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FOREWORD

This document contains a comprehensive compilation of the methods and parameters used to derive
the clearance levels for surface contamination which are published in the European Commission’s
recommendation Radiation Protection 89: “Recommended radiological protection criteria for the
recycling of metals from the dismantling of nuclear installations”. A second technical document
deals with the methodology and models used to derive the clearance levels for mass specific activity
(see ref. 4). The purpose of these two supplementary reports on the technical level is to ensure the
maximum transparency and clarity not only for the experts in this field but in a wider context for
any person who might be interested to learn more about the methods for establishing the
recommended limiting values for the residual activity (“clearance levels”) of metals originating
from nuclear installations and intended for recycling and reuse outside the nuclear regime.

This document demonstrates that extensive work has been performed to examine all realistic
pathways of the recycled material and the parameters associated with them. For more than a decade
now, several working groups have investigated the possible exposure scenarios, which are
characterised by situations when workers or members of the general public are subject to external
radiation exposure, inhalation and ingestion of radionuclides in the recycled or reused metals. From
this vast amount of possible exposure scenarios, it is important to find the critical ones which
involve a close encounter over a prolonged time of the material and workers or members of the
general public. The calculations of the radiation exposure in these scenarios can rely on
comprehensive statistical and experimental data. The European Commission in its programme on
decommissioning of nuclear installations has supported several research projects aiming at
measuring quantities which are necessary for realistic calculations of the radiation exposure.
Statistical data are taken from the publications of the metal recycling industry, the dose coefficents
from the Basic Safety Standards, from publications by the International Commission on
Radiological Protection or from publications in the specialist literature. All this together provides a
sound basis for calculating the radiation exposure for persons from the mass specific activity or the
surface contamination of recycled metals and reused metallic items originating from nuclear

installations.

The derived recommended limits for the specific activity and the surface contamination follow the
requirements of Annex I of the Basic Safety Standards since the dose to any individual will not
exceed the order of 10 pSv in a year. This dose amounts to 0.5 % of the average individual dose due
to the natural radiation in the European Union. There is no significant risk, from the radiation
protection point of view, to any person from the recycling of metals from nuclear installations if the
clearance levels, which are established by national competent authorities, follow the recommended

values from the document Radiation Protection 89.

S. Kaiser

Head of Unit
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1 INTRODUCTION

In the 1988 recommendation "Radiation Protection No. 43" (RP 43) from the Group of Experts set
up under the terms of Article 31 of the Euratom Treaty [1] the surface contamination limits are not
based on a study of the possible exposures but instead taken from the International Atomic Energy
Agency's (IAEA) recommendations for the safe transport of radioactive material [2]. The European
Union within its effort to revise the 1988 recommendation contracted studies to investigate the
possible exposures from recycling metal from nuclear facilities. This study endeavors to present a
basis for the selection of surface contamination limits for metal cleared from nuclear facilities.

Within the normal operation of a nuclear facility and later during the decommissioning work large
quantities of dismantled equipment, components, tools and other metallic objects arise which are
not, or only slightly contaminated with radionuclides. For this material it is not environmentally or
economically sound to dispose of it as radioactive waste. The competent authorities can in
accordance with Article 5 of the Basic Safety Standards [3] authorize the clearance of this material
from the nuclear site if the dose criteria as defined in Annex 1 of the Basic Safety Standards are
satisfied. The derived activity concentrations below which clearance is possible are called clearance

levels and are used to make clearance decisions.

The majority of cleared metal will be treated as scrap and melted to make new products. The
radiological impact of melting the scrap has béen investigated in detail within the revision of RP 43
and appropriate mass specific clearance levels derived [4]. Some of the equipment and tools may be
used in the same or in a slightly modified form after clearance. An assessment of the radiological
impact of using cleared items is made in this report as well as investigating the doses due to
handling and treating cleared surface contaminated scrap before it is melted.

2 METHODOLOGY

The doses which can be incurred after clearing equipment, tools and scrap have been extensively
studied in a significant number of national and international radiological assessments (see [5] for a
review). Of the many possible exposure scenarios, those which lead to the largest doses have
already been identified and are characterized by situations where the exposed person is in close
prox1m1ty to large amounts of cleared metal for prolonged periods of time. Exa.mples of such
scenarios include manually processing of large amounts of cleared scrap or using large cleared
items in the work place. For the calculations in this report a set of deterministic scenarios
representing typical exposure situations, which will in general lead to the largest doses, has been
selected. The selected scenarios include the exposure pathways inhalation, ingestion, doses due to
skin contamination with beta emitters (B-skin dose)' and doses due to irradiation from gamma rays

(external y-dose)'.

The scenarios have been divided into two major categories scrap processing which is dealt with in
chapter 4 and the reuse of cleared items which is dealt with in chapter 5. The scrap processing
scenarios have been divided up further into the categories, transport (section 4.1), automated
processing (sectlon 4.2) and manual processmg (section 4.3). The radiological analysis of using
cleared scrap in the production of new metal via smelting has been studied in detail in [4] and is not
dealt with here. The structure of this report is shown in figure 2-1. The results of the deterministic

! The term B-skin dose is defined in this document to mean the dose due to the beta emissions from radionuclides
which are in contact with the skin and the term external y-dose to mean the dose received due to the irradiation from

gamma rays.



radionuclide specific dose calculations are presented in the tables in chapter 7 as uSv/a for a unit
surface activity of 1 Bg/cm®. To derive the surface contamination clearance levels, which are also
presented in chapter 7, the set of deterministic scenarios is used to calculate the nuclide specific
contamination level for each scenario which would lead to a dose of 10 uSv/a, as required by
Article 5 in combination with Annex 1 of the Basic Safety Standards [3] (also see IJAEA Safety
Series No. 89 [6]). The smallest derived value is then used as the clearance level for radionuclide in

question.

Scrap processing (Chapter 4)
Automated processing (Section 4.2)
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Figure 2-1: Diagram showing which deterministic scenarios were calculated and in which

section of the report the scenario is presented.

The deterministic scenarios represent normal situations during which contact and exposure to the
cleared metal can occur. It is of course not possible to exactly predict how each cleared piece of
scrap or each item will be handled or how long a person will be exposed to it. Furthermore the
contamination on the items or pieces of scrap will vary greatly (over several orders of magnitude
[7]) so that on the average it can be expected that the doses from the cleared material will be
significantly less than the required dose criterion of 10 uSv/a from the Basic Safety Standards.
Nevertheless doses in excess of 10 pSv/a are also possible. A dose in excess of 10 pSv/a can still be
considered conform with Annex 1 of the Basic Safety Standards if it remains well below the
1 mSv/a limit for the general public and its probability of occurrence is low [8]. The probability of



someone receiving a dose in excess of 10 pSv/a is dependent on the quantity and activity content of
the material cleared.

Two radiologically critical exposure situations have been identified for surface contaminated
material; processing scrap (inhalation) [9,10] and using cleared items (external y-doses) [7]. These
two exposure possibilities are critical since they involve prolonged close contact with large
quantities of scrap or large items and since the leading radionuclides in typical contamination
vectors contain either high energy y-emitters like ®Co and "’Cs or radionuclides with large
inhalation dose coefficients like uranium and plutonium. Therefore for these two exposure
possibilities the stochastic models from [9,7] have been implemented in addition to the
deterministic scenarios, since such models are capable of predicting how often a particular dose
criterion will be exceeded, and thereby giving additional information as to the level of conservatism
included in the deterministic approach. The stochastic evaluations show that even under very
unlikely circumstances the doses from the cleared material will not exceed "the order of 10 uSv . ..
in a year", as required by Annex 1 of the Basic Safety Standards [3]. The stochastic models are

described and the results presented in chapter 6.

3 ASPECTS INFLUENCING THE DOSE CALCULATIONS

Many factors influence the dose calculations, for example the radionuclides present, which varies
depending on the type of nuclear facility, the type of material cleared and the quantity of material.
In this study it is assumed that scrap and items like equipment and tools from nuclear facilities are
recycled or reused. In agreement with the methodology document [4] it is assumed that
10,000 Mg/a of scrap is cleared from nuclear facilities of the European Union. An estimate of the
quantlty of usable equipment and tools which will be cleared from nuclear installations is difficult.
Here it is assumed that 10% of the scrap quantity, that is 1000 Mg/a is cleared and reused (estlmate

for Germany 100 Mg/a [7]).

3.1 Radionuclides and radionuclide specific data

With the exception of the noble gases clearance levels are calculated for all the radionuclides for
which exemption levels in the Basic Safety Standards [3] exist and which have a half-life longer
- than 60 days The list of radionuclides and the calculated doses resulting from a contamination of

1 Bg/cm’ are given in chapter 7. A number of these radionuclides decay into unstable short-lived
radioactive daughters. The doses from the decay products are accounted for by assuming they are in
secular equilibrium with the parent nuclide and adding their doses to the dose calculated for the
mother nuclide. In table 3-1 the progeny, which were cons1dered to be in secular equilibrium, are

explicitly given.

The incorporation dose coefficients (inhalation and ingestion) used for calculating the radiation
exposures are the maximum values for occupational exposures from table C.1 of the Basic Safety
Standards [3] which are based on the 1990 recommendations from the International Commission on
Radiological Protection (ICRP) [11]. For the exposures due to inhalation the h(g)s,, dose
coefficients are used. The external B-skin doses coefficients for a skin depth of 70 pm are taken
from Kocher and Eckermann [12]. The external exposure to y-rays is calculated using a disc source
and a point kernel integration for the photon flux. The flux is converted to an effective dose
assuming a parallel radiation field, using either rotational or anterior to posterior orientations, as
defined in ICRP 51 [13] (see appendix). The photon energies and emission probabilities are taken
- from ICRP 38 [14] and photons with an energy below 10 keV are ignored.




Table 3-1: List of radionuclides with short-lived daughters assumed to be in equilibrium
Parent Progeny included in secular equilibﬁum
Sr '
. QSZr 95Nb, 95mNb
IOGRu IOSRh
IOSPd IOBmRh
108m Ag 108 Ag
110m Ag 110 Ag
!09cd 109m Ag
IISSn IISmIn
12SSb 125m're
l27m'1‘e 127'1‘e
137CS 137m}3a
144Ce . 144Pr l44mPr
210Pb ZIOB;
226Ra 222Rn, 218P0, 214Pb’ 214Bi’ 214P0
ZZSRa 228 Ac
ZZSTh 224Ra, 220Rn, ZIGPO’ 212Pb’ 2]2Bi, ZDSTI, 212P0
229Th . 225Ra, ZZSAC, ZZIFI’, 217At, 213Bi’ 209Tl, 213P0, 209Pb
235U ZSITh
238U 234Th, 234mPa’ 234Pa
237Np 233Pa
244Pu 240U, »240mNp’ 240Np
242m A o 22Am, P5Np
MIAm 2Np
247cm 243Pu
254ES ZSOBk
Table 3-2: Radionuclide spectra measured in scrap samples from nuclear power plants.
Radio- Nuclide content in % of total
nuclide » KWO KwWwW KKB AVR
%Co 7.6 97 344 84 97.1 | 20.5 | 20.1 86 213 | 82.6 1
®Ni 5.7 48.6 9.6
Sr 0.1 0.2 0.3 97
PCs 2.7 0.6 34
B1Cs 83.9 3 162 | 783 2.9 79.5 | 799 14 787 | 174 2
Actinide 0.008 | 0.0006 { 0.0005 | 0.03 0.02 0.07
Total Bg/g 0.7 0.46 2.5 1.7 752 | 47.8 | 5920 | 185 | 1081 2.3

KWO Reactor at Obrigheim, 357 MW pressurized light water reactor (LWR) [15]
KWW Reactor at Wiirgassen, 670 MW boiling LWR (being decommissioned) [16]

KKB Reactor at Brunsbiittel, 806 MW boiling LWR [16]
AVR Research reactor at Research Centre Jitlich, 15 MW high temperature reactor (being decommissioned)[17]




3.2  Radionuclide spectra

The two radionuclide spectra, which are most relevant for the nuclear power industry, are those
generated in nuclear power reactors which are typically dominated by 60Co and 137Cs, table 3-2
and the spectra coming from fuel fabrication which are often dominated by actinides, table 3-3.
Other radionuclides are important in nuclear fields not related to power generation but the quantity
of potentially recyclable metal is minimal compared to the nuclear power generation industry.

Table 3-3: Fraction of total actinide activity for spectra from nuclear fuel cycle facilities
Radionuclide Reprocessing [20] Reprocessing [21] U-fuel [22] | UFg conv. [23] MOX [24]

28py 0.0414 0.663 0.036
2Py 0.0036 0.017 <0.01
240py 0.0072 0.013 <0.01
2ipy 0.8513 0.855 0.96
242Pu <10—4

MAm 0.055 0.048

#Am 0.001 4.10*

2Cm 0.0024 <10°

2Cm 0.0386 4.10"
233U 3. 1 0-5
By 10° 0.61 0.254 <107
By <10°? 0.023 0.012 <107
236U <10-5 - .
»3y <10° 0.11 0.254 <107
%7Np <10

29Np 4-10*

B4mpy 0.11 0.254

B4pg : 10* 2.10*

Blpy 10 2-10°

20Th 10 2-10°

BITh 0.023 0.02

Z4Th 0.11 0.192

26Ra 2:10%

33 Relationship between surface and bulk activity

Typically items and scrap cleared from a nuclear facility are only surface contaminated. Activated
pieces make up less than 10% of the cleared material from nuclear power plants [18] and activation
is not expected for any of the material from facilities of the nuclear fuel cycle. Nevertheless activity
can enter into the bulk through joints and fractures. Furthermore the practice of clearing scrap after
melting is expected to play an ever more important role in the future. The ingots produced by
melting the contaminated scrap metal under authorization are most likely to be cleared as scrap for
further processing. The process of melting mixes the activity into the metal so that the cleared
material would contain bulk activity. Melting before clearance is seen by many as decontamination
since some radionuclides can, to some degree, be separated out of the metal into the slag and dust.
The melt before clearance option has the further advantage of making the clearance measurements



easy and reliable. Extensive information on melting contaminated scrap and the radiological
consequences is available [19]. o

At present most metal being cleared is only surface contaminated. Restricting only the mass specific
activity will lead to surface contamination levels which are dependent on the metal thickness and
can be unacceptably high, as is shown in figure 3-1 for ferrous metal. Applying a surface specific
clearance level for the total surface activity (fixed and removable) will avoid these high

contamination levels.
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. Figure 3-1: The maximum possible surface activity for contaminated items when only a
mass specific clearance level of 1 Bq/g is applied as a function of thickness for

a density of 7.8 g/cm3.

A problem arises when setting surface activity clearance levels for items which are contaminated by
high energy y-emitters like 90Co. Here a y-detector can not decide if the activity belongs to the
surface or bulk. It is possible by setting restrictive surface clearance levels (fixed plus removable) to
restrict the bulk activity by simply measuring the total y-flux at the surface of the item. This is
shown in figure 3-2 where the dose rate due to 69Co is plotted as a function of the thickness. Here
the dose rate was calculated at a perpendicular distance of 1 m from the 1 m® frontal area of a
ferrous metal disk with a homogeneous constant activity. The right hand axis shows the total “°Co
surface activity per square centimeter which would result in the dose rate shown on the left hand

axis.

Since 80% of the steel produced world-wide has a thickness between 0.6 and 2 cm [25], this range
is shown in detail in the inset of figure 3-2. Setting the surface clearance level to about 10 Bg/cm®
for ®Co will guaranty that the mass specific activity for bulky items is below 1 Bq/g. For pieces
thinner than about 1.3 cm a mass specific activity limit of 1 Bg/g is more restrictive than a surface
limit of 10 Bg/cm®.

For radionuclides which emit low energy y-rays or for pure - and a-emitters the opposite problem
occurs. These radionuclides can go undetected if they are located below rust, corrosion or surface
coatings. Radionuclides located in these surface layers must be categorized as surface activity since
they will be released when the surface is manipulated (e.g. segmenting, sanding, cleaning, repair
work or normal use). Care should therefore be taken when determining the strategy for clearance

measurements.
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Figure 3-2: Dose rate at a distance of 1 m versus thickness for a 1 m2 iron disk

homogeneously radioactive with 60Co. The right hand axis shows the surface
activity of 60Co which results in the same dose rate (contamination on the
surface facing the detector). The inset shows the 60Co dose rate for the

thickness range 0.6 to 2 ¢cm in more detail.

3.4  Removable and fixed surface activity

The fraction of the surface activity which is removable depends strongly on the contamination
mechanism (e.g. wet or dry), surface characteristics (roughness, chemical characteristics and
material), whether and what kind of decontamination was used and the type of wipe test applied
[26]. For these reasons measuring the removable activity alone does not represent a reliable method
for determining the surface contamination. Furthermore the removable fraction can change with
time so that pieces which met the clearance requirements for removable activity at the time of
clearance would not comply with the requirements at a later time. For example ferrous metal can
rust turning fixed into removable activity. As discussed in section 3.2 it is possible to detect Y-
emissions from the bulk of the material using surface measurements. On the other hand low energy
v- as well as B- and a-emissions which are shielded by corrosion, rust or surface coatings like paint
will often not be detectable from the surface. As an example the WISMUT AG performed direct
measurements on rusted and corroded scrap from uranium mining operations which showed surface
activity levels a factor 10 lower than scratch tests analyzed in a radioisotope laboratory. From a
radiological point of view the total surface activity is important. This is especially true for scenarios
in which the surface is manipulated, e.g. sanding, cleaning, welding or cutting. In the following



radiological analysis it is assumed that the surface activity is the sum of the removable and fixed
activity.

Restricting total surface activity instead of just the removable fraction requires increased
decontamination and reduces the amount of activity which can be cleared. In table 3-4 an example is
shown which demonstrates this point. The amount of removable activity after cleaning and
decontamination is minimal, typically about 10% although this value varies strongly. Note that
requiring the total surface activity to be less than the surface clearance level strongly influences the
average mass specific activity of the cleared material. If the surface activity clearance levels are
restrictive then they determine the amount of activity being cleared, on the other hand if they are lax
then the mass specific clearance level controls the amount of activity cleared. This observation
along with the discussion in section 3.2 makes it obvious that the mass specific and surface specific
clearance levels are coupled to one another. The two clearance criteria should be chosen together
along with appropriate averaging quantities in order to guaranty adequate radiological protection.

Table 3-4: Example of clearance limiting only removable versus total surface activity
Before decontamination After decontamination
Scrap to be cleared (no activation) (no activation)
10% of the surface activity Clearance levels:* Clearance levels:**
is removable 0.4 Bg/cm® non-fixed 0.5 Bg/cm? total
and 1 Bg/g and 1 Bg/g
Mass Thickness Total Total surface Total Total surface Total Total surface
activity activity activity activity activity activity
kg cm Ba/g Bg/cm? Byg/g Bg/em? Bg/g Bg/cm?
400 10 1 80 0.9 724 0.0064 0.5
200 5 1 40 0.91 364 0.013 0.5
80 2 1 16 0.93 14.8 0.03 0.5
- 80 1 1 0.95 7.6 0.064 0.5
200 0.5 1 4 1 4 0.13 0.5
40 0.1 1 2 1 2 0.64 0.5
Mean value <1> <8.5> <0.93> - <8.0> <0.064> <0.5>
*  Value recommended in the 1988 recommendation RP 43 [1]
** Value recommended by the German Commission on Radiological Protection [27]

4 SCRAP PROCESSING SCENARIOS

In table 4-1 the net amount of scrap sold is shown for the EU countries from the years 1990 and
1991. This includes new scrap and old scrap plus export minus import but does not include
production scrap which was recycled within the metal works’. World-wide about 425-106 Mg of
steel and iron scrap was used in the production of new ferrous metal, of which 32% was production
scrap, 18% new scrap and 50% old scrap [28]. The scrap break down for Germany is shown in table
4-2. Approximately 50% of the scrap in Germany is processed by hand, the rest is processed using

2 production serap: scrap which occurs during smelting with in the metal works.
Mew scrap: scrap which occurs during production of products, e.g. metal trimmings in the automobile industry.
Old scrap: products which are scrapped after reaching the end of their useful life.



large automated machines [9]. In automated scrap yards the sorting and transport is also carried out

to a large degree using automation.

Table 4-1: Net quantity of scrap sold (plus export minus import) in the EU countries [28]
Country Serap sold in 1990 (1000 Mg) Scrap sold in 1991 (1000 Mg)
Belgium and Luxembourg 1623 1730
Denmark 669 666
FR Germany 13593 15594
France 9530 8972
Great Britain 8948 8363
Italy 8071 8818
Netherlands 1790 . 1901
Spain | 5537 5293
Total 49761 51337

Net scrap quantities in Germany broken down by type [29]

Table 4-2:
Serap type sold in 1990 (1000 Mg) sold in 1991 (1000 Mg) | sold in 1991 including the
. former GDR (1000 Mg)

Old scrap total 7467 8986 9930

steel scrap 4101 5202 5763

shredder scrap 1340 1427 1492

scrap bails (press) 76 96 98

cast iron scrap 401 478 565

other sorted scrap 1549 1783 2012
New scrap total 5083 5271 5455
Alloy scrap 401 437 476

The amount of scrap coming from nuclear facilities will vary strongly from region to region. In
areas where nuclear power is implemented the largest quantities of cleared scrap can be expected.
The amount of scrap from a given nuclear facility will, of course, depend on the type of work going
on there, for example routine operation, revision work or decommissioning. In the flow diagram in
figure 4-1 the assumed mass flow for the scrap is shown. In agreement with the methodology
document [4] it is assumed that 10,000 Mg/a is cleared in the European Union. 4000 Mg/a of this
scrap is assumed to be processed by one scrap dealer of which 50% is done manually and the other
50% using an automated shear press. The number of workers who carry out each task is indicated in
figure 4-1 along with the type of exposure considered and the quantity of scrap processed.

4.1 Transport, sorting and storage of scrap

The scrap cleared from a nuclear site is typically transported to a scrap yard where it is sorted and
sold to a refinery. The transport to a scrap yard is the critical transport scenario since all the scrap is
from the nuclear site. After sorting, the contaminated scrap will be delivered along with other scrap
to a refinery. Doses due to inhalation, ingestion, y-irradiation or skin contamination must be
considered. Inhalation can occur if the activity is re-suspended during loading, unloading or sorting
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of the scrap. In general the sorting and loading work will require less time than the manual
processing of the scrap, which includes segmenting and sorting by hand. Therefore the B-skin and
ingestion doses will not be considered here but rather along with the manual segmenting which
represents the enveloping scenario for the ingestion and 3-skin doses.

The nuclear facilities of the
European Union clear
10,000 Mg/a of metal scrap.

AN

One scrap dealer receives 6000 Mg/a is distributed

4000 Mg/a. among many scrap dealers.

Scenario: transport, loading and -

unloading (inhalation and

external Y-dose) \

2000 Mg/a (50%) is processed 2000 Mg/a (50%) is processed using
using automated techniques. manual techniques.

Scenario: segmenting with an Scenario: handling the scrap (external Y-
automated shear (inhalation) dose, ingestion and B-skin dose)

y
1900 Mg/a segmented by | | 96 Mg/a segmented by 4 Mg/a segmented by
5 workers using thermal 2 workers using saws 2 workers using
techniques (inhalation) (inhalation) grinders (inhalation)

y / y
The processed scrap is delivery to a metal works where its smelted and
formed into new products. The radiological assessment is in [4].

Figure 4-1: Flow diagram for the radiological assessment of cleared scrap from nuclear
facilities o

An enveloping scenario for the inhalation of re-suspended surface activity is proposed to cover the
loading, unloading and sorting activities. The nuclides are released in a single Gaussian pulse which
is then dispersed outward, retaining its Gaussian form’. The activity spreads over the worker and is
inhaled. It is assumed that a single scrap dealer receives 200 loads (20 Mg/load) and that two

*  The gaussian puff model is calculated as,
(2)
a*t
C(r,t)=C(0,0)e
where C(#,#) is the concentration and
{#)
ot

A, =27zC(o,z)fdrr2e

is the total activity released (for a similar approach see [44]).
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workers split the work of unloading the scrap. The truck dumps the scrap at which point the activity
is released. The worker has an effective distance of 10 m from the scrap. The dose equation after

solving for the Gaussian spreading is

4-A-f-M
th=QM'V'm'n (eq. 4-1)
where the parameters have the following meaning:

Hiup (uSv/a) inhalation dose

Dinp (0Sv/Bg) inhalation dose coefficient [3]

V (m’/h) breathing rate (1.2 m’/h)
f4 fraction of surface activity released (0.001)

A (Bg/m®) surface activity (10* Bg/m” = 1 Bg/cm?)

M (Mg) Scrap quantity per load (20 Mg)

a (m*/h) spread rate of Gaussian distributed activity (3.6-10" m%h)

L (m) distance from activity release (10 m)

p (Mg/m?) density of scrap (7.86 Mg/m®)

d (m) average thickness of scrap (0.01 m)

n (1/a) number of loads processed by one worker (100 a™).

The release fraction maybe somewhat low but the spreading rate assumes that no wind is present,
which would make the spreading faster and non-Gaussian, therefore compensating for the under-
estimation. The doses for selected radionuclides are presented in table 4-4 and the results for the

other radionuclides can be found in table 7-1 in chapter 7.
The external exposure during transport can be estimated using the same geometry used for the

transport scenario in the methodology document [4], where the radius of the contaminated surface is
1.0 m and the distance from the source is 1.2 m. The external exposure to y irradiation is given by,

Hext = 'Dext 14 (eq 4-2)
where the parameters have the following meaning,

Hegyxr (uSv/a) external y-dose

Doyt (uSv/h)/(Bg/em®)  external dose rate (see appendix)

t (h/a) exposure time for each worker (100 h/a)

A (Bg/cm?®) surface activity (1 Bg/cm?).

The exposure time assumes that a lorry with 20 Mg of scrap takes 1 h to deliver. If the work is split
between two workers then each will be exposed for 100 h/a. The orientation to the scrap is assumed
to be rotational and radioactive decay is not taken into account. The doses are shown in table 4-4

and table 7-1 in chapter 7.

4.2  Automated scrap processing

Of the automated processes the large shear press is the most important segmenting method for
scrap. In Germany about 4 to 5 million Mg of scrap per year (new and old) are processed with large
shears [30]. As can be seen in table 4-2 the shredder and similar machines represent the second most
" important automated segmenting process, in Germany about 1 to 2 million Mg of scrap per year
(new and old) are processed this way. For old scrap the press is of minor importance. A number of
specialized techniques, including the use of explosives or drop techniques, have been developed, but
play only a minor role and are therefore not discussed here. In table 4-3 is a list of the processing

rates for the most important scrap segmenting techniques.
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4.2.1 Automated shear press

The shear is the most universally applied automated process in scrap yards. Even small scrap yards
which process large amounts of scrap manually have shearing machines. A shearing machine has a
compactor which presses bulky scrap together so that it fits under the cutting knife. The entire
process is automated so that the shear is loaded, normally using a crane and the segmented scrap
collected and sorted at the other end. The operator sits in the control cabin several meters from the
cutting mechanism, although other workers can be closer to the knifes. Shears are often equipped
with dust reduction and retention systems. Modern large scrap shears have a cutting force from 600
to 1250 Mg and cutting widths which typically lie around 60 to 100 cm, but can be built with widths
greater than 250 cm [29]. Maximum cutting speeds are typically less than 7 cuts per minute. In
Germany approximately 150 to 200 shears are in operation.

Table 4-3: Processing rates for the most important scrap segmenting techniques [28]
Scrap processing technique Processing rate (Mg/h)
Shredder , "
2000 horse power (HP) and more 45-55
1000 - 1500 HP 22-27
less than 1000 HP and hammer mills 10-15
Large shears
> 1000 Mg shearing force 15-20
600 - 850 Mg shearing force 10-14
500 - 600 Mg shearing force 7-9
350 - 420 Mg shearing force 4-8
Scrap press
cast iron bail 6-10
Thermal segmenting (manual)
heavy steel scrap (150 x 50 x 50 cm) 1.2-25
preparation for other processes 2-3

4.2.2 Shredder, hammer'mz'll and the like

A shredder is a machine which cuts light scrap into small pieces using rotating blades. It is based on
the hammer mill principle, which uses rotating hammers to pound the scrap into small pieces while
being feed slowly over a corner into the hammers. A number of other specialized machines exist,
which use similar concepts to reduce the scrap into small pieces, for example the scrap mill. All
these machines produce large amounts of dust. In modern scrap yards dust reduction and retention
systems are used in connection with these machines. For sales purposes the resulting scrap has been
standardized. Shredder scrap has a piece size between 5 and-7 cm with less than 5% by weight
smaller than 0.5 cm and iron and steel scrap is required to contain at least 92% ferrous metal and
have a density not less than 0.9 Mg/m3 [30]. In Europe there are 209 shredder facilities. France and
Great Britain each have 50 while FR Germany (former GDR is not included) has 49. In Italy 16 are
operating, in Spain 14 and in Belgium/Luxembourg 12 [30]. About 80% of the shredder capacity is
used for junked cars while the other 20% is made up of light scrap like refrigerators or other house
hold appliances [31]. Shredders are suited for scrap which is mixed with non-metal materials since
after shredding it is possible, using automated methods, to separate the impurities from the metal
fraction. It is also possible to separate the different metal types (light e.g. aluminum from heavy e.g.
copper and lead). It is unlikely that a large portion of the scrap cleared from a nuclear site will be
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order to carry out the clearance measurements.

Table 4-4: Inhalation and external y-doses from automated scrap handling
Loading, urloading and transport Segmenting with an automated shear
Radionuclides (uSv/a)/(Bg/em?) (uSv/2)/(Bg/em?)
inhalation external y inhalation
%Co 0.010 0.42 0.031
#8r 0.048 0 0.14
B¥7Cs 0.0041 0.10 0.012
2y 3,5 0.0041 10
%y 20 0.000091 58
4.2.3 Scrap press

The scrap press is used primarily for light scrap to reduce the volume. It is also implemented to
press production and manufacturing remains (new scrap) into easy to handle packages. The scrap
press is typically used to process tin plate (food cans) and similar thin metal. For sales purposes the
resulting scrap bails must fulfill certain criteria; like 93% tin plate, no metal from incinerators, 0.25
Mg/m’ for compressed bail or 1,4 Mg/m® for packaged bail and a maximum dimension of 0.6 x 0.6
x 1.5 m [30]. In the nuclear industry material like ventilation ducts would be a candidate for this

process.

4.2.4 Estimation of the doses received during automated processing

Due to the automated nature of these scrap processing methods it is not expected that the workers
will directly handle the scrap. Therefore only external exposure and inhalation of re-suspended
activity need to be considered. The inhalation scenario is based on segmenting using an industrial
scale shearing machine and relies on the measurements carried out by CEA where isotope release
rates were measured from a shearing device [10]. The following dose equation is used to estimate

the inhalation dose,

Hyy =D,y V‘%’QL'M (eq. 4-3)

r r

where the parameters have the following meaning,

Hinp (uSv/a) inhalation dose

Dijynh (LSV/Bg) inhalation dose coefficient [3]

V (m*/h) breathing rate (1.2 m’/h)

74 (Bg/m)/(Bg/cm?) release per cut length per surface activity (1 cm?/m)
Sy (m/h) segmenting rate (150 m/h)

V, (m®) volume of work hall (4000 m?)

Ep (b air exchange rate (5 h™)

t (b/a) exposure time (200 h/a)

4 (Bg/cm?) surface activity (1 Bg/cm?)

The scenario assumes that a shearing device with a 10 Mg/h capacity (see table 4-3) is in a semi-
enclosed work area and that the operator and workers are carrying out tasks relatively near the
shearing knifes, for example moving, sorting and storing the scrap coming out of the shear. This
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shear processes 2000 Mg of cleared scrap (see figure 4-1). The exposure time is calculated by
dividing the scrap quantity by the processing rate (see table 4-3). The segmenting rate, Sy, is
estimated in two ways. First it is assumed that the shear makes 2 cuts per minute and each cut is
0.85 m long which results in a segmenting rate of 100 m/h. A shear under normal operation will cut
multiple layers so that the segmenting rate will typically be higher. If on the average a double layer
of scrap is pushed through the shear, then the segmenting rate will be about 200 m/h. The
segmenting rate can also be estimated by dividing the capacity' (10 Mg/h) by the scrap density
(7.8 Mg/m3), the cut length (0.85m) and the scrap thickness. For a thickness of 0.8 cm the
segmenting rate is about 200 m/h and for 1.6 cm thick scrap 100 m/h. In the calculations the
segmenting rate is taken as 150 m/h. Finally the release per cut length, f4, is needed. This quantity
has been measured by CEA [10] for inactive Co and Cs. Assuming that the behavior of radioactive
isotopes is the same as stable isotopes, the measured quantities can be directly used. The
experiments were carried out on rusty steel, stainless steel and carbon steel. The values measured
for f4 varied from about 0.1 to 1.2 (pg/m)/(ug/cm?). For the dose calculations presented in table 4-4
a value of 1 (Bq/m)/(Bq/cm?) is used. The air renewal rate (V, - E, = 2-10* m’/h) is set fairly high
since industrial scale shears are large and can only be located outside or in very large spaces. In the
dose equation no account is made of dust reduction and retention systems which gives the scenario a

conservative touch.

The external exposure is assumed to occur due to the piles of scrap. During the manual processing
of the scrap (section 4.3.3) external exposure to the y-radiation from the contaminated scrap is taken
into account, This can be considered the enveloping scenario since the workers will have the closest
contact with the scrap and the longest exposure time; the processing rate is significantly slower for
manual segmenting than for automated (see table 4-3).

4.3  Manual scrap processing

It can be expected that a large percentage of the scrap is processed by hand. Typically this will lead
to the largest doses since the workers are in direct contact with the contaminated scrap. The critical
parameters in scrap processing scenarios have been investigated and published over the last years
(e.g. [32, 33, 34]). Of special importance are the many projects financed by the European
Commission to investigate the parameters which influence the doses from processing scrap [10, 35,
36, 37]. The B-skin, ingestion and external exposure doses are estimated identically for all the
manual segmenting techniques since these doses arise from handling the scrap which is not
dependent on the type of segmenting technique. The results of the dose calculations for manual
scrap processing are given for selected radionuclides in table 4-5 and in table 7-2 in chapter 7.

43.1 Skin dose from handling cleared scrap

A transfer of contamination from the scrap to the skin during the handling of cleared scrap can lead
to a B-skin dose which is estimated using the following equation,

}[skin =Dskin'ws.i'f;'t"4 ' V (eq 4'4)
ST
where the parameters have the following meaning,
Hsin (uSv/a) . whole body effective dose from skin contamination
Dgkin (1Sv/a)/(Bg/cm®)  skin dose coefficient for a skin depth of 7 mg/cm? [12]
Wy ICRP 60 skin weighting factor (0.01) [11]
Sc /ST contaminated surface / total skin surface (0.1 m%*/1.0 m?

I transfer from item to skin (0.01)
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Ja fraction of year exposed (200 / 8760 = 0.023)
A (Bg/cm?) surface activity (1 Bg/cm?).

The surface area of a hand is approximately 400 cm? (front plii§ back) and the skin area of one
forearm is approximately the same (see ICRP 23 [38]). The choice S, /S7 = 0.1 means that the
palms and backs of both hands, parts of the face and the forearms are contaminated. Choosing S, /Sy
> (.02 will guaranty that the skin dose is less than the skin dose limit of 50 mSv/a laid down in the
Basic Safety Standards [3]. Using the 7 mg/cm’ tissue depth proposed in ICRP 26 [39] will over-
estimate the dose to the palms of the hands and under estimate the dose to the face. The skin transfer
factor is chosen by assuming that 10% of the activity is removable and 10% of this activity is
transferred to the hands (also see [40]). If 2000 Mg of contaminated scrap are processed manually
by 5 workers at a rate of 2 Mg/h each employee will spend about 200 hours processing the scrap.

43.2 Dose ﬁom inadvertent ingestion incurred during handling of cleared scrap

A worker handling cleared scrap can inadvertently ingest activity. This could happen for example
while eating a sandwich or smoking a cigarette which would make a contamination transfer from
the cleared scrap to the lips and mouth via the hands possible [40]. The inadvertent ingestion dose is

estimated as
H, =D, -f-I:1tA4

mng ng

(eq. 4-5)

where the parameters have the following meaning;

Hing (nSv/a) ingestion dose

Ding (uSv/Bq) ingestion dose coefficient [3]

Js transfer from item to hand (0.01)
I (cm*/h) ingestion rate (1.25 cm*h)

t (h/a) exposure time (200 h/a)

A (Bg/em?) surface activity (1 Bg/cm?).

The transfer from an item to the hand, f;, and exposure time are estimated the same as in the B-skin
dose scenario (section 4.3.1). The ingestion rate is taken from the methodology document [4]. In
this document it is assumed that the ingestion rate is 10 cm®/d which compares well to the value of

8 cm®’/d used in the IAEA study [40].

Doses from manual processing of scrap contaminated with 1 Bg/cm?

Table 4-5:
Inhalation doses from manual segmenting
Radio- Ingestion dose | B-Skin dose External y Thermal Saw Grinder
nuclides uSv/a uSv/a 1Sv/a pSv/a uSv/a puSv/a
®Co 0.0085 0.0013 1.1 0.051 0.0031 0.032
*Sr 0.077 0.0050 0 12 0.014 0.15
¥Cs 0.033 0.0021 0.26 0.10 0.0012 0.013
2y 0.12 0.0032 0.011 17 1.1 11
2Py 0.63 0 0.00032 96 5.9 61
4.3.3 External y- dose incurred during manipulation of cleared scrap

The dose due to external y-irradiation is calculated using equation 4-2 (see appendix). The scenario
assumes that the employee spends 200 h/a processing contaminated scrap (see section 4.3.2). The
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employee stands facing the piece on which she/he is working (anterior posterior orientation) at an
effective distance of 1 m perpendicular to the 1 m” surface area. The employee is also exposed to the
scrap which she/he has or is going to cut. This secondary dose is estimated using rotational
orientation to 5 m? of scrap at a distance of 2 m. Radioactive decay is ignored in the dose

calculations which are presented in table 4-5 and in table 7-2 in chapter 7.

4.3.4 Inhalation dose incurred from segmenting cleared scrap

To estimate the doses due to inhalation of re-suspended surface activity (table 4-5) the dose
equation uses a "re-suspension factor" (R-factor). The R-factor is the critical factor in such
equations and contains the re-suspended activity fraction as well as the ventilation information. This
means that it will vary over many orders of magnitude from one work place to another. The values

of the parameters in the inhalation dose equation,

H, =D, V-Rit4

inh

(eq. 4-6)

vary depending on which segmenting technique is implemented. The parameters have the following
meaning,

Hipp (uSv/a) inhalation dose

Dinp (uSv/Bqg) inhalation dose coefficient [3]

V (m*/h) breathing rate (1.2 m’/h)

R (Bq/m*)/(Bg/cm?) re-suspension factor for surface activity
t (h/a) exposure time _

A4 (Bg/em?) surface activity (1 Bg/cm?)

The inhalation dose coefficients in table C.1 of the Basic Safety Standards [3] are calculated for an
Activity Median Aerodynamic Diameter (AMAD) of 1 pm (h(g)y,,) and 5 pm (h(g)s,m)- A method
for calculating a radionuclide and solubility dependent AMAD correction factor for the inhalation
dose coefficient is given in ICRP 30 [41]. In the last years the AMAD of the aerosols from a
number of segmenting techniques have been measured [10, 33, 34]. The Mass Median Aerodynamic
Diameter (MMAD) is easier to measure and significantly more data exists for this quantity than for
the AMAD [32, 36, 37]. These two quantities are related and it can be expected that the MMAD is
typically only slightly larger than the AMAD. Measurements made by Yu et. al. [33] show that the
AMAD is not only dependent on the cutting technique and material being cut but also on the
radionuclides present. The AMADs reported in the literature range from 0.1 to 7 pm. The aerosols
produced by thermal segmenting techniques typically have smaller AMADs than those from
mechanical techniques [10]. The ICRP 30 [41] dose correction factors for inhalation of aerosols
produced by metal segmenting techniques lie between 0.3 and 2.5 and depend of course on the
radionuclide and solubility class [10]. Correction factors around 2 are typically associated with
small particles but not always as for example “’Cs. Since this study attempts to create generic
enveloping scenarios the AMAD dependence will be ignored and the h(g)s,, inhalation dose
coefficients selected for all the calculations. Other parameters are selected more conservatively in
order to compensate for any underestimation of the inhalation dose due to these simplifications.

The R-factor can be calculated as

JaS,
L4 F . 4-7
VE - (eq. 4-7)

where the parameters have the following meaning,
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JS4 (Bg/m)/(Bg/cm?) release per cut length normalized by the surface activity

Sy (m/h) segmenting rate
Vy (m®) volume of work hall (800 m®)
E, (b air exchange rate.

The air volume assumes a working space of 10 m by 20 m by 4 m. The release per meter cut can be
directly measured [10, 34, 35] and does not depend on the working conditions. In table 4-7 f4
factors for thermal segmenting from the literature are shown. In the following the segmenting

specific parameters including the exposure time are discussed.

Thermal segmenting

Of the many thermal segmenting techniques the plasma and oxyacetylene torches are the most
commonly used. Extensive-data has been gathered to estimate the occupational hazards from these
segmenting methods [37]. In particular the Commissions research project "Doses due to the reuse of
slightly radioactive steel” [10] has contributed significantly towards defining the parameters needed

for making the radiological evaluations.

The release fraction for thermal segmenting was chosen to be 3.3 (Bq/m)/(Bg/cm?). Most of the data
for thermal segmenting is for Co and U neither of which are as volatile as for example Cs or Zn.
The data show that for volatile nuclides like Cs the release rate is higher than for Co (see table 4-7).
The volatile radionuclides can be identified from melting experiments where they are found
primarily in the dust retainment systems. The nuclide separation table from the methodology
document [4] is used to estimate the volatility factors in table 4-6, by assigning a volatility factor of
5 to all the radionuclides which are found to 10 % or more in the dust fraction and 1 for all other
radionuclides. The release factor for thermal segmenting is corrected for volatility by multiplying f4

by the volatility factor.

Table 4-6: Volatility factors for thermal segmenting
Element Volatility factor
H, C,Na, §, CL, K, Ca, Sc, Zn, Se, Sr, Y, Mo, Ru, Ag, Cd, Sn, Te, 1, Cs, Ce, W, Os, Tl, 5
Pb, Po, Ra
Mn, Fe, Co, Ni, As, Zr, Nb, Tc, Sb, Pm, Sm, Eu, Gd, Tb, Tm, Ir, Bi, Th, Pa, U, Np, 1
Pu, Am, Cm, Bk, Cf, Es

The segmenting rate, Sy, depends on the material, geometry, thickness and cut quality. For a carbon
steel 1 cm thick a rate of 70 cm per minute (42 m/h) can be expected [10]. Assuming that the scrap
is cut to 1 m lengths and has a density of 7.86 Mg/m’ the cutting time for one ton of scrap can be
calculated (3.3 Mg/h). This value shows that the processing rate given in table 4-3 includes
manipulating the scrap. Using this information the exposure time for thermal segmenting is

calculated,
1900 Mg/a
3.3 Mg/h *5 workers

=115h/a.

The difference between the 115 h/a here and the 200 h/a for handling scrap (see section 4.3.1) is the
time required to sort and manipulate the scrap, during which no aerosols are being created. The
ventilation rate depends on the volume of air and how fast it is renewed. Typical renewal rates for
industrial conditions lie in a range from 5 to 10 h™' [42]. Since thermal segmenting techniques create
large amounts of aerosols the work places usually have extra ventilation systems, therefore a

renewal rate toward the upper end of the range is chosen, 8 h™..
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Saws

Saws are typically only used on very thick pieces which can not be segmented using thermal
techniques. Radionuclide release data for sawing has been published [34, 35]. This data has been
analyzed and a range of values suggested [10]. In this study a value for £ of 2 (Bg/m)/(Bg/cm?) is
used. For the saw scenario an air exchange rate of 5h' is assumed. For a 2 cm thick piece the
segmenting rate is around 4.5 m/h [10] and using this gives a cutting time of 0.71 Mg/h for carbon
_steel. The exposure time for sawing is then,

f= %Mg/a  _6gh/a

0.71 Mg/ h * 2 workers

Manual grinders

Manual grinders are used on thin sheet metal and like saws only used for a small fraction of the
scrap compared to thermal segmenting techniques. In only one study has radionuclide release data
been published [35], which is analyzed in [10]. The data indicate that this tool causes the highest
release fraction of all the tools considered. In this study fy is set at 100 (Bq/m)/(Bg/cm?®). The
working conditions are assumed to be the same as in the saw scénario, £, =5 h™'. For a 0.4 cm thick
piece the segmenting rate is around 9 m/h [10] and using this gives a cutting time of 0.28 Mg/h for
carbon steel. The exposure time for manual grinding is then,

4Mg/a
t= g =7h/a
0.28 Mg/ h * 2 workers
Table 4-7: Experimental values for the activity release per cut length and surface activity
Description of experiment Range of values for release Mean value for f;
per cut length, f
(Bq/m)/(Bg/cm?) (Bg/m)/(Bg/cm?)
4 mm stainless steel plate, oxyacetylene torch, artificially
contaminated with UQ, powder [10]. 1.3-3.9 2.3
4 mm stainless steel plate, oxyacetylene torch, artificially
contaminated with U-nitrate [10]. 2.0-4.9 33
4 mm carbon steel plate, oxyacetylene torch, artificially
contaminated with UO, powder [10]. 2.8-6.0 44
Carbon steel, oxyacetylene torch, artificially contaminated - 0.43 Cs
with inactive Co and Cs [10]. --- 0.22 Co
Rusty carbon steel, oxyacetylene torch, artificially - 0.84 Cs
contaminated with inactive Co and Cs [10]. - 0.20 Co
Stainless steel, plasma torch, artificially contaminated with - 0.27Cs
inactive Co and Cs [10]. - 0.12Co
12 inch stainless steel pipes from JPDR cut with a plasma
torch, dominant nuclide *Co [34]. A 0.7 cm kerf width was 0.16-0.55 0.31
used to convert the results. B
Stainless steel reactor parts from JPDR cut with a plasma -
torch, dominant nuclide *°Co (activation) [34]. A 0.7 cm - 14 (steam separator)
kerf width was used to convert the results. 4.5 (riser yoke)
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S~ REUSE SCENARIOS

The continued use of items after clearance from an authorized facility is termed reuse. The reuse of
equipment and tools is a common practice in the nuclear industry and is economically preferable to
disposal or scrapping the equipment. In the photographs (1-4) examples of equipment which was
cleared for reuse are given; tools and tool cabinet (see photo 1), large machines (photos 2 and 3) and
laboratory equipment (photo 4). The reuse of large equipment out of nuclear power plants such as
the crane in the reactor or machine buildings (photo 5) or vehicles such as a fork lift or a truck is
also possible. It is less likely that reactor components, such as pumps and electrical motors will be
reused since they have been designed and constructed especially for the power plant, although
examples of the reuse of electrical motors exist. Other equipment such as transport containers or
decontamination equipment (see photo 6) could also be reused after clearance.

Photo 1: Tool cabinet and tools from the controlled area of an authorized installation

The same radiological criteria applicable to recycling of slightly radioactive scrap [4] cannot be
applied to the reuse of material. Unlike reuse, recycling scrap involves melting and reforming the
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scrap into new products. During this process the scrap is mixed with scrap from non-nuclear sources
leading to a reduction in the mass specific activity of the product compared to the cleared scrap.
Furthermore smelting leads to a nuclide separation, for example %Co remains in the product metal
while ¥’Cs goes into the dust and slag, and this generally leads to a further reduction in the mass
specific activity of the product metal. The quantity over which it is allowed to average the activity,
can lead to an average mass specific activity for the total quantity of cleared scrap which is well
below the maximum activity allowed. This stochastic process leads to yet another reduction in the
mass specific activity of the product metal. When releasing scrap from regulatory control dilution,
nuclide separation and mass averaging effects can be assumed, none of these effects can be assumed

when developing radiological criteria for reuse.

The clearance criteria for reuse rely primarily on surface contamination limits since the
measurement of the mass specific activity would in many cases mean destroying the equipment's
integrity. While clearly surface activity will be the most important, activity can enter the bulk
through joints, welds and the like, and therefore cannot be ignored. Furthermore metal can be kept
under continuous regulatory control during which it can be recycled and the products used in an
authorized facility. This possibility makes it important that bulk activity be restricted. In this report
only the doses due to surface contamination are calculated. Therefore the doses calculated here
assume that no bulk activity is present or for high energy y-emitters that the surface activity includes
the total flux at the surface of the item (see section 3.2).

Photo 2: A lathe used in the controlled area of an authorized installation




Photo 3: A drill press used in the controlled area of an authorized installation

51 Skin dose from the reuse of cleared equipment

During the reuse of a cleared item the contamination can be transferred to the skin and cause a B-
skin dose. The skin dose scenario for handling scrap, equation 4-4, has been modified to account for
radioactive decay during the first year of use since the contamination comes from a single item. The
following equation is used to estimate the skin dose from reuse of cleared items,

S (1—-e*%)
H, =D, w —* ft4——7—= . 5-1
skin skin s ST j; /1 ta (eq )

where the parameters have the following meaning,
Hgin (1Sv/a) whole body effective dose from skin contamination
Dypin (1Sv/a)/(Bg/cm®)  skin dose coefficient for a skin depth of 7 mg/em? [12]
Wy ICRP 60 skin weighting factor (0.01) [11]
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contaminated surface / total skin surface (0.1 m%1.0 m?)

Se /ST

fs transfer from item to skin (0.01)

fa fraction of year exposed (1800 / 8760 = 0.205)
A (Bg/em?) surface activity (1 Bg/cm?). _

t, () time during which the dose is received (t, = 1 a)
A (1/a) decay constant.

The scenario parameters are kept the same as for handling scrap (section 4.3.1) with the exception
of the exposure time (1800 h/a), since it is assumed that the item is handled during a full working

year. The results for selected radionuclides are presented in table 5-1 and in table 7-3 in chapter 7.

Laboratory equipment used in the controlled area of an authorized installation

Photo 4:

52  Dose from inadvertent ingestion incurred during the reuse of cleared equipment

An inadvertent ingestion dose during the reuse of a cleared item can occur when the contamination
is transferred from the item to the mouth via the hands, as discussed in connection with the manual
processing of scrap (section 4.3.2). The ingestion dose for reuse is calculated using a modified form

of equation 4-5 to account for radioactive decay,
1 _ —ﬂta
(=e™) (eq. 5-2)

Hqd =D -f-I -t-4
ing ‘fs: r At

ing
a

where the parameters have the following meaning,

Hipg (1Sv/a) ingestion dose
Ding (uSv/Bq) ingestion dose coefficient [3]

Js transfer from item to hand (0.01)
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L, (cm?/h) ingestion rate (1.25 cm*/h)

t (h/a) exposure time (1800 h/a)

A (Bg/em?) surface activity (1 Bg/cm?)

1, (a) time during which the dose is received (t, =1 a)
A(1/3) decay constant.

Like the skin dose scenario the only change from handling scrap is to assume that the item is used
during a full working year, 1800 h/a. The doses for selected radionuclides are presented in table 5-1

(also see table 7-3 in chapter 7).

Photo 5: Control console of the crane used to load fuel elements

5.3 External y-dose incurred during the reuse of cleared equipment

At this point many different scenarios could be considered, one for each piece of potentially
releasable equipment. To calculate all possible scenarios is an unrealistic approach and is
inappropriate for deterministic calculations, but is considered within a stochastic approach (see
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chapter 6). Instead one scenario is chosen and used to represent the many possiblé scenarios. In this
study the tool cabinet scenario has been selected as the enveloping scenario. The geometry of the

tool cabinet (see photo 1) is estimated as

2 panels (doors and back): 1 mx 2 meach
6 shelves: 1 mx 0.4 meach
2 sides: 2mx 0.4 m each.

The total amount of metal con51dered here is 8 m’. It is assumed that the person using the cabinet is
effectlvely exposed to 4 m* which represents the front and back of the cabinet. The external
exposure from the tool cabinet is calculated with equation 4-2 (see appendix) using two discs each
having an area of 2 m’. The effective distances from the discs are 1 m and 1.4 m and the exposure
geometry is taken to be rotational. The exposure time is assumed to be 1800 h/a representing a full
workmg year. Since the exposure is always to the same object the radioactive decay is accounted for
in the dose calculations presented in table 5-1 and in table 7-3 in chapter 7 (see appendix).

Photo 6: Decontamination equipment the vessel and container could be reused

S.4  Inhalation dose incurred during the reuse of cleared equipment

Basically four types of inhalation scenarios can occur. During normal use the surface activity can be
~ shaken lose and re-suspended leading to inhalation of the activity. The item can be cleaned or
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sanded, for example in preparation for a new paint job, leading to re-suspension of the surface
activity. Repair work like welding or thermal cutting can be carried out and finally at the end of the
item’s useful life it will almost certainly be scrapped, which means it could be thermally segmented.
The last two scenarios are very similar and will therefore be treated together. The inhalation doses
for selected radionuclides are given in table 5-1 and in table 7-3-in chapter 7.

5.4.1 Normal use ‘
During the normal use of equipment activity in the surface layer can be shaken lose and re-
suspended. This is especially true for equipment like a truck, fork lift, crane or the lathe and drill
press shown in the photographs 2 and 3. The following equation is used to estimate the dose from

this scenario,

-1,
V.ﬁ-cp.f.% (eq' 5_3)

a

:‘Dinh'

H

inh

where the parameters have the following meaning,

Hiyp (uSv/a) inhalation dose o

Dinh (uSv/Bq) inhalation dose coefficient [3]

V (m*/h) breathing rate (1.2 m’/h)

A (Bg/em?) surface activity (1 Bg/cm?)

£ fraction of dust from the contaminated item (0.01)
d (cm) effective thickness of re-suspendable layer (20 pum)
p(g/cm®) effective density of re-suspendable layer (2 g/cm?)
Cp (g/m’) dust concentration (0.2 mg/m®)

t (h/a) exposure time (1800 h/a)

t,(a) time during which the dose is received (t, = 1 a)
A(1/a) decay constant.

The dust concentration is taken to represent a year-long average and not peak concentrations [43].
Since the activity is surface bound activity, when it is re-suspended, the air carried fraction will
obviously have a significantly higher mass specific activity than the original item. This is reflected
in the factor 4/(d - p) = 250 Bq/g. The fraction of dust from the contaminated item is estimated by
assuming that it is equal to the ratio of the surface area of the item (= 4 m?) compared to the surface
area of the surroundings. For example if the lathe in photo 2 is placed in a work hall 3 x 5x 20 m =
300 m®) the surface area of the hall and contents would be at least 400 m? and the dust fraction 0.01.
This should be conservative enough since it assumes that the dust comes only from the hall and its
contents and not from the material being worked on, through open windows or the ventilation
system. Due to the conservative assumptions made in this scenario it also covers the inhalation
doses for equipment with closed cabins, like a truck. For the scenario described by equation 5-3 the
activity concentration in the air is

A€ ¢ ~00005 24,

d-p m
If the air renewal rate in the hall is 2000 m*h then during the 2000 hours of operation in the first
year about 2000 Bq or about 5% of the activity will be released as inhalable aerosols.
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5.4.2 Cleaning / Sanding

Equipment which is used after clearance is likely to be refurbished. This may include stripping the
surface layer in preparation for a new coat of paint. In such a case the entire surface activity could
be removed in a very short amount of time. The following scenario is meant to describe this,

Hpy = Dy Vo= Cy (eq. 54
d-p
where the parameters have the following meaning;
Hinp (uSv/a) inhalation dose
Dinp (WSV/Bq) inhalation dose coefficient [3]
V (m’/h) breathing rate (1.2 m’/h)
A (Bg/em?) surface activity (1 Bg/cm?)
d (cm) thickness of stripped layer (0.05 cm)
o (g/em’) effective density of re-suspendable layer (2 g/cm?)
Cp (g/m’) dust concentration (5 mg/m®)
t (b/a) exposure time (20 h/a).

It is assumed that the entire air carried dust comes from the surface stripping activity. The
background dust concentration (< 0.2 mg/m’) represents only a fraction of the total dust
concentration so that this assumption is appropriate. The concentration represents a level close to
the maximum allowed level in working areas. The exposure time is estimated by assuming that
10 m* of surface are stripped at a rate of 0.5 m*h. This represents the work required for one large

object like a truck.

Table 5-1: Doses from reuse of cleared equipment contaminated with 1 Bg/cm?2
Inhalation doses
Radio- Ingestion dose B-Skin dose External Normal Cleaning/ Repair/
nuclides y-dose . use. sanding scrapping
pSv/a nSv/a uSv/a uSv/a puSv/a uSv/a
%Co 0.072 0.011 10 0.017 0.020 0.00088
S I 0.68 0.044 0 0.084 0.094 0.021
B7Cs 0.29 0.019 2.7 0.0072 - 0.0080 0.0017
¥y 1.1 0.029 0.11 6.2 6.9 0.30
Bopy 5.6 0 0.0025 35 38 1.7
5.4.3 Repair / scrapping

The scrapping (thermal segmentation) scenario can be considered as the enveloping scenario since
repair work such as welding will not effect as much of the surface as segmenting and therefore not
lead to as much re-suspended activity. The scrapping scenario assumes that a large piece of
equipment is thermally segmented directly after being cleared, in which case radicactive decay is
not a factor. The dose can be calculated using the same parameters as in the thermal segmenting
scenario (section 4.3.4), with the exception of the exposure time. The exposure time will be
significantly shorter since only one item is being segmented. Here it is assumed that the exposure
time is about 2 h or that at a segmenting rate of 2 Mg/h a 4 Mg machine was scrapped.
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6 STOCHASTIC MODELS

When metal scrap, equipment or tools are cleared from an authorized facility it is impossible to
predict their future fate as no further control is exercised. They may be bought by different scrap
dealers, companies or private persons, processed and used in different ways, the scrap may go to
different steel plants and furnaces. Finally for scrap there is a great variety of products which can be
manufactured. This multitude of possibilities results in a distribution of individual doses in the
population which cannot be predicted deterministically, even if the amount of material to be cleared
and clearance criteria are known. Instead, the dose distribution will strongly fluctuate from one
authorized clearance to the next even when the cleared quantity and criteria are the same for the
different clearances. A stochastic simulation of this process is thus an adequate approach for a

radiological assessment [9, 10, 18].

Deterministic calculations have set values for each parameter in the dose equation. In reality the
parameters vary greatly from situation to situation. For example the contamination level of the item
to be cleared from a nuclear facility varies over several orders of magnitude. The advantage of a
stochastic model is that the parameters are not held constant but instead allowed to vary in such way

that they reflect the actual variations experienced.

The strength of the stochastic model lies in the repeated selection of the parameters used to make
the dose calculations. The most likely parameters are selected the most often while the very unlikely
ones are selected only occasionally. In this way the most conservative scenarios are not excluded, as
is the case when carrying out purely deterministic evaluations, but rather weighted with their
probability of occurrence. Stochastic models give information about the number of persons exposed,
the probability of an exposure above a given dose value and the collective dose, none of which can

be easily obtained in a purely deterministic investigation.

6.1 Stochastic model of inhalation doses incurred during processing of cleared scrap

The following is a brief overview of a stochastic model [10] used to estimate the inhalation doses
from processing scrap. The external exposure and ingestion are not accounted for by the model. For
a~emitting nuclides the radiological risk from inhaling the radionuclides is several orders of magni-
tude higher than either external exposure or ingestion (see chapter 4). The stochastic model assumes
that on the average 5% of the 10,000 Mg/a of scrap is contaminated predominately by a-emitting
radionuclides (“o~-contaminated”) and the other 95% by radionuclides typically found in scrap from
nuclear power plants (B/y-contaminated, dominant radionuclides 69Co and !37Cs). Of course the
stochastic nature of the model allows in any one simulation significantly larger amounts of “o-
contaminated” scrap. The model discussed here terminates the radiological assessment after the
scrap has been sold to a foundry. The doses from production of new products and their use as well
as the use or disposal of the by-products (i.e. slag and dust) are not considered here'(see [9,18]).

The steps which are modeled are shown in the flow diagram in figure 6-1. For each step through

which the scrap passes the stochastic model needs industrial specific data. The selection of this data

and its origin have been discussed in detail elsewhere [9, 10, 18] and therefore only a brief summary
“of the data is presented here without a detailed justification for the:selection.

Radionuclide specific clearance levels have been calculated in chapter 4 (see table 7-4). To perform
the stochastic simulations the representative spectrum for uranium and trans-uranium radionuclides
shown in table 6-1 (compare table 3-3) and the representative B/y-spectrum from Radiation
Protection No. 43 [1] shown in table 6-2 were chosen. The stochastic model uses a single surface
clearance level of 0.4 Bg/cm’® for the “o-contaminated” scrap and 9 Bg/cm?® for the B/y-contaminated
scrap. For actinides and transuranium elements no bulk activity is expected so that the activity limit
is expressed as just a surface limit, that is no additional limitation on the bulk activity is applied. For
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the p/y-contaminated scrap a second mass specific limit on the total activity (surface plus bulk) of
1 Bqg/g is applied. : .

The nuclear facilities of the
European Union clear 10,000 Mg/a
of metal scrap.

v

Select the scrap properties
— quantity in one load (5 - 40 Mg)
— average thickness (0.1 - 5 cm)

/ \4

Select parameters specific to Select parameters specific to

“a-contaminated” scrap y/B-contaminated scrap

— inhalation dose coefficients — inhalation dose coefficient
(1-47 uSv/Bq) (0.003 - 0.15 uSv/Bq)

— contamination level (< 0.4 Bg/cm?) — contamination level (< 9 Bg/cm?)

/

The scrap is delivered to one of 5 scrap yards:

— 5 transport workers per scrap yard
— 10 workers per scrap yard who manually handle the scrap

— 1 shear press operator per scrap yard

v

Depending on the scrap properties select the segmenting
technique and the worker to carry out the segmenting.

Select the working condition during the segmenting operation
(air flow rate 600 - 48,000 m’/h).

4

Calculate the inhalation doses incurred during the
segmenting operation and store the results.

Figure 6-1: Flow diagram of the stochastic model for calculating the distribution of
inhalation doses incurred during scrap processing.

As input the model uses the quantity of scrap, here 10,000 Mg/a, to be cleared and the clearance
levels from table 6-1 and table 6-2. The scrap is not all cleared at once but rather in batches of 5 to
40 Mg. The quantity in each batch is selected randomly with around 20 Mg being the most likely
quantity (approx. one lorry). When all 10,000 Mg have been cleared the simulation is finished. The
parameters which characterize a batch are assigned new values for each batch. The batch is
characterized by the quantity, the average thickness, the average activity level and the radionuclide
spectrum. The spectra shown in table 6-1 and table 6-2 are average spectra which will vary for each
batch of cleared scrap. The model accounts for this by selecting a different inhalation dose
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coefficient for each batch of cleared scrap. The inhalation dose coefficient for radionuclides in the
“q-contaminated” scrap varies from 1 uSv/Bq (approx. *'Pu) to 47 uSv/Bq (*°Pu) with the most
likely values being around 9.5 nSv/Bq which represents the nuclide spectrum from table 6-1. The
inhalation dose coefficient for the B/y-contaminated scrap varies from 0.003 pSv/Bq to 0.15 uSv/Bq

with the most likely being 0.03 pSv/Bq.

Representative nuclide spectrum in “a-contaminated” scrap for stochastic simulation.

Table 6-1:
Radionuclide Fraction of spectrum (g) Clearance level (C) Inhalation dose
(from table 7-4) coefficient (D)
Bg/cm® pSv/Bg
U 0.55 -0.49 85
»yu 0.03 0.55 7.7
¥y 0.10 0.59 - 7.3
%Py 0.03 0.11 43
Bopy / Py 0.01 0.11 47
#py 0.20 5.8 ‘ 0.85
2 Am 0.05 - 0.12 39
#4Cm 0.03 ' 0:20 25
- £ =10" ) £,D=95
Z I (Z __]‘J _ 0.43 Z H i
G
Table 6-2: Representative B/y-emitting nuclide spectrum for stochastic simulation.
Nuclide Fraction of spectrum (gz) Clearance level (Q) Inhalation dose
(from table 7-4) coefficient (D)
Bg/em? pSv/Bg
*Mn 0.02 26 0.0015
*Fe 0.07 3600 0.00077
%Co 0.75 9.1 0.029
®Ni 0.02 6400 0.00044
Gr 0.04 8.5 0.15
B4Cs 0.03 14 0.0068
BCs 0.07 38 0.0048
- > =10 | Al > & D, =0.028
; D 2Ll =92 ;
)"

Once the scrap has been characterized it is transported to one of five possible scrap dealers (each
employs 16 workers) and an inhalation dose calculated for the loading and unloading of the scrap
(see equation 4-1). The model then selects a segmenting technique, which depends on the scrap's
characteristic thickness, and the workers who are to carry out the task. The segmenting is carried out
to 50% by an automated shear press (see equation 4-3) and to 50% by manual methods (see
equation 4-6). The manual methods have been described in a broad general way so as to include as
many specific tools as possible in an enveloping manner. For example the thermal techniques

include both flame torches as well as plasma torches.
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The dose calculation requires information about the working conditions, which is expressed by the
air renewal rate. If the work is carried out in open air then the air flow will be large, on the other
hand if the segmenting is carried out in an enclosure, like inside a large piece of equipment being
dismantled, then the air flow will be very low. These extremes are accounted for by the stochastic
model. The air volume is assumed to be about 3 times larger for the automated shear press than the
manual techniques to account for the fact that shear presses are very large. The air exchange rate for
thermal segmenting is assumed to be, on the average, 2.5 times greater than for the other techniques
to account for the conventional regulations limiting the aerosol concentration at the work place.
Such regulations are necessary since thermal segmenting produces large quantities of breathable
aerosols making working places without adequate ventilation hazardous.

Once the model has selected the scrap characteristics and segmenting technique for a batch of
cleared scrap it is segmented by a worker who receives an inhalation dose which depends on the
parameter values selected. Not only the worker segmenting the scrap but also any worker in the
vicinity will inhale the re-suspended activity. Therefore the model selects, at random, a number of
workers in the vicinity who also receive inhalation doses. These doses are lower than the dose to the
person carrying out the task since the concentration of the air born activity is not homogeneous. If a
second load of scrap is delivered to the same scrap yard it can be processed by the same worker.
The stochastic nature of the model allows a single worker to process all the scrap, although this is

extremely unlikely.
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Figure 6-2: The mean dose histogram (dark bars) due to inhaling re-suspended activity

during segmenting operations calculated from 1000 simulations of the
stochastic model. The light colored bars show the frequency histogram for the
maximum dose from a single simulation.

The doses received by each of the 16 workers per scrap yard is stored for one simulation (i.e.
processing 10,000 Mg of scrap). This represents one possible realization of the many possible
inhalation dose distributions. By averaging the resulting dese histograms from many simulations,
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the mean dose histogram is produced. In figure 6-2 the mean inhalation dose histogram from 1000
simulations of the stochastic model is plotted (dark bars).

In addition to the dose histogram the maximum dose from each of the 1000 simulations was saved
and is also plotted in figure 6-2 (light bars) as a normalized histogram. The maximum dose
frequency shows how often it can be expected that the maximum inhalation dose received by one of
the scrap yard workers will fall in a particular dose category. The results of the simulations show
that on the average the maximum dose will lie between 16 and 25 puSv/a, which is "of the order of
10 uSv... in a year" as required for clearance by Article 5 in conjunction with Annex 1 of the
Basic Safety Standards [3]. Of course the majority of the workers will receive inhalation doses well
below 10 puSv/a (see the dose histogram, dark bars in figure 6-2) and the maximum dose will in
general be received by only one worker. A maximum dose in excess of 100 pSv/a is possible but
unlikely. If each simulation is considered to represent 1 year. of the practice, then once in about
every 50 years a dose in excess of 100 pSv/a can be expected, if the clearance levels which have
been derived here (see table 7-4) are implemented.

The stochastic model automatically calculates the collective dose, which is the sum of all the doses
registered during the simulation. For this simulation the mean collective dose (the average
collective doses from the 1000 simulations) from inhaling re-suspended activity during the
processing of 10,000 Mg/a of scrap is 3.5-10* manSv/a. The total collective dose for processing
scrap must also include the doses from the other pathways. The only other significant pathway
besides inhalation is the external y-exposure and then only for the nuclide spectra shown in table 6-2
(see chapter 4). The collective dose due to external y-exposure can be conservatively estimated
using the external exposure during manual processing scenario (see section 4.3.3) and the equation,

D.=C-f,n-Y H ¢ (eq. 6-1)

where
D, =3.8-10" manSv/a, the collective dose due to external y-exposure,
C =9 Bg/cm?, the clearance level,
Js = 0.95 percent of scrap which is B/y-contaminated,
n =30 workers (4000 Mg — 5 torch, 2 saw, 2 grinder, 1 shear press and 2 transport,
see figure 4-1: 12 workers/4000 Mg = 30 workers/10,000 Mg),
H; (uSv/a)/(Bg/cm?) external y-dose from the scrap for the i nuclide (table 7-4) and

&; is the fraction of the total activity carried by the i nuclide (table 6-2).

~ Summing the collective dose from inhalation, as calculated using the stochastic model, and the
conservative estimate for the external exposure (equation 6-1) the total collective dose for
processing 10,000 Mg/a scrap is, ‘
D= 3.5-10" manSv/a (inhalation) + 3.8-10* manSv/a (external y) = 7.3-10* manSv/a.

This collective dose calculation is made for the first year after clearance. It does not include the
doses received after the scrap leaves the scrap yard. For external y-exposure the doses received due
to the use of products made from the recycled metal are expected to be significantly higher than the

doses received at the scrap yard [18] (see methodology document [4]).

6.2 Stochastic model of the exposures to y-rays while using cleared items

In [7] a stochastic model is described which estimates the dose distribution in the population due to
using cleared equipment and tools from nuclear sites. The model is designed to estimate the external
y-exposure from items which after clearance are used in a virtually unmodified form. The model
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does not include ingestion, inhalation or B-skin doses, which are insignificant compared to external
y-exposure for nuclide spectra dominated by “°Co and "*’Cs with minimal a-activity (see chapter 5).
Such nuclide spectra are typical for the contamination on equipment and tools from nuclear power
plants, from where the majority of cleared items are expected to come.

‘The nuclear facilities of the
European Union clear
1000 Mg/a of reusable equipment and tools.

/
Select the properties of the equipment and tools:
— size

— thickness

— surface area

y
Select the contamination properties:

— level < 1 Bg/cm? averaged over 0.1 m?

— nuclide spectrum dominated by ®®Co and *’Cs

/

Private use: : Occupational use:

— number of persons (1 - 4) ~ number of persons (1 - 24)

— exposure distance (0.3 - 5 m) — exposure distance (0.3 - 8 m)
— exposure time (100 - 3000 h/a) — exposure time (10 - 3000 h/a)

\

Calculate of the external y-doses
to the users of the equipment and tools
and store the results

Figure 6-3: Flow diagram of the stochastic model used to calculate the external y-dose
distribution to persons using cleared equipment and tools.

Figure 6-3 shows the flow diagram of the stochastic model used to evaluate the radiological impact
from reusing equipment and tools. As input the model is given the amount of material to be cleared
and the clearance criteria. The model assumes that 1000 Mg/a of tools and equipment are cleared
from the European Union's nuclear facilities for reuse. The model selects a use for each cleared item
and calculates the exposure to the persons near this item. When all the items have been cleared and
the doses they cause calculated, the simulation is complete. The majority of the cleared items will
be small, like hammers, wrenches, etc. A significantly smaller number of cleared items will be large
equipment like forklifts, electric motors, metal plates or cranes, from which the largest doses can be
expected since they represent the largest source terms. The model assumes that only 0.5% of the
items (15% by weight) are larger than 200 kg. The rest is categorized as small items. Using the item
size, the effective density (2.6 g/cm®) and the thickness, the surface area of the cleared item is
calculated. The thickness of the item depends on its size, which ensures that 1 ton items with a
thickness of 1 mm are not considered by the model. The stochastic model assumes that a clearance
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level of 1 Bg/cm® measured at the surface of the item averaged over not more than 0.1 m? is applied.
In the model, as in reality the contamination on the cleared items varies over a couple of orders of
magnitude, so that only occasionally is a piece cleared which is contaminated at the clearance level.
The nuclide spectrum is based on that presented in table 6-2, but the surface clearance level
(1 Bg/cm?) is calculated using the radionuclide specific clearance levels, Cj, from table 7-5. No
mass specific clearance level is applied but it is assumed that activity entering the detector from the

bulk of the material is counted as surface activity.
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Figure 6-4: The mean dose histogram (dark bars) for external y-exposures from using

cleared equipment or tools calculated from 200 simulations of the stochastic
model. The light colored bars show the frequency histogram for the maximum

dose from a single simulation.

The majority of the equipment and tools cleared from nuclear facilities will be reused in other
industrial settings. The model assumes that 90% is used in an industrial setting and that 10% finds
its way into private ownership, e.g. hobby workshop. Within an industrial setting 1 to 6 persons (on
the average 2) are assumed to work directly with the item. This group of persons are exposed for
long periods of time (1000 - 3000 h/a) at small distances (0.3 - 3 m). The distance depends on the
size of the object, for example a hammer is carried around with the person so that the effective
distance is smaller than a large piece of equipment like a drill press. In the industrial setting a
second group of persons (2 - 24 workers) is exposed for shorter periods (10 - 1000 h/a) at larger
effective distances (1.5 - 8 m). This represents the workers in the vicinity of the tools or equipment.
In the private use scenarios between 1 and 4 persons are exposed for typically around 100 h/a but
3000 h/a is allowed by the model. The effective distance from the item is the same as the group of
industrial workers who works directly with the item. The external y-dose is calculated using the
equation in the appendix. Each item is represented as a circular surface and the exposure is
calculated at the selected effective distance perpendicular to the face of the disc using an anterior to

posterior conversion for flux to dose (see ICRP 51 [13]).
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The mean dose histogram from 200 simulations of the stochastic model is shown in figure 6-4 (dark
bars). As in section 6.1 the frequency histogram for the maximum dose is also calculated and is
shown in the figure by the lightly shaded bars. The results of the stochastic model show that on the
average nobody will receive a dose in excess of about 12 puSv/a. Doses in excess of 100 pSv/a will
not occur according to the stochastic model. From the results of the stochastic model it can be
concluded that applying the derived clearance levels in table 7-5 will guaranty that the 10 uSv/a
dose criterion in Annex 1 of the Basic Safety Standards [3] will not be exceeded.

An average collective dose of 3.6-10" manSv/a in the first year after clearance due to the external y-
exposure from using cleared equipment and tools was calculated by summing all the doses from a
single simulation and averaging these sums over all the 200 simulations. This collective dose is
about 3 orders of magnitude higher than the collective dose for processing scrap (see section 6.1),
which is a reflection of the fact that a significantly larger number of persons is affected. The doses
calculated by the stochastic model do not include the exposure pathways; ingestion, inhalation and
skin contamination. Nevertheless the collective dose from:wusing cleared equipment and tools
calculated by the stochastic model can be considered representative, since significantly more
reusable equipment and tools can be expected to come from nuclear power plants than from nuclear
fuel cycle facilities and therefore most of the cleared items will be contaminated by “Co and "Cs.
The contribution due to inhalation of re-suspended activity during the reuse of cleared equipment
should be less than from scrapping the equipment, which is estimated to be about 3.5-10* manSv/a
in section 6.1. This comparison shows that the collective dose from the inhalation pathway is not
expected to be of the same order of magnitude as the external y-dose and therefore a calculation
similar to that done with equation 6-1 will not be carried out here.

7 DISCUSSION

Table 4-4, table 4-5 and table 5-1 are expanded to include all the radionuclides from the Basic
Safety Standards with a half-life longer than 60 days, with the exception of the noble gases, and the
results presented in table 7-1, table 7-2 and table 7-3 respectively. The maximum dose, the scenario
causing this dose and the derived clearance levels are presented in table 7-4 for scrap processing and
table 7-5 for reuse. The clearance levels are rounded using the procedure discussed in "Radiation
Protection No. 65" [8] and both the unrounded and rounded clearance levels presented in the tables.
For most of the radionuclides the clearance levels are determined by external exposure or inhalation.
For a few radionuclides the reuse scenarios for ingestion or B-skin are the limiting scenarios.

The scenarios considered here assume that the surface activity is the total activity (fixed plus
removable) and include all activity in the surface layers which is potentially releasable, for example
activity under rust, corrosion or paint. The scenarios do not consider any of the material to contain
bulk activity. For scrap metal and reusable items bulk a-activity is not expected, on the other hand
metal from reactors is often activated. Typically the radiologicaily significant activation products in
metal are high energy y-emitters which can be measured from the surface of the material. Using the
clearance levels from table 7-5 for surface activity, defined as the total y-flux from the item entering
the measurement device, will automatically restrict the bulk activity to a level which is in agreement
with the 10 pSv/a concept. Radionuclides contained in the bulk of the material which emit only §-,
o-particles and low-energy y-rays lead to doses only if they are released from the metal for example

during melting (see the methodology document [4]).

For radionuclides important in power generation, where the majority of the cleared material is
expected, two general spectra have been identified. From nuclear power plants the contamination
spectrum is typically characterized by high-energy y-emiiters with nearly no o-activity. For the
nuclear fuel cycle the expected spectra contain a significant amount of a-activity. A stochastic
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model was used to calculate the inhalation doses caused by processing scrap cleared from these two
sources. For spectra containing significant a-activity, inhalation scenarios are the most critical. A
second stochastic model was used to estimate the external y-doses for the reuse of items cleared
from nuclear reactors. The stochastic models show that using the clearance levels calculated from
the deterministic scenarios lead to acceptable doses. Both models showed that doses greater than

10 pSv/a will be infrequent but can nevertheless occur.

Table 7-1: Radionuclide specific doses from 1 Bg/cm?2 for automated scrap processing.
Transport Automated segmenting
Radionuclide Inhalation External Inhalation
(nSv/a)/ (Bg/cm?) (uSv/a)/ (Bq/cm?) (uSv/a)/ (Bg/em?)
H3 1.1E-5 0.0E+0 3.2E-5
Cl4 3.5E-4 0.0E+0 1.0E-3
Na 22 1.2E-3 3.8E-1 3.6E-3
S35 6.7E-4 0.0E+0 2.0E-3
Cl136 3.1E-3 0.0E+0 9.2E-3
K 40 1.8E-3 2.6E-2 5.4E-3
Ca 45 1.4E-3 0.0E+0 4,1E-3
Sc 46 2.9E-3 3.5E-1 8.6E-3
Mn 53 2.2E-5 ) 0.0E+0 6.5E-5
Mn 54 7.3E-4 1.5E-1 2.2E-3
Fe 55 5.6E-4 0.0E+0 1.7E-3
Co 56 3.0E-3 5.9E-1 8.8E-3
Co 57 3.7E-4 1.9E-2 1.1E-3
Co 58 1.0E-3 1.7E-1 3.1E-3
Co 60 1.0E-2 4.2E-1 3.1E-2
Ni 59 1.3E-4 0.0E+0 4.0E-4
Ni 63 3.2E-4 0.0E+0 9.4E-4
Zn 65 1.7E-3 1.0E-1 5.0E-3
As 73 4.0E-4 1.1E-3 1.2E-3
Se 75 1.0E-3 6.6E-2 3.1E-3
Sr 85 3.9E-4 9.3E-2 1.2E-3
Sr 90 4.8E-2 0.0E+0 1.4E-1
Y 91 3.7E-3 6.1E-4 . 1.IE-2
Zr 93 1.8E-2 1.7E-5 5.2E-2
Zr 95 3.8E-3 42E-1 1.1E-2
Nb 93m 5.2E-4 3.7E-4 1.5E-3
Nb 94 1.5E-2 2.8E-1 ~ 4.5E-2
Mo 93 8.5E-4 2.1E-3 2.5E-3
Tc 97 9.7E-5 2.4E-3 2.9E-4
Tc 97m 1.6E-3 2.0E-3 4.9E-3
Tc 99 1.9E-3 0.0E+0 5.8E-3
Ru 106 2.1E-2 3.7E-2 6.3E-2
Ag 108m 1.2E-2 2.9E-1 3.4E-2
Ag 110m 4.4E-3 4.8E-1 1.3E-2
Cd 109 5.8E-3 5.3E-3 1.7E-2
Sn 113 1.2E-3 5.1E-2 3.4E-3
Sb 124 2.9E-3 3.1E-1 8.5E-3
Sb 125 24E-3 8.0E-2 7.2E-3
Te 123m 2.1E-3 25E-2 6.1E-3
Te 127m 3.9E-3 3.3E-3 1.2E-2
1125 44E-3 9.1E-3 -~ 1.3E-2
1129 ~ 31E-2 5.4B-3 9.2E-2
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Table 7-1: Radionuclide specific doses from 1 Bg/cm? for automated scrap processing.
Transport Automated segmenting
Radionuclide Inhalation External Inhalation
(uSv/a)/ (Bg/em?) (uSv/a)/ (Bgq/cm?) (uSv/a)/ (Bq/em?)
Cs 134 5.8E-3 2.8E-1 . 1.7E-2
Cs 135 6.0E-4 0.0E+0 1.8E-3
Cs 137 4.1E-3 . 1.0E-1 1.2E-2
Ce 139 8.5E-4 2.7E-2 2.5E-3
Ce 144 1.8E-2 8.4E-3 5.2E-2
Pm 147 2.1E-3 0.0E+0 6.3E-3
Sm 151 1.6E-3 1.3E-6 4.7E-3
Eu 152 1.6E-2 2.0E-1 4.9E-2
Eu 154 2.1E-2 2.2E-1 6.3E-2
Eu 155 2.9E-3 9.9E-3 8.5E-3
Gd 153 1.5E-3 1.9E-2 4.5E-3
Tb 160 3.3E-3 1.9E-1 9.7E-3
Tm 170 3.2E-3 8.6E-4 9.4E-3
Tm 171 5.5E-4 1.1E4 1.6E-3
Ta 182 4.5E-3 2.2E-1 1.3E-2
W 181 2.6E-5 6.6E-3 7.7E-5
W 185 1.3E-4 4.1E-6 4.0E-4
Os 185 8.5E-4 1.3E-1 2.5E-3
Ir192 3.0E-3 1.4E-1 8.8E-3
T1204 3.8E-4 1.7E-4 1.1E-3
Pb210 7.3E-1 5.5E-4 2.2E+0
Bi207 1.9E-3 2.7E-1 5.8E-3
Po210 1.3E+0 0.0E+0 4.0E+0
Ra 226 1.3E+0 3.0E-1 4. 0E+0
Ra228 1.0E+0 24E-1 3.1E+0
Th 228 2.1E+1 2.5E-1 6.1E+1
Th 229 4 9E+1 5.7E-2 1.4E+2
Th 230 1.7E+1 3.0E4 5.0E+1
Th 232 1.8E+1 2.3E-2 5.2E+1
Pa 231 5.4E+1 8.1E-3 1.6E+2
U 232 1.6E+1 74E-2 4.7E+1
U233 4.2E+0 1.0E-4 1.2E+1
U234 4.1E+0 1.9E-4 1.2E+1
U235 3.7E+0 2.8E-2 1.1E+1
U 236 3.8E+0 1.7E-4 1.1E+1
U 238 3.5E+0 4.1E-3 1.0E+1
Np 237 9.1E+0 4.2E-2 - 2.7E+1
Pu 236 7.9E+0 6.9E-4 2.3E+1
Pu 238 1.8E+1 2.2E-4 SAE+]
Pu 239 1.9E+1 9.1E-5 5.8E+1
Pu 240 1.9E+1 2.1E4 5.8E+1
Pu 241 3.5E-1 7.6E-6 1.0E+0
Pu 242 1.9E+1 1.8E-4 5.6E+1
Pu 244 1.8E+1 6.0E-2 SA4E+1
Am 241 1.6E+1 4.6E-3 4.9E+1
Am 242m 1.5E+1 4.2E-3 4.3E+1
Am 243 1.6E+1 3.8E-2 4.9E+1
Cm 242 2.3E+0 2.6E-4 6.7E+0
Cm 243 1.2E+1 2.2E-2 3.6E+1
Cm 244 1.0E+1 2.3E-4 3.1E+1
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Radionuclide specific doses from 1 Bq/cm? for automated scrap processing.

Table 7-1:
Transport Automated segmenting
Radionuclide Inhalation External Inhalation
(uSv/a)/ (Bg/em?) (uSv/a)/ (Bqg/cm?) (uSv/a)/ (Bg/cm?)
Cm 245 1.6E+1 1.2E-2 4.9E+1
Cm 246 1.6E+1 2.1E-4 4.9E+1
Cm 247 1.5E+1 6.0E-2 4.5E+1
Cm 248 5.8E+1 1.6E-4 1.7E+2
Bk 249 6.1E-2 1.8E-4 1.8E-1
Cf248 3.7E+0 2.1E4 1.1IE+1
Cf249 2.7E+1 5.9E-2 8.1E+1
Cf250 1.3E+1 1.9E-4 4.0E+1
Cf251 2.8E+1 2.0E-2 8.3E+1
Cf252 7.9E+0 1.8E-4 2.3E+1
Cf254 1.3E+1 0.0E+0 4.0E+1
Es 254 3.7E+0 1.6E-1 1.1E+1
Table 7-2: Radionuclide specific doses from 1 Bg/cm? for manual scrap processing.
Ingestion B-Skin External Inhalation Doses
Radionuclides Dose Dose Exposure Thermal Saw Grinder
pSv/a uSv/a .~ uSv/a uSv/a uSv/a pSv/a
H3 4.5E-5 0.0E+0 0.0E+0 2.7E-4 3.3E-6 3.4E-5
Cl14 1.5E-3 6.6E-4 0.0E+0 8.7E-3 1.1E-4 1.1E-3
Na 22 8.0E-3 3.9E-3 9.8E-1 3.0E-2 3.7E-4 3.8E-3
S35 1.9E-3 7.1E-4 0.0E+0 1.6E-2 2.0E-4 2.1E-3
Cl36 2.3E-3 3.9E-3 0.0E+0 7.6E-2 9.4E-4 9.6E-3
K40 1.6E-2 4.1E-3 6.4E-2 4.5E-2 5.5E-4 5.7E-3
Ca4s 1.9E-3 1.8E-3 0.0E+0 3.4E-2 42E-4 4.3E-3
Sc 46 3.8E-3 2.7E-3 8.9E-1 7:28-2 8.8E-4 9.1E-3
Mn 53 7.5E-5 0.0E+0 0.0E+0 1.1E-4 6.6E-6 6.8E-5
Mn 54 1.8E-3 0.0E+0 3.8E-1 3.6E-3 22E-4 2.3E-3
Fe 55 8.3E-4 0.0E+0 0.0E+0 2.7E-3 1.7E-4 1.7E-3
Co 56 6.3E-3 2.3E-3 1.5E+0 1.5E-2 9.0E-4 9.3E-3
Co 57 5.3E-4 1.6E-4 5.3E-2 1.8E-3 1.1E-4 1.1E-3
Co 58 1.9E-3 6.4E-4 4.5E-1 5.1E-3 3.1E-4 3.2E-3
Co 60 8.5E-3 2.3E-3 1.1E+0 5.1E-2 3.1E-3 3.2E-2
Ni 59 1.6E-4 0.0E+0 0.0E+0 6.6E-4 4.0E-5 4.2E-4
Ni 63 3.8E-4 0.0E+0 0.0E+0 1.6E-3 9.5E-5 9.8E-4
Zn 65 9.8E-3 5.3E-5 2.5E-1 4.2E-2 5.1E-4 5.3E-3
As 73 6.5E-4 1.1E-3 3.4E-3 1.9E-3 1.2E-4 1.2E-3
Se 75 6.5E-3 1.9E-4 1.8E-1 2.5E-2 3.1E-4 3.2E-3
Sr 85 1.4E-3 3.0E-5 2.5E-1 . 9.6E-3 1.2E-4 1.2E-3
Sr 90 7.8E-2 3.7E-3 0.0E+0 1.2E+0 1.5E-2 1.5E-1
Y 91 6.0E-3 4.6E-3 1.6E-3 9.1E-2 1.1E-3 . 1.2E-2
Zr 93 7.0E-4 0.0E+0 6.1E-5 8.7E-2 5.3E-3 5.5E-2
Zr 95 4.5E-3 2.7E-3 1.1IE+0 1.9E-2 1.1E-3 1.2E-2
Nb 93m 3.0E-4 0.0E+0 1.3E-3 2.6E-3 1.6E-4 1.6E-3
Nb 94 4.3E-3 3.2E-3 7.2E-1 7.5E-2 4.6E-3 4.7E-2
Mo 93 6.5E-3 0.0E+0 7.5E-3 2.1E-2 2.6E-4 - 2.6E-3
Tc 97 2.1E-4 1.0E-4 8.6E-3 4.8E-4 2.9E-5 3.0E-4
Tc 97m 1.7E-3 1.6E-4 7.0E-3 8.1E-3 5.0E-4 5.1E-3
Tc 99 2.0E-3 2.0E-3 0.0E+0 9.6E-3 5.9E-4 6.0E-3
Ru 106 1.8E-2 0.0E-+0 9.6E-2 5.2E-1 6.4E-3 6.6E-2
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Table 7-2: Radionuclide specific doses from 1 Bg/cm? for manual scrap processing.
Ingestion B-Skin External Inhalation Doses
Radionuclides Dose Dose Exposure Thermal Saw Grinder
uSv/a pSv/a puSv/a pSv/a pSv/a pSv/a
Ag 108m 5.8E-3 5.7E-5 7.6E-1 2.8E-1 3.5E-3 3.6E-2
Ag 110m 7.0E-3 1.1E-3 1.2E+0 1.1E-1 1.3E-3 1.4E-2
Cd 109 5.0E-3 0.0E+0 1.8E-2 1.4E-1 1.8E-3 1.8E-2
Sn 113 1.9E-3 0.0E+0 1.4E-1 2.8E-2 3.5E-4 3.6E-3
Sb 124 6.3E-3 3.7E-3 8.0E-1 1.4E-2 8.6E-4 8.9E-3
Sb 125 3.3E-3 1.7E-3 2.1E-1 1.2E-2 7.3E-4 7.6E-3
- Te 123m 3.5E-3 1.8E-3 7.0E-2 5.1E-2 6.2E-4 6.4E-3
Te 127m 6.3E-3 1.1E-3 1.0E-2 9.6E-2 1.2E-3 1.2E-2
1125 3.8E-2 0.0E+0 3.0E-2 1.1E-1 1.3E-3 1.4E-2
1129 2.8E-1 4.3E-4 1.8E-2 7.6E-1 . 94E-3 9.6E-2
Cs 134 4.8E-2 2.7E-3 7.2E-1 1.4E-1 1.8E-3 1.8E-2
Cs 135 5.0E-3 1.0E-3 0.0E+0 1.5E-2 1.8E-4 1.9E-3
Cs 137 3.3E-2 3.2E-3 2.6E-1 . 1.OE-1 1.2E-3 1.3E-2
Ce 139 6.5E-4 5.9E-4 7.8E-2 2.1E-2 2.6E-4 2.6E-3
Ce 144 1.3E-2 2.0E-3 22E-2 4.3E-1 5.3E-3 5.5E-2
Pm 147 6.5E-4 1.2E-3 0.0E+0 1.0E-2 6.4E-4 6.6E-3
Sm 151 . 2.5E-4 1.2E-6 4.6E-6 7.8E-3 4.8E-4 4,9E-3
Eu 152 3.5E-3 1.8E-3 5.1E-1 8.1E-2 5.0E-3 5.1E-2
Eu 154 5.0E-3 4.1E-3 5.5E-1 1.0E-1 6.4E-3 6.6E-2
Eu 155 8.0E-4 6.6E-4 2.8E-2 1.4E-2 8.6E-4 8.9E-3
Gd 153 6.8E-4 2.5E-4 5.8E-2 SE-3 4.6E-4 4,7E-3
Tb 160 4.0E-3 4.1E-3 4.8E-1 1.6E-2 9.9E-4 1.0E-2
Tm 170 3.3E-3 3.9E-3 2.5E-3 1.6E-2 9.5E-4 9.8E-3
Tm 171 2.8E-4 4.1E-4 3.4E-4 2.7E-3 1.7E-4 1.7E-3
Ta 182 3.8E-3 3.9E-3 5.6E-1 22E-2 1.4E-3 1.4E-2
W 181 1.9E-4 2.0E-4 2.0E-2 6.4E-4 7.9E-6 8.1E-5
W 185 1.1E-3 2.0E-3 1.2E-5 3.3E-3 4.0E-5 42E-4
Os 185 1.3E-3 7.3E-5 3.3E-1 2.1E-2 2.6E-4 2.6E-3
Ir192 3.5E-3 3.9E-3 3.8E-1 1.5E-2 9.0E-4 9.3E-3
T1204 3.3E-3 3.9E-3 4.9E-4 9.3E-3 1.1E-4 1.2E-3
Pb210 1.7E+0 0.0E+0 1.8E-3 1.8E+1 2.2E-1 2.3E+0
Bi 207 3.3E-3 2.0E-3 6.9E-1 9.6E-3 5.9E-4 6.0E-3
Po 210 6.0E-1 0.0E+0 0.0E+0 3.3E+1 4.0E-1 42E+0
Ra 226 7.0E-1 9.6E-5 7.6E-1 3.3E+1 4.0E-1 42E+0
Ra 228 1.7E+0 0.0E+0 6.1E-1 250+ 3.1E-1 3.2E+0
Th 228 3.5E-1 9.1E-5 6.3E-1 1.0E+2 6.2E+0 6.4E+1
Th 229 1.5E+0 1.1E-3 1.6E-1 24E+2 1.5E+1 1.5E+2
Th 230 5.3E-1 0.0E+0 8.8E-4 8.4E+1 5.1E+0 5.3E+1
Th 232 5.5E-1 4.1E-6 5.8E-2 8.7E+1 5.3E+0 S5.5E+1
Pa 231 1.8E+0 1.5E-4 2.3E-2 2.7E+2 1.6E+1 1.7E+2
U232 8.3E-1 6.8E-6 1.9E-1 7.8E+1 4.8E+0 4.9E+1
U233 1.3E-1 1.6E-6 3.2E-4 CZAE+] 1.3E+0 1.3E+1
U234 1.2E-1 4.8E-6 6.5E-4 2.0E+1 1.2E+0 1.3E+1
U 235 1.2E-1 2.5E-4 8.0E-2 1.8E+1 1L.1IE+0 1.2E+1
U236 1.2E-1 4.3E-6 6.0E-4 1.9E+1 1.2E+0 1.2E+1
U238 1.2E-1 3.7E-6 1.1E-2 1.7B+1 1.0E+0 1.1E+1
Np 237 2.8E-1 1.6E-4 1.2E-1 4,5E+1 2.8E+0 2.8E+1
Pu 236 2.2E-1 0.0E+0 2.0E-3 3.9E+1 2.4E+0 2.5E+1
Pu 238 5.8E-1 0.0E+0 7.8E-4 9.0E+1 5.5E+0 5.7E+1
Pu 239 6.3E-1 0.0E+0 3.2E-4 9.6E+1 5.9E+0 6.0E+1




-39.

Table 7-2: Radionuclide specific doses from 1 Bg/cm?2 for manual scrap processing.
Ingestion B-Skin External Inhalation Doses
Radionuclides Dose Dose Exposure Thermal Saw Grinder
nSv/a pSv/a uSv/a pSv/a uSv/a uSv/a
Pu 240 6.3E-1 0.0E+0 7.4E-4 9.6E+1 5.9E+0 6.0E+1
Pu24] 1.2E-2 0.0E+0 24E-5 1.7E+6 1.1E-1 1.1E+0
Pu 242 6.0E-1 0.0E+0 6.2E-4 9.3E+1 5.7E+0 5.9E+1
Pu 244 6.0E-1 0.0E+0 1.6E-1 9.0E+1 5.5E+0 5.7E+1
Am 241 5.0E-1 5.0E-6 1.4E-2 8.1E+1 5.0E+0 5.1E+1
Am 242m 4.8E-1 0.0E+0 1.3E-2 7.2E+1 44E+0 4.5E+1
Am 243 5.0E-1 9.4E-6 1.1E-1 8.1E+1 5.0E+0 5.1E+1
Cm 242 3.0E-2 0.0E+0 9.3E-4 1.1IE+1 6.8E-1 7.0E+0
-Cm 243 3.8E-1 2.5E-3 6.1E-2 6.0E+1 3.7E+0 3.8E+1
Cm 244 3.0E-1 0.0E+0 8.2E-4 5.1E+1 3.1E+0 3.2E+1
Cm 245 5.3E-1 1.3E-4 3.5E-2 8.1E+1 5.0E+0 5.1E+1
Cm 246 5.3E-1 0.0E+0 7.3E-4 8.1E+1 S.0E+0 5.1E+1
Cm 247  4.8E-1 2.5E-4 1.6E-1 7.5E+1 4.6E+0 4.7E+1
Cm 248 1.9E+0 0.0E+0 5.8E-4 2.8E+2 1.7E+1 1.8E+2
Bk 249 2.4E-3 1.9E-4 4.7E-4 3.0E-1 1.8E-2 1.9E-1
Cf248 7.0E-2 1.0E-4 7.3E-4 1.8E+1 - 1.1E+0 1.2E+1
Cf249 8.8E-1 4.3E-4 - 1.6E-1 1.3E+2 8.3E+0 8.5E+1
Cf250 4.0E-1 1.1E-6 6.8E-4 6.6E+1 4.0E+0 42E+1
Cf251 9.0E-1 3.7E-3 5.5E-2 1.4E+2 8.4E+0 8.7E+1
Cf252 2.3E-1 1.1E-6 6.4E-4 3.9E+1 2.4E+0 2.5E+1
Cf254 1.0E+0 9.1E-2 0.0E+0 6.6E+1 4.0E+0 4.2E+1
Es 254 7.0E-2 14E-3 4.1E-1 1.8E+1 1.1IE+0 1.1E+1
* Table 7-3: Radionuclide specific doses from 1 Bg/em? for the reuse of items.
Ingestion B-Skin External Inhalation Dose
Radionuclide Dose Dose Exposure Normal use Sanding Scrapping
pSv/a pSv/a puSv/a uSv/a uSv/a pSv/a
H3 3.9E-4 0.0E+0 0.0E+0 1.9E-5 2.2E-5 4.7E-6
Cl4 1.3E-2 6.0E-3 0.0E+0 6.3E-4 7.0E-4 1.5E-4
Na 22 6.3E-2 3.1E-2 8.8E+0 1.98-3 2.4E-3 5.2E-4
S35 5.7E-3 2.1E-3 0.0E+0 3.9E-4 1.3E-3 2.9E-4
Cl36 2.1E-2 3.5E-2 0.0E+0 5.5E-3 6.1E-3 1.3E-3
K 40 14E-1 3.7E-2 6.8E-1 3.2E-3 3.6E-3 7.8E-4
Cads 8.7E-3 8.1E-3 0.0E+0 1.3E-3 2.8E-3 6.0E-4
Sc 46 1.1E-2 7.8E-3 2.9E+0 1.6E-3 5.8E-3 1.2E-3
Mn 53 6.7E-4 0.0E+0 0.0E+0 3.9E-5 4.3E-5 1.9E-6
Mn 54 1.1E-2 0.0E+0 2.7E+0 8.9E-4 14E-3 6.2E-5
Fe 55 6.5E-3 0.0E+0 0.0E+0° 8.8E-4 1.1E-3 4.8E-5
Co 56 1.7E-2 6.2E-3 4.7E+0 1.6E-3 5.9E-3 2.5E-4
Co 57 3.1E-3 9.2E-4 3.3E-1 4.2E-4 7.2E-4 3.1E-5
Co 58 44E-3 1.5E-3 1.2E+0 4.9E-4 2.0E-3 8.8E-5
Co 60 7.2E-2 1.9E-2 1.0E+1 1.7E-2 2.0E-2 8.8E-4
Ni 59 1.4E-3 0.0E+0 0.0E+0 2.4E-4 2.6E-4 1.1E-5
Ni 63 3.4E-3 0.0E+0 0.0E+0 5.6B-4 6.2E-4 2.7E-5
Zn 65 5.5E-2 2.9E-4 1.6E+0 1.9E-3 3.4E-3 7.3E-4
As73 1.8E-3 3.1E-3 8.9E-3 2.1E-4 7.8E-4 3.4E-5
Se 75 24E-2 7.2E-4 7.2E-1 7.7E-4 2.0E-3 44E-4
Sr 85 3.2E-3 6.8E-5 6.2E-1 1.8E-4 7.7E-4 1.7E-4
Sr 90 6.9E-1 3.2E-2 0.0E+0 8.4E-2 9.5E-2 2.1E-2
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Table 7-3: Radionuclide specific doses from 1 Bg/cm2 for the reuse of items.
Ingestion B-Skin External Inhalation Dose

' Radionuclide Dose Dose Exposure Normal use Sanding Serapping
pSv/a nSv/a pSv/a pSv/a uSv/a pSv/a
Y 91 1.2E-2 9.4E-3 3.7E-3 1.5E-3 7.3E-3 1.6E-3
Zr 93 6.3E-3 0.0E+0 6.9E-4 3.1E-2 3.5E-2 1.5E-3
Zr 95 9.8E-3 5.9E-3 2.8E+0 1.6E-3 7.4E-3 3.2E-4
Nb 93m 2.6E-3 0.0E+0 9.8E-3 9.1E-4 1.0E-3 4.5E-5
Nb 94 3.8E-2 2.9E-2 7.4E+0 2.7E-2 3.0E-2 1.3E-3
Mo 93 5.8E-2 0.0E+0 5.7E-2 1.5E-3 1.7E-3 3.6E-4
Tc 97 1.9E-3 9.0E-4 6.5E-2 1.7E-4 1.9E-4 8.3E-6
Tc 97m 4.9E-3 4.6E-4 1.8E-2 9.5E-4 3.2E-3 14E-4
Tc 99 1.8E-2 1.8E-2 0.0E+0 3.5E-3 3.8E-3 1.7E-4
Ru 106 1.1E-1 0.0E+0 7.1E-1 2.7E-2 42E-2 9.1E-3
Ag 108m 5.2E-2 5.1E-4 7.7E+0 2.0E-2 2.3E-2 4.9E-3
Ag 110m 4.0E-2 6.1E-3 8.0E+0 5.0E-3 8.8E-3 1.9E-3

Cd 109 3.5E-2 0.0E+0 1.1E-1 8.0E-3 1.2E-2 2.5E-3.
Sn 113 6.8E-3 0.0E+0 5.5E-1 8.2E-4 2.3E-3 4.9E-4
Sb 124 1.4E-2 7.9E-3 1.9E+0 1.2E-3 5.6E-3 2.4E-4
Sb 125 2.6E-2 1.3E-2 1.9E+0 3.8E-3 4.8E-3 2.1E-4
Te 123m 1.3E-2 6.7E-3 2.7E-1 1.5E-3 4.1E-3 8.8E-4
Te 127m 2.2E-2 3.8E-3 3.4E-2 2.78-3 7.7E-3 1.7E-3
1125 8.1E-2 0.0E+0 5.7E-2 1.9E-3 8.8E-3 1.9E-3
1129 2.5E+0 3.9E-3 14E-1 5.5E-2 6.1E-2 1.3E-2
Cs 134 3.6E-1 2.1E-2 6.2E+0 8.8E-3 1.2E-2 2.5E-3
Cs 135 4.5E-2 9.2E-3 0.0E+0 1.1E-3 1.2E-3 2.6E-4
Cs 137 2.9E-1 2.8E-2 2.7E+0 7.2E-3 8.0E-3 1.7E-3
Ce 139 2.7E-3 2.5E-3 3.3E-1 7.0E-4 1.7E-3 3.6E-4
Ce 144 7.9E-2 1.2E-2 1.5E-1 2.1E-2 3.5E-2 7.5E-3
Pm 147 5.1E-3 9.7E-3 0.0E+0 3.3E-3 4.2E-3 1.8E-4
Sm 151 2.2E-3 1.1E-5 3.6E-5 2.8E-3 3.1E-3 1.4B-4
Eu 152 3.1E-2 1.6E-2 5.1E+0 2.8E-2 3.2E-2 1.4E-3
Eu 154 43E-2 3.6E-2 5.5E+0 3.6E-2 4.2E-2 1.8E-3
Eu 155 6.7E-3 5.6E-3 2.5E-1 4.7E-3 5.6E-3 2AE-4
Gd 153 3.8E-3 1.4E-3 3.2E-1 1.7E-3 3.0E-3 1.3E-4
Tb 160 1.0E-2 1.0E-2 1.4E+0 1.6E-3 6.5E-3 2.8E-4
Tm 170 1.3E-2 1.5E-2 1.0E-2 2.4E-3 6.2E-3 2.7E-4
Tm 171 2.1E-3 3.1E-3 2.6E-3 8.2E-4 1.1E-3 4.7E-5
Ta 182 1.3E-2 14E-2 2.4E+0 3.2E-3 8.9E-3 3.8E-4
W 181 7.1E-4 7.5E-4 7.3E-2 1.9E-5 5.2E-5 1.1E-5
W 185 2.9E-3 5.2E-3 3.1E-5 6.9E-5 2.6E-4 5.7E-5
Os 185 4.0E-3 2.3E-4 1.1E+0 5.3E-4 1.7E-3 3.6E-4
Ir192 8.8E-3 9.8E-3 1.1E+0 1.5E-3 5.9E-3 2.5E-4
T1204 2.7E-2 3.2E-2 4.1E-3 6.1E-4" 74E-4 1.6E-4
Pb210 1.5E+1 0.0E+0 1.5E-2 1.3E+0 1.4E+0 3.1E-1
Bi 207 2.9E-2 1.8E-2 7.0E+0 3.4E-3 3.8E-3 1.7E-4
Po210 2.5E+0 0.0E+0 0.0E+0 1.1E+0 2.6E+0 5.7E-1
Ra 226 6.3E+0 8.6E-4 7.8E+0 24E+0 2.6E+0 5.7E-1
Ra228 1.4E+1 0.0E+0 6.7E+0 1.7E+0 2.0E+0 44E-1
Th 228 2.6E+0 6.9E-4 5.5E+0 3.1E+1 4.1E+1 1.8E+0
Th 229 1.3E+1 1.0E-2 1.5E+0 8.6E+1 9.6E+1 4.2E+0
Th 230 4.7E+0 0.0E+0 9.6E-3 3.0E+1 3.4E+1 1.5E+0
Th 232 4.9E+0 3.7E-5 9.6E-1 3.1E+1 3.5E+1 1.5E+0
Pa231 1.6E+1 - 1.4E-3 2.4E-1 9.6E+1 1.1IE+2 4.6E+0
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Radionuclide specific doses from 1 Bq/cm? for the reuse of items.

Table 7-3:
Ingestion B-Skin External Inhalation Dose
Radionuclide Dose Dose Exposure Normal use Sanding Scrapping
uSv/a puSv/a pSv/a -pSv/a pSv/a uSv/a
U232 7.4E+0 6.1E-5 2.7E+0 2.8E+1 3.1E+1 14E+0
U233 1.1E+0 1.4E-5 2.8E-3 7.5E+0 8.3E+0 3.6E-1
U234 1.1E+0 4.3E-5 5.1E-3 7.3E+0 8.2E+0 3.5E-1
U235 1.0E+0 2.3E-3 7.5E-1 6.6E+0 7.3E+0 3.2E-1
U236 1.0E+0 3.9E-5 4.7E-3 6.8E+0 7.6E+0 3.3E-1
U238 1.1IE+0 3.3E-5 1.1E-1 6.2E+0 6.8E+0 3.0E-1
Np 237 2.5E+0 1.4E-3 1.1E+0 1.6E+1 1.8E+1 7.8E-1
Pu236 1.7E+0 0.0E+0 3.0E-2 1.2E+1 1.6E+1 6.8E-1
Pu238 5.2E+0 0.0E+0 6.0E-3 3.2E+1 3.6E+1 1.6E+0
Pu239 5.6E+0 0.0E+0 2.5E-3 3.5E+1 3.8E+1 1.7E+0
Pu 240 5.6E+0 0.0E+0 5.8E-3 3.5E+1 3.8E+1 1.7E+0
Pu 241 1.0E-1 0.0E+0 3.0E4 6.1E-1 7.0E-1 3.0E-2
Pu 242 5.4E+0 0.0E+0 4.8E-3 3.3E+1 3.7E+1 1.6E+0
Pu 244 5.4E+0 0.0E+0 1.6E+0 3:2E+1 3.6E+1 1.6E+0
Am 24] 4.5E+0 4.5E-5 1.2E-1 2.9E+1 3.2E+1 14E+0
Am 242m 4.3E+0 0.0E+0 1.1E-1 2.6E+1 2.9E+1 1.2E+0
Am 243 4.5E+0 8.4E-5 " 1.0E+0 2.9E+1 3.2E+1 1.4E+0
Cm 242 1.4E-1 0.0E+0 3.7E-3 2.0E+0 44E+0 1.9E-T
Cm 243 3.3E+0 2.2E-2 5.7E-1 2.1E+1 2.4E+1 1.0E+0
Cm 244 2.6E+0 0.0E+0 6.2E-3 1.8E+1 2.0E+1 8.8E-1
Cm 245 4.7E+0 1.2E-3 3.2E-1 2.9E+1 3.2E+1 1.4E+0
Cm 246 4.7E+0 0.0E+0 5.6E-3 2.9E+1 3.2E+1 1.4E+0
Cm 247 4,3E+0 23E-3 1.6E+0 2.7E+1 3.0E+1 1.3E+0
Cm 248 1.7E+1 0.0E+0 44E-3 1.0E+2 1.1E+2 4.9E+0
Bk 249 1.5E-2 1.2E-3 5.9E-3 7.5E-2 1.2E-1 5.2E-3
Cf248 44E-1 6.4E-4 4.1E-3 4.6E+0 7.3E+0 3.2E-1
Cf249 7.9E+0 3.9E-3 1.6E+0 4.9E+1 SA4E+1 2.3E+0
Cf250 3.5E+0 9.4E-6 5.1E-3 2.3E+1 2.6E+1 1.1E+0
Cf251 8.1E+0 3.3E-2 5.2E-1 5.0E+1 5.5E+1 2A4E+0
Cf252 1.8E+0 8.7E-6 4.3E-3 1.2E+1 1.6E+1 6.8E-1
Cf254 2.2E+0 2.0E-1 0.0E+0 5.7E+0 2.6E+1 1.1E+0
Es 254 4.1E-1 8.1E-3 2.7E+0 4.3E+0 7.2E+0 3.1E-1
Table 7-4: Clearance levels derived from the deterministic scenarios for processing scrap
Radionuclide Maximum Dose Most restrictive Clearance Level (Bg/cm?)
(uSv/a)/(Bg/em?) Scrap Processing Scenario unrounded rounded
H3 2.7E-4 inhalation (torch) 3.7E+4 100000
C14 8.7E-3 inhalation (torch) 1.2E+3 1000
Na22 9.8E-1 external (manual) 1.0E+1 10
S35 1.6E-2 inhalation (torch) 6.1E+2 1000
Cl36 - 7.6E-2 inhalation (torch) 1.3E+2 100
K40 6.4E-2 external (manual) 1.6E+2 100
Cads 3.4E-2 inhalation (torch) 2.9E+2 100
Sc 46 8.9E-1 external (manual) 1.1E+1 10
Mn 53 1.1E-4 inhalation (torch) 9.3E+4 100000
Mn 54 3.8E-1 external (manual) 2.6E+1 10
Fe 55 2.7E-3 inhalation (torch) 3.6E+3 10000
Co 56 1.5E+0 external (manual) 6.7E+0 10
Co 57 5.3E-2 external (manual) 1.9E+2 100
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Table 7-4:  Clearance levels derived from the deterministic scenarios for processing scrap
Radionuclide Maximum Dose Most restrictive Clearance Level (Bg/cm?)
(uSv/a)/(Bg/cm?) Scrap Processing Scenario unrounded rounded
Co 58 4.5E-1 external (manual) 2.2E+1 10
Co 60 1.1E+0 external (manual) 9.1E+0 10
Ni 59 6.6E-4 inhalation (torch) B 1.5E+4 10000
Ni 63 1.6E-3 inhalation (torch) : 6.4E+3 10000
Zn 65 2.5E-1 external (manual) 4.0E+1 100
As 73 3.4E-3 external (manual) 3.0E+3 1000
Se 75 1.8E-1 external (manual) 5.6E+1 100
Sr 85 2.5E-1 external (manual) 4.1E+1 100
Sr90 1.2E+0 inhalation (torch) 8.5E+0 10
Y 91 9.1E-2 inhalation (torch) 1.1E+2 100
Zr 93 8.7E-2 inhalation (torch) 1.2E+2 100
Zr 95 1.1IE+0 external (manual) 9.2E+0 10
Nb 93m 2.6E-3 inhalation (torch) 3.9E+3 10000
Nb 94 7.2E-1 external (manual) 1.4E+1 10
Mo 93 2.1E-2 inhalation (torch) 4.8E+2 1600
Tc 97 8.6E-3 external (manual) 1.2E+3 1000
Tc 97m 8.1E-3 inhalation (torch) 1.2E+3 1000
Tc 99 9.6E-3 inhalation (torch) : 1.1E+3 1000
Ru 106 5.2E-1 inhalation (torch) 1.9E+1 10
Ag 108m 7.6E-1 external (manual) 1.3E+1 10
Ag110m 1.2E+0 external (manual) 8.3E+0 10
Cd 109 1.4E-1 inhalation (torch) 7.0E+1 100
Sn 113 1.4E-1 external (manual) 7.1E+1 100
Sb 124 8.0E-1 external (manual) 1.3E+1 10
Sb 125 2.1E-1 external (manual) 4.8E+1 100
Te 123m 7.0E-2 external (manual) 1.4E+2 100
Te 127m 9.6E-2 inhalation (torch) 1.1E+2 100
1125 1.1E-1 inhalation (torch) 9.2E+1 100
1129 7.6E-1 inhalation (torch) 1.3E+1 10
Cs 134 7.2E-1 external (manual) 1.4E+1 10
Cs 135 1.5E-2 inhalation (torch) 6.8E+2 1000
Cs 137 2.6E-1 external (manual) ' 3.9E+1 100
Ce 139 7.8E-2 external (manual) 1.3E+2 100
Ce 144 4.3E-1 inhalation (torch) 2.3E+1 10
Pm 147 1.0E-2 inhalation (torch) 9.6E+2 1000
Sm 151 7.8E-3 inhalation (torch) 1.3E+3 1000
Eu 152 5.1E-1 external (manual) 2.0E+1 10
Eu 154 5.5E-1 external (manual) 1.8E+1 10
Eu 155 2.8E-2 external (manual) ' 3.5E+2 1000
Gd 153 5.8E-2 external (manual) 1.7E+2 100
Tb 160 4.8E-1 external (manual) 2.1E+1 10
Tm 170 1.6E-2 inhalation (torch) 6 4E+2 1000
Tm 171 2.7E-3 inhalation (torch) 3.7E+3 10000
Ta 182 5.6E-1 external (manual) 1.8E+1 10
W 181 2.0E-2 external (manual) 5.1E+2 1000
W 185 3.3E-3 inhalation (torch) 3.0E+3 1000
Os 185 3.3E-1 external (manual) 3.1E+1 10
Ir192 3.8E-1 external (manual) 2.6E+1 10
T1204 9.3E-3 inhalation (torch) 1.1E+3 1000
Pb210 1.8E+1 inhalation (torch) . 5.8E-1 1
Bi 207 6.9E-1 external (manual) 1.5E+1 10
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Table 7-4: Clearance levels derived from the deterministic scenarios for processing scrap
Radionuclide Maximum Dose Most restrictive Clearance Level (Bq/cm?)
(uSv/a)/(Bg/cm?) Scrap Processing Scenario unrounded rounded
Po 210 3.3E+1 inhalation (torch) 3.0E-1 0.1
Ra 226 3.3E+1 inhalation (torch) 3.0E-1 0.1
Ra228 2.5E+1 inhalation (torch) 3.9E-1 ¥
Th 228 1.0E+2 inhalation (torch) 9.7E-2 0.1
Th 229 2.4E+2 inhalation (torch) 42E-2 0.1
Th 230 8.4E+1 inhalation (torch) 1.2E-1 0.1
Th 232 8.7E+1 inhalation (torch) 1.2E-1 0.1
Pa 231 2.7E+2 inhalation (torch) 3.8E-2 0.1
U232 7.8E+1 inhalation (torch) 1.3E-1 0.1
U233 2.1E+1 inhalation (torch) 4 9E-1 1
U234 2.0E+1 inhalation (torch) 4.9E-1 1
U235 1.8E+1 inhalation (torch) 5.5E-1 1
U236 1.9E+1 inhalation (torch) 5.3E-1 1
U238 1.7E+1 inhalation (torch) 5.9E-1 1
Np 237 4.5E+1 inhalation (torch) 2.2E-1 0.1
Pu 236 3.9E+1 inhalation (torch) 2.6E-1 0.1
Pu 238 9.0E+1 inhalation (torch) 1.1E-1 0.1
Pu 239 9.6E+1 inhalation (torch) 1.1E-1 0.1
Pu 240 9.6E+1 inhalation (torch) 1.1E-1 0.1
Pu 241 1.7E+0 inhalation (torch) 5.8E+0 10
Pu 242 9.3E+1 inhalation (torch) 1.1E-1 0.1
Pu 244 9.0E+1 inhalation (torch) 1.1E-1 0.1
Am 241 8.1E+1 inhalation (torch) 1.2E-1 0.1
Am 242m 7.2E+1 inhalation (torch) 1.4E-1 0.1
Am 243 8.1E+1 inhalation (torch) 1.2E-1 0.1
Cm 242 1.1E+1 inhalation (torch) 9.0E-1 1
Cm 243 6.0E+1 inhalation (torch) 1.7E-1 0.1
Cm 244 5.1E+1 inhalation (torch) 2.0E-1 0.1
Cm 245 8.1E+1 inhalation (torch) 1.2E-1 0.1
Cm 246 8.1E+1 inhalation (torch) 1.2E-1 0.1
Cm 247 7.5E+1 inhalation (torch) 1.3E-1 0.1
Cm 248 2.8E+2 inhalation (torch) 3.5E-2 0.1
Bk 249 3.0E-1 inhalation (torch) 3.4E+1 100
Cf248 1.8E+1 inhalation (torch) 5.5E-1 1
Cf249 1.3E+2 inhalation (torch) 7.4E-2 0.1
Cf250 6.6E+1 inhalation (torch) 1.5E-1 0.1
Cf251 1.4E+2 inhalation (torch) 7.3E-2 0.1
Cf252 3.9E+1 inhalation (torch) 2.6E-1 0.1
Cf254 6.6E+1 inhalation (torch) 1.5E-1 0.1
Es 254 1.8E+1 inhalation (torch) 5.6E-1 1
Table 7-5: learance levels derived from the deterministic scenarios for reuse
Radionuclide Maximum Dose Most Restrictive Clearance Level (Bg/cm?)
(nSv/a)/(Bg/cm?) Reuse Scenario unrounded rounded
H3 3.9E-4 ingestion (reuse) 2.5E+4 10000
Ccl4 1.3E-2 ingestion (reuse) 7.7E+2 1000
Na 22 8.8E+0 external (reuse) 1.1E+0 1
S35 5.7E-3 ingestion (reuse) 1.8E+3 1000
Cl36 3.5E-2 skin (reuse) 2.9E+2 100
K40 6.8E-1 external (reuse) 1.5E+1 10
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Table 7-5: Clearance levels derived from the deterministic scenarios for reuse
Radionuclide Maximum Dose Most Restrictive Clearance Level (Bg/cm?)
(nSv/a)/(Bg/cm?) Reuse Scenario unrounded rounded
Ca 45 8.7E-3 ingestion (reuse) 1.2E+3 1000
Sc 46 2.9E+0 external (reuse) 34E+0 10
Mn 53 6.7E-4 ingestion (reuse) 1.5E+4 10000
Mn 54 2.7TE+0 external (reuse) 3.7E+0 10
Fe 55 6.5E-3 ingestion (reuse) 1.5E+3 1000
Co 56 4.TE+0 external (reuse) 2.1E+0 1
Co 57 3.3E-1 external (reuse) 3.0E+1 10
Co 58 - 1.2E+0 external (reuse) 8.0E+0 10
Co 60 1.0E+1 external (reuse) 1.0E+0 1
Ni 59 1.4E-3 ingestion (reuse) 7.1E+3 10000
Ni 63 34E-3 ingestion (reuse) 3.0E+3 1000
Zn 65 1.6E+0 external (reuse) 6.3E+0 10
As 73 8.9E-3 external (reuse) 1.1E+3 1000
Se 75 72E-1 external (reuse) 1.4E+1 10
Sr 85 6.2E-1 external (reuse) 1.6E+1 10
Sr 90 6.9E-1 ingestion (reuse) 1.5E+1 10
Y 91 1.2E-2 ingestion (reuse) 8.1E+2 10600
Zr 93 3.5E-2 inhalation (sanding) 2.9E+2 100
Zr 95 2.8E+0 external (reuse) 3.6E+0 10
Nb 93m 9.8E-3 external (reuse) 1.0E+3 1000
Nb 94 7TAE+O external (reuse) 1.4E+0 1
Mo 93 5.8E-2 ingestion (reuse) 1.7E+2 100
Tc 97 6.5E-2 external (reuse) 1.5E+2 100
Te 97m 1.8E-2 external (reuse). 5.6E+2 1000
Tc 99 1.8E-2 skin (reuse) 5.7E+2 1000
Ru 106 7.1E-1 external (reuse) 1.4E+1 10
Ag 108m 7.7E+0 external (reuse) 1.3E+0 1
Ag 110m 8.0E+0 external (reuse) 1.3E+0 1
Cd 109 1.1E-1 external (reuse) 9.1E+1 100
Sn 113 5.5E-1 external (reuse) 1.8E+1 10
Sb 124 1.9E+0 external (reuse) 5.1E+0 10
Sb 125 1.9E+0 external (reuse) 5.2E+0 10
Te 123m 2.7E-1 external (reuse) 3.7E+1 100
Te 127m 34E-2 external (reuse) 3.0E+2 100
1125 8.1E-2 ingestion (reuse) 1.3E+2 100
1129 2.5E+0 ingestion (reuse) 4.0E+0 10
Cs 134 6.2E+0 external (reuse) 1.6E+0 1
Cs 135 4.5E-2 ingestion (reuse) 2.2E+2 100
Cs 137 2.7E+0 external (reuse) 3.7E+0 10
Ce 139 3.3E-1 external (reuse) 3.0E+1 10
Ce 144 1.5E-1 external (reuse) 6.8E+1 100
Pm 147 9.7E-3 skin (reuse) 1.0E+3 1000
Sm 151 3.1E-3 inhalation (sanding) 3.2E+3 10000
Eu 152 5.1E+0 external (reuse) 2.0E+0 1
Eu 154 5.5E+0 external (reuse) 1.8E+0 1
Eu 155 2.5E-1 external (reuse) 4,1E+1 100
Gd 153 3.2E-1 external (reuse) 3.1E+1 10
Tb 160 1.4E+0 external (reuse) 7.3E+0 10
Tm 170 1.5E-2 skin (reuse) 6.6E+2 1000
Tm 171 3.1EB-3 skin (reuse) 3.2E+3 10000
Ta 182 2.4E+0 external (reuse) 4.2E+0 10
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Table 7-5: Clearance levels derived from the deterministic scenarios for reuse
Radionuclide Maximum Dose Most Restrictive Clearance Level (Bg/cm?)
(uSv/a)/(Bg/cm?) Reuse Scenario unrounded rounded
W 181 7.3E-2 external (reuse) 1.4E+2 100
W 185 5.2E-3 skin (reuse) 2.0E+3 1000
Os 185 1.1E+0 external (reuse) 8.7E+0 10
Ir 192 1.1E+0 external (reuse) 9.2E+0 10
T1204 3.2E-2 skin (reuse) 3.1E+2 100
Pb210 1.5E+1 ingestion (reuse) 6.6E-1 1
Bi207 7.0E+0 external (reuse) 1.4E+0 1
Po 210 2.6E+0 inhalation (sanding) 3.8E+0 10
Ra 226 7.8E+0 external (reuse) 1.3E+0 1
Ra 228 1.4E+1 ingestion (reuse) 7.0E-1 1
Th 228 4,1E+1 inhalation (sanding) 2.4E-1 0.1
Th 229 9.6E+1 inhalation (sanding) 1.0E-1 0.1
Th 230 3.4E+1 inhalation (sanding) 3.0E-1 0.1
Th 232 3.5E+1 inhalation (sanding) 2.9E-1 0.1
Pa231 1.1E+2 inhalation (sanding) 9.4E-2 0.1
U232 3.1E+1 inhalation (sanding) 3.2E-1 1
U233 8.3E+0 inhalation (sanding) 1.2E+0 1
U234 82E+0 inhalation (sanding) 1.2E+0 1
U233 7.3E+0 inhalation (sanding) 1.4E+0 1
U236 7.6E+0 inhalation (sanding) 1.3E+0 1
U238 6.8E+0 inhalation (sanding) 1.5E+0 1
Np 237 1.8E+1 inhalation (sanding) 5.6E-1 1
Pu 236 1.6E+1 inhalation (sanding) 6.4E-1 1
Pu 238 3.6E+1 inhalation (sanding) 2.8E-1 0.1
Pu 239 3.8E+1 inhalation {(sanding) 2.6E-1 0.1
Pu 240 3.8E+1 inhalation (sanding) 2.6E-1 0.1
Pu 241 7.0E-1 inhalation (sanding) 14E+1 10
Pu242 3.7E+1 inhalation (sanding) 2.7E-1 0.1
Pu244 3.6E+1 inhalation (sanding) 2.8E-1 0.1
Am 241 3.2E+1 inhalation (sanding) 3.1E-1 0.1
Am 242m 2.9E+1 inhalation (sanding) 3.5E-1 1
Am 243 3.2E+1] inhalation (sanding) 3.1E-1 0.1
Cm 242 4 4E+0 inhalation (sanding) 2.3E+0 1
Cm 243 2.4E+1 inhalation (sanding) 42E-1 1
Cm 244 2.0E+1 inhalation (sanding) 4.9E-1 1
Cm 245 3.2E+1 inhalation (sanding) 3.1E-1 0.1
Cm 246 3.2E+1 inhalation (sanding) 3.1E-1 0.1
Cm 247 3.0E+1 inhalation (sanding) 3.3E-1 1
Cm 248 1.1E+2 inhalation (sanding) 8.8E-2 0.1
Bk 249 1.2E-1 inhalation (sanding) 8.3E+1 100
Cf248 7.3E+0 inhalation (sanding) 14E+0 1
Cf249 5.4E+1 inhalation (sanding) 1.9E-1 0.1
Cf250 2.6E+1 inhalation (sanding) 3.8E-1 1
Crast 5.5E+1 inhalation (sanding) 1.8E-1 0.1
Cf252 1.6E+1 inhalation (sanding) 6.4E-1 1
Cf254 2.6E+1 inhalation (sanding) 3.8E-1 1
Es 254 7.2E+0 inhalation (sanding) 1.4E+0 1
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APPENDIX: GAMMA DOSE RATE FROM SURFACE CONTAMINATION

The external y dose rate from a surface contaminated object can be estlmated for a gamma spectrum
by the following formula,

= [are, 3 FE)w, g, ().r) (eq. A1)

The parameters in equation Al have the following meaning and units,

Doyt [(uSv/h)/(Bg/cm?)] average dose rate during the exposure year
76Oa’t [h] integral over exposure year
&= 1/8760 [h™'] one hour of the year during which the person is exposed
i photon index
F(E) [(Sv/h)/(photon/cm?/s)] effective dose equivalent per unit fluence (ICRP 51)
E; [MeV] energy of ith photon from the gamma spectrum (ICRP 38)
Wi [-] emission probability of the ith photon
@ (ua(EDr) [-] geometric photon flux factor:
- [ BUELD) v
drr?
dA [m?] differential area element of contaminated surface
B (ug(ED,r) [-] build up factor for air
La(E) [m™'] the photon attenuation coefficient for air
r [m] distance from contaminated surface

The photon flux factor, ¢, is calculated for the disc geometry shown in figure Al, where the face is
parallel to the longitudinal axis for the exposed person [A1]. Using a polynomial approximation for

the build up factor in air [A2]
B(ug(E)r) =1+ ay(ua(E)7) + ay(ua(E)7)? + as(u(Ey) 7)3 (eq. A2)

the simple geometry shown in figure Al can be solved analytically as a function of the energy
dependent attenuation factor, the radius of the disc R and the distance from the disc L. The
coefficients for the polynomial approximation of the build up factor in air are energy dependent and
listed in table A1 along with the attenuation factor in air [A3]. The function F(£;) converts photon
fluence to effective equivalent dose and is tabulated for various orientations to parallel irradiation in
ICRP 51 (see ICRP 51 table 2). In this report anterior-posterior and 360° rotation factors for parallel
irradiation are considered. The calculation assumes either no radioactive decay or the number of
decays is averaged over one year to give an effective dose rate which accounts for radioactive
decay. In both cases it is assumed that the nuclide has decayed one year before being measured for
clearance. This ensures that the short lived daughters are in equilibrium with the mother nuclide, for
example *"™Ba is in equilibrium with *’Cs.

In the ICRP 60 recommendaticns new organ dose weighting factors have been suggested. In Zankl
et. al. [A4] calculations were made to compare the ICRP 26 with the ICRP 60 recommendations.
For whole body irradiation the ICRP 60 values are a maximum of 12 % lower at 100 keV than the
ICRP 26 values. For high energy gamma emitting nuclides the differences are less than 8 %,
therefore the ICRP 51 tabulated values are considered adequate.

The doses calculated using equation Al are compared to calculations made by the photon transport
program MORSE [A5] in table A2. The program MORSE calculates a photon fluence density per
unit source volume. In order to calculate fluence from surface contamination a homogeneously
contaminated thin disc (8= 1 mm) was used and the fluence interpreted as if all the activity was on
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the surface. The attenuation through 1 mm iron for 1 MeV photons is less than 5 %. The fluence
was converted to whole body effective dose equivalent using ICRP 51 conversion factors. MORSE
calculates the fluence density without taking radioactive decay into account. The values in table A2
have been corrected for a decay time of 1 year. The dose rates given in table A2 must therefore be
interpreted as average dose rates over 1 year and not as a dose rate for any given hour during the
year. The calculations MORSE 1 show very good agreement with the integral calculation from
equation A1. The integral calculation does not account for reflection of the photons due to the bulk
of the object, therefore a second calculation was made, MORSE 2. The MORSE 2 calculation
shows that photon reflection from the bulk leads to an approximately 16 % higher dose for the
geometry considered. Due to the ease of calculating equation Al and the good agreement with
MORSE, equation A1 is considered adequate for estimating the doses from surface activity. In the
table A3 the radionuclide specific y-dose rates for the three deterministic scenarios in this report,

calculated using equation A1, are tabulated.

Figure Al The geometry used to calculate the gamma dose rate. The radius of the disc is R
and the exposure distance, perpendicular to the surface, is L

Table Al: Energy dependent parameters for equation A1l
Energy M, (air) Coefficients for the build up factor in air
(MeV) (m™) ay a; a;
0.01 5.81E-1 0.0 . 0.0 0.0
0.015 1.75E-1 0.1405 -0.01296 4.109E-4
0.02 4.22E-2 0.3503 -0.02941 9.114E-4
0.03 4.59E-2 1.1990 -0.05676 1.798E-3
0.04 2.76E-2 2.2600 0.08603 8.220E-5
0.05 2.36E-2 2.8090 0.50370 - 2.167E-3
0.06 2.16E-2 2.8490 0.94740 2.176E-2
0.08 1.95E-2 2.5840 1.18700 1.122E-1
0.1 1.82E-2 2.3230 1.06600 1.623E-1
0.15 1.61E-2 1.8740 0.74230 1.659E-1
0.2 1.48E-2 1.5320 0.65790 1.183E-1
0.3 1.28E-2 1.1650 0.63530 3.950E-2
04 1.13E-2 1.0250 0.55810 1.480E-2
0.5 1.05E-2 0.9788 0.45250 3.900E-3
0.6 9.70E-3 0.9784 0.36810 4.600E-4
0.8 8.52E-3 0.9612 0.25200 -2.206E-3
1.0 7.66E-3 0.9424 0.18010 -2.500E-3
1.5 6.24E-3 0.8746 0.08704 -1.750E-3
2.0 5.35E-3 0.7904 0.04824 -1.100E-3
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Table A2: Comparison of 60Co dose rate calculations from ‘surface activity
Geometry Average dose rate (uSv/h)/(Bg/em?) from *Co
Area Distance Equation A.1 MORSE 1 MORSE 2
(m? (m)
1 1 ap.2.5-10° a.p.2.5-10° ap.2.9-10°
rot.2.1 - 10° rot. 2.1 - 107 rot. 2.4 - 107
1 0.5 ap.7.5-10° a.p.7.6-10° ap.8.7-10°
rot. 6.2 - 107 rot. 6.2 - 107 rot. 7.1 - 107
5 1 a.p.8.6-10° ap. 8.8-10° ap. 1.0- 107
rot. 7.2 - 107 rot. 7.3 - 107 rot. 8.3 - 107
5 2 a.p.3.0-10° ap.3.1-10° ap.3.6-10°
rot. 2.5 - 107 rot. 2.5 - 107 rot. 2.9 - 107
MORSE 1  Thin iron disc (1 mm) surrounded by air :
MORSE 2  Thin iron disc (1 mm) backed by a thick iron disc (10 cm) surrounded by air
a.p.: anterior - posterior irradiation
rot.: 360° rotational irradiation
Table A3: Radionuclide specific y dose rates, Dgyy, for the 3 deterministic scenarios
Radio- Transport Scrap Reuse of Radio- Transport Scrap Reuse of
nuclide processing | cabinet nuclide processing cabinet
(1Sv/h)/ (uSv/hy/ (nSv/h)/ (uSv/h)/ (nSv/h)/ {uSv/h)/
(Bg/em? | (Bg/em?) | (Bg/em?) (Bg/ecm?) | (Bg/em?) | (Bg/cm?)
H3 0.0E+0 0.0E+0 0.0E+0 Gd 153 1.9E-4 2.9E4 1.8E-4
Cl4 0.0E+0 0.0E+0 0.0E+0 Tb 160 1.9E-3 2.4E-3 7.6E-4
Na 22 3.8E-3 4.9E-3 4 9E-3 Tm 170 | 8.6E-6 1.3E-5 5.6E-6
S35 0.0E+0 0.0E+0 0.0E+0 Tm 171 1.1E-6 1.7E-6 1.4E-6
Cl136 0.0E+0 0.0E+0 0.0E+0 Ta 182 2.2E-3 2.8E-3 1.3E-3
K 40 2.6E-4 3.2E-4 3.8E-4 W 181 6.6E-5 9.8E-5 4.1E-5
Ca4s 0.0E+0 0.0E+0 0.0E+0 W 185 4.1E-8 5.8E-8 1.7E-8
Sc 46 3.5E-3 4.4E-3 1.6E-3 Os 185 1.3E-3 1.6E-3 6.4E-4
Mn 53 0.0E+0 0.0E+0 . 0.0E+0 Ir192 1.4E-3 1.9E-3 6.0E-4
Mn 54 1.5E-3 1.9E-3 1.5E-3 T1204 1.7E-6 2.5E-6 2.3E-6
Fe 55 0.0E+0 0.0E+0 0.0E+0 Pb 210 5.5E-6 8.8E-6 8.2E-6
Co 56 5.9E-3 7.5E-3 2.6E-3 Bi 207 2.7E-3 3.4E-3 . 3.9E-3
Co 57 1.9E-4 2.7E-4 1.8E-4 Po 210 0.0E+0 0.0E+0 0.0E+0
Co 58 1.7E-3 2.2E-3 6.9E-4 Ra 226 3.0E-3 3.8E-3 43E-3
Co 60 4.2E-3 5.3E-3 5.8E-3 Ra 228 24E-3 3.0E-3 3.7E-3
Ni 59 0.0E+0 0.0E+0 0.0E+0 Th 228 2.5E-3 3.1E-3 3.0E-3
Ni 63 0.0E+0 0.0E+0 0.0E+0 Th 229 - 5.7E-4 7.8E-4 8.5E-4
Zn 65 1.0E-3 1.3E-3 9.2E-4 Th 230 3.0E-6 4.4E-6 5.4E-6
As 73 1.1E-5 1.7E-5 5.0E-6 Th 232 2.3E-4 2.9E-4 5.3E4
Se 75 6.6E-4 8.9E-4 4.0E-4 Pa 231 8.1E-5 1.1E-4 1.4E-4
Sr 85 9.3E4 1.2E-3 3.5E-4 U 232 7.4E-4 9.4E-4 1.5E-3
Sr 90 0.0E+0 0.0E+0 0.0E+0 U233 1.0E-6 1.6E-6 1.5E-6
Y 91 6.1E-6 7.8E-6 2.1E-6 U234 1.9E-6 3.2E-6 2.8E-6
Zr 93 1.7E-7 3.1E-7 3.8E-7 U235 2.8E-4 4.0E-4 4.2E-4
Zr 95 4.2E-3 5.4E-3 1.6E-3 U236 1.7E-6 3.0E-6 2.6E-6
Nb 93m 3.7E-6 6.6E-6 5.4E-6 U 238 4.1E-5 5.6E-5 6.1E-5
Nb 94 2.8E-3 3.6E-3 4.1E-3 Np 237 4.2E-4 5.9E-4 6.2E-4
Mo 93 2.1E-5 3.7E-5 3.2E-5 Pu 236 6.9E-6 1.0E-5 1.7E-5
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Table A3: Radionuclide specific y dose rates, Dyyy, for the 3 deterministic scenarios
Radio- Transport Serap Reuse of Radio- Transport Scrap Reuse of
nuclide : processing cabinet nuclide B processing cabinet
-(nSv/h)/ (uSv/hy/ {(uSv/h)/ (nSv/h)y/ (nSv/h)/ (nSv/h)/
(Bg/em®) | (Bg/em?) | (Bg/em?) (Bg/em?) | (Bg/em?) | (Bg/cm?)
Tc 97 24E-5 43E-5 3.6E-5 Pu 238 2.2E-6 3.9E-6 3.3E-6
Tec 97m 2.0E-5 - 3.5E-5 9.9E-6 Pu239 9.1E-7 1.6E-6 1.4E-6
Tc 99 0.0E+0 0.0E+0 0.0E+0 Pu 240 2.1E-6 3.7E-6 3.2E-6
Ru 106 3.7E-4 4.8E-4 3.9E-4 Pu 241 7.6E-8 1.2E-7 1.7E-7
Ag108m | . 2.9E-3 3.8E-3 4.3E-3 Pu242 1.8E-6 3.1E-6 2.7E-6
Ag 110m 4.8E-3 6.1E-3 4.4E-3 Pu 244 6.0E-4 7.9E-4 8.9E-4
Cd 109 5.3E-5 9.0E-5 6.1E-5 Am 241 4.6E-5 7.2E-5 6.9E-5
Sn 113 5.1E-4 7.0E-4 3.1E4 Am 242m 4.2E-5 6.4E-5 6.2E-5
Sb 124 3.1E-3 4.0E-3 1.1E-3 Am 243 3.8E-4 5.3E-4 5.5E-4
Sb 125 8.0E-4 1.1E-3 1.0E-3 Cm 242 2.6E-6 4.7E-6 2.1E-6
Te 123m 2.5E-4 3.5E-4 1.5E4 Cm 243 2.2E-4 3.0E-4 3.2E-4
Te 127m 3.3E-5 5.1E-5 1.9E-5 Cm 244 2.3E-6 4.1E-6 3.4E-6
1125 9.1E-5 1.5E-4 3.2E-5 Cm 245 1.2E-4 1.7E-4 1.8E-4
1129 5.4E-5 8.9E-5 8.0E-5 Cm 246 2.1E-6 3.6E-6 3.1E-6
Cs 134 2.8E-3 3.6E-3 3.5E-3 Cm 247 6.0E-4 8.1E-4 8.9E-4
Cs 135 0.0E+0 0.0E+0 0.0E+0 Cm 248 1.6E-6 2.9E-6 2.5E-6
Cs 137 1.0E-3 1.3E-3 1.5E-3 Bk 249 1.8E-6 24E-6 3.3E-6
Ce 139 2.7E-4 3.9E-4 1.8E4 Cf248 2.1E-6 3.7E-6 2.3E-6
Ce 144 8.4E-5 1.1E-4 8.2E-5 Cf249 " 5.9E-4 7.8E-4 8.6E-4
Pm 147 0.0E+0 0.0E+0 0.0E+0 Cf250 1.9E-6 34E-6 2.8E-6
Sm 151 1.3E-8 2.3E-8 2.0E-8 Cf251 2.0E-4 2.8E-4 2.9E-4
Eu 152 2.0E-3 2.6E-3 2.8E-3 Cf252 1.8E-6 3.2E-6 2.4E-6
Eu 154 2.2E-3 2.8E-3 3.0E-3 Cf254 0.0E+0 0.0E+0 0.0E+0
Eu 155 9.9E-5 1.4E-4 1.4E-4 Es 254 1.6E-3 2.0E-3 1.5E-3
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In the 1988 recommendation ‘Radiation protection No 43’ from the group of experts set up under the terms of Article 31 of the
Euratom Treaty, the surface contamination limits are not based on a study of the possible exposures but instead taken from the
International Atomic Energy Agency’s recommendations for the safe transport of radioactive material. The European Union
within its effort to revise and extend the 1988 recommendation contracted this study to investigate the possible exposures from
recycling or reusing surface contaminated scrap metal or items which have been cleared from nuclear facilities.

A set of deterministic scenarios describing typical situations, which are expected to lead to the largest doses, is investigated.
The scenarios are characterised by situations where the exposed person is in close proximity to large amounts of cleared metal
for prolonged periods of time, as, for example, during the manual processing of large amounts of cleared scrap metal or using
large cleared items in the workplace. The results of the deterministic scenarios are used to derive radionuclide specific clear-

ance levels for surface contamination.

The largest number of exposures is expected to come from processing cleared scrap metal or using cleared items. Therefore, in
addition to the deterministic scenarios, stochastic models are used to investigate the doses from these two exposure possibilities.
Stochastic models are capable of predicting how often a particular dose criterion will be exceeded, and thereby giving additional
information as to the level of conservatism included in the deterministic approach. The results of the stochastic models show
that even under very unlikely circumstances the doses from scrap metal and items cleared using the clearance levels derived
in this study will not exceed the order of 10 uSv/a and therefore satisfy the dose criteria for clearance in Annex 1 to the basic

safety standards (Council Directive 96/29/Euratom, 13 May 1996).
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