deviation for the variable x

My Expected value for the variable x

oy Standard deviation for the variable x

n The number of measurements or samples

v The number of degrees of freedom

t A variable whose random variation follows a t-distribution
z A variable whose random variation follows a standard normal distribution
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Appendix B

Measurement and sampling equipment
B1 Measurement and sampling equipment — examples

This appendix provides examples of measurement and sampling equipment for radiological survey
and clearance measurement. A concrete example from a Swedish project is described. The project
selected is phase 3 in the decommissioning of R2 in Studsvik, which includes the entire R2 facility
(Figure B-1), except the reactors (Phase 1) and the biological shield (Phase 2). Both a radiological
survey and clearance measurement needs to be carried out in the entire facility before clearance can
occur.

B1.1 System overview

The R2 facility in Studsvik includes ten buildings and about 250 rooms. All buildings, rooms and
room areas are stored in the database SVALA in a tree structure. Other objects can be included in a
room area, for example a square for measuring or objects in the room that belong to the area. Service
systems are also included in the tree structure. Part of the tree structure is shown in Figure B-2.

An inventory was made in the facility in order to, foreach room, specify the quantity of surfaces
and what objects belonged to each surface. An initial risk categorisation according to a five-point
scale (from extremely small risk of contamination to risk of contamination and another category for
non-clearable) was carried out for all rooms, which is also stored in SVALA. The initial risk catego-
risation is also linked to a planned measurement and sample programme in SVALA, whose extent
increases with increasing risk. In SVALA, it is possible to continuously see how many planned
measurements and samplings are included in the survey, and how many completed measurements
and samplings there are.

Registration in SVALA is made directly in the database, i.e. Internet access is needed when objects
are added or edited, or when measurement data files are uploaded.

Floor + 31.70 Mezzanine attic
Floor + 28.30 Engine room
Floor + 24.95 Floor 3

Floor + 22.20 Floor 2

Floor + 19.45 Floor 1

Floor + 15.70 Ground floor

Floor + 12.00 Basement

"~ Floor + 10.70 Basement

Figure B-1. Picture of the R2 facility and its floors.
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SVALA was introduced in 2006 by AB SVAFO (SVAFO) and Studsvik Nuclear AB (SNAB) for all
waste management, and has through the years been updated with new functionality and to meet new
clearance requirements. Today, there are a number of different functions implemented in SVALA, for
example

» personal role-based login,
+ project-specific input for waste and transports,

» measurement data are integrated automatically from external equipment, for example drum
measurements,

» daily QA inspections of the database to find incorrect registrations,
 different types of reports and search forms,

» complete nuclide vector management at different levels (company, order, transport, container,
packaging or waste item),

+ transport logging internally and externally e.g. to SKB,

 clearance of materials according to SSMFS2011:2,

+ traceability of waste from decommissioning projects,

* positioning system for measurements and sampling from decommissioning projects.

Today SVALA is a valuable tool for all waste management and radiological survey at SVAFO and
SNAB. SVALA is used daily in all facilities that generate, manage or condition waste at Studsvik,

as well as for the facilities in decommissioning. Development of functionality in SVALA is still in
progress, since the activities change. SVALA’s availability through the years has been good.
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B1.1.1 Premises

Prior to the practical part of the survey, an initial assessment and risk categorisation were made
based on knowledge of the facility and its history. The assessment was documented in a separate
report which is a basis for the subsequent survey measurements.

The database SVALA had before the R2 decommissioning been used for radiological survey in
Ranstad, and for the R2 survey the database functionality was extended to further ensure the quality
of data. A positioning system that uses RFID tags was part of the added functionality.

The radiological survey was described in a number of instructions, for example
* naming of rooms, systems and objects,

+ registration of rooms, systems and objects in SVALA,

» assembly principles for RFID and registration in SVALA,

* measurements at radiological survey,

* loading of measurement data to SVALA,

» sampling at radiological survey,

+ registration of equipment and users for radiological survey in SVALA.

It is important to keep the existing roles and responsibilities apart at the execution of radiological
survey. In SVALA, roles are defined for the following radiological survey work:

* Measurement technician.

* Reviewer.

* Approver.

* Administrator.

The roles have different responsibilities during radiological survey and are used to quality-assure

data in the project. Administrators have increased database access in order to administer the
database.

B1.1.2 Measurement equipment

In the project, monitoring equipment that can collect data in files for direct transfer to SVALA are
used. The project has chosen to focus on measurements with Canberra Colibri for the following
reasons:

» Personal login makes it clear who is measuring.

+ Possibility to configure several units in the same way guarantees that all measurements are the same.
* Possibility to connect up to eight probes simultaneously gives more efficient measurement.

+ Integration with RFID tags eliminates the need for manual positioning.

* Integrated GPS provides a good complement for outdoor measurements.

» The measurement data file contains detailed information on who has measured what and when, as
well as the serial number and calibration status of used equipment (the same file format for up to
eight probes).

* A web server can be used for access to data and configuration.

Figure B-3 gives examples of equipment used in the project. Two different RFID tags are used, one
model that can be welded into the floor where forklifts will drive and another model that can be glued
or screwed on. A piece of equipment (vita klubban) is used to read the ID of RFID tags and communi-
cates with the Canberra Colibri equipment via Bluetooth. RFID tags must be assigned to each object in
the survey tree in SVALA, this can be done in advance via a USB-connected reader, or directly in the
facility if new objects need to be created. The project has chosen several different scintillation detectors
for different purposes, among others Canberra Smart Probe SAB-100 and Thermo DP8 are used.
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Probe connecior

Figure B-3. Measurement equipment used for radiological survey in the R2 decommissioning project.

B1.1.3 Sampling equipment

The equipment used in the documentation of sampling is shown in Figure B-4. The same type of RFID
tags that are used in measurements are placed where sampling will take place. During the sampling, a
hand-held computer reads the RFID tag ID, which is then printed as a bar code on a sticker with the con-
nected printer. The sticker is attached to the bag in which the sample has been placed. The bar code is read
at the analysis laboratory, and the same ID is included in the report of results from the analysis laboratory
to SVALA. If SVALA cannot find the ID for a result sent by the analysis laboratory, SVALA sends out a
notification by e-mail. In this way, it can be guaranteed that the results match the current survey.

B1.1.4 Positioning

RFID tags are used to automatically position the location where measurement or sampling occurred.
No manual registration is needed to provide a valid position in the facility during measurement or sampling.
Since a large radiological survey often includes thousands of positions for measurement and sampling,
it is easy to confuse positions if manual registration is required. Positioning by means of RFID tags
increases the quality of the efforts and reduces the work time and thereby the costs.

B1.15 QA

Quality assurance of the activities during radiological survey or clearance measurement is determined
to a great extent by the QA system that is in place and applied in the project. The efforts, both measure-
ment and sampling as well as further data processing and evaluation, should be controlled by instructions
in order to define the work clearly and make it possible for others to repeat.

All involved roles and their responsibilities need to be similarly defined and described as a part of the
project.

All documentation within the project should live up to the company’s internal review and other
requirements.

Ensure that all equipment is calibrated before the project starts.
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Figure B-4. Equipment to document where sampling takes place in the facility.

B1.2 Practical implementation

In order to practically implement radiological survey and clearance measurement, the following is
required:

A first survey report with initial risk categorisation of all rooms.
Inventory of all buildings and rooms.
Buildings and rooms are emptied of loose equipment.

Initial measurement and sampling programme for each assessed risk level:
— How much must be measured and sampled?

— What should be measured and sampled?

— How should it be measured and sampled?

— Is the statistical evaluation prepared?

Inventory objects transferred to the database survey tree:

— At the same time, upload photos from each room or object so that they are accessible from the
survey tree.

Measurement and sampling equipment that is tested for the task:
— Sufficient integration time at measurement.
— Sufficiently low MDA for measurement equipment.

Approved nuclide vectors for the facility concerned.

Clearance levels transferred to the current measurement and sampling equipment.
Database tested for the task.

Instructions for all relevant parts.

Trained personnel for measurement and sampling, database management, evaluation and reporting.
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» Dedicated work force for the different roles:
— Measurer.
— Reviewer.
— Approver.
— Administrator.
— Evaluation of the results.
— Writing of reports.
— Material from authorities.
— Redundancy for the different roles.

» RFID tags are placed in the facility in conjunction with measurement or sampling, or in advance
if possible.

* A realistic timetable.

For clearance measurement it is also required that levels are calculated for which actions are required,
taking into account the statistical uncertainty. These levels need to be available during clearance
measurement, so that measurement personnel can react directly when clearance measurements are
conducted.

There may be a need to conduct several measurements on the same object in order to get an idea
of the spread in data, and to compare different equipment/measurement teams. A certain amount
of repeated targeted measurements and some repeated random measurements may be needed. The
extent of the repeated targeted and random measurements may be in the order of 1-3 % each.

B1.2.1 Measurements

Measurements need to be carried out both indoors and outdoors during both radiological survey and
clearance measurement. With Canberra Colibri, two different types of measurements are prepared:
1. Scannig measurements with one (or more) large scintillation detectors (DP8):

» Used for the vast majority of floor surfaces and wall surfaces up to 2m during radiological
survey, in order to get a radiological overview of the state of the facility.

* A RFID tag is placed on each surface area that will be measured.

* The measurement is performed with Canberra Colibri and with one to eight DP8-probes
connected in parallel.

» The DP8-probes are scanned over the measured surface in a pattern and at a rate controlled
by instructions.

* Measurement files are transferred to SVALA daily and are continuously evaluated.
* Mean value calculation is carried out in SVALA, which also saves the maximum value.
» Elevated activity is marked to possibly be measured in more detail as a delineated square.
* Figure B-5 shows a simple measurement device with two DP8-probes installed.

2. The entire surface of a delineated square is measured with an alpha-beta scintillation detector
(Canberra SAB-100) and longer integration time for each measurement (for example 20 s):

* Altogether, 32 measurements are required to cover the square, which gives 32 alpha and
32 beta values.

» This type of measurement can be used when more accurate measurement of individual areas
is needed.

* A RFID tag is placed in the square.

* Mean value calculation for the square is carried out in SVALA, which also saves the maximum
value.

» Figure B-6 shows what a square may look like.
» Figure B-7 shows the results in SVALA from measurement of a square.

At the same time as measurement takes place with scintillation detectors, Canberra Colibri also
measures dose rates.
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Figure B-5. Measurement device with room for two DPS scintillation detectors installed for scanning
measurement of floor surfaces. Measurement data from both probes are collected in a Colibri measurement
data file.

Figure B-6. Square for more accurate measurement with the scintillation detector Canberra SAB 100.
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Figure B-7. Measurement data for the blue-marked square are shown in the right window.

B1.2.2 Sampling

Sampling needs to be carried out both indoors and outdoors during both radiological survey and
clearance measurement. Several types of sampling are described in the instructions and SVALA is
prepared to both record the samples and receive result files from evaluation. Current sampling types are:

* material samples,

+ drilling samples,

* drill core samples,

* water samples.

B1.2.3 Scalability

There may be a difference of a factor of hundred between the number of measurements and samples
for radiological survey compared with clearance measurement, which needs to be taken into account.
Primarily, the time required to carry out all measurements and take all samples is affected. Some
time can be saved by using already established methods (equipment, database, evaluation).

B1.3

Experience feedback

Although the R2 decommissioning project is ongoing and radiological survey is not yet completed,
an experience feedback can, nevertheless, be made for efforts completed so far.

B1.3.1 Development of systems

The version of SVALA for radiological survey used by the R2 decommissioning project is a develop-
ment of the version that was used for radiological survey in Ranstad 2009—2010. The evaluation
after Ranstad radiological survey showed that SVALA worked well for receiving large amounts of
data from equipment but that some functionality was missing. The absence of a positioning system
was noted, and better possibility to search for samples and measurements was also required.
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The SVALA functionality and the positioning system in itself took half a year to develop (from start
to delivery), but the longest time was spent on trying to get one of the major equipment manufacturers
to integrate support for the RFID industry standard selected (there are three RFID standards). The
equipment manufacturer needed more than a year to implement RFID support for the equipment that
was included in the positioning system.

B1.3.2 Life of data

By having quality assured data already from radiological survey, the life of these data can be prolonged
and permit savings later in the project. A common approach in previous projects has been that radio-
logical survey data are not used for anything else than radiological survey, and thereby the life of
data was short.

B1.3.3 Competence and resources for data processing

Stricter processing of data, and a more instruction-controlled implementation of radiological survey
entails a longer starting distance for the project. More training and some innovative approaches are
required in particular as personnel with different experiences meet in a new way of working.

The experience so far is nevertheless that all those involved strive for the same goals and help each
other to obtain a system and a management that work in reality. One goal in itself has been to reduce
the number of manual registrations that need to be made during radiological survey to a minimum,
previous experience shows that there will be incorrect registrations in a small part, and that it can be
difficult to know which part this is, which can in itself reduce the credibility of the procedure and
results.

Bl.34 QA

The experience so far in the R2 decommissioning project is that the increased ambition in terms of
quality assurance will pay off in the long term, although the start-up time is longer compared with
radiological survey in previous projects. It is also decided that systems developed for the R2 decom-
missioning project will be used by SVAFO for other future projects. Thereby, a greater synergy effect
can be obtained since personnel and procedures are already familiar with the existing systems.
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Appendix C

Information management and software support
C1 Information management and software support

This appendix describes information management and software support for radiological survey and
clearance measurement.

C11 Information chain

Many software applications need to exchange information in a larger project and in a company. The
data collected and processed in radiological survey and clearance measurement will be needed in other
contexts, both within and outside of the project and company. It is therefore important that the software
for radiological survey and clearance measurement both can collect data from other systems and submit
information to other systems, this often needs to take place on short notice to get the current status.

C1.2  Quality in each step

In the entire information chain, it is important that the information has the right quality in each step.
The right quality does not only entail that the data are quality assured, but also that those who evaluate
and interpret information have the right knowledge and make the correct interpretation, and that data
are presented and reported correctly.

Quality in each step needs to permeate the control programme for radiological survey and clearance
measurement.

C1.3 Integrated information management

In order to get an information chain with quality in each step, integrated information management
is required. Information gathered in a system should not need to be manually transferred to another
system, the systems used should be able to import and export information to a reasonable extent.
In practice, it turns out that the same information is often needed in several systems.

cC1.4 Examples from reality

Figure C-1 shows an example from Studsvik of how integrated information management is used.

A large quantity of data are needed in SVALA for waste management projects, such as transport and
waste information. For decommissioning project, the corresponding radiological survey information is
needed. From SVALA information needs to be exported within the project and as a basis for reports to
authorities.

C1.5 Experience from previous projects

The experience from previous projects regarding integrated information management for decommis-
sioning projects is rather limited in Sweden. Fairly recently completed decommissioning projects
include ACL in Studsvik and the Ranstad plant.

The ACL project started to use a database for measurement and sampling data during the course of
the project, but did not consider the issue from the beginning.

For decommissioning in Ranstad, different actors have participated through the years, with different
approaches to and different focus on how integrated information management is best performed.

The decommissioning of the Studsvik R2 reactor is under way and decommissioning in Barsebéck is
being prepared. In these projects, integrated information management has come furthest, but there is
more to be done in order to obtain optimal information management during decommissioning.
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Figur C-1. Information from radiological survey and clearance measurement needs to be integrated in
several other systems. Where large quantities of information need to be moved between different databases,
this is preferably done with XML standards.

From the experience abroad, two examples can be mentioned:

1. ENRESA has for the decommissioning of NPP José Cabrera integrated information management
fairly far, and has had a pronounced goal to quality-assure the information during the project
[ICEM2013-96227].

2. SCK-CEN has for the decommissioning of NPP BP3 and the fuel factory Belgo Nucleaire
developed an information management similar to SVALA in order to achieve good traceability
for the waste from the projects. See further [ICEM2013-96317].
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Appendix D

Survey and clearance measurement in a hypothetical facility

This appendix describes the extent of a radiological survey and clearance measurement in
a hypothetical facility.

D1 The facility

The facility was used for radiological activities during many years, but is now taken out of service
and will be demolished after clearance. When the facility was taken out of service, it contained
rooms from all risk categories, from extremely small risk of contamination to not subject to clearance,
see Table D-1, where a risk category has been assigned to each room based on the conducted activities.
There is no land belonging to the facility, all operation has occurred indoors. The total floor area in
the facility is about 2,500 m*, of which about 70 m? are non-controlled areas.

D1.1 Facility description

The building was constructed in the 1960s with an extension that connects directly to the house on the
western side (another nuclear facility on the same site), and has housed activities involving handling
of irradiated samples. Some of the rooms were used as offices and conference rooms. The building is
constructed in four floors (about 31 x20 m per floor) and primarily included the following rooms:

» At the basement floor: Workshop, with some machinery, active laboratory, isotope laboratory, sample
bank and culverts for active sewerage, in addition rooms such as heating central and switchgear.

» At the ground floor: Rooms for lead cells, storerooms for transport protection, storage and offices.
» At the upper floor: Offices and activation laboratories.

» At the attic floor: Fans and filters for active ventilation and fans for the pneumatic tube conveyor
system, as well as areas for placement of waste.

» Entrance, corridors and changing rooms are used jointly for the operating companies.

D1.2 Activity description

At the facility, handling of different substances before and after irradiation was performed. Preparations

prior to and handling after irradiation of isotopes was carried out. The isotopes were then placed in

transport protection. Handling in the cells and gloveboxes has been a part of the daily activities.

Systems in the facility are:

» Active ventilation system.

» Active sewerage system.

*  Power supply.

» System for isotope activities.

» There is a pneumatic tube conveyor system, approximately 100 m long, which connects the
irradiation location and the receiving cell in the building.

General supply systems are:

* Ventilation system.

* Sewerage system.

* Heating system.

* Deionised water system.

* Pure water system/city water system.

* Cooling water system (freshwater).

*  Compressed air system.

* Electrical systems.
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D1.3 Events at the facility and systems associated with the building
The rooms in the building that have been used for the activities are expected to have a relatively high
degree of contamination in relation to the mean value of the Swedish nuclear facilities.

Flooding has occurred in the basement, as well as small pipe leakage.

Insofar as there is historical contamination, it stems from previous activities and there are surfaces in
the floor that contain contamination but were painted over during previous renovations.

In the basement workshop, various materials were processed. There is, however, some risk that Co-60,
now painted over, is left in the walls.

The ventilation system can be feared to be contaminated, since some breakthrough through the filters
from each installation may have arisen through many years of use.

The pneumatic tube conveyor system that connects a location in the reactor and the receiving cell at the
facility is feared to be highly contaminated on the inside.

In some areas there might be contamination in the floor’s surface layer. The floor surface was under
frequent maintenance and can therefore hide contamination via repeated epoxy layers.

The risk of hot spots in the facility are small except in used cells, where /ot spots occur.

D2 Radiological survey and clearance measurement

The strategy for the radiological survey follows the description in Chapter 4 and 7 of the report. The focus is on
work according to DQO. Radiological survey will result in a division of the facility into homogeneous packages.
Parts that are homogeneous with respect to risk category, nuclide vector, contamination occurrence and degree
of contamination. The strategy for clearance measurement follows the description in Chapter 7 of the report.

D2.1 Division into risk categories

The following division into risk categories is made for the different rooms in the facility:

Table D-1. The facility’s rooms per risk category.

Risk category Number of rooms Approximate floor surface/m?
Extremely small risk of contamination 2 70
Small risk of contamination 3 100
Risk of contamination 23 790
Contamination above the clearance limit 36 1230
Not subject to clearance 9 310

D2.2 Measurement and sampling

The type of measurement and sampling that is intended to be carried out during radiological survey and
clearance measurement is shown in Table D-2. The measurements consist of count rate and dose rate
measurements, as well as measurements with ISOCS. Sampling consists of smear samples, material samples,
drilling samples (gives a powder as a sample) and drill core samples (gives a drill core as a sample).

A large part of the measurements and sampling during radiological survey are targeted systematic efforts based
on the facility’s history. The random radiological survey measurements are mainly count rate measurements in
grids on the floor and walls. During clearance measurement the measurements are systematic and comprehensive.

If radiological survey measurements are conducted randomly after stratification, the measurements can
also be used for clearance if no remedial action is needed. This means that not as many measurements are
needed for clearance measurement. This possibility is not included below.

The extent of the measurements and sampling is shown in Table D-3. The total number of samples or
measurements for each row in the table is the sum of Number per Room and Number per Object multi-
plied by Number of objects.
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Table D-2. Sampling and measurement during radiological survey and clearance measurement.

Risk category

Phase

Sample/measurement

Where

Comment

Extremely small risk

Radiological survey
Clearance measurement

EA
EA

Small risk Radiological survey Smear sample The room’s most loaded surface Assume floor
Radiological survey Smear sample Surfaces nearest the categorised zone Assume floor + two walls
Radiological survey Count rate Random samples at the room’s most loaded surface Assume floor
Radiological survey Count rate The room’s general level Background value. Assume middle of floor
Clearance measurement Count rate Random samples at the room’s most loaded surface Assume floor in empty room
Clearance measurement Smear sample As for radiological survey Assume floor in empty room
Risk Radiological survey Smear sample Combined sample for all inlet channel ventilation

Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Clearance measurement*
Clearance measurement®
Clearance measurement*

Smear sample
Smear sample
Smear sample
Count rate
Material sample
Material sample
Dose rate
ISOCS

Count rate
Smear sample
Material sample

Outlet channel ventilation

The room’s most loaded surface

Surfaces nearest the categorised zone

Grid with a combined measurement (e.g. 20 s) per m?
Combined sample on the room’s most loaded surfaces
One smear sample per sewer

The room’s general level

In representative rooms to determine nuclide vector
Slow scanning measurement over the entire surface (all m? )
As for radiological survey

One smear sample per sewer

Assume floor

Assume floor + two walls

Assume floor + two m up on the walls
Assume floor

Assume middle of floor

Floor + walls up to 2 m. Use op. limit value cps

Contamination above the
clearance limit

Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Clearance measurement

Material sample
Material sample
Material sample
Smear sample
Smear sample
Material sample
Count rate
Dose rate
Count rate
Dose rate
ISOCS

EA

Sludge from tanks and containers in room

Targeted actions

One smear sample per sewer

Combined sample for all inlet channel ventilation
Outlet channel ventilation

Drilling sample if deep contamination is suspected
Random samples at the room’s most loaded surface
The room’s general level

On systems and equipment in the room

On systems and equipment in the room

In representative rooms to determine nuclide vector

Add manually if necessary
Assume floor + two m up on the walls
Assume middle of floor

No sampling or measurements will be performed

Not subject to clearance

Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Radiological survey
Clearance measurement

Material sample
Material sample
Material sample
Smear sample
Smear sample
Material sample
Count rate
Dose rate
Count rate
Dose rate

EA

Sludge from tanks and containers in room

Targeted actions

One smear sample per sewer

Combined sample for all inlet channel ventilation

Outlet channel ventilation

Drill core sample for deep contamination and induced activity
Random samples at the room’s most loaded surface

The room’s general level

On systems and equipment in the room

On systems and equipment in the room

Add manually if necessary
Assume floor
Assume middle of floor

No sampling or measurements will be performed

* Also for areas where remedial action has been taken from the initial risk categories Contamination above the clearance limit and Not Subject to clearance.
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Table D-3 . Measurement and sampling extent for radiological survey and clearance measurement.

Risk category Phase Sample/ Where Number/ | Number/ | Number Comment
measurement Room Object of objects
Extremely Radiological survey EA
small risk Clearance measurement EA
Small risk Radiological survey Smear sample The room’s most loaded surface 1 3 Assume floor
Radiological survey Smear sample Surfaces nearest the categorised zone 3 3 Assume floor + two walls
Radiological survey Count rate Random samples at the room’s most loaded surface 1 3 Assume floor
Radiological survey Count rate The room’s general level 20 3 Background value. Assume middle
of floor
Clearance measurement Count rate Random samples at the room’s most loaded surface 20 3 Assume floor in empty room
Clearance measurement Smear sample As for radiological survey 3 3 Assume floor in empty room
Risk Radiological survey Smear sample Combined sample for all inlet channel ventilation 1 23
Radiological survey Smear sample Outlet channel ventilation 1 23
Radiological survey Smear sample The room’s most loaded surface 1 23 Assume floor
Radiological survey Smear sample Surfaces nearest the categorised zone 3 23 Assume floor + two walls
Radiological survey Count rate Grid with a combined measurement (e.g. 20 s) per m? 1 1185 Aslslume floor + approx. 2 m up on the
walls
Radiological survey Material sample Combined sample on the room’s most loaded 1 23 Assume floor
surfaces
Radiological survey Material sample One smear sample per sewer 1 23
Radiological survey Dose rate The room’s general level 20 23 Assume middle of floor
Radiological survey ISOCS In representative rooms to determine nuclide vector 0.5 23
Clearance measurement Count rate Slow scanning measurement over the entire surface 20 1185 Floor + walls up to approx. 2 m. Use
(each m?) op.limit cps
Clearance measurement Smear sample As for radiological survey 5 1 23
Clearance measurement Material sample One smear sample per sewer 1 23
Clearance measurement* Count rate Slow scanning measurement over the entire surface 20 1845 Floor + walls up to approx. 2 m. Use
(each m?) op.limit cps
Clearance measurement* Smear sample As for radiological survey 5 1 36
Clearance measurement* Material sample One smear sample per sewer 1 36
Clearance measurement** | Count rate Slow scanning measurement over the entire surface 20 465 Floor + walls up to approx. 2 m. Use
(each m?) op.limit cps
Clearance measurement* | Smear sample As for radiological survey 5 1 9
Clearance measurement** | Material sample One smear sample per sewer 1 9
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Risk category Phase Sample/ Where Number/ | Number/ | Number Comment
measurement Room Object of objects
Contamination Radiological survey Material sample Sludge from tanks and containers in room 1 36
above the i Radiological survey Material sample Targeted actions 1 36
clearance limit
Radiological survey Material sample One smear sample per sewer 1 36
Radiological survey Smear sample Combined sample for all inlet channel ventilation 1 36
Radiological survey Smear sample Outlet channel ventilation 1 36
Radiological survey Material sample Drilling sample if deep contamination is suspected 1 36 Add manually if necessary
Radiological survey Count rate Random samples at the room’s most loaded surface 20 36 Assume floor + two m up on the walls
Radiological survey Dose rate The room’s general level 20 36 Assume middle of floor
Radiological survey Count rate On systems and equipment in the room 3 1 36
Radiological survey Dose rate On systems and equipment in the room 3 1 36
Radiological survey ISOCS In representative rooms to determine nuclide vector 0.5 36
Clearance measurement EA No sampling or measurements will be
carried out until remedial action has
been taken in the room, so that it can
satisfy the criteria for one of the lower
categories.
Not subject to Radiological survey Material sample Sludge from tanks and containers in room 1 9
clearance Radiological survey Material sample Targeted actions 1 9
Radiological survey Material sample One smear sample per sewer 1 9
Radiological survey Smear sample Combined sample for all inlet channel ventilation 1 9
Radiological survey Smear sample Outlet channel ventilation 1 9
Radiological survey Material sample Drill core sample for deep contamination and 1 9 Add manually if necessary
induced activity
Radiological survey Count rate Random samples at the room’s most loaded surface 20 9 Assume floor
Radiological survey Dose rate The room’s general level 20 9 Assume middle of floor
Radiological survey Count rate On systems and equipment in the room 3 1 9
Radiological survey Dose rate On systems and equipment in the room 3 1 9
Clearance measurement EA No sampling or measurements will

be carried out until remedial action
has been taken in the room, so that
it can satisfy the criteria for one of
the lower categories.

*) Cleaned areas with the initial risk category Contamination above the clearance limit.

**) Cleaned areas with the initial risk category Not subject to clearance.



The total amount of measurements and sampling is shown in Table D-4.

It can be concluded from Table D-4 that the amount of measurements during clearance measurement
is about a factor of 17 more than during radiological survey.

Table D-4. Total quantity of measurements and sampling during radiological survey and

clearance measurement.

Risk category Phase Number of Number of
samples measurements
Extremely small risk Radiological survey 0 0
Clearance measurement 0 0
Small risk Radiological survey 12 63
Clearance measurement 9 60
Risk Radiological survey 184 1,657
Clearance measurement 161 23,700
Clearance measurement* 252 36,900
Clearance measurement** 63 9,300
Above the clearance limit Radiological survey 216 1,746
Clearance measurement*** 0 0
Not subject to clearance Radiological survey 54 432
Clearance measurement*** 0 0
Total: Radiological survey 466 3,898
Clearance measurement 485 69,960

*) Cleaned areas with the initial risk category Above the clearance limit.
**) Cleaned areas with the initial risk category Not subject to clearance.
***) Remedial action must first be carried out down to a lower category.

D2.3 Evaluation of results

Evaluation of results is done by comparing the results (systematic and random) with stipulated
clearance levels for buildings and rooms (SSMFS 2011:2).

For the random measurements, special consideration must be given to statistical evaluation to ensure
that the uncertainty in the estimate is acceptable.

D2.4 Nuclide vectors

Facility-specific nuclide vectors are determined by means of a combination of ISOCS measurements
and laboratory analyses of material samples (for alpha- and beta-emitting nuclides) during radiological

survey. Mass spectrum analysis may also be necessary.

D2.5 Information management

All information from measurements and sampling is saved in a database intended for radiological

survey and clearance measurement, see Appendix B.
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D2.6 Staffing and timetable

Staffing and calender time for radiological survey and clearance measurement has been assessed

according to Table D-5. In total, radiological survey is judged to require an effort of 13 person-

months during just below one year of calender time. Clearance measurement is judged to require

an effort of 19 person-months during just below one year of calender time. It is assumed that more

time-efficient measurements can be carried out during clearance measurement, for example with

more probes at the same time for one operator.

Table D-5. Estimated staffing and calender time for radiological survey and clearance

measurement.
Phase Step Staffing Calender time
(number) (months)
Radiological Inventory and risk categorisation 2 2
survey Set up the database 1 1
Planning report radiological survey 2 1
Prepare measurements and sampling (mark up in the facility) 2 1
Carry out measurements and sampling 2 1
Evaluation of results 1 1
Results report radiological survey 1 1
Clearance Supporting material to control programme for clearance 2 2
measurement  pronare measurements and sampling 1 1
Carry out measurements and sampling 3 4
Evaluation of results 1 1
Results report clearance measurement 1 1

SKB R-17-05
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Appendix E

Statistical example
E1 Introduction

This appendix describes an example of statistical analysis of a hypothetical clearance measurement
for a surface-contaminated object. In the example it is assumed that clearance measurements have
been conducted with scintillation equipment, calibrated with respect to total activity through pairwise
measurements with a scintillation detector and gamma spectroscopy and a representative nuclide
vector determined from analysis of occurring nuclides in a number of material samples.

E2 Determination of parameters
E2.1 Detector efficiency

Detector efficiency (y,) has been determined by calibration against gamma spectroscopy measurements
in 8 measurement points according to Table E-1.

By plotting quantiles in data, and log-transformed data against standard normal quantiles (Figure E-1),
it can be concluded that the log-normal distribution appears to be the better model for describing
the uncertainty in data, which can also be seen in calculated p-values for a normal distribution test
(Table E-1).

Table E-1 . Determination of scintillation efficiency (yp) for 8 independent measurements
(p-value refers to Lillliefors normal distribution test).

Measurement Yo cps/kBq In yp
1 1.21 0.19
2 0.83 -0.19
3 2.71 1.00
4 1.40 0.34
5 1.68 0.52
6 1.87 0.63
7 3.88 1.36
8 1.91 0.65
Mean 1.94 0.56
Standard deviation 0.96 0.48
p-value (Lilliefors test) 0.11 0.64
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Figure E-1. Quantile plots with respect to normal and log-normal distribution for scintillation efficiency.
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E2.2 Nuclide vector

The nuclide composition has been determined from 9 material samples. For nuclides that could not
be detected, conservative calculated values have been adopted (see Chapter 6 and Appendix 3 in
the Clearance Manual (SKB 2011)). From these measurements, 9 values for the clearance constant
b have been determined (Table E-2). The quantile plot (Figure E-2) and the normal distribution test
show that it is reasonable to assume a normal model.

Table E-2. Determination of the clearance constant from the nuclide composition in 8 material
samples.

Measurement b Bg/m?
1 0.0224
2 0.0195
3 0.0180
4 0.0202
5 0.0190
6 0.0142
7 0.0208
8 0.0165
9 0.0246
Mean 0.0195
Standard deviation 0.0031
p-value (Lilliefors test) 0.98
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Figure E-2. Quantile plot with respect to a normal distribution for the clearance constant.
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E2.3 Net count rate

The net count rate (7y) has been calculated through pairwise measurements in 20 measurement points
(Table E-3). The quantile plots (Figure E-3) show that the normal model deviates from the data for
low and high values. Therefore the log-normal model is used for analysis of the object’s activity level.

Table E-3 . Measured net count rate (pN ) for 20 independent measurements.

Measurement pN m?/cps In pN
1 8.8 22
2 12.1 25
3 8.4 21
4 0.9 -0.1
5 4.2 1.4
6 1.3 0.3
7 10.3 2.3
8 1.2 0.2
9 23 0.8
10 43 1.5
1 6.7 1.9
12 25.0 3.2
13 4.2 1.4
14 8.9 22
15 24 0.9
16 6.9 1.9
17 2.0 0.7
18 6.3 1.8
19 11.6 25
20 1.0 0.0
Mean (rN) 6.44 1.49
Standard deviation 5.55 0.92
p-value (Lilliefors test) 0.16 0.30
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Figure E-3. Quantile plots with respect to normal and log-normal distribution for measured net count rate.
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E3 Statistical analysis of clearance measurements
E3.1 Uncertainty in measured values

From the measured total and background count rate (pr and pj), the uncertainty in each individual
measurement can be determined

9 Ps | Pt

megta
The standard deviation for the sum s; in each individual measurement point can then be estimated
according to

b\ 2
st = (ypb)?s}, + (pL> sg, + (M) st
ny ny

Where n, and n, are the number of measurements in determination of y, and b. s, and s, is taken
from the estimated standard deviation in Table E-1 and Table E-4. Table E-4 presents the calculated
sum, standard deviation and the upper limit for a confidence interval for the sum of measured values.
The sum is below 1 in all measurement points, but in one case (no 12) the upper limit exceeds the
condition for clearance. Remedial action should be considered for this measurement point and a study
should be made of how measured count rates are distributed over the object, to see if there is a
delineated area with elevated net count rate.

Table E-4. Calculated sum (/) for measured net count rate including assessment of uncertainty.

Measurement Sum S i +1645s;
1 0.33 0.03 0.38
2 0.46 0.04 0.51
3 0.32 0.02 0.35
4 0.03 0.01 0.05
5 0.16 0.01 0.18
6 0.05 0.01 0.06
7 0.39 0.03 0.44
8 0.05 0.01 0.06
9 0.09 0.01 0.10
10 0.16 0.01 0.18
1 0.25 0.02 0.28
12 0.94 0.10 1.10
13 0.16 0.01 0.18
14 0.34 0.03 0.38
15 0.09 0.01 0.1
16 0.26 0.02 0.29
17 0.08 0.01 0.09
18 0.24 0.02 0.27
19 0.44 0.03 0.49
20 0.04 0.01 0.05

E3.2 Activity level for the object

Based on determination of scintillation efficiency and clearance constant and measured net count rates,
estimates of the mean value and standard deviation have been determined for all parameters that are
needed for calculation of the sum. The uncertainty distribution (L) for the sum’s mean value and the
sum in conjunction with a new (hypothetical) measurement of net count rate can then be determined by
simulation (Figure E-4 and Figure E-5). From the simulations, a 95 % limit for these parameters can be
estimated (UCL95 and P95 in Table E-4) by calculating the value that is only exceeded by 5 % of the
simulated values. An upper limit for these estimates can be determined by first calculating

0,95 - (1 — 0,95)

p = 0,95+ 1,645- o6

=~ 0,9504

and then finding the value that is only exceeded by (1-p) - 100 %) of all simulated values.
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Figure E-4. Uncertainty distribution (L) and cumulative uncertainty distribution (Lcdf) for the mean value

of the sum. The distribution has been calculated by simulation (10° simulations).
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Figure E-5. Uncertainty distribution (L) and cumulative uncertainty distribution (Lcdf) for the sum of a

new (hypothetical) measurement of net count rate (10° simulations).

Cumulative credibility

From the simulation of a new measurement, it is also possible to calculate the percentile corresponding

to the sum

1 (P(i=1) in Table E-4).

The results of the calculations show that the object can be cleared (despite slightly elevated net count
rate in measurement point no. 12), since a new measurement of net count rate would most likely not
result in a sum larger than 1 (see Section 8.1.2 in the main report).

Table E-5 . Calculated limit values for the sum’s mean value and the sum for a new measurement
of net count rate. The upper limit corresponds to the upper limit in a 95 % confidence interval for
simulated data. P(i=1) is the percentile corresponding to sum = 1.

Limit Upper limit
UCL95 0.527 0.528
P95 0.938 0.941
P(i=1) 0.954 0.954
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E3.3 Distribution of activity and occurrence of anomalies

The risk for occurrence of one or more points with elevated activity (anomaly) follows a beta
distribution (beta (1.21)) for an object with 20 measured net count rates. This makes it possibly to
say with 95 % safety that the probability of anomalies is less than 13 % and with 66 % credibility
the probability is less than 5 %. By also considering the object’s total area, risk category and any
scanning (comprehensive) measurements from the radiological survey, it should be possible to argue
for why this risk level is acceptable.



Appendix F

Clearance levels for the sorting plant in Ranstad
F1 The sorting plant in Ranstad — an illustrative example

In the Ranstad plant, uranium was leached from alum shale, during the years 1965-1968, with the
purpose of supporting domestic nuclear fuel production for the Swedish nuclear power programme.
During subsequent years other activities continued, including leaching of low- and intermediate-level
waste from manufacturing of nuclear fuel. Ranstad is a nuclear facility and follows the regulations
for these. The facility consists of a number of buildings and large quantities of objects, leaching
residues, gravel, electrical components and combustible materials. Both clearance and conditional
clearance needs to be applied to manage the various materials that arise during dismantling and
demolition of the facility. Decommissioning of the facility is carried out in stages and here, decom-
missioning of the sorting plant has been chosen to illustrate a detailed example, since it was recently
finished. The description is based on the dispersion and dose calculations (Kemakta 2012), which
were a part of the application for conditional clearance.

Since there were different kinds of radioactive material, it was important to describe each material
with respect to concentration and leachability for the most important radionuclides and their tendency
to form dust. There was also different options for disposal of the radioactive material. The different
disposal options were studied, including possible sites for final disposal. Thereafter, it was possible
to evaluate different combinations of radioactive material and disposal option to determine the optimal
solution. The evaluation was carried out based on calculations for the selected scenarios.

F2 Selection of scenarios

The selection of scenarios was made based on the scenarios presented in the literature (in particular
IAEA 2005). For exposure to the public, a scenario with dispersion to a self-sufficient household
was chosen. The exposure pathways included were: well or surface water recipient used as drinking
water, surface water recipient used for fishing, land that is irrigated with water from a well or surface
water recipient and land used for farming of crops. Humans ingest food in the form of self-produced
root crops and vegetables, milk and meat and are exposed to the irrigated soil through dust and direct
ingestion of soil. The cattle eats self-produced fodder and drinks water from the well or surface water
recipient. Since this scenario includes many exposure pathways, it is deemed to be bounding for
whether the obtained dose is acceptable.

In addition to this possible scenario, two scenarios for future intrusion was chosen, since also con-
ditional clearance entails that knowledge of the presence of radioactive material on the site is not
ensured. In one intrusion scenario it is assumed that someone settles on the site, and in the other it is
assumed that construction workers are exposed during road construction on the site. For the scenario
with residents at the landfill, external dose is considered, dose through dust and direct ingestion of soil
as well as cultivation of root crops and vegetables in soil that has been contaminated through mixture
with underlying radioactive material. For construction workers, external dose and dose through
inhalation of dust are considered.

F3 Choice of input data

The choice of input data was made so that the values were as representative/realistic as possible,
but nevertheless with reasonable caution. Table F-1 reviews all different types of input data with
comments on how the selection of parameter values has been made.
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Tabell F-1. Compilation of input data for Ranstad with comments on how they were selected.

Type of data

Comment on the choice of parameter values

Materials and radionuclides

All scenarios — Radionuclide-specific measurements were made on different types
of radioactive material prior to dismantling. Based on the measurements, it was
determined which radionuclides needed to be included in the calculations. The
weight of materials of various types was determined. The radionuclide’s gamma
energy and internal dose factors were obtained from publicly available data. The dust
was assumed to have the same concentration of radionuclides as the solid material.

External exposure

The public — Radionuclide concentration in soil is calculated through dispersion
calculations. Exposure from contaminated soil is judged to occur most of the time
spent outdoors. With regard to seasonal variations, the chosen exposure time is in
average about seven hours per day. The geometry for exposure is an “infinite surface”
(EC 1993). No external shielding was considered.

Residents — Radionuclide concentration in soil is calculated for a dilution with topsoil,
where the radioactive material comprise 3 % (EC 1999). Exposure time and exposure
geometry are the same as for the self-sufficiency scenario for the public.

Construction workers — The work with building a road through the area with radioactive
material is expected to continue for 100 hours (IAEA 2003). The geometry for exposure
was chosen as 1/3 of the exposure from an infinite surface. No external shielding was
considered.

Internal exposure

The public — Radionuclide concentration in soil is calculated through dispersion
calculations. Publicly available data are used for age-dependent inadvertent ingestion
of soil, dust concentration in air and for age-dependent inhalation rates. The exposure
time for inhalation of dust is assumed to be the same as the exposure time for external
exposure, i.e. most of the time spent outdoors.

Residents — Radionuclide concentration in soil is calculated for a dilution with topsail,
where the radioactive material comprise 3 % (EC 1999). Other data are the same as
for the self-sufficiency scenario for the public.

Construction workers — During the entire time of construction work, 100 hours, the
dust concentration has been selected based on publicly available measurement data
of the concentration in the cab in machines working in dusty environments.

Dispersion of radionuclides
with water

The public — Leaching data were determined for important radionuclides on samples
of different types of material. In addition to ordinary two stage batch tests, three stage
batch tests and pH-stat tests were performed. Publicly available data were used for
calculation of retardation in the groundwater zone, for example sorption data (K, values).
Site-specific data were used for surfaces with radioactive material, infiltration (reasonable
assessment based on precipitation, properties of superimposed materials and vegetation),
distance to the well and surface water recipient (reasonable assessment based on
maps), hydraulic gradient (topography and measurements in groundwater pipes),
hydraulic conductivity (material samples from the area), groundwater zone thickness
(measurements/maps), porosity and density. Measurement data for the flow in the
surface water recipient.

Residents — Not included in this scenario.
Construction workers — Not included in this scenario.

Dispersion in the food web

The public — Radionuclide concentration in the soil is calculated from assumed data on
cultivated area, irrigation rate (irrigation with water from well/surface water containing
radionuclides), cultivation depth, density, porosity, net precipitation, bioturbation’, sorption
data (K, values). Net infiltration has been assessed based on site-specific information
on precipitation, while other data have been chosen based on publicly available data.

Publicly available data regarding transfer between for example water—animals, soil-fodder,
fodder—meat/milk and water—fish. Publicly available data on animal consumption of
water and fodder.

Publicly available age-dependent data regarding normal Swedish consumption of water,
root crops and vegetables, milk, meat and fish (for example Karlsson and Aquilonius
2001).

Residents — Radionuclide concentration in soil is calculated for a dilution with topsail,
where the radioactive material comprise 3 % (EC 1999). Other data are the same as
for the self-sufficiency scenario for the public.

Construction workers — Not included in this scenario.

" Bioturbation is a collective name for fauna (animals) and flora (plants) mixing and transport of materials, fluids and gases.
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F4 Uncertainty analysis

Parameter values for calculation of dispersion and exposure have been chosen in order not to under-
estimate the dose that may arise in the future. For different reasons, there are uncertainties in chosen
assumptions and parameter values. In order to understand how they affect the calculated dose, a
number of variation cases have been conducted where one or in some cases several parameter values
have been changed. The variation cases give an understanding of the model’s sensitivity to different
assumptions and parameter values.

The variation cases studied the impact on dose consequence for altered parameter values regarding
for example inventory, leaching rate, leached fraction, infiltration through demolition waste, transport
distances and transport time and immobilisation at transport in the groundwater zone.

The calculations for the public shows that for all types of radioactive material, the maximum dose is
dominated by Ra-226 and its progeny, the dominant exposure pathway is consumption of drinking
water from a well and the most exposed age group is 12—17 years. For exposure through the nearest
surface water recipient, the dose is dominated by Ra-226 with its progeny from ingestion of fish.
The variation cases showed the greatest difference in the calculated doses for altered values of
immobilisation and distance and transport time to the well.

The calculated dose at intrusion is dominated by Ra-226 with its progeny for both residents and
construction workers. The dose for residents is dominated by the intake of root crops and vegetables
cultivated at the site (80 % of the total dose). For construction workers, the contribution from external
exposure is approximately 60 % and from inhalation of dust about 40 %.
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SKB is responsible for managing spent nuclear fuel and radioactive
waste produced by the Swedish nuclear power plants such that man
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