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I. General

1. The safety guide "Assessment of long-term safety of near-surface radioactive waste disposal facilities" (RB-117-16) (hereinafter referred to as the Safety Guide) has been developed in accordance with Article 6 of Federal Law dated November 21, 1995 N 170-FZ "On the use of atomic energy" to promote compliance with the requirements of federal norms and regulations in the field of atomic energy use "Safety in handling radioactive waste. General provisions" (NP-058-14) approved by the order of the Federal Environmental, Industrial and Nuclear Supervision Service dated August 5, 2014 No. 347 (registered by the Ministry of Justice of the Russian Federation on November 14, 2014, registration No. 34701), federal norms and regulations in the field of atomic energy use "Disposal of radioactive waste. Principles, criteria and basic safety requirements" (NP-055-14) approved by the Order of the Federal Environmental, Industrial and Nuclear Supervision Service dated August 22, 2014 No. 379 (registered by the Ministry of Justice of the Russian Federation on February 2, 2015, registration No. 35819) and federal norms and regulations on the use of atomic energy "Near-surface disposal of radioactive waste. Safety Requirements" (NP-069-14) approved by the Order of the Federal Environmental, Industrial and Nuclear Supervision Service dated June 6, 2014 No. 249 (registered with the Ministry of Justice of the Russian Federation on August 14, 2014, registration No. 33583).

2. This Safety Guide contains recommendations of the Federal Environmental, Industrial and Nuclear Supervision Service on the assessment of the long-term safety of all types of near-surface radioactive waste disposal facilities (hereinafter - NSRWDF), including NSRWDF designed for disposal of RW of classes 3, 4 and 6 classes according to the disposal method, as regards:

developing the basic provisions for the assessment of long-term safety of NSRWDF;

development and substantiation of scenarios of evolution of the radioactive waste (RW) disposal system, including scenarios of radionuclide migration into the environment and human exposure (hereinafter - scenarios of evolution of the RW disposal system);

development and substantiation of conceptual models of NSRWDF in accordance with accepted scenarios of RW disposal system evolution (hereinafter - conceptual models);

development and substantiation of mathematical (computational) models implementing the developed conceptual models (hereinafter - mathematical models);

performing numerical forecast calculations;

presentation of the results of forecast calculations, comparison of the obtained results with the established NSRWDF safety criteria (indicators) taking into account uncertainties (errors).

3. The recommendations of this Safety Guide can be used to perform the assessment of long-term safety of RW storage facilities, including facilities for placement and conservation of special RW as well as RW long-term storage facilities.

4. This Safety Guide is intended for use:

by operating organizations that perform RW disposal activities, as well as siting, design, construction, operation and closure of NSRWDF, including the national operator for handling RW, and organizations that perform work and (or) provide services to operating organizations for RW disposal, siting, design, construction, operation and closure of NSRWDF (survey, design, research, construction organizations);

Rostechnadzor specialists engaged in licensing of RW disposal, siting, design, construction, operation and closure of NSRWDF and supervision of these activities;

specialists of organizations of scientific and technical support of Rostechnadzor, carrying out examination of NSRWDF safety and activities on siting, design, construction, operation and closure of NSRWDF.

5. The requirements of the Federal Rules and Regulations in the field of atomic energy use on performance of assessment of long-term safety of NSRWDF may be implemented through the use of any other techniques (methods) different from the ones specified in this Safety Guide subject to substantiation of the selected techniques (methods).

II. General recommendations on assessment of long-term safety of near-surface radioactive waste disposal facilities

6. It is recommended to perform the assessment of long-term safety of NSRWDF in order to determine the radiation impact of NSRWDF on the population and environment due to possible release of radionuclides from RW and their propagation beyond the safety barriers of NSRWDF into the environment after the closure of NSRWDF during the period of potential hazard of buried RW:

at the normal (evolutionary) course of natural external and internal processes at the NSRWDF disposal site (the most probable scenarios of RW disposal system evolution (hereinafter - normal evolution scenarios);

in case of unlikely (catastrophic) external natural and technogenic impacts on the NSRWDF disposal site and internal impacts, including unintentional human intrusion (penetration) into the RW disposal system (hereinafter - alternative scenarios).

7. It is recommended to assess the long-term safety of NSRWDF by performing forecast numerical calculations of radiation impact on population and environment based on developed scenarios of RW disposal system evolution and relevant conceptual and mathematical models.

8. It is recommended that the assessment of the long-term safety of NSRWDF be carried out throughout the NSRWDF lifecycle, starting with the selection of the NSRWDF site and the location of the NSRWDF, its design, construction and operation, including during reconstruction and modernization, as well as during the closure of NSRWDF and after the closure of NSRWDF.

9. It is recommended to assess the long-term safety of the NSRWDF when performing periodic safety assessments of the NSRWDF, extending the life of the NSRWDF and making design changes that are important for the safety of the NSRWDF.

10. It is recommended to perform the assessment of long-term safety of NSRWDF in the scope and periodicity established by the operating organization in accordance with the requirements of federal norms and regulations in the field of atomic energy use regulating safety at RW disposal and recommendations of this Safety Guide.

It is recommended that the assessment of long-term safety of NSRWDF be based on the technical assignment for design of NSRWDF, NSRWDF design materials and related operational documentation, taking into account the actual state of NSRWDF and safety barriers.

12. When carrying out the assessment of long-term safety of NSRWDF it is recommended to take into account the previous record of siting, design, construction and operation of the NSRWDF under consideration, including the data of radiation control and monitoring of the RW disposal system, the results of theoretical and experimental studies and observations, previous NSRWDF safety assessment, as well as the past record of siting, design, operation and closure of similar NSRWDF and the results of performed assessments of their long-term safety.

13. It is recommended that the NSRWDF long-term safety assessment be performed using an iterative approach, its flow chart presented in Appendix No. 1 to this Safety Guide.

14. It is recommended to assess the long-term safety of NSRWDF on the basis of a differentiated approach, according to which the complexity of the applied simulation methods and software used is determined by the degree of potential radiation hazard of NSRWDF, the value of radiation risks associated with NSRWDF, and the detail and completeness of studies of individual factors, phenomena and processes - their importance for ensuring the safety of NSRWDF.

15. The assessment of long-term safety of NSRWDF can be done with a conservative or realistic approach or a combination thereof.

The choice of a particular approach is determined by the objectives of the safety assessment, the stage of the NSRWDF lifecycle at which the long-term safety assessment is performed, the completeness and availability of source data, including the characteristics of the NSRWDF, the area and location of the NSRWDF, as well as the selection and development of scenarios, the complexity of applied models and calculation methods and software.

16. When applying the conservative approach, it is recommended to use scenarios, models, parameters and source data that are known to lead to the most unfavorable results, i.e. in the assumption of the maximum impact of NSRWDF on the personnel (workers), population and environment. It is appropriate to use this approach to perform simplified (evaluation) calculations, including the initial stages of the NSRWDF lifecycle, in order to substantiate the NSRWDF safety concept and the main technical and organizational solutions to ensure the NSRWDF safety, to establish the boundaries of the NSRWDF Sanitary Protection Zone (hereinafter - SPZ) and the Surveillance Zone (hereinafter - SZ), as well as in cases of insufficient source data and parameters.

Appendix No. 1.1 to this Safety Guide provides recommendations for implementing a conservative approach to simulating radionuclide migration in the safety barrier system and the host geological environment as part of the NSRWDF long-term safety assessment.

(the paragraph has been introduced by Rostechnadzor's Order No. 589 dated 28.12.2017)

17. When applying the realistic approach, it is recommended to use the most probable scenarios of NSRWDF impact on population and environment, to use reasonable assumptions, conjectures and boundary conditions when simulating the RW disposal system and to apply the values of source data and parameters of mathematical models corresponding to the real RW disposal system and RW disposal conditions and confirmed experimentally, or their most probable values (obtained, for example, for similar facilities). It is reasonable to apply the realistic approach to obtain the results of the RW disposal system close to the real behavior, including for the purpose of analysis of the RW disposal system functioning, optimization of NSRWDF design, process and organizational solutions and individual elements of the RW disposal system in the development of the system of radiation control and monitoring of the RW disposal system, development of criteria of acceptability of RW for disposal, as well as in the development of measures to protect workers (personnel) and population in case of accident at the NSRWDF and elimination of consequences of accidents.

18. Depending on the scenario under consideration and in accordance with the differentiated approach, deterministic or probability analysis methods or a combination of them are recommended when performing the assessment of NSRWDF long-term safety.

19. When applying deterministic analysis methods, the source data and parameters describing the processes and phenomena under consideration and the state of the RW disposal system of NSRWDF, as well as the adopted sequences of events, processes and phenomena have a certain (deterministic) nature and are specified unambiguously (as single values). It is recommended to implement the deterministic method using the conservative approach, according to which, for each parameter, values are selected from the ranges of possible values, at which the values of calculated parameters will be the highest.

It is recommended to apply the methods of deterministic analysis when developing and analyzing scenarios of normal evolution of the RW disposal system, to perform assessment calculations at the initial stages of the NSRWDF lifecycle (site selection, design and construction of the NSRWDF), as well as in cases where initial data and parameters are insufficient. At later stages of NSRWDF lifecycle, it is recommended to supplement or replace the deterministic method with the probabilistic one.

The conservatism of calculations with the deterministic method can be decreased by reducing the range of values used in calculations and improving the calculation model.

20. When applying methods of probabilistic analysis, the probabilistic distributions of source data values are set along with probabilities of implementation of different sequences of events, processes and phenomena that are defined in a probabilistic way accordingly. In this case, the results of the calculations also represent probabilistic distributions, resulting in more realistic estimates compared to the deterministic method.

(as revised by Rostechnadzor Order N 589 dated 28.12.2017)

Probabilistic analysis methods are recommended for the development and analysis of alternative scenarios, as well as the development of corrective measures to improve the long-term safety of NSRWDF. When developing and analyzing alternative scenarios, it is recommended to evaluate the probability of scenario implementation and the relative probabilities of different variants of development of events and processes.

21. When applying the deterministic approach within the NSRWDF safety assessment, it is recommended to substantiate the degree of conservatism (realism) of adopted assumptions and values of source data and parameters used in calculations; when applying the probabilistic approach, it is recommended to substantiate the selected probabilistic distributions.

22. It is recommended that the assessment of long-term safety of NSRWDF, including collection and preparation of source data and description of the RW disposal system, development of scenarios for the evolution of the RW disposal system, conceptual and mathematical models, performance of calculations with the use of software, as well as the analysis of the results of calculations, including the analysis of uncertainties (errors), should be performed and documented in accordance with the quality assurance program, the requirements for which are established by the federal rules and regulations in the field of atomic energy use.

23. The results of the NSRWDF long-term safety assessment are presented in the NSRWDF design documentation (hereinafter - the design) and the NSRWDF Safety Analysis Report (hereinafter - SAR) in accordance with the requirements of the federal norms and regulations in the field of atomic energy use regulating safety at RW disposal and regulating the requirements to the composition and content of the above documents.
III. Recommendations on assessment of long-term safety of near-surface radioactive waste disposal facilities

24. When assessing the long-term safety of NSRWDF, it is recommended to distinguish the following main stages:

developing the general provisions for the assessment of long-term safety of NSRWDF;

description of the RW disposal system, collection and preparation of source data;

development and justification of radioactive waste disposal system evolution scenarios;

development and substantiation of conceptual and mathematical models and their implementation using software tools;

analysis of the results of the long-term safety assessment with taking into account their uncertainties (errors).

Development of general provisions

25. When performing the assessment of long-term safety of NSRWDF it is recommended to determine:

objectives of the NSRWDF long-term safety assessment;

NSRWDF safety criteria and parameters, designed values;

critical group of population;

significant time periods, including the design period.

26. The objective of the NSRWDF long-term safety assessment determines the approaches and methods of assessment, including the use of conservative or realistic approaches, the application of deterministic or probability analysis methods, the need for simplified or complex mathematical models.

27. Depending on the stage of the NSRWDF life cycle at which the long-term safety assessment of NSRWDF is carried out, the objective of the assessment may be:

at the stage of NSRWDF siting (site selection):

development and substantiation of the RW disposal concept, the main technical and organizational solutions to ensure the safety of the NSRWDF accommodated for various NSRWDF siting options;

development of technical assignment for NSRWDF design taking into account the NSRWDF siting conditions;

determination of the NSRWDF site and area characteristics that are most important for the safety of the NSRWDF to be accommodated, planning surveys and research on the NSRWDF siting conditions;

determination of the scope of research and scientific studies to substantiate the NSRWDF siting conditions, substantiation of the suitability of the NSRWDF siting site with regard to natural and technogenic phenomena, processes and factors;

substantiation of the possibility to ensure the long-term safety of the NSRWDF to be placed, taking into account its siting conditions, including preliminary assessment of the potential radiation impact of the NSRWDF to be located on humans and the environment;

development of the concept for closure of the NSRWDF accommodated;

at the NSRWDF design and construction stages:

specification of technical assignment for NSRWDF design taking into account the NSRWDF siting conditions;

development and substantiation of engineering, process and organizational solutions for the NSRWDF designed;

substantiation of the possibility to ensure the long-term safety of NSRWDF being designed (constructed) taking into account engineering, process and organizational solutions being developed;

development and substantiation of limits and conditions of safe operation of NSRWDF being designed (constructed);

development and substantiation of criteria of RW acceptability for disposal in the NSRWDF in question;

development of the system of radiation control and monitoring of RW disposal system, determination of the scope, methods, procedure and periodicity of radiation control and monitoring of RW disposal system;

development and selection of an option for the closure of the NSRWDF being designed (constructed);

at the stage of operation of NSRWDF:

substantiation of the current NSRWDF safety level and assessment of compliance of the NSRWDF operated with the established safety criteria;

optimization of the RW disposal system;

Development, if necessary, and substantiation of additional measures to improve the safety of NSRWDF in operation;

assessment and substantiation of the need to modernize the NSRWDF in operation, including for the purpose of creating additional safety barriers for the NSRWDF;

development and substantiation of a project for reconstruction and modernization of the NSRWDF operated and its individual systems (components);

substantiation of changes to design and operation documentation;

adjustment of criteria of RW acceptability for disposal.

optimization of the system of radiation control and monitoring of the RW disposal system during operation of NSRWDF and determination of the observation program after the closure of NSRWDF;

development and substantiation of design and organizational solutions for the closure of NSRWDF in operation;

at the stage of the closure (after the closure) of NSRWDF:

optimization of design and organizational solutions for the NSRWDF closure and the NSRWDF closure technology;

confirmation of the long-term safety of the NSRWDF that is being closed (is closed) at the period of potential hazard of RW;

development and substantiation of the program for periodic radiation control and monitoring of RW disposal system after the closure of NSRWDF.

28. The NSRWDF safety criteria during operation of the NSRWDF and after its closure, which include basic dose limits, permissible levels of monofactor exposure, generalized risk boundary values, are set in the NSRWDF design in accordance with regulatory legal acts, federal atomic energy and sanitary regulations and radiation safety standards. In order to demonstrate compliance with the NSRWDF safety criteria, it is recommended to apply the NSRWDF safety indicators, which include specific (volumetric) and total activity of radionuclides in environment objects (soil, rocks, groundwater and surface water, atmosphere), intervention levels (ILwater) for the content of specific radionuclides in drinking water and other values established by regulatory documents and/or the NSRWDF design.

29. The final result of the NSRWDF long-term safety assessment are the values of the calculated parameters, which are to be compared with the established NSRWDF long-term safety criteria (indicators). The design parameters are selected according to the safety criteria (indicators) set for the specific NSRWDF.

30. For each scenario of the evolution of the RW disposal system, it is recommended to determine a critical and/or reference group of persons during the assessment of radiation exposure to the population, including persons who may be exposed to radiation during their production activities after the closure of NSRWDF.

It is recommended that the critical group of the population (not less than 10 people), which is homogeneous in one or more ways - gender, age, social or professional conditions, place of residence, diet, that is subjected to the highest radiation exposure along a certain route of exposure from the NSRWDF in question, be determined in accordance with sanitary rules and regulations on radiation safety, taking into account the conditions for the formation of exposure dose to the population along all possible routes of exposure to radiation (with consideration of external and internal radiation exposure).

31. It is recommended to choose a critical group of population taking into account demographic conditions of the NSRWDF location, including the locations of settlements, the number, density and gender-age structure of the population, specific features of lifestyle and diet, the structure of natural resource use, water consumption and water supply, the biocoenoses typical for the area, as well as the radionuclide composition of RW to be utilized in the NSRWDF.

32. In order to determine the critical group of population, it is recommended to analyze the values of exposure levels of different groups of population during implementation of each of the scenarios of evolution of the RW disposal system, prediction of radionuclides release and propagation from the NSRWDF into the environment and corresponding radiation exposure. Since different homogeneous groups of population may be simultaneously exposed to radiation exposure under different exposure scenarios, a group that is not critical in any of the considered scenarios of evolution of the RW disposal system may end up being exposed to maximum radiation exposure for the sum of all scenarios.

33. For each scenario of RW disposal system evolution it is recommended to determine in general several different homogeneous groups of persons from the population exposed to maximum (in relation to this scenario) and increased (in comparison with the scenario of normal evolution) radiation exposure.

For scenarios of unintentional intrusion of a person into the RW disposal system it is recommended to define a reference group, i.e. a group of persons (a person), which is homogeneous in terms of the conditions of professional activity involving intrusion into the RW disposal system, subjected to the highest radiation exposure along the exposure route considered in the scenario in question (e.g. workers performing drilling works, road workers performing excavation works on the territory of a closed NSRWDF).

34. For the purpose of assessing the long-term safety of NSRWDF, it is recommended to identify time periods that are important for developing scenarios for the evolution of NSRWDF:

the NSRWDF administrative control period, i.e. the period specified in the NSRWDF design during which the operating organization or another authorized organization performs periodic radiation control and monitoring of the RW disposal system (active administrative control period) and retains knowledge of the NSRWDF (passive administrative control period);

the time period for which the NSRWDF long-term safety assessment is performed (designed period).

35. When developing scenarios for the evolution of the RW disposal system, it is reasonable to assume that during the period of administrative control of the NSRWDF, public access to the territory of the closed NSRWDF is limited and controlled, but it is possible for the population to live in the territories adjacent to the NSRWDF, perform construction, agricultural and other industrial activities limited by certain conditions. At the same time, human penetration (intrusion) into the RW disposal system is prevented. After the end of the administrative control period, unlimited access to the territory of the closed NSRWDF is assumed.

36. Given that the uncertainty of results of forecast calculations increases with time, the period for which the quantitative forecast calculation for assessment of long-term safety of NSRWDF is performed (designed period) is allowed to be limited to the period for which the results of calculations show that the level of radiation impact of NSRWDF on the population and the environment reaches the maximum value and can no longer increase.

37. When establishing the design period, it is recommended to make sure that all significant processes and events affecting the release of radionuclides from NSRWDF and their transport in the environment are implemented within the time range under consideration, including the chains of radioactive transformations and the formation of daughter radionuclides (for example, the accumulation of 237Np due to the decay of 241Pu and 241Am).

Description of the radioactive waste disposal system.

Collection and analysis of source data

38. In order to assess the long-term safety of NSRWDF, it is recommended that the NSRWDF and its natural environment and population be considered as a combination of the following components:

the area of the RW disposal system that includes:

the area of the radionuclide source including RW packages that comprise the RW matrix, container, and other packaging elements (if available);

the engineering part of the NSRWDF, which is a set of safety-critical structures, systems and components of the NSRWDF, which include the NSRWDF engineering safety barriers, including the building structures of RW disposal cells, buffer materials, sealing elements, covering and underlying screens;

host and/or bearing rocks that have been modified during the construction and/or operation of the NSRWDF or that may be affected after the closure of the NSRWDF (the near zone);

rocks that were not affected during the construction and operation of the NSRWDF, whose condition and characteristics affect the migration of radionuclides in the natural environment, and whose state changes due to any possible processes and events of both natural and man-made origin may lead to changes in these characteristics (unchanged rocks, or the far zone);

objects of the natural environment where radionuclides can migrate (for example, part of the atmosphere, soil, surface water, flora and fauna) (hereinafter referred to as the biosphere);

the totality of all components of the immediate environment of the population living in the zone where it may be exposed to radiation from the NSRWDF (hereinafter referred to as the NSRWDF zone of influence), and the population itself.

39. When describing the RW disposal system, it is recommended to provide:

description of the composition of the RW disposal system, its individual elements and their relationship;

description of the general concept of ensuring the safety of the RW disposal system and the safety functions for each of the system safety-critical components;

description of performance by components of the RW disposal system of the safety functions assigned to them during the normal evolution of the system and under the external and internal impacts taken into account;

description of engineering solutions provided by the NSRWDF design for implementation of safety principles and requirements;

description of geological, radiation, chemical, biological, mechanical, and thermal processes that may affect the evolution of the RW disposal system;

description of RW characteristics taking into account the spatial heterogeneity of RW;

description of anticipated changes in the properties and behavior of components of the RW disposal system and their interaction over time, including their protective and insulating properties;

description of anticipated changes in environmental conditions and their impact on components of the RW disposal system;

description of possible mechanisms of release and routes of migration of radionuclides in the normal evolution of the RW disposal system and in alternative scenarios;

assessment of uncertainties caused by incompleteness of available information.

40. It is recommended to update the description of the RW disposal system, the natural environment and the NSRWDF zone of influence, including the population, as new or updated source data, input parameters, assumptions and conjectures are received regarding their properties and their changes over time, in accordance with the iterative approach given in Appendix No. 1 hereto.

41. It is recommended to use NSRWDF design specification data, NSRWDF design and operation documentation, experimental data obtained as a result of surveys, studies and observations made during the siting, construction, operation and closure of the NSRWDF under consideration, data of radiation control and monitoring of the RW disposal system, cartographic materials, statistical and literary data (reference books, CD-ROMs, etc.), as well as information on similar facilities, including information on the characteristics and properties of similar sites and areas and data obtained from the siting, construction, operation and closure of similar NSRWDFs as input data for assessment of long-term safety of NSRWDF.

42. Obtaining experimental data for the assessment of long-term safety of NSRWDF can be performed:

by direct measurements (e.g. physical and chemical properties of RW, sorption coefficients of engineering barriers and host rocks);

by indirect measurements (e.g. composition and properties of RW, if direct measurements are not possible);

by approximation (e.g. parameters characterizing the insulation properties of safety barriers based on similar materials and rocks);

by means of approximations and forecasts based on observations, including those made over many years (e.g., the rate and mechanisms of degradation of safety barriers, characterization of possible human activities, the state of the biosphere).

43. For the purpose of high-quality preparation of source data, it is advisable to develop a data collection program, in which it is recommended:

to determine the list of source data required for calculation;

to identify sources of various source data (e.g., reference data, experimental studies, research), including sources of information on the basis of which a forecast of possible behavior of a person living in the NSRWDF area is made;

to determine the methods and procedure of data collection, including the methods of determining the number of placed RW and their characteristics;

to substantiate the completeness and sufficiency of programs of collection and preparation of source data;

to substantiate the reliability of source data;

to assess uncertainties (errors) of source data.

44. It is recommended to collect the source data required to perform the quantitative forecast calculations taking into account the developed scenarios of the RW disposal system evolution and applied mathematical models based on iterative approach in parallel with the development and refinement of scenarios and models.

45. The recommended list of input data for the NSRWDF long-term safety assessment is presented in Appendix No. 2 hereto.

46. For NSRWDFs in operation it is recommended that long-term safety assessment be carried out with the following factors in mind:

actual condition of the NSRWDF and safety barriers;

volume, composition and characteristics of buried RW and their actual condition;

the actual radiation situation, confirmed by the data of radiation control and monitoring of the RW disposal system, including the results of observations of radionuclide propagation in the environment and data on environmental pollution (e.g. bottom sediments of water bodies, soil, underground and surface water and atmospheric air);

the consequences of the NSRWDF abnormal operation, including radiation accidents that occurred during the operation of the NSRWDF.

Development and substantiation of radioactive waste disposal system evolution scenarios

47. When performing the assessment of long-term safety of NSRWDF, it is recommended to develop scenarios for the evolution of the RW disposal system - possible sequences of logically related events and factors of natural and technogenic origin and physical-chemical processes that determine the possible evolution of the RW disposal system, the possibility of radionuclide migration through safety engineering barriers, their distribution in the environment and the impact on humans and the environment as a result of the assumed behavior of the RW disposal system at the period of potential hazard of buried RW.

48. When developing the scenario of RW disposal system evolution it is recommended to determine qualitatively and/or quantitatively:

evolution of the RW disposal system, including:

events, phenomena and factors of natural and technogenic origin that are taken into account;

physical and chemical processes taking place in the RW disposal system, resulting in changes in the physical and chemical composition of the safety barriers material, mechanical characteristics of the barriers, behavior of the safety barriers system, terms of retaining by the safety barriers of their isolating properties (integrity), the rate and mechanisms of degradation of NSRWDF engineering barriers and their individual components;

mechanisms and rates of radionuclide release from NSRWDF engineering barriers and their transport in the environment, including:

mechanisms of release (convection, diffusion, hydrodispersion), values of release rates and parameters of media in which radionuclide transport takes place;

the rate and mechanisms of transport of radionuclides in the near and far zones, dynamics and quantitative data of radionuclide intake into the aquifer and atmospheric air;

(as revised by Rostechnadzor Order N 589 dated 28.12.2017)

the rate, mechanisms of transport and accumulation of radionuclides in the environment;

formation of radiation exposure impact on the population and environment.

49. When determining scenarios of RW disposal system evolution it is recommended:

to consider all possible significant events, phenomena and factors of natural and technogenic origin and physical-chemical processes that significantly affect the evolution of the RW disposal system;

to analyze the causal links and established correlations between these events, phenomena, processes and factors;

to identify possible routes of radionuclide ingress into the environment and its impact on humans.

50. The list of events, phenomena and factors of natural and technogenic origin that determine the choice of scenarios for the evolution of the RW disposal system for a specific NSRWDF is established in accordance with Appendix No. 3 to the federal norms and regulations in the field of atomic energy use "Disposal of radioactive waste. Principles, criteria and basic safety requirements" (NP-055-14) taking into account the features of this particular NSRWDF, including geological, hydrogeological, hydrological, geochemical, geomorphological, meteorological and demographic conditions, design solutions of NSRWDF, as well as characteristics and volume of buried RW.

51. When developing RW disposal system evolution scenarios, it is recommended to distinguish the normal evolution scenario and alternative scenarios.

52. The scenario of normal evolution of the RW disposal system describes the most probable course of natural processes in the course of the RW disposal system evolution and assumes that the NSRWDF barriers perform safety functions in accordance with the NSRWDF design, and that the protective, strength and insulating properties of the engineering safety barriers will gradually decrease over time.

53. As alternatives, the RW disposal system evolution scenarios are considered, the implementation of which leads to changes in the evolutionary course of RW disposal system development due to external or internal impacts of natural and technogenic origin, as well as internal processes not included in the NSRWDF design basis.

Alternative scenarios for the evolution of the RW disposal system may include the premature degradation of the NSRWDF strength or isolating engineering barriers and their various components, internal processes in the RW disposal system resulting in premature degradation of the barriers, as well as external impacts of natural and technogenic nature and changes in the NSRWDF location conditions, including meteorological conditions, surface and ground water regime, a rise in the intensity of hazardous natural processes.

54. Alternative scenarios of evolution of the RW disposal system also include the scenarios of unintentional (unauthorized) human intrusion into the RW disposal system, which are understood as unintentional unauthorized human actions that lead to the violation of the integrity of the RW disposal system, the NSRWDF safety barriers and opening of RW disposal cells and, as a consequence, change in the mechanisms and rate of radionuclide release from the NSRWDF.

55. For the RW disposal system evolution scenarios describing the RW disposal system integrity impairment due to unintentional intrusion, it is assumed that a person or group of persons (reference group) who penetrated NSRWDF will be exposed to RW radiation for some time without suspecting about the existing hazard.

It is assumed that the intrusion may occur immediately after the knowledge of the RW disposal site is lost, i.e. at the end of the administrative control period.

56. It is recommended to determine the final list of scenarios for the evolution of the RW disposal system (basic scenarios), which, taken together, will take into account the main peculiarities of the possible evolution of the NSRWDF and the processes determining its radiation impact on humans and the environment.

57. It is recommended to choose the scenarios of evolution of the RW disposal system on the basis of a differentiated approach, based on the analysis of the RW disposal system and the NSRWDF disposal conditions, taking into account the purpose of the long-term safety assessment, the established safety criteria and calculated parameters in such a way that the selected scenarios, taken together, would allow taking into account the main factors and processes determining the possible radiation impact of NSRWDF on humans and the environment during the period of potential RW hazard.

58. When developing scenarios of RW disposal system evolution it is recommended to use the systemic approach, which provides consideration of all potentially significant properties (peculiarities) of the RW disposal system, processes occurring in the system, as well as external and internal impacts and events, and their combinations that can lead to quantitatively different safety assessment results.

59. A method of development of the RW disposal system evolution scenarios can be considered acceptable, if the developed scenarios correspond to the safety assessment goals, reflect to the required extent the behavior of the RW disposal system and possible directions of its evolution, and also take into account possible errors in determining the efficiency of the NSRWDF safety barriers.

60. When developing scenarios of RW disposal system evolution it is recommended to use the following methods or their combinations:

expert method;

analysis of the list of properties, events and processes critical for the safety of the NSRWDF;

building a matrix of interactions.

61. The expert method used to determine and select scenarios for the evolution of the RW disposal system is based on the analysis of opinions of specialists (experts), their knowledge of the NSRWDF location conditions, the RW disposal system, its individual components, possible states (components) of the system and its behavior over time in the assumed conditions, as well as available experience, for example, in terms of design or operation of similar facilities, and consists in formalizing this opinion.

62. The method of analysis of the list of properties, events and processes critical for the safety of the NSRWDF involves the analysis of the complete list of properties, events and processes of natural and technogenic origin as well as physical and chemical processes characteristic for the specific area and site of the NSRWDF and the RW disposal system and affecting the safety of the NSRWDF, on the basis of which the most important properties, events and processes determining the corresponding evolution scenarios of the RW disposal system are identified.

63. When using the method of analysis of the list of properties, events and processes critical for the safety of the NSRWDF, it is recommended to use the inductive or deductive methods or a combination thereof.

When applying the deductive analysis method (failure tree analysis method, top-down method), it is recommended to develop a specific scenario based on the analysis of the most probable events and processes that may occur in the NSRWDF under consideration and determine a list of properties, events and processes to be taken into account based on this scenario.

When using the inductive method of analysis (event tree analysis method, bottom-up method) it is recommended to identify the properties, events and processes most important for the safety of the NSRWDF and develop appropriate scenarios for the evolution of the RW disposal system based on them.

64. Application of the method of construction of interaction matrices, which is based on the analysis of a set of factors, events and processes of natural and technogenic origin as well as physical and chemical processes and their mutual influence, allows to formalize the process of scenario development, which increases the degree of objectivity of decisions, allows to establish a hierarchy of properties, events and processes and take into account their interrelation.

65. At the stage of selecting the site of the NSRWDF, the main attention is recommended to be paid to the development of the RW disposal system normal evolution scenario, while considering conservatively the change in the properties of engineering barriers over time.

As alternative scenarios for the evolution of the RW disposal system at this stage it is recommended to consider the possibility of premature total or partial destruction of engineering barriers or their individual elements after a certain time after the closure of the NSRWDF, as well as the emergence of external impacts of natural and technogenic origin.

66. At the NSRWDF design and construction stages it is recommended to use a realistic approach when developing the scenario of normal evolution of the RW disposal system, including taking into account the changes in the properties of engineering barriers over time according to the NSRWDF design.

When developing alternative scenarios for the evolution of the RW disposal system at these stages, it is recommended to consider the possibility of premature total or partial destruction of engineering barriers or their individual components and the emergence of external impacts of natural and technogenic origin on the NSRWDF, taking into account the previous record of NSRWDF siting as well as technical and organizational solutions defined in the NSRWDF design.

67. At the stage of NSRWDF operation, when developing the scenario of normal evolution of the RW disposal system, it is recommended to use a realistic approach and take into account the accumulated data on the area and site of the NSRWDF, including the results of radiation control and monitoring of the RW disposal system. At the same time, it is recommended to realistically (based on the NSRWDF design and with consideration of the past record of operation of NSRWDF) take into account changes in the state of engineering and natural barriers and the impact of these changes on the possibility of radionuclides escaping beyond the engineering barriers and subsequent migration in natural barriers.

As alternative scenarios of RW disposal system evolution it is recommended to consider the scenarios of premature destruction of engineering barriers and their individual components and the emergence of external impacts of natural and technogenic origin on the NSRWDF, taking into account the past record of siting, design, construction and operation of this NSRWDF and using refined source data and assumptions when developing the scenarios.

68.At the stage of the NSRWDF closure and after its closure, it is recommended to refine the scenario of normal NSRWDF evolution and alternative scenarios taking into account technical and organizational solutions provided by the NSRWDF closure design, and their implementation.

69. It is recommended to take into account the scenarios of unintentional human intrusion into the RW disposal system throughout the NSRWDF lifecycle, including the development of criteria for the acceptability of RW for disposal in the NSRWDF in question.

70. When performing the assessment of the NSRWDF long-term safety it is recommended to substantiate the sufficiency of the considered list of scenarios of RW disposal system evolution, developed scenarios of normal RW disposal system evolution and alternative scenarios to achieve the goals of NSRWDF long-term safety assessment at a certain stage of NSRWDF lifecycle taking into account the considered list of natural and technogenic factors, events and processes significant for the NSRWDF safety.

Development and substantiation of conceptual and mathematical models and their implementation using software tools

71. For proceeding from the scenario of RW disposal system evolution to quantitative estimation of its consequences, performance of forecast calculations of radionuclide propagation in environment and radiation impact on population and environment, it is recommended to develop conceptual and mathematical models corresponding to the selected scenarios.

72. Conceptual models represent a set of assumptions about the peculiarities of evolution of the RW disposal system, events, phenomena and factors of natural and technogenic origin and physical and chemical processes occurring within and beyond the system, affecting the safety of the RW disposal system, as well as determining the processes of radionuclide transport from the source to the environment and their radiation impact on the population and environment.

73. The purpose of development of the conceptual model of the NSRWDF is the systematic qualitative description of NSRWDF as an object of radiation impact on the population and environment, reflecting its evolution in accordance with the developed scenarios of evolution of the RW disposal system.

74. It is recommended for the conceptual model to include a short description of the following:

characteristics of the RW disposal system as a source of radionuclides (composition and activity of radionuclides, rate of their release from RW packages, forms of radionuclide migration and their hydrogeochemical properties, physical and chemical form of RW, etc.), its components and relationships between them;

evolution of the radioactive waste disposal system according to the adopted scenario;

list of events, phenomena and factors of natural and technogenic origin as well as physical and chemical processes;

properties of the geosphere in the area of location of the NSRWDF;

properties of the biosphere in the area of location of the NSRWDF;

physical-chemical processes that determine the release of radionuclides from the RW package (e.g., by diffusion, precipitation infiltration, gas release due to various processes, evapotranspiration) and the migration of radionuclides through engineering barriers and further in the geosphere (convection-dispersion and diffusion transfer mechanisms with account of various physical-chemical processes (sorption, ion exchange, dissolution (leaching));

possible processes that determine the migration of radionuclides in the biosphere;

ways of radionuclide impact on humans and the environment (e.g., external and internal exposure, consumption of contaminated water and food, inhalation of radioactive dust);

the limits of applicability of the conceptual model in the spatial area and time range under consideration, subject to the assumptions under which it was developed;

initial and boundary conditions set in the forecast calculations.

75. Along with a general description, it is recommended to present the conceptual model as a flow chart.

76. It is recommended to use the developed conceptual model as a basis for development of a mathematical (calculated) model (or models), which is a set of mathematical ratios, equations and inequalities describing the basic regularities inherent in the studied RW disposal system and external and internal processes with corresponding initial and boundary conditions.

77. To assess the long-term safety of NSRWDF, it is acceptable to use universal mathematical models or models designed to simulate certain processes and/or components of the RW disposal system, including:

models of radionuclide source and its changes with time;

models of radionuclide migration through engineering barriers (taking into account changes in properties of the barrier materials);

models of radionuclide migration through the host medium modified during the construction and operation of the NSRWDF;

models of radionuclide migration in geological environment;

models of radionuclide transport in the surface hydrosphere;

models of atmospheric transport of radionuclides;

models of external impacts and environmental conditions and their changes over time (e.g. changes in the amount of precipitation, groundwater levels, surface water and water flow regimes);

models of radiation impact on the population and the environment;

models used for calculation of source data and input parameters of other models.

Appendix No. 3 hereto contains examples of mathematical models of groundwater source, filtration and transport of radionuclides with groundwater used in the assessment of long-term safety of the NSRWDF.

Appendix No. 4 hereto contains examples of radiation exposure models for typical scenarios of unintentional human intrusion into the RW disposal system.

78. When performing numerical calculations of NSRWDF long-term safety assessment, it is acceptable to use numerical or analytical mathematical models depending on the purpose of NSRWDF safety assessment, convenience and possibility of using particular models in these calculations.

It is acceptable to use a combination of analytical and numerical solutions in one model.

79. At development of mathematical models it is recommended to determine the list of input calculation parameters (variables), define their values and estimate corresponding uncertainties (errors).

80. If a probabilistic approach was used to estimate the input parameters, it is recommended to substantiate the selected probability distributions.

81. At the early stages of the NSRWDF lifecycles, including the stage of NSRWDF siting, when selecting a site from several alternatives and evaluating the suitability of the site, it is acceptable to use simplified mathematical models and to complicate them if necessary in subsequent iterations as new data on the RW disposal system and its behavior over time become available.

Simplified models are also recommended for detection of calculation errors, fast analysis of the results obtained, assessment of the impact of individual processes on the final result, selection of dose-forming radionuclides and other purposes.

82. When simulating transport of radionuclides from NSRWDF in the environment within a simplified model, it is allowed:

to limit the range of processes under consideration to the most significant ones;

to consider a schematic description of the RW disposal system;

to adopt a simplified description of the processes of release of radionuclides from the source;

to assume that the radionuclide transport conditions are constant;

to assume simplified boundary and initial conditions;

to use simplified models of radionuclide transport processes;

to assume the homogeneity of media in which radionuclide transport takes place.

83. When selecting and defining parameters of mathematical models, it is recommended:

to document the list and values of parameters used in the models and software tools for evaluation calculations, and to substantiate their use;

to document information about methods of determination of parameter values.

84. When constructing mathematical models, it is recommended to apply an iterative approach and present the model in the form of separate units to be independently verified in order to reduce the volume of analytical and in-situ tests when verifying the general model.

85. When developing mathematical models, it is recommended to substantiate the suitability of the model, its compliance with the simulation objectives and the objectives of NSRWDF long-term safety assessment, and to verify the reliability and accuracy of the results obtained during the simulation.

86. When selecting or developing a model for solving the tasks of NSRWDF long-term safety assessment, it is recommended to analyze the following model characteristics:

adequacy (reliability), i.e. the extent of conformity of the model to the real facility and the processes being simulated as well as to the simulation objectives;

stability, i.e. the ability of the model to maintain adequacy (reliability) in case of changes in the source data, input parameters, boundary conditions and assumptions, including changes in the composition, boundaries and properties of the RW disposal system, the list and characteristics of external and internal impacts and processes, as well as other facilities and processes subject to simulation, within the established range of their possible changes;

sensitivity, i.e. the degree of impact of changes in the source data or input parameters of the model (within a given range) on the simulation result.

87. It is recommended to substantiate (verify) the adequacy (reliability) and accuracy of the models, applied calculation methods and calculation schemes by comparing the simulation results:

with theoretical analysis results;

between numerical and analytical solutions;

with the results obtained from the application of other models, whose adequacy (reliability) and accuracy is assessed;

with the results obtained by domestic and foreign reference and/or previously certified software tools, if any;

with experimental data and operational data, including data from radiation control and monitoring of the RW disposal system.

88. When analyzing the sensitivity of mathematical models, it is recommended to determine the source data, input parameters and assumptions that have the greatest impact on the simulation result, to estimate the range of their changes and the impact of changes on the behavior of the models and the simulation result.

89. When analyzing the sensitivity of mathematical models, it is recommended to set deviation of one or more source data or input parameters within a reasonable range of selected reference or average values and determine the changes in the output values of model characteristics, thus establishing the degree of dependence of model output parameters on input characteristics.

90. In order to improve the quality of the simulation results when evaluating the long-term safety of NSRWDF, it is recommended to correct (calibrate, refine) the mathematical model based on real information (experimental data and studies).

91. It is recommended to correct (calibrate, refine) the model in an iterative manner by changing the model as a whole, changing certain units of the model or individual simulation elements (in particular, changing the laws of distribution of simulated values) as well as individual input parameters (calibration parameters).

92. It is recommended to perform numerical forecast calculations when assessing the long-term safety of NSRWDF using software tools that implement corresponding mathematical models and contain numerical schemes for solving equations of mathematical models. Both existing and specially developed software tools can be used for this purpose.

93. In order to obtain correct result when performing forecast calculations of NSRWDF long-term safety assessment, it is recommended to set reasonable input parameters for the software tool in use and take into account possible differences between the list and values of input parameters of the software tool and real data, as well as corresponding uncertainties (errors) of determination of input parameters.

94. When assessing the long-term safety of NSRWDF, it is recommended to use software tools certified in accordance with the procedure established by Rostechnadzor, or verified in accordance with procedures adopted in Russian and international practice.

Presentation and analysis of results.

Analysis of uncertainties (errors)

95. It is recommended to evaluate the potential radiation impact of NSRWDF on the population and the environment after the closure of NSRWDF during the period of potential hazard of the buried RW; it is recommended to make a conclusion about ensuring the long-term safety of NSRWDF and the corresponding decisions on the necessity to develop and substantiate the measures to ensure and improve the safety of NSRWDF on the basis of comparing the numerical results of forecast calculations with the established criteria (indicators) of safety of NSRWDF taking into account the uncertainty (error) of the results obtained.

96. It is recommended to present the results of forecast calculations of NSRWDF long-term safety assessment depending on the format of the calculated values (as a single value of the calculated variable (e.g. specific activity of a specific radionuclide at a particular place at a given time) or distribution of calculated values (e.g. dependence of specific activity of a specific radionuclide at a specific place on time) in the form of tables or graphs in a form convenient for comparison of the results with the established NSRWDF safety criteria (indicators), with indication of uncertainties (errors) of obtained values.

97. In order to be able to compare the results of forecast calculations with NSRWDF safety criteria (indicators) and substantiate the reliability of the results, it is recommended to perform qualitative and quantitative analysis of uncertainties (errors) of the results obtained.

98. It is recommended to carry out the analysis of uncertainties (errors) of the results of forecast calculation in order to estimate the boundaries of errors and uncertainty of assumptions used in the calculations, to analyze their impact on the uncertainties (errors) of calculated variables, to assess their acceptability and to develop approaches to reducing them.

99. When analyzing uncertainties (errors) of the forecast calculation results, it is recommended to describe the source of uncertainties and errors, the nature and magnitude using quantitative and qualitative methods, including professional judgments.

100. It is recommended to determine the uncertainty (error) of results of forecast calculations by two components - methodological and constant (parametric) ones.

The sources of the methodological component of the uncertainty (error) are simplifying assumptions adopted in the scenarios of the RW disposal system evolution, conceptual and mathematical models that define and quantitatively describe the processes of the RW disposal system evolution, as well as the transport of radionuclides from the source to the object of impact and the impact itself.

Sources of constant (parametric) component of uncertainty (error) - uncertainty (error) of values of source data or calculation parameters due to incompleteness or inaccuracy of source data obtained either experimentally or as a result of using other mathematical models, characterized, in turn, by their inherent methodological and constant components of uncertainty (error).

101. When analyzing the uncertainty (error) of the results of forecast calculations of NSRWDF long-term safety assessment, it is recommended to distinguish their following components:

uncertainties inherent to the RW disposal system evolution scenarios;

uncertainties inherent to conceptual and mathematical models;

uncertainties (errors) due to insufficiency or inaccuracy of source data and input parameters of models and their variability in time.

It is recommended to assess all components of the uncertainty (error) of the results of the NSRWDF long-term safety assessment.

102. The uncertainty of the RW disposal system evolution scenarios is determined by the uncertainty of the RW disposal system evolution processes in the future and the state of the RW disposal system and includes the uncertainty of the RW disposal system development and behavior, the uncertainty of the forecast of the NSRWDF disposal area and site conditions change, the occurrence of some or other external impacts and processes and their parameters as well as the uncertainty of the conditions of human existence and behavior in the distant future. As a rule, the uncertainties of determining the scenarios of RW disposal system evolution are estimated qualitatively.

103. The uncertainty of models is a consequence of imperfect approximations of reality, inevitably containing approximations and simplifications, and is determined by the imperfection of knowledge of the RW disposal system and the processes taking place both in and outside the NSRWDF, as well as the consequence of simplifications, assumptions and idealization of complex processes and phenomena taking place in the system under consideration, uncertainty and error of model parameters, initial and boundary conditions, and limited accuracy of numerical methods for solving mathematical equations, which describe the behavior of the calculation model, as a whole.

104. The uncertainty (error) of source data and input parameters may be related to the incompleteness of information, the inaccuracy of their experimental measurement, and if the source data or input parameters are obtained by mathematical simulation, with uncertainties inherent in the corresponding mathematical models.

It is recommended to quantify the uncertainty of source data and input parameters taking into account the results of sensitivity analysis of the corresponding models to these values.

105. When analyzing uncertainties (errors) of the forecast calculation results, it is recommended to take into account that when simulating a sequential series of processes, the results of the previous process are the source data for the calculation of the subsequent process. In this case, the greater the number of processes involved in simulation, the more significant are the two components of the uncertainty of calculated values.

106. When analyzing the results of forecast calculations in order to assess the degree of impact of source data and input parameters of the mathematical model on the behavior of models and the result of simulation, it is recommended to determine the relative importance of the applied source data and input parameters by the degree of impact of their inherent uncertainties and errors on the uncertainties and errors of calculated values; to identify the most significant data and parameters and to assess qualitatively or quantitatively their impact on the results of calculations, which is performed within the analysis of sensitivity of corresponding mathematical models.

107. For simulation results that are most important for the sensitivity analysis of the mathematical model, for results to be more reliable and accurate, it is recommended to use experimental data, including those obtained in the course of field research, radiation control and monitoring of the RW disposal system, during subsequent iterations of the NSRWDF long-term safety assessment.

108. In order to reduce uncertainties (errors) in the results of the NSRWDF long-term safety assessment, it is advisable, when performing calculations, to use approaches based on the application of either the most conservative values of source data, parameters, assumptions or conjectures, or reliable information, including the use of realistic values of source data and input parameters of models obtained or confirmed experimentally, and seek to reduce uncertainties in forecasting the behavior of the RW disposal system and processes under consideration by conducting relevant theoretical and experimental studies.
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RECOMMENDATIONS 
ON IMPLEMENTATION OF A CONSERVATIVE APPROACH IN SIMULATING RADIONUCLIDE MIGRATION IN THE SAFETY BARRIER SYSTEM AND IN THE HOST GEOLOGICAL ENVIRONMENT WITHIN THE ASSESSMENT OF LONG-TERM SAFETY OF NEAR-SURFACE RADIOACTIVE WASTE DISPOSAL FACILITIES

1. An option for implementing a conservative approach in the assessment of long-term safety of NSRWDF is to use one-dimensional compartment simulation for calculation of radionuclide migration in the safety barrier system and the host geological environment.

2. Creation of a compartment model describing the RW disposal system.

2.1. The RW disposal system is considered as a set of compartments (modules) with the transfer of radionuclides taking place between them (compartment model).

2.2. The compartment model of RW disposal system has a modular structure, which includes:

RW disposal area;

NSRWDF engineering safety barriers;

components of near zone of RW disposal system;

components of far zone of RW disposal system;

environmental (biosphere) components.

An example of compartment model comprising three blocks is given in figure 1.

2.3. The NSRWDF components in which no transfer (migration) of radionuclides takes place are not considered in the compartment model.

2.4. The transfer of radionuclides between the comparments is described by a system of ordinary first-order differential equations:
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where:

i and j - compartments;

N and M - quantity (activity) of radionuclides N and M in the compartment (N - daughter radionuclide in the decay chain), Bq;

S(t) - external source of radionuclide N, Bq/year;
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 - decay constants for radionuclides N and M, year-1;
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 - transfer coefficients characterizing the radionuclide N intake and exit processes from the compartments i and j, year-1.

For the compartment model given in the figure 1, the system of linear differential equations is written as:
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where:

S(t) characterizes the intake of radionuclides to the first compartment of the model; [image: image7.wmf]dr
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 - radioactive decay constant, year-1.
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	S(t) - RW source
	
	
	
	

	1. Engineering barrier of NSRWDF
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	2. Unsaturated zone
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Figure 1. Three compartment model of RW disposal system

2.5. The so-called complete mixing of radionuclide in the respective compartment (instantaneous achievement of uniform concentration of radionuclide in the compartment) is assumed in the compartment model.

2.6. The compartment model of RW disposal system is created considering the recommendations on use of the simplified model of radionuclides transfer from NSRWDF given in p. 82 of this Safety Guide.

3. Determination of coefficients of radionuclide transfer between the compartments.

3.1. Vertical transfer of radionuclides in the RW packages, engineering safety barriers, unsaturated area.

The transfer of radionuclides in the RW packages, engineering safety barriers and unsaturated area shall be described by the coefficient[image: image10.wmf]in
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where:

qin - infiltration rate in the medium (RW packages/engineering safety barriers/unsaturated area), m/year;
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 - active porosity of medium;

d - depth (thickness) of medium through which radionuclides transfer takes place, m.

Dimensionless hindrance factor R shall be determined as follows:
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where:

Kd - interphase radionuclide distribution in medium, m3/kg;
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 - medium density, kg/m3.

3.2. Convection transfer.

Convective radionuclide current [image: image15.wmf]ij
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(Bq/year) from compartment i to compartment j shall be determined as follows:
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where:

vi - convective current rate, m/year;
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 - total surface of the compartments i and j, m2;

Ci - volumetric activity (concentration) of radionuclide in the pore water of compartment  i, Bq/m3.

Convective current rate vi shall be determined as follows:
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where:

ki - filtration coefficient in compartment i, m/year
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 - pressure gradient.

Coefficient of convective transfer between compartments i and j shall be determined as follows:
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where:

vi - convective current rate in compartment i, m/year;

Ri - hindrance factor for compartment i material;

Li - compartment i length, m.

3.3. Diffusion/dispersive transport.

Diffusion/dispersion radionuclide flux [image: image21.wmf]ij
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from compartment i to compartment j shall be determined as follows:
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where:

Di - dispersion coefficient in compartment i, m2/year combining the molecular diffusion processes in the liquid and dispersion occurring on liquid movement in the pore medium. Dispersion coefficient Di shall be determined as follows:
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where:

De - coefficient of molecular diffusion in liquid, m2/year;
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 - complete porosity in compartment i;
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 - longitudinal dispersion, m;
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 - length, which is given as the distance between the centers of compartments or smaller of the lengths of two compartments in the flux direction, m.

The diffusion/dispersion flux shall be simulated by giving the direct and reverse flux with transfer coefficients between compartments i and j:
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4. Implementation of conservative approach.

From among the parameters on which the transfer coefficients (7), (10), (11) are dependent, the maximum uncertainty characterizes [image: image29.wmf]L
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 and Kd, whose values for similar conditions may change in wide ranges. The values of these parameters, on the one hand, affect the calculated rate of radionuclide transfer in the media under consideration, and on the other hand - on the broadening of the front of radionuclide movement and their concentration.

It is recommended to perform a series of calculations for different allowed values of source parameters including [image: image30.wmf]L
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 and Kd in the tasks for assessment of long-term safety of near-surface radioactive waste disposal facilities, wherein the values of calculated parameters(for example, concentrations of radionuclides in ground waters) are compared with the reference levels. During such calculations the results corresponding to the most unfavorable consequences which are ultimately taken as the conservative assessment shall be determined for the conditions of specific scenarios.
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LIST OF 
SOURCE DATA FOR ASSESSMENT OF LONG-TERM SAFETY OF NEAR-SURFACE RADIOACTIVE WASTE DISPOSAL FACILITIES

1. Source data characterizing the radionuclide source area include the following information:

RW volume (weight);

origin, physical form and type of RW;

physical and chemical characteristics of RW (including morphological (chemical) composition of RW, free liquid content, leaching rate, the rate of gas formation (gas emission) and composition of the resulting gases, flammability, content of flammable, self-flammable, oxidizing and other fire hazardous / explosive substances, the content of organic rotting, biologically active and decomposing substances, the content of corrosive, complex-forming and chemically toxic substances);

radiation characteristics of RW (RW packages) (radionuclide composition, specific, surface and total activity; content of nuclear hazardous fissionable nuclides, radioactive contamination (volume and/or surface contamination));

characteristics of RW form, containers and RW packages:

materials, dimensional characteristics, design;

strength, filtration and sorption properties;

fire resistance;

heat emission;

destruction (degradation) rate and mechanisms;

parameters that determine the interaction between radioactive content and safety barrier materials of NSRWDF, leading to degradation of the insulating properties of safety barriers (e.g. due to gas formation, corrosion, biological processes):

parameters that determine the release of dose-forming radionuclides from RW and NSRWDF:

solubility of radioactive content of RW;

radionuclide leaching (release) rate and its change over time;

gas-formation rate, volume and rate of release of gases being produced;

rate of washout of radionuclides off contaminated surfaces of RW packages (unpackaged RW);

characteristics that determine the formation of complex compounds, transfer of radionuclides in colloidal form, precipitation and crystallization of RW.

When determining the source data characterizing the radionuclide source area for NSRWDF in operation, it is recommended to take into account the state of RW, the RW forms, containers and packages, and its change over time due to the processes occurring in the RW disposal system.

Source data characterizing the engineering part of NSRWDF includes:

composition and characteristics of the safety barrier system;

design and geometry of safety barriers;

structural materials;

protective, strength, insulating characteristics of safety barriers, including those related to their long-term stability under disposal conditions:

mechanical, radiation and heat loads;

hydraulic and hydrogeological processes and conditions;

chemical and geochemical processes and conditions;

biochemical processes and conditions;

thermal processes and conditions;

mechanisms and conditions of destruction (degradation).

Source data characterizing the properties of structural materials of NSRWDF engineering barriers, their protective, strength and insulating properties and changes over time include, among others:

porosity, density;

water permeability (filtration coefficient);

effective diffusion coefficient of the main dose-forming radionuclides;

coefficient of distribution of dose-forming radionuclides in materials of engineering barriers;

rate of corrosion of metal components (reinforcement bars, structures, containers).

When determining the source data characterizing the engineering part of NSRWDFs in operation, it is recommended to take into account the state of NSRWDF safety barriers and their change over time due to the processes occurring in the NSRWDF engineering barrier system.

3. Source data characterizing geological and hydrogeological characteristics of rocks that remain unchanged and those that have changed during construction and operation of NSRWDF include:

type and mineralogical composition of rocks, their petrographic description;

density, porosity and humidity of rocks;

thickness from the base of NSRWDF to the aquifers where radionuclide migration occurs;

thickness of unsaturated zone (aeration zone);

thickness of the aquifers under consideration;

chemical composition of groundwater, acid-alkaline and reductive-oxidative conditions of the environment;

radionuclide composition of waters;

pressure value for the aquifers under consideration;

filtration factors for the aquifers under consideration and for the aeration zone;

coefficients of interphase distribution of radionuclides in rocks;

longitudinal and transverse dispersion coefficients;

diffusion coefficients in aquifers and separating layers (impermeable horizons) under consideration;

characteristics of impermeable horizons (mineralogical composition, depth, thickness, density, porosity, humidity, presence of filtration windows).

For NSRWDF in operation it is recommended to take into account possible changes in the specified input data over time due to changes in geological and hydrogeological conditions in the near zone caused by the construction and operation of NSRWDF.

Source data characterizing the conditions (area and site) of the NSRWDF location include:

data on physical and geographical conditions: relief map, geomorphological characteristics of the area, meteorological data (amount of precipitation, precipitation distribution during the year, evaporation, average annual and mid-season air temperature, prevailing wind direction, depth of freezing or thawing), description of surface water bodies and waterways, rate of surface runoff of the area under consideration;

geological data: geological, structural and tectonic maps, geological sections, stratigraphic columns, rock characteristics;

hydrogeological data: maps, hydrogeological sections, description of areas of groundwater supply and discharge, flow direction, data of monitoring observations of dynamics, chemical and radionuclide composition;

data on possible external impacts of natural origin (e.g. earthquakes, tornados, floods, erosion, karst-suffosion processes);

data on possible external impacts of technogenic origin (air crashes, external fires, explosions);

demographic data (number and density of population within the observation zone, nature of land and water use, diet of population).

Appendix No. 3 
to the safety guide in the use of atomic energy "Assessment of long-term safety of near-surface radioactive waste disposal facilities" approved by the Decree of the Federal Environmental, Industrial and Nuclear Supervision Service 
dated December 14, 2016 No. 531

EXAMPLES OF MODELS OF GROUND WATER SOURCE, FILTRATION AND TRANSFER OF RADIONUCLIDES WITH GROUND WATER USED IN ASSESSMENT OF LONG-TERM SAFETY OF NEAR-SURFACE RADIOACTIVE WASTE DISPOSAL FACILITIES

1. Model of contamination source

Leaching of radionuclides from the RW matrix is considered as a destruction, which is described by the first order kinetics equation:
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where: C is concentration, kg/m3; [image: image32.wmf]С

D

is concentration change due to release, kg/m3-yr; [image: image33.wmf]l

is destruction (decay) rate constant, 1/yr.

2. Groundwater filtration model

The hydrodynamic model of a geofiltration flow represents its description from the position of mathematical physics and includes an equation of motion (the basic law of filtration), an equation of continuity (balance) of the flow, equations of state, binding stresses and strains of the formation, as well as unambiguity conditions, consisting of initial and boundary conditions of the process.

2.1. Basic equations of groundwater filtration model

The equation of motion for filtration flow is a mathematical record of the basic law of filtration (Darcy law), which associates the filtration flow rate with pressure losses that characterize the energy consumption of the flow. According to Darcy law, in the main area of filtration, there is a linear relationship between the flow rate and the pressure drop (gradient). By expressing the pressure gradients in the generalized form of the Darcy law through its derivatives in the relevant directions, the equations of motion are derived. In the constant density flow, the components of filtration rates [image: image34.wmf],,
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- in x, y, z directions - are expressed in an anisotropic formation as follows:
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where: H is pressure, m; kx, ky, kz are filtration coefficients, m/day, in x, y, z coordinate directions.

The continuity equations describe the material balance of the flow. The total change in the material amount of water when the flow passes through a spatial element in different directions must be compensated by changing the amount of water contained in this element. The continuity equation is presented in the following form:
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where: [image: image37.wmf]g

-

 specific weight, kg/m3; [image: image38.wmf]e

-

porosity factor.

(as revised by Rostechnadzor Order N 589 dated 28.12.2017)

The differential equation of filtration describes the distribution of head (pressure) in the filtration flow:
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where [image: image40.wmf]*

h

is elastocapacity factor, m-1.

Initial conditions correspond to the initial head within the filtration area and are specified at all points as a known coordinate function. Initial conditions are applied in the study of non-stationary processes.

Boundary conditions in the geofiltration calculations are set at the flow boundaries in the form of a specified pressure (first kind condition), the head gradient or flow rate (second kind condition) or their linear combination (third kind condition).

2.2. Filtration in the aeration zone

A specific feature of the aeration zone is incomplete water saturation, which is closely related to the manifestation of capillary forces.

In the case of gravitational moisture transport in the partial saturation zone, the filtration rate is determined by a law identical to the Darcy law, in which the proportionality coefficient is largely dependent on moisture.
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where [image: image42.wmf]k

w

is moisture transfer coefficient in the partial saturation zone (filtration coefficient), m/day.

It follows from theoretical considerations and analysis of experimental data that the dependence of the moisture transfer coefficient on relative humidity is of exponential nature:
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is moisture transfer coefficient at complete water saturation (filtration coefficient), m/day.
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where: [image: image46.wmf]w

 is relative humidity; [image: image47.wmf]w

is current moisture content of free (unbound) water; [image: image48.wmf]o

w

is humidity at which the movement of moisture is practically absent; [image: image49.wmf]n

w

is total moisture capacity.

For an exponent it is recommended to use the values of n = 3 [image: image50.wmf]¸

 4.

The exponential dependency of the filtration coefficient on moisture can be used within a certain range of humidity changes:
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where, according to data from literature, it is assumed that [image: image52.wmf]2070.
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In the theory of moisture transport, the value of the suction pressure is usually used instead of the height of pressure. Dependence of filtration (moisture transfer) coefficient on suction pressure is recommended to be expressed as:
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h

y

=-

: [image: image55.wmf]y

 is suction pressure, m; [image: image56.wmf]p

h

is height of pressure, m; the parameter m for sand is taken equal to 2, for heavy loams - to 4.

The equation of vertical moisture transport:
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where [image: image58.wmf]D

w

is capillary diffusivity, or diffusivity of soil moisture, m2/day.

The rate of infiltration seepage is calculated as:
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where: [image: image60.wmf]i
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 - is infiltration seepage rate, m/day; w is sprinkling intensity, m/day; [image: image61.wmf]е

w

 is initial humidity value.

With n = 3, the following solution is obtained:
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With moisture transport processes going on intensively, the irregularity of the aeration zone structure is significantly manifested, which is caused by lithological-facial variability of rocks, the availability of wormholes and residues of plant. To take into account this factor in the mathematical description of moisture transport, the model of a modular heterogeneous medium similar to the double-capacity medium is used. The influence of heterogeneity of rocks of the aeration zone on the infiltration processes is confirmed by the existing data on rather sharp non-uniformity of infiltration area across the area.

3. Model of underground radionuclide migration

Hydrodynamic fundamentals of groundwater migration are based on the idea of heat and mass transfer in groundwater.

3.1. Basic equations of underground migration

3.1.1. Convective transfer

The most important factor in groundwater migration is the convective transfer of water particles with filtration flow. Actual filtration rate u is used as the main characteristic of the convective transfer rate, which is the ratio of filtration flow rate to the pore area of its cross-section and is associated with the filtration rate [image: image63.wmf]J

by the following relation:

[image: image64.wmf],(13)

a

и

n

J

=


where [image: image65.wmf]a
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is the active porosity of the rock, which characterizes the part of pores filled with free water, as opposed to pores open for filtration.

When interaction of the rock with the solution having time-constant concentration of C is long enough, the dependence between the concentration of the component in the solution C and that in the solid phase N turns out to be unambiguous for the given temperature and determines the type of sorption isotherm:
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where N0 is sorption capacity that determines the maximum content of a component in a unit of rock volume (balanced with its content in solution) possible in the conditions in place, mek/dm3.

The ratio of concentrations N0 and C is related to the "solution-rock" pair distribution coefficient. For non-sorbing components Kd = 0, for well-sorbing Kd, m3/kg, will be hundreds or even thousands of relative units.

3.1.2. Diffusive-conductive transfer

Spontaneous transfer of substance under the influence of molecular forces occurs when there is a concentration gradient. The total flow of the substance is oriented towards lower concentration and is determined by Fick's law:
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where: [image: image68.wmf]M

D

Q

 - total substance flow, mol/day; DM - molecular diffusion coefficient, m2/day; [image: image69.wmf]F
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- design section, m2.

Molecular diffusion occurs during water filtration as a dispersion factor acting between liquids with different concentrations at the displacement front. Molecular diffusion is associated with mechanical dispersion (hydrodispersion), which is due to heterogeneity of the field of operating velocities. It is also subject to Fick's law, but with another parameter, mechanical dispersion coefficient. [image: image70.wmf].
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Longitudinal and transverse hydrodispersion are distinguished. Longitudinal hydrodispersion is oriented in the direction of convective flow trajectories. Transverse hydrodispersion proceeds perpendicular to the main direction of transport, it leads to the formation of volumetric (two- and three-dimensional) dispersion halos. Transverse dispersion is an essential factor in the dispersion of a substance whose relative role increases (as opposed to longitudinal dispersion) as the scale of transport increases. This dispersion slows down longitudinal transport and smoothes concentrated distributions within the aquifer.

Similarity in the nature of manifestation of molecular diffusion and mechanical dispersion unites them into an aggregate dispersion coefficient - D:
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In the near-surface zone, with significant temperature fluctuations, thermodiffusion appears, creating a mass transfer flow under the action of the temperature gradient.

Heat flow is subject to the general equation of heat transfer:
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where [image: image73.wmf]q

is temperature in degrees;
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 is thermal conductivity coefficient, W/(m*°C).

When calculating the transfer of pollution in aquifers composed of dispersed rocks, of the crucial importance is usually the convective transfer of pollutants with filtration flow, and various forms of dispersion play a subordinate role. In this context, pollution transfer calculations are primarily based on the representation of the flow velocity field, and the determination of flow direction requires careful construction of current lines and trajectories of the migrant. Given the slow rate of transfer processes, it is usually acceptable for their calculation to consider the geophysical flow as stationary (quasi-stationary), bearing in mind that the trajectories will coincide with the current lines.

For calculations of velocities and time of transfer of a migrant the scheme of "piston displacement" is used, according to which in the course of mutual displacement of liquids in a filtration flow it is supposed that they will be completely replaced within each element of pore space.

A significant impact on pollution transfer processes can be made by profile filtration heterogeneity of the flow in terms of permeability, which is determined in sedimentary rocks by their stratification, and in bedrocks - by changes in fracture formation and weathering with depth.

There are two fundamentally different methods for accounting for such heterogeneity: the method of direct implementation of permeability profile in calculations of transfer rate distribution by the flow rate, and the method of indirect accounting of heterogeneity profiles in the convective-dispersion transfer model, where the average (by the depth of the migrant content flow) values  are determined and the calculated values of the dispersion coefficient are found from the data of natural observations in analog conditions. The first method is a direct implementation method and is generally preferred because it allows a more specific assessment of the influence of profile inhomogeneity on the propagation of pollutant migrants through the depth of the flow, which is especially important when studying the migration of pollution in high intensity flows. The second method, often regarded as the basic one, is expedient to use in calculations of pollution transfer in low intensity flows with irregular heterogeneity, which cannot be schematized as horizontally layered.

Pollution of groundwater is usually caused by infiltration of solutions of pollutants from the ground surface. The starting points for such pollution transfer calculations are the values of infiltration intensity (area supply) and pollutant concentrations at the inlet to the groundwater flow - after passing the aeration zone. These values can be determined by the results of special observations, as well as materials for analog facilities.

For estimation of radionuclide intake through the aeration zone into ground waters, the problem of mass transfer in the unsaturated zone is considered.

The equation of convective-dispersion transfer with moisture flow:
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(as revised by Rostechnadzor Order N 589 dated 28.12.2017)

where: [image: image76.wmf]d
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 - rock matrix density, kg/m3; q - vertical transfer rate, m/day; [image: image77.wmf]t
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- rate of moisture extraction by plant roots, m3/day; Z - depth, m.

For an aeration zone with heterogeneous vertical flow structure, at a given infiltration rate w, and cross-flow at the bottom of the flow with intensity wн, the flow rate [image: image78.wmf]z
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in the vertical direction and time of the migrant passing through the i-th layer is determined by the following equations:

[image: image79.wmf](

)

z

T

,(19)

T

z

Н

www

J

=-+


where [image: image80.wmf]z

z

o

Tkdx

=-

ò

is formation conductivity in vertical direction, m2/day.
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where: ki - filtration coefficient of the i-th layer, m/day; ni - active (effective) porosity of the i-th layer; [image: image82.wmf]iii
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- conductivity of the i-th layer, m2/day; T - formation conductivity from the flow surface to the bottom of the calculated i-th layer, m2/day.

Appendix No. 4 
to the safety guide in the use of atomic energy "Assessment of long-term safety of near-surface radioactive waste disposal facilities" approved by the Decree of the Federal Environmental, Industrial and Nuclear Supervision Service 
dated December 14, 2016 No. 531

EXAMPLES OF RADIATION EXPOSURE MODELS FOR TYPICAL SCENARIOS OF UNINTENTIONAL HUMAN INTRUSION INTO RADIOACTIVE WASTE DISPOSAL SYSTEM

The following scenarios are considered as typical scenarios of unintentional human intrusion into the NSRWDF RW disposal system:

drilling operations;

сonstruction works (road construction);

residence on the territory of RW disposal and agricultural activities.

1. Drilling operations

Unintentional intrusion of a person into the RW disposal system may be related to drilling operations (for example, during surveys). Such intrusion into the NSRWDF can cause damage to safety barriers and the transfer of radioactive substances into the environment and, consequently, potential human exposure.

The release of radionuclides occurs directly during drilling operations, in particular during the extraction of contaminated rocks and/or core.

The following possible ways of exposure of the workers performing the above works and considered as a reference group are distinguished:

external exposure from drilling mud and (or) a cloud of dust formed during drilling;

external exposure from contaminated rocks and/or core;

internal exposure by inhalation.

The following possible ways of exposure of the population are distinguished:

external exposure from a cloud of dust formed during drilling;

external exposure from contaminated surfaces;

internal exposure by inhalation.

To calculate the maximum single release when drilling a well, the following equation is used, g/sec:

m = Q · q / 3600, (1)

where Q is the volumetric capacity of the drilling rig, m3/hour; q is specific dust emission from 1 m3 of extracted rock.

The weight of the dust released is specified as y, kg/h. The conservative approach assumes the absence (or failure) of a dust trapping system on the drilling rig. The weight of the dust emitted depends on the type of machine and the category of the rock strength.

The time of penetration through one running meter of the well also depends on the type of the drilling rig. The time of the drilling rig passing through the storage facility (including the thickness of the waste layer) is calculated from the equation below, h:

T = t · h, (2)

where: t - time of drilling of one running meter of the well, hour/m; h - thickness of waste layer, m.

Here, the amount of dust released into the atmosphere will be, kg:

X = T · y. (3)

Accordingly, the activity of the dust emitted will be, Bq:

А = Аsp · X, (4)

where: Аsp - specific activity of waste, Bq/kg.

Taking into account the activity of release A, diameter of the well, average wind speed in the direction of the settlement, distance to the settlement, average temperature and amount of precipitation, the underlying surface and amount of dust released into the atmosphere, the surface concentration of radionuclides is calculated using the Gauss diffusion model.

To calculate the integral of the surface concentration of radionuclide r in air at distance x, Bq-s/m3, the following equation is used:

Сv,r(x) = Qr · Gr(x), (5)

where: Qr is total activity of the radionuclide r, Bq; Gr(x) is time integral of the admixture dilution factor in the surface air layer with consideration of depletion of the release jet, sec/m3, is calculated from the following equation:
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where: x - distance from the source in the wind direction, m; u - wind speed at the ejection height, m/s; [image: image84.wmf]()
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- dispersion of the jet in the transverse direction at distance of x, m;  [image: image85.wmf]()
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- jet dispersion in vertical direction at distance x, m; Fr(x) - dimensionless function of jet depletion due to dry deposition of radionuclide r; h(x) - height of the center of the release cloud above the ground surface at distance x from the release location, m.

The jet dispersion in a transverse direction at distance x from the release source [image: image86.wmf]()
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is determined by the expression below:
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where: с3 - parameter that depends on the weather category.

The vertical dispersion coefficient [image: image88.wmf]z

s

is calculated equation below:
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where: [image: image90.wmf]max
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for this category of stability; z0 - surface roughness height of the underlying surface, cm; x - distance from release source, m. The functions f(z0, x) and g(x) are calculated using equations below:

g(x)= a1·xb1 / (1 + a2 · xb2), (9)
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Tables 1 - 5 contain values of parameters used in equations (8) - (10).

Table 1

ROUGHNESS HEIGHT zo for VARIOUS TYPES of UNDERLYING SURFACE

	Surface microrelief
	zo, cm

	Snow, lawn up to 1 cm high
	1

	Cut and low grass up to 15 cm high
	1

	High grass up to 60 cm high
	4

	Non-uniform surface with alternating areas of grass, shrubs, etc.
	10

	Park, forest up to 10 m high
	40

	Urban structures
	100


Table 2

UPPER BOUNDARY VALUES [image: image93.wmf]max
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FOR DIFFERENT STABILITY CATEGORIES 

	Categories of atmospheric stability
	[image: image94.wmf]max
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	A
	1600

	V
	1200

	sec
	800

	D
	400

	E
	250

	F
	200


F(x) is calculated based on the following equation:

[image: image95.wmf]2

2

0

21()

()expexp,(11)

()2()

x

g

zz

V

hx

Fxdx

uxx

pss

éù

æö

=-××-

êú

ç÷

×

èø

ëû

ò


where Vg is the rate of dry deposition of radionuclide r on the underlying surface (assumed to be 0.008 m/s).

Table 3

COEFFICIENTS IN FUNCTION g(x) USED FOR CALCULATION OF SOLUTION OF VERTICAL DISPERSION OF THE RELEASE CLOUD [image: image96.wmf]()
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	Category of stability
	a1
	b1
	a2
	b2

	A
	0.112
	1.06
	5.38·10-4
	0.815

	V
	0.130
	0.950
	6.52·10-4
	0.755

	sec
	0.112
	0.920
	9.05·10-4
	0.718

	D
	0.098
	0.889
	1.35·10-3
	0.688

	E
	0.080
	0.892
	1.58·10-3
	0.686

	F
	0.0609
	0.895
	1.96·10-3
	0.684


Table 4

COEFFICIENTS IN FUNCTION f(z0,x)

	Roughness height z0
	c1
	d1
	c2
	d2

	1
	1.56
	0.0480
	5.25·10-4
	0.45

	4
	2.02
	0.0269
	7.76·10-4
	0.37

	10
	2.72
	0
	0
	0

	40
	5.16
	-0.098
	5.36·10-2
	0.225

	100
	7.37
	-0.0957
	2.33·10-4
	0.60

	300
	11.7
	-0.128
	2.18·10-5
	0.78


Table 5

COEFFICIENT c3 USED IN CALCULATION [image: image97.wmf]()
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	Category of stability
	c3
	Category of stability
	c3

	A
	0.22
	D
	0.08

	V
	0.16
	E
	0.06

	sec
	0.11
	F
	0.06


When calculating the jet dispersion characteristics included in equation (6), a category of atmospheric stability [image: image98.wmf](), ()
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is conservatively selected, at which at a given distance x the surface concentration of radionuclides will be the highest.

The core to be extracted is considered as a source of external exposure of workers during drilling operations.

The external radiation dose for workers from handling cylindrical shaped core with height h, m, and radius R, m is determined, as a rule, at the point of detection on the side surface of the cylinder in the middle of height. The particle flux density at this point is, part/cm2*sec:
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where: S - volumetric release of the source particles into the solid angle [image: image100.wmf]4,
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 part/cm3*sec.

Coefficient [image: image101.wmf](/2)

hR

b

is calculated using the expression:
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To simplify the calculations, it is possible to use replacement for mono-energy sources in the transition from particle flux density to gamma dose rate by replacing the multiplier [image: image103.wmf]/4
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with Av*ГG multipliers, where Av is the full volumetric activity of the source; ГG is gamma constant of radionuclide. Having effected the replacement [image: image104.wmf]/22
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 we obtain the dose rate, Sv/hr:
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The external exposure dose to the worker from handling the core is calculated from the equation below, Sv/hour:
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where [image: image107.wmf]t

is time of worker's exposure taking into account time of handling of each core, time of core stay at the site, number of hours per shift for workers, hr.

To assess the internal exposure of workers and population through inhalation, the effective dose in various organs and tissues (j) from radionuclide r is calculated for persons of age group a from the equation below, Sv/year:

Ha,r,j = Aa,r · Ra,r,j, (16)

where Ra,r,j is dose conversion factor during inhalation, Sv/Bq; Aa,r is annual intake of radionuclide, Bq/year.

External exposure from the dust cloud for workers and the public is calculated from the equation below, Sv/year:

Нr,j= Сr · Rr,j · k, (17)

where: Сr - integral of surface radionuclide concentration r at a given point x, Bq*s/m3; Rr,j - dose conversion factor, Sv*m3/sec*Bq; k - coefficient of protection with buildings.

When calculating the external dose from the contaminated surface to the population, effective dose H, Sv/year, should be determined from the equation below:

Н = Сrs(х) · K · Rs · k, (18)

where: Crs is deposition of radionuclide r at a given point x due to passing of radioactive cloud, Bq/m2; K - factor taking into account time of staying on site; Rs - dose conversion factor for irradiation from the surface, Sv/m2/sec*Bq.

The cumulative dose of workers is calculated as the sum of external and internal exposure doses, Sv/year:

Нр = Нr,j + D + Ha,r,j. (19)

The cumulative dose to the population is calculated as the sum of external and internal exposure doses, Sv/year:

Нн = Нr,j + H + Ha,r,j. (20)

2. Road construction

The scenario assumes that the NSRWDF cover screen is completely removed during the construction of the road, resulting in the top layer of RW being exposed and radioactive air pollution occurring due to dust formation. The following possible ways of exposure of workers considered as a reference group and the population are identified:

external exposure from contaminated materials and RW (for workers);

internal exposure by inhalation.

The amount of dust generated during the construction of the road with a bulldozer is calculated from the equation below, kg:
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where: q - specific dust emission from 1 ton of material, g/t; [image: image109.wmf]g

- rock density, t/m3; V - volume of dragging prism, m3; t - bulldozer operation time per shift, hour; n - number of shifts; K1 - coefficient for wind speed; K2 - coefficient for material humidity; tc - cycle time; Kp - rock loosening coefficient.

Doses of external exposure from contaminated materials and RW (for workers) and internal exposure of population received through inhalation are calculated in the same way as in the scenario of drilling operations.

3. Residence of humans in the NSRWDF area and agricultural activities

In this scenario, it is assumed that after the closure of NSRWDF and the end of the administrative control period, a person settled in the area of location in close proximity to NSRWDF. Here, the person runs a natural economy - eats vegetable food grown on the farmland, keeps domestic animals, uses underground water for household needs and irrigation.

Выделяются следующие основные пути облучения населения:

external exposure from the land surface contaminated with radionuclides;

internal exposure through inhalation;

consumption of vegetable food grown on contaminated soil;

consumption of meat and dairy products produced from animals fed in the contaminated territory;

consumption and use of water contaminated with radionuclides;

unintentional entry of radioactive substances into the body.

The equivalent dose of internal exposure of individual organs (tissues) or the whole body from the intake of radionuclides through the respiratory and digestive organs is calculated from the equation below:

Di,k = Ki,k · Qi, (22)

where: Di,k - equivalent dose per k organ (tissue) expected over 70 years from the intake of i-th radionuclide into the body, Bq; Ki,k - dose conversion rate defined as equivalent dose of k-organ (tissue) expected for 70 years per unit of activity of i-th radionuclide that entered the organism for a given time,  Sv/Bq; Qi - intake of i-th radionuclide into the body within a specified period, Bq.

The intake of radionuclide in the human body over a given period of time in food ration and drinking water, Bq, is estimated as follows:
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where: qi(t0) - concentration of radionuclide in i-th product at the beginning of its consumption, Bq/kg; mi - weight of i-th food product (drinking water) for a specified period of time, kg; Gi - ratio of integral concentration of radionuclide qi(t) in i-th food product (drinking water) over a given period to concentration at the beginning of consumption qi(t0) (duration of consumption of a product with concentration qi(t0)), days:
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where: Bi - a factor that takes into account the ratio of radionuclide concentrations in the initial food (agricultural) i-th product and in a product ready for direct consumption ("purification factor").

The intake of radionuclides in agricultural products and, consequently, their radioactive contamination can be caused by:

aerosol (foliage) ingress of radionuclides into the crop of agricultural plants due to the wind rise of the radioactive substance from the surface of the topsoil;

root intake of radionuclides into consumed parts of agricultural plants.

Levels of radioactive contamination of plant products due to foliage ingress of radionuclides due to wind rise of radioactive substance from the surface of the topsoil are determined according to the expression below:
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where: qf.i.(t) - concentration of radionuclide in the productive part of the crop due to foliage ingress of radioactive contamination, Bq/kg/bq/m2; vg - rate of admixture deposition from the atmosphere, m/day; K0f.i. - wind rise factor in the crop cultivation area, m-1; [image: image113.wmf]..1
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 - constant of the rate of decrease of wind rise intensity, day-1.

Concentration in plant products due to root intake of radionuclides from soil:
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where: qr,r - concentration of radionuclide in the crop, with root intake, Bq/kg/Bq/m2; Ka - coefficient of radionuclide accumulation in crop and soil; [image: image115.wmf]s

 - radioactive contamination density, Bq/m2; [image: image116.wmf]П

r

 - weight of soil layer of a single area, from which root absorption takes place, kg.

The intake of radionuclides into the body of pasture animals is carried out mainly by oral intake of contaminated fodder and drinking water. As a result of metabolic processes in the animal body, radionuclides enter animal products, of which milk and meat of cattle are considered as critical. Consumption of soil that pollutes vegetation, especially when grazing on scarce pastures, should be considered as a concomitant pathway for radionuclides to enter animal products. The most unfavorable conditions for cattle include grazing on natural pastures, as well as feeding hay from these lands during the stable period.

The concentration of radionuclides in animal products due to their intake through the digestive organs of the animal is determined by the following ratio:
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where: qa(t) - radionuclide concentration in animal products per unit density of contamination of the territory with this radionuclide, Bq/kg/Bq/m2; Kr - radionuclide transfer coefficient in 1 kg of products at intake of activity with feed and drink, days/kg; qj(t) - concentration of nuclide in the j-th feed along all routes of plant contamination at time t after the fallout, Bq/kg/Bq/m2; gi - proportion of soil in the weight of j-th feed; [image: image118.wmf]jB

m,

φ, p

- daily consumption by the animal of the  j-th feed, soil, water, kg/day. (Table N 6); [image: image119.wmf]П

p

- weight of one-centimeter layer of soil on a pasture with the area of 1 m2, kg/m2; qw(t) - radionuclide concentration in water consumed by animals at the time after deposition, Bq/kg/ Bq/m2, for surface stagnant water bodies most radiologically significant at water consumption by animals in the initial period, [image: image120.wmf][
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Kg - coefficient characterizing proportional dependence of initial concentration of radionuclide in water of surface water body on initial density of area contamination, Bq/kg/Bq/m2;  [image: image121.wmf]B

λ

- constant of the rate of decrease of radionuclide concentration in water of surface water bodies, day-1.

(as revised by Rostechnadzor Order N 589 dated 28.12.2017)

Due to metabolic processes occurring in the animal body, initial concentrations of radionuclides in animal products will be observed with a certain time lag after the beginning of systematic consumption of contaminated feed rations by animals. In the subsequent period, the concentration of radionuclides in products reflects the equilibrium transition from diet to the product.

Table 6

VALUES OF PARAMETERS DETERMINING FEED AND WATER CONSUMPTION BY CATTLE

	Parameter
	Dairy cattle
	Meat cattle

	Daily consumption of grass or hay mj (per dry weight), kg/day.
	10
	8

	Daily consumption of soil during grazing, [image: image122.wmf],

j

kg/day.
	0.4
	0.3

	Daily water consumption, [image: image123.wmf]B

p,

kg/day.
	50
	40

	Time to reach maximum radionuclide concentrations after initiation of intake [image: image124.wmf]Δt,

 days.
	In milk 5 (all radionuclides except iodine isotopes)
	In meat 10 (all radionuclides except iodine isotopes)


Due to metabolic processes occurring in the animal body, initial concentrations of radionuclides in animal products will be observed with a certain time lag after the beginning of systematic consumption of contaminated feed rations by animals. In the subsequent period, the concentration of radionuclides in products reflects the equilibrium transition from diet to the product.

To estimate the intake of radionuclides in the food ration in the human body, information is needed on the weight ratio of basic food products (Table N 7) prepared for consumption.

The values of Bi factor, which is the proportion of radionuclide activity remaining in the i-th food product after preparation and culinary treatment of the source agricultural product, may vary for each individual product depending on the path of activity in the product (plant products), the nature of the radionuclide and the methods of product treatment. In general, averaged values and Bi can be applied for all radionuclides (Table N 8).

Table 7

AVERAGE VOLUMES OF CONSUMPTION OF INDIVIDUAL CATEGORIES OF FOOD PRODUCTS

(as revised by Rostechnadzor Order N 589 dated 28.12.2017)

	Statistical average data (per capita)
	Indices for assessment of doses (adult population)

	Product category
	Annual consumption volume, kg/year on mass of commodities basis
	Product
	Annual consumption volume, kg/year
	Daily consumption volume, kg/day

	
	
	
	On mass of commodities basis
	On dry weight basis
	On mass of commodities basis
	On dry weight basis

	Vegetables, melon
	100
	Vegetables, total
	100
	10
	0.274
	0.027

	
	
	Including cabbage
	33
	3.3
	0.09
	0.009

	
	
	Fruited vegetables (cucumbers, tomatoes)
	33
	1.9
	0.09
	0.005

	
	
	Root vegetables
	33
	3.3
	0.09
	0.009

	
	
	Green vegetables
	1
	0.1
	0.01
	0.01

	Fruits, berries
	52
	
	
	
	
	

	Bread and bread products in flour equivalent
	131
	Bread cereals in grain equivalent
	-
	130
	-
	0.36

	Cereals
	131
	
	
	
	
	


The ratio of Giintegral of radionuclide concentration in a given food product to the concentration at the beginning of consumption can be calculated on the basis of data on the predicted dynamics of changes in concentration in products. In order to consider a sufficiently long period of consumption of a local product, it is necessary to know the ratio of the duration of consumption of this product in fresh form (directly in the production process) and in stock (stored in natural form, or processed).

Table 8

VALUES OF THE SHARE OF ACTIVITY Bi REMAINING IN THE FOOD PRODUCT AFTER PREPARATION OF THE SOURCE AGRICULTURAL PRODUCT FOR CONSUMPTION

	Product
	Bi

	Potatoes
	0.8

	Root vegetables
	0.5

	Cabbage and green vegetables
	0.7

	Cucumbers and tomatoes
	0.7

	Bread cereals in grain equivalent
	0.3

	Milk, whole milk products
	1

	Meat
	0.9


The annual effective dose of human exposure due to oral intake of radionuclides into the body Eper, Sv/year is calculated using the following expression:
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where the summation is made for all accounted categories of food products (vegetables, meat and milk), for which specific concentrations of radionuclides  are calculated above, [image: image126.wmf],

i

c

Bq/kg; Ingi - consumption rate of i-th food product, kg/year, estimated on the basis of statistical data on consumption of basic food products; Cw - radionuclide concentration in underground water, Bq/m3; Qdust - amount of dust settled on the surface of objects and coming into the organism in a unit of time, kg/h; T - time of stay in open area, hr/year; Ingw - water consumption, m3/year; [image: image127.wmf]per

e

- coefficient of internal irradiation at intake of radionuclide by oral way, Sv/Bq.

The annual effective dose of exposure through inhalation Einh, Sv/year is calculated using the following expression:
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where: Cdust - concentration of dust in the air, kg/m3; T - time of stay in the open area, hr/year; va - amount of air inhaled in a unit of time, m3/h; [image: image129.wmf]inh

e

- coefficient of internal exposure at intake of radionuclide into the body through inhalation, Sv/Bq.

The annual effective dose of external exposure Eext, Sv/year is calculated using the following expression:
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where: Am, Bq/kg, - specific activity of dry rock; [image: image131.wmf]r

- density of dry soil, kg/m3; T - time of stay in open area, hr/year; DCext-soil, Sv h-1/Bq m-3 - dose coefficients for the case of stay on the surface of contaminated soil.

Assessment of radiation exposure for public shall be performed by summing up of all types of internal and external exposure from radionuclides contained in radioactive waste.

