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Abstract

:

Although the generation of large components from nuclear power plants is expected to gradually increase in the future, comprehensive studies on the radiological risks of the predisposal management of large components have been rarely reported in open literature. With a view to generalizing the assessment framework for the radiological risks of the processing and transport of a representative large component—a steam generator—12 scenarios were modeled in this study based on past experiences and practices. In addition, the general pathway dose factors normalized to the unit activity concentration of radionuclides for processing and transportation were derived. Using the general pathway dose factors, as derived using the approach established in this study, a specific assessment was conducted for steam generators from a pressurized water reactor (PWR) or a pressurized heavy water reactor (PHWR) in Korea. In order to demonstrate the applicability of the developed approach, radiation doses reported from actual experiences and studies are compared to the calculated values in this study. The applicability of special arrangement transportation of steam generators assumed in this study is evaluated in accordance with international guidance. The generalized approach to assessing the radiation doses can be used to support optimizing the predisposal management of large components in terms of radiological risk.
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1. Introduction


Various types of large components which are mainly made of metal, including reactor pressure vessels (RPVs), pressurizers (PZRs), and steam generators (SGs), are generated from the decommissioning of nuclear power plants (NPPs); these can even be produced during the operation period of pressurized water reactors (PWRs) and pressurized heavy water reactors (PHWRs), as well from replacement projects of degraded large metal components such as SGs and others [1]. In 2009, the International Atomic Energy Agency (IAEA) reported that SGs in 175 units of NPPs have been replaced in total worldwide [2]. Furthermore, the numbers of NPPs approaching their designed lifetimes or which have permanently ceased operation have increased continually, which supports the forecasting of a future gradual increase in replaced and/or dismantled large components [3].



Special considerations are needed when managing large components from NPPs because of their bulky size, heavy weight, and high cost of handling, in addition to other factors. In this respect, the Nuclear Energy Agency (NEA) under the Organization for Economic Co-operation and Development (OECD) published a specific issue report on the management of large components to be generated from the decommissioning of NPPs in 2012 [4]. In the issue report, the OECD/NEA suggests that multiple considerations of technical, regulatory, and economic aspects should be taken at “all stages” including the predisposal management (i.e., transport, treatment, and storage) of dismantled large components onsite or offsite of NPPs, and further pointed out the significance of radiological assessment in deciding the management options of large components. In addition, the IAEA stated that the hazards induced by the cutting and handling of large components should be assessed and managed so that the potential consequences of such hazards can be prevented or mitigated [5]. Furthermore, the IAEA’s requirements of interdependences among all steps in the predisposal management of radioactive waste are also applicable to the management of radioactive large components from NPPs [6].



In practice, replaced or dismantled large components have been managed in various ways according to the relevant country or site. In many cases, replaced large components such as SGs and reactor heads have been temporarily stored onsite without segmentation [7,8]. Dismantled RPVs and SGs have been transported in one piece without segmentation from NPPs to the low-level radioactive waste repository, by barge, through an inland waterway in the United States [9,10]. Segmentation operations of the head, pressure vessel, and internal parts of the reactor have been reported [11]. It has also been reported that replaced large components have been transported to a domestic storage facility via road and inland waterways and to a smelter in Sweden through the overseas waterway [12,13].



However, no comprehensive studies have been reported on the radiological risk assessments for all possible predisposal management options of large components in an integrated manner. For instance, a preliminary study has estimated the radiation doses for the decommissioning workers involved in the cutting and smelting of an SG, with neither assessment of the handling of the SG in one piece nor its transportation to offsite [14]. Other studies on radiological risk assessment for the transportation—but not the processing—of two actual SGs from German NPPs to offsite facilities have been conducted, such as (a) the overseas transport of four SGs from Stade NPP to Studsvik processing plant in Sweden and (b) the transport of SGs in one piece from Obrigheim NPP to the Lubmin offsite interim storage facility through road and inland waterways [13]. In addition, one study taking a wider scope has reported on the expected direct exposure from the in situ cutting and handling of an SG at Bohunice NPP Unit 1 and the offsite transportation of segmented and conditioned waste packages to Mochovce waste repository in Slovakia [15]. Although this study is more comprehensive than previous works, the following aspects can be noted as limitations: (a) the handling of the SG in one piece was not considered, (b) there was a simple assumption of the unit activity (1 Bq) of 60Co only as a radioactive source term, (c) inhalation and ingestion pathways were not considered, and (d) alternative waterway transportation was not assessed.



Accordingly, this study proposes an integrated radiation dose calculation framework for various predisposal management scenarios of SGs to support the decision making of the effective management of large components. In order to attain this goal, radiological dose calculation models have been structured, and their applicability has been demonstrated through case studies.




2. Methodology


2.1. Target Large Component and Its Characteristics


Among the various large and heavy components installed at NPPs, SGs are known to be larger and heavier than other components. Hundreds of experiences of replacement and dismantling of SGs and their subsequent processing, storage, and disposal at operating or decommissioned NPPs have been reported [2]. Accordingly, for this study, the SG was chosen as a target large component for modeling the management options and evaluate the radiological impacts. Although the weights and dimensions of SGs vary widely depending on the capacities of nuclear reactors and the specific design of the SGs, SGs are typically cylindrical metal objects weighing hundreds of tons that are a few meters in diameter and over 10 m in height [16].



A representative U-tube SG consists of an external shell (or body) that is usually made of a metal alloy, a bottom side chamber, and a tube bundle through which primary coolant passes. Therefore, the shell side of an SG is usually not significantly radioactive under normal operation conditions because it does not contact the radioactive primary coolant, whereas the water chamber is slightly contaminated and the inner surface of the tube bundles is contaminated with radionuclides present in the primary coolant. In this study, the SG is assumed to be a cylindrical metal solid having the same mass as the SG for the simplification and generalization of the problem. In addition, publicly reported actual radioactive source terms for SGs including activated corrosion products such as 60Co, fission products such as 137Cs and 90Sr, actinides such as 244Cm, tritium (3H), or radiocarbon (14C) characterized through radiological surveys and measurements have been assumed and used in this study (see Section 3.1).




2.2. Scenarios for Predisposal Management of Dismantled Steam Generators


Large metal components such as SGs dismantled from NPPs have been managed in various ways. Based on a literature review of past experiences, 12 generalized potential management scenarios of SGs have been derived according to the various processing methods (i.e., segmentation, smelting, or handling in one piece without processing), places of processing (i.e., onsite, offsite, or overseas), and transportation means (i.e., road, inland, or overseas waterway) as depicted in Figure 1 and Table 1 [7,8,9,10,11,12,13,17].



The detailed description of the symbol in Table 1 is as follow; Sj (j = 1 to 4) represents the different segmentation workers; scrap cutter, scrap loader, scrap transfer worker, and scrap processor, respectively. Mk (k = 1 to 7) represents the different smelting workers; smelter loader, furnace operator, baghouse processor, slag worker, ingot caster, ingot loader, and ingot transfer worker, respectively. T1 indicates a trailer driver who transports a steam generator in one piece. T2 indicates a truck driver who transports the processed objects of a steam generator. T3 indicates a ship crew who transports objects by waterway. The receptor H represents the package handler who loads or unloads a package (both the one-piece steam generator and the processed objects). Furthermore, the subscript after H and T means the location number in Figure 1.



As summarized in Table 1, Scenarios 1 to 6 refer to the road transportation and Scenarios 7 to 12 refer to waterway transportation. Scenarios 1 and 7 refer to the handling of the SG in one piece without processing, whereas the others consider processing such as segmentation only or smelting after segmentation. Scenarios 2, 3, 8, and 9 represent processing at the NPP site and transportation to the repository, but Scenarios 5, 6, 11, and 12 assume offsite (domestic or overseas) processing and transportation to the repository. It is worth noting that a possible option for onsite segmentation at an NPP and subsequent offsite smelting is reflected in Scenarios 4 and 10. Taking into consideration the Korean situation in which all NPPs and radioactive waste repositories are located at coastal regions, it is assumed that offsite transportation to a domestic processing plant is conducted using public roads or through overseas waterways in the case of an overseas processing plant.




2.3. Basic Equations to Calculate Radiation Dose


In order to estimate the radiation dose to each receptor (see Table 1) exposed to radiation for each stage of the predisposal management of SGs, a set of potential exposure pathways are assumed, and the appropriate dose calculation models applied. In the segmentation and smelting processes, direct exposure from radioactive metal is expected, and the inhalation of radioactive materials suspended in the air of the workplace and inadvertent secondary ingestion of radioactive materials can be assumed as potential exposure pathways inducing the radiation exposure to the receptors [18]. The total radiation dose (   D  t o t     in mSv/year) to the receptors participating in the processing of SGs can be calculated by summing the estimated radiation doses from all the possible pathways, which are generally categorized into direct radiation and internal exposure due to the inhalation or ingestion of radionuclides as follows:


   D  t o t   =  D  e x t   +  D  i n h   +  D  i n g    



(1)




where    D  e x t     is the annual external dose to receptors from direct radiation (mSv/y), and    D  i n h     and    D  i n g     are the annual internal doses from the inhalation and ingestion pathways, respectively (mSv/y).



The annual effective dose to the receptors involved in segmentation and smelting (i.e., S1 to S4, and M1 to M7) from direct radiation    D  e x t     can be calculated by


   D  e x t   =   ∑  i N   D  e x t , i   =   ∑  i N   C  S , i   · D C  F  e x t , i   · t =   ∑  i N   C  S , i   · D C  F  e x t , i   ·  (   W  T P    )   



(2)




where    C  S , i     is the activity concentration of radionuclide i in metal scrap (Bq/g),   D C  F  e x t , i     is the external dose conversion factor of radionuclide i (mSv/h per Bq/g) which is determined by the source geometry, dimension, and distance between the source and the receptor,  t  is the annual exposure time (h/y),    W   is the weight of SG annually processed (ton/y),   T P   is the throughput of processing (ton/h), and  N  is the number of radionuclides.



The annual effective dose to the receptors (i.e., S1 to S4, and M1 to M7) from the inhalation of radioactive materials in the air    D  i n h     can be calculated by [19]


   D  i n h   =   ∑  i N   D  i n h , i   =  C D  · ε · B R ·  f R  ·  (   W  T P    )  ·   ∑  i N   C  S , i   · D C  F  i n h , i    



(3)




where    C D    is the concentration of respirable dust in the air (g/m3),   D C  F  i n h , i     is the inhalation dose conversion factor of radionuclide i (mSv/Bq),  ε  is the efficiency of the respiratory protection equipment,   B R   is the breathing rate of the receptor (m3/h), and    f R    is the respirable fraction of airborne dust.



In addition, the annual radiation dose to the receptors (i.e., S1 to S4, and M1 to M7) from the ingestion of radioactive materials    D  i n g     can be estimated as [19]


   D  i n g   =   ∑  i N   D  i n g , i   =  (   C D  · B R ·  (  1 −  f R   )  + I R  )  ·  (   W  T P    )  ·   ∑  i N   C  S , i   · D C  F  i n g , i    



(4)




where   D C  F  i n g , i     is the ingestion dose conversion factor of radionuclide i (mSv/Bq) and   I R   is the inadvertent ingestion rate (g/h).



It is noted that the radionuclides present in metal scrap are redistributed into resulting matrices such as ingot, slag, and dust if the metal scrap is melted in a smelter such as an electric arc furnace [18]. Accordingly,    C  S , i     in Equations (1) to (3) should be replaced with an adjusted activity concentration of radionuclide i in each matrix (i.e., ingot, slag, or dust) taking into consideration the respective matrix involved in a specific scenario using Equation (5):


    C  P , i   =  C  S , i   ·    f  E , P , i      f  M , P           ,   



(5)




where    C  P , i     is the adjusted activity concentration of radionuclide i in a resulting matrix P (i.e., ingot, slag, or dust) in Bq/g,    f  E , P , i     is the element partitioning factor of radionuclide i in matrix P, and    f  M , P     is the mass partitioning factor of metal scrap into matrix P.



On the other hand, receptors involved in transport operations (i.e., T1 to T3 and H) are also exposed mainly due to the direct radiation from the radionuclides present in SGs or transport packaging containing processed objects under normal transport conditions. During normal transport operation, the radionuclides are assumed to be contained in the package, and the inhalation and ingestion pathways can be ignored. The annual radiation dose for receptors T1 to T3 caused by direct radiation from transport packaging    D  T r a n s     (in mSv/y) can be calculated by


   D  T r a n s   =   ∑  i N   D  T r a n s , i   =   ∑  i N   C  S , i   ·  N  t r a n s   · D  R i  ·  L v   



(6)




where   D  R i    is the normalized dose rate at the receptor’s location per unit activity concentration of radionuclide i (mSv/h per Bq/g),    N  T r a n s     is the number of transport operations per year (   y  − 1    ),  L  is the distance between the origin and the destination of the packaging to be transported (km), and  v  is the average speed of the transport carrier (i.e., vehicle for road transport and vessel for waterway transport) in km/h. After the smelting process, the dose to receptor T1 to T3 can be calculated by the following equation:


   D  T r a n s   =   ∑  i N   D  T r a n s , i   =   ∑  i N   C  P , i   ·  N  T r a n s   · D  R i  ·  L v   



(7)




For receptor H, the annual radiation dose caused by direct radiation from the transport packaging during the handling operation    D  h a n d l e , i     (in mSv/y) can be calculated by replacing   D C  F  e x t , i     with   D  R i    in Equation (2).



It is noted that only the potential radiological impact from scenarios representing normal conditions in the processing and transportation of SGs have been considered in this comparative study, whereas off-normal or accidental scenarios with low probabilities are subject to preparedness and responses to emergencies [13,14].




2.4. Calculation Tools


Here, we report a few models which have been developed to estimate the radiological impacts from the recycling of scrap metals in which numerical models similar to Equations (1) to (4) are used as basic formulas for calculation [18,19,20]. Among these models, RESRAD-RECYCLE, developed by the Argonne National Laboratory as a computation tool to calculate radiation doses and risks resulting from the recycling of radioactive scrap metal, was adopted in this study in order to facilitate numerical calculation [19]. The RESRAD-RECYCLE code has been validated and widely applied to the prediction of radiation doses from the recycling of scrap metals containing radionuclides through a series of processes including cutting, smelting, and fabrication [21,22].



On the other hand, the potential radiological consequences to receptors T1 to T3 and H from the transportation and handling of SGs and/or the resultant processed objects have been modeled and calculated in this study using the RADTRAN 6 computer code developed by Sandia National Laboratories under the funding of the U.S. Nuclear Regulatory Commission and the U.S. Department of Energy [23]. RADTRAN 6, which simulates the radiation risk based on the measured or calculated dose rate at 1 m from the package, has also been well validated and is frequently used for environmental impact assessments of nuclear installations and transportation risk analysis worldwide [24].





3. Results and Discussions


3.1. General Assessment for the Predisposal Management of Dismantled Steam Generators


In this section, a set of general pathway dose factors (PDFs) was derived for each radionuclide at its unit activity concentration based upon the processing and transportation of a reference SG of the Optimized Power Reactor (OPR 1000) with a weight of 540 tons and reported physical dimensions of 21 m in height and 5.7 m in outer diameter [25,26]. In total, 26 radionuclides are referenced from publicly available inventory data for SGs from a PWR (Kori Unit 1) and a PHWR (Bruce A Unit 1) and considered in the general assessment [14,27]: eight actinides (237Np, 238Pu, 239Pu, 240Pu, 241Am, 242Pu, 243Am, and 244Cm), six fission products (90Sr, 99Tc, 106Ru, 129I, 137Cs, and 144Ce), 10 activated corrosion products (54Mn, 55Fe, 57Co, 59Ni, 60Co, 63Ni, 65Zn, 94Nb, 125Sb, and 154Eu), and two others (3H and 14C).



3.1.1. General Pathway Dose Factors for Processing of Dismantled Steam Generators


The potential radiation dose to each receptor involved in the processing of an SG does not depend on the specific site or scenario but instead relies on the activity concentrations of existing radionuclides and weight of the SG, as implied in Equations (1) to (4). In order to derive general PDFs for the processing of an SG, anticipated doses to all potential receptors (i.e., S1 to S4, and M1 to M7, as shown in Table 1) were calculated using RESRAD-RECYCLE code by assuming the unit activity concentration of each radionuclide.



The general PDF for each radionuclide and each receptor can be expressed in terms of    (  m S v / y    )    p e r    (  B q / g  )  · t o n  , as below, from Equations (1) to (4):


    G e n e r a l   P D  F i  =      D  e x t , i   +  D  i n h , i   +  D  i n g , i     W ·  C  S , i          =   D C  F  e x t , i   +  C D  · ε · B R ·  f R  · D C  F  i n h , i   +  (   C D  · B R · ( 1 −  f R   )  + I R ) · D C  F  i n g , i     T P      



(8)




where the value of   T P   is the reciprocal of time for processing 1 ton of steel scrap which can be derived from the default exposure time for processing 100 ton of steel scrap as proposed in the RESRAD-RECYCLE model [19]. In addition, the values of    f  M , P     for SG as steel scrap in Equation (5) are assumed to be 90% for ingot, 10% for slag, and 1% for dust using the default values in RESRAD-RECYCLE [19]. The elements with low boiling points, such as cesium, typically concentrate in the dust, and the elements that easily oxidize tend to concentrate in the slag [19]. It is noted that default dose coefficients for inhalation and ingestion (see Equations (3) and (4)) in RESRAD-RECYCLE, which are based upon Federal Guidance Report No. 11, have been replaced with those recently introduced in the International Commission on Radiological Protection (ICRP) Publication 119, in order to calculate the effective dose in accordance with the radiation protection recommendations of ICRP Publication 60 [28,29,30]. The geometry and dimensions of objects handled by receptors participating in SG processing and the distance from the receptors are assumed to be the same as the reference values as proposed in the RESRAD-RECYCLE manual [19]. Thus, the assumed   D C  F  e x t , i     is using a default value in the RESRAD-RECYCLE [19]. Other parameters (   C D  ,   ε ,   B R ,    f R  ,   I R  ) are also assumed to be the default value in the RESRAD-RECYCLE [19].



3H, 14C, and 129I are not taken into account in RESRAD-RECYCLE, which may be due to the fact that 3H, 14C, and 129I emit very weak photons, and direct exposure from them is negligible [31]. However, internal exposure from the inhalation and ingestion of these radionuclides may be of concern; radiological impacts from 3H, 14C, and 129I have been frequently considered in the assessment of radioactive waste management [20,32]. In this study, internal exposure from the inhalation and ingestion of these radionuclides has therefore been separately calculated, whereas direct radiation has not been assessed for these three radionuclides.



Values of other parameters used in this study with regard to the processing of a SG are assumed to be the same as the default values in RESRAD-RECYCLE, as mentioned above. Figure 2 shows the general PDF for each actinide and for each receptor involved in the processing of the SG, which is calculated using Equation (8).



It is worth noting that the general PDFs for receptors handling metal ingot (i.e., M5 to M7) are calculated to be zero due to there being no elemental partitioning of actinides into ingot through the smelting process (see Table 2 and Equation (5)) [19].



Significant differences are not found in the general PDFs for receptors S1, S2, S4, M1, M2, and M3, while the PDFs for M4 show much higher values than for other receptors. Furthermore, the variability in PDF values among the eight actinides for a receptor is generally small (e.g., the highest ratio of the maximum to minimum PDF is 2.27), except for receptor S3, for which the significant differences in the PDFs of actinides are observed (e.g., the ratio of the maximum to minimum PDF is about 50,000).



The small differences in the general PDFs for radionuclides (except receptor S3) can be ascribed to the comparable dose coefficients for intake among actinides (i.e., 1.1  ×  10−7 to 2.5  ×  10−7 Sv/Bq for ingestion and 2.1  ×  10−5 to 4.7  ×  10−5 Sv/Bq for inhalation) and the dominance of internal exposure for the respective receptors. In addition, irregularities of the general PDFs among the actinides observed for receptor S3 (i.e., scrap transfer worker) result from the fact that direct radiation becomes the only applicable exposure pathway due to the general assumption of negligible portions of releasable radionuclides under normal transfer conditions [33]. On the other hand, the higher values of general PDFs for receptor M4 (i.e., slag worker) than other receptors, can be attributed to the longer exposure time, higher external dose conversion factor due to larger dimensions of objects, shorter distance from the receptor, and the higher slag-partitioning factor of actinides, as shown in Table 2 [19].



Figure 3 shows the calculated general PDF for each non-actinide and for each receptor involved in the processing of the SG, in accordance with Equation (8).



For receptors S1 to S4, which are involved prior to the smelting process, where the mass of metal scrap and the constituent elements are redistributed into resulting matrices, the external exposure pathway is dominant, and thus the radiological impacts from gamma-emitting radionuclides 60Co, 94Nb, 154Eu, 137Cs, 129I, and 54Mn are higher than for other radionuclides.



In the beginning of the smelting process, in which the receptors M1 and M2 are involved, both direct radiation from scrap metal and internal exposure from the intake of radioactive dust at the smelter or furnace are in effect. Therefore, the general PDF values of radionuclides emitting high-energy gamma rays (e.g., 60Co, 94Nb, and 154Eu) and partitioned into dust (e.g., 137Cs, 129I and 65Zn) are remarkably high (see Table 2). For receptor M3, which handles the baghouse filter, the general PDF values of radionuclides that preferably partition into the dust phase (e.g., 137Cs and 65Zn) are higher compared to the others. Likewise, the general PDFs of 94Nb, 154Eu, 129I, 54Mn, and 125Sb, which tend to be redistributed into slag, turn out to be dominant for slag workers (receptor M4). It is also noted that the general PDFs for receptor M4 are much higher than other receptors, as shown in Figure 3, which can be ascribed to the same arguments already addressed to interpret the similar trend observed in Figure 2. In addition, gamma-emitting radionuclides preferably partitioned into ingot (i.e., 60Co, 54Mn, 125Sb, 106Ru, 65Zn, etc.) induce higher PDF values for receptors handling ingot (i.e., M5 to M7).



Due to the volatile characteristics of 3H, 14C and 129I, however, the radionuclides may not be trapped by the baghouse filter and may ultimately be dispersed into the atmosphere [20]. As implied in the footnote of Table 2, significant portions of volatile elements are released into the atmosphere from the processing facility and the radiological impacts from them may require additional care regarding public exposure, due to the release of airborne radionuclides. In this regard, the activity concentration of radionuclide i at the boundary of the processing facility,    C  B , i     (Bq/m3), can be calculated as [34]


   C  B , i   =    (  1000  )     (  31 , 536 , 000  )    ·  C  S , i   · W ·  f  D , i   ·  (  X / Q  )   



(9)




where    f  D , i     is the dischargeable fraction of the volatile element i, 1000 is the factor used to convert tons into grams, 31,536,000 is the factor used to convert seconds to years, and   X / Q   is the atmospheric dispersion factor (  s /  m 3   ). By applying    C  S , i     of 1 Bq/g,  W  of 1 ton/year and    f  D , i     of 90%, 36.5%, and 50% for 3H, 14C and 129I, respectively, as well as   X / Q   of 4.605  ×  10−6   s /  m 3    (at 1000 m downwind distance) as suggested in comparable studies,    C  B , i     for 3H, 14C, and 129I were calculated and compared to the effluent concentration limit for airborne radionuclide (  E C  L  A , i    ) set forth in 10 CFR Part 20 Appendix B, based upon the annual radiation dose limit (i.e., 1 mSv/year) for the members of the public, as shown in Table 3 [20,35].



As shown in Table 3, the ratio of    C  B , i       to   E C  L  A , i     lies within a range from an order of approximately 10−14 to 10−9, and the activity concentrations equivalent to the ratio of    C  B , i       to   E C  L  A , i       to unity are calculated to be 2.03  ×  108 to 2.81  ×   1013 Bq/g, which conforms to a total activity of each radionuclide of 1.09  ×  1011 to 1.52  ×  1016 MBq in the SG (i.e., 540 tons). It is noted that the above estimated total activity for each volatile radionuclide equivalent to the public dose limit is much lower than the actual radioactive source terms of SGs in Section 3.2.1. Thus, the potential exposure due to volatile radionuclides released into the atmosphere from a processing plant are not further taken into account in this study, since their contributions to radiological impacts turn out to be negligible.




3.1.2. General Pathway Dose Factors for Transportation and Handling of Dismantled Steam Generators


Using Equation (6), the general PDF for each radionuclide and each receptor (i.e., T1 to T3) involved in the transport operations can be defined in terms of    (  m S v / y    )    p e r    (  B q / g  )  · k m  , as below:


  G e n e r a l   P D  F  T r a n s , i   =    D  T r a n s , i      C  S , i   · L   =   D  R i  ·  N  T r a n s    v   



(10)




and receptor H, involved in the handling operations, can be defined in terms of    (  m S v / y    )    p e r    (  B q / g  )  · t o n   as follows:


  G e n e r a l   P D  F  H a n d l e , i   =    D  H a n d l e , i      C  S , i   · W   =   D  R i    T P    



(11)




where    D  h a n d l e , i     (in mSv/year) can be calculated by replacing   D C  F  e x t , i     with   D  R i    in Equation (2).



In order to calculate the radiation dose from transportation using RADTRAN 6, the dose rate 1 m from the package should be provided as an input [32]. Thus, the dose rate 1 m from a package containing 1 Bq/g of each radionuclide listed in Table 4 has been derived using the MicroShield® computer code with regard to the SG in one piece, and a container containing processed (i.e., segmented or smelted) objects [36]. For simplification, each radionuclide is assumed to be homogeneously distributed in the total volume of the SG weighing 540 tons in one piece, defined in Section 3.1, and in the International Organization for Standardization (ISO) 1496/1 container (length 12 m, width 2.4 m, and height 2.5 m), which is widely used in the transportation of low and intermediate level radioactive waste (LILW), containing 20 tons of processed objects [23]. As such, the dose rate 1 m from each package containing each of the 11 key radionuclides for SG transportation at unit activity concentration was derived as shown in Table 4, ranging in the order of 10−7–10−4    (  m S v / h    )    p e r    (  B q / g  )   . It should be noted that other radionuclides showing negligibly low dose rates ranging in the order of 10−25–10−15    (  m S v / y    )    p e r    (  B q / g  )    are not given in Table 4.



In Table 4, the ratio of the dose rate 1 m from the SG to that from the ISO 1496/1 container that emplaced segmented objects is about 1.6, on average, except for 57Co and 237Np. The higher dose rate 1 m from the SG than from the container can be attributed to the difference in total radioactivity present in the whole SG and in one container; that is, there is 27 times higher radioactivity in the SG than in the single container for segmented SG. Due to the redistribution of radionuclides after smelting, for some radionuclides that are concentrated to ingot after smelting as the concentration of these radionuclides can be calculated by Equation (5) (i.e., Co57, Co60, Nb94 and Ru106) using the values in Table 2, the dose rate at 1 m from the container containing smelted SG (i.e., ingot) is higher than that for segmented SG. However, for other nuclides that are not redistributed to ingot after smelting (i.e., Cs137, Ce144, Eu154 and Np237), no radiological impacts of these nuclides for smelted SG transportation were observed. The much lower ratios for two low-energy photon emitters 57Co and 237Np (a few keV of average photon energy) can be ascribed to the fact that the low-energy photon is very susceptible to self-absorption [37].



As shown in Figure 4, the general PDFs for T1–T3 and H have been derived using the RADTRAN 6 code in accordance with Equations (10) and (11), using the assumed values of parameters referenced from the open literature, as given in Table 5.



As shown in Figure 4, the general PDF values for receptors T1 and T2 which use road transportation are 766 to 1952 times higher than those for the waterway transport workers, T3, and the general PDFs for the receptor involved in the transportation/handling of the processed SG are about two to six times higher than those for SG in one piece. The higher PDF values for the road transportation than for the waterway transportation result from an inspector checking the packaging for only two minutes per day being considered a crew member for waterway transport in the RADTRAN 6 model, while a driver for road transportation, exposed during the whole transport operation, is assumed to be a crew member [32].



On the other hand, the higher general PDF values for the processed SG transportation/handling for receptors T1, T2 and H than those for SG in one piece can be attributed to    N  t r a n s     which have values of 27    y  − 1     for the segmented SG transportation and 24.3    y  − 1     for smelted SG because the loading limit of the container is 20 ton so that 540 ton of segmented objects are transported in 27 times, and 486 ton that are partitioned to the ingot mass (90%) of smelted objects are transported in 24.3 times. Furthermore, although the dose rate at 1 m from the container containing smelted SG is higher than that containing segmented SG for Co57, Co60, Nb94 and Ru106 given in Table 4, the general PDF values for segmented SG are higher than those for smelted SG due to the    N  t r a n s     mentioned in the previous paragraph. Thus, the effect of    N  t r a n s     is greater than that of the concentrated radioactivity concentration of the ingot.



However, for waterway receptor, T3,    N  t r a n s     is the same whether the transportation of SG in one piece or in the container including processed objects. Therefore, the general PDFs for SG in one piece is higher than that for the containers with processed objects, which conforms to the relative magnitudes of the dose rate at 1 m from package calculated in this study (see Table 4).





3.2. Specific Assessment for Predisposal Management of Dismantled Steam Generators


In order to estimate the potential radiological impacts from the management of actually dismantled SGs, a set of assessments have been conducted for two types of SGs from PWRs and PHWRs to be managed in Korea. One of the SGs was replaced from Kori Unit 1 in 1998 and the other from Bruce A Unit 1 in 1997; these are assumed to be representative large components from PWRs and PHWRs, respectively.



3.2.1. Characteristics and Source Terms of Dismantled Steam Generators


Kori Unit 1 is a two-loop 576 MWe PWR in Korea under permanent shutdown since 2017, and its replaced SG has a dimension of about 20 m in height and 4.88 m in outer diameter, and weighs 300 tons [42]. On other hand, Bruce A Unit 1 is a one-loop 840 MWe Canadian PHWR, and its replaced SG has a dimension of about 11.7 m in height and 2.6 m in outer diameter and weighs 100 tons [27,43]. Table 6 shows the actual radionuclide-specific inventories of the two types of SGs obtained from the open literature [38,44].



The composition and inventory of each radionuclide in the PWR SG were reported to be characterized by a smear test for radioactive deposits onto the surface of the SG chamber and the measurement of the dose rates from the SG tubes in 1998; however, non-gamma emitters were not included in the source terms [44]. Ten short-lived radionuclides with half-lives of less than 180 days were excluded from the 16 reported radionuclides, resulting in six radionuclides (e.g., 54Mn, 57Co, 60Co, 65Zn, 106Ru, and 144Ce) being assessed for the PWR SG. On the other hand, the radioactive source terms for the PHWR SG were reported to be determined by multiple measures, not only including direct measurements by in situ gamma spectrometry, but also the application of scaling factors and neutron activation calculations to estimate the hard-to-detect radionuclides in 2010 [27]. From the reported 22 radionuclides, short-lived radionuclides were screened out as well, and 21 radionuclides in total were retained for assessment in this study.




3.2.2. Specific Scenarios for Predisposal Management of Dismantled Steam Generators


One PWR SG is assumed to be produced from one of the six PWRs in the Hanul NPPs where PWRs are in operation, then processed or unprocessed and ultimately transported using a road or waterway to the final radioactive waste repository, Wolsong LILW Disposal Center (WLDC), in accordance with the 12 scenarios given in Table 1. In addition, it is assumed that one PHWR SG is generated from one of the four PHWRs in the Wolsong NPPs site and then transported to WLDC with/without processing via road transport only; waterway transport is screened out due to the proximity of WLDC to the Wolsong NPPs site.



The distance from each NPP site to the overseas processing plant and WLDC is estimated using publicly available geographic information, as shown in Table 7. The distance from each NPP site to the offsite domestic processing plant is simply assumed to be 100 km for road transportation, while the distance to the overseas processing plant (21,500 km, as shown in Table 7) is estimated by assuming transportation from the Wolsong NPP site to the Studsvik radioactive metal processing plant in Sweden [45].



As addressed in Section 3.1.2 and Table 4, the dose rate 1 m from each packaging (i.e., two types of SGs and containers including processed objects) was calculated using the radioactive source terms of each SG given in Table 6 as follows: 0.805 and 0.237 mSv/h for the one-piece SGs from PWR and PHWR, respectively, and 0.604 and 0.193 mSv/h for the containers with segmented objects produced from the processing of the SG from each NPP, and 0.654, 0.213 mSv/h for the containers with smelted objects of the SG from each NPP. Moreover, the values of    N  T r a n s     are 15 and 5 y−1 for the PWR and PHWR segmented SGs, respectively, and 13.5 and 4.5 y−1 for the PWR and PHWR smelted SGs.




3.2.3. Calculation of Radiation Dose from Processing of Dismantled Steam Generators


The total dose of the receptors processing SGs can be rewritten from Equations (1) and (8) as


   D  t o t   = W ·   ∑   i = 1  N   C  s . i   · G e n e r a l   P D  F i   



(12)




where  N  is the number of radionuclides. Accordingly, the total dose of each receptor processing the PWR SG and PHWR SG shown in Figure 5 was calculated by the general PDF for each radionuclide i (see Figure 2 and Figure 3), the weight of PWR SG and PHWR SG (300 and 100 ton, respectively), and the concentration of each radionuclide i (see Table 6).



Although it is not specified in Figure 5, 60Co turns out to be the most dominant for all receptors except for M4 (slag worker), which is attributed to it having the highest activity concentration among the 26 radionuclides, as given in Table 6, and the high general PDF value for 60Co, except for M4, due to the very high element partitioning of 60Co into ingot and no partitioning into the slag phase, as shown in Table 2.



As shown in Figure 5, all the radiation doses of the receptors S1 to S4 and M1 to M7 for PWR SG are higher than those for the PHWR SG. This can be explained by the higher inventory of radionuclides in the PWR SG (see Table 6) and the three times heavier weight of the PWR SG compared to the PHWR SG, as implied in Equation (12). In addition, two receptors—M2 (furnace operator) and M4 (slag worker)—received the highest radiation doses in the processing of both types of SGs. The high exposure of the receptor M2 can be attributed to the high dust loadings (i.e.,    C D    in Equation (3)) in the smelting process compared to the segmentation process [19]. On the other hand, the high radiation dose for receptor M4 can be ascribed to the fact that more radionuclides tend to redistribute into slag than into ingot and dust phases in the smelting process (see Table 2). Moreover, the relatively high radiation dose of M4 among others involved in the processing of PHWR SGs results from the selective partitioning (i.e., 99%) of all actinides into the slag phase. Finally, the lower radiation dose of receptor M3 (baghouse processor) than the other receptors in the processing of PWR and PHWR SGs is explained by the very low contents of 65Zn and 137Cs (i.e., 0.3% and 0.6%, respectively, as given in Table 6), whereas only two out of the 26 radionuclides of concern tend to distribute selectively into the dust phase, which are the radionuclides that most affect the receptor M3.




3.2.4. Calculation of Radiation Dose from Transportation and Handling of Dismantled Steam Generators


In contrast to the specific dose calculation for the processing receptors that can be directly calculated using the general PDFs and the given input parameters (see Section 3.2.3), the radiation dose of the receptors involved in the transportation or handling of SGs in a specific case should be calculated in a different way. That is, the total dose of the transportation receptor can be calculated using Equation (6) as below:


   D  t r a n s   =   L ·  N  T r a n s    v  ·   ∑   i = 1  N  D  R i  ·  C  s . i    



(13)




On the other hand, the total dose of receptor-handling SG can be derived from Equation (2) as follows:


   D  H a n d l e   =  W  T P   ·   ∑   i = 1  N  D  R i  ·  C  s . i    



(14)







Radiation doses for the receptors (T1 to T3 and H) participating in the transportation of SGs from the PWRs NPP site in Korea (i.e., Hanbit) or from PHWRs NPP site (i.e., Wolsong) are calculated using Equations (13) and (14) and the values of parameters  v  given in Table 5,    C  S , i     in Table 6,  L  in Table 7, and    N  T r a n s     in Section 3.2.2. No plots for the Scenarios 4–9 in Figure 6b result from the screening out of the inland waterway transport of the PHWR SG from Wolsong Site to WLDC (see Section 3.2.2).



The radiation doses for the package handlers (H) in all scenarios in Figure 6a,b are calculated to be the same, as the target package is same (e.g., H4 = H6 and H9 = H11 for Scenarios 4–6 and Scenarios 10–12). The lower doses for H in Figure 6b than Figure 6a can be explained by the differences in the radionuclides inventories (Table 6) and the general PDFs derived in this study (Figure 4) between SGs from PWR and PHWR.



The calculated doses for T210 in Scenarios 2 and 5 (i.e., the transportation of segmented SG) show the highest level among the road transport workers (T1 and T2) in Scenarios 1–6 in Figure 6a, which conforms to the relative magnitudes of the general PDFs calculated in this study (see Figure 4). However, the higher doses for T310 in Scenarios 11 and 12 (i.e., the transportation of the SG in one piece), among waterway transport workers in Figure 6a, can also attributed to the highest general PDF values for the transportation of the SG in one piece (see Figure 4). Likewise, the higher radiation dose for T310 (i.e., the transportation of segmented SG) than that for T35 (i.e., the transportation of smelted SG) in Scenario 10 can be explained by the higher general PDF for the transportation of segmented SG than for the transportation of smelted SG (see Figure 4).



The lower radiation doses for the receptors involved in the inland or overseas waterway transportation of the PWR SGs in Scenarios 7–12 in Figure 6a compared to the road transport drivers in Scenarios 1–6 were already predicted in the respective general PDFs, as shown in Figure 4. On the other hand, the higher doses for the overseas waterway transportation of the PHWR SGs in Scenarios 10–12 in Figure 6b compared with road transportation in Scenarios 1–3 are contrary to the general PDFs in Figure 4, which can be ascribed to the much longer distance for the overseas transportation (21, 500 km) than for the road transportation (7 km), as shown in Table 7.





3.3. Comparison with Actual Experiences in and Studies on Predisposal Management of Steam Generators


In order to test the applicability of the models proposed in this study, a comparison with other modeling studies or actual experiences is helpful. Comprehensive studies covering every stage in the predisposal management of SGs are not available in the open literature; however, the radiological impact assessment models established in this study are partly compared to a reference study only on the onsite processing of an SG in Korea and another practical reference study only on the transportation of SGs in Germany [13,14].



3.3.1. Comparative Studies for Processing of Steam Generators


Conditions and input parameters for comparison with the reference study on the onsite processing of an SG are shown in Table 8, where the conditions or parameter values are assumed to be the same as or equivalent to the reference as much as practicable [14]. Receptors S1, S2, M2, and M4 (see Table 2), which were common to both studies, were selected for comparison. The specific considerations assumed in the reference study, such as the separation of the tubes and chambers of the SG, the decontamination of segmented pieces, and the shielding of radioactive objects from workers, could not be fully reflected due to limitations in the known information or inherent differences in the basic models and scenarios between the two studies.



The radiation doses for the four designated receptors were calculated using Equation (12), the general PDFs in Figure 3, and the values of parameters in Table 8, and then compared with the respective results in the reference study as shown in Figure 7.



As shown in Figure 7, the radiation doses for the receptors S1 and S2 calculated in this study lie between those for the receptors involved in the processing of chambers and tubes given in the reference study, which is mainly attributed to the fact that more radioactivity is distributed to the tube sides (reported to be about 95% of total activity) rather than to the chambers (about 5%) in the SG, as reported in the actual experience report on the SG replacement [42]. Regarding receptors M2 and M4, on the other hand, the estimated radiation doses in this study are higher than those reported for the respective receptors in the reference study [14]. The reference study underestimates the radiation doses for M2 (furnace operator) and M4 (slag worker), which can be explained by the multiple factors considered in the reference study, such as decontamination prior to smelting, the shorter exposure duration for M4, lower mass partitioning into slag, additional shielding, and the 28-year-long radioactive decay (low-element partitioning of the relatively long lived 60Co into slag, as shown in Table 6) prior to processing.




3.3.2. Comparative Studies for Transportation of Steam Generators


The conditions and values of the input parameters, for comparison with the reference study on the offsite transportation of SGs in one piece, are shown in Table 9 [13].



Due to the limited information presented in the reference study, a few conditions and parameters should be assumed based on regulatory limits or reasonable inference. The distance of onsite road transportation in each case, which is not given in the reference study, has been assumed to be about 1 km by measuring the length of the routes using a publicly available map [48,49]. Likewise, the distance from the Stade NPP to Studsvik through the overseas waterway (see Case II) was assumed to be 920 km [50]. Furthermore, the dose rates from the packages, which are not reported in the reference study, are assumed to be 0.1 mSv/h at 2 m from the surface of the package, in accordance with international transport regulations [51].



As stated in Section 3.2.4, the total doses of the representative transportation receptors T1 and T3 are calculated using Equation (13) and the assumed conditions in Table 9, and then compared with the results in the reference study (see Figure 8).



As shown in Figure 8, the calculated radiation doses for the designated receptors are quite comparable to those reported in the reference study, which implies that the assessment models developed in this study and the assumed conditions for comparison (see Table 9) are reasonable. The range of radiation doses for receptor T3 in Case I calculated in this study lies between those calculated and actually measured (i.e., below the detection limit) in the reference study. For Case II, the calculated dose for T3 is much closer to the measured value rather than the higher estimated value in the reference study [13]. This study underestimates the radiation dose for receptor T1 in Case I compared to the reference study (i.e., 1.4% to 25% of the reported values), but further analysis could not be conducted due to the limited information (e.g., actual radioactive source terms) in the reference case.





3.4. Application of Regulations to Transport of One-Piece Steam Generators


Segmented pieces of SG or byproducts (e.g., ingot, slag, baghouse dust filter) from the processing of SGs can be transported using designated standard packages (e.g., Type IP (industrial package), Type A package) under the full-scope transport regulations for radioactive materials [51]. Due to the bulk size and heavy weight of SGs, however, an SG in one piece without segmentation cannot be placed into any available standard packages and the transport regulations may not be fully applicable [4]. Special arrangement for the transportation of consignments which cannot satisfy all applicable requirements has been already adopted in the IAEA Transport Regulations; however, the IAEA provides much more specific guidance on the transport of “large components” under special arrangements, as shown in Table 10 [51,52].



In order to evaluate if the SGs from the PWRs and PHWRs assumed in this study (see Section 3.2) can meet all the criteria for the approval of transportation under special arrangements, the quantitative criteria were assessed for each SG, while a set of qualitative criteria which should be confirmed case by case are assumed to be satisfied in this study. In accordance with qualitative criterion (a), firstly, the sum of the fraction for activity contents in each SG (see Table 3) is calculated using the following equation:


  S u m   o f   f r a c t i o n =   ∑  i N     A i     A  2 , i      



(15)




where    A i    is the activity of each radionuclide i in SG (TBq) and    A  2 , i     is the A2 value defined in Table 2 of the IAEA Specific Safety Requirements No. SSR-6 (TBq) [51].



The sum of fractions is calculated to be 5.6 ( ≤ 10) and 37.3 ( > 10 but  ≤ 100) for the PWR SG and the PHWR SG, respectively, which can be interpreted to mean that the PWR SG assumed in this study meets qualitative criterion (a) for all the transport measures but the PHWR SG is not appropriate for inland waterway transport under special arrangement.



Using the MicroShield® computer code and specifications of the SGs (see Section 3.1.2), the dose rates 3 m from the PWR SG and the PHWR SG were calculated to be lower than the limiting value of 10 mSv/h, at 0.46 and 0.12 mSv/h, respectively. Accordingly, the qualitative criterion (b) is demonstrated to be satisfied for both SGs. At the same time, the maximum radiation levels on the outside shell of the PWR SG and the PHWR SG are 1.38 and 0.50 mSv/h, respectively, which are both lower than the 2 mSv/h specified as a limiting value for the qualitative criterion (c).



With regard to the qualitative criterion (d), finally, the potential intake of radionuclide i by a person    Q  I N T , i     (TBq) can be simply calculated by Equation (16):


   Q  I N T , i   =  Q  I V , i   ·  F  R E L   ·  F  R S U S   ·  F  I N T    



(16)




where    Q  I V , i     is the inventory in the package (TBq) of radionuclide i,    F  R E L     is the releasable fraction of the activity which is to be released from the package in an accident,    F  R S U S     is the fraction of the released activity which is in respirable aerosol, and    F  I N T     is the fraction of the respirable released activity to be inhaled by a person in the vicinity of the accident [52]. By simply adopting the reference values for    F  R E L     (0.1),    F  R S U S     (0.01), and    F  I N T     (10−4) suggested by the IAEA and assuming the radioactivity in Table 6 for    Q  I V , i    , the sum of fraction for    Q  I N T , i     is calculated by the following equation:


  S u m   o f   f r a c t i o n =   ∑  i N     Q  I N T , i      A  2 , i      



(17)




where the calculated values of the sums of fractions are 0.56  ×  10−6 for the PWR SG and 3.73  ×  10−6 for the PHWR SG, respectively, which can be interpreted to mean that the PWR SG assumed in this study meets the qualitative criterion (d), but the PHWR SG is not appropriate for transport under special arrangement. Through more specific assessments for    F  R E L    ,     F  R S U S    , and      F  I N T    , however, even higher levels of the total activity content could be justified [52].



Qualitative criterion (e) is subject to a specific SG’s non-fixed contamination levels; therefore, the criteria cannot be evaluated for the two SGs assumed in this study. Therefore, it is assumed that both SGs are demonstrated to meet the qualitative criterion (e) and to be defined as surface contaminated objects (SCOs) with the provided information regarding the surface contamination. Under this assumption, the SGs should meet Type IP package requirements for transportation under special arrangement and furthermore, the SGs should be categorized into SCO-I and SCO-II subject to Type IP-1 and IP-2 package requirements, respectively [51].



Based upon the set of assumptions made and the evaluation conducted in this study, the PWR SG meets the criteria for transportation under special arrangement through all the transport modes, while the PHWR SG is not to be applicable for inland waterway transportation under special arrangement. The practical applicability of the special arrangement transportation of SGs is also shown in Table 11, which introduces a few respective cases reported in the open literature [13,38,53,54,55].





4. Conclusions


Twelve comprehensive scenarios including every stage in the predisposal management of a representative large component from NPPs (i.e., SG) were modeled based upon processing methods, places of processing, and transportation means, and an integrated framework was established to assess the radiological risk for 15 receptors involved in the processing and transport of SG in each scenario. Assuming a unit activity concentration of each radionuclide reported to be present in SGs, a set of normalized general PDFs were derived for 26 radionuclides.



It was found that the normalized potential radiation dose is greatly affected by the selective partitioning of mass and element in the smelting of metal component SGs. The general PDF value for slag workers is higher than for the other receptors for most radionuclides except 129I, due to multiple factors such as the relatively long exposure time and selective partitioning of all actinides into slag. In addition, the representative high-energy gamma emitter 60Co selectively partitioned into ingot is the most dominant radionuclide for the receptors involved in the processing and handling of scrap or ingots. With regard to transportation operations, it is shown that the general PDFs for road transport are much higher (766 to 1952 times) than for waterway transport, and those for the transport of processed objects from SG are two to six times higher than the transport SG in one piece.



Assuming two types of SGs are generated from PWRs and PHWRs at two nuclear sites, processed and ultimately disposed of in Korea, a set of specific assessments was conducted by using the derived general PDFs for directly processing and separately derived equations for transport, according to the methodology established in this study and additional specific data such as the actually measured source terms. The estimated radiation doses for the processing workers were affected by the weight and radioactive source terms of the SG rather than its origin. The higher radiation dose calculated for the workers processing SGs from PWRs than those from PHWRs can be attributed to the heavier weight and differences in the characterized radioactive source terms. Under the conditions assumed in this study, the maximum annual individual doses for the receptors involved in the predisposal management of SGs lies between 13.7 mSv (for a PWR SG) and 1.14 mSv (for a PHWR SG) for each generated and processed SG. It is worth noting that the highest calculated individual dose was about 27.4% of the effective dose limit for the radiation workers (50 mSv/year), whereas the calculated dose for the workers involved in long-distance transportation was about 68.5% of the 5 year average effective dose limit for a radiation worker (20 mSv/year), which suggests additional shielding for rotating transport workers should be considered.



Compared with reference cases (i.e., actual experience in the transportation of SGs and studies on the processing of SGs from PWRs), the estimated maximum radiation doses calculated in this study are comparable to those in the reference cases, from 1.44% to 165% for processing and from 1.4% to 25% for the transportation of the doses measured or estimated in the reference cases.



Finally, the feasibility of the special arrangement transport for SGs in one piece that do not meet international transportation regulations has been partly demonstrated in terms of both qualitative and quantitative manners. It was shown that the PWR SG may satisfy all the quantitative criteria for special arrangement transportation, while the assumed PHWR SG is unsuitable for inland waterway transport and are even not applicable for special arrangement itself unless a further detailed evaluation of the accidental intake of radionuclides is conducted.



The normalized general PDFs derived in this study can be used for the preliminary estimation of radiological risk in each stage of the predisposal management of SGs. Furthermore, the comprehensive safety assessment framework, together with the developed scenarios, can be used for a more detailed assessment with site-specific data and conditions. It is expected that the radiological risk assessment framework, together with the general PDFs developed in this study, may contribute to finding an optimal management option for large components to be generated from the decommissioning of NPPs, taking into account multiple attributes including both radiological and non-radiological factors.
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Figure 1. Schematic view of the generalized potential scenarios and the respective locations for the predisposal management of steam generators from nuclear power plants. 
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Figure 2. General pathway dose factor for each actinide and for each receptor in the processing of a steam generator as calculated in this study. 
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Figure 3. General pathway dose factor calculated in this study for each non-actinide and for each receptor in the processing of a steam generator. 
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Figure 4. General pathway dose factor for each radionuclide and for each receptor, from T1 to T3 (read left Y axis) and H (read right Y axis), involved in the transportation of the steam generator as calculated in this study. 
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Figure 5. Radiation dose of receptors S1 to M7 involved in the processing of the PWR or PHWR steam generator calculated in the specific assessments. 
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Figure 6. Calculated radiation dose of the receptors T1–T3 and H involved in the transportation of the steam generators from two NPP sites. 
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Figure 7. Comparison of the radiation doses for the receptors S1, S2, M2, and M4 calculated in this study and presented in the comparable reference study [14]. Plots for the “Camber” and “Tube” represent the estimated radiation doses for the workers processing the chambers and tubes of the steam generator, respectively, in the reference study. 
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Figure 8. The comparison of the radiation doses for receptors T1 and T3 calculated in this study and presented in the comparable reference study for Cases 1 and 2 [13]. Plots for the “Reference study (calculated)” and “Reference study (measured)” represent the radiation doses for the transport workers as calculated and actually measured, respectively, in the reference study [13]. The plot for T3 in Case I is not shown since the measured radiation dose is reported to be below the detection level. The reference study does not provide the value for T1 in Case II, and therefore, it is not plotted in Figure 8. 
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Table 1. Generalized potential scenarios for the management of large metal components from nuclear power plants (NPPs) categorized by the measures for their processing and transportation at each stage and the considered receptors.
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Scenario No.

	
Stage of Predisposal Management




	
Nuclear Power Plant Site

	

	
On/Offsite Processing Plant

	

	
Repository




	
#1

	
#2

	
#3

	
#4

	
#5

	
#6

	
#7

	
#8

	
#9

	
#10

	
#11






	
1

	
-

	
-

	
-

	
H4

	
-

	
-

	
-

	
-

	
-

	
T110

	
H11




	
2

	
H1

	
Sj

	
-

	
H4

	
-

	
-

	
-

	
-

	
-

	
T210

	
H11




	
3

	
H1

	
Sj

	
Mk

	
H4

	
-

	
-

	
-

	
-

	
-

	
T210

	
H11




	
4

	
H1

	
Sj

	
-

	
H4

	
T25

	
H6

	
-

	
Mk

	
H9

	
T210

	
H11




	
5

	
-

	
-

	
-

	
H4

	
T15

	
H6

	
Sj

	
-

	
H9

	
T210

	
H11




	
6

	
-

	
-

	
-

	
H4

	
T15

	
H6

	
Sj

	
Mk

	
H9

	
T210

	
H11




	
7

	
-

	
-

	
-

	
H4

	
-

	
-

	
-

	
-

	
-

	
T310

	
H11




	
8

	
H1

	
Sj

	
-

	
H4

	
-

	
-

	
-

	
-

	
-

	
T310

	
H11




	
9

	
H1

	
Sj

	
Mk

	
H4

	
-

	
-

	
-

	
-

	
-

	
T310

	
H11




	
10

	
H1

	
Sj

	
-

	
H4

	
T35

	
H6

	
-

	
Mk

	
H9

	
T310

	
H11




	
11

	
-

	
-

	
-

	
H4

	
T35

	
H6

	
Sj

	
-

	
H9

	
T310

	
H11




	
12

	
-

	
-

	
-

	
H4

	
T35

	
H6

	
Sj

	
Mk

	
H9

	
T310

	
H11
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Table 2. Element partitioning factor of each radionuclide in dismantled steam generators [19].
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Nuclide

	
Element Partitioning Factor (%)

	
Nuclide

	
Element Partitioning Factor (%)




	
Ingot

	
Slag

	
Dust

	
Ingot

	
Slag

	
Dust






	
3H 1

	
10

	
0

	
0

	
125Sb

	
80

	
20

	
0




	
14C 1

	
63.5

	
0

	
0

	
129I 1

	
0

	
25

	
25




	
54Mn

	
49

	
50

	
1

	
137Cs

	
0

	
3

	
97




	
55Fe

	
97

	
2

	
1

	
144Ce

	
0

	
99

	
1




	
57Co

	
99

	
0

	
1

	
154Eu

	
0

	
99

	
1




	
60Co

	
99

	
0

	
1

	
237Np

	
0

	
99

	
1




	
59Ni

	
99

	
0

	
1

	
238Pu

	
0

	
99

	
1




	
63Ni

	
99

	
0

	
1

	
239Pu

	
0

	
99

	
1




	
65Zn

	
1

	
0

	
99

	
240Pu

	
0

	
99

	
1




	
90Sr

	
0

	
99

	
1

	
242Pu

	
0

	
99

	
1




	
94Nb

	
99

	
0

	
1

	
241Am

	
0

	
99

	
1




	
99Tc

	
99

	
0

	
1

	
243Am

	
0

	
99

	
1




	
106Ru

	
99

	
0

	
1

	
244Cm

	
0

	
99

	
1








1 Note: element-partitioning factors are as given in Table 2 and balanced average atmospheric release fractions of volatile elements 3H, 14C, and 129I (i.e., 90%, 36.5%, and 50%, respectively) are taken from NUREG-1640 [20].
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Table 3. Estimated concentration of the volatile radionuclides at the boundary of the processing facility, the ratio with regard to the applicable effluent concentration limits for airborne radionuclides, assuming the unit activity concentration of each radionuclide in the steam generator, and activity concentration equivalent to the unit ratio.






Table 3. Estimated concentration of the volatile radionuclides at the boundary of the processing facility, the ratio with regard to the applicable effluent concentration limits for airborne radionuclides, assuming the unit activity concentration of each radionuclide in the steam generator, and activity concentration equivalent to the unit ratio.





	Radionuclide
	     C  B , i        

     (  B q /  m 3    p e r    (  B q / g  )  ⋅ t o n  )     
	    E C  L  A , i             (  B q /  m 3   )     
	    Ratio   of      C  B , i       E C  L  A , i          
	    Activity   Concentration   Equivalent   to      C  B , i       E C  L  A , i       = 1         (  B q / g  )     





	3H
	1.31  ×  10−10
	3.70  ×  103
	3.55  ×  10−14
	2.81  ×  1013



	14C
	5.33  ×  10−9
	1.11  ×  102
	4.80  ×  10−11
	2.08  ×  1010



	129I
	7.30  ×  10−9
	1.48  ×  100
	4.93  ×  10−9
	2.03  ×  108
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Table 4. The dose rate 1 m from packages per unit of radioactivity concentration.
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Radionuclide

	
Dose Rate (mSv/h per Bq/g)




	
One Piece

	
Segmented

	
Smelted






	
54Mn

	
1.34  ×  10−4

	
8.96  ×  10−5

	
4.88  ×  10−5




	
57Co

	
1.18  ×  10−5

	
2.78  ×  10−6

	
3.06  ×  10−6




	
60Co

	
4.04  ×  10−4

	
2.75  ×  10−4

	
3.02  ×  10−4




	
65Zn

	
9.38  ×  10−5

	
6.35  ×  10−5

	
7.06  ×  10−7




	
94Nb

	
2.53  ×  10−4

	
1.68  ×  10−4

	
1.84  ×  10−4




	
106Ru

	
3.33  ×  10−5

	
2.10  ×  10−5

	
2.31  ×  10−5




	
125Sb

	
6.66  ×  10−5

	
4.00  ×  10−5

	
3.56  ×  10−5




	
137Cs

	
9.06  ×  10−5

	
5.84  ×  10−5

	
0




	
144Ce

	
6.54  ×  10−6

	
3.70  ×  10−6

	
0




	
154Eu

	
2.07  ×  10−4

	
1.37  ×  10−7

	
0




	
237Np

	
1.42  ×  10−6

	
3.27  ×  10−7

	
0
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Table 5. Assumed conditions and input parameter values to derive general pathway dose factors using RADTRAN 6 code.
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Transport Means

	
Processing Methods

	
Speed (km/h) [38,39,40]

	
Vehicle

	
    Weight ,   W   ( ton / y )    

	
    Throughput ,   T P   ( ton / h )    

	
     N  t r a n s     (  y  − 1   )    






	
Road

	
One piece

	
20

	
Trailer

	
540

	
100

	
1




	
Segmented

	
60

	
Truck

	
20

	
100

	
27




	
Smelted

	
60

	
Truck

	
20

	
100

	
24.3




	
Waterway [41]

	
One piece

	
22

	
Ship [42]

	
540

	
100

	
1




	
Segmented

	
22

	
Ship

	
540

	
100

	
1




	

	
Smelted

	
22

	
Ship

	
486

	
100

	
1








NOTE: The assumed distance from the receptor to the object transported is 4 m for T1, T2 and T3. In addition, it is assumed that the receptor H handles the object 10 m away with a crane. The total weight of the smelted objects transported is 486 ton which is partitioned to ingot mass.
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Table 6. Radioactive source terms of the assumed dismantled steam generators for a pressurized water reactor (PWR) and a pressurized heavy water reactor (PHWR).
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PWR Steam Generator from Kori Unit 1 [44]

	
PHWR Steam Generator from Bruce A Unit 1 [38]




	
Radionuclide

	
Half-Life (year)

	
Total Activity (MBq)

	
Radionuclide

	
Half-Life (year)

	
Total Activity (MBq)






	
51Cr

	
7.59  ×  10−2

	
1.71  ×  105

	
3H

	
1.20  ×  101

	
2.15  ×  104




	
54Mn

	
8.57  ×  10−1

	
3.50  ×  104

	
14C

	
5.70  ×  103

	
1.50  ×  103




	
59Fe

	
1.22  ×  10−1

	
2.59  ×  104

	
55Fe

	
2.70  ×  100

	
2.43  ×  104




	
57Co

	
7.42  ×  10−1

	
3.06  ×  103

	
60Co

	
5.27  ×  100

	
8.47  ×  104




	
58Co

	
1.94  ×  10−1

	
1.13  ×  106

	
59Ni

	
7.50  ×  104

	
5.20  ×  102




	
60Co

	
5.27  ×  100

	
6.36  ×  105

	
63Ni

	
9.60  ×  101

	
6.69  ×  104




	
65Zn

	
6.70  ×  10−1

	
1.97  ×  104

	
90Sr

	
2.90  ×  101

	
4.71  ×  104




	
85Sr

	
1.78  ×  10−1

	
1.51  ×  105

	
94Nb

	
2.00  ×  104

	
1.50  ×  101




	
95Zr

	
  1.76 ×   10−1

	
6.40  ×  104

	
125Sb

	
2.80  ×  100

	
4.11  ×  101




	
95Nb

	
9.61  ×  10−2

	
1.25  ×  105

	
99Tc

	
2.10  ×  105

	
9.00  ×  10−2




	
103Ru

	
1.08  ×  10−1

	
1.93  ×  105

	
129I

	
1.60  ×  107

	
3.90  ×  10−4




	
106Ru

	
1.01  ×  100

	
1.85  ×  105

	
137Cs

	
3.00  ×  101

	
8.21  ×  102




	
113Sn

	
3.15  ×  10−1

	
5.67  ×  103

	
181Hf

	
1.16  ×  10−1

	
6.74  ×  102




	
136Cs

	
3.62  ×  10−2

	
5.13  ×  105

	
154Eu

	
8.80  ×  100

	
2.91  ×  102




	
141Ce

	
8.90  ×  10−2

	
3.91  ×  104

	
237Np

	
2.10  ×  106

	
7.50  ×  10−1




	
144Ce

	
7.79  ×  10−1

	
3.84  ×  104

	
238Pu

	
8.80  ×  101

	
4.80  ×  103




	

	

	

	
239Pu

	
2.40  ×  104

	
4.90  × 103




	

	
240Pu

	
6.50  ×  103

	
6.99  × 103




	

	
242Pu

	
3.80  ×  105

	
7.10  × 100




	

	
241Am

	
4.30  ×  102

	
1.61  × 104




	

	
243Am

	
7.40  ×  103

	
1.60  × 101




	

	
244Cm

	
7.80  ×  102

	
8.24  × 103




	
Total activity

	

	
3.3  ×  106

	
Total activity

	

	
2.89  ×  105
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Table 7. Lengths of the transport routes from the designated origins to the destinations assumed for specific assessment. LILW: low and intermediate-level radioactive waste.
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Origin

	
Distance to Destination (km)




	
Wolsong LILW Disposal Center

	
Processing Plant




	
Road [46]

	
Waterway [47]

	
Road

	
Waterway [45]






	
Kori

	
80

	
96

	
100

	
21,500




	
Hanul

	
170

	
207

	
100

	
21,500
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Table 8. Conditions and input parameters assumed for the comparison with the reference study on the onsite processing of steam generators in Korea.
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Parameter

	
This Study

	
Reference Study [14]






	
Component and weight

	
Kori Unit 1 SG (300 ton)




	
Parts

	
Assumed to be in one piece

	
Separated into tubes and chambers




	
Radionuclide

	
54Mn, 60Co, 65Zn, 106Ru, and 144Ce




	
Activity concentration

	
Homogeneous (see PWR SG in Table 6)

	
Chamber: 15.9 and 0.03 Bq/g for 60Co and 106Ru, respectively

Tube: 0.53, 4309, 0.04, 8.47, and 0.28 Bq/g for 54Mn, 60Co, 65Zn, 106Ru, and 144Ce, respectively




	
Radioactive decay

	
Decay prior to processing not considered

	
Decay for 28 years prior to processing




	
Shielding

	
Not considered

	
Considered




	
Decontamination

	
Not considered

	
Considered




	
Mass partitioning

	
90% for ingot, 10% for slag, and 1% for dust (see Section 3.1)

	
98.35% for ingot, 1.64% for slag, and 0.01% for dust




	
Exposure duration

	
See footnote 1

	
S1: 40 h (chamber), 100 h (tube)

S2: 43 h (chamber), 15 h (tube)

M2: 73 h (chamber), 60 h (tube)

M4: 3 h (chamber), 2.5 h (tube)








1 The exposure duration (t) was not directly used in the dose calculation of this study. However, the exposure duration can be estimated from the weight and throughput in accordance with the relation in Equations (2)–(4).
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Table 9. Conditions and input parameters assumed for comparison with the reference study on the offsite transportation of steam generators in Germany.
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Parameter

	
Case I

	
Case II




	
This Study

	
Reference Study [13]

	
This Study

	
Reference Study [13]






	
Component

	
Two SGs (16.5 m height, 3.6 m outer diameter, and 177 ton weight)

	
Four SGs (16.5 m height, 3.5 m outer diameter, and 160 ton weight)




	
Route

	
From Obrigheim NPP to Lubmin interim storage

	
From Stade NPP to Studsvik in Sweden




	
Transport measure and distance

	
Road: 1 km [48]

Waterway: 1399 km

	
Road (onsite) and waterway

1400 km total

	
Road: 1 km [49]

Waterway: 920 km [50]

	
Road (onsite) and waterway

Distances not given




	
Transport time 1

	
Road: 1 h

Waterway: 63.6 h or 15 days

	
15 days

	
Road: 1 h

Waterway: 50 h or 4 days

	
4 days




	
Dose rate from SG

	
0.1 mSv/h 2 m from surface [51]

	
Not given

	
0.1 mSv/h 2 m from surface [51]

	
Not given








1 Road transport time is assumed to be 1 h considering the practical arrangements needed for onsite transport. On the other hand, transport time for the waterway is either derived from the transport distance and respective speed (see Table 5) or assumed to be the same period reported in the reference study.
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Table 10. Recommended criteria to approve the special arrangement transport of steam generators in one piece suggested by the International Atomic Energy Agency (IAEA) [52].
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Quantitative Criterion

	
Qualitative Criterion






	
(a)

	
Conveyance activity limit  ≤  10A2 for inland waterway or 100A2 for other modes [51]

	

	-

	
Non-fissile or fissile excepted




	-

	
No unnecessary extraneous material in interior void space of the component




	-

	
Negligible liquid content




	-

	
Satisfying Type IP (Industrial Package)-2 requirements for the component including any unpackaged penetrations, openings and crevices, and additional shielding




	-

	
Consigned as exclusive use of the component




	-

	
Excluded from air transport due to size and mass of the component










	
(b)

	
External radiation level 3 m from unshielded component  ≤  10 mSv/h




	
(c)

	
Maximum radiation level on outside shell of and at plane formed by opening/penetration on the component < 2 mSv/h




	
(d)

	
Accidental intake of radionuclide by a person  ≤  ~10−6A2 or corresponding inhalation dose of 50 mSv




	
(e)

	
Non-fixed contamination of the component’s accessible surface  ≤  Limiting value for surface contaminated objects (SCOs) [51] 1








1 Limiting the value for the non-fixed contamination on the inaccessible surface for beta and gamma emitters and low-toxicity alpha emitters is 40  ×  103 Bq/cm2, and 4  ×  103 Bq/cm2 for all other alpha emitters.
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Table 11. Reported cases of the suggestion and application of special arrangements for the transportation of steam generators.
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	Country
	Applied Standards
	Type of Object and Package





	United States [53,54]
	
	-

	
Dose rate ≤ 10 mSv/h (3 m from SG)




	-

	
Conveyance activity ≤ 100A2.




	-

	
Surface contamination for beta, gamma and low toxicity alpha ≤ 40 × 103 Bq/cm2




	-

	
Surface contamination for other alpha ≤ 4 × 103 Bq/cm2






	SCO Type IP-2



	Germany [13]
	
	-

	
Dose rate ≤ 10 mSv/h (at 3 m from SG)




	-

	
10A2 for inland waterway and 100A2 for other modes




	-

	
Intake by inhalation ≤ 10−6A2






	SCO-II Type IP-2



	Canada [38]
	
	-

	
Surface contamination for beta, gamma and low toxicity alpha ≤ 40 × 103 Bq/cm2




	-

	
Surface contamination for other alpha ≤ 4 × 103 Bq/cm2




	-

	
Speed limit for road transport vehicle ≤ 20 km/h






	SCO-I Type IP-1



	Japan [55]
	
	-

	
Surface dose rate < 10 mSv/h (at 3 m from SG)




	-

	
Total activity ≤ 100A2




	-

	
Surface contamination for beta and gamma ≤ 40 × 103 Bq/cm2




	-

	
Activity concentration limit for sea transport ≤ 74 Bq/g 1






	SCO-I Type IP-1







1 It is reported that compliance with this criterion facilitates the process of the sea transportation of an SG which is not considered a “dangerous material” [55].
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