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Executive Summary

The Norwegian Government, through a Plan of Action implemented by the Ministry of Foreign
Affairs, is promoting improvements in radiation protection and nuclear safety in North-West Russia.
Some of this work is directed to the safe decommissioning of radioisotope thermoelectric generators
(RTGs), which are mainly used as electric power sources in remote navigation facilities (lighthouses).

At present, there are around 700 RTGs in use in the Russian Federation, about 30% of which have
been in use longer than the design operational lifetime. In addition, there have been several cases
where the responsible organisation has lost individual RTGs or where RTGs have been tampered with
by unauthorised persons. The RTGs represent a very high radiological hazard. They contain
radioactive sources with radioactivity levels of tens of thousands of curies, possibly up to 400 000 Ci,
or nearly 15 000 TBq, per RTG. Consequently, the government of the Russian Federation has decided
that all institutions owning RTGs must make a full inventory of them, take measures to increase their
physical protection and carry out the necessary work for their potential decommissioning and disposal.

The Federal Environmental, Industrial and Nuclear Supervision Service of Russia, Rostechnadzor,
identified a need for upgrading the regulatory framework for the safe decommissioning and disposal of
the RTGs, taking account of the magnitude of the problem and the high hazard associated with the
RTGs, the upcoming work on their decommissioning and disposal as well as the lack of experience in
this area. This regulatory project was established to address these issues, running in parallel with the
ongoing work to remove and safely store the RTGs.

Objective

The overall objective of the collaborative project was to upgrade the existing regulatory framework of
the Russian Federation for the safe decommissioning and disposal of RTGs, with a focus on the
following priority areas:

e Regulatory requirements and regulations;

o Threat/hazard assessment needed in the licensing of the activity and authorisations (permits)
for employees of the operating organisations;

e Supervision over the radiological safety;
e Supervision over emergency preparedness;
e Physical protection in RTG decommissioning; and

e Environmental impact assessment review for RTG dismantling, transportation, temporary
storage and disposal.

Project organisation

The Project Leaders were, on the Russian side, Vladimir Reka, Rostechnadzor, and on the Western
side, Malgorzata K. Sneve, NRPA, Norway.

The collaborative project had six tasks, based on the six priority areas listed above, and nine
deliverables were prepared under these tasks. This report describes the final results of the project.
Appendices A-F contain the nine deliverables, and the main text provides an overview of the main
issues identified through the various tasks and the project as a whole.



The hazard

The radiological hazard of interest to this project is the strontium-90 radioisotope heat sources (RHSs)
in the RTGs. The hazard is large: RHSs of the type used in RTGs have the potential to cause serious
health and environmental impacts if they are not kept under proper control. The purpose of the
industrial project is to eliminate the hazard (and hence the risks associated with it) by
decommissioning the RTGs and disposing of the RHSs. The processes needed to achieve this long-
term reduction in risk may temporarily increase some existing risks or introduce new ones. The
purpose of the regulatory project is to ensure that appropriate technical and regulatory measures are in
place to ensure that the risks at all stages of the decommissioning process are kept sufficiently low.

The primary hazard associated with RHSs is external radiation, and so is local to the RTGs. The
hazard is realised particularly in cases where:

o Untrained and unauthorised individuals come into contact with RTGs, whether or not the
shielding is initially undamaged; or

e The shielding has been damaged due to previous events, accidents or malicious events, and so
even fully trained and authorised personnel may be subject to high doses rates.

Dispersion of Sr-90 in the environment is possible only in the event of highly unlikely extreme
situations, such as:

e Long term immersion in water (probably accidentally, as a result of dropping into the sea
during transport by helicopter or sinking of a vessel carrying RTGs);

e Very severe impacts affecting the RHS itself (probably accidentally, for example by dropping
from a helicopter onto land or crushing by a vehicle);

e Very severe fire (probably accidental); or

e Explosion (probably intentional, for example as a ‘dirty bomb’).

Evidence of ‘leaking’ of Sr-90 in other circumstances is inconclusive. Apparent evidence of leakage of
Sr-90 — for example enhanced dose rates some distance from an RTG and radioactive contamination in
the surrounding area — may be the result of corrosion of depleted uranium (DU) shielding. The loss of
shielding may lead to dramatically increased dose rates from the intact RHS, and the crumbling DU
may contaminate surrounding soil. Nevertheless, these reported phenomena should be investigated
further.

Control of the hazard

Proper control of the hazard associated with RHSs during RTG decommissioning requires:

e Correct actions by operator, who is primarily responsible for safety and security, complying
with laws, regulations and regulatory guidance, but also using ‘ALARA’ approach; and

o Effective supervision of these actions by regulators.

Such proper control entails establishment and maintenance of:
e Radiation protection measures to control exposure in planned activities;
e Radiation safety measures to prevent accidents;
e Accounting and security measures to prevent misappropriation or malicious acts; and

e (Capability to detect and respond to failures in these measures, maintain whatever control is
possible in the short term and re-establish proper control as soon as practicable.

This in turn requires:



e Prior assessment of situations and proposed activities;

e Rigorous, documented planning of activities, taking account of the prior assessment;

e Use of properly qualified and trained people;

e Compliance with laws, regulations, and project specifications when performing activities;

¢ Ongoing review and improvement of work performance (including preventing future accidents
by learning lessons from accidents and near misses); and

e Regulatory supervision and inspection to ensure this is all done.

A detailed analysis has been carried out of these requirements and of the existing legislative,
regulatory and operational measures for all stages of RTG decommissioning. The analysis identified
nine key steps corresponding to optimisation of protection and safety of personnel and the public at
each stage in RTG decommissioning and nine key regulatory issues. The resulting 9-by-9 matrix of
tasks and issues was analysed to identify a number of priority areas for regulatory action. A number of
these priority issues have been taken into account in the various tasks of this project. The priority areas
were as follows:

e Systematic and timely definition of decommissioning plans and specification of
decommissioning projects, and regulatory approval of these;

e Thorough inspection prior to starting decommissioning operations, including operational
inspection of the RTG’s condition (as part of the basis for the decommissioning plan) and
regulatory inspection of the preparedness of the operator to carry out the decommissioning
work;

e Preventing and responding to accidents during the various types of transport;
e Physical protection of RTGs during transport;
e Safety and security of collections of RTGs at temporary storage locations; and

o Ensuring consistency in safety and security arrangements.

Future needs

Some priority issues identified through this analysis were not fully addressed during the current
project and may need to be considered for future work.

In general, however, the key need for the future in relation to the regulation of RTG decommissioning
is to achieve consistent practical implementation of the framework of regulations and processes
already in place and enhanced through this project, through all steps of decommissioning and for all
RTGs. Although there may be scope for further improvements in the framework, regulations and
procedures are now in place, and the operators and regulators need to be engaged in understanding
them and ensuring that they are applied. A significant element of future work will therefore be to raise
awareness among the regional inspectors of Rostechnadzor and the operators (and also among the
controlling organisations and organisations rendering services) of the regulations and procedures, the
reasons behind them, and the importance of applying them. This issue could be addressed, for
example, by means of educational workshops for regional inspectors of Rostechnadzor, and possibly
also for staff of the operators and organisations rendering services.
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1. Introduction

Background

The Norwegian Government, through a Plan of Action implemented by the Ministry of Foreign
Affairs, is promoting improvements in radiation protection and nuclear safety in North-West Russia.
Some of this work is directed to the safe decommissioning of radioisotope thermoelectric generators
(RTGs), which are mainly used as electric power sources in remote navigation facilities (lighthouses).

At present, there are around 700 RTGs in use in the Russian Federation, about 30% of which have
been in use longer than the design operational lifetime. In addition, there have been several cases
where the responsible organisation has lost individual RTGs or where RTGs have been tampered with
by unauthorised persons (usually with the apparent intent of stealing shielding materials, rather than to
use the RTGs themselves for non-sanctioned purposes). In particular, this has happened at military
facilities of the Ministry of Defence. The RTGs represent a very high radiological hazard. They
contain radioactive sources with radioactivity levels of tens of thousands of curies, possibly up to
400 000 Ci, or nearly 15 000 TBq, per RTG. Hence, according to IAEA', they should be classified as
“Category 17 radioactive sources, i.e. sources that could give exposures at levels that might lead to
death with after a relatively short period of exposure. Consequently, the government of the Russian
Federation has decided that all institutions owning RTGs must make a full inventory of them, take
measures to increase their physical protection and carry out the necessary work for their potential
decommissioning and disposal. Hence, there is an urgent objective to carry out an analysis and make
decisions regarding RTG future management as soon as possible.

Western assistance, specifically from Norway and U.S. have been given to support Russia in removal
and securing the radioactive sources in the RTGs. From the Norwegian side this project is headed by
the County Governor of Finnmark. As a first step in the work for decommissioning and disposal of
those RTGs that are located along the coasts of the White and Barents Seas, Norway has provided
funding to the All-Union Research Institute of Technical Physics and Automatics of the Russian
Federation (VNIITFA) to develop the justification of environmental safety for an industrial project
(also supported by Norwegian Government funding) on the decommissioning and disposal of these
RTGs. The draft justification document has been submitted to and reviewed by the Federal
Environmental, Industrial and Nuclear Supervision Service of Russia, Rostechnadzor, who concluded
that some important safety aspects have not been fully addressed, e.g. the assessment of the
radiological risks in case of possible accidental situations at each stage of the operational work,
including failures in the technological processes, accidents during transportation and security measures
against malicious activities.

Rostechnadzor concluded that there was a need for upgrading the regulatory framework for the safe
decommissioning and disposal of the RTGs, taking account of the magnitude of the problem and the
high hazard associated with the RTGs, the upcoming work on their decommissioning and disposal as
well as the lack of experience in this area. This regulatory project was established to address these
issues, running in parallel with the ongoing industrial project to remove and safely store the RTGs.

Objective

The overall objective of the collaborative project was to upgrade the existing regulatory framework of
the Russian Federation for the safe decommissioning and disposal of RTGs, with a focus on the
following priority areas:

e Regulatory requirements and regulations;

T1AEA (2005). Categorization of Radioactive Sources. IAEA Safety Standards Series No. RS-G-1.9, International
Atomic Energy Agency, Vienna.
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Threat/hazard assessment needed in the licensing of the activity and authorisations (permits)

for employees of the operating organisations;

Supervision over the radiological safety;

Supervision over emergency preparedness;

Physical protection in RTG decommissioning; and

Environmental impact assessment review for RTG dismantling, transportation, temporary

storage and disposal.

Project organisation

The Project Leaders were, on the Russian side, Vladimir Reka, Rostechnadzor, and on the Western

side, Malgorzata K. Sneve, NRPA, Norway.

The collaborative project had six tasks, based on the six priority areas listed above. Nine deliverables,

D1-D9 (see below), were prepared under these tasks.

storage and disposal

Task Title Russian Task Western Task Deliverables
Leader Leader
1 Assessment of current regulatory requirements | V. Skugarov, G. Smith, * D1, D2
and regulations for radiation protection and Rostechnadzor Enviros. UK
safety '
2 Review of applications for licensing and M. Rylov, R. Avila,* Facilia, | D3, D4
authorisations RESCenter Sweden
3 Adaptation of procedures for monitoring of V. Reka, C. Deregel,* D5
radiological safety Rostechnadzor IRSN, France
4 Improvement of regulatory activities in the area | A. Shulgin / I-M Eikelmann, D6, D7
of emergency preparedness V. Shempelev, NRPA, Norway
SEC NRS
5 Physical protection in RTG decommissioning V. Pervin, I. Finne, NRPA, D8
Rostechnadzor Norway
6 Environmental impact assessment review for A. Pechkurov, J O Snihs, SSI, D9
RTG dismantling, transportation, temporary Rostechnadzor Sweden

*In addition to task leaders other Western participants has been very activly involved in the project work: |. Barraclough from

Enviros, S. Le Mao, M.T. Lizot, J.P. Maigne and F. Rancillac from IRSN, I. Zinger and R. Brged from Facilia.

In addition, a threat assessment was prepared during the project, intended to:

Determine the main radiological threats to workers and the public which require regulatory

attention;

Determine the main requirements for risk assessment, i.e. those issues which will require

most urgent and/or detailed analysis;

Identify any relevant additional regulatory requirements, and the nature of the safety work
instructions to be developed by the operator; and

Identify key issues in the implementation of the regulatory process.

The threat assessment was issued as a separate report, with the aim of helping to focus the ongoing

work in the six main tasks on the key regulatory issues.

This report describes the final results of the project. Appendices A—F contain nine reports
(Deliverables D1-D9, listed in the table below), prepared by Rostechnadzor for these six tasks, taking
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account of contributions and comments from the Western experts. Acronyms and abbreviations are
listed in Appendix G.

DI Report on the overview of the current interrelations among the Russian organisations
(which operate RTG, render services on RTG design and decommissioning), bodies
for control of nuclear energy use, state safety regulatory authorities

D2 Report on the assessment of the current state of the Russian regulatory basis, which
provides for the radiation safety requirements for the management of radiation
sources, and the possibility of its use to carry out RTG decommissioning and disposal
operations taking into account IAEA recommendations and the European experience

(D2a Threat Assessment Report)
D3 Report on the analysis of the Russian methodologies and initial risk assessment

D4 Report on software for performing risk assessments for RTGs decommissioning
stages using upgraded software

D5 Handbook for inspections

D6 Report on the safety insurance in RTG decommissioning and preventions of
emergency situations involving RTGs during transportation by different modes of
transport

D7 Report on the development of the draft requirements to planning and preparedness to
mitigate consequences of radiation accidents occurred in transportation of radioactive
substances

DS Report on the physical protection insurance for RTG decommissioning

D9 Report on EIA requirements for RTG decommissioning and disposal

The main text of this report provides an overview of the main issues identified through the various
tasks and the project as a whole. This overview was prepared on the basis of the deliverables D1-D9,
the Threat Assessment, additional input from the participants and discussion at the final project
workshop, which was held in Moscow, 89 November 2006.
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2. Assessment of current regulatory requirements
and regulations for radiation protection and
safety (Task 1)

Work performed

Within this Task the following topics were covered:

a. Clarification of the roles and responsibilities of Russian organisations (RTG operators, the
organisations rendering services on RTG design and decommissioning), bodies for control of
nuclear energy use, which include RTG operators, and state safety regulatory authorities.

b. Analysis of the Russian regulatory basis, which provides for the radiation safety requirements
for the management of radiation sources, and the practicability and sufficiency of its use to
carry out RTG decommissioning and disposal operations taking into account IAEA
recommendations and the European experience.

The following steps were implemented:

a. The overview of the current interrelations among RTG operators, organisations, which render
support to the operators on safe RTG management, transport organisations, organisations,
which render support during RTG decommissioning and disposal, organisations dealing with
RTG storage, their role and responsibility in RTG management. The overview of the current
interrelations between RTG operators and the bodies for control of the nuclear energy use and
state safety regulatory authorities.

b. Assessment of the current state of the Russian regulatory basis, which provides for the
radiation safety requirements for the management of radiation sources, and the practicability
and sufficiency of its use to carry out RTG decommissioning and disposal operations taking
into account [AEA recommendations and the European experience.

The results of work specified in paras are addressed in Deliverable D1: “Report on the overview of the
current interrelations among the Russian organisations (which operate RTG, render services on RTG
design and decommissioning), bodies for control of nuclear energy use, state safety regulatory
authorities”.

The results of work specified in para b) are addressed in Deliverable D2: “Report on the assessment of
the current state of the Russian regulatory basis, which provides for the radiation safety requirements
for the management of radiation sources, and the possibility of its use to carry out RTG
decommissioning and disposal operations taking into account IAEA recommendations and the
European experience”.

Deliverables D1 and D2 are presented in Appendix A.

Results and conclusions

Task 1 has helped to clarify and document the regulatory basis for decommissioning RTGs in the
Russian Federation. A regulatory basis exists for ensuring radiation protection and safety in activities
involving radioactive sources, which takes account of and is broadly consistent with international
safety principles and practices. Task 1 has helped to identify the ways in which the legislation,
regulations and rules specified for radioactive sources in general are applied to the different steps
involved in decommissioning RTGs to provide adequate protection of workers, the public and the
environment.
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The overall primary responsibility for safety in the decommissioning of RTGs rests with the operator
(owner) of the RTG. In particular, the operator (owner) is responsible for defining an appropriate
decommissioning programme for its RTGs in advance of decommissioning, developing a project
specification for the decommissioning programme, providing a safety analysis report justifying the
safety of the proposed project, and ensuring that the decommissioning work is carried out in
accordance with the specification and relevant regulations. In practice, the organisations undertaking
specific tasks in the decommissioning programme take on a degree of responsibility for the safe
performance of those tasks. VNIITFA, for example, which carries out or supervises the most
hazardous steps in RTG decommissioning for different RTG owners, has developed detailed guidance
and procedures for carrying out these tasks.

All RTG decommissioning works, by any operator, require a licence from the regulator
Rostechnadzor. To obtain a licence for RTG decommissioning an organisation shall submit to
Rostechnadzor documents justifying the safety of the decommissioning activities. The list of these
justifying documents is determined by a regulatory document “Requirements to the Package and
Contents of Documents Justifying Radiation Safety of the Licensed Activity in the Field of Use of
Atomic Energy in the National Economy” (RD-07-08-99).

The package of justifying documents for obtaining a RTG decommissioning licence shall include:
1. RTG Safety Analysis Report which contains:

a) Information on structures (premises) of a facility including the following information about
each such structure (premise):

e description of radiation hazardous works (productions, technologies) carried out
inside the structure (premise) during decommissioning of the facility with indication
of the class of works;

e actual data on types and number of radiation sources (including sealed radionuclide
sources) available inside the structure (premise) at the time when operation of the
facility has been terminated,

e actual data on activity, radioisotope composition, state of aggregation of radioactive
substances (including radioactive substance contained in radionuclide sources) and
(or) radioactive waste available inside the structure (premise) at the time when
operation of the facility has been terminated;

e description of technical solutions and means used to ensure radiation safety of the
facility and declared activity;

b) Information about the organisation of radiation monitoring, structure and staff of the radiation
safety service unit for decommissioning of the facility;

c) Description of technical solutions and means used to ensure radiation safety in
decommissioning of the facility;

d) Description of the system for collection, reprocessing and disposal of radioactive waste
generated during decommissioning of the facility;

e) Information about physical protection of the facility, radioactive substances and (or)
radioactive waste during decommissioning of the facility;

f) Information about availability of material and technical means intended to be used in case of a
radiation accident and justification whether they are adequate and sufficient;

g) Information about the procedure of training, knowledge examination in radiation safety
standards and rules, qualification, briefing and granting of permits to employees for carrying out
radiation hazardous works;
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h) List of regulatory documents establishing radiation safety and physical protection
requirements for the facility of an appropriate category, and information about availability of the
mentioned documents in the organisation-applicant;

1) Radiation safety analysis of the facility (at the decommissioning stage).
2. Decommissioning programme for the facility.

3. List of design, engineering, operating and process documentation developed for the
decommissioning of the facility.

4. Design, engineering, operating and process documentation in accordance with the list specified in
para 3 of the requirements (to be submitted under Rostechnadzor request).

5. Copy(ies) of the radiation safety guide(s) for the decommissioning of the facility.

6. Copies of manuals for prevention of accidents and fires and elimination of their consequences
during the decommissioning of the facility.

7. Decision-making criteria in case of initiation of radiation accidents.

8. Copy of the action plan to protect employees (personnel) and population against radiation accident
and its consequences during the decommissioning of the facility.

9. Quality assurance programme for the decommissioning of the facility.

10. List of organisations rendering engineering and technical support of the declared activity, as well
as carrying out works and rendering services in the field of use of atomic energy during
implementation of this activity indicating the scope of works (services).

The Federal standards and rules “General Safety Provisions for Radiation Sources” (NP-038-02)
contain requirements to this Programme which shall include a list and sequence of organisational
measures and works on RTG dismantling and transportation of the dismantled RTG.

The Programme shall be developed on the basis of the engineering and radiation survey to be
conducted by the operating organisation.

It can be concluded from Task 1 that the existing Russian regulatory framework covering the
decommissioning of RTGs is generally satisfactory. Consistent implementation of the requirements of
this framework by all operators in all RTG decommissioning activities needs to be ensured and
demonstrated through effective regulatory inspection and enforcement, which is addressed in Task 3.

3. Review of applications for licensing and
authorisations (Task 2)

Work performed

This task addressed the following topics:

a. The overview and analysis of the Russian certified methodologies and software for performing
RTG safety assessments and analyses of risks to man and the environment, including potential
scenarios when safety requirements are not met with regard to all stages of the transport
schemes providing for the delivery of RTGs under decommissioning to the places of their
dismantling and disposal;
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b. Performing initial risk assessments for all stages of RTGs decommissioning, using methods
and software identified at a) and focussing on priorities identified in draft D2a deliverable;

c. Review of the possibilities for upgrading of existing software to assess risks at all stages of
RTGs decommissioning based on the results of the above analysis;

d. Risk assessment of RTG using upgraded software.

The results of work specified in paras a) and b) are addressed in Deliverable D3: “Report on the
analysis of the Russian methodologies and initial risk assessment”.

The results of work specified in para c) and d) are addressed in Deliverable D4: “Report on software
for performing risk assessments for RTGs decommissioning stages using upgraded software”.

Deliverables D3 and D4 are presented in Appendix B.

Results and conclusions

The methodology used for analysis of risks at different stages of RTG decommissioning is effective,
and could be applied to other facilities or activities.

Preliminary assessment of the risks associated with the transport and technological scheme for all
stages of RTG decommissioning led to the conclusions that:

e The maximum collective doses to personnel in dismantling, repackaging, loading and delivery
of RTG are likely to be associated with the management of damaged RTGs from Roslyakovo
and from Golets Island. Individual workers involved in the recovery of these damaged RTGs
could receive doses of some tens of mSv per RTG;

e The highest risks are associated with carriage of RTGs as external loads by helicopter. The
primary risks arise from the possibility of dropping the RTG onto land (resulting in a need to
recover in high dose rates due to likely damage to the shielding) or into the sea (resulting in a
need to recover to prevent possible release of Sr-90 in the long term);

o The lowest risks correspond to transport of RTGs from the White Sea by special vessel, for
which the risk of failures is estimated to be much lower; and

e Therefore, replacement of helicopter transport of undamaged RTGs from the coast of the Kola
Peninsula by two trips using the special vessel is able to reduce the level of additional risk.

On the basis of a detailed comparison of three risk assessment packages (Relex, ASM SZMA and Risk
Spectrum) that are certified by the Russian body of state safety regulation, it was concluded that the
software complex ASM SZMA was most appropriate for assessing risks at all stages of RTG
decommissioning.

4. Adaptation of procedures for monitoring of
radiological safety (Task 3)

Work performed

Within this task the following topics were covered:

a. Adaptation of existing inspection procedures to the specific needs of RTG inspections, to be
carried out at the various stages of their decommissioning, transport and disposal.
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b. Upgrading of systems for follow-up and recording of inspection and development of
procedures for monitoring of continuing compliance. The audit trail would ensure compliance
with regulation and help identify promptly any irregularities, or potential problems.

The work within this task was organised in the following way:

a. Discussion of plan for adaptation of inspection procedures and develop specifications for the
system to follow and record inspection procedures and monitoring of the compliance.

b. Development of a handbook for inspections, Deliverable D5.

Deliverable D5 is presented in Appendix C.

Results and conclusions

An inspection handbook has been developed in Task 3 to assist inspectors in implementing the state
supervision and control of safety during RTG decommissioning activities. It describes procedures for
monitoring the application of the system of measures being used at all stages of RTG
decommissioning to assure ecological and radiation safety. The handbook takes account of the
experience gained by the radiation safety inspection divisions in 2004-2005, as well as results of the
international cooperation. It received positive responses from the Rostechnadzor territorial offices
which supervise organisations in charge of RTG operation and decommissioning. The inspection
handbook will be put into effect within the Rostechnadzor system from 1 February 2007.

The inspection handbook provides detailed guidance for four types of inspection that are applied in the
course of RTG decommissioning:

o Inspections of preparedness, which are targeted to verify that the administrative and
technical (preliminary) stage of the work on RTG decommissioning activities is fulfilled.
Inspections of preparedness focus upon development, agreement and approval of the
administrative and regulatory documents on safety analysis, complete training of the personnel
involved in the work, manufacturing (selection) and certification (testing) of the technical
facilities intended to be used in the course of decommissioning activities;

o Inspections of safety, which are conducted in the course of field stage operations on RTG
decommissioning by the operating and/or transport organisation. The inspections of safety are
targeted to verify, directly in the course of decommissioning activities, that the requirements
of federal and departmental regulatory documents, programmes, design documents are met,
and that the restricting conditions of permission documents, quality assurance and radiation
protection programmes, as well as safety measures during RTG transportation, are observed;

o Inspections of compliance, which are conducted upon completion by the operating
organisation of each successive (annual) stage of operations on batch decommissioning of
RTGs. These inspections focus on reports on the work carried out inspecting and
decommissioning RTGs during the relevant period, results of inspections of preparedness and
safety, reports on any investigation of violations, and other information about the achieved
level of safety; and

o Inspections of storage conditions at radiation hazardous facilities where the decommissioned
RTG (RHS) are stored, including inspection of the documents regulating temporary storage of
the given products, the level of personnel training, and preparedness for elimination of
radiation accident consequences at the facilities.

For each type of inspection, the handbook defines the terms of the inspections, the type of documents
justifying safety of the given type of activities and the preparatory procedure for inspections, as well
as listing the issues to be verified during the inspection of the given type of activities. The handbook
includes a summary of general safety requirements established in regulatory and departmental
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documents, compliance with which is to be controlled in the course of RTG transportation and
decommissioning activities.

The inspection book also contains reference information which relates to RTG decommissioning in
operational locations in the Baltic, Northwest, North and Far East regions of Russia, RTG
transportation to the temporary storage facilities and temporary storage.

5. Improvement of regulatory activities in the area of
emergency preparedness (Task 4)

Work performed

This task addressed the following topics:

a. Evaluation of each step in RTG management to determinate possibility for accidents —
accident scenario analysis with special focus on transportation;

b. Assessment of the existing notification schemes and systems in case of a radiological accident
involving RTG, or in case of unauthorised actions (overlap with task 5);

c. Development of requirements for planning and preparedness to mitigate consequences of
radiation accidents occurred in transportation of radioactive substances followed by
development of standards and rules (technical regulations) taking account of these
requirements and Development of requirements for the content of the emergency response
action plan on personnel protection in case of accident during the transportation of radioactive
substances.

Task 4 included the following steps implemented by the Russian specialists:

a. Analysis of the emergency scenarios for RTGs dismantling and decommissioning operations
carried out in 2001-2004 as regards safety insurance and prevention of emergency situations
during the transportation by different modes of transport.

b. Development of the requirements to planning and preparedness to mitigate consequences of
radiation accidents occurred in transportation of radioactive substances and requirements to
the content of the action plan on personnel protection in case of accident during the
transportation of radioactive substances.

The results of work specified in paras a) and b) are addressed in Deliverable D6: “Report on the safety
insurance in RTG decommissioning and preventions of emergency situations involving RTGs during
transportation by different modes of transport” and Deliverable D7: “Report on the development of the
draft requirements to planning and preparedness to mitigate consequences of radiation accidents
occurred in transportation of radioactive substances”.

Deliverables D6 and D7 are presented in Appendix D.

Results and conclusions

The operating organisations and the organisations which perform the works in RTG dismantlement
and transportation, and disposal of RHS-90, have developed and are implementing in practice a highly
efficient system of measures to assure ecological and radiation safety. This system of organisational
and technical measures during the period 2001-2005 has ensured that dose limits for the personnel
who perform radiation hazardous works have not been exceeded and no significant radioactivity has
been released to the environment.

page 9



However, Task 4 has identified some necessary improvements to the system, as well as reinforcing the
need to assure strict compliance with the requirements of the developing normative basis for assuring
safety, in particular:

e For radioactive sources of the highest categories of potential radiation hazard, the operating
organisation should develop a decommissioning programme not later than one year before the
end of the designed life of the source;

e On the basis of the decommissioning project specification, the operating organisation should
develop a safety justification report for the decommissioning project and submit it in
accordance with established routine to the authority for state regulation of safety in the area of
uses of atomic energy;

e The RTG decommissioning programme should take account of engineering and radiation
examination of the RTGs by the operating organisation, and should include the list and the
sequence of organisational measures and works for the dismantlement and transportation of
RTGs;

e Dismantlement and transportation of RTGs from their locations should be performed by
trained personnel in compliance with the developed manual and in compliance with the
requirements of technical documentation for the specific items. Such manuals should be
submitted as part of the package of documents justifying the safety of the works.

The programmes for organisations which participate in the works on RTG disposal should provide
information on emergency response in accordance with the relevant regulatory requirements. This
information may be included in an “Emergency response” section in the programmes in accordance
with the established requirements, or reference may be made to a specific separate document which
provides this information.

In addition, a review was conducted of the normative-legal acts and requirements that must be taken
into account at planning and ensuring of preparedness for elimination of radiation consequences of the
accident during transportation of radioactive materials.

Taking account of this review, draft Federal Norms and Rules "Requirements for Planning and
Ensuring of Preparedness for Elimination of Accident Consequences during Transportation of Nuclear
Materials and Radioactive Substances" have been developed. These are currently passing through the
approval process and will be issued when approved as Federal Norms and Rules. Recommendations
on the structure and content of the standard Plan of Organisation of Actions on Elimination of
Accident Consequences during Transport of Radioactive Materials have also been prepared.

The draft regulatory document was reviewed by 12 ministries and agencies, and was published for
consideration by the public. It is planned that that this document receives approval and will put into
effect the Federal Norms and Regulations in 2007.

6. Physical protection in RTG decommissioning
(Task 5)

Work performed

This task addressed the following topics:

a. Analysis of distribution of duties and responsibility among bodies for control of the use of
atomic energy, organisations operating RTGs (as regards physical protection) at the stages of
RTG operation, decommissioning, transportation, temporary storage and disposal;
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Analysis of the Russian regulatory basis that establishes physical protection requirements and
a possibility to apply this basis to RTG decommissioning and disposal;

Assessment for possible improvement of the Russian regulatory basis for RTGs (as regards
physical protection) mainly during their transportation and emplacement on special
accumulation sites and in temporary storage facilities taking account of IAEA
recommendations and European experience.

Task 5 included the following steps implemented by the Russian specialists:

a.

Review of the current situation related to distribution of duties and responsibility among
bodies for control of the use of atomic energy, organisations operating RTGs (as regards
physical protection) at the stages of RTG operation, decommissioning, transportation,
temporary storage and disposal;

Review of the current state of the Russian regulatory basis that establishes physical protection
requirements and a possibility to apply this basis to RTG decommissioning and disposal
taking account of [AEA recommendations and European experience;

Development of recommendations for possible improvement of the Russian regulatory basis
for physical protection of RTGs, mainly during their transportation and emplacement on
special accumulation sites and in temporary storage facilities.

The results of work specified in paras a), b) and c¢) are addressed in Deliverable DS: “Report on the
physical protection insurance for RTG decommissioning”.

Deliverable D8 is presented in Appendix E.

Results and conclusions

A review was conducted of regulatory requirements and practices for physical protection of
radioactive sources in the Russian Federation. Although an effective system is already in place, some
improvements were identified, particularly in relation to ensuring that effective physical protection is
maintained during transportation of RTGs or RHSs.

To improve the Russian regulatory basis it is reasonable to:

Finalise (revise) the “Physical Protection Rules for Radiation Sources, Storage Facilities,
Radioactive Substances” (NP-034-01) to make the categorisation of radiation sources in terms
of their radiation hazard fully consistent with the IJAEA recommendations (in particular, on
Categorisation of Radioactive Sources).

Put into effect specific Physical Protection Rules for Radioactive Substances and Radiation
Sources during their Transportation; and

Complete the development and put into effect the regulatory document “Requirements to
Planning of Measures to Provide for Preparedness to Eliminate Radiation Consequences of
Accidents during Transportation of Nuclear Materials and Radioactive Substances”.
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7. Environmental impact assessment review for RTG
dismantling, transportation, temporary storage
and disposal (Task 6)

Work performed

This task addressed the following topics:

a. Review of the Russian Federation application of EIA related requirement to the steps involved
in RTG decommissioning and disposal.

b. Review of international recommendations and other national good practice on EIA for
decommissioning and disposal of RTGs.

Task 6 included the following steps implemented by the Russian specialists:

a. Analysis of Russian and international EIA requirements for decommissioning and disposal of
radiation-hazardous facilities and first of all RTGs;

b. Development of recommendations on EIA for RTG decommissioning and disposal.

The results of work specified in paras a) and b) are addressed in Deliverable D9: “Report on EIA
requirements for RTG Decommissioning and Disposal”.

Deliverable D9 is presented in Appendix F.

Results and conclusions

Environmental impact assessment principles and methods in Norway, European Union countries and
in Russia have much in common. The environmental impact assessment procedures are based
everywhere on the principles generally recognised at the international level (for example, prevention,
openness, mandatory environmental impact assessment for all projects that are capable of causing
significant environmental impact).

Differences between national approaches relate mainly to the level and forms in which these principles
are implemented and are conditioned to a great extent by differences in the state structure and
institutional specifics of each country. Nevertheless, there is scope for convergence and unification of
the regulatory basis, environmental impact assessment procedures and criteria used in Norway, EU
countries and the Russian Federation. Further work in this area is required, especially, as regards
installations and types of activity that may cause considerable radiation impact on the environment and
population.

Strictly, Russian law does not appear to require EIA for the decommissioning of RTGs, as
decommissioning is considered to be a continuation of the planned life cycle of an activity that was
operating before EIA regulations came into effect. Nevertheless, application of the methodology for
health and environmental risk assessment in development of the emergency scenario for different tasks
in RTG decommissioning gives a real possibility to make an objective assessment of hypothetical
consequences and to adjust processes and minimise a probability of negative consequences in advance.
It is planned that this methodology will be a mandatory instrument of the EIA methodology.

It is very important to provide for the close interaction between developers of the projects and state
regulatory bodies responsible for the health protection, environmental protection, nuclear and radiation
safety at the design stage of the potentially radiation-hazardous operations.
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8. Conclusions, General Observations and Future
Needs

The hazard

The radiological hazard of interest to this project is the strontium-90 radioisotope heat sources (RHSs)
in the RTGs. The hazard is large: RHSs of the type used in RTGs have the potential to cause serious
health and environmental impacts if they are not kept under proper control. The purpose of the
industrial project is to eliminate the hazard (and hence the risks associated with it) by
decommissioning the RTGs and disposing of the RHSs. The processes needed to achieve this long-
term reduction in risk may temporarily increase some existing risks or introduce new ones. The
purpose of the regulatory project is to ensure that appropriate technical and regulatory measures are in
place to ensure that the risks at all stages of the decommissioning process are kept sufficiently low.

The primary hazard associated with RHSs is external radiation, and so is local to the RTGs. The
hazard is realised particularly in cases where:

e Untrained and unauthorised individuals come into contact with RTGs, whether or not the
shielding is initially undamaged; or

e The shielding has been damaged due to previous events, accidents or malicious events, and so
even fully trained and authorised personnel may be subject to high doses rates.

Dispersion of Sr-90 in the environment is possible only in the event of highly unlikely extreme
situations, such as:

e Long term immersion in water (probably accidentally, as a result of dropping into the sea
during transport by helicopter or sinking of a vessel carrying RTGs);

e Very severe impacts affecting the RHS itself (probably accidentally, for example by dropping
from a helicopter onto land or crushing by a vehicle);

e Very severe fire (probably accidental); or

e Explosion (probably intentional, for example as a ‘dirty bomb’).

Evidence of ‘leaking’ of Sr-90 in other circumstances is inconclusive. Apparent evidence of leakage of
Sr-90 — for example enhanced dose rates some distance from an RTG and radioactive contamination in
the surrounding area — may be the result of corrosion of depleted uranium (DU) shielding. The loss of
shielding may lead to dramatically increased dose rates from the intact RHS, and the crumbling DU
may contaminate surrounding soil. Nevertheless, these reported phenomena should be investigated
further.

Control of the hazard

Proper control of the hazard associated with RHSs during RTG decommissioning requires:

e Correct actions by operator, who is primarily responsible for safety and security, complying
with laws, regulations and regulatory guidance, but also using ‘ALARA’ approach; and

o Effective supervision of these actions by regulators.

Such proper control entails establishment and maintenance of:
e Radiation protection measures to control exposure in planned activities;

e Radiation safety measures to prevent accidents;
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e Accounting and security measures to prevent misappropriation or malicious acts; and

e (Capability to detect and respond to failures in these measures, maintain whatever control is
possible in the short term and re-establish proper control as soon as practicable.

This in turn requires:
e Prior assessment of situations and proposed activities;
e Rigorous, documented planning of activities, taking account of the prior assessment;

e Use of properly qualified and trained people;

Compliance with laws, regulations, and project specifications when performing activities;

e Ongoing review and improvement of work performance (including preventing future accidents
by learning lessons from accidents and near misses); and

e Regulatory supervision and inspection to ensure this is all done.

Regulation in the Russian Federation rests upon radiation hazardous facilities being assigned to
categories based on the level of hazard. The special case of RTGs highlights an area of possible
ambiguity in the categorisation process. Most facilities present a similar level of hazard in terms of
both the severity and the extent of possible impacts: an accident resulting in a large release of
radionuclides could potentially cause impacts that are very severe locally and also widespread. RTGs
are unusual in that they represent a very large local hazard, but the potential for effects beyond the
immediate area is low.

Hence, categorisation schemes that emphasise the potential consequences for an individual would
classify the RHSs from RTGs in the highest hazard categories; as, for example, in the IAEA
categorisation of sources linked to the Code of Conduct. On the other hand, categorisation schemes
based on the area that could be affected in the event of an accident will tend to place RTGs in one of
the lowest categories. Decommissioning involves transporting RTGs, which substantially increases the
range of types of accident that could occur and of locations in which they could occur.

It is important therefore not to place too much emphasis on simple categorisation. In terms of most of
the safety and security measures that could be applied to radiation hazardous facilities, RTGs need to
be treated as a large radiation hazard. In the event of any discrepancy between categorisation systems,
therefore, it would be prudent to place RTGs in the higher hazard category.

One possible exception to this relates to emergency response arrangements: emergency plans for
RTGs need to provide robust mechanisms to respond to an emergency situation, but the measures will
be essentially local to the immediate vicinity of the RTG, and so will not affect significant numbers of
people. These measures will not need to cover large areas, but must be capable of being carried out at
any locality within a large area. This requires procedures that are not overly dependent on resources
that can not easily be moved and are flexible enough for application in a wide range of environments.

Regulatory priorities

A detailed analysis has been carried out of these requirements and of the existing legislative,
regulatory and operational measures for all stages of RTG decommissioning. The analysis identified
nine key steps corresponding to optimisation of protection and safety of personnel and the public at
each stage in RTG decommissioning (see also Figure 1):

1. Operator’s inspection of RTGs in their place of operation;

2. Recovery of RTGs from their operational locations (often by helicopter or barge) and loading
onto a ship;
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3. Transportation of RTGs by ship (or in some cases by helicopter) to a temporary storage point,
short-term storage and transfer to train;

4. Transportation of RTGs by rail to facility for dismantling (FSUE Izotop or FSUE PA Mayak —
via FSUE DalRAO for RTGs from Eastern areas);

Loading onto trucks and transportation by road to VNIITFA;
6. Removal of RHSs at VNIITFA and loading of RHS packages onto trucks;

Transportation of packaged RHSs by road back from VNIITFA to Izotop and loading onto
trains;

Transportation of packaged RHSs by rail to FSUE PA Mayak; and
9. Processing of RTGs and RHSs at Mayak.

and nine key regulatory issues:

a. Compliance with terms and conditions of licences, permissions and implementation of
previous prescriptions;

b. Operator’s personnel selection and training;

Regulatory inspection of RTGs prior to decommissioning;

A

Measures to prevent accidents and incidents and preparedness to respond effectively to any
accidents or incidents that do occur;

Transportation of RTGs and RHSs;

Compliance with radiation safety requirements;
Physical protection of RTGs and RHSs;
Accounting and control of RTGs and RHSs; and

=@ oo

—

Investigation of any accidents or incidents.

General observations

The first conclusion from this project is that a satisfactory technical and regulatory framework exists
in the Russian Federation for the safe decommissioning of RTGs. A number of necessary or desirable
improvements have been identified in the framework, and particularly in its implementation, but the
project did not identify fundamental defects that seriously compromised safety. Some of these
improvements have been addressed through this project, and others are the subject of
recommendations for future work, as described below.

The 9-by-9 matrix of tasks and issues (see Table 1) was analysed to identify a number of priority areas
for regulatory action. A number of these priority issues have been taken into account in the various
tasks of this project, as indicated below and as described in the previous sections. The priority areas
were as follows:

e Systematic and timely definition of decommissioning plans and specification of
decommissioning projects, and regulatory approval of these. This has been addressed in depth
and emphasised through the specification of requirements for decommissioning programmes
(Task 1) and the inspection procedures developed in Task 3;

e Thorough inspection prior to starting decommissioning operations, including operational
inspection of the RTG’s condition (as part of the basis for the decommissioning plan) and
regulatory inspection of the preparedness of the operator to carry out the decommissioning
work. This is explicitly set out and emphasised in the inspection procedures developed in Task
3;
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Preventing and responding to accidents during the various types of transport. This has been
addressed through emphasis on requirements for safe transport (Task 1), assessment of risks
during transport (Task 2), inspection of safety arrangements for transport (Task 3) and
emergency preparedness and response arrangements specifically for accidents during transport
(Task 4). The response arrangements have been developed using experience from real cases of
recovering damaged RTGs. These focus on recovery of a damaged RTG on land, which is
apparently considered to be a worst case. However, further consideration may need to be
given to the scenario of a (possibly damaged) RTG dropped into the sea from a helicopter. The
planned response is evidently to recover such an RTG by providing a marker at the location.
However, the procedure for recovering an RTG from the sea has not been described;

Physical protection of RTGs during transport. This aspect of physical protection has been
particularly emphasised in Task 5, and the relevant requirements are being modified to give
special attention to transport;

Safety and security of collections of RTGs at temporary storage locations (where multiple
RTGs could present an increased hazard if not properly controlled). Inspection of the safety
and security arrangements at storage locations is specifically addressed in the handbook
developed in Task 3; and

Ensuring consistency in safety and security arrangements. Regional offices of Rostechnadzor
are responsible for regulating RTG decommissioning in their regions, and the unified norms
and guidance developed under this project should help to provide a common basis for
regulation in all regions. It is also important that the requirements be clear and consistent for
all operating organisations, military and civilian. Licensing of all RTG decommissioning by
Rostechnadzor should help to provide this clarity and consistency.

Future needs

Some priority issues identified through this analysis were not fully addressed during the current
project and may need to be considered for future work. These include:

The newly developed Federal Norms and Rules on preparedness and response for radiological
emergencies during RTG transportation should be supported by safety guides giving
operators, consignors, consignees, carriers and organisations rendering services more detailed
guidance on implementation of the Federal Norms and Rules.

Methodological guidance specifically addressing procedures for inspections of RTG
transportation by sea and by rail might usefully be developed;

A joint emergency exercise involving Rosatom, Rostechnadzor and Western experts could
help to improve common understanding of the roles of organisations and procedures to be
followed in the event of an accident and facilitate exchange of experience between
participants;

Preventing accidents during hot cell transfer of RHSs from RTGs to transport packages. This
is a specific task performed by VNIITFA at its own facility (or, in the future, at Mayak), and
appears potentially to represent a significant risk because the RHSs are temporarily vulnerable
when they are neither in the RTG nor in a shielded transport package. The risk assessments
presented in this project indicate that the associated risks are taken to be negligible, but
detailed demonstrated that this is the case has not been presented;

Long term management of RHSs at Mayak. There remains some uncertainty about the final
fate of the RHSs at Mayak, and therefore the long term safety cannot be definitively assessed.
As described in Appendix C, the stated plan is to vitrify the RHSs for storage and subsequent
disposal underground, but there is no currently operational vitrification facility at Mayak;

Application of EIA methodology to RTG decommissioning. EIA may not be strictly necessary
under Russian law, as the decommissioning of RTGs can be considered to be simply a
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continuation of the planned life cycle of facilities that were in operation prior to the
introduction of EIA regulations. It might nevertheless be recommended to conduct an
assessment of the environmental impacts of RTG decommissioning and their mitigation, and
consideration of alternatives.

A further issue identified is systematic follow-up in the aftermath of any incidents or accidents that
might occur. It is important that the results from investigations of such events are used as experience
feedback to improve procedures and help to prevent future incidents and accidents. To help ensure that
operators do this, consideration should be given to extending the regulatory inspection manual to
include also outline procedures for ‘reactive’ inspections following incidents or accidents.

Consideration might also be given to developing regulatory inspection methodologies and
programmes that would be appropriate as a basis for licensing life extensions for RTGs that are to
remain in service.

In general, however, the key need for the future in relation to the regulation of RTG decommissioning
is to achieve consistent practical implementation of the framework of regulations and processes
already in place and enhanced through this project, through all steps of decommissioning and for all
RTGs. Although there may be scope for further improvements in the framework, regulations and
procedures are now in place, and the operators and regulators need to be engaged in understanding
them and ensuring that they are applied. A significant element of future work will therefore be to raise
awareness among the regional inspectors of Rostechnadzor and the operators (and also among the
controlling organisations and organisations rendering services) of the regulations and procedures, the
reasons behind them, and the importance of applying them. This issue could be addressed, for
example, by means of educational workshops for regional inspectors of Rostechnadzor, and possibly
also for staff of the operators and organisations rendering services.
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Appendix A
Assessment of current regulatory requirements and
regulations for radiation protection and safety
(Task 1)

A-1. Overview of the current interrelations among the Russian
organisations (which operate RTG, render services on RTG design
and decommissioning), bodies for control of nuclear energy use,
state safety regulatory authorities (Deliverable D1)

1. What is an RTG?

RTGs are autonomous power supply sources which provide a dc voltage from 7 to 30 W used for
different autonomous apparatus with a capacity from several watts up to 80 W. Different electrical
devices providing for accumulation and conversion of electrical energy produced by a generator are
used jointly with RTGs.

RTGs are commonly used as a power supply source for navigational lighthouses and light signs, as
well as for radio beacons and weather stations.

RTG utilises a heat source based on the radionuclide Strontium-90 (RHS-90).

RHS-90 is a sealed radiation source with a fuel compact, usually, in the form of ceramic strontium
titanate (SrTiO;) which is doubly hermetically sealed by argon arc welding inside the capsule. Some
RTGs utilise strontium in the form of strontium borosilicate glass. The capsule is protected against
external impacts by a thick RTG cladding made from stainless steel, aluminium and lead. Biological
shield is fabricated so that the radiation dose on the apparatus surface does not exceed 200 mR/h and
the radiation dose at 1m from the apparatus does not exceed 10 mR/h. Variant designs are discussed
in the next section.

In accordance with the requirements of the Safety Rules for Transportation of Radioactive Materials
(NP-053-04, para 5.3.7) radiation level under routine transportation conditions shall not exceed
2 mSv/h (200 mrem/h) in any point on the outside vehicle surface including hold, compartment, or
defined deck area of a vessel, and shall not 0,1 mSv/h (10 mrem/h) at the distance of 2 m from this
surface.

In accordance with the IAEA Regulations for Safe Transport of Radioactive Materials (IAEA, 2005
TS-R-1, para. 531) the maximum radiation level in any point on the outside surface of the packaging
or transport package shall not exceed 2 mSv/h.

The half-life period of Strontium-90 is 29 years. When RHS-90 is fabricated it contains from 30 to 180
kCi of Strontium-90. The strontium decay produces a daughter isotope - beta-emitter, Yttrium-90 with
a half-life of 64 hours. Gamma-irradiation dose rate for RHS-90 itself, without metal shield, amounts
to 400— 800 R/h at a distance of 0.5 metres and 100— 200 R/h at a distance of 1 metre from RHS-90.
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Table 1 Radioactive element — RHS-90

‘ Dimensions of the casing

H10 cm x 10 cm

| Weight

|5 kg

‘ Capacity

|240 watt

‘Content of Strontium-90

/1500 TBq (40000 Curie)

‘Surface temperature

|300-400 Centigrade

‘Dose rate at a distance of 0.02-0.5 m

|2800-1000 R/hour

Note: Data on the gamma-radiation exposure dose rate for RHS-90, and parameters of its radioactive
element presented in Table 1 are taken from the technical characteristics for the sealed radiation
source RHS-90 as per the relevant technical documentation.

RHS-90 becomes safe in terms of the activity only in 900-1000 years.

2. RTG types

RTGs differ in parameters for the output electric voltage, output electric power, mass, dimensions and
components of shielding, etc. The most commonly used RTG type is “Beta-M” — one of the first

developed RTG design.

Main RTG parameters are:

e nominal electric dc voltage of a single-channel RTG or nominal electric voltage of each from
independent electric channels of multi-channel RTG;

e nominal electric power of a single-channel RTG or nominal electric power of each from
independent electric channels of multi-channel RTG;

e RTG service lifetime which is calculated from the date when RHS has been loaded into RTG.

Table 2 Technical characteristics of the most commonly used RTG types

RTG Type
Parameters
IEU-1 IEU -2 Beta-M Gorn
Electric power, BT 80 11 9 60
Range of operating | -50 - +40 -40 - +35 -60 - +55 60 - +55
temperatures , °C
Dimensions: Without Without
diameter, mm packaging: 975 600 packaging:
height, mm 760 1675 655 850
1510 1230
Weight, kg 2300 820 565 1050
RTG type RHS-90-530 RHS -90-580 | RHS -90-230 RHSu-90-352
(3 pcs.) (2 pcs.)
RHS -90-180 RHSu-90-387
(3 pcs.) (1 pcs.)
Nominal activity as for the | 340 90 35 170
date of production, kCi
Dose rate produced by
RTG, pySv/s (mrem/h) not
higher than:
- on the RTG surface, 0,56 (200) 0,56 (200) 0,56 (200) 0,56 (200)
- 1 m from the RTG | 0,028 (10) 0,028 (10) 0,028 (10) 0,028 (10)
surface
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It should be noted that the radionuclide heat source (RHS) completely excludes any radionuclide
release into the environment within the whole period of its radioactive decay. And it is provided by a
range of engineering, chemical and engineering barriers preventing the contact of the radionuclide fuel
compact with the environment and chemical interaction with it.

The following barriers should be considered as the most important from them:

e the compact material is a solid non-reactive refractory ceramic pellet practically insoluble in
water;

e engineering cladding of each pellet is made from refractory alloy preventing the pellet from
damage in case of thermal and mechanical effect;

e outer shield is a solid thick-walled casing hermetically sealed by two sequentially welded end
lids.

Overall, RTGs (with their additional shielding containers where relevant) are designed, constructed
and certified to meet the requirements for Type B(U) transport containers.

So, in terms of assurance of safe RHS use, its design represents by itself a multi-barrier protection of
RHS against a possible thermo-mechanical and chemical (corrosion) effects.

3. Control bodies and operating organisations

In total more than 1000 RTGs were produced in the USSR. Some of them were disposed of after their
operational period expired.

Now about 650 RTGs (as of the beginning of 2006) are in operation or shall be decommissioned in the
Russian Federation. The design service lifetime of all RTGs will expire in 10-15 years. At present
activities on RTG decommissioning and disposal of shall be carried out.

One of the problems related to the safe management of these sources is connected with the fact that
organisations operating RTG belong to the Defence Ministry, Sea and Inland Water Transport Agency
and Rosgidromet in terms of an interdepartmental subordination. Thus, a problem related to inter-
branch co-ordination of their activities emerges. And now Rosatom — a body for control of the use of
atomic energy, to which a RTG designer — All-Russia Scientific and Research Institute for Technical
Physics and Automation (VNIITFA) - belongs, is solving this problem.

In organisation of RTG decommissioning activities Rosatom is responsible for:

e inter-branch co-ordination of activities related to RTG monitoring, physical protection,
decommissioning, disposal of, establishment of the infrastructure for the safe temporary
storage;

e attraction and providing for consolidation of resources provided by foreign partners to solve
issues related to RTG decommissioning within the frames of the international co-operation
under Global Partnership against proliferation of the weapons of mass destruction and other
international agreements, programs, contracts and projects;

e cstablishment of the infrastructure for the safe temporary storage and shipment of RTGs,
providing for its functioning;

e dismantling and disposal of decommissioned RTGs;

e co-ordination of work on development and maintenance of the uniformed electronic database
for RTGs located on the territory of the Russian Federation.

Bodies for control (the Defence Ministry, Transport Ministry, Rosgidromet) that include
organisations operating RTGs, are responsible for:
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feasibility study, development of the design and plan to equip RTGs with monitoring and
physical protection means;

e cquipping RTGs with monitoring means and construction (improvement) of RTG physical
protection system;

e providing for the functioning of the monitoring, alarm, physical protection and control
systems for the operating RTGs;

RTG decommissioning and delivery to the place of their temporary storage and transshipment;

RTG replacement by alternative electric power supply sources (if necessary);

e providing for the temporary storage of decommissioned RTGs at subordinate enterprises.

In case of such organisation of RTG decommissioning activities Rostechnadzor is entrusted with:
e development of radiation safety requirements for RTG decommissioning and disposal of;

o development of requirements to the package and contents of documents related to RTG
operation and decommissioning, and licensing of the mentioned activity;

e supervision of safety in RTG decommissioning and disposal of.

Note: supervision of safety in RTG decommissioning and disposal of assumes control of compliance
with the regulatory requirements established in the regulatory documents existing in the field of use of
atomic energy.

As it has been mentioned above about 650 RTGs are in operation in the Russian Federation.

RTG owners are the Defence Ministry, Transport Ministry (Federal Sea and Inland Water Transport
Agency), Rosgidromet.

The Transport Ministry operates RTGs of “Beta-M”, “Efir-MA”, “Gorn” and “Gong” type on the lines
of the North Sea Route. An operating organisation is FSUE “Hydrographic Enterprise” responsible for
safety of RTG operation on the lines of the North Sea Route.

In whole, the diagram for FSUE “Hydrographic Enterprise” subordination is the following:
Transport Ministry
Federal Sea and Inland Water Transport Agency

FSUE “Hydrographic Enterprise"

Hydrographic ships Hydrographic bases
Arkhangelsk  Tiksi
Dikson Kolyma
Igarka Pevek
Khatanga Provideniya

The Defence Ministry owns RTGs of different types. RTGS of IEU-1, IEU-1M, IEU-2, IEU-2M,
“Gong”, “Beta-M”, “Efir”, “Grab” and “Gorn” type used in troops are attributed to the category of
stationary power devices operated both inside the indoor areas and in the open air.

The Defence Ministry is responsible for navigational and hydrographic support of sea routes. This task
is assigned to the Navy within the Defence Ministry and its direct implementation — to the
Hydrographic Service of the Navy - Main Department for Navigation and Oceanography of the
Defence Ministry.
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4. RTG decommissioning

RTGs with the expired service lifetime and also faulty RTGs shall be decommissioned and transferred
either to an enterprise-fabricator or specialised organisation for temporary storage.

RTG decommissioning includes engineering examination to determine if dismantling and
transportation are possible, and radiation survey to define gamma-radiation dose rate on the surface of
a product and at a given distance from its surface, and to determine presence and level of surface
radioactive contamination of a product and within the area around.

Based on the engineering examination and radiation and contamination surveys, the operating
organisation shall develop a RTG decommissioning program which shall include a list and sequence
of organisational measures and activities related to RTG dismantling and transportation.

Since RTGs belong to different authorities there is a problem related to inter-branch coordination of
RTG decommissioning activities carried out by these authorities. Now this problem is being solved by
the Federal Atomic Energy Agency (Rosatom), such subordinate organisations as FSUE “VNIITFA”,
FSUE VO “Isotope”, FSUE PA “Mayak”, FSUE “Base for Special Shipments” belong to.

But, on the whole, the following organisations are involved in RTG decommissioning activities:

N Body for control Operating organisation Type of activity
1 Federal Atomic 1. FSUE “VNIITFA”). 1. FSUE “VNIITFA”). Rendering
Energy Agency 2. FSUE “PA”Mayak” services to operating organisation
(Rosatom) 3. FSUE VO “Isotope” on RTG decommissioning,
4. FSUE “Base for Special | temporary storage, preparation for
Shipments” disposal and transportation;
5. FSUE “DalRAO” 2. FSUE “PA"Mayak”: RTG
6. FSUE "SevRAO” disposal (storage);

3. FSUE VO “Isotope”:

RTG transportation and temporary
storage;

4. FSUE “Base for Special
Shipments”:

RTG transportation;

5. FSUE “DalRAO”, FSUE
"SevRAQ”: temporary RTG

storage.
2 Defence Ministry 1. Hydrographic Service of | RTG operation,
the North Fleet temporary RTG storage
2. Hydrographic Service of
the Baltic Fleet
3. Hydrographic Service of
the Pacific Fleet
4. RHBZ Depot of the
North Fleet of the Defence
Ministry
3 Ministry for 1. FSUE “Hydrographic RTG operation
Transport, Enterprise”
Sea and Inland
Water Transport
Agency
4 1. JSC “Murmansk RTG transportation

Aviation Company”
2. FSUE “Naryan-Marskiy
Joint Squadron”

The Federal Environmental, Industrial and Nuclear Supervision Service (Rostechnadzor) is
responsible for regulatory control of safe RTG management.
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Safety regulation in RTG decommissioning covers the following areas:
e development of radiation safety requirements for RTG decommissioning and disposal;

e development of requirements to the package and contents of documents related to RTG
operation and decommissioning, and licensing of the mentioned activity (decommissioning of
nuclear facilities, radioactive waste management during transportation)

e supervision of safety in RTG decommissioning and disposal.

So, bodies for control (including those in the field of use of atomic energy), operating organisations
and organisations rendering services to the operating organisation are involved in RTG operation
(decommissioning).

The Rostechnadzor Headquarters and its Interregional Territorial Offices for Nuclear and Radiation
Safety Supervision are responsible for state safety regulation of RTG handling activities.

Provisions on licensing of activities in the field of the use of atomic energy (Decree of the Russian
Federation Government of 14.07.1997 N 865) establish a List of activities in the field of use of atomic
energy which are subjected to licensing by Rostechnadzor. In particular, works on RTG operation,
decommissioning, management of radioactive substances during transportation, reprocessing and
disposal (storage) require to obtain license(s) from Rostechnadzor for each activity.

In accordance with the Federal Law “On the Use of Atomic Energy” (Article 26) licenses can be
issued not only to operating organisations but also to organisations carrying out works and rendering
services to the operating organisations in the field of use of atomic energy.

That is why, arrangements for RTG decommissioning works require to develop a list of organisations
involved in these works and assess them in terms of their competence to implement specific works
taking into account the right given by Rostechnadzor licenses.

According to the procedure established within Rostechnadzor, issuing of licenses for activities
involving RTGs, is assigned to the Interregional Territorial Offices of Rostechnadzor.

That is why, all organisations (operating organisations, support organisations) involved in RTG-
related activities are obliged to have a Rostechnadzor license.

To obtain a license for RTG decommissioning an organisation shall submit to Rostechnadzor
documents justifying safety of the decommissioning activities. The list of these justifying documents
is determined by a regulatory document “Requirements to the Package and Contents of Documents
Justifying Radiation Safety of the Licensed Activity in the Field of Use of Atomic Energy in the
National Economy” (RD-07-08-99).

The package of the justifying documents for obtaining a RTG decommissioning license shall include:
1. RTG Safety Analysis Report which contains:

a) information on structures (premises) of a nuclear facility including the following information
about each such structure (premise):

e description of radiation hazardous works (productions, technologies) carried out
inside the structure (premise) during decommissioning of the nuclear facility with
indication of the class of works;

e actual data on types and number of radiation sources (including sealed radionuclide
sources) available inside the structure (premise) at the time when operation of the
nuclear facility has been terminated;

e actual data on activity, radioisotope composition, state of aggregation of radioactive
substances (including radioactive substance contained in radionuclide sources) and
(or) radioactive waste available inside the structure (premise) at the time when
operation of the nuclear facility has been terminated;
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e description of technical solutions and means used to ensure radiation safety of the
nuclear facility and declared activity;

b) information about the organisation of radiation monitoring, structure and staff of the radiation
safety service unit for decommissioning of the nuclear facility;

c) description of technical solutions and means used to ensure radiation safety in
decommissioning of the nuclear facility;

d) description of the system for collection, reprocessing and disposal of radioactive waste
generated during decommissioning of the nuclear facility;

e) information about physical protection of the nuclear facility, radioactive substances and (or)
radioactive waste during decommissioning of the nuclear facility;

f) information about availability of material and technical means intended to be used in case of a
radiation accident and justification whether they are adequate and sufficient;

g) information about the procedure of training, knowledge examination in radiation safety
standards and rules, qualification, briefing and granting of permits to employees for carrying out
radiation hazardous works;

h) list of regulatory documents establishing radiation safety and physical protection
requirements for the nuclear facility of an appropriate category, and information about
availability of the mentioned documents in the organisation-applicant;

1) radiation safety analysis of the nuclear facility (at the decommissioning stage).
2. Decommissioning program for the nuclear facility.

3. List of design, engineering, operating and process documentation developed for the
decommissioning of the nuclear facility.

4. Design, engineering, operating and process documentation in accordance with the list specified in
para 3 of these requirements (to be submitted under Rostechnadzor request).

5. The copy(ies) of the radiation safety guide(s) for the decommissioning of the nuclear facility.

6. The copy of manuals for prevention of accidents and fires and elimination of their consequences
during the decommissioning of the nuclear facility.

7. Decision-making criteria in case of initiation of radiation accidents.

8. The copy of the action plan to protect employees (personnel) and population against radiation
accident and its consequences during the decommissioning of the nuclear facility.

9. Quality assurance program for the decommissioning of the nuclear facility.

10. List of organisations rendering engineering and technical support of the declared activity, as well
as carrying out works and rendering services in the field of use of atomic energy during
implementation of this activity indicating the scope of works (services).

To make a long story short, it should be mentioned that RTG decommissioning works require a
Rostechnadzor license. The package of the documents submitted by an organisation to obtain a license
shall include the Decommissioning Program for the nuclear facility.

The Federal standards and rules “General Safety Provisions for Radiation Sources” (NP-038-02)
contain requirements to this Program which shall include a list and sequence of organisational
measures and works on RTG dismantling and transportation of the dismantled RTG.
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The Program shall be developed on the basis of the engineering and radiation survey to be conducted
by the operating organisation.

As examples, the following documents developed by FSUE “VNIITFA” for RTG decommissioning
works can be mentioned:

e Decommissioning program for RTGs available at the facilities of the Hydrographic Service of
the North Fleet to be implemented in 2005;

e Radiation Protection Program for RTG transportation from the facilities of the Hydrographic
Service of the North Fleet to FSUE “VNIITFA”;

e Justification of the environmental and radiation safety for RTG disposal works.

The mentioned documents are available for familiarisation within the frames of the industrial Russian-
Norwegian Project for RTG Decommissioning.
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A-2. Assessment of the current state of the Russian regulatory basis,
which provides for the radiation safety requirements for the
management of radiation sources, and the possibility of its use to
carry out RTG decommissioning and disposal operations taking
into account IAEA recommendations and the European experience
(Deliverable D2)

1. Code of Conduct on the Safety and Security of Radioactive Sources
(approved by IAEA on 08.09.2003)

The Code of Conduct applies to all radiation sources that may pose a significant risk to individuals,
society and the environment.

Article 18. Every State should have in place legislation and regulations that:

(a) prescribe and assign governmental responsibilities to assure the safety and security of
radioactive sources;

(b) provide for the effective control of radioactive sources;
(c) specify the requirements for protection against exposure to ionising radiation; and

(d) specify the requirements for the safety and security of radioactive sources and of the devices
in which sources are incorporated.

Article 20. Every State should ensure that the regulatory body established by its legislation has the
authority to:

(a) establish regulations and issue guidance relating to the safety and security of radioactive
sources;

(b) require those who intend to manage radioactive sources to seek an authorisation, and to
submit:
e asafety assessment; and
e a security plan or assessment as appropriate for the source and/or the facility in which
the source is to be managed, if deemed necessary in the light of the risks posed and, in
the case of security, the current national threat assessment.

2. IAEA - TECDOC - 1344: Categorization of Radioactive Sources?

Radioactive sources are used in many types of the activities in the industry, medicine, agriculture,
scientific studies and education, and also in military and defence applications. Within these types the
categorisation system includes a range of radionuclides, forms and amount of radioactive material
which shall be ranked. High-level sources, if not used and stored in a safe way, may cause severe
deterministic effects to people during the short time period. At the same time, low-level sources
unlikely may lead to such effects. Consequently, the categorisation system is a relative ranging and
grouping of the sources and types of the activity on which (practical) decision may be based.

IAEA developed concrete radionuclide activity levels for the purposes of the emergency planning and
response. These levels, hereinafter referred to as “D-values”, are given in terms of the activity. Should
this activity be exceeded, a radioactive source is considered as a ‘hazardous source”, since it has a

2 It should be noted that this TECDOC has been superseded by an IAEA Safety Guide (“Categorization of
Radioactive Sources”. IAEA Safety Standards Series No. RS-G-1.9, International Atomic Energy Agency, Vienna
2005). However, the essential features of the categorisation system relevant to this discussion are unchanged in
the later publication.
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considerable potential possibility to cause severe deterministic effects if it is not used and stored in a
safe way.

For each type of the activity and radionuclide used in practices, the activity in TBq is divided by an
appropriate specific “D-value” to have a dimensionless normalised ratio - A/D.

For example, some low-level RTGs might be attributed to Category 2, should only activity be taken
into account. However, since, probably, RTGs should be placed in remote locations, not under control
and might have big amounts of plutonium or strontium, all RTGs were attributed to Category 1.

Category Categorisation of common practices Actrivity ratio A/D
Radioisotope thermoelectric generators (RTGs)

1 Irradiators A/D = 1000
Teletherapy

Fixed, multi-beam teletherapy (gamma knife)

Industrial gamma radiography

High/medium dose rate brachytherapy. 1000 > A/D 210

Fixed industrial gauges

-level gauges

-dredger gauges

-conveyor gauges containing high activity sources
-spinning pipe gauges

Well logging gauges

10>A/D 21

Low dose rate brachytherapy (except eye plaques
and permanent implant sources)
Thickness/fill-level gauges

Portable gauges (e.g. moisture/density gauges)
Bone densitometers

Static eliminators

1>A/D 20,01

Low dose rate brachytherapy eye plaques and
permanent implant sources

X ray fluorescence devices

Electron capture devices

Mossbauer spectrometry

Positron Emission Tomography (PET) checking .

1>A/D=Exempt/D

Category 1

Personally extremely dangerous: This amount of radioactive material, if not safely managed or
securely protected would be likely to cause permanent injury to a person who handled it, or were
otherwise in contact with it, for more than a few minutes. It would probably be fatal to be close to this
amount of unshielded material for a period of a few minutes to an hour.

Category 2

Personally very dangerous: This amount of radioactive material, if not safely managed or securely
protected, could cause permanent injury to a person who handled it, or were otherwise in contact with
it, for a short time (minutes to hours). It could possibly be fatal to be close to this amount of
unshielded radioactive material for a period of hours to days.

Category 3

Personally dangerous: This amount of radioactive material, if not safely managed or securely
protected, could cause permanent injury to a person who handled it, or were otherwise in contact with
it, for some hours. It could possibly — although it is unlikely — be fatal to be close to this amount of
unshielded radioactive material for a period of days to weeks.
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Category 4

Unlikely to be dangerous: It is very unlikely that anyone would be permanently injured by this
amount of radioactive material. However, this amount of unshielded radioactive material, if not safely
managed or securely protected, could possibly — although it is unlikely —temporarily injure someone
who handled it or were otherwise in contact with it, or who were close to it for a period of many
weeks.

Category 5

Not dangerous: No one could be permanently injured by this amount of radioactive material.

3. Structure of the legal and regulatory documents of the Russian Federation
for the activity in the field of use of atomic energy

The Russian Federation legislation is a part of the system for ensurance and regulation of the nuclear
and radiation safety in Russia.

In whole, the hierarchy of the documents in Russia is similar to structures accepted in the developed
countries. Figure 1.1 presents a hierarchical structure of legal and regulatory documents for relations
in the field of use of atomic energy.

CONSTITUTION OF THE
RUSSIAN FEDERATION

[ LAWS OF THE RUSSIAN FEDERATION |

ACTS AND DECREES OF THE RUSSIAN PRESIDENT
ACTS AND DECREES OF THE RUSSIAN GOVERNMENT

FEDERAL STANDARDS AND RULES IN THE FIELD OF USE OF
ATOMIC ENERGY

REGULATORY DOCUMENTS OF ROSTECHNADZOR AND OTHER STATE SAFETY
REGULATORY AUTHORITIES

INDUSTRIAL STANDARDS, CONSTRUCTION STANDARDS AND RULES ETC.

Contents of documents are determined by their place within the hierarchical structure: the upper level
documents include more general legal provisions and provide for validity of the low level documents;
the low level documents should be consistent with the upper-level documents and address specific
issues in greater detail.

Issues related to safety in the use of atomic energy are regulated by the Constitution of the Russian
Federation, international treaties and conventions, federal laws and other legal acts and regulatory
documents.

In total, radiation safety of a facility is ensured on the basis of an integrated and systematic approach
and maintained by the following measures:

e design solutions accepted in the process of development of radiation sources, RTG fabrication,
operation and decommissioning;

e regulatory documents, provisions, procedures;

e monitoring of RTG and safety parameters;
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e safety control and management during normal operation and accidents;
e safety culture;

e system for state and departmental safety control and supervision, investigation of events and
accidents;

e measures to prevent emergency situations and preparedness of emergency-rescue teams.

The system of safety safeguards in the use of atomic energy is provided by three components:

e availability of the legal and regulatory framework within which practical activity related to
safety in the use of atomic energy is implemented;

e availability of the state safety system including well established structure of state radiation
protection authorities;

e use of such methods of state management as licensing, certification and mandatory insurance
of nuclear activities.

Note: The Federal Law “On the Use of Atomic Energy” is, in whole, a legal act on control of activities
implemented by enterprises and institutions in the field of use of atomic energy. It also includes
provisions on safety regulation while implementing the activity in the field of the use of atomic
energy.

Such issues related to control of activities implemented by enterprises and institutions in the field of
use of atomic energy include requirements to obtain a license for the specified activity, to undergo
mandatory certification of equipment, products and technologies for radiation sources and storage
facilities, to provide for financial coverage of the civil liability for damage and injury caused by the
radiation impact.

The legal and regulatory framework in the field of use of atomic energy is comprised of the federal
laws, Presidential Acts and Governmental Decrees of the Russian Federation, federal standards and
rules, guiding documents of Rostechnadzor.

In particular, the federal laws existing in the field of use of atomic energy include:
e the Federal Law “On the Use of Atomic Energy”;
e the Federal Law “On Radiation Safety of Population";
e the Federal Law “On Environmental Protection”;

e the Federal Law “On Protection of Population and Territories against Natural and Man-
induced Emergency Situations";

e the Federal Law “On Funding of Particularly Radiation- and Nuclear-Hazardous Productions
and Facilities’.

The Federal Law “On the Use of Atomic Energy” establishes that the operating organisations bear the
full responsibility for safety of radiation source and appropriate handling of radioactive substances.
The Law determines that the operating organisation shall obtain a permit (license) to carry out nuclear
activity to be issued by an appropriate state safety regulatory authority.

The Federal Law “On Environmental Protection” establishes that legal entities and physical persons
shall meet rules for fabrication, storage, transportation, use, disposal of radioactive substances
(ionising irradiation sources), prevent exceedance of established maximum permissible standards for
ionising radiation and, should these standards be exceeded, inform immediately executive authorities
in the field of radiation safety about the increased radiation levels hazardous for the environment and
human health, take measures to eliminate the source of radiation contamination.
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The Federal Law establishes that legal entities and physical persons, who do not provide for
compliance with the rules for radioactive substances and radioactive waste management, shall bear
the responsibility in accordance with the Russian Federation legislation.

By-law decrees in the field of handling of radiation sources adopted by the Russian Federation
Government are:

e  “On Approval of Rules for Organisation of the State Radioactive Substances and Radioactive
Waste Accounting System” (1997);

e “On Procedure for Establishment of the Uniformed State System for Monitoring and
Recording of Individual Exposure Doses of Citizens” (1997);

e “On Approval of Provisions for Licensing of Activity in the Field of Use of Atomic Energy”
(1997).

Rules for Organisation of the State Radioactive Substances and Radioactive Waste Accounting
System define a procedure for organisation of the system for state accounting and control of
radioactive substances including their use in the radiation sources. These Rules are mandatory for all
legal entities independently from the form of property and organisational and legal structure which
carry out activity related to fabrication, use, utilisation, storage and disposal of radioactive substances
and radioactive waste, including federal executive authorities implementing state control of the use of
atomic energy and state regulation of safety within their competence, respectively.

Provisions for Licensing of Activity in the Field of Use of Atomic Energy establish that licensing
of activity in the field of use of atomic energy is carried out by Rostechnadzor which issues licenses
for such types of the activity as siting, construction, operation, decommissioning of radiation sources
including RTGs.

The next set of requirements for handling, operation and decommissioning of radionuclide sources is
presented in the Federal Standards and Rules:

e General Safety Provisions for Radiation Sources (NP-038-02);

e Requirements to the Contents of Safety Analysis Report for Radiation Sources (NP-039-02);

e Physical Protection Rules for Radiation Sources, Storage Facilities, Radioactive Substances
(NP-034-01);

e Radiation Safety Standards (NRB-99) — regulate basic dose limits for radioactive material
handling;

e Basic Sanitary Rules for Radiation Safety (OSPORB-99) — set up requirements related to
people protection against hazardous radiation impact under all exposure conditions caused by
the ionising radiation sources;

e Sanitary Rules for Radioactive Waste Management (SPORO-2002) — establish requirements
for radiation safety of personnel and population for all types of radioactive waste
management;

e Sanitary Rules for Radiation Safety of Personnel and Population during Transportation of
Radioactive Materials (Substances) (SanPin 2.6.1.1281-03) — establish hygienic requirements
for radiation safety of population for all types of radioactive material handling during
transportation starting from shipment by a consignor up to receipt by a consignee;

o Safety Rules for Transportation of Radioactive Materials (NP-53-04) — establish safety
requirements for transportation of radioactive materials.

The following documents should be addressed in more detail:

page A-13



General Safety Provisions for Radiation Sources (NP-038-02)

Standards and Rules were developed taking into account provisions of the Federal Laws “On the Use
of Atomic Energy” and “On Radiation Safety of Population”, and recommendations contained in the
documents of the JAEA and other organisations as regards safety of radiation sources (RS).

The federal standards and rules establish objectives, principles, criteria and general requirements,
engineering and organisational measures targeted to ensure safety and taken into account in RS design,
siting, construction, commissioning, operation and decommissioning, as well as requirements for
action plans to protect RS personnel and population but do not describe methods which shall (or may)
be used to achieve them.

The federal standards and rules include a List and categorisation of the main RS types which represent
by themselves complexes, facilities, apparatus, products and equipment.

The document sets up five defence-in-depth levels which are the part of the system of engineering and
organisational measures:

e Level 1 — RS siting conditions and prevention of violations of normal operation;
e Level 2 —prevention of design basis accidents by normal operation systems;

e Level 3 — prevention and mitigation (keeping under control) of beyond design basis accidents
by safety systems;

o Level 4 — management of beyond design basis accidents;

e [Level 5 — emergency planning.

RS safety criteria, adequacy of organisational and engineering measures to ensure safety shall be
justified in the RS design and presented in the safety analysis report for RS (SAR RS).

The federal standards and rules establish RS categorisation in terms of the following features:
e RS purpose;
e Potential radiation hazard of RS;
e RS transportability;
e Type of radionuclide comprising the RS.

In terms of the purpose RSs are subdivided into complexes, facilities, apparatus, equipment and
products.

In accordance with the categorisation RTGs are attributed to products containing radioactive
substances.

Potential radiation hazardous of RS is defined by its possible radiation impact on the population in
case of radiation accidents.

RSs are subdivided in four categories in terms of the potential radiation hazard:

o Category 1 —such RS where an accident may cause the radiation impact on the population and
measures to protect it may be required;

e Category 2 — such RS where an accident causes the radiation impact limited to the territory of
the controlled area;

o Category 3 —such RS where an accident causes the radiation impact limited to the territory of
the site or building where it is located;
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e (Category 4 — such RS where an accident causes the radiation impact limited to the building or
room where it is located.

The category in terms of the potential radiation hazard for RSs under design is set up in the RS design,
and for RS in operation — by the operating organisation.

In terms of the potential radiation hazard RTGs are attributed to Category 4 (in separate cases — to
Category 3).

In terms of transportability RSs are subdivided by:

o stationary — RSs which purpose and design provide for their operation within the whole
design service life at the permanent location; their siting and operation require specially
equipped structures (or premises) and additional engineering systems and means (for example,
ventilation system, filters etc.);

e mobile — RSs assembled and used (operated) for their purpose in transport (self-propelled or
specially designed for transportation) means;

e portable — RSs which have constituents with a design and mass allowing to carry RSs (or, if
necessary, to transport them in the assembled form) and use (operate) them for their purpose
inside the premises (without their re-equipment and improvement of their protection) directly
at the places where operations are carried out or in the field conditions.

According to this categorisation RTGs are attributed to the stationary sources.

In terms of the type of radionuclide sources being a part of complexes, facilities, apparatus, equipment
and products RSs are subdivided by:

e RSs which use only SRnS (sealed radionuclide source) as a constituent;

e RSs which use only ORnS (open {unsealed} radionuclide source) as a constituent.

The federal standards and rules provide that the operating organisation shall develop Action Plans to
protect personnel and population in case of accidents and eliminate their consequences taking into
account RS category in terms of the potential radiation hazard, decision-making criteria as regards
measures to protect personnel and population in case of the accident.

As regards Category 1 and 2 RSs in terms of the potential radiation hazard, action plans to protect both
the personnel and population in case of the accident shall be developed, concurred, approved and
ready for implementation, taking into account its radiation consequences.

As regards Category 3 and 4 RSs in terms of the potential radiation hazard, action plans to protect the
personnel in case of the accident shall be developed, concurred, approved and ready for
implementation taking into account its radiation consequences.

The federal standards and rules provide for that the operating organisation shall develop a RS
decommissioning program for all RS types and categories in terms of the potential radiation hazard
taking into account results of engineering examination and radiation survey.

As regards Category 1 and 2 RSs in terms of the potential radiation hazard the operating organisation
shall provide for the development of the RS decommissioning program not later than one year before
the RS design service lifetime expires.

As regards Category 3 and 4 RSs in terms of the potential radiation hazard RS the decommissioning
program shall be developed not later than six months before the RS design service lifetime is
expired.

The federal standards and rules include a separate section addressing the RS decommissioning:
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RTGs with the expired design or extended operating period and faulty RTGs shall be decommissioned
and transferred either to the enterprise-fabricator or specialised organisation for temporary storage and
disposal.

In case of RTG decommissioning, the engineering examination is carried out to determine whether
dismantling and transportation are feasible within the regulatory requirements and licence conditions.
The radiation and contamination survey includes monitoring of gamma- (bremsstrahlung) radiation
dose rate on the product’s surface and at a given distance from the product’s surface, monitoring of the
product surface contamination level and monitoring of the surface contamination level of the RTG and
immediate environment.

Note: The requirement of this paragraph corresponds exactly to para 5.4 of General Safety Provisions
for Radiation Sources (NP-038-02).

On the basis of the engineering examination and radiation and contamination survey the operating
organisation shall develop the RTG decommissioning program which shall include a list and sequence
of organisational measures and operations related to RTG dismantling and transportation of
dismantled RTG.

Operations related to the RTG engineering examination and radiation and contamination survey,
dismantling and transportation may be combined in one stage by a decision made by the operating
organisation.

The RTG dismantling and transportation from the place of its location shall be carried out by the
trained personnel according to a developed procedure and requirements of the engineering
documentation for the specific product.

Dismantling of each RTG is documented in a report to be signed by persons who carried out the
dismantling and to be approved by a Head of an operating organisation.

The report shall include the following information: type of the product, year of fabrication, serial
number of the product, number of a specification for a radionuclide source, date of commissioning,
place of operation, results of engineering examination of the product conditions prior to the
dismantling, date of the start and end of the dismantling.

Requirements for the Contents of the Safety Analysis Report for Radiation
Sources (NP-039-02)

These federal standards and rules establish:
e Purpose and scope of the safety analysis report for RS (SAR RS);
e SAR RS development procedure;

e Requirements to the SAR RS contents, structure, format and updating procedure.

In total, the SAR RS shall include the following sections:
1. Introduction
Description of the location region of the radiation source

Basic information about the radiation source

Organisation of the radiation safety service unit

2

3

4. Safety concept for the radiation source

5

6. Safety justification for commissioning and operation of the radiation source
7

Physical protetection of the radiation source
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8.
9.

Analysis of possible radiation accidents and emergency planning

Radiation source decommissioning

10. Quality assurance

As it can be seen from this list, one of the Sections is “RS Decommissioning” which presents:

results of the performed engineering examination and radiation and contamination survey in
the scope sufficient to select and justify the RS ultimate state after all relevant
decommissioning operations have been completed;

description of the selected ultimate RS state after decommissioning has been completed;

sequence of RS decommissioning activities and list of organisational and engineering
measures to ensure radiation safety during these activities;

list of the main RS decommissioning stages indicating their estimated duration and concrete
executors (organisations) involved in these stages;

list of special equipment required for the activities indicating the extent of their readiness
(availability) by the time when SAR RS for RS decommissioning is completed;

scope of radiation monitoring (with justification of its sufficiency) and a procedure to reduce it
at different RS decommissioning stages;

RS decommissioning project - based sequence of loss of integrity of physical barriers in RS
decommissioning including justification of safety measures at each of the RS
decommissioning stages;

information whether the organisation possesses sufficient funds and technical resources to
ensure implementation of all activities provided for in the RS decommissioning project in the
full scope.

It shall be demonstrated how the following is provided for all RS decommissioning stages:

removal of radionuclide sources related to the given RS and their transfer for storage (disposal
of) or reuse in the specialised organisations;

RS physical protection during its decommissioning (including ensurance of security of
radioactive waste, contaminated equipment, instrumentations, fragments of biological shield
etc. generated during the decommissioning);

generation of minimum amount (volume) of radioactive waste during the RS
decommissioning, RW temporary storage and timely transfer for storage or disposal of to the
specialised organisations;

reduction in radiation burdens on the personnel and population and radionuclide release into
the environment up to the minimum possible level.

Note: The Federal Law “On Radiation Protection of Population” (Article 3) includes basic safety
principles. One of them is a principle of optimisation. It means that during the use of any ionising
radiation source an individual exposure doses and number of exposed persons shall be maintained at
as low as possible and adequate level taking into account economic and social factors.

As regards those RSs for which the decommissioning procedure determined by the NP-038-02
requirements does not provide for the development of a special SAR RS for decommissioning, this
section includes brief information about:

brief results of the RS radiation survey (and, if necessary, engineering examination);

brief description of the RS decommissioning program including RS ultimate state after all
operations have been completed;
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e list and sequence of routine (provided for by the RS decommissioning schedule) activities to
remove the radionuclide sources, decontamination of equipment and premises specifying
concrete executors and justification of safety measures to be taken during these activities;

e procedure to write-off and transfer of the radionuclide sources to the specialised organisations
for the subsequent storage or reuse;

e radiation monitoring procedure for RS decommissioning activities (in such case when its
contents and scope differ from that defined in the RS operating regulations).

Safety Rules for Transportation of Radioactive Materials (NP-53-04)

The rules establish safety requirements for transportation of radioactive materials including
requirements for operations and conditions related to the movement of the radioactive material which
are a part of this process (design, fabrication, maintenance and repair of the package; preparation,
loading, shipment, transportation including temporary (transit) storage, unloading and receipt at final
destination of radioactive materials and packages).

For radioactive material shipments, including RTG shipments, the following certificates (certificates-
permits) shall be issued in the Russian Federation:

o certificate (certificate-permit) for a special form radioactive material;

o certificate (certificate-permit) for a low dispersible radioactive material;

e certificate (certificate-permit) for type A package design;

o certificate (certificate-permit) ) for type B(U) and B(M) package design;

e certificate (certificate-permit) for type C package design;

o certificate (certificate-permit) for transportation of type C, B(U), B(M), A package;

o certificate (certificate-permit) for transportation under special arrangements.
These rules include a Section “Measures to be taken in case of accidents during transportation of
radioactive materials” and Section “Physical protection requirements for radioactive materials”.
Other documents that contain RTG-related requirements are state standards:

e GOST 20250-83 “Radioisotope Thermoelectric Generators. Acceptance Rules and Test
Methods” — establishes acceptance rules and test methods for different RTG types;

e  GOST 18696-90 “Radioisotope Thermoelectric Generators. Types and General Technical
Requirements” — establishes RTG types and general technical requirements for RTG
fabrication at enterprises.

o Interdepartmental and departmental regulatory documents addressing separate issues related to
RTG handling and operation are also available.

4, Conclusion

This section addresses safety requirements for operations involving radiation sources at all stages of
their life cycle. Task 1 demonstrated that a legal and regulatory framework applicable to the
decommissioning of RTGs exists in the Russian Federation. There are nevertheless measures that
might be taken to strengthen the framework, particularly in terms of further clarifying the
responsibilities of the different organisations involved in the process, and developing regulatory
guidance specific to RTG decommissioning at the more practical level. Such measures could
contribute to the important goal of ensuring that operational procedures by all of the organisations are
fully consistent with the framework at all times.
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Appendix B
Review of applications for licensing and
authorisations (Task 2)

B-1. Initial risk assessments performed for all stages of RTG
decommissioning (Deliverable D3)

1. Crucial factors of danger in management of RTGs

Radionuclide thermoelectric generators (RTGs) are independent electric power sources with long
life service (usually up to 25 years).

In these devices the heat power released in the radionuclide heat source (RIT-90) due to beta-decay of
strontium-90, which is in moving equilibrium with yttrium-90, with the use of a semiconductor
thermoelectric transducer is transformed in direct-current electric energy with the power from several
units to dozens of Watt in one RTG.

The unique source of potential radiation danger in using RTGs in national economy for personnel,
population and environment are radionuclide heat sources of RIT-90 type, which contain up to
4.35x10" Bq (~ 118 000 Ci) by parent strontium-90 in one instrument. A single RTG depending on
specific type can comprise between 1 and 6 heat sources of different power (as, for instance, in RTG
of IEU-1 type).

The main radiological danger is represented by:

e Intensive gamma bremsstrahlung of beta-particles (basically, from beta-particles of yttrium-90
with boundary energy of 2274 keV, since the contribution of “soft” beta-particles from decay
of strontium-90 with boundary energy of 546 keV is low). Equivalent dose rate (EDR) of
bremsstrahlung from one RIT-90 with allowance for its absorption in the source casing made
from refractory steel more than 5 mm thick may amount to ~ 5.4 Sv/hr at a distance of 1 m, so
their use in RTGs requires a significant biological (radiation) shielding, for this reason the
weight of radiation shielding is between 60 % and 80 % of total generator weight.

e Possible arrival of radionuclides strontium-90 + yttrium-90 to the environment (and human
organism) in case of integrity loss of RIT-90.

In accordance with radiation safety requirements and GOST 18696-90 “Thermoelectric radionuclide
generators: types and general technical requirements”, biological shielding of a RTG should be
designed in such a manner that EDR on its surface would not exceed 0.56 puSv/s (or 200 mrem/hr),
0.028 pSv/s (10 mrem/hr) at a distance of 1 m from the surface and no more than 2.8x10™ pSv/hr (0,1
mrem/s) at a distance of 0.2 m. These values should be adopted as minimum values of EDR received
near the RTG in good condition.

At present, the elements of RTG radiation shielding are made from lead, tungsten-nickel alloy,
depleted uranium and alloys based on it.

The design features of RTGs ensure radiation and environmental safety both in normal operation and
in potential accident situations including all stages of RTG decommissioning.

Radiation and environmental safety are provided by the following factors:

e multi-barrier protection of personnel and environment against intensive bremsstrahlung of
radionuclides strontium-90 + yttrium-90 — constituents of RIT-90;
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e as radionuclide sources, there are used compositions based on strontium titanate that is an
exclusively solid substance, practically insoluble in water;

o this composition is placed in a sealed capsule from heat- and corrosion-resistant alloy EP-437,
which is tolerant to any impacts (thermal, mechanical, corrosion, climatic and the like);

e a radionuclide heat source (RIT-90) is located in the center of the RTG providing an
additional protection against emission of RIT and difficulties in extracting it in case of
unauthorised dismantling.

All these factors ensure high reliability of RTG units and their radiation safety. A probability of
trouble-free operation of a RTG during the life service with confidence probability 0.8 should be no
less than 0.95 for RTG of NSNU, NSVU, A and T types and no less than 0.99 for RTG of M type.

At the same time, taking into account a possible combination of all factors affecting the capsule RIT-
90 in the event of accidental scenario consisting in penetration and long residence of RTGs in sea
water, one has to foresee the potentiality of partial or full loss of integrity of the radioactive core of
RIT-90 leading to contact with the environment. Therefore, for a radioactive material strontium
titanate has been selected, which has a minimum solubility in water.

In the assessment of the potential danger of a radiological accident with RTGs on land, it is essential
to bear in mind that the partial or full destruction of RIT capsule by external impacts is extremely
unlikely, and is practically feasible only on purpose. However, even in case of opening of the capsule
there practically will not be any release of strontium-90 and yttrium-90 from the monolith fuel
composition RIT-90 (strontium titanate) because strontium titanate has a high melting temperature, a
low rate of evaporation at a temperature ~ 1200°C and a very low leachability (see above).

In the event of a radiological accident with a drop from RTG or seal failure of RIT-90 on land, the
only way of radiation impact on biological objects is external irradiation by beta-particles
bremsstrahlung (primarily of radionuclide yttrium-90) in close contact with RTG, RIT-90 in
emergency condition or in case of staying in zone of this emission.

An approximating calculation of EDR of bremsstrahlung from RIT-90 free from biological shielding,
performed with the use of experimental and calculated data from [1,4,5], as well as Viard formula
[2,3] and consideration of the factor that the fuel composition of radioactive core from strontium
titanate is placed in a sealed metal capsule with walls that have thickness for different types of RIT-90
from 5 to 12 mm through which the low-energy part of bremsstrahlung spectrum is “cut oft”, results in
the value of kerma constant of I's ~ 0.35 Gyxm?/sxBq. So for RIT-90-650 with activity ~ 4.14x10"
Bq equivalent dose rate (EDR) at a distance of 1 m will be ~ 1.5x10 Sv/s, or ~ 5.4 Sv/hr. Thus in 1-
hour residence near RIT-90 without biological shielding at a distance of ~1 m a person can receive a
lethal dose of external irradiation.

This value of EDR presents a maximum value for single RIT-90-650 without biological shielding,
which may be adopted for subsequent calculations of EDR received by personnel and population in
various accidental situations, which might take place in management of RTGs, including cases if
radiation accidents with loss of biological shielding (drop of one or few RIT-90 from RTGs, for
example in unauthorised dismantling).

In accidents with damaged RTGs, EDR is significantly less than the received maximum calculated
value of EDR for these cases can be assessed on a basis of experience in elimination of accident
situations associated with drop of RTGs during transportation by helicopter from the height ~ 100 m
on rocky ground. In this case, RTG experiences stress close to the level of mechanical impact designed
in RTG specifications as a special type of radioactive material (STRM) [6,8].

In [7] with reference to research performed by the US specialists, it is demonstrated that damage in
packages is equivalent to a drop from 9 m (speed of fall ~ 13.3 m/s) on rigid base, which will take
place with an impact at a speed of 29.4 m/s from a height of 43 m on solid rock, 33.5 m/s from 57 m
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on soft rock and 40 m/s from 81 m on solid ground, 93.8 m/s from 447 m on soft ground and 60 m/s
from 183 m on water. Therefore, it may be thought that in case of a drop from a height of 40-80 m on
rocky ground an impact upon the package with the RTG will be equivalent to that of testing on STRM,
which it should withhold without loss of radioactive content [8].

As indicated an actual accident with the drop of RTG of EFIR-MA type of the Tiksi Hydrographic
base after throwing from the external carrier arm of the helicopter on rocky surface from a height of
100 m (Act No.16-T-2004 of 21.09.2004), the level of gamma radiation due to the damaged shielding
amounted to at a distance of 2 m from the damaged RTGs ~ 0.8 mSv/hr, and at a distance of 5 m —
(52-55) uSv/hr. No release of radioactive strontium-90 from RTGs was registered.

As an approximation of point source a maximum calculated EDR from damaged RTGs at a distance of
1 m would be ~ 3.2 mSv/hr. This value was taken for calculation of population dose (PD) of accidental
irradiation of personnel in work from a damaged RTGs.

Hypothetically, a loss of RTG integrity can occur as a result of mechanical and thermal impact. Taking
into account physical, chemical and design features of RIT-90 and fuel composition, in case of
violation of integrity of RIT casing, we take for atmospheric release of radionuclide in aerosol form
based on [12] a conservative approximation enclosure value of 6x10™ hr',

As an example of the assessment of consequences of a loss of RTG integrity in open air we can
consider an accident related to fire in transportation of RTG by truck which would result in
superimposition of thermal and mechanical impacts upon RIT of Beta-M type contained in RTG with
activity ~ 40 kCi.

A conservative approximation is applied, where a produced aerosol comprises only fine particles of
respiratory fraction, which in case of intake do not retain in the windpipe and are practically fully
delivered to lungs. Duration of radioactive release in this case is 1 hour. It is thought that such lapse of
time is sufficient to take urgent measures to assess radiation situation, enclose the place of accident,
evacuate population from the radiation dangerous zone and localise the basic source of radiation
danger using protection means and so on.

In the event of a radiation accident related to fire on the vehicle, a part of radioactive substances
coming from the damaged source is deposited in the immediate vicinity of the truck in the area of
aerodynamic shadow. Another part is taken off beyond the limits of aerodynamic shadow and
distributed over a big territory. A calculation of radioactive contamination of the surrounding space is
made using the Methodology [13].

In calculating the radioactive contamination of the area of aerodynamic shadow, the following
conservative model of distribution of activity is used, in case of inflammation of the transportation
facility:

e - all activity from the damaged source comes to the area of acrodynamic shadow,

e - level of activity in air is regulated only by the process of radionuclide arrival to the area of
acrodynamic shadow with no consideration for reduction of activity due to deposition by
gravity.

Calculated dose loads for personnel who are near the vehicle at the moment of the accident are
presented in Table 1.

Table 1. Values of equivalent doses and density of contamination of underlying surface by strontium-
90 along the axis of the area of aerodynamic shadow

Distance to the truck, m Equivalent dose, mSv Density of contamination,
Bqg/m?
0.4 1.28x10°
0.3 7.7x10*
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Distance to the truck, m Equivalent dose, mSv Density of contamination,
Bg/m?
4 0.23 5.5x10*
6 0.19 4.4x10*
8 0.16 3.6x10*
10 0.15 3.1x10*
12 0.13 2.8x10*
14 0.12 2.5x10*
16 0.11 2.3x10*

Table 1 also gives the results of calculation of deposition of activity from air volume within the area of
aerodynamic shadow. In calculation of density of soil contamination by strontium-90 it is suggested
that the deposition velocity is 0.01 m/s (standard value of dry deposition velocity [14]) and the
duration of activity precipitation is 1 hour.

Calculation shows that in this accident dose loads do not exceed the maximum irradiation levels
prescribed by NRB-99 for personnel and population (respectively 20 mSv and 1 mSv per year).

According to [3], a level of contamination by strontium-90 creating a dose load of 1 mSv/year is 1000
Bg/m’. Thus, according to NRB-99, one can specify the following segments of contaminated territory:

e Radiation monitoring area (> 1000 Bg/m?)
e Area of restricted residence of population (> 5000 Bg/m?)

e Area from which population has to be evacuated (> 2x10* Bq/m?).

Therefore, contamination of territory to dangerous values in this accident is restricted by the distance
up to 16 — 20 m from the vehicle.

These calculations were based on conservative assumptions, however, the actual values of radioactive
contaminated areas can be lower than the calculated ones. Bearing this in mind it is necessary to
consider that at a small height of radioactive release the real picture of radioactive contamination has
significant heterogeneity. Spots with a higher density of contamination are possible. So a decision on
decontamination and removal of soil layer should be taken on the basis of outcomes of survey of the
territory shortly after the accident.

To assess collective dose it may be assumed that in occurrence of fire of the transportation facility it is
extinguished by two members of staff of Group A and a fire brigade consisting of 6 people. It is
deemed that people in liquidation of the accident do not approach to the vehicle closer than 2 m. Then
a maximum value of collective dose in fire extinguishing would be 2.4x10” man Sv. The remaining
components of collective associated with elimination of radioactive contamination of the territory are
considerably smaller than this value.

As a whole, it may be concluded that in case of an accident with fire of the vehicle and loss of
integrity of the source, doses of inner irradiation due to arrival to organism of radioactive aerosol
containing strontium-90 do not pose a threat. Decontamination of the area within 100 m> may be
required. In addition, with this accident one should take into account possible elevated external
radiation which can occur in case of aforementioned damaged biological shielding if RTG.

A certain degree of danger could be presented by emergency situations with loss of seal by the active
part of RIT-90 in sea water. In this case, considerable amounts of strontium-90 can come to the
adjacent water area, as a consequence, radionuclides will be accumulated by sea organisms and
ultimately it may lead to delivery of radionuclides in seafood to organisms or inhabitants of coastal
regions.
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From calculations reported in “Substantiation of environmental and radiation safety in works for RTG
disposal” (EIA) approved by the RF Deputy Minister of Atomic Energy S.V. Antipov on 12.03.2004,
it follows that a maximum value of radioactive contamination of sea water already at a distance of ~
10 m from the source (RIT-90) is ~ 1 Bqg/l by strontium-90, that is by a factor of 5 less than the level
of intervention in case of delivery of strontium-90 by water for population, which according to NRB-
99 amounts to 5 Bg/kg. An annual intake of strontium-90 within seafood by humans under the most
unfavorable conditions is ~ 1.1x10° Bg/y. The obtained value is about 12 times lower than the
maximum permissible annual intake of strontium-90 by human organism with food, which is
according to NRB-99 is 1.3x10* Bq/y.

It should be pointed out that the values above were obtained for penetration into sea water of “naked”
fuel pellets (that is without ampoules) with a reduced area of contact of the fuel pellet with water by
20-30 %, i.e. in the most conservative conditions.

Therefore, the data above show that the application as an active part of RIT-90 of fuel composition in
form of strontium titanate with a significant safety margin provides environmental safety in the event
of accidental release of RIT-90 to sea water under the most unfavorable circumstances, moreover the
limits of annual intake of strontium-90 by human organism established in NRB-99 for population will
not be exceeded.

For more than 25-year period of RTG operation, several units became trapped in extreme situations
such as:

e forest fire;

e fire in a room lined with wood;

e they were dropped from the board of the ship in unloading;
e they were washed by waves into tide during storm;

e they were fired on by unidentified persons;

e there were registered attempts of unauthorised opening of RTG by unidentified persons.

In addition to these unintended situations listed above, a test of RTG resistance to explosion was
conducted. An experimental explosion of a powerful anti-ship explosive device attached to a RTG
destroyed a small RTG(57IK), but its RIT-90 was found out undamaged. This result serves as a
justification of assumption that an attempt of premeditated destruction of RTG using the antitank
grenade launcher will cause only violation of the radiation shielding of RTF, however, RIT-90
destruction is excluded.

Therefore, RIT-90 radiation shielding in form of RTG structure or a transport cask protects RITs
against a sharp impact of external factors.

Taking into account insignificance of consequences of the loss of RIT integrity in conditions of fire or
flooding, a unique possibility of spreading big amount of strontium-90 is by explosion of a separate
RIT, free from radiation shielding, by a powerful explosive device. In so doing, RITs should be
retained for several minutes at a temperature higher than 2000°C.

Occurrence of these conditions by chance is practically non-existing and can be created only
deliberately. To carry out such an explosion the following needs to be performed:

extract the RIT from radiation shielding;

e prepare a detonating device of special design;

install into this device the RIT devoid of radiation shielding; and

perform the required conditions of heating and demolition of the RIT.
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At present no other actions can be thought of but the performing of an organised terrorist act. Taking
into account the complicated number of steps to be performed to cause such an explosion, as well as
the long time associated with its preparation, it is reasonably safe to suggest that such terrorist act is
practically impossible in the normal process of transport and interim storage of RTGs dismantlement.

In RTG decommissioning the greatest risk for population and the environment is associated with
accidents during transportation, as detailed below.

An assessment of probability of radiation accidents related to intensive damage of the transportation
facility and/or the transported RTGs on the basis of different publications gives the following values:

e severe train accident with destruction of the special wagon (p,) where packages with RTG are
carried, p;~ 1.8x10® (yearxkm);

e severe road accident with the special truck ‘(p;) where packages with RTG are carried, p; =
1x107 (yearxkm)™;

e accident when the RTG is sunk in transportation on board of the special vessel, p, ~ 1x10°
(yearxkm)™;

e accident related to the drop of the helicopter (py)carrying the RTG, p, ~ 1.0x10™* (yearxkm)™;

e accident related to the collision of the special vessel (py, carrying packages with RTGs from
the White Sea to Atomflot against another ship p,, ~ 1.5x107 year™.

2. Description of the first (basic) options of transport arrangements and
assessment of consequences of potential radiation accidents at each stage of
RTG decommissioning

For collection of RTGs prior to transportation by rail the interim collection pad on the premises of
FSUE Atomflot is used. A reserve pad is equipped at the coast of the Kola Bay opposite to FSUE
Atomflot. List of RTGs to be dismantled and conveyed to the pad at Atomflot within the framework of
this project is given in Table 2.

According to available data for 2005 — 2006 it has planned to dismantle and dispose 31 RTGs
presented in the Kola Peninsula as well as on islands and on shore of the White Sea. Information on
locations of these RTGs, types and technical state is given in Table 2. The last column of this table
shows an approximate length of the route of delivery of each RTG to the collection pad at FSUE
Atomflot, and the column — a probability of the accident in transportation of RTG thereto.

So, according to data in Table 2, it is intended to dismantle:
e Beta-M — 15 units;
e JEU-2 — 7 units;
e [EU-2M - 5 units;
e REU-3-2K — 2 units; and
o [EU-1-2 units.

Rated activity of RTG by strontium-90 is:
e Beta-M — 35.3 kCij;
e IEU-2-89.1 kCi;
e [EU-2M —99.9 kCi;
e JEU-1-327.3 kCi; and
e REU-3-2K - 275.7 kCi.
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Total activity of RTG by strontium-90 is — 2858.7 kCi.

A preliminary assessment of RTG state is two-fold:
e A —RTG is damaged, i.e. in ‘accident state’, not completed,
e U -—RTG is in satisfactory state;

e TO — it is essential to perform a preliminary examination and a procedure of execution of the
special permit for transportation.

Four RTGs of Beta-M type in accident condition are stored in the warehouse in the settlement
Roslyakovo, so prior to dismantlement it is necessary to:
e carry out preliminary examination;

e on the basis of examination to develop and manufacture a necessary technological equipment
and appliances;

e develop, and agree upon technological, regulation to eliminate these accident situations;

e test the regulation for activities for eliminating these accident situations using mock-ups at
VNIITFA.

Afterwards it is essential to dismantle and transport the damaged RTGs.

Another damaged RTG of IEU-1 type is located on the island Golets in the estuary of the Severnaya
Dvina. For this RTG the similar set of activities is needed as that for the damaged RTGs in the
settlement. Roslyakovo needs to prepare a special permit for its transportation. A necessity of
preliminary examination and execution of special permissions for transportation of other RTGs (items
4,9 and 21 in Table 2) is caused by the fact that their 25-year service life has expired.

Table 2. List of RTG planned for dismantlement and disposal in 2005 - 2006 under Russian-
Norwegian Cooperation Program

Date of RTG  |Distance "
No |RTG location |[RTG type RTG manufa RIT-90 condition to Pro!oablllty of
yp
number cture power, W . f(\tomflot, accident / year
m

1 |Lighthouse IEU-2M 8059 1989 650 U 100 1x107
Pechengsky

2 [SNZ Eyna Beta-M 422 1983  [230 U 70 7x10°

3 |SNZ Motka Beta-M 234 1990 230 U 80 8x107

4 |PZS mark IEU-2 01 1978 550 TO 70 7x10°
Motovsky
leading

5 |ZSZ mark IEU-2 66 1981 580 U 70 7x10°
Motovsky
leading

6 |PZS mark Beta-M 398 1983 230 U 60 6x107
Aragubsky input

7 |ZSZ mark Beta-M 393 1983 230 U 60 6x107
Aragubsky input

8 [Lighthouse IEU-2 65 1981 580 U 55 5.5x107
Vyevnavolok

9 [PZS mark Bay [IEU-2 03 1978 550 TO 40 4.0x10°
Nasha

10 |SNZ Beta-M 142 1986 230 U 40 4.0x10°
Shurinovsky
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Distance

Date of RTG -
. RTG RIT-90 .. |to Probability of
No |RTG location RTG type number Ezf:fa power, W ::ondltlon Atomflot, |accident/year
km
11 |SNZ Lodeiny - |Beta-M 319 1981 230 U 35 3.5x107
Zapadny
12 |PZS mark IEU-2M 8039 1989 650 u 30 3.0x10°
Topoc
13 |PZS mark Beta-M 190 1986 230 U 30 3.0x107
Medvezhy -
input
14 |PZS mark Beta-M 194 1986 230 U 30 3.0x10°
Medvezhy
15 |CH3 Zeleny - |Beta-M 257 1991  [230 U 32 3.2x10°
Kolsky
16 |PZS mark, Beta-M 255 1992 230 A 20 -
basic,
warehouse
Roslyakovo
17 |PZS mark Beta-M 259 1992 230 A 20 -
Palagubsky,
warehouse
Roslyakovo
18 |SNZ Yuzhny Beta-M 256 1991 230 A 20 -
Goryachinsky,
warehouse n.
Roslyakovo
19 |SNZ Shurinov  |IEU-2M 001 1984 650 U 20 2.0x10°
20 |No.460, SNZ Beta-M 227 1990 230 A
Volokovsky
warehouse
Roslyakovo
21 |No. 795 IEU-1 042 1979 530 TO 50 5.0x107
Lighthouse 530
Kildinsky 530
Severny 180
180
180
22 |Lighthouse REU-3-2K 003 1989 513 U, TO 40 4.0x10°
Russky 513
513
85
85
85
23 |Lighthouse REU-3- 004 1989 513 U, TO 40 4.0x10°
Russky 2K 513
513
85
85
85
24 |SNZ Bolshoy IEU-2 35 1980 550 u 30 3.0x10°
Oleniy
25 [Sec No.3 mark |[Beta-M 195 1986  [230 U 30 3.0x107
Kol. MI.
26 |ASMk IEU-2M 8099 1989 650 U 780 1x107°
Abramovsky
27 |Lighthouse IEU-2M 9031 1991 650 u 800 1x107
Nikodimsky
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Date of RTG  |Distance "
No [RTG location |RTGtype |N1C  |manufa |R11-90 ndition | Probability of
o ocatio ype u co o
number cture power, W * f(\tomflot, accident / year
m
28 |Lighthouse Beta-M 224 1990 230 U 800 1x107
Nikodimsky
29 |ASMk Golets IEU-1 13 1982 530 A 820 1x107°
530
530
180
180
180
30 [SNZ Tolstik IEU-2 55 1981 580 u 850 1x107°
31 |ASMk Unsky IEU-2 71 1982 580 u 850 1x107°
Total 18518
* Notes:

A — RTG is in ‘accident state’, not completed; it is essential to perform a preliminary examination and works
according to a separate regulation to install a radiator and a protective package or to reload RIT-90 from RTG
to the transport container as well to execute the special permit for transportation;

U — RTG is in satisfactory state;

TO — it is essential to perform a preliminary examination and a procedure of execution of the special permit for
transportation.

RTGs of REU-3-2K type are planned to be dismantled and delivered to VNIITFA without the further
transportation to PO Mayak. It is conditioned by the fact that the design of this type of RTG does not
allow for final disposal of radionuclide sources installed in it according to the technological procedure
in force at PO Mayak. To do this, the development and approval of a special regulation will be needed.

2.1. Transport schemes of RTG delivery to the point of loading in a special
wagon

2.1.1. Delivery of RTG, items 1-15, 19, 21-25 (Table 2)

The main requirements for the areas of interim storage of RTG: they must provide the safe hop of a
helicopter and RTG loading by a ship crane.

The dismantled RTGs from the areas of interim collection along the coast of the Kola Peninsula
should be transported by helicopters as it is very difficult to use for this purpose other transportation
modes. Once the examination shows that a certain RTG is defined as a radiation B(U) package, it is
subject to the following procedure. First, the flight line is approved. Then the RTG is equipped with
the buoy, which would allow for locating it in case of the accidental drop above the water surface, and
attached to the external carrier arm of the helicopter. The distances of transportation of RTGs by
helicopter from locations to the areas of temporary collection should not exceed 150 km.

In case RTGs are carried by helicopter to the reserve pad, afterwards they are transported to the pad at
FSUE Atomflot by batches of 10-12 units by a special vessel of the Hydrographic department of
Northern fleet. To carry out transfer of RTGs to the pad at FSUE Atomflot a special wagon is used
into which RTGs are loaded by 10-12 units.

2.1.2. Delivery of RT, items 16-18, item 20 (Table 2)

RTGs (items 16-18 and 20) from the warehouse of the department of radiation, chemical and
biological protection of Northern fleet in the settlement Roslyakovo are planned to be transported
using the following arrangements:
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e a special wagon with a transport container of UKT1V-(IEU-1) type and required equipment
supplied by VNIITFA arrives to the area of the warehouse;

e the container and the equipment is unloaded from the wagon to the truck and delivered to the
working pad where RIT-90 from two damaged (in bad condition) RTGs is reloaded to the
transport container (cask);

e the container and the equipment is taken by the truck-mounted crane are taken from the truck
and made serviceable;

e according to previously developed and approved regulation, reloading of RIT-90 from two
damaged RTGs, Beta-M 255 and 256, stored at the warchouse of Northern fleet is carried out
to the delivered from VNIITFA certified transport container UKT1V -(IEU-1) by VNIITFA
staff with participation of personnel of the department of radiation, chemical and biological
protection of Northern fleet;

e the transport container UKT1V -(IEU-1) is changed over to transport position and after
determination of transport category (it should be no higher than III) and surface contamination
by radioactive substances, it is loaded to the special vehicle and delivered to the special wagon
to install thereto.

Two remaining damaged RTGs, Beta-M 259 and 227, are completed with equipment delivered from
VNITFA in situ by VNIITFA staff to make them serviceable in conformity with requirements to
radiation packages B(U) of III transport category according to the certificate/permit for the packed
RTG Beta-M (No.RU/09IN/T with effective date 18.07.2006). Completed RTGs are loaded to the
special vehicle, delivered to the special wagon and reloaded in it.

The special wagon is transferred to FSUE Atomflot for loading other RTGs sent for decommissioning.

2.1.3. Delivery of RTG, items 26-31 (Table 2)

RTGs from operational locations along the coast of the White Sea (items. 26 -31 in Table 2) will be
delivered according to the following arrangements.

e A special vessel will be used for collection and transportation of RTGs from their locations.
Each RTG is delivered to the ship using a scow. A vessel should be anchored at a close and
safe distance from the point of RTG loading on the scow.

e The RTG is delivered to the scow from coastline by helicopter or technological equipment and
devices (rolls, decks, pinch bars, ropes, jacks and the like). Once the RTG is loaded on the
scow, it is planned to equip the RTG with a buoy to locate it in the event of the ship sinking.
The RTG from the scow is reloaded on the vessel by the ship crane. RTGs are placed and
attached in the bilge or on the deck, in the most remote place from the areas of continuous or
temporal residence of the crew. It is feasible to install 10-12 RTGs on board of one vessel.
One by one all RTGs are loaded on the vessel.

Further two options are possible. First option consists in transfer of the vessel from the area of the
White Sea to the Kola Bay to the pier of FSUE Atomflot, where RTGs are loaded to the temporary
storing pad or directly to the special wagon.

According to the second option, the vessel goes to the pier of FSUE Zvezdochka (Severodvinsk,
Archangelsk region), where RTGs are reloaded (probably, with storage on the special pad) from the
vessel to the special wagon.

Particular emphasis should be placed on the damaged RTG located on Golets Island. To deliver it to
the collection pad a special transport package intended for localisation of the damaged RTG IEU-1
ASMk Golets, with the required equipment supplied by VNIITFA, will arrive to Archangelsk region
in the special wagon (or special truck). Further, the special transport package (with equipment and
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fittings) is reloaded from the wagon to the truck, delivered to the location of a helicopter, and using the
latter is delivered to ASMk Golets.

In compliance with the developed and approved regulation, at ASMk Golets RTG IEU-1 is installed in
the transport package by VNIITFA staff with participation of personnel of the operator. After placing
RTG in the special transport package, determination of transport category (it should be no higher than
IIT) and surface contamination by radioactive substances is carried out, then the package is brought to
the transport position. The special transport package with RTG IEU-1 is carried by helicopter to the
coastline for loading on the scow.

2.2. Transport scheme of delivery of RTG to FSUE PO Mayak

1. After loading to the special wagon on the interim storing pad at FSUE Atomflot (or FSUE
Zvezdochka) RTGs are transported to the depot of FSUE V/O Isotope (settlement Staraya
Kupavna, Moscow region). Special wagon for RTG transportation are delivered by FSUE
Special switching service depot of Minatom of Russia. Transportation is performed by the RF
Ministry of Transport Routes. RTG for transportation is accepted by the representative of
VNIITFA who will escort the cargo. At the depot FSUE V/O Isotope the special wagon is
unloaded; RTGs are loaded to the special vehicles and delivered to VNIITFA. Work is
performed by FSUE V/O Isotope.

2. Unloading of RTGs from vehicles, interim storage of RTGs, RTG dismantlement with
separation of radionuclide heat sources (RIT), placing RIT in technological containers to
temporary store or in transport containers for transportation by railway to PO Mayak, loading
of transport containers on special vehicles to deliver to the depot of FSUE V/O Isotope. All
this work is performed by FSUE VNIITFA.

3. Transportation of containers with RIT-90 by special vehicles from FSUE VNIITFA to the
depot of V/O Isotope, unloading from vehicles, loading of containers to the special wagon for
transportation to PO Mayak. This is all performed by FSUE V/O Isotope.

4. Transportation of containers with RIT-90 in the special wagon to the PO Mayak.
Transportation is carried out by the RF Ministry of Transport Routes. Special wagons are
supplied by PO Mayak. RTGs intended for transportation at the depot FSUE V/O Isotope are
accepted by the representative of PO Mayak who will escort the cargo.

5. Unloading of containers with RIT at PO Mayak, interim storage of containers, unloading RIT
from containers, placement of RIT for long-term storage (first stage of RIT final disposal)
under conditions totally identical to those of long-term storage of nuclear industry high-level
vitrified waste. This work is performed by FSUE PO Mayak.

3. Characterisation of stages of work and radiological consequences in
RTG decommissioning

3.1. Delivery of RTG by helicopter to the temporary collection pad

Delivery to the RTGs to temporary collection pad in the area of the Kola Bay will be carried out by
helicopter of MI-8 type due to the difficulties in using any alternative transportation facilities and
relatively long distances. It concerns RTG items 1-15, 19, 21-25 (see Table 2). Transportation of
RTGs will be performed individually on the external carrier arm as B(U) packages according to III
Transport category along the approved flight lines. The relevant permission (decision 04-05 dated
29.07.2005) was approved by Deputy Head of the Federal Agency of Atomic Energy S.V. Antipov
and Acting Director of the Federal Agency of environmental, technological and nuclear supervision
A.B. Malyshev.

Preparatory activities for transportation of the indicated RTGs are performed by a 6-men crew
delivered by helicopter to the location of RTG. Members of the crew on land in the location dismantle
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the RTG with special tools, attach it to the external carrier arm of the helicopter. Labor input is
estimated by experts as ~ 20 man-hr. As these RTGs are in satisfactory (not damaged) condition, so in
accordance with GOST 18696-90 “Radionuclide thermoelectric generators: types and general
technical requirements”, EDR at a distance of 1 from the RTG surface should not exceed 0.1 mSv/hr
(10 mrem/hr). Since all relatively long assembling work will be performed approximately at this
distance from RTG, the calculated population dose (PD) received by workers in preparation of RTGs
for transportation will be:

dpop = 6x3%0.1x107 = 1.8x10° man Sv (per RTG).

In this case population dose received by workers in preparation of RTG for transportation of 21 RTGs
is:

Dypop =21 dyop =21x1.8x107 ~ 0.038 man Sv.

In case of emergency in transporting RTGs associated with its drop on solid or soft rock we assume
that the damage will be similar to that in accidental drop of RTGs of Efir-MA type with RIT-90
having activity ~ 4.3x10"> Bq by parent strontium-90 from the height ~ 100 m, described in the act 16-
T-2004 of 21/09/2004. A level of gamma radiation as a consequence of damaged shielding at a
distance of 2 m from the damaged RTG is ~ 0.8 mSv/hr. In approximation of point source, a
maximum EDR at a distance of 1 m would be ~ 3.2 mSv/hr, i.e. EDR from a damaged RTG at a
distance of 1 m is approximately 30 times higher as compared to that stated by GOST and NRB-99.

In this case detection, repair, packaging and preparation for transportation by helicopter will take ~ 36
man-hr, and if work is performed at a distance of ~ 1 m from the damaged RTG, the population dose
for the crew will amount to:

D, (accident) = 6x6x3.2x10” ~ 0.12 man Sv (per damaged RTG).

In case of RTG dropping in the sea, as it is readily apparent from EIA, personnel will not receive any
dose.

In calculation of consequences of potential radiation accidents in transportation of RTGs for
decommissioning, it is advisable to take as a main index of risk a population dose received by
personnel (and population).

A probability of helicopter accident in transportation of RTGs to the pad of interim storage at
Atomflot is calculated for each RTG in conformity with the route of its delivery as well as with the

value Py ~ 1.0x10™ (yearxkm)' and the length of the route. The relevant data are presented in Table
2.

3.2. Delivery of damaged RTG from the warehouse with radiation, chemical and
biological protection of Northern Fleet in the settlement Roslyakovo

Delivery of damaged RTG items 16-18, 20 (see Table 2) from Roslyakovo is planned to be carried out
in the special wagon with the transport container type UKT1V-(IEU-1). The special wagon with
necessary equipment and fittings arrives at the territory of the warehouse. Further, container,
equipment and fittings by the special truck are delivered to the working area where RIT-90 is reloaded
from two damaged RTGs to the transport container. In compliance with the developed and approved
regulation, reloading of two RIT-90-230 from two damaged RTGs of Beta-M type, items 16 and 18
(factory numbers 255 and 256) stored at the depot of Northern fleet, is carried out in the delivered
VNIITFA certified transport container (see above), which after determination of transport category
(not higher than III) and surface contamination by radionuclides, is loaded into the special truck,
delivered to the special wagon and loaded in it.
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Two other damaged RTGs, Beta-M items 17 and 20 (factory numbers 259 and 227), are completed
with equipment delivered from VNIITFA in situ by VNIITFA staff to make them serviceable in
conformity with requirements to radiation packages B(U) of III transport category (according to the
decision 04-05 of 29.07.2005, see above). Completed RTGs are loaded to the special vehicle,
delivered to the special wagon and reloaded in it.

The special wagon is moved to FSUE Atomflot for loading other RTGs sent for decommissioning.

The assessed value of risk in management of damaged RTGs (items 16-18,20), in this case the
population equivalent dose received by personnel in repair, packaging and preparation for
transportation of all damaged RTGs is calculated using the same scheme as above, but with correction
for activity of RIT-90 located in these RTGs. It concerns RTGs items 17 and 20.

For RTGs, from which RIT-90-230 (items 16 and 18) are retrieved resulting with no biological
shielding in EDR at a distance of 1 m equal to ~ 1.8 mSv/s, the operation of reloading RIT-90 in the
container should be performed fast and accurately, so that population dose received by personnel in
this accident situation would not exceed an annual limit of 100 mSv stated in NRB-99. To do this, two
men are enough (one for each RIT-90-230), while the time of each operation should be limited to 50 s,
or much less, if they use a remote tool ~ 500 mm long.

A total value of population dose in management of damaged RTGs (items 16-18 and 20) in this case
will amount to:

D,op (accident) = 4x0.12 +2x0.10 ~ 0.48 + 0.20 ~ 0,68 man Sv.

A probability of radiation accident in transportation to the accumulation pad of 4 damaged RTGs by
the special wagon has been calculated in accordance with the route of transportation to FSUE
Atomflot, using the value P, =~ 1.8x10™ (yearxkm)" and the length of the route. Considering that the
distance from Roslyakovo to the pad at Atomflot is ~ 20 km, it is (p;) = 3.6x107 per trip of the special
wagon.

3.3. Delivery of RTGs, items 26-31, from the White Sea to the pier of FSUE
Atomflot

A special vessel will be used for collection and transportation of RTGs from their locations on the
coastline of the White Sea (items 26-31, Table 2). Each RTG is delivered to the ship using a scow. A
vessel should be anchored at a close and safe distance from the point of RTG loading on the scow.

Each RTG is delivered to the scow from coastline by the 6-men repair crew using either the helicopter
or technological equipment and devices (rolls, decks, pinch bars, ropes, jacks and the like).

Once the RTG is loaded on the scow, it is equiped with a buoy to locate it in the event that the ship
sinks. The RTG from the scow is reloaded on the vessel by the ship crane. RTGs are placed and
attached in the bilge or on the deck, in the most remote place from the areas of continuous or temporal
residence of the crew. It is feasible to install 10-12 RTGs on board of one vessel.

According to the basic option, the vessel with RTGs goes from the White Sea to the Kola Bay to the
pier of FSUE Atomflot where RTGs are loaded to the temporary storing pad or directly to the special
wagon. This option is discussed in the report. Other options are also possible (for example, the vessel
goes to the pier of FSUE Zvezdochka (Severodvinsk, Archangelsk region), where RTGs are reloaded
to the special wagon which later is either delivered directly to the station Staraya Kupavna (Moscow
region) or is joined to the train which carries in special wagons RTGs from FSUE Atomflot to a
junction. Other options are also possible.

From the above mentioned RTGs, only one is in an ‘accident state’ (IEU-1 13, item 29 in Table 2). It
is RTG of IEU-1 type located on Golets Island. It is equipped with six RIT-90, three of them have heat
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capacity 530 W, other three — 180 W. To repair it and deliver it to the collection pad, a special
transport package is needed with the required equipment, fitting and repair team to be delivered to
Archangelsk region in the special wagon (or special truck), unloaded from the wagon to the truck,
delivered to the location by helicopter and using the latter delivered to Golets Island.

In compliance with the developed and approved regulation, at ASMk the Golets RTG IEU-1 is
installed in the transport package by VNIITFA staff with participation of personnel of the operator.
After placing the RTG in the special transport package determination of transport category and surface
contamination by radioactive substances is carried out and then the package is brought to the transport
position. The special transport package with RTG IEU-1 is carried by helicopter to the coastline for
loading on the scow and subsequently to the special ship.

A total activity of RIT-90 in the accident IEU-1 is ~ 13.5x10" Bq by parent strontium-90. With
consideration for total activity of radionuclides strontium-90 + yttrium-90 and a level of its damage
(see above), EDR at a distance of 1 m from the damaged RTG will run as high as ~ 10 mSv/hr.

In this case the population dose received by the members of team in repair, packaging and preparation
of the RTG for transportation by helicopter is:

Dyop1 (accident) = 6x6x10x107 ~ 0.36 man Sv (per one accident IEU-1).

Population dose received by personnel in preparation for transportation by helicopter or in delivery of
the remaining (not-damaged) 4 RTGs to the scow is (see above):

Dpopz = 4% dpop = 4x1.8x107 = 0.0072 man Sv.

A total value of population dose received by personnel in preparation for transportation of this group
of RTGs case will amount to:

Dpop = Dpopt T Dpop2 # 0.37 man Sv.

A probability of accident of the special vessel during transportation by sea to the pier to the interim
storing pad for RTGs at FSUE Atomflot, for this route, is taken as ~ P, ~ 1.5x107 (see [8]). Note that
the length of this route (~ 850 km) is approximately equal to the length of the route between
Stockholm and Cape de La Hague (France) along which SNF is delivered by sea from Sweden for
reprocessing. The relevant data are given in Table 2.

3.4. Delivery of RTG to VNIITFA for dismantlement and RIT-90 to PO Mayak for
subsequent storage and disposal

After loading 10-12 RTGs to the special wagon on the pad of the interim storage at FSUE Atomflot,
the units are transported to the depot of FSUE V/O Isotope in the settlement Staraya Kupavna,
Moscow region. The special wagons for transportation of RTG are delivered by FSUE special
switching service depot of the Federal Agency of Atomic Energy.

For transportation of 31 RTGs, three trips of the special wagons will be needed for the route: the pad
of interim storage at FSUE Atomflot — Staraya Kupavna. The length is ~ 2012 km.

A probability of a severe radiation accident connected with the total destruction of the special wagon
has been calculated in accordance with the route of delivery to FSUE Atomflot, using the value P, =
1.8x10™ (yearxkm)™' and the length of the route. With the length of the route Atomflot — Staraya
Kupavna, ~ 2012 km, a probability of a severe accident (p;) will be = 3.6x10” for one trip of the
special wagon.

At the depot of V/O Isotope, RTGs are reloaded to the special trucks, delivered to FSUE VNIITFA for
dismantlement and extraction of RIT-90 from them. Three trips by truck will be needed for unloading
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each single special wagon. The length of the route from the depot of V/O Isotope to VNIITFA is ~ 80
km (with allowance for movement along the road).

Once RIT-90 are retrieved from RTGs in the special chamber of VNIITFA, they are loaded to the
special containers UKT1V, on which basis the packages B(U) are completed. Depending on capacity,
it is possible to load 1-3 RIT-90. Containers with RIT-90 are again transported by the special trucks to
the depot V/O Isotope and loaded to the special wagon to be delivered to PO Mayak. One special
wagon accommodates 10 containers with RIT-90 of different radioactivity levels. To load one special
wagon, three trips by truck are needed. Therefore, to transfer all RTGs from one special wagon to
VNITFA and deliver back RIT-90 in transport packages to the amount to fill one special wagon 6
trips will be needed. The length of each trip is ~ 80 km.

A probability of a severe road accident in these trips s calculated with the value of P, ~ 1.0x10”
(yearxkm)™" and the length of the route of transportation is ~ 8.0x10™ (for one trip).

All RIT-90, retrieved from 31 RTGs, can be transported by special wagon in three trips. The
subsequent work on unloading the containers with RIT-90, their long-term storage and disposal is
performed by PO Mayak.

A minimum length of transportation by rail from the depot of V/O Isotope to PO Mayak is ~ 1830 km.
In this case a probability of a severe radiation accident connected with the full destruction of the
special wagon, can be obtained with the value P, ~ 1.8x10™ (yearxkm)" and the length of the route is
~3.3x107 (for one trip of the special wagon).

The obtained data on probabilities of accidents in transportation of RTGs are used in the calculation of
risk at separate stages of the RTG transportation. As an example, the route of transportation of RTGs
is by road from the base “V/O Isotope” located at the railway station Staraya Kupavna to FSUE
VNIITFA (for disassembling and extraction of RIT-90) and back. To unload one railcar three trips by
truck are required. The distance from the base “V/O Isotope” to VNIITFA is ~ 80 km (considering
movement along detour roads).

After extracting RIT-90s from RTGs in a special cell of VNIITFA, they are loaded into special
containers UKT1V. Depending on activity, one to three RIT-90s.can be loaded into each type B(U)
package. The containers with RIT-90s are again transported by special vehicles to the base “V/O
Isotope” and loaded in a railway special wagon to be then delivered to PO Mayak. One special wagon
takes 10 containers with RIT-90s of different activity levels. To load one special wagon three trips by
truck will also be required. Thus, to transfer all RTGs to VNIITFA and transfer RIT-90s back, a total
of ~ 18 trips by truck will be required over a total distance of ~ 1 400 km.

With allowance for the given above probability of heavy car accident in one trip, a probability of
heavy car accident in transporting all RTGs will amount to P, ~ 8.0x10™ x18 ~ 1.4 x107 year™.

Calculation of consequences of heavy car accident with inflammation of the transportation facility and
damage of RTG, presented in Section 1, demonstrated that collective dose received by personnel and
firemen (Do) would be ~ 2.4x10~ man Sv.

Assuming that radiation effect on personnel in the accident is one-time, and all members of the team
and firemen (8 men) received similar doses, the calculation of life-long risk using the value (rg)
provided in NRB-99, equals 5.6x10™ (man Sv)"'. Then a value of additional collective life-long risk
(i.e. probability of reduction of duration of life) (R) for personnel in case of the accident will be:

R = PxrpxDeoy = 1.4 x107x5.6x107x2.4x10° ~ 1.9x10° year™.

It is possible also to consider other options of the transport arrangements for RTG delivery. For
instance, one of the options consists in dismantling the not-damaged RTGs located on the coast of the
Barents Sea (items 1-15, 19 and 21-25), loading using the scow to the special ship and finally deliver
them to the pier of the collection pad at FSUE Atomflot. To do this two trips of the special vessel will
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be needed, however, in that option the number of flights by helicopter from RTG locations to Atomflot
will be significantly reduced.

A complete picture of formation of collective doses and risks with due allowance for all steps of RTG
dismantlement is created with the help of a software. Results of calculation performed using the
software complex ASM SZMA are presented in Section 4.

4. Development of functional integrity arrangement (FIA) of RTG transportation
to decommissioning and calculation of risks

In calculation of reliability and risks of the arrangement of transportation of RTGs to disposal,
software complexes (SC) SZMA and ASM 2001 [10,11] have been used and developed by the
organisation Sevzapmontazhavtomatika and currently at the stage of certification in COEP at RNC
Kurchatovsky institute.

Development of the scheme of functional integrity assessment (FIA) was based on the first option of
transportation scheme (TS) to deliver RTGs to dismantlement at FSUE VNIITFA and later to disposal
at PO Mayak illustrated in Figurel.

FIA shown in Figure 1 is based on intensity of trouble-free operation of elements at all stages of RTG
transportation. It is compiled in conformity with the general logical-probabilistic method [9] on the
basis of initial events presented in Table 2. As initial events (IE) FIA use potential accidents in
transportation of RTGs, including in preparation for transportation (particularly, in dismantling, repair,
placing in the transport packaging set for damaged RTG), loading on the transportation facility and
during proper transportation to the collection pad at FSUE Atomflot and further along the transport
scheme. Henceforth FIA with the data from Table 2 has been used for calculation of indexes of
reliability and risk analysis for the whole scheme of RTG transportation and its individual steps.

The numbers of initial events in form of large-sized numbered circles in the FIA diagram correspond
to those in Table 2 and are defined as functional peaks. Logical (fictitious) peaks (small-sized
numbered circles) are results of logical interaction between elements. Arrows entering in the fictitious
peak denote a logical action “OR” (disjunction), and points — logical action “AND” (conjunction). An
inverse output from peaks (“NOT” or negation) corresponds to the change of the result of logical
interaction to the opposite one (in more detail in [9]).

The logical criterion of operation (LCO) in [9-11] is taken to mean an index of reliability, which
characterises the result of logical interaction between elements of FIA (for example, peak 47 in
Figurel corresponds to trouble-free operation of FIA of the whole transport arrangement of delivery of
all RTGs to PO Mayak, while peak 34 — trouble-free delivery of all RTGs to the collection pad at
FSUE Atomflot and so on). As LCO, we can use a probability of trouble-free operation of the
transport system or an intensity of system failure (if FIA is based on failures and as initial events were
chosen failures of elements). The choice of LCO is conditioned by the type of specific FIA,
convenience of calculations and presentation of their results and a number of other factors.

Figures 2-6 show a diagram of positive contribution of elements in the probability of trouble-free
operation at different stages of RTG transportation. It is worthwhile to explain that in the general
logical-probabilistic method a positive contribution of the element presents a contribution of i-th
element to the probability of trouble-free operation of the real system in case of its assured failure:

B =(Pr @, oy )~ PP O)

SC SZMA and ASM 2001 allow for calculating also the significance of individual elements of the
RTG transportation system, the negative contributions of the elements as well as risk indexes
(depending on the extent of consequences of accidents for each element of arrangement of RTG

transportation to decommissioning). Significance of ! element means a difference between
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significance of probabilistic characteristic of the system with absolute reliability of element I and that
with its assured failure, i.e.:

g :(}I)V(dg(r)zl)_(}%(dg(t):o)’ i=12,..H

Pr (1) _
Here F ‘p i(0=ls the value of probabilistic characteristic of system with absolute reliability of

Pr (D, 1)=0

element i, and is the assured failure of element ! within the considered interval !

of time of operation.

A negative contribution of the element presents a contribution of i-th element to the probability of
failure of the real system in case of its assured failure (if element failures are taken as IE in
construction of FIA):

B = _(PF (- (PF (t)‘pi([)zo ))

In SC SZMA and ASM (2001) using the operation of inversion, it is easy to move from one FIA based
on trouble-free work of elements to another FIA, which is based on failures, and vice versa.

The results of calculation in form of a report, which includes the automatically derived logical
function (LF), probabilistic function (PF), static probability of annual trouble-free operation as well as
full operating time, characteristics of elements of system as a whole (significances, positive and
negative contributions of elements and systems to indexes of system reliability and others) in form of a
table, may be displayed on screen and printed out. The calculated results are partially illustrated in
Figures 2-6.
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Figure 1. FIA for transport scheme of RTG delivery for decommissioning. Numbers of initial events
(IE-1-1E-31) correspond to RTG numbers in Table 2.
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From FIA presented in Figurel, it may be thought that in the first option of transport arrangements the
majority of RTGs is delivered by helicopters to the collection pad at Atomflot. This method of
transportation is the most dangerous in terms of accident and contributes most significantly in failure-
proof character of the entire transport arrangements (it is shown by the value of contribution of peak
50 to peak 34, which corresponds to delivery of all RTGs to the collection pad). In so doing,
contributions in trouble-free delivery of each RTG by helicopter primarily depend on the distance of
transportation (it is illustrated in Figure3).

As all RTGs transported by helicopter are not in ‘accident state’, i.e. damaged, so population dose
received by personnel in dismantlement and loading is the smallest among all remaining methods of
delivery, and adds up to ~ 0.038 manxSv (see above), but at the same time it provides a maximum risk
due to a high probability of accident (see Table 4). Contributions of other methods of delivery of
RTGs (by rail from Roslyakovo — peak 32, by sea from the White Sea — peak 33) are considerably
smaller even with consideration for a possible sinking of the ship in transition from the White Sea to
Murmansk (peak 33).

The consequences in form of population dose received by personnel in dismantling, repair and loading
of damaged RTGs on the collection pad from Roslyakovo are more serious than in other cases and
amount to ~ 0.70 manxSv and in case of delivery of RTG from the White Sea (including the accident
unit from island Golets) — 0.37 manxSv.

From diagrams of positive contributions of elements of RTG transportation arrangements to the static
probability of trouble-free operation shown in Figures 2-7, it may be deduced that this index of
reliability and trouble-free operation mostly depends on the following elements of transport
arrangements:

e delivery of RTG by helicopters from the coast of the Kola Bay to the collection pad at
Atomflot (peak 50);

o delivery of RTGs (including the accident unit from island Golets) from the coast of the White
Sea by scow to the special vessel and subsequent transportation to the collection pad at
Atomflot (peak 33).

Risk assessment of the discussed methods of delivery of RTGs to the collection pad at Atomflot
demonstrates (see Table 4) that the greatest risk is related to delivery of RTGs by helicopters, because
in this case we deal with the greatest probability of accidental damage to the RTGs, in spite of the fact
that PD received by personnel and population in potential emergency at this stage of transportation is
the smallest one. The next risk is the delivery of damaged RTGs from Roslyakovo to the collection
pad by rail. It is related to a low probability of railway accident and short length of the route, though
PD in repair and preparation of damaged RTGs for transportation is the biggest. The smallest risk is
associated with the delivery of RTGs (including the accident unit from island Golets) by the special
ship from the White Sea.

Taking into account the absence of other methods of delivery but by rail and by truck to VNIITFA for
RTG dismantlement and PO Mayak for disposal of RIT, no detailed calculations of population doses
and risk were performed at this stage of work. However, preliminary assessment shows that the risk of
accident in these cases will not exceed the relevant values obtained for the stage of RTG transportation
to the pad at FSUE Atomflot. Preliminary assessments also demonstrate that replacement of helicopter
delivery of not-damaged RTGs from the coast of the Kola Peninsula by two trips using the special
vessel is able to reduce significantly the probability and the risk of potential radiation accident.
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4. Conclusion

Evaluation of the transport and technological scheme and the relevant preliminary assessments of the
level of risk for all stages of RTG decommissioning allows for concluding that:

e maximum population doses received by personnel in dismantling, repair, loading and delivery
of RTG may take place in management of damaged RTGs from Roslyakovo and from Golets
Island;

e highest additional risk corresponds to delivery of RTGs by helicopters;

e Jlowest additional risk corresponds to delivery of RTGs from the White Sea by special vessel;
and

e replacement of helicopter delivery of not-damaged RTGs from the coast of the Kola Peninsula
by two trips using the special vessel is able to reduce the level of additional risk.
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B-2. Analysis of Russian methodologies and software (Deliverable D4)

Introduction

A lot of systems being integral parts of nuclear power sites (NS) such as RTG with their infrastructure
are characterised by large scale (a big number of elements) and high structural complexity. It
considerably complicates, and often renders impossible an application of conventional manual (not
automatic) technologies for probabilistic assessment of such important properties as reliability, safety
and NS operational risk. Thus in recent years in a number of developed countries software means are
actively developed to provide a possibility of using new information technologies of automatic
simulation and calculation of probabilistic indexes of reliability, safety and operational risk of various
structurally complicated and large-scale systems, among them sites where nuclear power is in use.

This work presents a brief comparative analysis of theoretical foundations of construction and
potential application in assessment of safety and risks for human beings and the environment of there
software complexes (SC). These listed below SCs have been certified (acknowledged) by the state
regulatory body and are intended for automatic structural simulation and calculation of probabilistic
indexes of reliability, safety and operational risk of various structurally complicated and large-scale
systems:

1. "Risk Spectrum" developed by the company Relcon AB (Sweden) and widely used in nuclear
industry for probabilistic NPP safety evaluation [1 — 4, 10];

2. "Relex" developed by the company "Relex Software" (USA) and widely used in different
countries in evaluation of reliability of complicated technical systems [5-7, 10];

3. "SC ASM SZMA" developed by the company OAO SPEC SZMA (Russia) for automatic
structural and logic simulation and calculation of reliability and safety of structurally
complicated systems of different types, classes and purposes [8 - 10].

Applicability indicated the PC to such complicated objects of use of an atomic energy, as NPP, proves,
that they are applicable practically to anyone NS, including to RTG. All three PCs are intended for
account of parameters of non-failure operation and nonaccidental at all stages of the circulation with
NS. The knowledge of these parameters is completely necessary for account of emergency risk for
health of staff and population at all stages of salvaging RTG, including for want of transportation RTG
by any methods, as just the origin of radiation failure has a probability character. There, where for the
analysis of risk there is enough of deterministic parameters (for example, of individual or collective
dozes) as principle it is possible to manage and without knowledge of probability of failures, but from
our point of view of such approach is not complex.

This work has been performed by specialists of OOO RECcentre with participation of experts from
FSUE SPbAEP (St. Petersburg), V.A. Trapeznikov IPU RAN (Moscow) and OAO SPEC SZMA (St.
Petersburg).

1. Brief characterisation of SC Risk Spectrum

Methodology of simulation and calculation of indexes of reliability and safety with SC Risk Spectrum
is based on the apparatus of logical and probabilistic methods which use as means of construction of
graphical models of safety (reliability) the event trees (ET) and the fault trees (FT)

An event tree implies a graphical model describing the logics of different options of an emergency
process caused by an initial (initiating) event of the accident (IE).

In SC Risk Spectrum of ET is presented in form of a table containing a heading line, a field with an
open binary graph (event tree itself), several columns with characteristics of end (top) states of an
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object under simulation which are accomplished in the process of the realisation of accidental
sequences. The heading of the 1% column of the table indicates the designation of initial events (IE)
(IE groups). Next headings of columns from left to right give names and conditional designations of
intermediate events corresponding to successful or unsuccessful performance of safety functions,
efficient or failed states of systems of safety or individual components (equipment and technical
means), correct or erroneous actions of operators. In columns which define end states (ES) there are
given numbers of ES, their conditional designations, probabilities of implementation, probably, logical
formulae corresponding to specific accidental sequences (AS).

With accidental sequences ET shows the options of development of an accidental process (AP). Here
AP implies a sequence of events leading to a certain end state of the object including initial state of the
accident, successful or unsuccessful responses of safety systems and actions of operators (personnel)
in the course of accident development.

Fault tree implies a graphical model representing the logics of events leading to non-realisation of a set
function (fault) of the system through the advent of different combinations of equipment faults and
operator’s errors.

In construction of fault trees in the editor of FT SC Risk Spectrum seven types of logical operators are
used:

Table 1
Logical operator type Meaning: logical element is TRUE if
OR At least one input event is TRUE
AND All input events are TRUE
K-from-N (K/N) At least K from N input events is TRUE

None of input events is TRUE

(all input events are FALSE )

Not all input events are TRUE
AND-NOT (At least one input event is FALSE)
Nonequivalence (excluding OR) One input event is exactly TRUE

NOR (OR-NOT)

A maximum number of inputs and restrictions of K meaning depend on a possible memory volume
and a full size of the fault tree. K/N-logical elements are extended to an equivalent number of OR -/
AND - logical elements.

Apart from above logical elements, there is another, additional logical operator, which may be used in
fault trees: NOT - operator. It can be thought as a logical “inventor”. NOT - operator may be used in
every nod in the fault tree which contains the primary event or external condition. A symbol of NOT —
operator in Risk Spectrum is a little circle, but above the nod. NOT — operator influences logics in the
following manner:

In the current version of Risk Spectrum negative logics is processed as “pseudonegative logics”. It
means that the added (refused) events are processed in the following manner in MCO — studies.

Table 2
Event in nod Nod (input of logical element)
TRUE FALSE
FALSE TRUE

e Any set of cross-sections containing mutually exclusive events is eliminated. Such set of
cross-sections cannot take place because mutually exclusive events cannot occur
simultaneously.

e Added (completed) events are not included in sets of minimum cross-sections made in MCO-
analysis, i.e. MCO contain only fault events and not any successful events.
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SC Risk Spectrum allows for calculating the following values: unavailability, average unavailability,
probability of fault, frequency of faults of system under investigation.

If a value of unavailability is constant with time, its value is equal to a value of average unavailability.
If a component or a system are non-recoverable, unavailability is equal to probability of fault.

The developers of Risk Spectrum employ terms “unavailability” and ‘“unreliability” both for
recoverable and non-recoverable components. In scientific and technical literature the term
“unavailability” is usually employed just for recoverable components while “unreliability” is used for
non-recoverable components.

The same holds for the term “frequency” for recoverable and non-recoverable components. In
literature, the term “frequency of faults” is used only for non-recoverable components while
“unconditional intensity of faults” is used for recoverable components.

The term “frequency” is used in Risk Spectrum by two slightly different methods:

1. As a type of parameter which may be used in one of the models of primary event. This model
is named from the parameter, as this is a unique parameter in this model, i.e. we have a
“model of primary event of frequency type”. In this case, “frequency” refers to the value
which is constant in time. Actually, this is a parameter of Poisson fault flow.

2. Initial event in ET quite often is represented by Poisson process. Conventionally, in
description of probabilistic parameters of initial events the term “frequency” is used. The most
common unit of time used for this type of frequency is “number of events per year”.

Parameters of “frequency” and a type of “frequency” of primary events (type 5) are intended to use
only for this type of event.

An expected number of occurrences of faults per time unit is calculated for upper event in time
dependence analysis. It is also called “unconditional intensity of fault”.

2. Brief characterisation of SC Relex

Software complex Relex comprises 8 modules:
e Reliability Prediction;
e Maintainability Prediction;
o FMEA/FMECA;
e Reliability Block Diagram;
e Fault Tree/Event Tree;
e Markov Analysis;
e  Weibull Analysis;
o Life Cycle Cost.

SC Relex may form from an arbitrary number of interacting and sharing the common base modules:

e Reliability prediction module comprises models for calculation of indexes of reliability
elements. It contains an extensive database (~300,000 names) with classification features of
elements and characteristics of reliability. Calculations are performed according to standards:
MIL-HDBK-217, Telcordia (Bellcore) TR-332, Prism, NSWC-98/LE1, CNET93, HRDS,
299B.
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e Maintainability prediction module meets the requirements of the standard on investigation of
system maintainability - MIL-HDBK-472. It is aimed at solution of problems of prediction of
preventive maintenance.

o FMEA/FMECA module. Analysis is carried out in conformity with standards MIL-STD-1629,
SAE ARP 5580 and others. Dangerous faults are ranked and assessed on a basis of risk
priorities.

e Reliability block diagram module is used for analysis of complicated reserved systems. It
comprises both analytical and Monte Carlo methods.

e Fault Tree/Event Tree module. It employs procedures of deductive and conductive analysis of
progression of faults and events progression within the system. It is used for evaluation of
reliability and safety. The module contains an extensive set of logical and functional peaks.

e Markov analysis module. Markov simulation of reliability, efficiency, safety, risks. Starting
from version 7.7, Markov processes with profits are added. It allows for taking into account
complicated operating modes, different types of faults, specificities of maintenance.

e Weibull module. It is intended for processing statistics of tests and operation. A large
spectrum of distributions is supported.

o Economic calculation (LCC) module. Life cycle cost is assessed at all stages of system
construction, operation and decommissioning. Economic indexes of resource prolongation are
assessed. It has a built-in formula editor which allows for implementing specific economic
standpoints.

Modules have a visual editor to specify the model of the system under evaluation directly on screen.
Customised reports, plotting and macros languages are possible. The system is fully documented, it
has a well-developed Help. SC has a built-in master of exporting/importing initial data to/from text
files, spreadsheets, databases, BOM files.

We dwell on two software modules of Relex complex which directly solve the problems of analysis of
reliability and safety of structurally complicated systems.

2.1. Module of reliability block diagrams

Module of reliability block diagrams (RBD) is intended for investigation in reliability and working
capacity of reserves, recoverable systems with arbitrarily laws of distribution of random error-free
running times and element recovery. Computing unit of the module performs calculation of reliability,
availability and efficiency values by analytical methods and statistical Monte Carlo simulation with
acceleration.

In calculation of reliability and working capacity in RBD it is possible to consider for the following
factors:

e type of reservation (constant, by replacement, varying);

e probability and time of successful introduction of reserve;
e state of reserve (connected or disconnected);

e mechanism of fault occurrence;

o different recovery strategies;

e availability of spare parts and equipment, routine maintenance and check-ups.

RBD work results in calculation of the following values:;

e probability of trouble-free work;
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e mean time between failures;

e intensity of system faults;

e availability (fixed, non-fixed);
e parameter of fault flow;

e mean number of faults;

e mean time between failures;

o efficiency etc.

To calculate complicated, yet decomposable systems, in RBD the units can be inserted one into
another in the event tree, in other words, every unit can be represented by other RBD, a number of
inserted units is limited only by volume of working memory. Interaction of RBD with other Relex
modules is carried out by linking units with relevant items (element or assembly from Reliability
Prediction module, item of ABOSC module, fault tree item).

Starting from version 7.6, Relex RBD has a possibility to solve the optimal problems of reliability:
determination of a number of reserve elements maximising the values of reliability/efficiency or
minimising the cost of system; definition of optimal periods of routine maintenance and check-ups.

Version 7.7 is added by a new type of block diagrams — phase diagrams used for simulation of system
reliability which operating time may be split into stages (phases), each of them is characterised by its
duration, values of intensity of failed elements, reliable structure.

2.2. Fault tree module

Fault tree module (FT) is intended for investigation of system reliability and safety. Module Relex FT
is free from shortcomings and limitations of classical fault trees owing to introduction of new logical-
dynamical operators (peaks) considering for dependence of events, temporal relationships, priorities.
The table below gives a list of peaks and events implemented in Relex.

Table 3
Name of peak Description of peak
AND logical AND
OR logical OR
NAND logical AND-NOT
NOR logical OR-NOT
NOT logical NOT
VOTING (k/n) = m/n voting (majority selection)
INHIBIT logical AND with inhibiting entry (inhibiting AND)
XOR excluding OR
PRIORITY priority AND (dynamic operator)
AND
FDEP considers dependencies between events and temporal order
SPARE considers state of reserve, particularly, connection
SEQ considers sequence of event occurrence

Module of fault tree of Relex provides also simulation with common elements in different tree
branches and with common reasons of faults. To account faults by common reason several models are
employed (in literature they are called: B-factor model, MGL-model, a.-model, BFR model).
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Newly introduced operators, common elements and common reasons allow for considering in the
model many peculiarities inherent to occurrence of dangerous consequences, and also technical,
algorithmic, organisational measures to ensure safety.

Module calculates the following indexes:
e probability of fault;
e unavailability;
e parameter of fault flow;

e mean number of faults.
Values of indexes are calculated both for top event and for each intermediate event.

Moreover, for each highlighted event (both top and intermediate) sets of relevant minimum cross-
sections can be looked through and evaluated.

If the fault tree is too big, in order to accelerate calculations one can make an approximate assessment
without significant reduction of precision. It is achieved by restriction of the number of cross-sections
under consideration, ignoring cross-sections with low probability, using methods of cross-sections
summation, restricting a number of intersections, Ezary-Prosshan.

It is also possible to compare a relative significance of different events by methods of Birnbaum,
criticality, Fussel-Wesely.

Fault trees are integrated with the remaining modules of Relex. Any event of tree can be related with
e clements and assemblies of reliability prediction module;
e types of faults from FMEA/FMECA;

e graph of transitions from Markov Relex;

The tree itself may be related to units of the module Relex RBD.

3. Characterisation of SC ASM SZMA

A theoretical basis of technology of automatic structural-logical simulation is a general logical-
probabilistic method (GLPM) of simulation and computation of reliability, survivability and safety
of structurally and qualitatively complicated system objects and processes [3-5]. In GLPM of
calculation of reliability the apparatus of mathematical logics is used for primary graphical and
analytical description of conditions for implementation of functions by individual elements and group
of elements in the system under design, while the methods of probability theory and combinatorial
analysis are applied for a quantitative estimate of reliability and/or danger of operation of the designed
system as a whole. For GLPM to be applied there should be specified special structural schemes of
functional integrity of investigated systems, logical criteria of their operation, probabilistic and other
parameters of elements.

The basis of the definition and solution of all problems of simulation and computation of reliability of
systems using GLPM is a so called event/logical approach. It provides a consecutive fulfillment of the
four following stages of GLPM:

3.1. Stage of structural-logical definition of the problem

The basic content of the stage of definition of problems for application of SC ASM SZMA is
characterised by the following diagram.
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Fig.1. Contents of the stage of definition of problems within ASM technology

At this first stage of ASM technology the following basic actions are performed:

the entire system under consideration is divided into a finite number of H elements,
i=1,2,..H, each of them is presented in the reliability model by a prime (binary) event x;

with two possible states X, ={x,x;}, for instance, working capacity/failure,
availability/unavailability, destruction/non-destruction, etc. and the given probabilistic
parameters pi(t) or qi(1) = I - pi(t);

determination of content and logical conditions of realisation y; and/or non-realisation }l. of
output functions for each element in the system;

logically strict verbal and graphical (analytical) description of a set of X individual elements of
the system and a set of conditions Y of their realisation of system functions which in

population G(X,Y) form a special functional integrity scheme (FIS) of the system under
consideration;

logically strict description and specification with individual or group output functions logical
criteria of operation (LCO) of the system Y, =Y, ({¥,},i =1,2,..., N) of implementation of
basic functions and/or occurrence of dangerous states of the system.

A main part in the definition of the problems of automatic structural-logical simulation of reliability is
played by construction of schemes of functional integrity for each given output function of the system
under design. Graphic means and typical fragments of FIS are shown in the figure below.
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Fig.2. Apparatus of schemes of functional integrity of GLPM

The main creative work in the definition of the problem and analysis of results of design calculation of
reliability is carried out by a designer and a system analyst. They describe logically the system under
design, construct FIS for each of its main subsystems and functions, define parameters of element
reliability, set logical criteria of realisation of functions, analyse results of computations, elaborate and

implement design solutions and prepare the report.

Initial data for definition of the problem is prepared by the designer in a free, however, logically strict
form of description of organisational and technical methods and means for provision of reliability of
he system under design. It includes a description of functional structure of the system, its basic
functions and accidental situations, composition and parameters of element reliability. There should be
formulated (in text and/or in graphic form) conditions in fulfillment of which every element realises its

functional purpose in the system.

A final formalised definition of the problem is performed by the system analyst. Based on the
description of the system received from the designer, he constructs schemes of functional integrity for
each of its functions, sets logical criteria of operation, fixes parameters of reliability for elements and

makes more precise a list of calculated indexes of reliability of the system.

In the technology of automatic structural-logical simulation only the first stage of structural-logical
definition of the problems of assessment of reliability, safety and risk of complicated systems is
performed manually. The stages of construction of logical functions of system working capacity
FSWC, polynomials of probabilistic function (PF) and performance of calculations of indexes in ASM

technology are implemented automatically using SC ASM SZMA.
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3.2. Stage of logical simulation

This figure illustrates a general scheme of solution of the problem of definition of logical FSWC in SC
ASM SZMA.
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Fig.3. Diagram of stage of definition of logical FSWC

At this stage using special methods of transformation of FIS and LCO, a logical function of system
working capacity (FSWC) Y, =Y. ({%;},i =1,2,..., H) is built. Logical FSWC permits to define in a
compact form and an analytically strict manner all combinations of states of elements
X,,i=12,...,H , in which (and only in them) it realises its output function F (reliability, availability,
failure-proofing or fault, unavailability, occurrence of emergency, etc.).

In SC ASM SZMA the problem of logical simulation is solved by software modules of the library
LOG@PF [12]. Here initial data is FIS of the system under consideration and what is termed logical
criterion of operation

YI: ZYF({yi,;i),izl,Z,...,N)

Hereinafter a letter ' denotes the operating mode of the system, a system property of reliability or
safety under investigation, or one of a host of input functions with which this property is related.

LCO is defined as a Boolean function without brackets which arguments are designations of output
integrative functions of those peaks of FIS, which in this totality represent the property of reliability or
safety of the system at hand. LCO is set by the user after FIS has been built, just before start of
solution of the problem SC ASM SZMA.

In the “fault tree” technology, a prototype of LCO is a notion of “upper event” [1-4]. LCO gives to the
user more wide possibilities for specifying different problems, as using it one can define a great
variety of system events (working capacity, fault, safety, occurrence of emergency situation, level of
efficiency, risk, availability, unavailability, etc.) both of the system being studied and different
structural fragments and subsystems thereof.

A procedure of definition of logical FSWC is based on special methods and software for solution of a
system of logical equations presented by FIS for any given LCO [11]

Coll: G(X,Y)

JKD: Y =®OPC: Y, =Y, ({x,x:},i=12,...H)
A logical FSWC automatically formed in SC ASM SZMA may represent a full plurality of the shortest
ways of successful operation (minimum cutting-off combinations [13]), minimum cross-sections of
faults (minimum transmitting combinations [13]), as well as their different non-monotonic
combinations. Every FSWC also exactly and unambiguously matches up a set of states of the system
at hand, in which (and only in them) it represents the given logical criterion of operation. In an event
sense FSWC is an accurate and unambiguous mathematical description of that complicated random
event which probabilistic features are the desired quantitative estimate of properties of reliability or
safety of the system under study and/or its various fragments and subsystems.
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Contrary to classical LPM, in GLPM it is a common practice to interpret a notion of logical FSWC in
a wide sense. That is FSWC, depending on the type of FIS and LCO, may represent not only working
capacity or safety, but also failures or accidents of the system at hand, as well as its different non-
monotonic combinations.

3.3. Stage of probabilistic simulation

This figure shows a general scheme of definition of polynomial of computed probabilistic function in
SC ASM SZMA.
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g2.4. Diagram of stage of definition of polynomial PF

At this stage using special methods of transformation of FSWC [14], the polynomial of computational
probabilistic function (PF) Pgr({pi(t),q:(t)}, i=1,2,...H;t) is constructed. Polynomial PF allows for
defining in an analytically strict fashion a law of distribution of time of trouble-free operation of the
system on a basis of realisation of output function F set by logical criterion of operation.

Construction of a rated polynomial of probabilistic function is performed in SC ASM SZMA by a
special routine of the library LOG@PF [12]. With it, the logical FSWC of the system being studied<
which was achieved at the previous stage, is directly transformed to the computing polynomial of
probabilistic function

Y, ({x,,xi},i = 1,2, . H) = P.(t) = Po({p,,q,},i =12,..., H; 1)

In the library LOG@PF of SC ASM SZMA a program of construction of polynomial of probabilistic
function is based on what is termed a combined method of transformation of logical FSWC to
polynomials PF [14].

3.4. Stage of performance of computed indexes

A generalised diagram of the closing stage of calculation of probabilistic indexes in SC ASM SZMA
is given in the figure below.
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Fig.5. Diagram of the stage of calculation of probabilistic indexes in SC ASM SZMA
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On the right of this figure are given the typical probabilistic values calculated in SC ASM SZMA for
assessment of reliability and safety of the system. Let us consider them separately.

3.4.1. Calculation of statistical probabilistic indexes of the system

In order to perform statistical calculations in SC ASM SZMA at the stage of definition of the problem
there should be specified in an explicit form the probabilities of outcomes p; i=1,2,...H of all
elementary events represented in FIS system by functional peaks. A significance of these probabilities
is defined by the index of SC ASM SZMA in the course of development of FIS system. These could
be probabilities of trouble-free operation or failure of elements, their availability or unavailability,
probabilities of response or non-operation to request and the like. After downloading these parameters
and initiation of solution of the problem SC ASM SZMA (on a basis of polynomial PF and given static
parameters of elements) performs calculation of the relevant static probability Py of the system at hand
as a whole. The significance of this characteristic corresponds to a type of FIS prepared by the user,
and always determines the probability of realisation of the set logical criterion of operation of the
system.

3.4.2. Calculation of probability of trouble-free operation of unrecoverable
system

Non-recoverable are thought to be system objects in which in the time interval of operation under
study 7 all elements i=1,2,...H are able to fail independently with an intensity 4, =1/7, [l/year], but

none of them recovers after fault.

Initial data for calculating this value in SC ASM SZMA are as follows:

e polynomial Pg(?) of function of probability of trouble-free operation of the investigated mode
F of operation of the system under study;

e numerical values of mean time before failure 7,; of all elements i=1,2,...H of the system in
years;

e time ¢ of system operation (full operating time) in hours.

First SC ASM SZMA carries out calculations of probabilities of trouble-free operation and failure of
all elements of the system for exponential law of time distribution of their trouble-free operation

D; (t) = ei?f[;
4,(6)=1- p,(0).

Substituting analytical expressions (15) in polynomial PF, we obtain the law of distribution of time of
trouble-free operation of the system by realisation of the function F. On the basis of this polynomial
SC ASM SZMA performs calculations of probability Pr(z)of trouble-free operation of the system for
the given full time ¢.

3.4.3. Calculation of mean time between failures of unrecoverable system

Analytical solution of this problem is associated with pin-pointing the integral of polynomial Pp(?) of
probabilistic function of reliability of the system:

T, =[P.(t)ds
0
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If polynomial Pr(t) is presented in an explicit form (without using parameter ¢;(?)), then this integral
for exponential law of time distribution of trouble-free operation of elements is taken directly in a
general form, and the appropriate computing formula of mean time before first failure of the system is

M 1
T, = Z(?l _/)—1
j=1 il
lEKj Toi

Here M — number of monomials in a direct form of polynomial PF, (¢i;) - sign before j-th monomial
and K; - set of numbers of elements i, which parameters p;(z) enter in the j-th monomial.

3.4.4. Calculation of availabilities of elements of recoverable system

There are also considered such recoverable systems where all elements, i=1,2,...H, can independently
fail with a given intensity A;(2) =/; = const and indefinitely recover (i.e. change-over to state of
efficiency) with a given intensity of recovery w;(t) = u; = const.

In SC ASM SZMA reliability of elements in the recoverable system is characterised by two
parameters

Here T, - is called a full time of recoverable element. It is equal to a mean time of element’ operation
between adjacent failures. For the exponential law it is equal to a mean time of operation before the
first failure of an unrecoverable element. Parameter T;; defines a mean time of recovery of the failed
element.

As a generalised initial parameter of reliability of the recoverable element we can use its availability
which is equal to

. T. :
EA ol ﬂl

o T, +T, B A+ u

We can speak about the following significances of availability. First, its value determines that mean
proportion of time ( EA ; +1) from the full time ¢, within which the element is efficient, i.e. fulfils its

functions in the system. Within the remaining time (1— E4 ;) -t the element is in failure, i.e. being

recovered. On the other hand, availability is equal to probability of event — to find the recoverable
element / in any moment ¢ of its efficient operation. Similarly, unavailability 1— EA4 . 1is equal to

probability of finding the element at any moment in its inoperative state (fault, recovery). For the
admitted assumptions this probability is independent of time and is constant within the entire period of
operation of the object (except a short initial transitional period).

3.4.5. Calculation of availability of recoverable system

In SC ASM SZMA system availability is calculated on a basis of polynomial of probabilistic function
Prand two types of reliability parameters of all elements:

e mean operation before failure Ty; [year];

e mean recovery time T [hour].
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Thereafter SC ASM SZMA automatically calculates values of availability of elements p, = A4, and

based on polynomial PF computes a value of availability EA ¢ of the system. This value is calculated
both for monotonic and non-monotonic models of system objects under study.

Constraints: This procedure of calculation of EA r 1s rightful under assumption of independency of
faults and unlimited recoveries of all elements of the system under study.

3.4.6. Calculation of mean full time and mean recovery time of the system

Availability is the most popular, unfortunately, far from complete characteristic of reliability of the
recoverable system. Thus, in particular, knowing only EA ¢ does not allow for defining such

important characteristics as mean time between failures 7= mean recovery time 7 and probability of
trouble-free operation P;r of the recoverable system.

In SC ASM SZMA for calculation of the above values the well-known and new approximated
analytical methods [28, 29] are applied:

0, =Ei,*

1,

OdF :(1_E‘A~F)*

3.4.7. Calculation of probability of trouble-free operation of recoverable system
Calculation of this characteristic is based on the following assumptions:

Probability of trouble-free operation of recoverable system is a characteristic of event of occurrence of
the first, even very short failure of the system as a whole;

Random time prior to advent of the first failure of the recoverable system is distributed according to
the exponential law with the parameter

1
/1sz

iiF + T ar

In this case the appraised calculation of probability of the first failure of the recoverable system is
performed to the well-know formula for exponential law

1
Prt)=g M =g 1wt

Constraints: Indexes Tjr, T;r and P;r are calculated in SC ASM SZMA only for straightforward
monotonic models of efficiency of recoverable systems. Availability (or unavailability) is calculated
for all kinds of monotonic and non-monotonic models.

page B-39



3.4.8. Calculation of probabilistic characteristics if mixed systems

Mixed systems are those where a part of elements is recoverable and another part of elements —
unrecoverable. In SC ASM SZMA as an index of reliability of such system probability of availability

of the mixed system PEA (t) [15] is calculated.

This index is calculated according to the following rules:

o for elements of the unrecoverable part of the system as probabilistic parameters, probabilities
of their trouble-free operation p, = p,(t) = e " or fault q; = qi(t) = 1-p;(t) are calculated;

o for elements of the recoverable part of the system as parameters their values of availability
pi=KI'; and unavailability ¢,=1-KT; are used.

Substituting these parameters in polynomial PF, SC ASM SZMA calculates probability of availability
of the mixed system as a whole.

PEA (1) = p({p;(1),4,(1), EA ;|- E4 },ie N, jeW)

Here N is a set of numbers of unrecoverable elements, and W — a set of numbers of recoverable
elements of the mixed system.

In physical terms, PEA ¢ (?)is a probability that by the end of the time ¢ of operation of the system

there exists at least one combination of states of efficiency of recoverable elements and trouble-free
operation of unrecoverable elements, which ensures efficiency of this system as a whole. Therefore,

by its definition, the characteristic PEA ¢ (t) steers a middle course between indexes of its availability
EA ~ if all elements are recovered, and a probability of trouble-free operation Pg(?), if all elements

are unrecoverable. At the same time, SC ASM SZMA calculates significances and inputs of all
elements into the index of probability of availability of the mixed system.

3.4.9. Calculation of significances and inputs of elements

The basic version of SC ASM SZMA calculates three indexes of a role of elements in provision of
reliability and safety of systems under study — significance, positive and negative contribution [15].

3.4.10. Calculation of significance of elements of the system

Calculation of the index of significance & of an individual element i of the system at hand is carried
out in SC ASM SZMA on a basis of the following relationship:

:PF PF

b =1 — b, =0 ,i=12,..H

Si

Where £ % - significance of probabilistic characteristic of the system with absolute reliability of
P =

element i, a P, 0 with a plausible failure of element 7 within the interval under consideration ¢
p; =
of time of operation. It means that:
e A value of significance & is exactly equal to the change in significance of the system
characteristic Py due to a change of proper parameter p; from 0 to 1, and with fixed values of
parameters of all other elements of the system;

e A range of values of probabilistic index of significance & is [-1, 0, + 1] inclusive;
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e A negative value & <0 characterises a harmful (decreasing), as it is called, influence of
element i on probability of realisation of the given operating mode of the system. In this case,
for example, an increase of reliability of the proper element i, evidently leads to decrease in
reliability Pc of the system as a whole, and more precisely — of the mode of its operation being
studied. Negative significances of elements innate to non-monotonic logical-probabilistic
models of the systems;

e A zero value of characteristic of significance & = 0 indicates that this element i is insignificant
for realisation of the considered operating mode of the system as a whole (element i is
redundant, unneeded);

e A positive value &> 0 determines that maximum possible increase in reliability Pr of the
system, which it can achieve with change of reliability of just one element i from zero to one
inclusive;

e All elements of monotonic systems may have only positive or zero values of the
characteristics of their significance;

e In case when processes of failures (or failures and recoveries) of all elements of the system are
independent in the aggregate, significances (23) of elements of the system are equal to the

relevant partial derivatives
_OF./ . _
&= /api,z—z,z,...H

3.4.11. Positive and negative contributions of elements of system

Along with characteristics of significance in SC ASM SZMA are calculated the indexes of positive
S and negative [ contribution of all elements.

A positive contribution S demonstrates how a system index Pr changes with modification of just

one parameter p; of element i of studied system from its current value p; to 1.0

_Pr

+
=t - R
A negative contribution [, demonstrates how a system index Pr changes with modification of just

one parameter p; of element i from its current value (p;) to 0.0, taken with the opposite sign.

pr=-Cc - ") o)

Contrary to the index of positive contribution, in calculation of the index of negative contribution a
compulsory change of sign is made in an effect that in all indexes of the role of elements the positive
values of characteristics always mean an increase in P with appropriate changes of p; from 0 to 1, for

&, from p; to 1, for B and from p; to 0 for £, and vice versa.

3.4.12. Account for stochastically dependent events

In SC ASM SZMA is possible to account for some types of stochastic dependencies between events of
trouble-free operation and/or failures of groups of elements that may be correctly represented with the
developed in GLPM apparatus of groups of inconsistent events (GIE). In so doing, certain laws of
algebra of logic and rules of construction of polynomials of probabilistic functions. Thus if, for

instance, direct outcomes of the group from two elemental events x, -x, = O are inconsistent, new

laws of algebra of logic and the relevant rules of calculation of probabilities are as follows:
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Basic initial data for account for GIE in SC ASM SZMA are:
e attributes of combination of sets of elements in groups of inconsistent events;
e attributes of outcomes (direct and invert) of elemental events which are inconsistent in GIE;

e static probabilistic parameters of events as parts of GIE which are set with consideration for
normalising condition

> <10

1IN
where p, — probabilities of summed inconsistent outcomes of all elements being part of GIE.

A number of groups of inconsistent events, used by SC ASM SZMA in one project is indefinite.

3.4.13. Account for proper operational time of elements

In SC ASM SZMA to each element of the system under study can be given a proper time ¢, of its
operation (proper full time) and assigned an attribute “Consideration for time of operation of
elements” on the panel of simulation and calculation mode. In this case SC ASM SZMA in calculating
probabilistic-temporal characteristics of the system automatically accounts for the given proper time ¢,
of operation of elements if it is less than the set common full time ¢ of the system under study as a
whole (t,; <?).

3.4.14. Use of multiple peak

SC ASM SZMA is able with any functional peak i to represent two standard types of subsystems
comprising several single-type elements. For this purpose is used a special parameter "Multiple"
(multiplicity) of functional peak of FIS. In SC ASM SZMA by default a value of this parameter is set
equal to "0" implying that this element of the system is an ordinary (single) with specified proper
(own) probabilistic characteristics. If this parameter of functional peak i is assigned a positive integer
value +Kj, it means that the corresponding functional peak FIS represents a subsystem made from K
single-type elements (with similar specified probabilistic parameters) functioning according to
conjunctive logic (all elements are combined by logical operator "AND"). If a parameter of
multiplicity of functional peak i is assigned a negative integer value -Kp, it means that a subsystem
consists of Ky single-type elements (with similar specified probabilistic parameters) functioning
according to disjunctive logic (all elements are combined by logical operator "OR").

The given multiplicity of elements in SC ASM SZMA is accounted for automatically by preliminary
calculation of probabilistic characteristics of the relevant multiple subsystem application of these
results in subsequent calculations of indexes of reliability or safety of the system under study as a
whole.
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3.4.15. Use of attributes of laws of element distribution

An attribute of the law of element distribution is set in the column “Law” of the table of element
parameters. In the basic version of SC ASM SZMA it is designed to use only two values of this
parameter:

e "0" — implies application of a static value of probabilistic parameter of the element (shown in
column Pi of the table of parameters) in the mode of performance of probabilistic-temporal
calculations;

e "1" —is set by default and implies application of exponential laws of distribution of time of
trouble-free operation and time of element recovery in the mode of probabilistic-temporal
calculations. Parameters of exponential laws of elements are set in columns Toi and Tégi of the
table of element parameters.

4. Basic findings of comparative analysis of existing technologies and software
for automatic simulation

Study in references [1-10] has shown that the most important, for all practical purposes, are the
following lines of comparative analysis of technologies and software of automatic simulation and
calculation of values of reliability and safety of structurally complicated systems:

e classes of problems to be solved;

e precision of simulation and calculations of system characteristics of reliability, safety and
operational risk of systems under consideration;

e capabilities of graphical apparatus of representation of structural properties of reliability,
safety and risk of systems;

e dimensionality of problems to be solved;

e selection of a basic technology of subsequent development of methods and tools of automatic
simulation.

In our opinion, the most deep and justified are conclusions made by experts from SPbAEP, IPU RAN
and OAO SPEC SZMA on the basis of their findings in comparative analysis of three software
complexes used at present: Risk Spectrum (Sweden), Relex (USA) and SC ASM SZMA (RF).
Therefore we present here an opinion of specialists from the above mentioned organisations given in
[10].

4.1. Opinion of SPbAEP experts

1. All three compared software products conceptually used the same methodology of simulation
implying a stage-by-stage construction of different kind models of reliability and safety:

¢ model formalisation by graphs of one or another kind;
e automatic transformation of graphical model in function of algebra of logic;

e automatic transformation of logical function in computing probabilistic polynomial
(probabilistic function);

e performance of calculations of the required indexes of reliability and safety.

At the same time, this technology is differently implemented in practice that significantly affects the
adequacy of obtained results.

2. The code Risk Spectrum represents a practically classical technology of formalised statement of
simulation task using event tress and fault trees. There is no escape from sharing the opinion of SPK
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SZMA experts that this technology has a number of shortcomings. The results of solution of above
mentioned examples show that the graphical models of the same systems presented in form of fault
trees are much more cumbersome than block diagrams and FIS. It also results in their relatively
greater time consuming construction. It is conceivable that this circumstance has led to the situation
where in the Relex code for graphical simulation both fault trees and block diagrams are used. In this
context, the application of FIS apparatus which allows for simulating both straight and reverse logic of
reasoning is more preferential.

3. Unfortunately, the code Risk Spectrum does not realise a possibility of using one of the basic
logical operation — that of negation which reduces in the quality of obtained models. In other codes
this possibility is realised, in Relex, among other things, in application of fault trees.

4. All three codes allows for obtaining automatically with the original graph a logical function of
system efficiency. At the same time, ACM and Relex codes allow for obtaining automatically as well
logical functions of efficiency that in some cases may be an important advantage.

5. ACM code provides transformation of logical function into probabilistic function, which is
represented in an orthogonal disjunctive normal form excluding a loss of precision in probabilistic
calculations. In Risk Spectrum for these purposes are used approximations providing only
approximate estimates of indexes of reliability and safety. In analysis of reliability and safety of
systems comprising highly reliable elements (probability of fault is qi < 0.001), the use of this
approach is permissible in concept, however, in case when systems include some pieces of low
reliable equipment, calculations with Risk Spectrum give overestimated (sometimes too
overestimated) assessments of fault probability that may result in wrong design and other solutions.

This drawback of Risk Spectrum manifests itself, particularly, in analysis of personnel reliability,
because probabilities of operators’ errors, as a rule, are high. At the same time, as is often the case,
contribution of errors of personnel, especially in standby mode is quite high (96% - for Tianvan NPP,
about 100% - for Unit 3 of Kalinin NPP). Influence of errors of personnel is also decisive in
management of RTG.

Judging from results of solution of examples, the code Relex provides precise calculated results,
however, from the materials presented by IPU experts is not clear how it is accomplished.

6. Specialists from SPEC SZMA and SPbAEP have solved all examples with the same (in each
organisation their own) technology. Experts of [PU RAN have used a number of technologies. On one
hand, it emphasises the Relex merits, however, on the other side, it does not make possible to
compare, for instance, pros and cons of DS/DO technology implemented in codes Relex and Risk
Spectrum. Taking into account that in performing probabilistic analysis of safety for nuclear facilities,
the technology ET/FT is a standard de facto (particularly in Western countries), this is a definite
drawback.

7. The code Risk Spectrum ensures a possibility of using more complicated models, than conventional
ones, of reliability of elemental events, for example, models accounting for adopted at NPP strategy of
periodical checks and recoveries of elements being parts of different channels of safety systems. Our
understanding is that it is better than using the law of Weibull-Gnedenko and the like, in particular, if
we are aware of the well-known problem of collecting statistics on reliability of equipment. In nuclear
power generation where highly reliable equipment is in use, which is produced in small batches, it is
hardly ever possible to define correctly the parameters of scale and form of 2-parameter laws of
distribution. It casts some suspicion on the importance of their using in solution of practical problems
of analysis of reliability and safety of NPP.

8. An important merit of Risk Spectrum code is in our opinion its orientation towards solution of
large-scale problems. It is common knowledge that the models of safety of such complicated facilities
as NPP include a huge amount of elements. (For example, the model of safety of Busher NPP
incorporates 84 event trees, 984 fault trees, 2678 operators, 3399 basic events, 73 functional events,
205 groups of common cause failure). Solution of problems of such degree of complexity, as is well
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known, is related to a big number of problems. Unfortunately, no problems have been posed to
compare codes in analysing reliability and safety of large-scale systems. For problems of calculation
of safety of RTG the code Risk Spectrum is in many respects tedious and excessive.

9. The circumstantial evidence is that the core of Risk Spectrum code works (actually) in environment
of operational system MS DOC that imposes severe restrictions on the scale of safety models and
leads to rough errors in calculation associated with cutting-off of so called “cross-sections of minor
importance”. The code ASM SZMA is free from this shortcoming and solves this problem through
correct solution of the problem of semiautomatic decomposition. We cannot guess how this problem is
solved in the Relex code.

4.2. Opinion of specialists of IPU RAN

We shall now highlight the main features of three software complexes for analysis of system reliability
and safety.

1. Software complexes of the company SPEC SZMA and "RISK SPECTRUM” of the company
"RELKON" realise one class of “reliability” models for assessment of indexes of systems — a class of
logical-probabilistic simulation (“reliability” models imply both models of classical reliability and
models of safety and technical efficiency, particularly, throughput, risk). This class of models can be
called a class of static models as they allow for calculating indexes of reliability, safety and efficiency
of systems at the point in time t, depending on potential sets of efficient and inefficient states of
elements of the system at this instant. With it, the processes of operation, failures, recoveries of any
element of the system are unaffected by other elements, so analysis of events in the interval of
operation is not required. These indexes are as follows:

e availability (standby, steady, unsteady) or generally a probability of finding the system at the
point of time t in the specified class of states of the system;

e parameter of fault flow (steady, unsteady);

e mean efficiency at the point in time t.

2. In systems, where recovery of elements is not designed, unsteady (non-stationary availability)
coincides with the probability of trouble-free operation (TFO) within the interval (0, t), so in this case
logical-probabilistic models allows for calculating TFO. In systems with recoverable elements it is
possible to assess TFO approximately using, for example, asymptotic results of regenerating process
theory. But it is feasible only in the event of all recoverable elements and exponential distributions of
random values, in this case pi » Ai (where pi , Ai — intensities of recovery of a failed element i). So, in
some examples the calculated estimates of TFO have coincided. In case of mixed systems (with
recoverable and unrecoverable elements) or systems with non-exponential distributions of initial data
(times prior to fault and recovery) for elements, when mean recovery time is not far less than mean
time of operation before failure, it is hardly possible to obtain an estimate of TFO by logical-
probabilistic methods. Solution of differential or integral equations may be needed, or if only
integration of functions of fault flow parameter. So, in some examples the estimates of TFO for this
class of systems were obtained only by SC “RELEX”. The situation is similar with mean full times.
Only for cases of all recoverable elements exponential distributions of times prior to fault and
recovery times of each element and for systems with unrecoverable elements and exponential
distribution of time prior to failure of elements there could be obtained the estimates of mean times
using logical-probabilistic methods without integration of different expressions. In a general case there
will be needed realisation of more complicated procedures of calculation and assessment which at
present are represented only in SC “RELEX”.

3. In SC “RELEX” are represented both static models of “reliability” analysis of systems (logical-
probabilistic simulation with logical functions AND, OR, NOT, K/N both in RELEX RBD and in
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RELEX Fault Tree) and dynamic models in all analytical modules (RELEX RBD, RELEX PBD,
RELEX Fault Tree, RELEX MARKOV).

4. Software complexes produced by the company SPEC SZMA are characterised by an exceptionally
convenient and vivid apparatus of definition of models (FIS) integrating the best features of
technologies of block diagrams of reliability, link graphs fault trees, event trees. The classical logical-
probabilistic simulation is completed by account for groups of inconsistent events and procedures of
PAS (probabilistic analysis of safety) assessment (for above mentioned cases). These factors (account
for groups of inconsistent events and possibilities for assessment of TFO) significantly enhance the
field of application of the complex (compared to the classical logical-probabilistic simulation),
especially from the viewpoint of analysis of dangers (safety). Currently software complexes of the
company SPEC SZMA are being elaborated specifically for account of a number of dynamic factors
(for instance, sequence of faults occurrence). Therefore a sufficiently “powerful” and high-quality
logical-probabilistic simulation is added with methods of Markov simulation, other methods of
assessment of values of reliability, safety. It may turn to be decisive for problems of calculation of
safety and risk in management of RTG.

5. Dynamic models make possible to consider principally any factors, dependencies and calculate any
values. Another matter, what exactly factors are considered for in development of software and what
methods of assessment of indexes are implemented (in particular, in SC “RELEX”). Let us enumerate
these possibilities of SC " RELEX " both demonstrated in examples and beyond the chosen examples:

e consideration of arbitrarily distributions of full times and recovery times for elements;
e simplified, moving reservation;

e operation phases (stages) of elements, units and system as a whole;

e consideration of fault inconsistency and sequence of their occurrence;

e consideration of time delays in response of logical peak (for example, certain types of
temporal redundancy);

e consideration of common causes of faults not only in proposed models (a,  factor models and
the like), but also development of own models based on Markov processes with their insertion
both in trees and block diagrams;

e consideration of constraints on number of crews for performing recoveries and spare parts and
equipment;

e consideration of possible recovery of the system after its failure and/or shutdown (when in the
process of operation no recovery is admissible);

e realisation of certain models of efficiency monitoring (and not only a model with instant
occurrence and detection of failure);

e consideration of maintenance with possible recovery of not only efficiency bur resource as
well (for elements with “ageing” distributions).

6. In opinion of representatives of IPU RAN, in analysis and assessment of indexes of safety (danger)
it is intolerable to use models which do not consider inconsistent types of failures of elements and
system as a whole, a consequence of occurrence of failures, and methods, which referring accidental
states with various consequences, do not allow for obtaining interval values such as probability of
occurrence of an accident of i type within the interval of operation for the systems with recoverable
elements. Just these features set off the class of probabilistic models of safety from all models of
“reliability” analysis.

7. SC "RISK SPECTRUM” employs a classical logical-probabilistic simulation (moreover,
approximate one, based on representation of models just in form of trees). Using it for solution of
serious problems of analysis of reliability of complicated systems with specific features is not possible
(bearing in mind the adequacy of simulation). The biggest blunder of the designers of RISK
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SPECTRUM is that software does not calculate two-side assessments for any single structure
(minimum cross-sections or minimum paths) and for any one tree both of faults and events minimum
cross-sections and minimum paths are not defined (although it is not difficult to accomplish). Even if
this complex can be used than only for a sufficiently simple analysis and at the earliest stages of
design work.

8. Without Markov simulation, which is used, particularly, in SC SPEC SZMA, without statistic
simulation none of problems in the field of dynamic models cannot be solved at all. For example,
unconnected reserve, sequence of failures and even inconsistency (just ask what is origin of these
probabilities of inconsistent faults, if laws of distribution are set, moreover, non-exponential, and what
is more, with recovery). These dynamic problems are infinite contrary to static definitions and factors
considered in them. Nevertheless, we shall say a couple of words about Markov simulation. The
growing power of computers and automation of construction for some cases of Markov models
gradually solve the problem of scale. Not only in RELEX these methods are implemented (otherwise
they could not have solved a number of dynamic problems, for which we have not built a Markov
model). There is already developed the domestic SC UNIVERSAL based on Markov simulation
making possible to construct models with a dozen thousand states (naturally, not manually).
Furthermore, Markov models may be “enlarged”, both precisely (when it is feasible) and
approximately (otherwise). These algorithms have been developed, particularly, by ourselves. This
simulation should be used not to whole system, but to individual parts, i.e. to decompose, then comes
simulation, then aggregation of assessments of indexes.

4.3. Opinion of specialists of SPEC SZMA

1. The development of summary tables of comparative results for every SC allows for making the
following general conclusion:

e all in all summary tables give 179 simulated and calculated indexes of reliability, safety and
risk for systems, out of which 161 indexes (models of computation) are determined with
technological means realised in different modules of SC Relex Software;

e 112 indexes were obtained by program modules and utilities of ASM technology;

e out of 112 indexes obtained by ACM technology, 111 values practically coincide with results
obtained by different modules of SC Relex;

The result of comparative analysis, in our opinion, is an objective confirmation of scientific
correctness of scientific grounds and program realisations of technology and SC ASM developed by
specialists of OAO SPEC SZMA.

2. Methods and means of ASM technology currently do not allow for constructing automatically a
number of mathematical models and calculating certain indexes which are already implemented in
technologies Relex and Risk Spectrum for complicated NS. For majority of these problems in SC
ASM there have been made more precise the approaches, methods and ways of their realisation in
technology.

3. The obtained results have demonstrated once again that logical completeness of graphical and
analytical (method, algorithm and program "LOG") means of FIS ensure implementation in
technology and SC ASM of all possibilities of the basic apparatus of simulation — algebra of logic.
Thus using FIS in this work there have been successfully presented practically all typical forms of
structural description of systems — block diagrams, fault trees, safety trees, event trees and
combinatory links, and also one Markov model.

4. Development of method, algorithm and software module “LOG”, which is a basis (core) of all
versions of SC ASM, has provided a possibility of successful solution (on the unified methodical base
ASM) of all problems of logical simulation of systems and obtaining straightforward and inverse,
monotonic and non-monotonic logical FSWC. Precisely a logically universal (on a basis of operations
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"AND", "OR", "NOT") graphical apparatus FIS and the relevant method, algorithm and software
module “LOG” are the main positive basis and the distinctive property of technology and SC ASM
developed in OAO SPEC SZMA

5. It is practically confirmed a possibility of means FIS of ASM technology to implement both the
straightforward (block diagrams, coherence graphs, etc.) and the inverse (fault trees, event trees)
structural definition of different problems. Selection of straightforward or inverse approach for
solution of practical problems is offered to the user of technology and SC ASM. This selection is
convenient in cases when the systems under consideration have significantly different in terms of scale
and complicity straightforward or inverse structural models. At the same time, ASM technology make
possible with FIS means to carry out all kinds of inverse definition of problems, i.e. represent fault
trees, event trees and their joint combinations.

6. A separate example is dedicated to the problem of automatic construction with ASM technology
means of a new class of non-monotonic logical and probabilistic models of the system. These models
allow for defining and solving a lot of important special problems of system analysis of reliability,
safety and risk. For example, only with non-monotonic models it is possible to analyse “second type”
systems (qualitatively complicated), which in different inconsistent states are characterised by
different indexes of efficiency and operational risk. At the moment, the technology of solution of this
new and promising class of problems is implemented just in GLPM and SC ASM.

7. In ASM technology the priority analytical methods are those of precise automatic, logical,
probabilistic simulation and calculation of reliability and safety indexes of systems. Thus all logical
models of the system obtained in the above examples by software means of different technologies
(Relex, ASM and Risk Spectrum) have totally coincided. The outcomes of analytical calculations of
values of reliability and safety obtained by Relex and ASM have practically coincided in 111 cases out
of 112 comparable computations.

8. The results of solution of examples showed that the differences between precise calculations of
indexes of reliability and safety by Relex and ASM, and approximate calculations by SC Risk

<=0.01

Spectrum, with probabilities of failed elements < 0.01 (q" ), as a rule, are insignificant. With

q; >0 Oldlscrepanmes between calculations of system indexes can be significant. In our view,

approximate calculations should be only a supplementary means for analysis of reliability and safety
of complicated systems in automatic simulation technologies.

9. Apart from indicated above, there exists a great amount of other special lines of development of the
theory and the technology of automatic structural-logical simulation which should be worked out now.
These lines are mostly determined by objective needs of practice aimed at adaptation of this
technology and SC ASM to solution of problems of automatic simulation and calculation of indexes of
reliability and safety of special system objects in various branches of industrial production. One such
important direction, in our opinion, is development of special software systems of comprehensive
(complex) automatic simulation and assessment of expected damage from potential accidents at
dangerous sites. RTG also fall in this category. The main feature of this direction is an effective
combination of methods and means of automatic simulation and calculation of probabilistic
characteristics of scenarios of accident progression using methods and means of automatic simulation
and calculation of potential consequences of accidents at dangerous sites. This approach has been
implemented in SC ASM.

4.4. General conclusion of experts of SPbAEP, IPU RAN, SPEC SZMA

1. Analysis of the obtained results allows for stating that there have been achieved justified, qualitative
and quantitative characteristics of three technologies of automatic simulation and calculation of
indexes of reliability and safety of structurally complicated systems:
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e technologies and software for automatic simulation and calculation of indexes of reliability
and safety (software complex Relex of the company Relex Software, USA), applied by
specialists of [IPU RAN in calculation of NPP safety;

e technologies of fault trees and event trees (software complex Risk Spectrum of the firm
Relkon AB, Sweden), applied by FSUE SPbAEP for probabilistic analysis of safety (PAS) and
calculation of indexes of reliability of systems of nuclear power plants (NPP) under design.

e technologies of automatic structural-logical simulation (software complexes SC ASM,
developed and applied by OAO SPEC SZMA, Russia) in assessment of reliability and safety
of any industrial facilities.

All these technologies and software complexes are suitable for use to their proper purposes within
assumptions and constraints indicated in technical documentation.

2. The development of domestic software complexes of industrial purpose is actual for automatic
simulation and calculation of static and dynamic indexes of reliability and safety of complicated
systems which is conditioned by:

e objective needs of the developing Russian industry to increase competitiveness of production
(assurance of state-of-art level of quality, reliability and safety) in development of new high-
class processes and equipment, specifically for dangerous industrial facilities of different
purposes;

e objective difficulties with application for these purposes foreign software complexes
connected to their high cost, technological dependence, staff training, upgrading and
adaptation to new fields, application in defence industry;

e need to support a high level of domestic science and introduction to production of new
information technologies for tackling the problems of provision of reliability and safety of
designed systems of different types, classes and purposes.

5. Conclusion

1. The detailed comparison of three program complexes (Relex, ASM SZMA and Risk Spectrum) was
conducted for fulfillment of work under the probability analysis of safety NS AES and ASMTP with
the purpose of determination of their possibilities.

2. All three PCs above mentioned, are intended for account of parameters of non-failure operation and
nonaccidental at all stages of the circulation with NS. The knowledge of these parameters is
completely necessary for account of emergency risk for health of staff and population at all stages of
salvaging RTG, including for want of transportation RTG by any methods, as just the origin of
radiation failure has a probability character. There, where for the analysis of risk there is enough of
deterministic parameters (for example, of individual or collective dozes) it is possible to manage and
without knowledge of probability of failures, but from our point of view such approach is not
complex. The methodology of account of parameters of risk (in particular of chronic risk) as for
"normal" salvaging RTG, as in emergencies (Additional " risk) is indicated in final variant of our
report [21].

3. Applicability indicated the PC to such complicated objects of use of an atomic energy, as ADC,
proves, that they are applicable practically to anyone NS, including to RTG. From the point of view of
demonstrating possibilities of a common logic-probability method