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FOREWORD

The purpose of Annex | is to provide a demonstratib the application of the DeSa safety
assessment methodology described in the main refportthat purpose three examples of
facilities to be decommissioned were selected bylibSa project participants for evaluation.
The chosen test cases are broadly representativagoing or completed decommissioning
projects.

The test cases selected for evaluation were:
e Anuclear power plant (NPP);
*« Aresearch reactor; and
* Anuclear laboratory.

The facilities were selected because they repredentange of differing types of facility and
because the operating organizations had commitbegbrovide all necessary technical
information to allow safety assessments to be cciedu

Once the safety assessments for the decommissiafingPP, research reactor and the
nuclear laboratory had been developed, each testreport was reviewed by the Regulatory
Review Working Group and the Graded Approach WakKaroup to provide a simulation of

a regulatory review and to demonstrate that thelatgry review procedure developed for
DeSa (see Annex lll) and the recommendations orgthded approach (see Annex ll) are
robust.

In Part B of Annex | the DeSa safety assessmertiadetogy is applied to a research reactor
that was shut down in 2001 for immediate dismagtliThe research reactor was a
homogeneous liquid fuelled and moderated reacttn wilow thermal power. Its enriched
uranium fuel was in the form of uranyl sulphateeThactor had been shut down and its fuel
removed before the commencement of decommissioning.

The purpose of the safety assessment is to suftifgdecommissioning plan and the licence
application for decommissioning. The safety assessm@iso aimed:

e To confirm the safety of workers and public duritige planned decommissioning
activities;

« To identify the requisite safety control measuessxj

* To act as a basis for seeking regulatory appravptdceed.



EDITORIAL NOTE
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been edited by the editorial staff of the IAEA. The views expressed do not necessarily reflect those of
the IAEA or the governments of its Member States.

1t does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of
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1. INTRODUCTION

1.1. BACKGROUND

Evaluation and demonstration of safety is an egdenbmponent of the successful planning,
performance and completion of decommissioning aflifees using radioactive material. This has
been highlighted by the international safety statslan decommissioning of nuclear power plants,
research reactors medical and nuclear researditiéacietc. Recognising the need for exchange of
information and experience and consolidation of blest experience and lessons learned in these
areas, the International Atomic Energy Agency (IAB&unched in 2004 the international project on
“Evaluation and Demonstration of Safety for Decowsioning of Facilities Using Radioactive
Material (DeSa)”. This project aimed to develop a@rhonized methodology for evaluation and
demonstration of safety during decommissioning émdlevelop safety assessments for selected
facilities by applying this methodology. The apption of the methodology developed as part of the
project was to be tested in several test cases.

The DeSa test cases aim to provide practical ltisn of the application of the methodology
(presented in the main report), to illustrate tlkedchand application of a graded approach due to the
complexity and hazards of the facilities.

The test cases resulted in safety assessments fmleated number of facilities with different
complexities and hazards (e.g. nuclear power pleggearch reactor and a nuclear laboratory)
following the individual steps of the methodolo®y developing these test cases, practical issues
related to the use of the methodology were idedjfsuch as the criteria for selection and justiion

of scenarios and models, definition of types of entainties and approaches for their treatment.
Decisions on the importance of input data requitleel,use of generic vs. site specific data, as agl|
the depth for safety assessment necessary for dgrabon of safety for decommissioning of various
nuclear facilities with different hazard potentdll also be addressed in the project. The forniorat

of the test cases was based on the informationiggdwby volunteer facilities. With respect to the
intended demonstration of the application of th&S®asafety assessment methodology the volunteer
facilities became simplified due to the time ansbrgce constraints of the DeSa project. This redult
to some extent to limitation of the volume of infation documented in Annex | of this report, which
is needed to understand the facility and approdoptad for the safety assessment.

1.2. SCOPE

Part B of Annex | presents the safety assessmentdocommissioning of a small research reactor
(referred to also as the Research Reactor Tesf).(Qamethis test case it is assumed that the chosen
decommissioning strategy is immediate dismantliritp & view to remove the reactor building from
regulatory control.

1.3. OBJECTIVES

The objective of Part B of Annex | is to illustratiee application of the DeSa safety assessment
methodology developed as part of the DeSa proga telatively small size nuclear facility (a
research reactor) by applying the graded appro&édusked in the main report and Annex Ill. The
safety assessment and its results are not supplednéry additional documentation (e.g. facility
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description) which may be required by the natioredulatory system to be submitted to the
Regulatory Body. Therefore some sections withint Barespecially on the facility description, are
introduced to provide information to allow understang of the safety assessment.

1.4. STRUCTURE

The structure of the report is based on the melbggaleveloped by the DeSa project. Section 2 of
Part B describes the assessment framework stavithgts context, scope, timeframes, final endestat
up to safety assessment approach and managemesresea

Section 3 contains a description of the safetyvesie structure, systems and components of the
research reactor during decommissioning and thendedissioning strategy, including description of
the dismantling activities, as well as of the radiive inventory of the nuclear facility and detadin
environmental aspects. It has to be noted, thatfudl scale decommissioning project and depending
on the national requirements, the description ef filll nuclear facility may be part of the safety
assessment documentation or may be part of docerf@nting a decommissioning plan. For this test
case a description of the research reactor isopdne appendix.

The identification of radiological hazards is caerby Section 4. Section 5 covers the detailed
analysis of both normal and accident scenariosoAtiog to the DeSa methodology Section 6 will

provide details of the engineering analysis coreliicin Section 7 the results of the safety asseg#sme
will be evaluated and the limits and controls nektdeensure safety are explained.

Section 8 contains an explanation on the gradetbapp applied to the research reactor and serves to
justify the approach applied.

Finally, Section 9 provides information to demoatdy that the results of the safety assessment are
reliable and thus confidence is built in the perfed safety assessment. Again, this section might
usually be supported by additional documents erg.the management system in place for the
decommissioning project. Thus, to some extent i Baf Annex | information is presented which
usually will not be covered by the document onghéety assessment, but will be part of the overall
decommissioning plan [1, 2 and 3]

Section 10 summarizes the results of the safegsasgent and the lessons learned from applying the
DeSa methodology. Especially this Section 10 réfléwe recommendations resulting from the review
processes of the Graded Approach Working Groupgnthe Regulatory Review Working Group
with regard to the DeSa safety assessment metigpdolo

A set of seven appendices supplement Part B of dhne
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It has to be noted, that depending on the natioeglilatory system and the requirements of the
Regulatory Body either the content of Section 4hhigpt be submitted to the Regulatory Body, or for
a less complex nuclear facility with low radioaetinventory as this research reactor, the content o
Section 4 might be regarded sufficient for the sssent of safety to be performed. This may mean
that no detailed analysis might be required touimrstted to the Regulatory Body. Nevertheless, for
the illustration purpose of this test case safedgeasment documentation both sections will be
provided.

2. ASSESSMENT FRAMEWORK

2.1. CONTEXT OF SAFETY ASSESSMENT

The safety assessment forms part of the documentptesented by the operator for approval by the
Regulatory Body prior to initiating decommissioniofjthe research reactor. The reactor is located on
the premises of a research centre with severakauécilities and facilities using radioactive prél

(e. g. research reactors, radioactive waste tredtfaeility, see Section 3.1). The basis for thietya
assessment for decommissioning of the facility 8&tsup on the basis of radiological characterimatio
which provides sufficient information about thetdtsution of activity for decommissioning planning
purposes. Prior to starting the decommissionintyities of the research reactor the fuel solutiod a
the radioactive material, resulting from operatiere removed.

No effects on the safety during decommissioningultiesy from interdependencies between the
research reactor under decommissioning and othaearufacilities which are present in the research
centre are taken into account in the safety asss¥suotescribed below. Due to their technical
characteristics and distance from the researchiareao significant influence on the safety during
decommissioning does exist (see Section 3.1).

In addition, no treatment of radioactive materialveaste, including the clearance of radioactive
material, is subject to this safety assessmentadisactive material will be transferred to a sapar
radioactive waste treatment facility at the redeaentre site. The transport of radioactive malteria
waste is taken into account in the safety assedsomiy as far as the handling is inside the reactor
hall.

2.2. SCOPE OF THE SAFETY ASSESSMENT

The safety assessment covers all decommissionitngtias that start after tapping of the fuel and
removal of the operational radioactive waste amohiteate with the release of the remaining former
reactor hall for unrestricted use. As the contbleea during operation was limited to the realotdr
itself, the scope of the safety assessment is dinito any activity inside the reactor hall.
Measurements to ensure that the area surroundéngedictor hall is free of radioactive contamination
from operation of the research reactor or from deunsioning activities are subject to a separate
survey project.

Due to the distance to any further nuclear fagiliagility using radioactive material and conventb
facility at the research centre (see Section 3dljmmpact on the safety of the research reactor is
envisaged. Aspects on safety of these facilitieduding the radioactive waste treatment facilése
not subject to this safety assessment but to dedicsafety assessments related to their individual
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licences.

Material to be cleared and radioactive waste hagdire taken into account only to the extent that
they are relevant to safety during the decommissiprBoth material to be cleared and radioactive
waste, will be transferred to the radioactive wastatment facility at the research centre. Sabéty
the transport and related consequences are tateeadoount as far as it takes place inside thageac
hall, all aspects outside the reactor hall areesulip the safety assessment which is supportiag th
operational licence of the radioactive waste treatnfacility (including on-site handling).

2.3. OBJECTIVES OF THE SAFETY ASSESSMENT

The safety assessment aims to demonstrate thatettmmmissioning activities can be carried out
without any undue exposure of the worker, the publi the environment or any undue release of
radioactive material to the environment. The maicut is placed on assessing radiological hazards.
Nevertheless, non-radiological hazards are screavitd regard to their potential impact on the
radiological consequences. Furthermore, the safetgessment demonstrates to the Regulatory Body
that the decommissioning activities can be performvéh personnel doses well within the limits and
constraints, which are based on the as low asmaboachievable (ALARA) principle.

2.4. TIMEFRAMES

The decommissioning of the research reactor iscstbd to be carried out within a time frame of 18
months (including time for clearance of the formeactor hall after completion of the dismantling).
The decommissioning activities are separated hreddllowing four work packages (see Appendix I):

(a) Dismantling of systems (WP1);
(b) Demolition of the active parts (reactor blo¢RP2);

(© Demolition of the non-active parts and cleas(WP3); and

(d) Final activities, including final survey andaonentation (WP4).

A graphical representation of the duration and ridgpendence of the work packages of the
decommissioning activities is shown in Figure lrtker details can be obtained from Appendix I.

Work package

WP 1: Dismantling of systems

WP 2: Demolition of the active parts

WP 3: Demolition of the non-active parts and final decontamination
WP 4: Final activities

FIG. 1. Schedule of the work packages of the deessioning activities (scale in months).

2.5. END POINTS OF THE DECOMMISSIONING STAGES

The decommissioning activities are planned to bdexhout as part of one licence to be granted by
the Regulatory Body taking into consideration gagety assessment, i.e. the decommissioning project
will be performed in one decommissioning stage. &he point of this single decommissioning stage
is the end state of the decommissioning projedt énvisaged that after the research reactortand i

4
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auxiliary systems are dismantled, the reactorwilllbe decontaminated and released for unrestticte
use from regulatory control. For that, the woodeworf in the reactor hall is planned to be partially
removed and the foundation to be checked for plessitntamination and compliance with relevant
clearance levels will be demonstrated.

Note, that depending on the national regulatoryesyshe release of the reactor hall from regulatory
control might be subject to a separate licence.

2.6. REQUIREMENTS AND CRITERIA

For the purposes of the Research Reactor Test tGasadiation protection standards laid down in
IAEA Safety Reports Series No. 115 [4] is used.theur criteria are derived from other international
recommendations as follows [5 and 6]:

U A dose criterion of 0.3 mSv/a for evaluating doseghe public from release of radioactive
material from the site during normal decommissigractivities is used,;

O The assessment of doses to workers is carriedsing @ dose constraint of 2 mSv/y which is a
tenth of the average annual dose limit for expogdfe mSv per year and 100 mSv over 5
consecutive years) and corresponds to dose cartstmadrmally used for evaluating similar
situations [4];

A dose criterion of 50 mSv for workers and of 5 nf6 members of the public are used for
evaluating incident and accident scenarios durggpohmissioning [4];

An equivalent dose limit of 500 mSv/a for the hamd a worker during normal
decommissioning conditions is used [4]; and

With regard to the release of the reactor hall mmyaining activation or contamination have to
be below those clearance levels as laid down ian8 6] to meet the 10 uSv concept (De
Minimis Concept).

Note, as the clearance of radioactive materiaéifopmed outside the decommissioning project by the
radioactive waste treatment facility, located & thsearch centre, no criteria on clearance of that
material is considered in this safety assessmentthe internal handling of the radioactive wastd a
material to be cleared, which are collected dudegommissioning in waste containers the operator
voluntarily proposes to apply criteria relevant feaste packages and overpacks to the waste drums
according to [7] (see Section 3.6.1).

2.7. ASSESSMENT OUTPUTS

The safety assessment analyses the effective dosgerkers and to members of the public, both

during normal decommissioning conditions and duringdents or accidents. The results of the

assessment are compared with the relevant critetiaut in Section 2.6. If the assessment resréts a

compliant with the criteria, the decommissioningi\diies can be carried out as planned. Otherwise,
appropriate modifications are necessary resultimgaire-assessment of safety on base of the
modifications performed. Note that, depending oa thational legal and regulatory system and

requirements of the Regulatory Body a licence mibht granted before any decommissioning

activities can be started.
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In addition, conventional hazards are identified, to quantitative analysis is carried out.

2.8. SAFETY ASSESSMENT APPROACH

The safety assessment for the research reactoasedbon the safety assessment methodology
proposed by the DeSa project and documented iméne report. A graded approach is also applied in
this test case, which takes into account the loxgllef contamination and potential radiologicakris
for workers, the public and the environment. Fig2iigives an overview on the relevant steps within
the DeSa safety assessment methodology applibisiagsessment.

In the hazard identification, as described in $&c#, the “Check list” and “What-if technique?”
approaches are applied; these approaches arereglaidetail in Volume | of this report.

Further on, the detailed analysis as describeaatié 5 is based on a preliminary hazard assegsmen
and screening, in which conservative scenarios @aldulations without in detailed site specific
models are used to define the relevant scenarios.
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Safety Assessment Framework

'

Description of Facility and Decommissioning P
Activities

'

Hazard Identification and Screening

Safety assessment process

A

A

Hazard Analysis

!

Engineering Analysis

I

Evaluation of Results and
Identification of Controls

A

A

Compliance
with
requirements

No

v

Yes

Safety Control Measures for
Decommissioning Activitie:

A

Issues from Yes
independent
review by the »
operator and v
Regulatory Review

No

v

Agreement to proceed and Implementation of safety assessment

implementation of Safety results
Control Measures

FIG. 2. Applied DeSa safety assessment method{8pgy

2.9. EXISTING SAFETY ASSESSMENT

The main source of risk studied in the safety asseat during the operation of the research reactor
was a leakage of the fuel solution. Since this $adlition is no longer present at the researchioeat
start of the decommissioning (see Section 2.1),otberational safety assessment does not provide
significant safety relevant results which can besduswnithin the safety assessment for the

decommissioning.

In real safety assessment for licensing purposstajled description of the climate, earthquakeher t

hydrological situation could be obtained from theei@tional safety assessment (if being part of that

with benefit for this safety assessment. Due tddheradioactive inventory and low complexity okth

research reactor resulting in minor consequencease of an accident such detailed information are

not taken into account as the safety assessmbatél on conservative assumptions (see also Section
7
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2.10).

2.10. SAFETY MANAGEMENT MEASURES

In a real decommissioning project the operatorfstgamanagement system will be described as part
of the final decommissioning plan and will be sebj® the Regulatory Body'’s final decommissioning
plan review to assess whether the system is apatejpo ensure safety.

For the purpose of demonstration of the DeSa safetgssment methodology described in the main
report and in Annex Il of the main report, it issamed that the operator of the research reacsanha
place an effective safety management system. Hfedysmanagement system ensures that all work is
carried out in accordance with the regulatory frammdk of the country, the operator's policies and
procedures and that staff and contractors involuedappropriately qualified and experienced for the
work to be performed.

3. DESCRIPTION OF THE FACILITY AND DECOMMISSIONING ACTIVITIES

The research reactor is a thermal homogeneousllfigel research reactor (see Figure 3). Originally,
the reactor was built to generate an output of 3tWWas commissioning in August 1957. In the spring
of 1959, the output was increased to 2 kW followitng installation of cooling systems and
improvement of the shielding and the reactor wégestied to a test run at 2.3 kW. At an output of 2
kW, the maximum thermal flux in the reactor was ragpnately 6 13° n/(cnf.s). The reactor used
19.9 % enriched*U as in the form of uranyl sulphate dissolved ghtiwater. When the reactor was
started, 0.984 kg ofU and 15.5| of solution volume were added. Theeaesh reactor was shut
down in 2001.

FIG. 3. Research reactor.
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Note that depending on the national requiremem®i@ detailed description of the research reactor t
be decommissioned might be needed in the safetgssent report. This information will be also part
of the final decommissioning plan.

This safety assessment report was developed asdasbne report that can be read without additional
documents. A more detailed description is preseintégpendix Il.

3.1. SITE DESCRIPTION AND LOCAL INFRASTRUCTURE

The reactor is a nuclear facility at a multi-fagilinuclear research centre which is located at a
peninsula (see Figure 4). About 1300 people haee thaily work at the research centre. The site
facilities consist of conventional research faigfit of a radioactive waste treatment facility,oa ¢ell
complex and of two research reactors currently ungeration. The nuclear facilities are in a dise&an

of at least 500 m from the research reactor. Tiwetional research facilities are in a distancatof
least 200 m. With regard to the decommissioninthefresearch reactor the area outside the research
reactor is regarded as public area with restriatamss.

East of the centre itself (right hand side of Fegdy there is a group of 16 single family houses,
housing a total of about 40 persons, and a hostielA8 single rooms for guests.

eSa test case 73:

esearch reactor —

0

0 50 100 150 200 250 m
——Tr—r—T—

FIG. 4. Map of the research centre.

Most of the immediate surroundings is farmland arid the west — a fiord. About 2 km south of the
site there is a settlement with about 200 singheilfahouses. The population within a distance of 10
km from the site is about 65 000, with about 50 660centrated in a city 6 km to the south of the. si
The population between 10 and 15 km away from itleessabout 105 000.
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No further details of the hydrological and the hotdgical situation are provided as no dispersion of
radionuclides via water pathways during the decassioning is expected to occur. No details on the
weather situation are provided. Instead, consemassumptions of a standard weather situation with
westerly winds are used.

3.2. SAFETY RELATED STRUCTURES, SYSTEMS AND COMPONES

After completion of the research reactor operafiege Section 3.4) — but still under the terms and
conditions of the operating licence — the fuel 8oluwas tapped and the primary circuit has been
flushed. As a consequence safety functions was d@oebsured during the conduct of the
decommissioning activities were identified:

O Limitation of the exposure of workers and the peiidind

O Containment of radioactive material and avoidandedischarge, i.e. uncontrolled and
unplanned release of radioactive material.

Safety related structures, systems and compon888q) needed also during decommissioning of the
research reactor are:

(a) The existing ventilation system;

(b) The existing fire detection system;

(© The enhanced radiological monitoring systerthefreactor hall; and

(d) A new storage cell to temporarily store radtbacwaste in the reactor hall.
Existing ventilation system

Figure 5 provides an overview on the layout of Weatilation system of the research reactor. It is

assumed that the system is in compliance withdhevant national requirements and is also subgect t

inspections by the Regulatory Body. It is fit fourpose as it has been designed to meet the
requirements resulting from the normal operationthef research reactor and related incident and
accident conditions.

Depending on the sequence of the decommissioningt&s the ventilation system will be adapted to
ensure airflow through the stack of the reactok. A&l long as the biological shielding is not suibje
decommissioning airflow through the floor will betablished and the radiation monitoring from
operation of the reactor will be used. Any requineadification of the ventilation system is subj&xt
agreement by the Regulatory Body.

In addition to the existing ventilation system ahif® system, consisting of a tent and a filtering
system, is planned to be used when the biologieelding will be dismantled. The system will
establish an adjusted air flow from the reactol toalhe tent. The filtered air will be then reledsnto
the reactor hall again. The filter system is alssuaed to be in compliance with the relevant nation
requirements and is subject to adequate work ptwesdo ensure reliable and correct functioning.

10
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Ventilation of the reactor

/

24,000 nih

7 1
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7 |
k‘m
/' Reflector tank ']\?\
/ // To the recombiner room : E
- R M7 i
| \\ !E / pod '
1] /GL.D-;_’J' i ﬂ‘i Radiation monitor /’,:
. L j ] | Hole 1h49h l F;t/er = R

the wall Carbon filter Ventilator

150 m%h

FIG. 5. Block diagram of the ventilation systenthaf reactor hall.

Existing fire detection system

The existing fire detection system of the reactlt Will be used to detect potential fire in thector
hall. As during the operation of the research @adt is planned to remain connected to an alert
system in the reactor hall and to the central glanase of the research center. This is to ensaite th
the personnel in the reactor hall are alerted imately and that fire brigades are activated as sson
a fire is detected.

In addition, in case of any decommissioning worlbéoperformed which might result in the ignition
of combustible material appropriate work procedwrrd work control procedures and portable fire
protection equipment (e.g. fire extinguishers) fareseen to avoid a fire or to immediately mitigate
consequences.

Enhanced radiological environmental monitoring system

In addition to the radiological monitoring systemthe floor ducts of the ventilation system, a riew
planned to be installed at the stack of the reabtdl. The system will consist of @/y online
monitoring system and of @//y sampling system, which will analyse the balancedistharged
radioactive material from decommissioning actitir immediately after an incident. The detection
limits of theB/y online monitoring system will ensure that any aske of radioactive material from the
facility and the site due to an incident can be snead and controlled. The analysis of the samples
will be carried out by a radionuclide laboratory igh is certified according to related national
requirements and standards. The total stack sysifirbe subject to an inspection and maintenance
programme, which is under control of the safety ag@ment system.
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The stack system is compliant with the relatedomati requirements to detect a release of radiaactiv
material and is subject to periodic inspection bg Regulatory Body. Any modifications of the
system are subject to an agreement by the RegyRtaty.

Depending on the national requirements, in addittonthe static radiological environmental
monitoring system at the stack, a molul@/y radiological monitoring system is intended to Isedi

to monitor a potential release of radioactive matdnto the reactor hall during decommissioning
activity. The probes will be assembled by radiatmntection personnel and according to written
instructions for those decommissioning activitigthwotential release of radioactive material.

The monitoring system is assumed to be compliattit kgiated national requirements and standards.
New storage capacity for radioactive waste

A temporarily storage capacity (a cell) for radibae waste in the reactor hall is planned to be
developed. This cell will be used before the racliva waste can be handled to the radioactive waste
treatment facility on the site. A shielded storagh will be built at the southern end of the readtall

(see Figure 3.4.). The cell walls will be of 60 tmckness and made of concrete bricks to ensure a
sufficient shielding of the working places takenedaccount of the dose rate limitations of the
radioactive waste drums. To avoid accidental actetise cell the entrance will be closed by coreret
bricks so that access will be possible only by oeering that obstacle.

The design of the storage cell will be based omteel national conventional and radiological
requirements to ensure structural integrity andotadical protection. Any modification of the cell
will be subject to agreement by the Regulatory Body

Existing reactor hall crane

During decommissioning of the existing reactor # twane will is planned to be used to lift heavy
load and contaminated material. Depending on ttiemsa requirements the crane might be regarded
as a safety related system. In the Research RebesbiICase and taking into account the resulteeof t
safety evaluations (see Section 4.3) the craneegarded not to be a safety related system but
important equipment which will be subject to ingp@t and maintenance programmes according to
convention safety to avoid drop of any material.

3.3. RADIOACTIVE INVENTORY

After tapping of the fuel solution and partial detamination of the primary circuit, characterizatio
of the research reactors was performed to deterthmeadioactive inventory of the research reactor
prior decommissioning. The results are summarizedoww and details also presented in
Appendix Il and Appendix IV.

3.3.1. Activation and contamination of different conponents of the reactor
The reactor contains a very limited amount of radiivity because of:
O The small output of the reactor;

O Very limited period of operation;

12
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O Tapping of the fuel solution; and
O The partial flushing of the primary circuit).

In total the activity content in the reactor iseavfGBqB/y activity in the remaining core solution and
hardly anya activity.

Table 1 provides a more detailed overview of tligedént parts of the reactor and of their radioagti
inventory. Details on estimated activations, corntexiion and dose rates at the research reactor are
presented in Appendix Ill.

TABLE 1. PARAMETERS OF REACTOR COMPONENTS

Component Dimensions* Mass [kg] Activity [Bq] Remark
Reactor tank and | Tank: d =32 | Tank: 5.5 2 x 10 (**Cs) contamination
pipe connecting the cm Pipe: 2 4 x 16 (*°sr) contamination
tank to the Pipe: d = 6 cm| <5x 10 (0) contamination
recombiner [ =100 cm 3x 16 (*°Co) activation
Recombiner h =50 cm 35 1x 16 (*'Cs) contamination

d=25cm 10°Bq of *%Sr
Control rods |=125cm, |15 5 x 10 (*°Co) activation
w=10cm
t=1.3cm
Graphite reflector | h=130cm |4 141 1 x 18(*%Eu) activation
d =150 cm
Reflector tank h=130cm | 525 1 x 16 (*°Co) activation
di =150 cm
t=6 mm
Reflector tank lid | d=160cm | 200 1 x 10 (*Co) activation
t=6mm
Steel plates on w=360cm | 700 1 x 10 (*°Co) activation
inner side of (total)
concrete shield h =162 cm
t=13.5mm
Concrete shield 20 000 1 x 10 (*°Co) activation
(heavy concrete) (fraction
above
clearance
limit)
Beam plugs 10x10 cm 896 5x 10 activation
across (*°Co, *E )
l: 60 cm
Experimental plugs| 10x10 cm 61 5x 16 activation
across (*°Co, )
l: 60 cm
(active part)

*) | = length; d = diameter; h = height; w = widths thickness
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During decommissioning of older facilities usingli@active material, it is important to know whether
other hazardous materials, such as asbestos, wededuring construction of the facility. With redar
to the research reactor used in this test casestsbhas not been observed, so far. Nevertheless,
measure of precaution this issue will be consideratiexamined during the detailed planning of each
decommissioning activity.

The main conclusions of the reactor characterinatés well as a subsequent measurement of the
radiation level through the core vessel, are oedim the following Sections.

(a) Reactor tank and the pipe connecting the tank tthe recombiner

During the characterization of the research reattaas not possible to measure the activity of the
reactor tank and the tube connecting the tankdor¢lcombiner. This activity originates partly from
the neutron activation of the stainless steel ef rdactor tank and the connecting tube, partly from
fission products that has been deposited on thés wélithe two components. The Department of
Applied Health Physics of the research centre hadsured thg-dose rate through the “Glory Hole”
(V2) with TL-dosimeters, but the radiation from a-Be neutron source in the graphite reflector (0.1
Ci) dominated the radiation around the reactor .té8ikbsequently, the Ra-Be neutron source was
removed and a new measurement was made. The odphis measurement is enclosed as Appendix
D. Based on this measurement, the remaining actviy-emitters in the core vessel is estimated to be
about 2 x 18 Bq of **Cs.

(b) Recombiner

For determination of the radiation from the recomaij the concrete block above the recombiner was
removed and thg-dose rate was measured in three distances abevedbmbiner and two below it.
Then they-spectrum was measured with the spectrometer hguagiove the recombiner in the hook of
the crane. The measurements resulted in an assds&inehe y-activity in the recombiner of
approximately 1 x 10Bq of **'Cs (with the estimated uncertainty of a factor 2).

(c) Control rods

The control rods were made of boron with a stamisteel casing. Based on measurements on a
regulating rod and a safety rod, the tgtalctivity of the four control rods is estimateda® about 5 x

10" Bq of ®Co with about 75% of the total activity concentdata the regulating rods, which was
close to the core all the time of the reactor ojpamna

(d) Graphite reflector

From the measured activities of graphite strindgersluding samples) and from the graphite volume
of the reflector (about 2 400 d)rit is estimated thatactivity of graphite is about 1 x 18q of **%Eu.
No evaluation of thé’C-activity, present in the graphite reflector wasried out.

The graphite stringers do not contain any jackbeyTwill be dismantled step by step using a remote
suction system. Then they will be measured witlpeesto radiological and geometrical properties
and posted into (6 to 9) cubic aluminium containelssely located to the biological shielding dgrin
handling of the graphite stringers. (Note: Forsthation purposes for this test case Figure 6 stows
picture from the later dismantling of the graplstangers, where the cubic aluminium containers and
the storage cell can be seen, see Fig. 22).
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FIG. 6. Cubic aluminium containers for storage loé graphite bricks and the storage cell
during dismantling.

(e) Reflector tank

The mass of the reflector tank is estimated, orbtsss of it dimensions, to be about 500 kg. Taking
this into account and the measured activity ofsk dut out of the reflector tank, it is estimatbdtt
the activity of the reflector tank is about 1 ¥ By of *°Co.

) Reflector tank lid

As there were no drawings available of the refletaok lid, its’ mass of about 200 kg was estimated
based on the available data. From the measuredtacti the material sample of the reflector taitk |
(see Table 27) the total activity of the lid isiestted to be about 1 x 18q of *°Co.

(9) Steel plates on the inner side of the concreséield

The four steel plates situated on the inner sidéh@fconcrete shield between the firstly cast dwed t
four concrete corner pillars are estimated to heetal mass of about 700 kg. From the measured
activities of the two material samples of the @atgee Table 26) the total activity is estimateteao
about 1 x 10Bq of *Co.

(h)  Concrete shield

From the measurements on the cores of the folmdslin the concrete shield, significant activity
was only detected at the inner end of the core filoendrilling down through the central concrete
block above the reactor. This piece had a leng#bofit 6 cm and an activity of 5 290 Bq. Assuming
that the activity is the same everywhere in theesw6 cm of the top shield, a conservative

15



Annex |, Part B

assumption, the total estimated activity of thegbjeld is about 1 x IBq of *°Co. In the cores of the
horizontal drillings the activity due to activatiogven on their inner end, was determined to bestim
at background level.
(1) Beam plugs

Measurements of the inner beam plugs showed tleamiigor part of the activity is located in the
innermost 5 cm. From the measurements, the tati@itgof the beam plugs is estimated to be about 5
x 10* Bq of ®Co and a significantly lower activity 6FEu.

The fact that no activity was measured on the most end of the horizontal borehole cores does not
agree with the fact that dose rates above the lbaigkd level were measured at the inner 15 cm of the
inner beam plugs and that activity above backgrdemdl was detected on these plugs. However, in
this context it needs to be noted that the stedkpdn the inner side of the concrete shield sk
(1.35 cm) than the steel plate at the inner enthi@inner beam plugs (0.35 cm) and that the comcret
in the beam plugs does not seem to be the sarhatasfthe concrete shield.

)] Experimental plugs

The research reactor was provided with a numbesxpkrimental plugs that were not part of the
initially supplied plugs. Due to the materials usedhe plugs their activity is larger than thattbé
standard plugs and stringers. The total activitghelse plugs is estimated to be about 5 %Bd of
®Co and a significantly lower activity 0F°Eu.

(k) Radioactive inventory in the reactor

From the activity of the radionuclides listed abdvean be seen that the tojadctivity of the reactor
can be estimated to be above 1 XRB@ and that the major part of this radioactivevitstis located in
the recombiner and the core vessel. The dominalwrraclides aré*’Cs in the recombiner and the
core vessel:>Eu in the graphite reflector aftCo in the rest of the reactor. From a volume point
view the most important reactor components thattrimrte to the waste generation from the
decommissioning activities are the graphite refleand the concrete shield.

3.3.2 Dose rates

Appendix Il and Appendix D provide information dhe dose rates of several components to be
handled during the decommissioning of the reseegabtor. In addition, the detailed work plan for
dismantling of the core vessel (see Appendix Ivpes further information on the dose rates at the
working place.

While the dose rates of the beam plugs and graptritegers are not higher than a few uSv/h (except
for one beam plug, for which the dose rate is 4% @tShe inner part), the dose rate of the comods
at the inner part are reaching values up to 100huSv

It was determined that the dose rate in 50 cm wlisteof the recombiner is about 300 uSv and a
simplified calculation results in a maximum doseerat the surface of about 1.5 mSv/h (see Section
5.1.1). The dose rate of the reactor vessel iscdiffto predict as during the characterization the

graphite stringers and the reactor tank, which smdhe reactor vessel, did not allow an easy
measurement of the dose rate originating from tire wessel. An average value at the surface of 7 —
8 mSv/h was estimated. As the dismantling acéisitvill be carried out from a distance the maximum

dose rate at the working place is estimated topb® 1 mSv/h.
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3.4. OPERATIONAL HISTORY

3.4.1 Overview of the reactor’s operation

The reactor was commissioned in August 1957 aearthl power of 5 W. In spring 1959 the thermal
power was increased to 2 kW until the reactor visag down in 2001.

For the first approximately 20 years, the reseaeelctor was used as a neutron source for following
purpose:

(a) Neutron activation

When a material is exposed to neutrons, theseoreutan be absorbed by the nucleus of the material.
If the isotopes thus formed are radioactive, themasition of the material and thus any impuritias ¢
be determined on the basis of the energy ofttagliation emitted during decay.

(b) Neutron radiography

In neutron radiography, neutrons are used to phaptygobjects that are to be subjected to non-
destructive testing (e.g. X-ray).

For the last 20 years approximately, the primarjedive of the research reactor was to serve for
education of upper-secondary school students ankkists from the Technical University. The related
teaching activities consisted of reactor experimergactor physics experiments (including neutron
activation analysis) and neutron radiography. Agpnately 600-700 upper-secondary school
students and 6-12 university students have beeratstliper year.

Consequently, the reactor was operated at differetpiuts up to 2 kW for the first 20 years, whie t
output has been between 0 and 300 W in the subsegasod. For calculating the activity induced
into structural materials and the radioactive ingen the simplified output history shown in Figufe
was used. The total generated energy is about Wa.M

Effekt (W)

b

300

100

FIG. 7. Simplified output history ("Effekt" = Powe@Ar" = Year).
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The only major modification that had been madehi esearch reactor was the installation of the
cooling system in 1959. This change was made wittew to increasing output from 5 W to 2 kW.
The modifications required to make this change virgkeided in the original supply.

During the operational period of the research mrasbme experimental setups were built at the
reactor and dismantled after completion of the erpents, i.e.:

O The Expo experiment

This trial was an Exponential experiment with tiva o characterize moderator materials in terms of
reactor physics (i.e. determination of diffusiondéhs and buckling). The research reactor acted as
neutron source for a set-up placed on top of theater tank. The set-up consisted of a graphitelbl

on which a tank filled with heavy water had beemacpd (see Figure 8). The equipment was
dismantled and removed in 1962.

FIG. 8. Exponential set-up at the reactor.
U The Pile Oscillator experiment

This experiment was a reactor physics experimepteoisely determine the absorption cross-section
of different materials and in particular materiaigh very low cross-sections. The reactor flux was
made to oscillate using carefully controlled movatseof a sample of the materials to be examined.
Compensation for the oscillations was effected leans of a separate control rod, and the amplitudes
measured formed the basis for a calculation ofctiegs-section. The experiment ended in 1970 and
the set-up was partially dismantled in 1992.

3.4.2 Accidents and irregularities

No significant accidents were registered duringdperation of the research reactor. Nevertheless, i
the reactor hall there are smaller contaminatealsaais a result of spills of core solution samples.

Furthermore, in 1972 an incident occurred in thectar hall during work with a so-called “coated
particle” from another reactor. The particle, whitdd a diameter of only few millimetres, was to be
crushed in a mortar in preparation for furtherdration in the reactor, but fragments flew out lué t
mortar and some of them ended on the floor. Thergeason to suppose that no remaining
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contamination from this incident will be found ditet research reactor; however it cannot be
completely excluded.

3.4.3. Pre-decommissioning activities

During planning and preparation of the decommigemin the post-operational phase some activities
were performed to promote and facilitate the subeetjdecommissioning. These activities were
subject to the existing operation licence and peréal in accordance to its terms and conditions.

(@) Tapping of fuel solution

The research reactor contained approximately 16f5uel in the form of about 5 kg uranyl sulphate
dissolved in doubly demineralized water. The 5 kgiranium comprised of 1 kg 6#°U and 4 kg of
233). Following more than 40 years’ operation, theaiiijalso contained fission products and small
quantities of transuranic elements.

O Tapping
The reactor fuel was tapped off according to opamat procedures.
O Storage of fuel

The fuel solution was collected in four criticalibafe stainless steel bottles and stored at aaepar
storage facility that is located at the researcfiressite.

Further details on the tapping of the fuel soluipresented in Appendix V.
(b) Decontamination of the primary system

After the fuel was tapped, the core system with ékeeption of the recombiner became partially
decontaminated by flushing with demineralized wafEne rinse water was collected in a 200 |
stainless steel drum and sent to the radioactivetevaeatment facility at the research centre for
further processing.

Due to tapping of the fuel solution and partial a@amination of the primary system the radioactive
inventory was reduced from an order of 100 GBgactivity and 5 GBag activity to a few GB/y
activity in the core solution and hardly amyactivity.

(c) Removal of the Ra-Be source

The Radium-Beryllium source, which was used asudrae source during the start-up of the research
reactor, was removed prior to decommissioning. Stwrce was located in a hollow in the graphite
220 cm into one of the experimental channels. Thece activity was 3.7 x 2Bq (0.1 Ci). The

source was extracted by means of an electromagoehted, 2.5 m long rod and placed in a lead-

1 Note: during conduct of the decommissioning of tlesearch reactor, which was used within this ¢ese, some

contamination was observed from spilled radioacligreid during normal operation. This incident wast reported and
thus not recognized in the documents on the operalistory. Thus, as a “lesson learned” in reabdemissioning safety
assessments is that the assessment of the noreratiop needs to be performed and periodically tgazta
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shielded container that was transferred to a stofagjlity for intermediate level radioactive waste
the research centre. The radiation level of 365/m®&as measured at a distance of about 2 cm from
the source. Only insignificant personnel doses wemgstered as a result of this operation (max.
1 uSv).

3.5. DECOMMISSIONING ACTIVITIES AND TECHNIQUES
3.5.1 Decommissioning activities

During dismantling of the research reactor, it Wl important for all connected supply serviceshsu
as electricity, water and sewers, to be discondeaerrectly in accordance with applicable
regulations. Since the reactor building does netleactive drains, it will be also important to picey
adequate cover to ensure that no active substamtes the ordinary drainage system. Therefore, as
far as possible decontamination activities willgeformed in external facilities. If decontaminatio
activities might be necessary during dismantlingivéiees no solvents or liquids are planned to be
used in order to avoid spreading of radioactiveemat Note that the core solution was trapped and
decontamination of the primary circuit was perfodnadter shut down of the research reactor but still
under the operating licence (see Section 3.4.3).

(a) Emptying of cooling systems

Before the research reactor is dismantled, themslzrg cooling system will be disconnected from the
domestic water supply and emptied. Informationt@dooling systems can be taken from Fig. 9 and
Fig. 10.

FIG. 9. Cooling systems.
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FIG. 10. Diagram of cooling systems.
(b) Exposing and removing the recombiner

The recombiner will be exposed by lifting away tacrete blocks at the top of the reactor block,
using the hall crane. After removal of the conciigtecks, the radiation level are envisaged to be so
high as to prevent employees from remaining iratte& for brief periods of time.

Since the recombiner is contaminated on the ingide **'Cs, it will be removed in one piece and
transferred to a waste container. The recombiner dra external diameter of 270 mm, a height
including connection pipes of approximately 500 mand weight of approximately 30 kg. In the
bottom, it is connected to the core vessel by agia joint in the &" (60 mm) pipe (see Fig. 11)
Because of the radiation of the recombiner the ik planned to act from a distance. Especidily, t
recombiner will be lifted out using the crane df tieactor hall.
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pipe to core vessel

FIG. 11. Recombiner (left: top view; right: bottonew).

Removal activities are planned to be divided il following processes:

u

g

(€)

Removal of electricity cables to the heating elenaa signal wiring to the pressure transducer
and thermal elements.

Manual cutting of piping to the cooling spiral wtlt use of a remote system but using a
hydraulic scissors.

Disconnecting the pipe to the recombiner. Closureéhe connection pipe at the top of the
recombiner by squeezing and cutting it using hylitawutting tool. The pipe connection to the
core vessel will be opened at the flange at thioboof the recombiner. Then cover plates will
be mounted on the two flanges. To insert the cplates, the recombiner will be lifted with
help of the reactor hall crane, which will be cocted to the recombiner using special
connectors.

The recombiner will be lifted up with the crane anansferred to a waste container (with a
concrete shielding) for handling to the radioactisste treatment facility.
Dismantling of control and safety rods

The control and safety rods will be withdrawn horitally in the control rod housing via the control
rod lead-ins (see Figure 12).
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FIG. 12. Control and safety rods.

On the basis of the results from the calculatioth measurements of the activity of the control raids,

is regarded possible to handle the absorber elethairtig removal by means of the connection rod.
After removal, the absorber element will be plabetiind a lead wall in the storage cell so as to be
separated from the connection rod.

Dismantling is planned to comprise of the followimgfivities (see Fig. 13 and Fig. 14):
U Removal of signal wiring, electricity cables andrmagear;

U Removal of drop weights and shock absorbers osdfety rods and counting mechanisms on
the control rods;

U Withdrawal of the rods and separation of thesehm jbints between connecting rods and
absorber elements; and

O Removal of cover plates on the reactor block artddwawal of the absorber.

FIG. 13. Control rods — absorber element.
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FIG. 14. Control rod drive.
(d) Dismantling of graphite, core vessel and refleor tank

The radiation level from the core vessel will reguisee results of the TLD-measurements around the
core vessel in Appendix IV) removal of the vess®l aubsequent loading into a shielded waste drum.
A related detailed work plan for the dismantlingivdties was developed and is provided in Appendix
l.

Before the core vessel can be removed, the reflédtwill be removed. As it is not contaminated: bu
only activated, it will be transferred immediatdly the radioactive waste treatment facility at the
centre after monitoring for contamination. The dpniég reflector will become accessible and will be
removed partially to allow free access to the c@®sel. Depending on the radiation level, this tagl
carried out remotely by using suction packs.

Furthermore, the connection pipe to the recombitiner,drainage pipe in the bottom and the “Glory
Hole” pipe will be disconnected. For this the degje pipe will be squeezed and cut using a hydraulic
scissors, while it will be examined whether theepiprough the “Glory Hole” can be withdrawn from
the outside.

The core vessel has a volume of 17 | and a weigapproximately 6 kg. The reflector tank contains
about 2 m (about 4 100 kg) of graphite (see Figs 15 and 16).
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FIG. 15. Core vessel. FIG. 16. Reflector tank with reflector
graphite.

Furthermore, during dismantling it will be assesa#@ther removal of the reflector tank and possibly
taking it apart requires special measures to praig&inst workers’ radiation and dust inhalatidrsol,
personal protective equipment will be worn to avaity intake of possible dust from the graphite
stringers.

(e) Dismantling of the other parts of the core sysim

The other parts of the core system, consistindneffilling system, the draining tank and the fissio
gas system, are considered only to be slightlyasoimtated and thus will be taken apart using normal
health physical control measures.

() Dismantling of the cooling system

The piping and accessories outside the core vbssmiging to the cooling system are considered not
to be contaminated and thus will be taken apatiawit any special measures (see also b) above).

(9) Demolition of the concrete shield
g Cleaning

After removal of the reflector tank the inside bitconcrete shield will be cleaned by means of
vacuuming and cleaning with wet cleaning tissues. (ho liquids are intended to be used), if deemed
to be necessary.

0 Detailed characterization of activity content

When the inside of the concrete shield becomessaitiie a detailed characterization of its
activity will be carried out to enable the demailitiin a way that radioactive material (due to
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activation or contamination) above the clearangetsi can be segregated. This radioactive
material could be placed in a repository, while tf@mainder can be cleared. The
characterization of the material from the concreftéeld is important for minimizing the
amount of decommissioning waste. The foundatiothefblock (4.4 x 4.4 x 2.6 m) contains
approximately 100 t of heavy concrete and approteiyab0 t of normal concrete. It is
important to note that the clearance of materiaitisnded to be carried out in the radioactive
waste treatment facility at the research centee sit

O Detailed plan for demolition

Based on the characterization of the concretedshaetletailed plan for demolition of the reactardid
is planned to be developed.

Depending on the distribution of radioactive ad¢yiydifferent methods will be applied, ranging from
grinding or chipping off activated surfaces to dmjre-cutting the concrete so as to separate
radioactive from non-radioactive material.

In preparation of the cutting, a tent will be inlgd covering the reactor block to avoid any
distribution of concrete dust through the reactalt. Hn addition, the workers will wear appropriate
personal protective equipment as air masks, ogeralt. to avoid any intake of radioactive
contaminated dust.

A high performance suction and filtering systemlvei¢é used to extract the dust generated at the
cutting line of the dry wire-cutting system. In &lth, a local ventilation system will be operated
filter the air inside the tent.

After completion of the cutting the inner surfadettee tent will be cleaned by means of vacuuming
and wiping with wet towels.

(h) Final decontamination and clearance of the redor building

The reactor building is planned to be used for pfheposes after completion of decommissioning.
For that reason, the reactor hall will be finallgcdntaminated to ensure release from regulatory
control and future use without restrictions. Theref possible contaminated parts of the floor, the
related systems and the components of the readobevremoved using conventional techniques if
the related survey programme indicates contaminalmve the clearance levels [5]. Details on the
clearance procedure intended to be applied in #se&ch Reactor Test Case can be found in Section
3.6.2.

Final measurements will be carried out after demmimation to document compliance with the
clearance values.

3.5.2 Decommissioning techniques

During decommissioning of the research reactor eolyventional techniques will be used which are
routinely used in decommissioning projects worldevand thus they are proven to be fit for purpose.
They will be compliant with regulatory requirements tools and technique to be applied in
decommissioning projects. For cutting of the systemd components, and especially of pipes, saws
and hydraulic scissors will be used. No thermatimgttechniques are intended to be applied. The
biological shielding will be dismantled using dryrevcutting with a high performance suction system
at the cutting line to minimize potential relea$elwst to the work place.
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Local handling of systems, components and otheioaative material (including waste) inside the
reactor hall (from the reactor to waste drums atholocal storage cell) will be performed using th
crane of the reactor hall. The maximum capacitthefcrane is 2 Mg and is sufficient with regard to:

O The maximum mass of the individual waste piece ¢pmponent is expected to exceed
600 Mg as the biological shielding will be cut irgieces of no more than 500 Mg); and

O Waste drums (including additional shielding).

The crane will be subject to inspections by the iRatgry Body or by another competent authority
(depending on the national regulatory system) depto ensure compliance with the relevant national
regulations on conventional safety of cranes.

3.5.3. Protective measures

Following the draining of the core solution, onlpderate quantities of radioactive activity remained
in the core vessel (mainfjCo) and in the recombiner (mairif{/Cs), representing the main part of the
radioactive inventory. The work procedures and quidte measures will take this into account (see
Section 7). Due to their radiological charactecstall other components will be handled unshielded,
without exposing the decommissioning staff to angniicant doses. Depending on the
decommissioning activity to be performed appropriggrsonal protective equipment is envisaged for
the workers. This will include:

O Direct reading and passive dose meter to deterthseffect dose;

O Finger dose meters in those cases, in which thetysailssessment during work planning
indicated a potential exposure of the hand,;

O Overalls, including gloves;
O Helmets; and
O In case of generation of dust or aerosols, bregtmasks.

When external contractors will carry out decomnaissig activities in the controlled area, for which
the use of dose meters and medical examinationhe$et employees are required by national
regulations, the person in charge of the decomomssj work will not allow work to start until a
personal radiation passport has been received thmmexternal employee. The decommissioning
project manager will ensure that:

(a) The external employee receives instructions spatific training with regard to the work in
question;

(b) The external employee is given a personal tireading dose meter and — if necessary — a
finger dose meter, and

(c) The signed radiation passport is returned te #xternal employee’s company with
information given to the employee and the compagarding the size of the dose measured.

The person in charge for radiation protection for safety of workers during the implementation of
decommissioning activities needs to ensure thag timsts are not exceeded.
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The air will be monitored continuously during decguissioning. This will include control of the
content of particulara/f activity by means of an air monitor (CAM), whilairfaces must be
monitored for contamination with/(3 activity by means of wipe samples.

3.6. WASTE MANAGEMENT

The waste generated during decommissioning aetsviwill be subject to a dedicated conventional
and radioactive waste management. Clearance alsbenapplied in case of radioactive material. It
has to be noted, that the clearance measuremeritefoadioactive material are not in the contdxt o
the Research Reactor Test Case, but that relatedumes to ensure effective minimization of
radioactive waste will be implemented during decassinning activities.

3.6.1 Radioactive waste management

The estimated total volume of the decommissioniagtes expected to be generated from the reactor
(mainly of concrete from shielding) is 60 m3. Mostit will be cleared for unrestricted use and vo#
disposed of as conventional waste after cleara@oasequently, it is expected that only very few
concrete containers and ISO containers will beiredufor the collection, storage and handling of
radioactive waste from the research reactor.

In total, the radioactive waste will mainly consi$theavy concrete (3.6 g/cm3), lead from shielding
metal and graphite. It will contain only small gtiaes of long lived radionuclides from material
around the core. The main activity is estimatedsa result of°Co, **'Cs and"*****€u, as presented

in Table 3.1.

Before dismantling begins, an assessment will bdemaf whether the material generated will be
treated as radioactive waste or non-radioactivetavdchis assessment is necessary so as to avoid
separating the waste more than once during theatperand also will minimize the doses for the
workers involved.

Material generated during decommissioning, whicteptially can be cleared, will be collected in grid
boxes and will be cleared at the radioactive wasggment facility.

The management of radioactive or potentially ractive waste at the research reactor during will be
based on the following basic safety criteria:

(a) Workers’ doses from decommissioning activitigh be minimized in accordance with the
ALARA principle (As Low As Reasonably Achievable).

(b) After dismantling, the radioactive waste wilt placed in approved waste containers. While
the waste container for the core vessel will begalain the biological shielding (and thus will
be craned after loading) all other waste contaiméltsbe placed on the top of the biological
shielding for loading. When a container is compiefdled it will be kept at a distance from
the work site itself, or duly shielded, so thatdites not contribute unnecessarily to the
personnel doses. The radioactive waste will be tearpy stored in the reactor hall before
handled to the radioactive waste treatment fadititt shielded storage cell at the southern end
of the reactor hall (see Figure 3.4). When a west#ainer is filled, the contained waste will
be recorded in files in accordance with the qualitanagement system and national
requirements and a description must be given otdmeent of each waste container.

(© Containers temporarily stored in the storadkeva# be transported from the reactor hall to the
radioactive waste treatment facility as soon asctpacity of the storage cell and the progress
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of the decommissioning activities allow. The fillagste containers will be placed in a buffer
hall at the radioactive waste treatment facilityhe research centre site for further processing.

(d) The waste drums will be transported to theaacdlive waste treatment facility according to
the international standards [7] which are incorpaianto the transport interface instructions
of the research centre. Therefore the waste cartare envisaged to fulfil the requirements
on:

O Contamination below 4 Bg/chfior Bly radionuclies;
O Contamination below 0.4 Bq/(?n‘or a radionuclides; and

U Dose rates below 5 pSv/h at the surface of theengrsim or of the concrete shielding
of the waste drum (packages and overpacks of cgtéyHITE).

As in the research reactor lead, different puritias been used for shielding purposes this leddwvil
re-used inside the waste drums as temporary shéeldi needed to meet these conditions for
transportation. The fulfilment of these criteriaplanned to be checked by the radiation protection
personal prior each transportation.

3.6.2 Clearance of the reactor hall

Clearance measurements for the building will beiedrout after all radioactive contamination and

activations — if any- have been removed to dematesthat the relevant clearance values will be met.
The measurements will be performed as a combinatiorontamination measurements with hand-

held instruments and spectrometric measurements @dt-detectors or Nal-detectors. The detectors
will be compliant with the relevant national stardtaand requirements and will be subject to regular
inspection and maintenance programmes and dailgtiimal tests to ensure that the results are
reliable and correct.

The rooms and structures in the building will béegarized into three classes, Class 1, Class 2 and
non-classified, according to the likelihood of fingl any radioactive contamination or activationeTh
categorization will be subject to agreement byRlegulatory Body:

(a) The surfaces in the set of rooms and structwits the highest likelihood of being
contaminated will be classified as Class 1 and vélmeasured to coverage of 100%;

(b) Those in the middle group, Class 2, will geligiae measured to coverage of 10-50%; and

(© A few random measurements will be carried outhe non-classified surfaces that had no or
very little contact with radioactive materials.

The reactor hall, the counting laboratory in thedment, the locker room and toilet at the ground
floor are classified as Class 1. The stairway, ritians for heat control in the eastern part of the
basement and the dark room are classified partlZlass 1 and partly as Class 2. All remaining
rooms, including the control room and the officee alassified as Class 2. There were no non-
classified rooms in the building.

Ge-detectors are intended to be used in larger scmsnone or two measurements can measure the
surface-contamination in the whole room. Ge-detsatan also measure themitting radionuclides
that may have penetrated into the floor or walisittermore, gamma spectrometric measurements can
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determine the radionuclide compositionyeémitters. The measurement results with the Gectlete
are planned to be analysed by means of the ISOfd8ase. In the reactor hall the brick walls and the
window sills will be measured with contamination mitors. The concrete wall to the west will be
measured with a contamination monitor up to a heil2 m. above the floor. The rest of the walls
will then be measured with Ge-detectors. It is asmliconservatively that all the radioactive agivit
seen by the detector is located in one square nieeis positioned farthest away from the detector
Most likely, however, the contamination will be eledistributed on the wall.

Contamination of the ceiling is intended to be meed with Ge-detectors. The crane will be
measured with both contamination monitors and Geetlers. In order to distinguish between
potential *’Cs-contamination originating from the operationtbé research reactor and théCs
originating from fallout from the nuclear weapoests and from the Chernobyl accident, background
spectra will been taken in a number of locationslar to those surrounding the research reactor.

(@) Floor, channels and pits in the reactor hall
The floor will be measured with both Ge-detectord eontamination monitors.
(b) Concrete below the reactor

The "crater" left open after the removal of theltugical shield of the reactor will be measured védth
Ge-detector, combined with analysis of drill-coeemples to determine the decrease of the activity
concentration as a function of depth.

(c) Heating and ventilation system in the reactor all

The ducts for the heating system are not acces#ibteassumed that if any contamination is found
the ducts, it can be detected behind the outléis gri the southern end of the hall. Dust behiral th
ventilation grills will be scraped off and analysdegdgamma-spectrometry in the laboratory. Similarly
smear tests will be taken from the inside of thetiletion channel.

(d) Other rooms in the building

Although most of the rooms outside the reactor &adl classified as Class 2 areas, for the purpbse o
the Research Reactor Test Case they will be mahdor@ near 100% coverage. The counting
laboratory in the basement will be measured by meah both contamination monitors and
spectrometers, because some contamination hasfbeed earlier (and removed) here. All other
rooms will be measured with contamination monitamly.

3.7 SUPPORTING FACILITIES

The decommissioning of the research reactor retigsly on existing facilities at the research centr
to manage radioactive material and to clear radimomaterial. These facilities are subject to
individual existing licences which allow treatmemtd storage of radioactive material or clearance of
material originating from the decommissioning o tiesearch reactor.

In addition a new facility, a storage cell, for f@mnary storage of radioactive material inside the
reactor hall is needed, which will be set up inselalistance to the biological shielding (see also
Section 3.2).
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3.8. END-STATE
When decommissioning is completed:
O The research reactor (including the biological Isligy) will be removed completely; and

O All remaining systems (e.g. ventilation system, timga system) and the reactor hall are
compliant with clearance criteria and can be redasunrestricted use.

4. HAZARD ANALYSIS

4.1. HAZARD IDENTIFICATION

Relevant hazards within this decommissioning ofréeearch reactor are primarily due to radioactive
material contained in components of the primarguir (e.g. core vessel, recombiner, connecting
pipe), and activations of the reflector vessel,gtaphite and the biological shielding (if any).

In addition, conventional hazards due to the usssbéstos, cadmium and lead need consideration.

4.2 APPROACHES TO HAZARD IDENTIFICATION
4.2.1. Choice of the approach

As presented in the main report, there are vargupsoaches to performing hazard identificatior (se
Section 3.3.2, “Approaches to Hazard Identificatjoithese approaches are discussed below as well
as their suitability for application to the ResdaReactor Test Case:

O Evaluation based on existing safety assessmetttdaesearch reactor

The safety assessments which exist for operatitineofesearch reactor are based on scenarios
which are not relevant for decommissioning. Thenefexisting safety assessments cannot be
used in this context.

O Evaluation based on past operational experience

Evaluation of past operational experience is ofitkth use in this context as no major
incidents occurred during the operation of the asge reactor. All existing data known from
the operational period are presented in Section“C&scription of the Facility and
Identification of Controls”.

O Use of checklists
The generic checklist supplied in Appendix | of thain report is used for identifying the

hazards for the research reactor. Additional camaiibns are applied using the “What-If-
Technique” described below.
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4.2.2.

Hazard and operability study (HAZOP)

This approach is not well suited to the hazard tifleation of a nuclear facility with less
complexity and low radioactive inventory like a dhmasearch reactor. Such a technique can
best be applied to larger nuclear facilities, inrtipalar those where there are
interdependencies between various parts or prosegsere the failure or malfunction of one
part may affect others.

What-if ? technique

The approach of brainstorming to check whetheritamy not covered by the generic checklist
need to be additionally considered is used to ensoimpleteness of the hazard identification.

Results of the hazard identification

Hazards are identified using the generic checktistombination with the “What-If? technique”,
taking into account additional hazards from théofeing areas:

0

0

0

0

0

External factor influences;

Operator error and other human factors;
Equipment/instrumentation failure;
Utility failures; and

Integrity failure.

Table 1 shows the result of the hazard analysitineget to the research reactor and lists
hazards and related initiating events of relevdaceormal and accidental scenarios.
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TABLE 2. IDENTIFIED HAZARDS, INITIATING EVENTS ANDRELEVANT

SCENARIOS
Hazards Relevant for Relevant for Relevant for Relevant for
Workers Workers Public During | Public during
during during Planned Work Accident
Planned Accident Conditions
Conditions Conditions
Yes/No Yes/No Yes/No Yes/No
Radiological hazards
Direct radiation sources yes yes no no
Improper removal of shielding yes no no no
Radioactive material, incl. form: yes yes yes yes
(solid, liquid, gaseous)
Criticality no no no no
Contaminated liquid, material no yes no yes
Other radioactive sources (smoke no no no no
detectors, lightning rods)
Fire/explosion hazards
Oxygen no no no no
Sodium no no no no
Explosive substances no no no no
Flammable gases (e.g. see “Combustible/inflammable materials”
oxyacetylene, propane gas),
liquids, dust
Combustible / inflammable no yes no yes
materials
(for the RR: graphite; wooden
floor)
Compressed gases no no no no
Hydrogen generation no no no no
Overheating or fire, caused by yes yes no no
e.g. portable heaters, overload of
electrical circuits, application of
cutting techniques
Electrical hazards
High voltages no no no no
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Hazards Relevant for Relevant for Relevant for Relevant for
Workers Workers Public During | Public during
during during Planned Work Accident
Planned Accident Conditions
Conditions Conditions
Yes/No Yes/No Yes/No Yes/No
Power overload and shortcuts, no yes (power no no
power failures failure during
crane operation
with source
exposed)
Inadequately disconnected yes no no no
circuits/prevention against
inadvertent connection
Non-lonizing Radiation
Hazards
Non-lonizing Radiation Sources no no no no
incl. lasers
Electromagnetic radiation (e.g. no no no no
microwaves)
High Intensity Magnetic Fields no no no no
Chemical/toxic hazards
Chemotoxic material no no no no
Spills no no no no
Chemicals (aggressive no no no no
chemicals)
Remark: no acid based batteries
available at the reactor
Accidental mixing/combination no no no no
of chemicals (e.g. in sewage
systems, in decontamination
work, etc.)
Asbestos and other hazardous | yes (asbestos| no (lead to be no no
materials, like lead or beryllium from removed before
insulation of | introducing fire
pipes at hazards e.g.
control rod from welding)
house;
cadmium at
fuel drain
tank)
Pesticide use no no no no
Biohazards no no no no
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Hazards Relevant for Relevant for Relevant for Relevant for
Workers Workers Public During | Public during
during during Planned Work Accident
Planned Accident Conditions
Conditions Conditions
Yes/No Yes/No Yes/No Yes/No
Physical hazards
Kinetic energy no no no no
Potential energy (springs, Wigne¢rno (no Wigner no no no
energy in graphite) energy
produced
because of low
flux of fast
neutrons)
Degraded or degrading no no no no
structures, systems and
components
Steam no no no no
Temperature extremes (high no no no no
temperatures, hot surfaces,
cryogenics)
High pressure (pressurized no no no no
systems, compressed air)
Working environment hazards
Working at heights (e.g. ladders, yes no no no
scaffolding, man baskets) (scaffolding;
top of
biological
shield)
Excavations, formation of no no no no
underground cavities
(subsidence) from rain, waste
degradation etc.
Vehicle traffic yes (in case 0 no no no
waste
transports)
Heavy lifts, material handling, yes (lifting, yes no no
heavy equipment, manual lifting cranes)
overhead hazards, falling objects,
cranes
Inadequate illumination no no no no
Inadequate ventilation no no no no
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1]

Hazards Relevant for Relevant for Relevant for Relevant for
Workers Workers Public During | Public during
during during Planned Work Accident
Planned Accident Conditions
Conditions Conditions
Yes/No Yes/No Yes/No Yes/No
Noise (high noise areas and yes (concrete no no no
tools) demolition;
hearing
protection)
Dust yes (concrete yes no no
demolition;
respiratory
protection)
Pinch points, sharp objects yes (cutting no no no
operations)
Confined space no yes (in no no
recombiner
vault)
Dangerous equipment, e.g. power yes (various yes no no
tools, compressed gas cylinders, tools)
welding and cutting, water jet
cutting / decontamination,
abrasive decontamination
techniques, grinding, sawing
Remote work area no no no no
Obstruction of passageways or no no no no
exits
Human/organizational
hazards’
Human error not applicablé not applicable not aygtdie | not applicabld
Safety culture aspects not applicahle not appleabl not applicable| not applicabl
Assigning inadequate training fgr not applicable not applicable not applicab nqtli@pble
work steps
Assigning inadequate protectivg not applicable not applicable not applicab nqiligable
measures for work steps
External hazards / initiating
events
Ambient temperature extremes no no no no
Airplane crash not to be taken into account
Storm and adverse weather no no no no

conditions
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Hazards Relevant for Relevant for Relevant for Relevant for
Workers Workers Public During | Public during
during during Planned Work Accident
Planned Accident Conditions
Conditions Conditions
Yes/No Yes/No Yes/No Yes/No
Earthquakes not to be taken into account
Flooding - no (site - no

sufficiently high
above sea level

External explosions and fires - no (no othef - no
buildings in
neighbourhood)
Other Hazards no no no no
Degraded / corroded barriers, no no no no

ageing of materials

Unknown or unmarked no no no no
materials
Spills (due to decommissioning no yes (see no no
activities) contaminated

liquids)
Malfunction of safety relevant no no no no
systems

7 For the purpose of this test case it is assumatittie human organization and factors do not impose
hazards relevant for the safety assessment.

The positive entries in Table 2 have a differem¢vance for the safety assessment, ranging from
situations or scenarios with minor consequencélldse hazards which are limiting in the framework

of the safety assessment for the research reddterefore, the positive entries are discussed and p

into perspective:

(a) Direct radiation sources

As described in Section 3, the radionuclide invegntmainly consists of radionuclides which
contribute to external irradiatiori%Co, *’'Cs). External irradiation is the only relevant pedly for
workers exposure during normal decommissioning ttimms$ (see Sections 4.3.1 and 5.1.1). It is also
relevant for accident scenarios for workers andefioee direct radiation sources are taken into
account (see Sections 4.3.3 and 5.2.1). Howeviealation proves to be the more relevant exposure
scenario.

(b) Improper removal of shielding

The procedures for performing the decommissionttiyifies have been carefully evaluated to ensure
that large sources are always well shielded orttiet are exposed only shortly during handling with
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the necessary temporary shielding. Improper remofvahielding has therefore been dealt with in the
operating procedures. Improper shielding conditiitls in addition, be readily detected by the libal
physics personnel during routine measurementshéseverall dose rate from the parts of the research
reactor is small, improper removal of shieldinghi@ considered relevant for being included in the
safety assessment for accident scenarios as aatepase. It is covered by the other cases whih ar
being evaluated (see Sections 4.3.3 and 5.2.1).

(© Radioactive material (solid, liquid, gaseousitaminated liquids

In the present context, radioactive materials waflevance to the safety assessment mainly corfsist o
the contamination present on the inner surfacedeénform of dust or liquids. This issue has been
taken into account when designing work safety memsuike prescription of wearing respiratory
protection during those work steps where contangnatould be mobilized and be suspended into the
breathing air of personnel. Therefore, doses frohalation are not expected to be relevant for the
safety assessment of the research reactor decoimniigs during normal working conditions (see
Sections 4.3.1 and 5.1.1).

For the analysis of accidents, however, it is cora@ely assumed that the inner contamination will

accidentally be mobilized and that the worker bedfiigcted is not wearing respiratory protection

equipment (see the scenario description in Seeti@8 and 5.2.1). In addition, the fact that some
contamination which can be mobilized is also thesom for assuming exposure of members of the
public via airborne pathways during normal opegationditions and accident situations as outlined in
Sections 4.3.2 and 4.3.4 and Sections 5.1.2 and.5.2

(d) Flammable gases (e.g. oxyacetylene, propanelgpsds, dust

For normal operation, dust from dismantling of drigg is a hazard which is taken care of by the
implementation of industrial safety measures. Gteptust is, however, also regarded as one possible
initiating event as it may be set on fire. But,iwiéspect to the low total generated energy oMM
within 44 years of research reactor operation thgnéf-Energy deposed by high energy neutrons can
be regarded to be too low to allow a self-ignitairthe graphite bricks during handling. Thus igmiti

of graphite dust requires some external fire souacel cannot result from Wigner-Energy.
Nevertheless, it is regarded as part of an iniigatvent that an external source of fire will exist
leading to a fire causing accidental release oibeadive material as described in Sections 4.3dt an
5.2.2.

(e) Combustible/inflammable materials

For the research reactor, only the graphite and wle®den floor fall into the category of
combustible/inflammable materials. These materidés not pose any hazards during normal
decommissioning conditions. However, they are etqubto contribute to a fire causing accidental
release of radioactive material as described ini@eb.2.2.

§)) Overheating or fire

Overheating or fire can be caused by different &/ed.g. portable heaters, overload of electrical
circuits and application of cutting techniques. Hpplication of certain cutting techniques may he t
initiating event for a fire causing accidental esle of radioactive material as described in Section
5.2.2.
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(g9) Power overload and shortcuts, power failures

A power failure or a shortcut does not cause ardadaring normal operations, as the safety of
operation does not depend on the continuous oparafi any electrical powered device. If a crane
lifting an unshielded source (activated and contateid items) accidentally ceased operation due to a
power failure so that the source remains unshieldhésicould cause a hazard from external irraoiati

to the personnel. As, however, the personnel widlve the area immediately and return only after
power has been restored and the source can beeldvirio its shielded container, this scenario is
mainly comparable to the external exposure of tbeker during normal operation in Sections 4.3.1
and 5.1.1.

(h) Inadequately disconnected circuits/preventigairst inadvertent connection

This is taken into account in the operation procesiufor planned decommissioning activities.
Therefore, it is not expected to form an initiatexgent for accidents during decommissioning.

0] Asbestos and other hazardous materials, liad & beryllium

Hazardous materials like asbestos from the insuladf pipes at the control rod house and cadmium at
the fuel drain tank are present. Their positionvedl known, and the operating procedures take the
presence of these materials into account. Theyhanelled appropriately and do not pose an undue
risk. The presence of these materials is not reghas an initiating event for or forming part olyan
fault sequence leading to radiological consequences

0] Working at heights (e.g. ladders, scaffoldin@n baskets)

Working at heights takes place only to a very lediextent. Scaffolds are used for working on or nea
the top of the biological shield. For this purp@gpropriate industrial safety measures have been pu
into place to avoid accidents. Therefore, this itemot regarded as relevant for analysis of actade
working conditions as it bears no radiological @mnsences. Working at heights is also not seen as an
initiating event for a fault sequence leading wiokbgical consequences.

(k) Material handling

Material originating from dismantling activities be temporarily stored in the reactor hall urtiié
material will be transported to the radioactive t@aseatment facility. Related vehicle traffic cdry
low frequency will be taken into account during tte/elopment of the work procedures and during
work control. Therefore no radiological risk duridgcommissioning is envisaged.

0] Heavy lifts, material handling, heavy equipmentanual lifting, overhead hazards, falling
objects, cranes

For normal operation, these hazards are duly cdvieyethe operating procedures. For example, the
crane is subject to regular inspection and maimeagrogrammes according to national requirement
related to conventional work safety and will beraped by skilled personnel, workers are forbidden t
stay beneath lifted loads etc. These hazards amefdne not explicitly addressed in the hazard
analysis for normal decommissioning conditions.AVéspect to accident conditions, however, a drop
of a waste container or a contaminated part ofréisearch reactor which has been lifted may cause
spread of contamination. Drop of loads is therefoduded as an initiating event in the analysis
performed in Sections 4.3.3 and 5.1.2.
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(m) Noise (high noise areas and tools)

For some of the dismantling steps, tools creatifgh moise levels are used, for example for
decontamination of concrete surfaces or during r@acdemolition. For this reason protective
measures during normal operation have been talaarifly protection). Noise is not regarded as an
initiating event for or forming part of any fauk@uence leading to radiological consequences.

(n) Dust

Larger amounts of dust are created mainly duringciete demolition. For this reason protective
measures during normal operation have been takepifatory protection).

(o) Pinch points and sharp objects

These may occur mainly during cutting operationstrhal industrial safety procedures are in place to
prevent injuries caused by pinch points and shdmeocts. Pinch points or sharp objects are not
regarded as forming part of any fault sequencedrnegad radiological consequences.

(p) Confined space

The only confined space which is of relevance lethe recombiner vault. During normal operation,
working in this area does not present any partichéezard. For the analysis of accident conditions,
however, this area is chosen as the place wherdigiest amount of loose contamination could
become mobilized, leading to doses from inhalatmra worker present in the recombiner vault.
Working in this confined space is, therefore, i@ tause for an accident scenario (i.e. does nat fo
an initiating event), but contributes to such ansti® as outlined in Sections 4.3.3 and 5.2.1.

(@) Dangerous equipment, e.g. power tools, compcegas cylinders, welding and cutting, water
jet cutting/decontamination, abrasive decontamimatiechniques, grinding, sawing

During normal operation, such techniques are aplidy by skilled personnel. It is thus ensured tha
they do not pose a risk to the personnel duringnaboperation.

N Airplane crash
An airplane crash is not considered as a design dasddent for the research reactor.
(s) Malfunction of safety relevant systems

Safety relevant systems are operated with regatbetanonitoring of air born radioactive material.
Further systems, especially the ventilation syséeenot safety relevant. In case of the demolitibn
the reactor block, a high performance suction sysiad a local ventilation system will be usedslt i
envisaged that in case of any failure the dismagtictivity will be stopped so that no further aséd

is required. As part of the protective systems tina planned during decommissioning, personal
protective equipment will be worn by workers. Feglsi need to be taken into account in the safety
assessment, especially related to the risks dtieetdust from graphite handling and concrete auittin

4.3. PRELIMINARY HAZARD ANALYSIS AND SCREENING

The following scenarios provide upper and consergatstimates of potential doses that could arise
from normal and from accidental conditions both fasrkers and for members of the public. This
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preliminary analysis serves to put the potentiaands from the research reactor into perspectide an
to justify the choice of the level of detail in whithe detailed hazard analysis is carried oueitiGn

5 (graded approach). The Section 4.3.1 — 4.3.4acombugh estimates of upper bounds on doses for
workers and the public. The influence of the wasnagement is preliminary analysis in Section
4.3.5. The most relevant scenarios are summanz8edgtion 4.3.6.

4.3.1 Preliminary analysis for workers under normalconditions

With regard to the normal conditions the followiegtimates on the most significant contributions to
the workers’ exposure, taking into account the ltesif the hazard identification in Section 4.1:

(a) External exposure due to the course of work

0O A conservative estimate is based on the detailemnmation on the course of work in
Appendix | by summing over all external exposuneleipendent from the affected worker.
The estimated total exposure is about 550 pSwvhpteparation and removal of the core
vessel, which can be regarded as the main contritbotthe external exposure. Thus, the
effective dose can be regarded to be low, but @rdetailed analysis is appropriate as the
contribution from the removal of the recombinendg taken into account (the work break
down considers only the removal of the reactor lgitap the reactor vessel and the
reflector tank).

0 The possible scenario that could lead to maximumivetent dose for the hand of a
worker needs to be assessed. This means that ¢bogagonents with the highest dose
rates, i.e. the reactor core vessel and the recmmbineed to be addressed. For
dismantling and removal of the reactor core vegsglassumed that all relevant activities
performed in near distance are performed at thel lefvthe dose rate at contact. The time
assumed can be obtained from Appendix | and ishigugqual to 45 min. Taking into
account a dose rate of 7 to 8 mSv/h the resultiagimmum dose is 6 mSv (see Appendix
D). The contribution from disconnecting and remgvaf the recombiner with a dose rate
at contact of 1.5 mSv/h is equal to 0.5 mSv ag¢levant time for conduct of the work is
about 20 min. In total the contribution from botbngonents is less than 7.5 mSv.
Another contribution to the workers exposure duriiegommissioning is the handling of
the graphite stringers. On the basis of the assuimiadl processing time of 13 h (see
Appendix I) and the maximum dose rate of 80 pSkéhdstimated contribution is about
1 mSv. Thus in total the equivalent dose for a hafral potential worker, who is involved
in all activities is less than 10 mSv, which isdvelthe dose limit of 500 mSv. Taking into
account, that most activities will be performedhsiit contact the real dose will be much
lower than the estimated value.

(b) Removal and handling of the graphite stringers

The graphite stringers are removed remotely aratldition are in a good physical shape. Thus, it is
not expected that there will be generation of grtapthust which might be incorporated in the hazard
analysis. In addition, the inspection and radialafjimeasurement on activations will be performed
manually but with personal protective equipmentogsralls and gloves. Therefore this is only of
relevance for the accident worker scenatrio.

During removal of the connecting pipe between rduioer and core vessel some drilling in the
reactor graphite will be performed. The inhalatadrgraphite dust can be neglected in the Research
Reactor Test Case as:
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O A suction system will be used to extract any gragpdust; and
O The workers will wear personal protective equipnieoluding dust masks.
(c) Dry cutting of the biological shielding

The dry cutting will be performed with local vesatilon in a dedicated tent to avoid contamination of
the reactor hall. In addition, workers will wearrg@nal protective equipment including breathing
masks or respiratory systems, so that no incorjporaf dust will occur.

4.3.2. Preliminary analysis for members of the pulid from normal decommissioning
conditions

Exposure from the normal operation of the reseagalstor to members of the public can only occur
from gaseous discharge of radioactive materialrdlee no liquid discharges of radioactive material
from the decommissioning work as no wet dismantliaghniques will be used. The radioactive
inventory of the research reactor is so small éxaernal exposure of the personnel of the research
centre, which is not involved in the decommissignican be neglected due to the large distance of
their daily ways from the research reactor.

A preliminary analysis of doses from gaseous digghaof radioactive material consists of the
following four steps.

(@) Determination of the source term

During dismantling of the research reactor, innerfaces are exposed and building surfaces are
decontaminated, leading to a mobilization of radiides into the research reactor's atmosphere. A
part of this activity is discharged via the stadkaaheight of approx. 15 m. It is a conservative
assumption that 1 % of the total radioactive ingentwill be discharged in this way over 1 a. An
upper estimate for the total activities and for theulting discharge rates is contained in thev¥alhg
Table 3.

TABLE 3. ESTIMATE OF THE DISCHARGE RATE

13ics Ogr ®Co =1
Total radioactive activity [Bq] 3x10 1x10 2 x 16 1x16
Discharge rate [Bq/y] 3x10 1x 10 2x106 1x16
Discharge rate [Bq/s] 0.95 0.003 0.06 0.03

It has to be noted, thatC in graphite is of no concern to the public durimgmal operation due to
low mobility.

(b) Modelling of the dispersion in the environment

A model for the atmospheric dispersion of the radwides from the point of discharge into the
direction of the houses next to the research askabént where the research reactor is locatedkénta
from Section 3.5 of IAEA Safety Reports Series M®[8]. The ground level air concentration can be
calculated as follows:
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(1)

where:

Ca ground level air concentration at downwind disexBg/m3);

P,  fraction of the time the wind blows towards theejetor of interest;

B dispersion factor with building wake correctidiri?);

Q  average discharge rate for radionucli§Bg/s); and

U,  geometric mean of the wind speed at the heighitsaharge representative of 1 m/s.

Taking the conservative assumption that the windagé blows into the direction of the nearest
houses (P= 1), assuming an average wind speed of 1 m/susinb a factor B of 580 m?
corresponding to the geometrical conditions, tHefiong air concentrations at the receptor poird ar
calculated and presented in Table 4.

TABLE 4. GROUND LEVEL CONCENTRATION IN AIR

137Cs 9OSr GOCO 154Eu

Ground level concentration| 4.8 x 10° 1.6 x 1¢ 3.2x10 1.6 x 10
in air [Bg/m?|

The ground deposition of the radionuclides is dated as follows:
d; = (Vd +Vw)[CA (2)

here:
\gi total daily average deposition rate on the groofra given radionuclide i from both dry and
wet processes, including deposition either on tpeimious surfaces or on to both vegetatiah an

soil (B 4d™);
Vg  dry deposition coefficient for a given radionuelifim/d); and
V., wet deposition coefficient for a given radionuelign/d).

A conservative estimate for the sum of both defmsitoefficients is 1 000 m/d. Assuming that the
process to last for 1y, the ground surface comaBoh values are calculated and presented in Table

TABLE 5. GROUND SURFACE CONCENTRATION

137CS QOSr 60C0 ZI.54Eu

Ground surface concentration 174 0.6 12 6
[Ba/m?]

(c) Modelling of inhalation and external exposurerfom ground deposits

The doses from inhalation are calculated as thdtreEbreathing rate, exposure time, inhalatiosalo

coefficient and radionuclide concentration in tive Baking into account the exposure time during th
entire year (8 760 hly), an average breathing f@tedults of 0.95 m3/h and for infants (0-1y) of
0.16 m3/h, the doses presented in Table 6 werelatdal.
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TABLE 6. DOSE COEFFICIENTS FOR INHALATION

137CS 9OSr GOCO 154Eu
Dose coefficient 3.9x10® 1.6 x 10 9.2 x 10° 5.3x10°
inhalation, adults [Sv/Bq]
Dose from inhalation, 1.5x 10" 2.1x10° 2.4x10° 7.0x10°
adults [Svly]
Dose coefficient 1.1 x 10 4.2 x 10 3.1x10 1.6 x 10
inhalation, infants (0-1y)
[Sv/Bq]
Dose from inhalation, 7.3x10° 9,3.x 10'° 1.4x 10 3.6 x10°
infants (0-1 y) [Sv/y]

The effective doses resulting from inhalation ag&0Sv/y for adults and 0.1 pSvl/y for infants.

The doses from external irradiation from the attideposited on the ground is calculated as the
product of the ground surface concentration vahresthe dose coefficients for surface depositss Thi
results in the estimated external exposure pregémt€able 7.

TABLE 7. DOSE DUE TO EXTERNAL EXPOSURE DUE TO GROUODNDEPOSIT

137CS 9OSr GOCO 154Eu
Dose coefficient for 1.8x10° 3.5x10° 7.5x 10° 3.8x10°
ground deposit
[(Sviy)I(Bag/m?)]
Dose from external 3.1x10° 2.0x10° 8.7 x 10’ 2.2 x10
irradiation ground
deposit [Svly]

The resulting effective dose from external irradiafrom ground deposits is 4 uSvly.
(d) Modelling of the secondary ingestion via radiogological pathways

For modelling secondary ingestion, only vegetaldesamption is taken into account as the houses
next to the research reactor only have gardenwiallpproduction of vegetables but no cultivation of
corn or rearing of cattle. The contamination ofetadjon is calculated as follows:

_ diall— exp{— AEivte)]

Ciia 3)
/]EV
Where
Cii1 is measured in Bg/kg fresh matter for vegetatimmsamed by humans
c'Ii total daily average deposition rate on the groofra given radionuclidefrom

both dry and wet processes (BOfld™), see above
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a is the fraction of deposited activity interceptadthe edible portion of vegetation
per unit mass (or mass interception factor, m?asgdhe result of both wet and dry
deposition processes; here 3 m?/kg

A is the effective rate constant for reduction ofdlegvity concentration of
radionuclide from crops (d-1), wherd_, =A + A4,

te is the time period that crops are exposed to conigion during the growing
season (d), here 60 d

Aw is the rate constant for reduction of the coneginin of material deposited on the
research reactor’s surfaces owing to processes thidie radioactive decay
here 0.05 d

Ai is the rate constant for radioactive decay ofoadclidei (d™).

Using the deposition rate calculated above, thestign dose coefficients and a conservatively high
ingestion rate of 200 kg/y for vegetables and ottreps grown in the own garden, the following
results were obtained and presented in Table 8.

TABLE 8. INTERNAL EXPOSURE DUE TO INGESTION

137CS QOSr GOCO 154EU
Activity concentration in 2.7x104 9.0 x 10 1.8 9.0 x 10
vegetation [Bg/kg]
Dose coefficient for 1.3x10° 2.8x10¢ 3.4x10 2.0x10
ingestion [Sv/Bq]
Dose from ingestion of 200| 7.0 x 10° 5.1x 10 1.2 x 10° 3.6 x 10’
kg/a crops and vegetables
[Svly]

A total dose of 70 puSvly follows from this ingestipathway, mainly dominated By/Cs. The sum
from all dose contributions is thus conservativedyimated to less than 80 uSvly.

4.3.3 Preliminary analysis for workers under accidat conditions

Several scenarios may result in the exposure ofvibtrers under accident conditions. Mainly these
scenarios are dominated by the spill of liquid eamhants from either the recombiner or from the
core vessel resulting.

The recombiner is the item containing the highestunt of loose contamination 1 x°*1Bq of **'Cs
and less than 1 x iBq of *°Sr. It is important to note that the core vesséhisnded to be lifted
without being segmented and placed in shieldingndio be stored. When opening the flanges,
connecting the connection pipe with the recombitiee, worker has to be close to the component
under difficult spatial conditions so that he midiet exposed to the contamination falling down and
needs a longer time to leave the recombiner vahk.assumptions for the scenario are the following:

0 Most of the'*'Cs and®Sr will adhere to the surface;

O 1 % set free into the atmosphere;
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O Volume into which contamination is dispersed 1 m3;
O Worker staying in that area for 1 min;

O Breathing rate 1.2 md3/h;

0 Air concentration of*Cs is 1 x 16Bg/m3;
0 Inhaled activity is (10Bg/m? x 1.2 m3h ) / 60 1/h =0° Bq;
O Inhalation dose factor is 6.7 x 1&v/Bq;

0 Dose: ~ 1.5 mSv fro¥'Cs; and

0 An estimate for°Sr can be deduced from the results f€s taking into account that the
activity of %Sr is 10° less than the activity df'Cs and that the inhalation dose factor (2.4 x
10° for type F) of*°Sr is about a factor of 3.6 higher than*3€Cs. In total a dose of about
6 uSv/y will result from the inhalation 8fSr. Thus the major contribution to the worker’s
exposure is expected to be from the inhalatioli’afs.

Thus, compared to the dose criteria for accidénagon the screening of this scenario shows, theit
hazard potential of the real working conditiontis.

Due to the different composition of the radionuelidector {°Sr, **'Cs and alpha contamination)
another scenario affecting the core vessel neelle 8ereened. It is assumed that the core veskel wi
drop during loading of the waste container, whihoicated in the former recombiner vault, after the
recombiner has been removed. Different to the spéhario discussed previously, in this scenago th
worker, affected by the drop will be able to ledke vault or the area of the drop immediately (i.e.
time of intake is assumed to be less than 5 sgugng the drop occurs within the recombiner vault
the following further assumptions are made:

0 Most of the™*'Cs,*°Sr and alpha contamination will adhere to the sexfa
1 % set free into the atmosphere due to the draopeotore vessel,

The volume into which the contamination is dispénsel ms3;

U
U
O The person staying in that area for a maximum @f § the drop occurs;
O The breathing rate is 1.2 m3/h;

0 The concentration df'Cs in the air is 2 x 7Bg/m3;

U

The concentration oi°Sr in the air is 4 x T0Bg/m3. It is estimated based on the
results of the recombiner scenario and the assomftiat the contribution 6fSr can
be neglected.

O Alpha contamination is 5 x 1Bg/m3;
O The inhaled activity is:

e For®Cs-2x10Bg/m3x 1.2 m¥h x5/3 600 1/h = 3.4 X*Hy; and
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« For alpha contamination - 5 x2Bg/m? x 1.2 m3h x 5/ 3600 1/h = 8.4 X*Rx;
0 The inhalation dose factor is:

« For®®Cs-6.7 x 18 Sv/Bg; and

«  For alpha contamination (f6#Am as reference radionuclide) - 2.7 X*19v/Bq;
0 The dose contribution:

+ Of**Cs is 0.23 mSv; and

e Of alpha contamination is 23 mSv.

In summary, in the scenario of the dropped coreselethe most dominant contributor is the alpha
contamination of the remaining inventory of theeceessel.

For an preliminary estimate the released radioaatiaterial in both scenarios was considered to be
from drops first to the floor representing a pasource with a distance of 0.75 m (equivalent to a
height of an average person). Taking into accotiet gamma coefficients fo’’Cs (0.092 10
*mSv nf/h) and for °Sr %) (0.007 1mSv nf/h) ([9]) and assuming the same amount of
radioactive material released as for the previalsutations the resulting dose rate are:

O Spill from recombiner - 0.12 uSv/h; and

O Drop of core vessel - 0.24 pSv/h (f8ICs only as due to the gamma coefficient and thetow
activity the®Sr dose can be neglected):

Taking into account that for the scenario of sfpdim the recombiner the duration of the exposure is
not more than 1 min (60 s.) and for the drop of ¢bee vessel is not more than 5 s. the resulting
external exposures are estimated to be below 1pSv.

Accidental inhalation of graphite dust due to auf@ during maintaining (unloading, loading,
performing measurements) will be treated as follawsa worst case scenario a graphite brick drops
and becomes damaged dramatically resulting in #reemgtion of a cloud of graphite dust and a
fraction of the dust will be inhaled by a worker.pa&ssimistic assumption of the inhaled amount of
dust is of a 1 cfhequivalent to 1.7 g graphite. Taking into accoanmaximum™Eu activity
concentration of a brick of 115 g/éigsee Table 111.8 in Appendix Ill) the estimatedhated activity is
200 Bq resulting in an internal exposure of lessté uSv (using an inhalation dose factor of 210 x

8 Bg/cnt from Ref. [4]).

Reference data about th& concentration in the graphite was not availaBlet, comparing the
situation of the research reactor under investigatiith the situation at a small research reactor o
thermal power 250 kW, the following estimate wasimalhe'“C inventory of the graphite reflector
of the dismantled German TRIGA reactor was 1.8 XBpwith a graphite mass of 800 kg and total
produced thermal energy of 91.1 MWd. Scaling therage'’C concentration by the ratio of the
produced thermal energy of the TRIGA reactor andhef research reactor under investigation an
average'C concentration in the graphite of 12 Bg/g can steveated. To become more conservative,
a safety calculation factor of 10 is introduceadonpensate for deviations of the relevant neutiwon f

in the graphite a conservative estimate of 120 Bg&ylts. Again assuming that 1.7 g graphite is
inhaled accidentally an additional effective dogéess than 1 uSv (dose coefficient t4€ from Ref.
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[9]) due to™C will result. In summary, the inhalation of grajghéan be neglected as relevant accident
consequence.

Finally, a failure in the personal protective eaqu@nt to avoid incorporation of dust during cuttisfg
the biological shielding has been also considerddvant for further evaluation. Based on the
experiences from previous decommissioning of atoead can be assumed that no more than a
fraction of 3% of the concrete becomes dust dught use of the dry wire cutting system.
Conservatively assuming, that 90% of the dust carektracted by the used suction system, the
fraction of concrete in air is 0.3%. Dismantlingtbé activated concrete is performed during 2 week,
which represents 10 working days equivalent inl tot&80 hours. In total a generation of contamidate
dust of 0.3% of the total inventory of the concreter 80 h can be assumed resulting in a generation
rate of radioactive material of 4 x 4A®qg/h. Assuming, that relevant volume is 1 dust air
concentration generation rate is 400 BifmAssuming that the equilibrium concentratioraisout
twice the generation factor, the air concentratioabout 800 Bq/fth. Thus; for one worker on duty
for 8 hours a day with a fully ineffective breatimask or respiratory system for that day the
incorporated activity of air boun®Co is about 7 500 Bq. Taking into account as doelation
coefficient (worst case, [4]) 1.7 x E®v/Bq the dose due to internal exposure is 130 uSv

All accident scenarios discussed above will nottrdoate to any significant equivalent dose of the
hand of a worker. The estimates for the normal aéencan be regarded to be conservative and
enveloping with respect to any accident scenaniayhich contact with either the reactor core vessel
or with the recombiner will be during removal okthomponents after any drop. As these situations
allow preparation of effective protection measuhesdoses will be much lower than those estimated.

4.3.4. Preliminary analysis for members of the pulit from accident conditions

There are only a few accident scenarios duringdgeommissioning of a small research reactor that
may lead to a release of radioactive material thsan extent that exposure of the public would be
radiologically relevant. A screening analysis tliere needs to define a sufficiently conservative
source term for the release of the radioactive natand calculate doses on the basis of a plath an
enveloping model for dispersion and exposure pagBw8uitable generic assumptions for such an
approach are taken from IAEA Safety Reports Ser8ef8] and the Procedure for Calculating Doses
from Accident Scenarios according to Section 4hefGerman Radiation Protection Ordinance [10].

(@) Determination of the source term

A sequence of events that may lead to a substarglahse of radioactive inventory into the
environment is a fire in the research reactor. Assailt of that part of the activity inventory wile
mobilized and some parts of the building will béeafed in such a way that part of the radioactive
inventory being released into the room atmosphare farther migrate into the environment. It is
conservatively assumed that a fire will start ie teactor hall, leading to combustion of the entire
graphite and thus to the release of the total eadiiee inventory of the graphite. It is further ased
that the fire will mobilize 10 % of the entire cantination on metallic surfaces, while any activatio
in metallic components is retained. This leadh&following activity inventory that will be affesd:

O  Activation in graphite: 100 % of 1 x i®q (**Eu); and
O  Contamination: 10 % of 3 x ®q (*’Cs) and of 5 x 10Bq (@).

The heated fumes are expected to leave the buitmiagthe roof via the filters and stack which will
have lost their effectiveness. The fire will funtheave destroyed some windows in the reactor hall
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increasing the air flow. The fire is assumed tonbfior 2 hours (7 200 s). The release rate of agtisi
assumed to be constant during this time. This léadde following source term estimated to be
released into the environment:

O ™%Fu-1x16Bg/7 200 s = 1.4 x TBg/s;

O ®'Cs-3x18Bqg/7 200 s = 4.2 x TBg/s; and

O a-5x10Bg/7 200 s = 6.9 x fBqg/s.

(b) Modelling of the dispersion in the research reetor and in the environment

The release of the contaminated air takes placetbeeroof. The heat content in the air from the fi
leads to a buoyancy of the air plume, so that ffectve height of release is larger than the riopf
(about 25 m). The effective height is thereforeuased to be 40 m.

For the subsequent dose calculations, it is negess&now the maximum activity concentration in
the air (for doses from inhalation and from betadga submersion), as well as the surface activity
concentration on the ground (for doses from exteganma irradiation from the ground and
secondary ingestion via various food pathways). $@eening purposes, the short-term dispersion
factors are taken from reference data [10] angpttbways are limited, while in a more sophisticated
analysis the dispersion factors would be calculgietding more realistic results and all pathways
would be taken into account.

Short-term dispersion factors for gamma submersian provided in tabulated form e. g. in [10],
where they are listed for effective release heighft20, 50, 100, 150 and 200 m and diffusion
categories A (unstable) to F (stable). For screpgaiculations, the highest dispersion factor for a
effective release height of 50 m and diffusion gatg E is used, which ig = 0.04 s/m2. This value
refers to a wind speed of 1 m/s. The correspongiimgl speed in a height of z=50m can be
estimated as 1.8 m/s. The effective dispersionofatr gamma submersion therefore becomes
(0.04/1.8) s/m? = 0.022 s/mz.

The short-term dispersion factor relevant for ciaon of doses from inhalation, gamma depletion
etc can be calculated as follows:

. 1 _HZ Y
Xi _nwy,j(x)wzyj(x)m@xl{ 2w§,j(x)j Eex’{ 2w§,j(x)] )

Where

He effective height of emission, 50 m (see above);

u ; wind speed in the effective height of emissib8,m;
X,y coordinates of receptor point (here, y =abjd

0y, 0, : diffusion parameters, in m (see below).

The diffusion parameters can be calculated usiedatowing approach:

o,=p, " ando,=p, (@ (5)
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Where

d : distance to the receptor point, in m;
py coefficient, 0.801,

o8 : coefficient, 0.264;

Oy : exponent, 0.754; and

0. : exponent, 0.774.

This results in the following values for the diffois parameters for a distance of 500 m:
oy,=87m,0,=32m

Using these data and the coordinates (x,y) = (500 m) as inputs into the equation for the sharnte
dispersion factor above yields:

y=1.9 x 10° s/m3 (6)

Fallout and washout factors are relevant for priogican estimate of the activity which is depleted o
the ground. The fallout factor F is the productia# short-term dispersion factor and the deposition
velocity vy (default value 1.5 x 1Om/s):

F=xXvg (7)

The washout factor is based on a precipitation sitgmf 5 mm/h and is calculated according
to the following equation:

~ /1 _ y2
N e @X‘{ 2007 (¥) (x)] (®)

y.]

Where the parameters have the meaning given almol& & the washout coefficient, in 1/s.

Using the relevant data as inputs into the equstionthe fallout and washout factors yields:
F=28x10 m2zand W =6.4 x 10 m? (9)

(c) Modelling of inhalation

The inhalation is calculated on the basis of theathing rate, the airborne activity concentratiod a
the inhalation dose coefficient as follows:

|_linh: ginh,r [(Qr I:ﬂrel D(w (10)

Where

te duration of the release;

Oinhr - inhalation dose coefficient for radionuclide r;
Qr : release rate for radionuclide r; and

(VAR breathing rate, 1.2 m3/h.

The inhalation dose coefficients for the three @adclides [4] are presented in Table 9.
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TABLE 9. INTERNAL DOSE COEFFICIENTS [Sv/Bq]

137CS 241Am ZI.52Eu

3.9x10° 9.6 x 10° 4.2 x10°

Using these data as inputs into the equation ferirthalation dose above yields the doses from the
accident scenario as presented in Table 10.

TABLE 10. INHALATION DOSE [Sv]

Bics 2Am 1527y Sum

7.4x10° 3.0x10° 2.7x10° 3.1x10°

(d) Modelling of external exposure from ground depsition and from submersion

The dose from external irradiation of radionuclic=pleted on the ground can be calculated by
estimating the dose for an adult as the follow-@geduntil the age of 70 years (i.e. to cover the
lifetime between the age of 18 and 70).

H, =[0-9) e + (- 9%)m e ]or dF W)@ 3. ()

With the abbreviation? = exp(-A, [,) (12)

Where

ta : duration of 1 year;

M : decay constant for radionuclide r; and

gg}ja : dose coefficient for external irradiation fromognd deposit for adults.

(> 17 years) for radionuclide r.

The dose coefficients for external irradiation frground deposit, the half-lives and decay constants
for the three radionuclides [10] are presentedahld 11.

TABLE 11. DOSE COEFFICIENTS FOR GROUND DEPOSIT, HALIVES AND
DECAY CONSTANTS

137Cs 241Am 152Eu
Dose coefficient
[Svin?/(BoS)] 5.30 x 10° 1x10% 1x10%
Half-life [y] 30.17 432.2 13.6
Decay constant [1/s] 7.29 x'1b 5.09 x 10" 1.62 x 10°
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Using these parameters in the equation for thenatitn of doses from external irradiation from
ground deposits yields the doses from the accistgsriario presented in Table 12.

TABLE 12. EXTERNAL EXPOSURE FROM GROUND DEPOSIT [Sv

1¥7cs 2IAm 522y Sum

5.3x10° 2.7 x10° 2.0x 10 7.4x10°

The dose from external irradiation from the immemsin the cloud at ground level can be calculated,
using a simplified approach, as follows:

HA:gy,r [q.gr I:‘ﬂrel Eb(y (13)
Where
Oy dose coefficient for external irradiation fromnmarsion in the cloud for radionuclide r.

The dose coefficients for the three radionuclidéd pre presented in Table 13.

TABLE 13. DOSE COEFFICIENTS FOR IMMERSION

137CS 241Am 152E u

Dose coefficient
[m2/(BqS)] 1.10 x 10° 1x10' 3.60 x 10"

Inserting these data into the equation for the sireen external irradiation from immersion above
yields the doses from the accident scenario predeéntTable 14.

TABLE 14. EXTERNAL DOSE FROM IMMERSION [Sv]

Bics 20Am 1527y Sum

7.3x10% 1.1x10% 7.9 x 10% 1.5x 10°

(e) Calculation of the total dose

The total dose from the scenarios (see Table 1%®plsulated as the sum from the above three
scenarios.

TABLE 15. TOTAL DOSE FOR THE ACCIDENT SCENARIO [Sv]

Ycs #Am PEu Sum

5.3x10° 3.0x10° 2.0x 10 7.7 x10°

This result indicates that the total dose from dleeident scenario will be in the range of less than
100 puSv. The main contribution is expected to benfexternal irradiation from the ground where the
radionuclides have been deposited and where tls®mpés assumed to stay for a very long time. The
contribution from**'Cs and™Eu is of the same order of magnitude, wHittAm has the main
contribution via the inhalation pathway with a lavedsolute value.
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The overall result of this evaluation is that ddisdts for accidents are met by several orders of

magnitude.

) Limitations of the preliminary analysis

This preliminary analysis relies on the followingsamptions and simplifications:

O The distance of the critical group is set to be B08s this roughly corresponds to the
position of the family homes to the east of theeagsh reactor site. The analysis has
also to be performed for shorter distances withpery adjusted conditions (no
dwellings).

O The dispersion has been calculated only for diffasiategory E, i.e. stable conditions,
which is a generally conservative assumption bsdaot guarantee to estimate the
maximum potential exposure.

O The analysis has been carried out only for adults reeeds to be expanded for other
age groups as well.

O The analysis did not take into account ingestiorfoofd grown on the contaminated land.

These pathways would have to be included in a mefieed analysis. It is nevertheless
justified to exclude these more complicated pattsniaythis first screening analysis as the
ingestion pathways constitute medium and long teffects and might in principle be ruled
out by appropriate administrative measures (prahbibiof harvesting crops, etc.).

4.3.5. Analysis of waste management

Hazards during temporary storage and handling dibeztive waste in the reactor hall are already
addressed in the earlier sections. The risks atbeeérsame order of magnitude or smaller, since the
waste is handled without elevation:

0

Direct exposure is relevant during health physieasarements (e.g. dose rate at the surface
and at a small distance from the waste packages)hé use of extension tools will reduce the
exposure to a sufficiently low level. In additidhe dose rates are low, especially after placing
the more activated components as reactor core hasdagecombiner in the waste drums and
using reactor lead as internal shielding in therdru

Further contributions from the stored waste togkgosure during the decommissioning is not
anticipated, as the interim storage cell is plagigind shielding walls of sufficient size.

The waste will be handled to another building farasurement and final packaging. Due to
the proposed conditions on surface contaminaticth dose rates of the waste drums no
significant contribution to the transport personiseéxpected to occur. The main risk during
handling within the reactor hall may result fronopliof a drum. With respect to the potential
worker’'s exposure, the relevant scenarios due tiis §pom the core vessel or from the

recombiner are very unlikely and conservativelytaored in the preliminary analysis of the

worker’s accident scenarios in Section 4.3.3.

In general terms the resulting risks associatel vatioactive waste handling in the reactor hadl ar
twofold:
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O Conventional (industrial/chemical) risks; and
O Mixing waste streams.

The main industrial/chemical risks to be considered

O Falling of waste packages due to improper pile iwpaste packages;
O Cutting to sharp edges from cutting metal parts;

O Accidents during transportation e.g. with forktifticks;

O Ingestion of lead dust, from shielding materialg] a

O Residual chemicals from decontamination.

The risk are planned to be minimized by using dyaébols fit for the job, training of workers and
good planning and communication. All waste handtiag be performed with normal industrial tools.
Development of specialized tools (with new risksknmwn to the operators) is considered not
necessary for the Research Reactor Test Case.

Mixing of waste streams could give exposure toghblic (e.g. if radioactive waste without proper
labeling would be mixed up with industrial non-raalitive waste and be transported to a conventional
waste dump). The probability of mixing will be mimized by the consequent use of zoning in the
reactor hall (segregation of several types of wastdifferent corners of the building) and good
labeling and registration of all waste items. Tk be performed immediately after taking the weast
item out of the reactor. In addition, the wastel ¥émporarily stored in dedicated waste storage cel
with limited access options (e.g. by barriers tteethe cell).

Procedures and checklists will be part of the gquatianagement system. Only a small group of
qualified personnel will perform the decommissianiand waste handling according to strict
procedures. Procedures, checklists and the invawaewf qualified personnel will contribute to a low
level of risk related management of radioactiveteias

4.3.6 Results from the hazard identification and tk preliminary hazard analysis

Hazard identification and preliminary analysis bétmost relevant scenarios show that only a few
scenarios are relevant for the exposure or poteswf@osure of the workers and of the public that ar
summarized below:

(@) Normal scenarios for workers

O The removal of activated core vessel results irstimated external dose of about 550 uSv
for a worker. The contribution due to the removathe recombiner needs to be calculated
during the more detailed analysis.

O The estimated equivalent dose for the hand of &evds below 10 mSv and thus does not
require a more detailed analysis.

O Incorporation during normal operation can be exetuds basically no graphite dust will be
produced during normal operation and personal ptigte equipment will be worn during the
drilling in the graphite and as contaminated inserfaces of components will not become
assessable due to missing cutting (either for #wmbiner nor for the core vessel). In
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addition, the dry cutting of the biological shigldi will be implemented using personal
protective equipment appropriate to reduce the dogeto intake of concrete dust to a very
low value.

In summary, the external exposure during dismagtbh the activated components can be
considered the most important scenario.

Normal scenarios for the public

The screening shows that the doses are compayatoxelwith regard to the dose criteria of
300 uSv/a. Depending on the national regulatiodstailed analysis may be required or the
hazard screening may be regarded to be appromsaiecially under the light of the graded
approach. For reasons of illustration of the DeSatg assessment methodology (see Volume
I) and with respect to the public acceptability anpnion a further analysis is performed to
show, that the doses will be yet lower in realifyart the value calculated in the hazard
screening.

The most relevant exposure pathway is the ingestibns, major effort must be laid on the
modelling of the dietary habits resulting in incorgtion and internal exposure — thus leaving
out any ingestion pathways needs a clear justifinat

In addition to complement the data on public expeshe position of highest concentration of
radioactive material at the site of the researcttireeneeds to be analysed to take into account
the maximum exposure on the site of the reseanatrecel his modelling needs to be limited
to external exposure and inhalation with air agmamber of the public is consuming goods
grown and produced at the site.

Accident scenarios for workers

The drop of the core vessel resulting in a spilhedilable inside remaining contamination may
lead to an intake of radionuclides needs to beidered in more detail and the external
exposure due to the spill can be neglected.

In case of any accident the dose for the hand wbiker will be below the estimate for the
normal conditions which can be regarded as thelepeescenario.

The scenario of spill of remaining contaminatioonfrthe recombiner needs no further analysis
taking into account the foreseen dust mask of Bpdreduction factor of 97 %) as a personal
protective equipment. This protective measure retlult in a reduced inhaled activity of about

1.1 x 16 Bq corresponding to an internal exposure of les® 10.02 mSv. External exposure

due to that spill can be neglected.

The inhalation of graphite in case of an accidezgds no further analysis due to the very low
dose. As during normal operation a mask will berwarfurther reduction of inhaled graphite
will result so that in total the dose due to andaat is very low.

The analysis of the failure of personal protecégaipment during the dry wire cutting does not
require further detailed analysis as the estimhatevs that the internal exposure is low and
additional administrative measure will reduce ikelihood of such a long lasting failure.

Thus, with respect to a graded approach, no fuithdetailed analysis of the accident scenarios
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for workers is needed.
(d)  Accident scenarios for the public

O The preliminary analysis uses a plain screeningehadile the detailed analysis will be
based on a computer based advanced modelling. fElimmary analysis also shows that the
dominate contribution is resulting from the extémmeosure from the ground deposit.

O The preliminary analysis does not take into accdligtiary habits. This might be subject of a
more detailed analysis (see Section 5.2).

(e) Special aspect of waste management

No additional consequences for the workers or thblip resulting from the waste management
activities are envisaged.

Note, that depending on the national requiremdrgdevel of detail of the preliminary hazard aneys
(as presented in the previous Sections) may bededao be commensurate with the hazard and
hazard potential of the research reactor. In thiemo further detailed analysis will be requirad a
justified. Nevertheless, if a more detailed analysirequired, this analysis needs to be baseti®n t
scenarios summarized above. In this case a jtiit (e.g. by summarizing the results of the hdzar
identification, preliminary hazard analysis andeggiing according to Section 4.3.5) has to be
provided. The following Section 5 provides the cactdand the results of such a more detailed
analysis.

5. HAZARD ANALYSIS AND EVALUATION

In this section, a detailed hazard analysis isqoeréd applying different methods of calculation and
modelling. The level of detail is commensurate with low hazard potential of the research reactor,
as demonstrated in Section 4. The following calouta complement the preliminary hazard analysis
presented in Section 4 by using more detailed ggsons and assessment tools.

5.1. ANALYSIS OF NORMAL ACTIVITIES
5.1.1 Analysis of normal scenarios for workers

The initial planning and work breakdown schedulesh®wn in Appendix I. It is known from the
preliminary hazard analysis (see Section 4.3.1)feord the dose rate measurements (see Appendix I,
Il and IV) that the dose rates after reactor's tdbwn are not very high. Modelling the
decommissioning tasks with available modelling $o@. g. MicroShield [11] or VISIPLAN [12]) is
sufficient to estimate the dose rate during indreiddecommissioning tasks and for optimization of
the planned work. VISIPLAN is used for the follogianalysis.

The first step is to build the general model of is&ctor using the known geometry data, materi@ da
and activity data (either from sampling/analysisbgrestimation based on operating history or dose
rate measurements). Figure 17 shows the scheregtiesentation of the reactor.
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FIG. 17. The model before start of decommissioning.

All known y-sources taken from Table 1 and from Appendix tidl &V are modelled. With respect to
the low inventory and the estimated doses (seedbet);

O Simplified activity distributions are used to redube assessment effort; and

O Related doses are used to gain a more detailedathération of the activity distribution in
components and systems. For example, a line sasrosed for the pipe connecting the
reactor tank and the recombiner, contaminatiorhefreactor tank is evenly distributed as a
thin film on the inside of the tank and activatiohthe steel plates at the inner side of the
shield is assumed to be homogeneous.

A dose-rate distribution is calculated to check mihedel and determine the areas with highest dose

rates (see Figure 18). As a result the reflectok &ctivation gives the main contribution to theselo
rate in the reactor hall.
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FIG. 18. Initial dose rate estimation before stdecommissioning.

As a next step of the modelling, all relevant stepthe work breakdown schedule are modelled in a
sequence. Steps are relevant when people have ro clase to the sources or have to work at
increased dose rates environment for a longer gheltidss assumed that normal precautions are taken,
e.g. workers will not go into increased dose ragas any longer than necessary, for the task to be
carried out. Optimization is performed for exampie calculating dose uptake with additional lead
shielding (it takes more time very close to therseuo install the shielding, but dose rate will be
lower once installed) and compare it to dose uptaien working without additional shielding.

The most significant tasks in terms of exposurevbokers are the removal of the recombiner and the
removal of the reflector and the reactor vessel:

U The dose rate near the recombiner is calculatdzetop to 1.5 mSv/h. The initial estimated
individual dose for this task is 0.5 mSv. By usiag2 cm lead slab to partly cover the
recombiner, the dose slightly decreases. By usérgote tools (e.g. extension shafts on
spanners) the individual dose for this task caredeced to 0.2 mSv.

O Once the recombiner is removed, the calculated ddeedecreases to several teng®¥ near
the reflector tank. Once the reflector tank lidésnoved and the upper layers of graphite are
removed the dose rate near the surface of theorei@cik at the working place is calculated to
approximately be 2 mSv/h. Since the removal of dhephite and reactor tank take several
hours, it is necessary to use remote control timolthese tasks. As long as the workers are on
top of the shielding, dose rates are 100 times dlagn in the vicinity of the reactor tank. By
using remote controlled tools and stay as far afmay the tank as practical the individual
dose will be from 0.2 to 0.4 mSv.

The above calculations are based on the assumplian the same worker will do all the
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decommissioning tasks in high dose rate areahbidfwork is shared by several workers, the doses to
individual workers will be accordingly lower.

In total, the maximum dose of a worker involvedalhworking steps will be less than 0.6 mSv. This
result is in good agreement with the estimate peréa during the preliminary analysis (see Section
4) and demonstrates the high importance of apmtgpworking tools.

As a result of the hazard identification and pretany hazard analysis the internal exposure due to
incorporation of radionuclides can be excludedtduie protective measures in place.

5.1.2. Analysis of normal scenarios for members d@tie public

Analysis of normal scenarios for members of thelipukas carried out following all the assumptions
and input parameters described in 4.3.2. Thesengd®ns were related to the source term,
geometrical conditions, meteorological conditidosation of the nearest houses, except the height o
the exhaust stack of the research reactor whidalinalue of 15 m (used in the preliminary anaysi
was agreed to be changed to 25 m for this detaited/sis.

The main input parameters are presented in Tabénd6lrable 17.

TABLE 16 SOURCE TERM USED IN THE NORMAL SCENARIO FOTHE PUBLIC

Source Term[Bqly]
Ycs 3x10
®Co 2x10
= 1x 10
oSy 1x10

TABLE 17 GEOMETRICAL AND METROLOGICAL DATA USED INTHE NORMAL
SCENARIO FOR THE PUBLIC

Geometry and Meteorology
Source height 25m
weather condition Stable
Wind speed 2m/s
Wind direction West
Dry deposition rate 1 000 m/d

This analysis consists of the following two maiepst:
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(a) Simulation of the airborne dispersion from #haust stack of the research reactor to the
environment to obtain values of the ground surfemecentrations in the air and the ground
deposition concentrations for the radionuclidemterest £*'Cs, *°Sr, ®®Co and'**Eu); and

(b) Calculation of the exposure for members of plélic from inhalation and direct exposure
from the ground deposits, as well as from the s#aopningestion via radioecological
pathways.

The first step of the analysis was performed basethe straight line Gaussian model for the routine
discharge [13, 14, 15 and 16] incorporated in toetrn 77 computer code developed in d&n
Institute of Nuclear Sciences (Serbia). This coderautinely used for the calculation of the
atmospheric dispersion of the radionuclides fromnhclear facilities in Viga Institute for the needs
of the safety assessments and environmental inggaessments (see also Appendix VI.1).

The second step of the analysis was performed g RESRAD code, version 6.3, developed in
Argonne National Laboratory [17] using resultstud first step as input data (see also Appendix)VI.2

The results of the analysis are explained in detahppendix VI.3. The total annual dose due to
external exposure or due to incorporation of radatides discharged during one year is less than
8 uSvly for the first year of discharge. This désexpected to decrease exponentially within the
following year to a total dose of less than 1 uSaffer 40 years of discharge. An additional
contribution of less than 0.1 uSvly in the firsayeue to inhalation of radionuclides, which ail ist

the air above the contaminated ground surfacealsago be taken into account. This contributioh wi
decrease accordingly within the following years.

The results summarized are obtained for the araaaximum radionuclide concentration, which is
about 800 m east from the emitting stack of theassh reactor and thus is relevant for the public
living in the near distance. Thus, the total dest&r below the dose limit of 1 mSv/y for the puabli

For those employees working at the research céntréot involved in the decommissioning of the
research reactor, are also to be regarded as pOiifiierent to the population living close to thites
for this group of public it is not required to asmiany dietary behaviour with respect to contaremhat
food. Taking into account the results of the caltiohs for the site the main contribution to the
exposure of this critical group will result fromethexternal exposure and from the intake from
radionuclides still in air. Taking into account tfaet that this group is present 2 000 h/y on aitly,
instead of 8 760 h/y for the public, the resultamnual dose is far below 300 uSv/a.

5.2. ANALYSIS OF ACCIDENT SCENARIOS
5.2.1. Analysis of accident scenarios for workers

The preliminary analysis of accident scenariosaforkers in Section 4.3.2 shows that:

U The internal exposure in case of inhalation of sadiive material (consisting ¢f'Cs and
%Sr) due to dropping contaminated liquids from teeombiner when working below the
recombiner will result in about 1.5 mSy;

O Due to the low dose rates and risk, the scenariohafiation of graphite during the removal of
graphite can be ignored; and

O Due to the alpha contamination inside the coreelg$ise preliminary analysis shows that a
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drop of the vessel with resulting spill and aerdsothe scenario with the highest internal
exposure (about 23 mSv).

On the basis of the results and as a consequedcme@asure of precaution, the workers need to wear
personal protective equipment and especially dastknaluring the removal of the core vessel, if they
are entering the reactor cave. As far as possibée handling of the core vessel will need to be
performed with remote tools to minimize the direatinity of workers during transfer of the core
vessel from the reactor to the waste drum. In amdithe waste drum will be placed at the top &f th
reactor to minimize the transfer path of the coessel at the crane hook. Finally, some technical
precautions are followed: exhaustion, air moniteurthermore, there are adequate instructions to
explain to the workers how to react if the coreseéss dropping.

5.2.2 Analysis of accident scenarios for members thfe public

The full analysis of doses to members of the puloi;m accident conditions is carried out according
to Ref. [10]. The accident scenario is chosen idahto the situation depicted in Section 4.3.4. It
covers a fire that will start in the reactor hédlading to combustion of the entire graphite and tto
the release of the total radioactive inventory ha# graphite. It is further assumed that the firé wi
mobilize 10 % of the entire contamination on matafiurfaces, while any activation in metallic
components is retained.

The calculation procedure includes the followinghpays:

O External gamma irradiation from radionuclides déyeadson the ground;
O External gamma irradiation from submersion in thd@ionuclide cloud,;
O External beta irradiation from submersion in thdisauclide cloud;

O Inhalation of radionuclides; and

O Ingestion of radionuclides via various radioecatagjpathways.

The details of the model, including the defaultgmaeters and formulae, are described in Ref. [10].
The pathways listed above comprise all those desttiin Section 4.3.4 for the screening calculations
as well as ingestion pathways.

The calculations are carried out for the radionledilisted in Table 18"2%Eu, **'Cs and*“Am, using
the source term that corresponds to the assumptioBection 4.3.4C (in the form C®) has been
included to account for any releases from the gtapluring the accident.
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TABLE 18.RADIONUCLIDES AND SOURCE TERMS USED FOR HBEHDETAILED
ANALYSIS OF DOSES FROM ACCIDENT CONDITIONS

Radionuclide Released Amount [Bq]
1y 1.008 x 18

1¥ics 3.024 x 16
24IAm 4.968 x 16
1C (as CQ) 1.000 x 16"

The calculation procedure laid down in Ref. [1Gjuiges some cases to be distinguished. First pf all
there is the way to model the release into the gspimere. The influence of the building needs to be
taken into account if the effective height of releaH, is smaller than the sum of the height of the
building, H,, and the smaller value of either the height orwidth of the building,  measured in
wind direction. i.e.:

if He< (Hg + l) (14)

The value of His estimated to be on the order of 50 m, resulfiogn the height of the point of
release (roof of the building, stack at about 25anmg the thermal buoyancy caused by the heat of the
fire, estimated to 0.3 MW, leading to a thermal &f 25 m. As the value of $bf 50 m and the two
dimensions of the building are both on the orde&fm, giving also 50 m, the influence of the
building does not need to be taken into account.

The meteorological situation during the accidermhissen conservatively, using a wind speed of 1 m/s
and precipitation of 5 mm/h rain for the diffusicategories C, D and E. The calculation is carrigd o
for all six diffusion categories and for all 12 w#s. However, only the sector opposite to the wind
direction is of importance. The results are caladafor distances from 40 m to 2 500 m. As the
distance from the reactor to the private housedb@it 500 m, the detailed results are evaluategl her
for this distance only (while the complete analysisourse provides the complete dose data for all
distances). The ingestion pathway is calculateceutite assumption that the ingestion of any locally
grown crops will be terminated within one day ahdlttit is not be restarted until the following year
This is assumed for an area with a radius of 2rA@dound the reactor site.

The results obtained by this procedure are sumerhiiiz Figure 19. This figure shows the resulting
doses for all six age groups as a function of destalt can be observed that the results for al ag
groups have only minor differences. The diffusi@tegory D is identified as the one yielding the
highest doses.

Depending on the radiological properties of theigmadclides, the pathways with the highest
contribution to the total dose are external gammadiation from ground deposits, inhalation and
ingestion, as can be seen from Table 18. The pEmermf these contributions varies slightly witk th
age group. This is also to be seen from the datalle 19 where the results for infants and fortadu
have been compared. The highest doses from extieradiation from ground deposits and for the
ingestion pathways is found in a distance of 40mctvis of course meaningless for this analysis as
this spot is on the premises of the research certeze nobody would stay for a prolonged time. The
highest doses for inhalation as well as gamma atd submersion are calculated for a distance of
340 m which roughly corresponds to the distana@@fdwellings, making these results conservative.
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FIG. 19. Dose distribution as a function of distarfcom the reactor in accident conditions
(all age groups).

TABLE 19. DOSE CONTRIBUTIONS FROM VARIOUS PATHWAYBOR TWO AGE
GROUPS, AT 500 M DISTANCE FROM THE REACTOR

Radionuclide y, Ground y Submersion | B Submersion Inhalation Ingestion Sum
[mSv] [mSv] [mSv] [mSv] [mSv] [mSv]

Agegroup0—-1y

5%y 3.03x 16 7.42x 10 1.63 x 10'° 1.66 x 10 1.58 x 1¢* 3.05 x 1%
187cs 8.45 x 16 1.13 x 10 8.61 x 10'° 498 x 1P 2.95x 1 0.114
24Am 1.07 x 1¢* 1.42 x 10° 0 1.34 x 16 1.33 x 10° 2.78 x 1¢°
4c 0 0 6.75x 16 2.85x 1¢° 4.91 x 1C° 4.91x1C
Sum 0.115 1.87x 107 7.78x 10° 1.41x 10° 3.59x 107? 0.152

Age group > 17y

1522y 2.46 x 16 5.18 x 1¢° 1.63 x 10'° 472 x 1 5.36 x 10° 2.47 x 1¢°
187cs 6.50 x 16 6.28 x 1¢° 8.61 x 10'° 1.32 x 10 3.04 x 1¢ 9.55 x 1%
241Am 7.60 x 1C° 7.88 x 10 0 5.32 x 1¢ 2.40 x 1¢* 5.64 x 1C°
4c 0 0 6.75 x 18 6.92 x 1¢F 3.73x1C° 3.74x1C°
Sum 8.96x 102 1.15x 107 7.78x 10° 5.51x 10° 3.44x 10° 0.13
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These results can be interpreted as follows:

O The doses from all radiological pathways at therestgpoint where people would reside for a
longer time (family homes, 500 m from reactor) gingen in Table 19. These doses are lower
than 0.2 mSv for all age groups.

O This shows that the consequences of an envelomicigent scenario are negligible and fall
below any dose limit used for these types of amalys

O There is reasonable agreement between the refutssaefined analysis and the results of
the screening analysis performed in Section 4iBdicating that the first approach gave a
good indication that the doses from accident sées&rould be marginal.

O The calculation model contains considerable comrgism concerning the dietary habits and
food production of the people who might be affectsdthe releases from this accident
scenario. Any doses incurred on members of thergepeblic in real situations would be
much lower than the dose values calculated here.

5.3 MODELLING AND CALCULATION OF CONSEQUENCES

The modeling and calculation of the consequencesiohal operation and accident scenario is carried
out either by straight forward calculations or 3¢ wf proven software tools and models (see Sexction
5.1 and 5.2 for details). The selected scenaris@nservative.

Due to the low radioactive inventory of the resharactor and the related low hazards no riskraite
need to be considered. Accordingly no probabilistaxiels are used but only deterministic ones in the
Research Reactor Test Case.

6. ENGINEERING ANALYSIS

In Section 3.2 all safety related structures, systeand components (SSCs) are summarized, which
will be needed to ensure safety during the condiitte decommissioning. They comprise of existing,
modified and new systems and components. The impfatie SSCs on the safety is explained in
Sections 4 and 5. The SSCs need to be availaldeasas the individual decommissioning activity,
for which they deliver a safety function, will bexezuted. If they are not available, the
decommissioning activities will be stopped immeelyabr not launched.

The systems and components will be designed acuptmi relevant national standards and with a
view to fit for purpose. With respect to the lowdi@active inventory and to the potential
consequences and also depending on the natioriehsy®t the full set of standards may need to be
applied which are relevant for operation of theeaesh reactor. As far as conventional safety is
concerned relevant standards will be fulfilled.

Depending on the national requirements, the SSGhtnbe categorized according to a safety
categorization system. Therefore different categorf SSCs might be subject to more detailed
regulatory control and reporting.
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In addition, all systems and equipment not claadifas safety related structures, systems and
components (e.g. the crane of the reactor hall,sareéay systems for clearance measurements) are
considered to be compliant with national converglostandards and requirements to ensure proper
operation and to reduce any risk to workers angbthtic from malfunction.

7. EVALUATION OF RESULTS AND IDENTIFICATION OF CONT ROLS

7.1. COMPARISON OF THE ANALYSIS RESULTS WITH CRITER

According to Section 2.5 and Section 2.6 the sadsgessment needs to demonstrate that:

O The dose criteria for the public for normal operat{0.3 mSv/a) and for accident situations
(1 mSv);

O The dose constraints and dose criteria for workersnormal operation (20 mSv/a) and for
accident situation (50 mSv); and

The dose limit for the hand of a worker is 500 nySw normal conditions, are fulfilled, and
that:

O The ALARA principle is taken into account for th@mkers; and
O Finally the clearance levels for release for umietstd use of the reactor hall are met.

Based on the preliminary analysis (Section 4) d&eddetail analysis in Section 5 all dose criteria o
dose constraints are fulfilled and the implemeantatf the ALARA principle is demonstrated:

(@) For the public
O Normal scenarios

The maximum dose for a member of the public ofdtical group is determined to below 0.1 mSv/a
for the first year, conservatively assuming a disghk of 1 % of the radioactive inventory within one
year. For the following years the doses resultingifthe discharge will decrease.

O Accident scenarios

Independent from the age of the member of the puthle dose due to an accidental release of 10 % of
radioactive inventory results does not exceed (52.m

(b) For workers

O Normal scenarios

Relying on appropriate working tools and personaltgrtive equipment the maximum external
exposure will be limited to 0.6 mSv. This numbercanservative as it assumes that one worker is
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involved in all dose relevant activities. Thus,dptimizing the human resource planning this dose ca
be reduced further on. In addition, the dose ofritwed of that worker will be less than 10 mSv based
on a conservative approach and assuming that onewis involved in all dose relevant activities.
This leads to the conclusion that, the low potérd@ses and the low dose rates allow to use (as
proposed in Section 3) less advanced decommisgjdninis, e.g. for remote handling, resulting in
doses to be regarded to be as low as reasonab&vagle taking into account the conservative, but
still low dose of a worker.

O Accident scenarios

Based on the use of personal protective equipritdrds been estimated that no accident scenario wil
result in an additional exposure of more than ®. The preliminary analysis shows that the use
especially of dust mask of very high reduction daatill have significant influence of the inhalatio

of spilled radioactive material from the core végamrst case scenario). If the mask fails the Itesy
additional dose will be about 0.7 mSv. If the dustsks fail for one full day during dismantling b&t
biological shielding the resulting internal expaswill be about 0.13 mSv. Thus, in total no scemari
will result in an excess of the relevant dose dateof 50 mSv. Finally, it has to be mentionedytth
these accident dose calculations do not includeutations for decontamination or clean-up measures
which might become necessary as these are regartedsubject to planned — if needed.

The procedure for clearance of the reactor halexgsdained in Section 3.6.2 will ensure, that the
clearance levels will be met. Depending on theonali regulatory system the release for unrestricted
use of the reactor hall might require some additi@greement by the Regulatory Body before the
controlled area can be terminated.

7.2. TYPES AND TREATMENT OF UNCERTAINTIES

Within the safety assessment performed and docwdeirt this safety assessment report no
significant uncertainties needed to be managedilgdtinformation on the hydrology, on the geology
and especially on the dietary behaviour of the ipudale not needed with respect to the low radigacti
inventory of the research reactor and the apptioatf the graded approach.

As contamination of the graphite stringers, théemtbr tank or of the steel plates of the innee i
the biological shielding cannot be excluded, relateeasuring procedures and personal protection
measures are foreseen to avoid incorporation dbaative material.

The radioactive inventory is known at a sufficieatel of accuracy except the information on @
concentration in the graphite to be dismantledsThissing information can be substituted by taking
into account experiences from the dismantling aftiaer small research reactor; the results show, tha
there is no significant impact on the dose of akeprand that thus the missing information is ofles
relevance for the safety of the worker (see Secti8(8B).

The radioactive inventory is based on measurempetformed in the context of a radiological
characterization. The instruments and systems wseel compliant with national requirements and fit
for purpose. As far as dose rates were measuradeotite lower detection limit was between
0.06 pSv/h and 0.08 uSv/h corresponding to thedvaakd level. Different measurement campaigns
and systems and components the statistical unertai the measurements was between 1.5 % and
12 %. More detailed information can be obtainedfrdppendix 11l and Appendix IV.
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7.3. SAFETY MEASURES

Safety is ensured during the whole stage of themeussioning project. As explained in Section 7.1

all relevant dose criteria and dose constraints lmammet. This is a result of the low radioactive

inventory and the related hazards and of the safatyrols in place. Only a few engineered systems
are needed to ensure safety, procedural contrelsteaight forward according to the low radioactive

inventory. The relevant safety controls are sumnearbelow:

(@) Engineered systems:
O Air monitoring systems

Air radiation monitoring systems will need to operauring the decommissioning and dismantling
activities to monitor i) the potential release atlioactive material into the environment and i@ th
potential release of radioactive material into thactor hall under normal and accident conditions.
The systems are part of the preventive measurasdial incorporation of radionuclides. Procedures
for maintenance and daily functional testing arbjextt to the management system in place at the
research reactor.

O Fire detection system of the reactor hall

The fire detection system will need to operate rmuhe whole period of decommissioning of the

reactor hall. It will be inspected and maintainetading to the related programmes proven to be
appropriate during operation of the research reattspection and maintenance programmes are
compliant with the relevant national standards ruglirements.

O Covering of the biological shield and local vertiiten during dismantling

During dismantling of the biological shield grindir chipping and dry wire cutting will be used. To
avoid distribution of the potentially contaminatedncrete dust in the reactor hall, the biological
shield will need to be enclosed by a tent with la@tilation system (including a filter system aad
monitoring system). The tent will be operated atdo pressure with respect to the pressure in the
reactor hall to enable an adjusted airflow fromrisgctor hall to the tent. Procedures for mainteaan
and daily functional testing of the ventilation &ya will be subject to the management system in
place.

O General ventilation in the reactor hall

The reactor hall is subject to a general ventitatmexchange part of the air with fresh air. Télated
system will be adapted according to the progresseofiecommissioning activities.

(c) Procedural controls:
O Preparation of work activities

Procedures will need to be in place during decomimisng to ensure, that before start of each
decommissioning activity preparations are perforneednsure that (i) all required information on the
work step is available; (ii) all related hazards briefly re-assessed,; (iii) all protective measuase
explained in detail; (iv) tools are tested and #atecially systems influencing safety (e. g. ttzme
for the lifting of the recombiner, the suction bétgraphite stringers and the lifting of the coessel)
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are tested according to the test procedures bef@g use, and (v) all personal protective equigmen
is available.

Although no thermal cutting and dismantling tecluais will be used, due regard will need to be given
to any risk of ignition of combustible material &woid fire. Mobile fire protection equipment will
need to be close to the work place if a risk @& Giannot be ignored.

O Control of work activities

Start of any decommissioning activity requiresdligeeement by the project management and for those
activities with potential exposure (especially disriing of the recombiner, the graphite stringerd a
the core vessel) the agreement by the radiatiotegion officer. The project management and
radiation protection officer will need to ensuratthall protective measures are in place and that al
personal protective equipment is used by the werkehis will need to involve continuous on-site
inspections during the execution of the work atitei

O Task specific controls

During the dismantling of the recombiner, connecttmpe, graphite stringers and the reactor core
vessel, as far as possible, remote tools need tsdxt to reduce the external exposure. In addiéisn,

a measure of precaution the workers will wear thus#ithing masks for the unlikely case of spills of
radioactive material or generation of graphite alus the drilling or due to a drop of stringers.

The grinding or chipping of activated parts of thielogical shielding and the following dry wire
cutting of the biological shielding will be carriemit under a tent with separate ventilation system.
Work will be allowed only, if the ventilation systeis in normal operation. In addition, the workers
will need to wear dust masks for conventional adiaiogical protection reasons.

O Ensure reliable protection of the workers by uspeykonal protective equipment

The personal protective equipment is essentialvmdaincorporation of radionuclide. Therefore
detailed procedural controls will need to be incpldo ensure, that the wearer are familiar with the
equipment and are able to test the required fumality (in case of devices as electronic dose meter
or to check, that the equipment is best fittinggen case of the dust masks).

It should be noted, that in addition to these pdocal controls which will be established to avoichb
least to mitigate radiological consequences, funtiecedural controls and measure will need tonbe i
place to ensure conventional safety of the workeind conduct of any decommissioning activity
according to the national requirements.

8. GRADED APPROACH

The graded approach has been applied at sevepalwithin the DeSa safety assessment methodology
during the conduct of the safety assessment foretbearch reactor.

Due to the low radioactive inventory and the raldt®v exposure of workers and also low potential
exposure of the public, the level of detail of thescription of site specific parameters and of the
reactor, the level of detail of and complexity abaiels for the hazard analysis and hazard analgsis a
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evaluation has been adapted:

U General assumptions on the climate conditions atrésearch centre were made and
earthquake has not been taken into account. Aieptaash is not considered within the
safety assessment as this was not subject to fibly sasessment related to the operation of
the research reactor nor is it regarded to befigdtifor the decommissioning safety
assessment of this research reactor.

Il Missing data on the radioactive inventory were gtiied by conservative estimates from
similar decommissioning projects.

U The hazard identification used a generic checldstproposed in Volume | of this report, as
well as the “What-If-Technique”. The HAZOP approaghs regarded not to be justified
with respect to the radioactive inventory, the ctaxriy of the research reactor, both
resulting in minor consequences for the workersthagublic, and of the decommissioning
activities and the effort for conduct of a HAZOP.

U For illustration reasons and due to the fact tbates national regulations may require so, a
detailed hazard analysis and evaluation on ba#eeaksults of the previous hazard analysis
is performed. Fit for purpose, but still easy te generic models are used for calculation of
the consequences for workers and the public. Hemdtgrministic and conservative
scenarios are used.

In addition, no risk calculations were performedtfss hazards and the related consequences are low
so that no risk approach and the related effortdcba justified. Accordingly, no related risk crige
are applied but compliance with dose criteria garded to be appropriate.

9. CONFIDENCE BUILDING IN THE SAFETY ASSESSMENT

In the following Section the measures to build atgrice in the reliability of the performed safety
assessment are presented. In a real safety assésdomimentation all measure, including the
relevant procedures of the safety management syst#intoe explained which are applied during the
development of the safety assessment and which ellapplied during the conduct of the
decommissioning activities which were subject te Hafety assessment. In the case of this safety
assessment, no fictional safety management sysserdescribed, but the measures to ensure
correctness and high quality in applying the De&atg assessment methodology by the Research
Reactor Test Case Working Group are explained.

9.1 QUALITY MANAGEMENT SYSTEM
9.1.1. Quality management with regard to the devefoment of the safety assessment

The safety assessment was performed by a relativedll group of international experts during the
DeSa project. For the purpose of the Research &e&est Case it was assumed that a management
system was in place at the reactor site. That is thle management system was nod discussed in this
report but some features of the management systarberecognized though.
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A common element of a management system is trdigatfi data. For calculations, an additional
requirement is that the result can be reproduceehwising the same dataset. A common method to
reduce errors or mistakes is review of the worlabyndependent expert.

The starting point for the assessment was the igéiscr of a real decommissioning project, but some
data were adapted to the needs of this test casecalculation of consequences (see Sections 8)and
was performed with validated software, which iddit this type of calculations.

9.1.2. Quality management with regard to the decomissioning of the research reactor

For the purpose of this test case it is assumedata for purpose quality management or safety
management system is in place and described irtedelaupplementary documents that give
confidence that all proposed safety controls arditiatal measures will be available and taken into
account during work conduct.

9.2. INDEPENDENT REVIEW AND APPROVAL PROCESS

The system includes measures to build confidencéhénsafety assessment and its results and
therefore includes appropriate review processest{bysafety assessment team and by independent
reviews — but not by the Regulatory Body). Reviefishe Research Reactor Test Case report were
performed according to clear procedures and rezognclear responsibilities.

For this test case no dedicated system for an et review was developed and applied. Instead
following measures were performed:

U The starting points of scenarios, calculations aesults were checked and reviewed by
members of the working group itself in severalatse processes, mainly in the central
working group meeting once a year.

In addition, reviews were performed by participanfsthe DeSa project belonging to the
Regulatory Review Working Group and to the Gradegaprdach Working Group. As far as

these reviews result in recommendations on comsigtand clearness of the report they were
taken into account in this report. The results ofhbreview processes are summarized in
Section 10 “Summary and Lessons Learned”.

In summary, the various reviews performed durirgy development of the safety assessment for the
decommissioning of the research reactor providgaifstant recommendations. These were taken into
account in the current safety assessment repert,im the main report. In a real decommissioning
project this safety assessment documentation wbeldsubmitted to the Regulatory Body for
consideration and approval in the context of thehauration process on the proposed
decommissioning.

10. SUMMARY AND LESSONS LEARNED

Part B of Annex | documents the safety assessmoemnteicommissioning of a relatively small research
reactor. The test case was based on a real regeantbr of thermal power of 2 kW.
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This assessment was performed to illustrate théicatipn of a new safety assessment methodology
proposed by the DeSa project (main report). Théhauetlogy comprises of a general steps that need
to be followed and of a concept on grading thereffduring the development and review of safety
assessment.

With respect to the DeSa safety assessment metigydeind the graded approach, the research
reactor of the test case represents a nucleaityashich required a low level of detail concernitige
safety assessment due to the low radioactive iovefless than 5 ¥0° Bg) and the research reactor’s
low complexity. Thus, this test case allowed a mmaxn grading.

The conduct of the safety assessment showed hihatafety assessment methodology is applicable to
such facilities. It also demonstrated that gradgat@ach can be applied and that requirements éor th
safety assessment can be complied without comprognike quality and safety. Grading could be
applied to the site and facility description andhe selection of tools and models used to identify
analyse and evaluate hazards. Only available taele applied and generic models and related
computer codes were used.

Depending on the national regulations and requirésnef the Regulatory Body further grading than
that presented might be possible, e. g by omittiregmore detailed hazard analysis and evaluation
(Section 5) as part of the DeSa safety assessmetftodology. In some cases the results of the
preliminary hazard assessment and screening mightegarded to be of sufficient quality and
significance for this nuclear facility with its lomdioactive inventory and less complexity. Theandz
analysis and evaluation (Section 5) is mainly paedi for illustration on grading during this safety
assessment step and thus corresponds to thosenahategulations which require more detailed
analysis.

The application of the safety assessment methogobogl the recommendations on the graded
approach in the Research Reactor Test Case wefjecsub a review of the Graded Approach
Working Group (Annex II) and the Regulatory Reviéorking Group methodology (Annex Ill). The
results of the Graded Approach Working Group comdid the application of the graded approach and
included recommendations related to the need fditiadal information. The Regulatory Review
Working Group provided recommendations to impradve tjuality of this report and of the safety
assessment itself. Emphasis was also laid on th@nation of missing information due to the
character of the test case.
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APPENDIX I: DETAILED SCHEDULE OF THE DECOMMISSIONIN G ACTIVITIES

Figure I.1. provides details on the schedule ofpla@ned decommissioning activities at the reseagabtor.

D | Task Mame b1 hd2 [} hi4 ] hG 7 hAG L] w10 b1 h12 W13 hd14 W15 M16 w17 | w15
1 |DeSa RR Test Case - Decommissioining activities wy
2 Work package 1: Dismantling of systems *
3 Dismantling of control- and safety rods i

4 Dismantling of external parts of the coaling systems

5 Dismantling of the recombiner

g Dismantling of core vessel and reflector tank

7 Dismantling of cooling system etc. in the recombiner cave

g8 Dismantling of remaining parts of the primary system

8 Work package 2: Demolition of the active parts {reactor blocl

10 Cleaning of reactor- and recombiner caves

11 Demaolition of activated concrete and steel plates

12 Decontaminating/taking up various cavities in the floor

13 Remaval of care drain tank

14 Work package 3: Demolition of the non-active parts and clea

15 Cleaning and contral measurements

16 Clearance measurements of the reactor block

17 Demolition of non-active part of the reactor block

18 Clearance measurerments of the building

18 Work package 4: Final activities

20 Final survey

21 Final report

Further information on the detailed work plannimggluding information on the expected duration wdlividual tasks can be obtained from an EXCEL

document (Appendix VII).

FIG. I.1. Decommissioning schedule.
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APPENDIX II: DESCRIPTION OF THE RESEARCH REACTOR

Note: Depending on the national regulatory systesafety assessment report can be supported by a set
of additional documents, providing inter alia infioation on the research reactor to be decommissioned
For the Research Reactor Test Case these docuaemist exist. Therefore in the following Sections a
example of such information on the research reattidie decommissioned is provided.

The research reactor consists of a ball-shapedlesaisteel vessel (the core vessel) with a diaroé&2

cm (see Figures 21 and 22 and also Figure 15). nfiktadhe core vessel is a graphite reflector in a
cylindrical steel tank, called the reflector tamkith a diameter of 1.5 m and a height of 1.3 m.iGn
sides, the reactor is shielded by a 1.2 m thickvire@ncrete wall, while on top the shield consists
85 cm thick concrete blocks.

The spherical core vessel is made of stainless wittea diameter of 31.8 cm and a wall thicknegs o
1.78 mm. It is provided with a 5 m long helical ting coil (outer tube diameter 9.5 mm and wall
thickness 0.89 mm) through which the cooling wétem the reactor cooling system could be circulated
(see Figures 23 and 28 and also Figure 10). The eessel is connected to a stainless steel tube
(diameter 6.0 cm) running up to the gas recombiwéich is situated outside the reflector tank, isut
inside the concrete shield in the recombiner véade Figures 24 and 28 and also Figure 11). Here th
hydrogen and oxygen, produced by hydrolysis of wabering reactor operation, is recombined.
Recombination is effected by means of a platinutalgst heated to 70-100°C. Together the core vessel
the recombiner and the connecting pipe form a digystem kept at a negative pressure.

The core vessel is placed in the middle of a cylaad graphite reflector (see Figures 23 and 25asd
Figure 15). The diameter of the reflector is 152 @and the height 135 cm. The reflector consists of
graphite stringers with a cross section of 2020.2 cm. The density of the graphite is 1.6 toglch?

and the total graphite mass is about 4 Mg. Thectdt is contained in a steel tank with a wall khiess

of 7. mm.
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FIG. 21. Vertical and horizontal cross-sectionglof research reactor.
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Experimental tubes

SS Core vessel

Control rod drive

Drain pipe
Recombiner

FIG. 22. Sketch of the structure of the reactor.

FIG. 23. Details on the core vessel (left: coresetsnternals; right: during installation of
the reactor).
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FIG. 24. Details on the recombiner (left: beforesasbling; middle: pipe plan; right: view on
reflector tank (with steal lid) and recombiner vi(dt upper part of the picture)).

FIG. 25. Reflector tank (left: before assemblingght: with graphite stringers before
assembling (note: for assembling the graphite gegns were removed again)).
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The reactor is surrounded by an octagonal shiefdagfnetite concrete (heavy concrete) with a desity
3.6 g/crﬁ. The horizontal thickness of the shield is 1 & th, while the thickness above the reactor is
about 85 cm. The shielding above the reactor cansfsconcrete blocks, which can be removed without
major problems. Initially the graphite reflector sveovered by a circular lead lid. This lid was rest

in connection with the construction of the EXPO emment as described in Section 3.4. Instead, & ste
lid was placed on top of the reflector tank substig the lead lid (see Figure 24).

The reactor is controlled by four control rods, twegulating rods and two safety rods (see
Figures 12, 13 and 14). All rods are of the sanstgle They are moved horizontally in the reflectork

just outside the core vessel. The absorber pasistsnof flattened stainless steel tubes contaiborgn
carbide. The absorber part is 125 cm long, 10 cdewind 1.3 cm thick. Each rod governs approximately
1.5 % reactivity. The control rod drive mechanisans situated in the control rod house at the easted

of the reactor. From here the control rods areriadento the graphite reflector close to the core.

The reactor is provided with a number of beam tulmeshown in Figure 26. The beam tube numbers
used in this report are given in Figure 26. Foutheftubes, S1, S10, V1 and N1, are not beam t#des.
V1 and N1 tubes enter the reactor cavity just altbedop of the reflector tank, and S10 tube stipghe
surface of the reflector tank. The purpose of thebes is not known.

[:|N! ‘ [:]w D-‘Sl

s2[ ] [] s
M2 N3 =
El " [:! @ V21 (Glory Hole) > D k" D >

N4 I:I D N3 36 [:I D 87
ss [ ] [Jso

[ ] s10

Morth side West Side South side

FIG. 26. The research reactor beam tubes on théhnerest and south side. The core centre is
indicated by a cross.
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One of the beam tubes, the “Glory Hole” or V2, laged on the western side of the reactor. It pasibes
the way through the reactor tank, which is providaith a stainless through-tube. This tube has d@erou
diameter of 3.33 cm and a wall thickness of 1.65. rAmaluminium tube with an outer diameter of 2.85
cm and a wall thickness of 1.47 mm is placed inigesteel tube. A pipe with a 2.54 cm diametessgoe
horizontally through the centre of the core ves&eh thermal power of 2 kW the maximum thermak fia
the pipe is approximatelys610™ n/(cnt s.).

The beam plug of the “Glory Hole” is a 116 cm Iastgel tube with a step reduction of its diametemfr
6.0 cm at the outer part (length 62 cm) to 2.2 tthe inner part (length 54 cm). The steel tubidlex
with concrete.

The other beam tubes, which are placed at the erorthnd southern sides of the reactor, were ilyitial
provided with two beam plugs, an inner and an oukteough the concrete shield. The outer has ascros
section of 15x 15 cm and a length of 55 cm. The dimensions ofither are 10x 10 x 60 cm. They
consist of steel boxes (wall thickness about 3.5) rfiilled with concrete. Inside the concrete shitid
beam tubes continue into the graphite reflectochBabe is in line with a graphite stringer, whaan be
pulled out through the beam tube. This gives acmeaseas near the core with high neutron flux.

When experiments were inserted into the reactoothgnal beam plugs were usually replaced by new
ones. Often the corresponding graphite stringeng vaéso removed. For this reason there are surplus
beam plugs and graphite stringers in the reactibr iae beam tubes S2, S3, S5 and N4 have all been
provided with new beam plugs.

The neutron flux at the centre of the core, i.eahm“Glory Hole”, was about:
O 1x1Cn/cnf/s at 5 W;

O 1x10d°n/enf/s at 500 W; and

O 4x10°n/enf/s at 2 kW.

The flux distribution through the “Glory Hole”, threeasured data and the calculated data are prdsente
in Figure 27. Curve “I” was measured with indiumldgowith and without cadmium cover, and the
measurements with cadmium cover was subtracted fh@rmeasurements without to get the thermal
flux. Curve Il was measured by activation of a cappire placed in the “Glory Hole”.
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FIG. 27. The thermal flux distribution through tresearch reactor.
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Recombiner Lead shielding

Fuel mix howl
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FIG. 28. Block diagram of the primary core system.

Figure 28 shows the components and piping conmectiothe primary system. The Fuel Mix Bowl was
used for entering fuel solution into the reactopa/ from the initial filling of the reactor thisas only
relevant once a year when samples of the fuelisolutvhich had been taken the previous year, were
returned to the system. Once the fuel had beemeehteto the Fuel Mix Bowl it was transferred t@th
core vessel by means of helium pressure after ngeoii valves F and G. The samples of the core
solution that were taken once a year were takeéheapipe stub marked, applying helium pressure to
the core vessel via pipe stylwith valve B open. The Drain Tank was intendeddse in case a leak
occurred in the primary system; it could accommeddlt the fuel solution from the core vessel in a
criticality-safe geometry (in addition, it was wpagal with a sheath of cadmium). No records exidst tha
suggest that the drain tank had ever been in use.noisture separators, the pump and the pressure
flasks, shown at the bottom of the Figure 28, casepthe "Fission gas station" where fission gases
collected in the core vessel and recombiner wearssferred once a year in order to reduce the messu
the system. The transfer took place via valves @ Bin the latter valve had been installed aftewdis
suspected that valve B was not completely tight.

In 1959, the reactor was equipped with two indepahdooling systems, cooling the core and the
recombiner, respectively. Each of the systems stmsi a primary system and a secondary system. The
primary systems contain demineralized water andséwo®ndary systems are connected to the domestic
water system. A thermal sensor in the core codlipggiem governs the water flow in the secondary
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system by means of a valve, thereby ensuring thattémperature remains at the desired value of
between 20C and 4C°C.

The recombiner cooling system removes the heatrageokin the recombiner during recombination. The
water flow in the secondary system is controllechnadly.

The essential reactor instruments are locateckicdhtrol room. The most important instruments are:
O The four independent neutron flux channels inclgdirperiod meter; and

O The instruments for recording the temperature efcibre vessel and the catalyst in the recombiner,
as well as the pressure in the core vessel/recembin

Furthermore, the radiation level in the ventilatmpe from the reactor block and in the reactok, lal well
as the temperature of the cooling circuits are know
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FIG. 29. Vertical section of the reactor buildinges from the North.

The reactor building (see Figures 29, 30 and 3f¥ists of a reactor hall, a control room with aficef
and an entrance section, a counter room in thenegeunder the control room and an aggregate room
for the air-conditioning system under the eastaha the reactor hall.
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FIG. 31. Research reactor.

The air-conditioning system blows warm air througke floor ducts along the facades and from here
through ducts in the hollow parapets to injectioatgs underneath the windows (see Figure 32). Under
normal conditions, the ventilation capacity was0® @/h, of which 6 000 rith was recirculated. This
means that fresh air intake corresponded to onleasge of air per hour. However, the ventilation was
general not used when the reactor was operatitoyvapower levels, which was the case during the las
20 years of its lifetime. The 150°h ventilator in the channel below the floor, aklsmwn as the "Argon
suction pump”, was used to extract argon producehd air around the reactor to the exhaust siEuok.
radiation from the air passing through the vendilds measured constantly. A carbon filter has been
installed in front of the ventilator. The carbolefi has been routinely exchanged biannually.
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Ventilation of the reactor
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FIG. 33. Block diagram of the ventilation system.

Note, that further details on the research read@arbe obtained from Section 3.5, which containthéu
details to explain the decommissioning activities.
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APPENDIX IIl: CHARACTERIZATION OF THE RADIOLOGICAL CONDITIONS

General remarks on the determination of the radiold conditions at the research reactor by perifogm
an appropriate characterization in preparatiommefdecommissioning:

0

When the characterization started, the core solutiad already been transferred to another
reactor at the site, and the core system had Washefl with water (see also Section 3.4.3).
Thus, only a small, but unknown amount of fissieaducts remained in the reactor. The results
of the characterization are summarized below.

All measurement systems used during radiologicarastterization are proven to be adequate,
e.g. the detection limits are appropriate, the mnesmsents are reliable in low and higher dose
rates and the systems are calibrated and compyreligvant technical and quality standards.

Based on experiences from similar decommissioningiepts a dedicate@-analysis was
performed for a few samples from the biological ekhiby a certified laboratory. All
radionuclides, usually to be expected to occurativated magnetite concrete (e.g. Fe-55, Ni-
63), were considered but were found to be of netgatlevance (either with regard to exposure
or to clearance due to missing or very low conediutn).

[1.12. MEASUREMENTS ON THE RECOMBINER

The first measurement aimed at determination ofakétion from the recombiner. It was performed by
use of an Eberline RO20 monitor. The concrete bidmkve the recombiner was removed andyttiese
rate was measured in three distances (one abawvel itwo below it). Next thgspectrum was measured
with the Canberra spectrometer hanging above ttmmkiner in the hook of the crane. The resultdef t
dose rate measurements are presented in Table 20.

TABLE 20. MEASUREMENT OF THE-DOSE RATE FROM THE RECOMBINER

Distance from Top of the Dose Rate Distance from Dose Rate
Recombiner Bottom of the
Recombiner
[cm] [uSv/h] [cm] [HSv/h]
50 320 - -
100 150 100 90
150 70 50 220

The measurement with Canberra spectrometer yiglaetbllowing activity:

8.5 x 10 Bq (**'Cs).

The determination of the activity assumes thatsti@ce is a point source. Since this is not the (e
recombiner is about 50 cm high and its diameteabigut 25 cm) the actual activity is expected to be

larger.
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[11.2. COARSE OF MEASUREMENTS

To get an idea of the activities the workers nemchandle, a number of quick, but less advanced
measurements were performed. These include measnrewf the dose rate at the surface of all easily
removable beam plugs and graphite stringers irrgdhetor and in the reactor hall. The dose ratbet t
surface of the individual components was measuyeask of a rate meter (Automess Szintomat 6134A)
at both ends and at the middle of the component.

The first measurements were performed on beam pungk graphite stringers in the reactor. The

components were removed, measured, marked witboithes used in this report (usually by use of “Risg

tape”) and returned to the reactor. The resultshebe measurements are given in Table 21. The
statement "< 0.JuSv/h” used in that table means that the radiatsoatithe background level which in

the control room is 0.06 to 0.QEBv/h.

TABLE 21."COARSE”
STRINGERS IN THE REACTOR

MEASUREMENTS ON BEAM PLUGS AND GAPHITE

Outer | Inner Outer | Middle | Inner Outer | Middle | Inner
End End
[USv/h]
S1Y| <0.1 <0.1| Sl <0.1 0.1 1.1 - - -
S2 <0.1 <0.1 0.15 0.2 4 50 14
S3Y| <01 <0.1| S3I <0.1 0.1 2.5 Graphjten.m n.m n.m
S4Y| <0.1 <0.1| sS4l <0.1 <0.1 0.9 Graphjten.m n.m n.m
S5Y| <0.1 <0.1 <0.1 0.15 6 - - - -
S6l <0.1 <0.1 0.2| Graphite n.m n.m n.m
S71 <0.1 <0.1 0.4 Graphite n.m n.m n.m
S8l <0.1 <0.1 1.25 Graphite 0.3 4 7
S9l <0.1 <0.1 1 0.3 3 2
S10 <0.1 <0.1
\i <0.1 <0.1| Vil <0.1 <0.1 1 - - -
Y
V2 <0.1 <0.1 <0.1 <0.1 0.1
N1 <0.1 <0.1| N1l <0.1 <0.1 0.4 - - -
Y
N2 <0.1 <0.1| N2I <0.1 <0.1 1.2% Graphjte 0.7 4 2
Y
N3 <0.1 <0.1| Na3I <0.1 <0.1 1 Graphite 0.3 5 3
Y
N4| <0.1 <0.1 3.5| Graphite 1.25 5 5
N5 <0.1 <0.1| NbI <0.1 <0.1 0.7, Graphjte0.45 6 4
Y
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TABLE 22. “COARSE” MEASUREMENTS ON BEAM PLUGS AND BRAPHITE
STRINGERS STORED IN THE REACTOR HALL

Outer Middle End Inner End
Component
[uSv/h]

Inner beam plug A <0.1 <0.1 <0.1
Inner beam plug B <0.1 <0.1 0.25
Inner beam plug C <0.1 <0.1 <0.1
Inner beam plug D <0.1 <0.1 0.2-0.25
Graphite stringer G1 0.2 0.9 0.6-1
Graphite stringer G2 0.2 15 2
Graphite stringer G3 <0.1 <0.1 <0.1
Graphite stringer G4 <0.1 <0.1 <0.1
Graphite stringer G5 <0.1 <0.1 0.15

The code used in Tables 21 and 22 refer to the shtelding plug as “Y”, for the inner it as “I” drfor
the graphite stringer corresponding to the beara bel“Graphite”. The abbreviation “n.m.” means “not
measured”.

Then a number of components stored in the reac#édr were measured. The results of these
measurements are given in Table 22

It is seen from Tables 21 and 22 that the radidtegrls are quite modest and that they are notaage

to result in handling problems. Two of the beangpllsted in Table 22 (A and C) are not activethay
were placed between the two cupboards at the seaitiof the reactor hall. The two active beam plugs
(B and D) were together with all the graphite gfers (G1, G2, G3, G4 and G5) placed in the locked
concrete cell in the reactor hall.

[11.3. MEASUREMENTS ON BEAM PLUGS AND GRAPHITE STRIGERS

Based on the coarse measurements a number of centpomvere selected for more detailed
examination, primarily those with the highest doates. The examination consisted of-apectrum
measurement from which the activities of the congmis could be determined by use of a computer
programme. The distance between yuetector and the most active part of the compowanéd from

0.1 to 1 m, depending on the size of the compoaedtits activity. The measuring time varied fron®40
to 800 s. In the determination of the activities 8elf-shielding in the components was not takem in
account, nor was the component rotated during gesorements.

The examination included an analysis of thdose rate distribution along the component. Thas w
carried out by use of a rate meter. In the caseseMiey-spectrum measurement indicated the presence
of more than one radionuclide a number of measunesnwith the Canberra-spectrometer was also made
along the component.
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[11.3.1. Outer Beam Plugs

As seen from Table 21 the measurements of the dugam plugs all resulted in radiation levels
corresponding to the background level. Thus no tamhdil measurements were made on these
components.

[11.3.2. Inner Beam Plugs

The dose rate distribution along five of the inbeam plugs was determined. As seen from Figurk IlI.
the dose rates of all the plugs reached the backdrtevel 15-20 cm from the inner, most active dnd.

Is also seen that the radiation level is highertlierinner plugs of N4 and S3 (N4l and S3I) thantle
other plugs. The reason is undoubtedly that the@eeptugs were used in connection with an experiment
(the pile oscillator in N4 and its ion chamber i8).SBoth plugs were provided with a through hold an
have presumably been made for the purpose. The plings from beam tube S8, N3 and N5 (S81, N3I
and N5I) are all the original plugs. Measuremengsenalso made on the plug of V2, but since they all
were at background level they have not been induin&igure 33.

The activity of the inner shielding plugs preseriteéfigure 33 and of the plug of the “Glory Holé/2)
was also measured. The results are given in Table 2

TABLE 23.y-ACTIVITY OF SIX SHIELDING PLUGS

Plug Radionuclide Activity [Bq]
N3l ®Co 2870
N4l ®Co 15 000
N5I ®Co 925
S3l ®Co 7 840
s8l ®Co 3610
V2 ®Co 0.1

The statistical uncertainty of the activity valugsTable 23 is about 5%. From the comparison beatwee
the results of Table 23 and Figure 33 it is seen tihe curves of S3I and N4l are the upper curves o
Figure lll.1 and their activities are also the ldgh However, while the activity of N4l is almostide as
large as that of S3I, the curve of S3I is sliglathove that of N4l. The activity of S8l is somewhigher
than that of N3I and the same is true for corredpancurves. N5I has the lowest activity and th&dimo
curve.
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FIG. 33. )sdose rate along the active end of five inner plugs

[11.3.3. Graphite stringers

Figure 34 gives the measured dose rate distribgsitadngraphite stringers. Of these G2 and G5 were
stored in the reactor hall. These stringers hawipuitedly only been in the reactor during a limited
period of time. Therefore their activity is alsmited. The graphite stringers from beam tube S8aht8

N5 are the original stringers, but it needs to lemtioned that while the length of S8G and N5G isutb
85 cm, the length of N3G is slightly less than @@ dherefore, when comparing the curves, the N3G-
curve needs to be parallel displaced about 25 cinetaight. Hereby reasonable agreement between the
curves is achieved. The dose rates at the inneoktite stringers vary somewhat. S8G is above than
N3G and N5G. This is presumably due the effechefdontrol rods. LGS is the stringer removed from
the graphite plug at the top of the reflector. dtanly about 40 cm long, but its distribution is in
reasonable agreement with the other, original ggrie. N4G is the stringer from the pile oscilldbeam
tube, and this is presumable the reason for itgatleg distribution.

The activity of the five graphite stringers of Figu4, which were in use for a longer time, was
measured and the results are presented in TablEh24uncertainty of the activities given in Table 2
due to counting statistics is about 2%. A comparisetween the results of Table 21 and of Figure 34
shows that G2 give the lowest values in both Tablend Figure 20 (ng-spectrum measurement was
made on G5 and LGS). Next follows N3G. N4G, N5G &8% have according to Table 21 about the
same activity, while inner, most active end of S8G a dose rate significantly higher than the ather
according to Figure 34. Therefore it was to be etgubthat S8G had the highest activity.
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TABLE 24.y-ACTIVITY OF FIVE GRAPHITE STRINGERS

Stringer Radionuclide Activity [kBq]
G2 5%y 119
N3G %y 153
N4G 5%y 409
N5G o =0 429
S8G 5%y 422

111.3.4. Control rods

Figure 35 gives the dose rate distribution alorgytti'o upper control rods, @2 (regulating rod) artl @
(safety rod). The inner, most active ends of the tads, has as expected rather high dose rate® (up
100 pSv/h), but the dose rate drops rapidly withdistance from the inner end. The regulating r@d @
has higher dose rates than the safety rod @3. 8dson is undoubtedly that the regulating rod iselto
the core all the time during operation, while tlhéety rod is situated further out. Note the vettidrap
of the @3-curve around 80 cm. The reason for tlop @8 that it was necessary at this point to ineeea

the distance between the detector and the safdtgtrie collimator from 6 to 10 cm.

The activity of the two control rods (see Figurg @as measured and the result is presented in Pable

The statistical uncertainty of the activities i®abl.5 %.

TABLE 25.y-ACTIVITY OF TWO CONTROL RODS

Rod Radionuclide Activity [MBq]
Regulating rod @2 ®Co 15.5
Safety rod @3 ®Co 5.1
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FIG. 34. )+dose rate along seven graphite stringers.

Initially it was the intention to measure the aityivf and the dose rate distribution along botiutating
rods. However, it was not possible to remove ragmgaod @5 without cutting up the control rod driv
mechanism. Instead it was possible to comparemater measurements with the rate meter in contact
with the inner, most active ends of all three rddisre 75 mSv/h was measured for the regulatingd@d

80 mSv/h for regulating rod @5 and 40 mSv/h foesafod @3. Thus there is amble reason to expect
that the activity and the dose rate distributiornthef regulating rod @5are practically identicathat of

the regulating rod @2
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FIG. 35. ;xdose rate along a regulating rod (@2) and a safety (d3).

[11.3.5. Experimental plugs

Finally measurements were made on four experimgpitajs that had been manufactured to permit
experiments, i.e. the plugs of S2, S3, S5 and R4cdhtains a long plug, which extends from the oute
surface of the reactor into the graphite reflecidre plug consists of (starting from the outer teac
surface) 10 cm lead, an air space, a paraffin Jayerair space, a paraffin layer and at the enithen
graphite reflector of a long aluminium box. A tulsé@h two electric wires passes all the way from the
box to the reactor surface. The use of the plugs S2known.

S3G is the “graphite stringer” of the plug S3. Thisam tube contains the ion chamber of the pile
oscillator, and the “stringer” consists of a shgraphite stringer at the end of which is placed an
aluminium box with the ion chamber. An electric leatuns from this box through holes in the graphite
stringer and the beam plugs all the way out tootlter surface of the reactor. Plug S5 containsllawo
steel box with a length that is roughly equal te thickness of the concrete shield. The use opthg

S5 is unknown. N4S is a steel rod, which was plattiepile oscillator.

The results of the measurements of the dose ratebdition along the four components are shown in
Fig. 36.
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It is seen that plug S2 gives dose rates up toSBBhuwhile the maximum dose rate of S3G is 10 uSv/h
and that of N4S 6 puSv/h. The measurements statrtid@ anner, most active end and were stopped when
the dose rate reached less than Q&@h. The tube of plug S5 gave only modest dosssrat

The activity of the four components of Figure 36swaeasured and the results are given in Table 26.
While the components discussed so far have onliagted one radionuclide, S2 and S3G contained two,
®Co and™*Eu.

TABLE 26 y-ACTIVITIES OF EXPERIMENTAL PLUGS

Plug Radionuclide 1| Activity 1 | Radionuclide 2 Activity 2
[kBq] [kBq]
S2 %co 2 400 52ey 167
S5 %co 43.4 -
S3G %Co 450 1522y 76.3
N4 %co 651

The statistical uncertainty of tfCo activities (see Table 26) is about 2%, while'f@u it is 4 to 12
%. The plug S2 also containé®n and'°®"Ag, but the counting time was too short to permit a
guantitative determination of their activity.

A comparison between Table 26 demonstrates thgt Rihas the highest activity and dose rates. Next
follows S3G and N4S, which have about the samesiggtibut somewhat different dose distribution
curves and finally S5, which has the lowest agtignd the lowest dose rate curve. As a result @ goo
agreement is observed between the table and tinefig

As mentioned above measurements ofytipectrum and hence the activity were performedgaknme
of the reactor components, e.g. when the activigasarements had shown that more than one
radionuclide was present.

93



Annex |, Part B

A0
Dose

rate
{Svih)
20

10

0.5

0.2

0.1

FIG 36. xdose rate along experimental plugs and the pit@llasor rod.

Figure 37 shows curves of the measuf@b and"’Eu activities for S2 and S3G. The dose rate curves
for the two components are also given. It can kendbat for both components there is reasonable
agreement between dose rate and the corresporiti@w curves, even if there is no constant
proportionality factor. Thé>Eu activity curve deviates from the other curvésideds to be mentioned

ehorc = rr e e

100
Distance from inner, most active end {cinj)

that™%Eu is only present in parts of the two components.
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FIG 37. Activity andrdose rate distributions along S2 and S8&0 as well as**Eu activities
are showrf.

[11.3.6. Cored boreholes through the concrete shiel

During the characterization three cored holes vieiteally drilled through the concrete shield ofeth
research reactor:

O A vertical hole drilled down through the centrabdk of the shield at the reactor top (drilling T);

O A horizontal hole through the western wall of theetd, parallel to and close to the “Glory
Hole” (drilling V); and

O A horizontal hole through the southern wall at #aene level as the centre of the core (drilling
S).

2 The unit "Bg/5cm" was used because the activitytet was derived from measurements of 5 cm loggsats of drill-cores. The
diameter of the cores was also 5 cm, giving a velafithe segment of 98 énThus 1 Bg/5 cm ~ 1 Bg/98 ém 0.01 Bg/cri
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The length of the cores of drilling T was 87 cmgaifling V - 105 cm and of drilling S - 115 cm. bag

the drillings the cores were cut in pieces of vagylengths, and these core pieces were numberadiwit

for the innermost piece, B for the next, etc. Atiemmination of the drilling, the pieces were plhan
angle plates of aluminium in the correct order. €idfing T the pieces were called AT, BT, CT, Diich

ET and they were all marked with their individualhme by use of a marker pen. The same procedure was
used for drilling V (AV, BV,. ....and HV) and foritling S (AS, BS.,.....and FS).

The activity of all pieces was then measured. Tdwults showed that only AT (6 cm long) had a
measurable activity of

5.29 x 16 Bq (°Co).
AT had mass of 363 g and hence the specific agtivits
14.6 Bg/g {°Co).

The activity measurements were performed with thab@rra spectrometer. The measuring time was in
all cases 3 600 s, the measuring distance 1 mthenslource strength was calculated as if it wagifat p
source.

The fact that activity could only be measured m AT piece, but not in any of the others, in pafacin
BT, AV and AS was a surprise, but the reason prgtiatihat the neutron flux in the concrete shiets
been low and that the activation in horizontal cli@n has been reduced by the steel plate on #iden
of part of the shield

To investigate the importance of the steel platéridling V and S, an extra drilling was later dad out
through the south-western wall in direction of teactor core centre (drilling SV). Here there issteel
plate. The length of drilling SV was 118 cm. Theecpieces were named SVA, SVB, SVC, SVD, SVE,
where SVA is the inner piece. The activity of SV32(cm long) was found to be

about 400 Bq%¥Co),

I.e. significantly lower than AT, but in contrastAV (11 cm) and AS (17 cm) with measurable agfivit

It needs to be mentioned that the measuring tim&Y¥oA was 72 000 s. The length of the pieces is of
minor importance since the activity is situatedhat inner end. The higher activity of SVA as conegiar
to AV and AS may presumably be explained by thensauabsorption of the steel plate and the longer
measuring time. However, the significant differefmween the activity between AT and SVA was
unexpected. It may be explained by a larger neukeakage in vertical as compared to horizontal
direction, since the height of the reflector is Bemathan its diameter. Or it may be explained by a
different composition of the horizontal and the gipeld. On the other hand, the central plug inttpe
shield was not irradiated during the EXPO experinteee Section 3.4.1).

[11.4. OPENING OF THE TOP SHIELD OF THE REACTOR

The shielding plugs at the top of the reactor weraoved. The dose rate at the bottom of the central
shielding plug was found to be|8Sv/h. This relatively high, measured dose ratehathiottom of the
central shielding plug cannot be compared directlthe lower, measured dose rates at the innepend
the inner shielding plugs in the horizontal bearfeboThe measured volume is significantly higher fo
the top plug and the neutron absorption in the whthe reflector tank and the steel plate on threei
side of the concrete shield reduces the activatighe horizontal concrete shield.
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The reactor top could then be accessed, and measoi® of the dose rate at various places in tha ope
reactor were carried out (see Table 27).

TABLE 27 RESULTS OF MEASUREMENTS AT THE REACTOR PAR

Part of the reactor Dose rates [uSv/h]
At the centre of the steel lid above the reflector 50
tank
At the ion chambers at the rim of the steel lid: 20
1 m above the centre of the steel lid 0.10
1 m above the top of the reactor 3.5

The steel lid at the top of the reactor tank whisdiand placed at the floor of the reactor halmaterial
sample of steel cuttings was drilled out of thetieeof the steel lid (see Section 111.5 and Tal$9¢ &nd
the radiation levels measured at the top and &biagide of the steel lid are presented in Table 28

TABLE 28. RESULTS OF MEASUREMENTS OF THE REACTORIOLI

Bottom side
Centre of lid 29 uSv/h
Lid rim 15 uSv/h
Top side
Centre of lid 28 uSv/h
Lid rim 15 pSv/h

While the steel lid was removed the dose rateeagthphite surface of the reflector tank was messur

25 uSv/h. One of the central, vertical graphitengars was removed, measured and returned after a
material sample of its lower, most active end heenbtaken (see graphite stringer LGS in Figureng¥ a
Table 29). While the vertical stringer was removkd dose rate at the top of the open hole in the
reflector was measured to be 25 puSv/h. This inereathe dose rate is due to the fact that thematier

was pointed at the more activated graphite, bubaisty also that it received a contribution to tlusel

rate from the reactor tank. After these measuresritbetreactor top was closed again.

[11.5. COLLECTION OF MATERIAL SAMPLES

During the characterization a number of materiah@as were collected in addition to the borehole
cores. The activity of these samples were detemirayausing a-spectrometer.

Samples were taken of the inner, most active ehttseagraphite stringers in beam tube N3, N5 and S8
of one of the vertical stringers in the graphitegpht the top of the reflector (LGS) and of graphit
stringer G2.

In addition, the inner and most active 10 cm of pile oscillator rod (POS) was cut off as a materia
sample. As mentioned above steel cuttings weréedridut of the centre of the lid above the reflecto
tank (RTL). A disk was drilled out of the two stg@htes situated on the inner side of the conleied

on its western and southern part (SPV and SPSpatidk was drilled out of the reflector tank on its
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southern side. The inner, most active 10 cm ostiielding plug of V2 or the “Glory Hole” was alsatc
off. Finally the inner 5 cm of the inner shieldiplyigs of beam tube S3 and S8 (S3I and S8I) wereftut
as material samples.

After the cutting the activity of all material salep was determined by use of trepectrometer. The
result of these measurements is given in Table 29.

TABLE 29.y-ACTIVITY OF MATERIAL SAMPLES FROM THE REACTOR

Materials Isotope Activity Mass Specific
[Bq] [q] Activity
[Ba/g]
Graphite sample, N3G 5220 210 3.2 65
Graphite sample, N5G 1%y 201 4.5 45
Graphite sample, S8G 5220 730 6.3 115
Graphite sample, LGS 5220 400 4.2 95
Graphite sample, G2 5220 178 6.1 25
Steel, pile oscillator, PO$ ®Co 185 000 87.1 2120
Steel cuttings, reflector ®co 630 3.2 200
tank lid, RTL
Steel plate, western shield ®co 3540 150.2 25
wall, SPV
Steel plate, southern ®co 5900 144 40
shield wall, SPS
Steel, reflector tank, RTS ®Co 18 600 70.1 265
Steel and concrete, V2 or ®co 170 150 1
Glory Hole )
Beam plug, S3T) ®co 8180 825 10
Beam plug, S3T 5%y 520 1000 0.5
Beam plug, S8T) ®co 2320 825 3
Beam plug, S8T) 5%y 280 1000 0.3
D! The ®°Co-activity is assumed to originate from the sy, not from the concrete. Thus “Mass” is

the mass of steel.

*k

) The®Co-activity is assumed to originate from the stérd>Eu-activity from the concrete.

It is seen that the activities are modest and #reynot expected to give rise to significant conseges
during the decommissioning.

It has to be noted, that in additionBeanalysis was performed for a few samples fromtiofogical
shield by a certified laboratory. Relevant radididgs to be expected in the activated magnetiteresa
were considered not of safety relevance.
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APPENDIX IV: MEASUREMENTS FOR DETERMINATION OF THE RADIATION
LEVEL FROM THE CORE VESSEL

Prior to removal of the active components fromrisgctor, measurements were carried out to determine
the radiation levels from these components. Theltegormed part of the basis for the choice of
dismantling methods. The core vessel is expecteoetthe component causing the highest radiation
levels during the decommissioning of the reactor.

Through the centre of the core vessel an irradiatibe is running, in which items to be irradiated|d

be placed by means of perspex rods with smallieavior each 2 cm. This irradiation tube was used t
determine the radiation level across the core Vemsé 8 cm beyond on each side by placing TL
dosimeters in the cavities of the perspex rod. &neasurements were carried out in order to datermi
the influence of the fuel solution and the Ra-Barse. The first measurement was made with the fuel
solution still in the core vessel and the Ra-Bers®in place. The second measurement was made after
the fuel solution had been drained, but with theBRasource still in place. Finally, the third
measurement was made after the removal of the ReeBrce, resulting in the dose rates that will be
relevant during dismantling operations.

IV.1. FIRST MEASUREMENT (FUEL SOLUTION IN THE VESSEAND THE RA-BE
SOURCE IN PLACE)

Sixteen dosimeters were placed across the coreslygisced in a standard irradiation rod. They
remained inserted for one hour. The measured dos@glose rates are presented in Table 30, and the
distribution of the dose rates across the vessebeaseen from Figure 38.

IV.2. SECOND MEASUREMENT (NO FUEL SOLUTION IN THE ESSEL, THE RA-BE
SOURCE IN PLACE)

Fifteen dosimeters were placed across the coreelvegkaced in a standard irradiation rod. They
remained inserted for 23.5 h. The measured dosdsdase rates are shown in Table 30 and the
distribution of the dose rates across the vessslgmted on Figure 38. The fact that the doses dritign
Ra-Be source are higher in this measurement thémeifirst one, probably can be attributed to gdar
uncertainty in the first measurement due to theteharadiation time.

IV.3. THIRD MEASUREMENT (NO FUEL SOLUTION IN THE VESEL, THE RA-BE
SOURCE REMOVED)

Nineteen dosimeters were placed across the corgelygdaced in a standard irradiation rod. They

remained inserted for 4.1 h. The measured dosesdasd rates are shown in Table 30 and the

distribution of the dose rates across the illusttabn Figure 38. The dose rates in this measurement
reflect the radiation level from the core vessslit
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TABLE 30. DOSE AND DOSE RATE DISTRIBUTION ACROSS BHHCORE VESSEL FOR

THE THREE SERIES OF MEASUREMENTS

Distance from the Facade First Second Third
of the Concrete Shield Measurement Measurement Measurement
The distance from the centre of thBosimeters insertefl  Dosimeters Dosimeters
core vessel to the facade is 222 km  for 60 min. inserted for inserted for
1 418 min. 246 min.
- Dose | qe | Dose| o | pose |
[mSv/h] [mSv/h] [mSv/h]

198 35 35 58 2.4
200
202 51 51 130 5.5 11.1 2.7
204 16.6 4.1
206 96 96 256 10.8 32.2 7.9
208 38.0 9.3
210 130 130 345 14.6
212 36.3 8.9
214 138 138 422 17.8 41.7 10.d
216 143 143 450 19.0 39.9 9.7
218
220 182 182 580 24.6 55.( 13.4
222 196/195 196/19% 581 24.6 46.9 11.
224 174 174 644 27.3 47.6 11.4
226
228 147 147 873 36.9 47.9 11.7
230 193 193 1061 44.9 40.3 9.8
232 34.7 8.5
234 204 204 1727 73.1 31.9 7.8
236 39.0 9.5
238 198 198 3211 135.9 31.5 7.7
240 17.8 4.3
242 207 207 5963 252.3
244 7.3 1.8
246 176 176 4445 188.1 6.9 1.7

® Note that the dosimeters have been irradiatediffarent periods of time in the three series. The

uncertainty for each measurement is 10-15 %.
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FIG. 38. Dose rate distribution. The blue circlidtrates the core vessel. The Ra-Be source wasggleast of the core vessel.
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APPENDIX V: DETAILS ON THE TRAPPING OF THE FUEL SOL UTION

The reactor fuel was tapped off according to detdperational procedures of the facility. Prior to
this a safety assessment was performed to ensatr¢hth radiological safety of the staff involved in
the tapping. The fuel solution was collected inrfadticality safe stainless steel bottles (length
120 cm and internal diameter - 7.3 cm). The stestlds were placed in lead flasks providing
shielding (thickness of shielding - 11.7 cm andgheiof one flask — 1 300 kg). The lead flasks were
supplied with leak detectors for the unlikely cdélsat a steel bottle would leak. Prior to the actual
tapping a dummy test was carried out with distileater in order to test the procedure and train the
operators. Figure 39 illustrates some of the d@@winvolved in the tapping.

FIG. 39. Tapping of the fuel solution in preparatiof the decommissioning project.

After tapping the lead flasks were transferred s®parate, safeguarded storage facility that istéot
on the research centre site.
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APPENDIX VI: DETAILS ON THE DETERMINATION OF THE CO NSEQUENCES
OF NORMAL OPERATION FOR THE PUBLIC

V.1 DETAILS ON THE MODELS USED
V.1.1 Dispersion modeling
For the modelling of atmospheric dispersion Gausgaaight line plume model modified with

downward sloping was used. In this model air padlutconcentration at grid point (x, y, z) is
calculated as:

yz ’ g i (15)
o3 e 3
Where:
C(x, Y, z) is the air pollution concentration at grid pdixty, z);
Q is the source strength;
H is the effective height of source emission (iis thst case effective stack height = physical
stack height = 25 m);
g,,0, are diffusion coefficients in y and z directioasd
u is the average wind speed.

To account for gravitational settling of heavy gasend aerosols fixed height of emission, H is

modified with the term:
V. X
(1-%) wo
u

where v, is thermal velocity andk is the downwind distance. It is assumed that thémwelocity v, is
equal to deposition velocity, =1000m/day.

VI.1.2 Dose calculations RESRAD code

RESRAD is a computer code developed at the Argddagonal Laboratory for the U.S [17].
Department of Energy to calculate site-specific RE&8 RADioactive material guidelines as well as
radiation dose and excess lifetime cancer riskdoranically exposed on-site resident.

A soil guideline is defined as the radionuclide @emtration in soil that is acceptable if the sit¢o be
used without radiological restrictions. Soil is idefl as unconsolidated earth material, including
rubble and debris that might be present.
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The following two principles were applied in thedRarch Reactor Test Case:

€)) The annual radiation dose received by a merobéhne critical population group from the
residual radioactive material - predicted by aistialbut reasonably conservative analysis and
calculated as committed effective dose equivalemist not exceed 1 mSv/y; and

(b) Doses must be kept as low as reasonably adiiéeveaconcept commonly known as ALARA.

Nine environmental pathways are considered foptaened research reactor decommissioning: direct
exposure, inhalation of particulates and radon,iagdstion of plant foods, meat, milk, aquatic fepd
water, and soil (see Figure 40).

The code is user friendly, incorporating internateractive help files and information on input and

output data. The main menu and its submenus alewser to easily change titles, select pathways,
access and modify input data, run the programmangd screen colors and view text or graphic
output.

-

oo

FIG 40. Environmental pathways considered in theSRED code (lllustration taken from
RESRAD manual [17]).

Default values are provided for most of the paransetised by the code. Different exposure scenarios
can be specified by adding or suppressing pathvaayd by modifying usage and occupancy
parameters.

Four output reports are generated following each puoviding a listing of all input parameters, the

maximum dose and the minimum soil guidelines. Faaheuser-specified time, the reports list doses
by radionuclide and pathway, soil guidelines, radidide intakes, health risks, and media

concentration.

The user can plot soil guidelines, doses, or medigentrations as a function of time (see following
figures). In preparing the plots, the user may #pdadividual radionuclides or their sum, and
contributions from individual pathways or all patyg summed.

A number of popular printers, plotters, and grapfiie formats are supported by RESRAD. A
sensitivity analysis feature (see figure abovetjigiows the user to investigate the effect ofuinp
parameter variability on the calculated output.
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RESRAD code uses a pathway analysis method in whieh relation between radionuclide
concentrations in soil and the dose to a membea ofitical population group is expressed as a
pathway sum, which is the sum of products of "patyhviactors”. Pathway factors correspond to
pathway segments connecting compartments in thieoement between which radionuclides can be
transported or radiation emitted. Radiation doskealth risks, soil guidelines and media
concentrations are calculated over user-specified tntervals. The source is adjusted over time to
account for radioactive decay and ingrowth, leagh@#rosion, and mixing. RESRAD code uses a one-
dimensional groundwater model that accounts fofeddhtial transport of parent and daughter
radionuclides with different distribution coefficits.

V1.2 ANALYSIS DETAILS

VI.2.1 Simulation of the atmospheric dispersion for determining ground surface
concentrations in air and ground depositions

Initially it was planned to simulate atmosphericspérsion of four main radionuclides from the
research reactor’s inventory separately, each enthfee stability categories (A, D, F). This apario
was chosen although it was expected that maximadesarations of the radionuclides in the zone of
interest (nearest houses 500 m east of the poufisoarge) will appear for neutral stability catag
This assumption was proved by the initial resulitaimed for*’Cs. That was the reason to reduce the
amount of analyses and for other radionuclides atyulation for neutral stability category was
performed as the most critical case.

In Table 31 results for ground surface concentnatio air and for the ground dry deposition forrfou
main radionuclides of interests are shown. Dueotneschanges in the input data (increased height of
the research reactor exhaust stack height, 15 md usethe preliminary analysis, now 25 m)
contaminated area is increased and the point ofimaxconcentrations in air and the ground
depositions is moved along the wind direction (r88@ m east from the point of discharge). As the
radioactive inventory to be discharged is fixed lehthe area affected is greater, maximal
concentrations are slightly lower than in thosailtexy from the preliminary analysis as described i
Section 4.2.3.

Further analysis focused on the point 800 m east the point of discharge considering that thisipoi
belongs to an area populated with members of tidiqowhich use local drinking water, plants and
locally produced food. The model applied for thesel@alculation used radionuclide concentrations
obtained for the point of maximal deposition. Thigproach is conservative and demonstration of
compliance with the dose limits for such a modklveéd reaching conclusion that there is compliance
for all other points (including the nearest hous@8 m east from the research reactor exhaust stack)
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TABLE 31. SIMULATION RESULTS OF THE ATMOSPHERIC DFERSION FOR
STABLE WEATHER CONDITIONS

Radionuclide Grou_nd _Surf_ace , Dry Deposition
Concentration in Air [Bg/m ] [Bg/m?]
Distance from the stack 500 m 800 m 500 m 800 m
1¥cs 4.23 x 10 8.69 x 10 154.2 317.1
gy 1.33x 16 2.74 x 16 0.49 1.00
®Co 2.67 x 16 5.48 x 10 9.74 20.04
ey 1.33x 16 2.74 x 10 4.87 10.02

Distribution of the ground surface concentratiomsir for the four main radionuclides of interest i
presented on Figure 41 to Figure 45. An area ahXI5 km is shown where the point of discharge is
located at the point (0, 0), while the nearest Bey500 m east of the research reactor) are gioihe

(0, 0.5). The concentrations at this point are mdrlon the figures, as well as the maximal
concentrations observed at the point (0, 0.8) 8@xast from the exhaust stack.

Figure 46 to Figure 50 show the ground dry depmsidiistributions over the affected area.

137CSl,5‘|15u,6000,9°Sr Ground surface concentration in air ( Bgq/m3)

464 E-04 Bg/m®| at

1.5 / SNNMm
1 Bg/m3

/ max 9.53 E-04 Bg/m®|at 800
0 | =

-9 —10.0009

—0.0007

=0.0006

-1 0.0005

0.0004

0.0003

0.0002

-2.5 9E-005
0 0.5 1 1.5 2 2.5 3 35 4 45 5

km

FIG. 41. Summed ground surface concentration if@lrradionuclides).
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2.5
| 4238 ED4 Bg/m® | at
1 Bg/m3
/ - max 8.69 E-04 Bg/m™ at 800
0.5 m 0.0008
0.0006
-0.5
0.0005
-1 0.0004
15 0.0003
0.0002
- 0.0001
-2.5 8E-005
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
km
FIG. 42. Ground surface concentration in aif’Cs).
154
Eu Ground surface concentration in air (Bg/m3)
2.5
e 1.33 E-05 Bg/m’|at
~ / 500m
1 Bg/m3
/ max 2,74 E-05 Bg/ml at
0.5 — 2.5E-005
800 m
—12.3E-005
01— e —
—12.1E-005
-0.5 — 1.9E-005
—1.7E-005
-1
1.5E-005
-1.5 1.3E-005
1.1E-005
- 1E-005
-2.5 2.5E-006
0 0.5 1 15 2 2.5 3 3.5 4 45 5
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FIG. 43. Ground surface concentration in air’gu).
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km
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60

Co Ground surface concentration in air (Bq/m3)
2.5
s 2.67 E-05 Bg/m® at 500m
1 Bg/m3
. max 5|48 E-05 Bg/m” at 800 m
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FIG. 44. Ground surface concentration in &ifo).
90
Sr  Ground surface concentration in air (Bg/m3)
25
2
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1.9E-006
-0.5
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FIG. 45. Ground surface concentration in aifgr).
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137 154 60 90 L.
Cs, Eu, Co, Sr Dry deposition (Bg/m2)
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FIG. 46. Summed ground dry deposition (all radidides).
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FIG. 47. Ground dry depositiort’(Cs).
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FIG. 48. Ground dry depositior®(Eu).
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920
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FIG. 50. Ground dry depositiof{’Sr).

VI.2.2 Calculation of exposures using RESRAD code

The potential exposure of members of the public ealsulated using the RESRAD code and the
following parameters and assumptions:

(a) Ground deposition distributions (see Figureaaibigure 50);
(b) Values presented in Table 32 (calculated énstiep No. 1);

(© Total radioactive material discharged duringe oyear of normal operation (source term
determination in 4.3.2);

(d) Typical values for the soil density (1.5 gRnand

(e) Area of 50 000 fwith uniformly contaminated surface layer of 4 @wmntaining mass
specific soil activities (see Table 33).

Such an assumption (see (e) above) is conservatsvedhe proposed contaminated zone for
consideration contains deposited activity twiceatge than the total radioactive material discharged
from the research reactor.
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TABLE 32 MASS SPECIFIC ACTIVITIES IN THE SURFACE DMAER OF THE
CONTAMINATED AREA

Radionuclide Mass specific activity [Bg/g]
Bics 2.114 x 18
Xsr 6.667 x 10
®Co 1.336 x 10
BSEu 6.680 x 10

The following pathways of exposure were considénetthe calculation of the doses: external gamma,
inhalation (w/o radon), plant ingestion, meat iriges milk ingestion, aquatic foods, drinking water
and soil ingestion.

As no specific data were fixed as input parametdefault RESRAD code values were used in the
calculations for all the pathways considered (hialyp data, consumption of milk, vegetables, fruits,
meat, fish, drinking water intake, ingestion oflseic.). Also, default library with the dose corsien
factors based on FGR 11, food transfer factorsstopke factors was used.

Annual doses for members of the public were catedlor 10 time points within the 40 years period.
Figure 51 shows a RESRAD generated plot of the tluses during the years at the point of maximal
ground deposition of radionuclides, while summededfsom all radionuclides and an exponential fit
are shown in Figure 52. Maximal annual dose forfitisé year after the deposition of the activityedo
not exceed TSv/y. Based on an exponential fit of the obtainedie and its integration over 40 years
period, total dose of (105 + §)Sv was calculated. It is evident from Figure 53t thmong the
different pathways maximal contribution to the tatase to a member of the public is coming from
the external exposure. This is common characteriistiall the gamma emitting radionuclidéd'Cs,
®Co and™¥Eu) while for beta emitting°Sr plant, meat and milk ingestions are dominanhyways
(see Figure 54).

}\\\\\\\‘\\\\

L 4

«n

3
3

—<—|
—|

—

S — P..

1 10 100
Years

—O— co60 > cs-137  —B— Eu-154 L sr90 —7— Total

FIG. 51. RESRAD results: Summed and radionuclideifip annual doses for the public,
all pathways summed.
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FIG. 52. Annual doses for public within 40 yearsipa after the discharge of radionuclides
into the environment at the point of maximal grodng deposition (800 m from the source).
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FIG.53. RESRAD results: contribution of the pathsveyr all radionuclides.
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FIG.54. RESRAD results: contribution of the patlgvéor Sr-90.

VI.2.3 Contribution of the radionuclide ground surface concentration in air

Constant ground surface concentrations in air kgaitun) for all considered radionuclides are redche
soon after the beginning of the gaseous dischaigs.is due to:

O A continuous discharge of radionuclides in the emvinent during one year;

O The stable weather conditions with constant wingalion and speed (assumptions used in
the model); and

O Balance between the emission from the stack angrthend deposition.

This source will be in place until the end of thexipd of discharge when will disappear very fast by
the ground deposition. The presence of radionuglidehe air will dominantly contribute to the dese
for the members of the public via inhalation patiwa

An adult member of the public is analysed becaosthis age group product of breathing rate and the
dose coefficient is almost equal to the maximal Gage group 12-17 years, see Table 33) while it
represents maximal number of residents.
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TABLE 33. DOSE COEFFICIENTS AND THE BREATHING RATE®PPLIED FOR
DIFFERENT AGE GROUPS

Dose Coefficients* Default Breathing Product
ICRP Age Group [Sv/B(] Rate [m® d] DC*DBR
as from [18] [Svm®Bq™*d}]
3 months (0-1y) 3.60 x 10 2.86 1030 x 10
1 year (1-2 y) 2.90 x 1¢° 5.16 1496 x 10
5 year (2-7y) 1.80 x 1¢° 8.72 1570 x 10
10 year (7-12 y) 1.30 x 1C° 15.3 1989 x 10
15 year (12-17y) 1.10 x 1¢° 20.1 2211 x 10
Adult (> 17 y) 9.70 x 10° 22.2 2153 x 10
*) Reference [4]
The doses from one year inhalation were calculgged Table 34) by using:
O The ground surface concentrations in air (see Téd)dor the point (0, 0.8);
O The breathing rate for an adult of 22.%day (Table 33):
O The coefficients for committed effective dose peit intake via inhalation for members of the

public for moderate absorption; and
U Age group over 17 years.

TABLE 34. DOSES FROM INHALATION CAUSED BY THE PRESECE OF
RADIONUCLIDES IN AIR

Ground Surface Dose Coefficients*
Isotope Concentration in Air [SV/BQ] Dose [Sv]
[Bag/m?]
Cs-137 8690 x 16 9700 x 10’ 6835 x 10
Eu-154 2740 x 16 5300 x 1 1178 x 10
Co-60 5480 x 18 1000 x 10 4443 x 10
Sr-90 2740 x 18 3600 x 1¢° 7998 x 10
Total 8537 x 1¢°

*) Referencq4]

From the results obtained it is evident that thetidoution of the radionuclides present in the(atill
not deposited) to the total dose can be negledd@teamain pathway (inhalation) for that sourcd wil
result in 0.1 mSv of total dose for one year exppgeriod.
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APPENDIX VII: EXPECTED DURATION OF INDIVIDUAL TASK

See file: Annex I Part B Appendix VIL.pdf
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