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Abstract

Nuclear energy for power generation produces heat-generating high- and intermediate level
radioactive waste (HLW and ILW) for which a safe solution for the handling and disposal has to
be found. Currently, many European countries consider the final disposal of HLW and ILW in
deep geological formations as the most preferable option. In Germany the main stream of HLW
and ILW include spent fuel assemblies from nuclear power plants (NPPs), the vitrified waste
and compacted metallic waste of the fuel assembly structural parts originate from reprocessing
plants. An important task that occurs within the framework of the Product Quality Control
(PQC) of nuclear waste is the assessment of the compliance of any reprocessed waste product
inventory with the prescribed limits for each relevant radionuclide (RN). The PQC task is to
verify the required quality and safety of nuclear waste prior to transportation to a German
repository and to avert the disposal of non-conform waste packages. The verification is usually
based on comparing the declared radionuclide inventory of the waste with the presumed or
expected composition, which is estimated, based on the known history of the waste and its
processing. The difficulty of such estimations for radioactive components from nuclear fuel
assemblies is that reactor design parameters and operating histories can have a significant
influence on the nuclide inventory of any individual fuel assembly. Thus, knowledge of these
parameters is a key issue to determine the realistic concentration ranges, or bandwidths, of
the radionuclide inventory.

As soon as a governmental decision on the construction of a high-level waste repository will
be made, comprehensive radionuclide inventories of the wastes assigned for the deposition will
be required. The list of final repository relevant radionuclide is based on the safety assessment
for this particular repository, thus it is likely to comprise more-or-less the same radionuclides
that need to be declared for compacted metallic waste residual from the reprocessing of spent
fuel assemblies. In Germany, the radionuclide declaration list for the disposal of used fuel
assemblies is not yet specified. Although information of radionuclide composition of used
nuclear fuel assemblies assigned to a specific repository would be provided by the nuclear
industry. An estimation of the average radionuclide composition of the burnt-up fuel including
the realistic inventory bandwidths for each of relevant radionuclides would be highly desirable
beforehand. This information is needed for the development of proof tools for the product
quality control or safeguards, but also for the evaluation of various safety scenarios regarding
the radionuclide mobility or contamination.

This work is focused on the development of a method for the determination of realistic
radionuclide bandwidths in cases when no information of reactor design and operating data
is available. Reactor parameters are classes as Primary Reactor Parameters of burn-up (BU)
and cooling time (CT) that are considered to be known, and so-called Secondary Reactor
Parameters (SRPs) that include nine parameters that are analysed: initial enrichment (IE),
fuel density (FD), fuel temperature (FT), specific power (SP), downtime (DT), irradiation time
(IT), moderator density (MD), moderator temperature (MT) and boric acid concentration
(BA) used in the water for reactor control. All the SRP values are fuel assembly and whole
irradiation time averaged values and varied independently in burn-up calculation models. The
realistic range limits of each such SRP are obtained from 339 international PWR-UOg2 spent
fuel assemblies with well-known fuel design and reactor operating data. The methodology is
systematically tested ensuring transparency, traceability and repeatability of the individual



steps.

For the SRP analysis and determination of RN bandwidths uniform distribution of assemblies
with burn-up up to 71 GWd/tyy are assumed. In the future work dependent on application
the effective RN inventory concentration bandwidths could be determined using realistic or
relevant FA distribution.

The modelling of radionuclide inventories is carried out with the burn-up code SCALE 6.1
using the nuclear data library ENDF/B-VIL.0. The input data include geometry of the fuel
assembly and a set of the associated SRP values.

The theoretical (calculated) bandwidths of each radionuclide show different behaviour in the
response to different SRPs. The magnitude of the bandwidth significantly varies for different
radionuclides and depends strongly on the primary parameters of burn-up and cooling time.

The theoretical bandwidths are validated with experimental data. For this purpose the
destructive radiochemical assay (RCA) data are taken from the Spent Fuel Isotopic Composi-
tion Database (SFCOMPO), which is maintained by the OECD Nuclear Energy Agency. The
PWR data of this database comprise measurements for more than 300 fuel samples with an
associated burn-up range between 3 and 75 GWd/ty.

For most final disposal relevant radionuclides the realistic bandwidths can be determined
accurately with only information of burn-up and cooling time. For some radionuclides (1*C,
126Gy, 108mA g etc.) additional parameters characterizing fuel impurities, burnable absorber
exposure etc. are required.

There is, however, presently insufficient experimental data to validate the bandwidths for
all radionuclides of interest to waste management. It is however possible to perform a com-
prehensive verification by comparing the bandwidths obtained with other reference inventory
calculations used by several countries for long-term safety assessment, spent fuel transporta-
tion and storage, or other applications. In this work, predicted theoretical isotope bandwidths
are compared with:

e calculated inventories of approximately 2000 US PWR-~UO; spent fuel assemblies with
a burn-up range between 7 and 53 GWd/tm;

e calculated inventories of fuel assembly families that represent average data for approxi-
mately 3300 Swiss PWR-UQO2 SNF;

e calculated average inventory of the Swedish PWR-UQO2 SNF;
e calculated average inventory of German PWR-~-UQOy SNF.

The present work highlights the importance, for the estimation of radionuclide inventories
of spent nuclear fuel, of considering available experimental and international reference data to
address uncertainties in spent fuel compositions when information on fuel impurities, initial
composition, design and operating data are insufficiently known.

This work provides realistic radionuclide bandwidths that support methods for a long-term
safety analysis of final repositories as well as for the development of efficient and validated
tools for the PQC of HLW disposal and for safeguard applications.
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Kurzzusammentassung

Die Kernenergie erzeugt bei der Stromproduktion Wéarme erzeugende hoch- und mittel-ra-
dioaktive Abfdlle (HAW und MAW), fir die eine sichere Losung fiir die Handhabung und
Entsorgung gefunden werden muss. Derzeit halten die européischen Lénder die Endlagerung
von HAW und MAW in tiefen geologischen Formationen fiir die bevorzugte Option. Einen
groen Anteil am HAW und MAW in Deutschland haben abgebrannte Brennelemente aus
Kernkraftwerken (KKW), aber auch verglaste und kompaktierte metallische Abfélle aus der
Wiederaufarbeitung von abgebrannten Kernbrennelementen. Eine wichtige und zu erfiillende
Aufgabe, die im Rahmen der Produktkontrollstelle (PKS) von nuklearen Abféllen auftritt, ist
die Beurteilung der wiederaufbereiteten Abfallprodukt Inventare hinsichtlich der vorgeschrie-
benen Grenzwerte fiir jedes Endlager-relevante Radionuklid (RN). Das Gleiche gilt auch fiir
direkt endzulagernde abgebrannte Kernbrennstibe. Die PKS Aufgabe ist es, die erforderliche
Qualitat und Sicherheit von nuklearen Abféllen vor dem Transport in ein deutsches Endla-
ger zu verifizieren und die Entsorgung nicht-konformer Abfallgebinde zu verhindern. Diese
Verifikation basiert {iblicherweise auf dem Vergleich der vermutlichen oder erwarteten Zu-
sammensetzung des angegebenen Radionuklidinventars des betreffenden Abfalls, basierend auf
der normalerweise hinreichend bekannten Vorgeschichte der Abfille und ihrer endlagerechten
Konditionierung. Die Schwierigkeit solcher Schitzungen fiir radioaktive Komponenten der ab-
gebrannten Brennelemente ist, dass Reaktordesign und Betriebsgeschichten Parameter einen
signifikanten Einfluss auf das Nuklidinventar eines jeden einzelnen Brennelements haben. So-
mit ist die genaue Kenntnis dieser Parameter eine zentrale Frage bei der Abschéitzung der
realistischen Konzentrationsbereichen oder Bandbreiten des Radionuklidinventars.

Sobald eine Entscheidung tiber Art und Bau eines HAW-Endlagers getroffen wird, wird eine
umfassende Bestimmung und Zertifizierung des Radionuklid-Inventars fiir die zur Endlage-
rung vorgesehenen Abfélle erforderlich sein. Die Liste der Endlager-relevanten Radionuklide
basiert auf der Sicherheitsbewertung fiir dieses spezielle Endlager. Somit erscheint es sinnvoll,
die gleichen Radionuklide zu betrachten, die fiir kompaktierte metallische Abfille bestehend
aus den Brennelementstrukturteilen aus den Wiederaufarbeitungsanlagen zu deklarieren. In
Deutschland ist die Radionuklid-Deklarationsliste fir die Entsorgung abgebrannter Brennele-
mente derzeit noch nicht festgelegt. Obwohl Informationen iiber Radionuklidzusammensetzun-
gen der abgebrannten Brennelemente durch die Atomindustrie zur Verfiigung gestellt werden,
ist eine Abschéitzung der durchschnittlich zu erwartenden Zusammensetzung des Radionukli-
dinventars einschliellich der realistischen Bandbreiten fiir jedes einzelne relevante Radionuklid
sehr wiinschenswert. Diese Informationen werden sowohl fiir die Entwicklung passender Proof-
Tools fiir die Produktqualitéts-Kontrollstelle oder auch Safeguards als auch fiir die Bewertung
der verschiedenen Sicherheitsszenarien in Bezug auf die Radionuklid-Mobilitdt oder Kontami-
nation erforderlich sein.

Der Schwerpunkt dieser Arbeit ist die Bestimmung von realistischen Radionuklid Band-
breiten insbesondere fiir die Falle, bei denen keine oder unzureichende Informationen iiber
Reaktordesign- und Betriebsdaten zur Verfiigung stehen. Folgende Reaktorparameter werden
als Primédre Reaktor Parameter (PRP) klassifiziert: Abbrand (BU) und Kiihlzeit (CT); die
beide bekannt werden miissen. Dem gegeniiber stehen die sogenannten Sekundéren Reaktor
Parameter (SRP), neun in der Anzahl, deren Einfluss auf das RN-Inventar hier umfassend
untersucht und analysiert wird. Es sind dies die Parameter: Anfangsanreicherung (IE), Brenn-
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stoffdichte (FD), Brennstofftemperatur (FT), spezifische Leistung (SP), Downtime (DT), Be-
strahlungszeit (IT), Moderatordichte (MD), Moderatortemperatur (MT) und Borsdurekonzen-
tration (BA) im Kiihlwasser fir die Verwendung bei der Reaktorsteuerung. Alle SRP-Werte
sind {iber ein ganzes Brennelement und die ganze Bestrahlungszeit gemittelte Werte. Die realis-
tischen Bereichsgrenzen eines jeden solchen SRP sind aus 339 internationalen DWR-UO2 abge-
brannten Brennelementen mit bekannten Reaktordesign- und Betriebsdaten bestimmt worden.
Diese Methodik erlaubt Transparenz, Nachvollziehbarkeit und Reproduzierbarkeit der einzel-
nen Berechnungsschritte.

Die Modellierung des Radionuklid-Inventars wird mit dem Abbrand-Code SCALE 6.1 und
der Kerndatenbibliothek ENDF/B-VIIL.0 durchgefiihrt. Die Eingangsdaten umfassen die Geo-
metrie des Brennelements und einen Satz der zugehorigen SRP Werte.

Die theoretischen (berechneten) Bandbreiten eines jeden Radionuklids zeigen unterschiedli-
ches Verhalten in Bezug auf die verschiedenen SRP. Die Gréfie der Bandbreite variiert signifi-
kant fiir unterschiedliche Radionuklide und héngt stark von den Priméren Reaktor Parametern
ab: dem Abbrand und der Kiihlzeit.

Die theoretischen Bandbreiten werden mit experimentellen Daten verglichen und validiert.
Dazu werden die radiochemischen Messungen (experimentelle Daten) aus zerstorenden Pro-
bennahmen aus der Datenbank ,Spent Fuel Isotopic Composition Database“(SFCOMPO) ge-
nommen, die von der OECD Nuclear Energy Agency verwaltet wird. Die Daten fiir Druckwas-
serreaktoren (DWR) in dieser Datenbank umfassen Messungen fiir mehr als 300 Kernbrenn-
stoffproben mit einem zugehorigen Abbrandbereich zwischen 3 und 75 GWd/tyy-

Fiir die meisten Endlager-relevanten Radionuklide sind Informationen von Abbrand und
Kiihlzeit fiir die genaue Bestimmung der realistischen Bandbreiten ausreichend. Fiir einige
Radionuklide (1C, 126Sn, 198m A g usw.) sind auBerdem noch zusitzliche Parameter wie Verun-
reinigungen im Kernbrennstoff, Einsetzten von Absorberstiaben usw. erforderlich.

Es gibt jedoch derzeit nicht geniigend experimentelle Daten, die fiir eine Validierung der
theoretischen Bandbreiten aller RN notig wéiren und die von Interesse fiir nukleares Abfall-
management sind. Es ist jedoch méglich, eine umfassende Uberpriifung durchzufiihren, indem
man die theoretischen Bandbreiten mit anderen berechneten Referenzinventaren vergleicht,
die von mehreren Léndern fiir die Langzeitsicherheitsbewertung, fiir Transport und Lagerung
abgebrannter Brennelemente oder andere Anwendungen verwendet werden. In dieser Arbeit
werden die theoretischen RN Bandbreiten verglichen mit den:

e berechneten Inventaren fiir etwa 2000 US DWR-UO4 abgebrannten Brennelementen mit
einem Abbrandbereich zwischen 7 und 53 GWd/tm;

e berechneten Inventaren von Brennelementfamilien, die durchschnittliche Daten fiir rund
3300 Schweizer DWR-UQO2 abgebrannte Brennelemente darstellen;

e berechnetem durchschnittlichen Inventar von schwedischen DWR-UQO, abgebrannten
Brennelementen;

e berechnetem durchschnittlichen Inventar von deutschen DWR-UQO; abgebrannten Brenn-
elementen.

Die Ergebnisse dieser Arbeit liefern realistische Radionuklid Bandbreiten, welche herange-
zogen werden miissen bei einer Langzeit-Sicherheitsanalyse von Endlagern, aber auch bei der
Entwicklung von effizienten und validierten Tools fiir die Produktqualitdtskontrolle oder bei
der HAW Entsorgung und fiir Safeguards Anwendungen.
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1 Introduction

Nuclear energy for power generation produces heat-generating high- and intermediate
level radioactive waste (HLW and ILW). Yet there is not a single final HLW repository
in operation, world-wide. However, many countries are currently searching for the most
appropriate location for such a repository (Sweden, Germany, Switzerland, France, etc.).
Recently, the construction of a final repository has commenced in Finland [Posiva, 2013].
The heat-generating HLW and ILW include both, spent fuels from nuclear power reactors
and nuclear waste from reprocessing plants. In Germany, these two types of waste make
up approximately 10500 [DAEF, 2015] and 6662 [Aksyutina et al., 2015] tonnes of heavy
metal, respectively, as estimated for the year 2022. A large fraction of spent fuel waste in
Germany is represented by used fuel assemblies from pressurized water reactors (PWR).
The present work is focused on the analysis of inventories of a variety of UO; spent fuel
assemblies from PWR.

The wide variety of spent fuel assemblies ranges over different burn-ups, cooling times,
fuel design and reactor operational conditions. In Germany, there are about 35’000 fuel
assemblies [Peiffer et al., 2011] from PWR, BWR and VVER, thus, a wide range of
radionuclide inventory and activity must be expected and is actually observed for a
certain burn-up. Throughout this work the burn-up (BU) and cooling time (CT) of
a single spent fuel assembly are defined as so-called Primary Reactor Parameters, and
they determine the radionuclide inventory at a given time. Thereby information of BU
and CT is required for the estimate of an average radionuclide composition. However,
additional information of the fuel design and reactor operational conditions, i.e. the so-
called Secondary Reactor Parameters, is required for the determination of the realistic
bandwidths of the radionuclide inventory.

1.1 Task and objectives of the work

An important task that occurs within the framework of radioactive waste mainte-
nance is the assessment of the compliance of radionuclide inventories of disposable HLW
radwaste packages with the prescribed limits for each relevant radionuclide and thus
verifying the consistency of declared RN compositions of waste packages with the waste
acceptance criteria (WAC) prior their disposal into a repository. In Germany this range
of tasks is referred to as the Product Quality Control (PQC). The verification is usually
based on comparing the declared composition of the waste with the presumed radionu-
clide inventory, which is estimated based on known history and type of the waste. The
difficulty of such an estimate is that each individual waste product could consist of ra-
dioactive wastes from various nuclear fuel assemblies, whose histories cannot be traced
back exactly. In such a case no information on the Primary Reactor Parameters (BU
and CT) and on the Secondary Reactor Parameters (fuel design and reactor operating
data) is available. Indeed, a reprocessed waste package is composed of many individ-
ual fuel assemblies, whose compositions depend on their individual maintenance record,
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which is determined by the fuel design and by the reactor operating history. The lack of
such information couses a significant variability of the RN inventory of a waste package,
which can be quantified by determining the intervals (bandwidths) of individual RN
compositions for a given burn-up and cooling time. Waste packages, whose declared
inventories are consistent with the predicted bandwidths and with WAC criteria, can be
characterized as conformal. A similar range of tasks would presumably appear within
the frame of the final disposal of spent nuclear fuel.

In this study the theoretical bandwidths are calculated for the range of 0 — 71 GWd/ty.
These bandwidths could be used for estimation of total activities of waste packages pro-
vided that the distribution of the constituent fuel assemblies on burn-up is known.

The aim of this work is to develop a method for the determination of realistic band-
widths for radionuclides that are relevant for the final disposal of heat-generating high-
and intermediate-level nuclear waste. This comprises 64 radionuclides (cf. Table 1.1)
contained in spent nuclear fuel (excluding activation products) which must be declared
in Germany by NPP operators [Brennecke, 2011]. An independent assessment has to be
made for each radionuclide of this list irrespectively of its actual amount or radiotoxic-
ity. The set of tasks involved in this development is shown as the "Black-box" in Figure
1.1. The "Input" required for this development comprises the list of relevant RNs and
the primary reactor parameters and the "Output' corresponds to the desired realistic
bandwidths at the specified cooling time. The set of tasks including in the "Black-box"
is explained in detail throughout this thesis. In this study the analysis is constrained
by the CT=0. A recalculation to CT=t can be performed trivialy using standard decay
simulating software, e.g. ORIGEN.

In short, the task of the thesis is to obtain a realistic estimate for the bandwidths of
any RN of a PWR-UO, spent fuel assembly at CT=0 using the burn-up only.

Table 1.1: The list of repository relevant radionuclides in Germany

64 radionuclides

227AC, 1081nAg7 1101nAg7 241Am, 242mAIn7 243Am, 14C7 144CC7 249Cf, 2510f7 242CIH, 243Crn7 244Cn17
245Cm, 246Cn,l7 247CII17 24SCIII, 1340S7 135CS7 137Cs7 152Eu, 154Eu7 155Eu, SH7 12917 85Kr7 931\407
94Nb7 95Nb, 237Np7 231Pa, 1071:)(:17 147Pm7 144131.7 238P11, 2391:)u7 2401:)117 241Pu, 2421:)117 2431311, 2441:)117
226];{a7 IOGRh, 1031{117 106];{117 124Sb, IZSSb7 798e7 IE’ISm, IQGSn7 E)()Sr7 QQTC, 229Th, 230Th7 232Th7
232U, 233]J7 234U, 235U7 236U, 238[}7 .‘)Oy'7 '()BZI‘, 95Zr

r— = — a r— - - — — 1

| |List of RN I | Realistic |

I I I | bandwidth | |
Process

| ‘ black-box | of RN :

[T | CT=t !

I I I I

‘Lln ut J ‘LOutput J

Figure 1.1: Scheme of this work’s objective.
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The main achievement of this study is the development of a modular and systematic
methodology for predicting the radionuclide bandwidths based on propagation of vari-
ability in the reactor design and operating data. The validity of this approach is proved
by comparing the theoretical bandwidths with an extensive experimental database. The
developed methodology is focused on PWR-UQO, fuel assemblies. However, it can be
similarly applied to other types of spent fuel and nuclear waste products from reprocess-

ing.

1.2 Short description of method development

Fuel assembly design | gcaLE Theoretical Realistic

& reactor operating bandwidth of RN

bandwidth
Inputl data (SRPs) of RN - [output
|Destructive radiochemical assay (RCA) data of RN}—> CT=0

Process black-box

Figure 1.2: Scheme of method development for the determination of realistic RN band-
widths based on variability in fuel assembly design and reactor operating
data.

The determination of realistic bandwidths requires validation of the calculated the-
oretical bandwidths against available experimental data (cf. Figure 1.2). The theoretical
calculations are perfermed with SCALE software system [ORNL, 2011]. The available
experimental data include radionuclide concentrations obtained from destructive radio-
chemical assay (RCA).

The determination of realistic bandwidths requires a realistic variability range for
each SRP (cf. Table 1.2). In this work the variability for the values of these parameters
is estimated on the basis of fuel design and reactor operating data on 339 PWR-UQO,
assemblies. For covering of fuel assemblies with BU up to 71 GWd/tyy it is necessary
to divide burn-up range in several intervals, where for each SRP individual range values
(minimum, typically and maximum values) are determined. Based on this analysis a
representative quantity of about 1700 models (i.e. sets of the SRP) is created. Further
details on the burn-up divisions and on the choise of models is given in paragraphs 4
and 5, respectively.

The modelling of the radionuclide inventories is carried out with the burn-up code
SCALE 6.1 [ORNL, 2011] using the nuclear data library ENDF/B-VIL.O [Chadwick
et al., 2006]. Table 1.2 lists the nine SRPs analysed in the study.

The RCA data used for validating the theoretical bandwidths are taken from the
Spent Fuel Isotopic Composition Database (SFCOMPO), which is maintained by the
OECD Nuclear Energy Agency [NEA, 2015b]. The PWR data of this database comprise
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Table 1.2: Secondary Reactor Parameters

Initial composition and Irradiation history = Moderator properties
properties of fuel

Initial Enrichment (IE) Specific Power (SP) Moderator Density (MD)

Fuel Density (FD) Downtime (DT) Moderator Temperature (MT)
Fuel Temperature (FT) Trradiation Time (IT) Boric Acid concentration (BA)

measurements for more than 300 fuel samples with an associated burn-up range between
3 and 75 GWd/tyy. However, the available information covers only 41 radionuclides
that are relevant for the safety of high-level radioactive waste deposition. For the other,
remaining relevant radionuclides the experimental data are missing, and for these the
bandwidths could only be estimated theoretically.

1.3 Previous studies

This section gives an overview of the previous studies of the SRP impact on the ra-
dionuclide inventory of PWR spent fuel. All these studies were performed either for
the analysis of burn-up credit or for the validation of software systems like SCALE and
for the benchmarking with main focus of isotopic uncertainties. Thus, the radionuclides
which were analysed are more relevant for the burn-up credit than for the waste manage-
ment. This corresponds to about 20 disposal relevant RNs. However, the SRPs impact
on some relevant radionuclides can be observed and the most important parameters can
be identified. In the following the results of these studies are summarized in Table 1.3.
In Table these studies are divided into those, which do not use any measurements (so-
called theoretical studies) and those based on available destructive radiochemical assay
data.

Previous theoretical studies

The study of [Cerne et al., 1987] investigated the effect of the initial enrichment on the
reactivity and isotopic composition of PWR, spent fuel up to 60 GWd/tyy. The main
focus of this study was to present the reactivity loss of PWR spent fuel. However, this
report included the results of atom densities for dominant absorbers in spent fuel for
each of combination of initial enrichments between 3.0 and 4.25 wt % 23U and burn-up
between 5 and 60 GWd/tgy. Thus, the bandwidths of these RNs, that also include 20
final disposal relevant RNs, can be recalculated from these data for the associated ranges
of initial enrichment and burn-up.

The characteristic parameters and physical phenomena that are important for the
understanding of the burn-up credit were identified in [Parks et al., 2001]. Parks et al.
discussed the effects of several SRPs, such as the fuel and moderator temperatures, the
soluble boron concentration, the presence of burnable absorbers, the specific power and
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Table 1.3: Overview of previous studies of the SRPs impact on the radionuclide inventory
of PWR spent fuel

Objective of

Studied parameter BU RCA data Reference
[GWd/tuy]  included work (final
disp. rel. RNs)
Previous theoretical studies
IE: 3.0 — 4.25 wt % 235U, 5 - 60 no burn-up credit [Cerne et al.,
CT: 2 - 20 years (20 RNs) 1987]
SP, DT, FT, MT, BA up to 45 no burn-up credit [Parks et al.,
(14 RNs) 2001]
Effects of burnable poison up to 45 no burn-up credit [Wagner and
rods (13 RNs) Parks, 2002]
Control Rod Effects 30 and 45 no burn-up credit [Barreau, 2006]
(14 RN)
Previous studies based on RCA data
IE: 2.45 - 3.04 wt % 23°U, 16 — 46 yes, 19 Validation of the [Hermann
FT: 743 - 923 K, samples SCALE System et al., 1995]
SP: 13 - 45 MW /typy ete. (22 RNs)
IE: 3.0 — 4.5 wt % 23°U, 10 - 50 yes, 19 burn-up credit [DeHart, 1996]
SP, DT, BA: 0 — 1000 (theoretically) samples (13 RNs)
ppm, FT: 700 — 1100 K,
MT: 500 — 600 (theoreti-
cally)
IE, SP, FT, MD 11 46 (from ves, 56 Isotopic Gauld, 2003]
RCA data), samples uncertainties in
10 - 60 burn-up credit
(theoretically) (14 RNs)
IE: 2.45 — 4.65 wt % 23°U 7.2-170.4 yes, 118 Isotopic l?ias @nd [Radulescu,
(from RCA data), 1.5 — (from RCA samples uncertainty m 2010]
55 wt % 239U (theoreti- data), up to 75 burn-up credit
cally) (theoretically) (15 RNs)
IE: 2.6 - 4.7wt % 235U, 7.8 783 yes, 51 Uncertainties in [Gauld
etc. samples predicted isotopic et al., 2011]
compositions for
high BU (24 RNs)
IE: 2.45 — 4.65 wt % 20U, 7-60 yes, 100 Isotopic bias and R, qulescu
etc. samples bias uncertainty et al., 2012

(14 RNs)

downtime on the composition of radionuclides relevant for the burn-up credit. 14 RNs
out of this list are relevant for the final disposal.

The study of [Wagner and Parks, 2002] investigated the effect of burnable poison rods
(BPR) for PWR burn-up credit. This effect was analysed for 13 final disposal relevant
RNs for the burn-up up to 45 GWd/ty.
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The effect of control rods on the spent fuel composition was studied by the Nuclear
Energy Agency (NEA) Expert Group on Burn-up Credit Criticality Safety [Barreau,
2006] for the burn-up values of 30 and 45 GWd/tyy. This analysis considered 14 RNs
that are relevant for the final disposal.

Previous studies based on RCA data

Precise and detailed information on the operational history has been used also for
the validation of several computer codes. In the study of [Hermann et al., 1995] the
analyses of PWR spent fuel isotopic composition were used for the validation of the
SCALE system. 19 benchmarks were made using the samples from Calvert Cliffs ( Unit
1), H. B. Robinson (Unit 2) and Obrigheim PWR plants. These samples correspond
to the burn-up of up to 46 GWd/tgm. Moreover, the uncertainties for 22 final disposal
relevant radionuclides were determined. These 19 samples with the addition of other 99
samples were also investigated by [Radulescu, 2010]. Here, the main focus was on the
propagation of the isotopic bias and uncertainty to criticality safety analyses of PWR
waste packages. This study included only 15 RNs relevant for final disposal. However,
the [Radulescu, 2010] analysed more data within wider ranges of the parameters. The
range of initial enrichment for the experimental data was between 2.45 and 4.65 wt
% 2%U and burn-up range was between 7.2 and 70.4 GWd/tgy. Additionally, in this
study included the theoretical analysis of the effect of initial enrichment in the range
of 1.5 — 5.5 wt % 2°U and of burn-up in the range of 0 — 75 GWd/tyy. The study
of [Radulescu, 2010] also comprised the data on 56 samples from the study of [Gauld,
2003], which considered the impact of isotopic uncertainties in burn-up credit.

The study of [DeHart, 1996] investigated the sensitivity and parametric evaluations
of significant aspects of the burn-up credit for PWR spent fuel packages. Here, the
effect of all SRPs and the modelling assumptions on the criticality of spent fuel up to
50 GWd/tyy were theoretically analysed. The statistical methods for treating isotopic
calculational bias were applied to same 19 samples studied by [Hermann et al., 1995].
The study of [DeHart, 1996] included the isotopic compositions for 13 final disposal
relevant RNs.

Gauld et al. [Gauld et al., 2011] performed an important study of uncertainties in
the predicted isotopic compositions of high burn-up PWR spent nuclear fuel. This com-
prehensive computational validation exercise evaluated the isotopic assay measurements
from different experiments and compiled them into a single document. The isotopic data
for 24 final disposal relevant RNs for 51 UOj, fuel samples from different PWR assemblies
were analysed. Selected samples were obtained from fuel rods with initial enrichments
from 2.6 to 4.7 wt % 23°U and the burn-up range from 7.8 to 78.3 GWd/tpum.

Radulescu et al. [Radulescu et al., 2012] performed a comprehensive study for the
validation of the depletion and criticality computer codes. This report described an
approach for establishing a depletion code bias and bias uncertainty in terms of the
reactivity difference between measured and calculated radionuclide concentrations. The
measured radionuclide concentrations were investigated for 100 PWR, fuel samples with
initial enrichments varying from 2.453 to 4.657 wt % 23U and burn-up varying from
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7 to 60 GWd/tgy. The 100 PWR, fuel samples were selected from the 118 PWR fuel
samples studied by [Radulescu, 2010]. The study of [Radulescu et al., 2012] focused on
the RNs that are important for burn-up credit. Only 14 final disposal relevant RNs were
investigated.

Conclusion on previous studies

Very often operational history data are incomplete [Hermann et al., 1998]. This is
especially true for the moderator density and temperature, fuel density and temperature,
boric acid concentration or for the concentration of ?**U and 2*U in the initial fuel
composition data that are required as input for the depletion calculations. In these
cases meaningful assumptions are necessary to estimate missing data [Radulescu et al.,
2010].

The main focus of all previous studies was the applications for burn-up credit. Thus,
not all final disposal relevant RNs (cf. Table 1.1) were investigated. In previous theoreti-
cal studies only few SRPs were analysed. Their spectrum of values were not investigated
to a sufficient detail. The spread of the SRP values which could be obtained from previ-
ous studies based on destructive radiochemical assay (RCA) data is insufficient for the
estimation of true variability ranges of these parameters. For some RNs there are only
a few RCA data available.

The realistic SRP value ranges can be wider than those investigated in previous stud-
ies. As a conclusion, it is necessary to extend the radionuclide inventory analysis to all
disposal relevant RNs, whereby realistic variability ranges of all relevant SRP should be
covered.

1.4 Calculated RN inventory of international PWR-UOy SNF

The information on fuel assembly design and reactor operating data (the SRP data)
is owned by nuclear facilities and usually is not publicly available. The knowledge of
the SRP impact on the radionuclide inventory composition does not provide particu-
larly valuable information for the nuclear plant personnel, while all the necessary data
required for a precise prediction of the total radionuclide inventory is already available.
These predictions are typically performed with numerical burn-up calculations and val-
idated by non-destructive measurement methods. Therefore, the inventory data on real
spent nuclear fuel assemblies, which could be requested from nuclear agencies, cannot
be regarded as true experimental data, while only the concentrations of few RNs are
accessible by the non-destructive analysis. Nevertheless, these data represent a great
value for validating the presently predicted bandwidths as they are based on realistic
fuel design and reactor operating history data.

Therefore, for the validation of bandwidths estimations performed in the present study
a wide database of calculated RN inventory of SNF was acquired from several nuclear
agenciencies in USA, Sweden, Switzerland and Germany. Our bandwidths calculations,
in which the SRP ranges are estimated based on a limited number (339) of fuel assem-
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blies, can be thus compared to the realistic inventory data on a much larger collection
of spent fuel assemblies. Table 1.4 gives a short description of the calculated SNF RN
inventory data obtained from these countries.

Table 1.4: Calculated RN inventory of international PWR-UOy SNF

BU RCA data Objective of work (final  Reference (country)
[GWd/trum] included disp. rel. RNs)

7-53 no (59 RNs) [ORNL, 2016] (USA)

44.8 no final disposal (44 RNs) [SKB, 2010] (Sweden)
32.9 - 56.6 no final disposal (64 RNs) [NAGRA, 2014]

(Switzerland)
55 no final disposal (64 RNs) [Peiffer et al., 2011]
(Germany)

The Oak Ridge National Laboratory (ORNL) provided calculated inventories (for 59
final disposal relevant RNs) for approximately 2000 US PWR-UO, spent fuel assemblies
with a burn-up range between 7 and 53 GWd/tgy [ORNL, 2016].

The "Nationale Genossenschaft fiir die Lagerung radioaktiver Abfille" (NAGRA) pro-
vided calculated inventories of fuel assembly families that represent average data for
approximately 3300 Swiss PWR-UOs SNF [NAGRA, 2014]. These fuel assembly fam-
ilies correspond to the average burn-up between 32.9 and 56.6 GWd/tyy. All 64 final
disposal relevant RNs are included in this data set.

The Swedish inventory data were taken from the "Swedish Nuclear Fuel and Waste
Management Co" (SKB) report [SKB, 2010]. This report provides calculated total ra-
dionuclide inventory from about 6000 PWR-UQO, assemblies with an average burn-up
of 44.8 GWd/tyy. The calculated inventories give the total mean activity values for 44
disposal relevant radionuclides.

The German inventory data were taken from the "Gesellschaft fiir Anlagen- und Reak-
torsicherheit mbH" (GRS) report [Peiffer et al., 2011]. This report provides calculated
activities in Bq per tyy for all 64 final disposal relevant radionuclides. The calculation
was performed assuming the averadge burn-up of 55 GWd/tiy and the initial enrichment
of 4.4 % *U.



2 Theoretical background

2.1 Physical and mathematical basis to the build-up of
radionuclide inventory

The radionuclide composition of used nuclear fuel is largely determined by its be-
haviour in the reactor core. The principles of reactor physics are very well described
in the literature. Here, only the main aspects are highlighted that are important for
the understanding of the methodology and results of this study. The main topic is
to identify and to understand the process of build-up of the radionuclide inventory of
used nuclear fuel, and the phenomena and factors that influence its composition during
the time of reactor operation and after shutdown. It is also important to describe the
relevant mathematical models and the implementation in the simulation software.

The radionuclide inventory of nuclear fuel changes with the burn-up in the reactor core.
The build-up of the radionuclide inventory is caused by the formation and disintegration
of nuclides due to radioactive decay and neutron transmutation. The rates of these
processes are determined by current RN concentrations, the neutron flux, cross-sections,
fission product yields, (n,*)-reaction branching factors and decay constants. In general,
the differential balance equation defines the difference between the production and loss
terms (cf. equation (2.1)).

dN; . .
= production — loss, where N; corresponds to the i RN from whole (2.1)
d radionuclide inventory,

and where the production terms include
+ production by fission of precursor RN,
+ production by (n,*)-reaction of precursor RN,
+ production by decay of precursor RN,
and where the loss terms include
— loss by (n,*)-reaction,
— loss by own decay,
— leaks and removal (for PWR can be neglected).

The differential balance equation (2.2) summarizes the physical process of build-up of
radionuclide inventory in the reactor core.
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dNi E7 Hat L ~ — —
B s s, [ ] 0B 70 - on(E) - Nu(E.7,t) dE 4V
dt =R
production by fission of precursor RN
+Y 7 [ [ 0B o) Ni(E,F,t) dE aV
=1 vV E
production by (n,*)—reactions of precursor RN
+3 A // Ny(E,7,t) dE dV
Z (2.2)
production by decay of precursor RN
VB
loss by (n,*)—reactions
A // N(E, 7 t) dE dV
VB
loss by own decay
where

i=1...m: ¢ is the index of the current RN and m is the total number of all RNs
{k, j, ¢} = 1...m: running indices, describe the considered RN

N; = f(E, 7, t) [atoms]: atom density of currently considered RN

¢ = f(E,7 1) [n/cm?]: neutron flux

o = f(E) [barn]: cross-section for the (n,*)-reactions

or = f(E) [barn]: fission cross-section

A = const [s7!]: decay rate constant

A = const: fission product yields for the fission of a k** RN into an " RN

i = const: branching fractions for the (n, *)-reaction of an j* RN into an i® RN
liy = const: branching fractions for decay of a ¢'* RN into an " RN

The differential balance equation (2.2) is written for a homogeneous medium with
a continuous process of nuclide build-up. Before discussing of method for solving this
equation, the production and loss terms will be described in some detail.

The fission process (cf. production term by fission of precursor RN in equation (2.2))
depends on the neutron flux, fission product yields, fission cross-section and concentra-
tion of precursor radionuclides. The neutron flux is a decisive parameter and it is very
complex, it plays an essential role in reactor core. Though for further aspects of the
reactor neutronics and kinetics, reference is made here to the literature [Lamarsh and
Baratta, 2001]. Note that neutron flux depends on the energy, space and time. The
fission product yields are constant parameters of individual quantity for each fissile ra-
dionuclide (cf. Figure 2.1). The main part that contributes to the depletion process is
257 and a non- negligible part about 1/3 yielding from 2*Pu. The fission cross-section
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depends on the neutron energy (cf. Figure 2.1). By the fission process the dominant
amount of light radionuclides, the so-called fission products, are built-up or mainly with
a mass number between 90 and 140 (cf. Figure 2.1).

Incident neutron data / ENDF /B-VIL.O / / Fission data / Parent
independent fission yields Thermal (0.0253 eV) Mass distribution
10 — —————
I ad all | i
st e, i
_ i *H A * ¥ * +T
SR Tt f +f i
2 sl TH T t + M I
ER i
2 oo H JH H’ f o
0051 A f T ﬁ ﬁ T |
= i Hm |
B Pru239 * * f
0,01 : : — MHH E— : : 3
80 a0 100 110 120 130 140 150 160
Mass of product
Incident neutron data / ENDF/B-VILO / / MT=18
: (zfission) total fission / Cross section
5000
=
L&)
5=0 itgo 5(;0 I1I0_00
Incident energy (meV)

Figure 2.1: Fission product yields for the thermal (0.0253 €V) mass distribution and
fission cross-section of 2°U, 29Pu and 23U [NEA, 2015a].

Some neutron capture reactions, such as (n,y), (n,p) etc. (cf. production and loss
terms by (n,%)-reactions of precursor RN in equation (2.2)) don’t induced a fission process
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rather lead to activation of the surrounding material (fuel, cladding etc.). Thus, in the
burnt fuel minor actinides are built-up by chains of the n-capture reactions and decay
processes. (n,x)-reactions also depend on the neutron flux, cross sections, branching
fractions and their own or precursor RN concentrations.

The last terms of equation (2.2) describes the production by decay of the precursor
RN or the loss from self-decay. The decay rate depends on the decay constant and the
initial concentration of the considered RN or its precursor RN.

Thus, the solution of this integral differential equation requires the knowledge of the
functions ¢ and o. One possibility of solving equation (2.2) is using of approximations
with numerical discretization methods [Dahmen and Reusken, 2006]. Here, the neutron
flux is discretized into the multiple energy groups, where each of the group associated
with a space- and energy- averaged value. For the sufficiently small time interval by the
discretization the space- and energy-averaged neutron flux can be considered constant.
Thus, the energy and time continuous neutron flux can be written in the discretized
form for each energy group:

H(E,7\t) — ¢ = > ¢y, n: number of energy groups (2.3)
g=1

Likewise, the cross-section is discretized to the multiple energy groups and the spect-
rum-averaged flux-weighted cross sections can be written as:

0(E) — G =) ¢y0s/ > ¢, n: number of energy groups (2.4)
g=1 g=1

The fission product yields and (n,*)-reaction branching fractions are summarized into
common branching fractions for the neutron absorption by any nuclide, which leads to
the formation of the currently considered nuclide.

M) (2.5)
i

In equation (2.2) all variables except N; are time independent constant quantities
(assumed over a sufficiently small time interval) and, therefore, this equation can be
written in discrete and implemental form (2.6).

dfgit(t) = i lighaNo(t) + ¢ i Yo Ne(t) = (N + @7 Ni(t),  i=1...m  (2.6)
a=1 k=1

Reshaping of the equation (2.6) in a matrix form a homogeneous linear system of
coupled ordinary first-order differential equations (2.7) with the analytical solution (2.8)
is obtained.

N(t)=A- N(t) (2.7)
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N(t) = ™ - N(to) (2.8)

Here, N(t) € R™ is the nuclide vector of the dimension m at a given irradiation time
t; N(to) is the initial state of the nuclide vector at a considered time ¢, (typically this
corresponds to zero irradiation time of the fresh fuel); A € R™*™ is the system matrix
containing the rate coefficients for nuclide production and destruction by decay and
neutron transmutation, i.e. all constant factors of equation (2.6):

: space and energy averaged neutron flux

. averaged flux weighted cross sections

. decay rate constants — A (2.9)
: branching fractions for decays

~ : branching fractions for neutron absorption

~ > QI i

During the calculations the system matrix A is updated for each new time interval.
Thereby, the space-energy-averaged neutron flux is calculated separately and, hence, the
flux-weighted cross sections are determined for each successive time step. The values of
the continuous energy cross sections and of the remaining quantities of matrix A can be
obtained from data libraries, such as ENDF /B-VIL.0 [Chadwick et al., 2006] or JEFF-3.2
[NEA, 2014].

Next chapter describes the software system SCALE that is used throughout this work
for burn-up calculations and shows analogous steps of solving the differential equation
(2.6) or (2.7).

2.2 SCALE as a burn-up code system

SCALE (Nuclear Modelling and Simulation Code System) is a software system devel-
oped by Oak Ridge National Laboratory (ORNL) in USA. This software is used in the
field of nuclear reactors and transport cask technology for the burn-up credit analysis
and calculations of radionuclide composition of used nuclear fuel. For this work SCALE
6.1.0 [ORNL, 2011] with the data library ENDF/B-VIIL.0 [Chadwick et al., 2006] was
used.

The SCALE version 6.1.0 uses the nuclear decay library developed for the ORIGEN
code [Bowman, 2011], which was upgraded from ENDF/B-VI.8 to -VIL.0 and released
in 2011. Experience with the ENDF/B-VIL0 library identified errors and performance
issues affecting the evaluated decay sub-library [Gauld et al., 2014]. To address the
performance issues, the decay data library in SCALE was upgraded to ENDF/B-VII.1
and released as an user update in 2013 as SCALE 6.1.3. Unfortunately, all calculations
throughout this work were done before release 2013. Non-the-less, the deviations in
radionuclide composition of SNF associated with this update do not exceed a few percent
[Gauld et al., 2014] and, thus, make it a negligible impact to the results for the scope
of this work. It was therefore decided to not to revise all the calculations made forward
through the work.
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SCALE is a very powerful and comprehensive tool. Its particularity is the modular
configuration, i.e. that its components are managed from a control sequence called
TRITON (Transport Rigor Implemented with Time-dependent Operation for Neutronic
depletion) that is used for the BU analysis [ORNL, 2011, p. 4766]. The solution of
equation (2.8) is obtained in several steps. In following the components of TRITON
that are used in this work will be discussed (cf. Figure 2.2).

TRITON provides several options for the processing of the multigroup problem-
dependent cross-section library [ORNL, 2011, p. 4782]. In this work all calculations in-
cluded the sequence of BONAMI/CENTRM /PMC (cf. Figure 2.2). The BONAMI mod-
ule uses the Bondarenko method to create unresolved resonance cross-sections [ORNL,
2011, p. 880]. The main scope of CENTRM/PMC calculation is to compute self-shielded
and flux-weighted multigroup cross sections (cf. o, in equation (2.4)). The flux weighting
provides problem-dependent multigroup cross sections in the resolved resonance range
[ORNL, 2011, p. 4782]. In this work ENDF/B-VIL.O library with 238 energy groups is
used.

In the next step the multigroup neutron flux (cf. ¢, in equation (2.3)) is calcu-
lated from the NEWT module (cf. Figure 2.2). NEWT is a multigroup discrete-
ordinates radiation transport computer code with flexible meshing capabilities that
allows two-dimensional (2-D) neutron transport calculations using complex geometric
models [ORNL, 2011, p. 2785].

COUPLE collapses the multigroup cross sections using the neutron flux spectrum
from a transport calculation and adds the resulting weighted cross sections to produce
a binary ORIGEN library that is representative of the user-specified conditions (cf.
Figure 2.2) [ORNL, 2011, p. 1256]. At this step the system matrix A of equation (2.8)
is completed.

In the last step the time-dependent radionuclide isotopic concentration N(¢) is cal-
culated by ORIGEN — an isotope generation and depletion code with the capability to
generate accurate problem-dependent cross sections for user-specified designs and con-
ditions. ORIGEN solves the exponential function et by a matrix exponential approx-
imation method [ORNL, 2011, p. 1299]. The discretization steps imply for sufficiently
small time intervals and depletion zones.

For depletion calculations, it is important to add trace quantities of certain nuclides to
the inventories of depletion materials in order to accurately track the nuclides impact on
cross-section processing and transport calculations as a function of burn-up. By default,
TRITON automatically adds to all fuel materials trace quantities of a set of nuclides that
have been determined to be important in the characterization of spent fuel. TRITON
recognizes fuel materials as any material containing quantities of heavy metals (Z > 89)
in the standard composition specification. TRITON provides user control of the set of
nuclides added to a fuel material through the parm = (addnux = N) control parameter,
where N is an integer value [ORNL, 2011, p.4826]. There are four options, for N = 2,
default setting for the TRITON depletion sequences, 94 nuclides are added (cf. Table
T1.3.3. in [ORNL, 2011, p.4827]). This option is also used for all burn-up calculations
of this work. Note that at any time a user may add as many trace quantity nuclides as
desired, as long as those nuclides exist on the SCALE cross-section library being used in
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Figure 2.2: Flowchart of control sequence TRITON for the calculation of radionuclide
vector [ORNL, 2011]

the calculation. So, the addnuz option together with cross-section library can be crucial
for calculated radionuclide composition, where their impact on individual radionuclides
is discussed at the results of this work in the chapter 6.4.
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3 Methodology to the determination of
realistic bandwidths of SNEF' RN inventory

The chapter introduces the methods and aproaches which constitute the "black-box"
(cf. Figure 1.1). The main problem here consists in obtaining realistic RN inventory
bandwidths of a spent nuclear fuel at the cooling time zero, i.e. at the discharge time
of the assembly, using only the information on the burn-up.

Fuel design & RN

reactor operating 1701 SCALE Models, o
data, Table 4.2 Tables 5.1 and 5.2 41 from 64 RNs | /1]
L
| | BU
R Determination of
SR;P. ——>| Modelling ——- tl?]eterrgman?gﬁf — realistic bw.
analysis eor. bw. of RNs [ Using RCA data
RN
Realistic range values 64 RNs with
of each SRP, Table 4.4 lower / upper ,l/’””
limits
BU

Process black-box

Figure 3.1: Simplified scheme of the methodology to determine realistic bandwidths of
the radionuclide inventory.

The Figure 3.1 further subdivides the methodology of the black-box into the four
steps (modules), where each module is linked to the specific input and output streams.
These streams also define the tasks to be solved by each module. The main idea of this
study is to develop the methodologies behind these modules in such a way that their
functionalities could be tested and modified independently, and new modules could be
added according to the needs of a specific application, e.g. a different type of fuel
may require a specific set of SRP, or different accuracy requests may lead to a need of
increasing the number of SCALE models, or new available RCA data set could require
a change in the size of RN vector. Withih this approach a specific change in an input or
an output stream would require an adjustment in one module only. The following four
modules are considered (cf. Figure 3.1):

e SRP analysis

e Modelling
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e Determination of theoretical bandwidth
e Determination of realistic bandwidth using RCA data

The radionuclide inventory of a single spent fuel assembly with known burn-up is,
in principle, obtainable from the fuel design and reactor operating data, i.e. from the
SRPs. The task of realistic bandwidths estimation requires the realistic upper and lower
limits (boundary values) of each SRP. Within the SRP analysis module nine parameters
are processed (cf. Table 1.2). The output provides the corresponding boundary values
for each of these parameters (cf. Figure 3.2).

SRP analysis Theoretical bandwidth Realistic bandwidth
Reactor Z | Downtime (DT) |—> DT corrected theor. Database
d&o data bandwidth SFCOMPO
69 FA 7| Initial Enrichment (IE) |- FNDT;Z’"D N %’%’“0 |

DT = P 5
frpm RCA data
Literature +| Specific Power (SP) }_ Theoretical of RNs
bandwidth
f270 FA llT = BU/SP T 41 RNs,
rom CT=0
Industry | Irradiation Time (IT) }— RN ; ¢
vector
min., typical _—>| Boric Acid conc. (BA) }—‘ 64 RNs cl?feslli\lsstic bandwidth
& max value StS-Fast
-Fas
64 RNs, CT=0
—>| Fuel Density (FD) }— C++ code s
BU Theoretical or calc.
[GWd/tHM] _>| Fuel Temperature (FT) }— data of RNs
4 Intervals:
0-15 _,l Moderator Temp. (MT) |— SCALE 6.1
8 - i; l Steam table Modelling
- >
0-71 | Moderator Density (MD) - | 1701 models
CT=0, DT=0
Reactor type: PWR Modelling Process black-box

Figure 3.2: Scheme of the determination method for the RN bandwidths derived from
reactor design and operating data.

The module "Modelling" defines the whole set of parameters needed for the SCALE
calculations which depend on the geometry of fuel assembly and provide other software
specific information related to the choice of a nuclear data library or the type of a
neutron flux model. Based on these parameterization an optimal number of input files
(1701) for SCALE calculations is created with the aim of the best covering of the reactor
parameter variation arising from the defined SRP ranges (cf. chapter 5).

The module "Determination of theoretical bandwidths" carries out the SCALE simu-
lations, which produce raw output files for each of 1701 models. Using the own C++
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code the necessary information of each relevant radionuclide, like activity and burn-up
values of each time step, is selected from these raw data files. Finally the theoretical
bandwidths are created for each relevant radionuclide (cf. chapter 6.1).

The module "Determination of realistic bandwidths" prepares RCA data from SF-
COMPO and carries out validations of the theoretical bandwidths and, finally, provides
realistic bandwidths for each final disposal relevant radionuclide (cf. chapters 6.2-6.4).
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4 SRP Analysis

Secondary Reactor Parameter (SRP) is a generic term for all physical phenomena and
parameters that can influence the radionuclide composition of used nuclear fuel except
for the Primary Reactor Parameters, burn-up and cooling time, that have an essential
importance for the RN composition of every single fuel assembly.

There are numerous factors that can influence radionuclide composition. Table 4.1
shows the list of the important SRPs. Some of the parameters (cf. Table 4.1) are
not selected for the SRP analysis of this work, because very limited information of
experimental data for these parameters has been found.

Table 4.1: Secondary Reactor Parameters

Type of parameter Name of parameter Selected for the SRP analysis
Initial Enrichment (IE) yes
Fuel assembly design  Fuel Density (FD) yes
Impurities in the fuel matrix no
Specific Power (SP) yes
Downtime (DT) yes
Irradiation Time (IT) yes
Fuel Temperature (FT) yes
asiif)i}?ro?)rcf;lteilng Moderator Density (MD) yes
data Moderator Temperature (MT) yes
Boric Acid concentration (BA) yes
Effect of control rods no
Time-varying power load of no

reactor during irradiation time

The aims of this chapter are to identify correlations between BU and SRPs and among
the different SRPs, and to determine boundary values of each independent SRP. The
each correlation found between the SRPs reduces the number of the necessary SCALE
calculations.

4.1 Available data of fuel assembly design and reactor operating
parameters

For this work fuel assembly design and reactor operating data of 339 international
PWR-UO, spent nuclear fuel assemblies (FA) are used, where corresponding values for
the nine SRPs are available. The anonymized design and operating data for 270 of
these fuel assemblies, which correspond to the German used nuclear fuel assemblies, are
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provided by Industry. For the remaining 69 fuel assemblies these data are obtained from
several published international technical reports (cf. Table 4.2)

A data set of nine SRPs for one single fuel assembly is usually obtained from several
references (cf. Table 4.2). The main sources are primary references that in many cases
come from experimental measurement programs on spent fuel samples and do not include
average data of all SRPs. An important approach of this work is to reduce the number of
assumptions on the fuel design and reactor operating data and to minimize incoherencies
or mistakes in the original data. Therefore, the additional references of fuel design and
reactor operating data are often needed to complement the SRP data sets available for
specific fuel assemblies.

Table 4.2: Publicly available fuel assembly design and reactor operating data on 69 FA

Number of FA' Reactor name Reference

3 Calvert Cliffs 1  [Radulescu et al., 2010], [Guenther et al., 1988a],
Guenther et al., 1991], [Guenther et al., 1988b]

Radulescu et al., 2010]
Gauld et al., 2010], [DeHart and Hermann, 1996]

[

1 GKN 2 [Radulescu et al., 2010]

1 Gosgen [ORNL, 2003]

7 KWO [Radulescu et al., 2010], [Barbero et al., 1980],
[Guardini and Guzzi, 1982]

6 Point Beach 2 [Gauld et al., 2010)

16 Ringhals 2 [Murphy and Gauld, 2010]

14 Ringhals 3 [Murphy and Gauld, 2010]

1 Robinson 2 [Barner, 1985], [Radulescu et al., 2010]

8 San Onofre 1 [Gauld et al., 2010]

2 Takahama 3 [Radulescu et al., 2010], [Nakahara et al., 2002]

4 Trino Vercellese [Bannella et al., 1977], [DeHart and Hermann, 1996],
[
[

6 Turkey Point 3

All SRP data on 339 fuel assemblies are fuel assembly averaged values, which assume
the averagings of two types. One type relates to the averaging over the entire irradiation
time of FA. Each of nine SRP includes these values, so that for one single used FA
one set of nine SRP values is given. The other type relates to the averaging over one
reactor operating cycle. In this study this type of averaging is marked with index i. In
general, the reactor operating cycle values are completely available only for SP, IT and
DT. Therefore, in this work mainly the fuel assembly averaged and entire irradiation
time averaged SRP variability values are considered.

For the SRP analysis a uniform distribution of assemblies for the entire burn-up range
is assumed.
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4.2 Correlations between SRPs

The aim here is to find linear relations between BU and SRPs and between SRPs
themselves. This information is required for obtaining realistic variability ranges of
those SRPs, which are dependent on the burn-up. Moreover, the correlations between
the SRPs reduce the number or required calculations (cf. chapter 5). It is important
also to check original data for correlations. Some SRPs such as MT ~ MD and BU ~
(SP,IT) naturally correlate with each other, however, it is important to show that these
correlations are present within the original data. Table 4.3 shows the corresponding
correlation coefficients between BU and SRPs and between SRPs themselves. Thereby,
the correlation coefficients, which assigned the index i, correspond to the SRP values
per reactor operating cycle, while the coefficients, which don’t have such an index,
correspond to SRP values averaged over the entire irradiation time experienced by the
fuel assembly.

Table 4.3: Correlation coefficients between BU and SRPs and between different SRPs.

IE SP IT BA FD FT MD | MT | DT

- SP; IT; BA; | - FT; | MD; | MT; | DT;
BU 0.75 | 0.28 |029 |000 | 010 | 0.14 |0.30 | 0.30 | 0.03
BU; | - 0.90; | 0.00; | 0.03; | — 0.38; | 0.78 | 0.78; | 0.05;
IE 0.14 | 0.27 | 0.04 | 005 | 0.07 |0.11 |0.10 | 0.07
SpP 0.16 | 0.04 |0.22 | 0.14 |041 | 039 | 0.01
SP; 0.05; | 0.08; 0.52; | 0.76; | 0.77; | 0.03;
IT 0.06 | 0.03 | 0.0 | 0.00 | 0.00 |O0.01
IT; 0.01; | - 0.00; | 0.17; | 0.16; | 0.00;
BA 0.01 | 0.00 | 0.00 | 0.00
BA; 0.12; | 0.02; | 0.03; | 0.02;
FD 0.23 | 0.22 | 022 |0.01
FT 043 | 045 | 0.00
FT; 0.18; | 0.18; | 0.00;
MD 0.99 | 0.00
MD; 0.98; | 0.10;
MT
MT;
DT
DT;

Correlation between BU and SRPs

This subsection provides a more detailed description of the correlations between BU
and SRPs, which are expressed as the values of the correlation coefficients in the first
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row of Table 4.3. The first line in the first row shows the correlation coefficients between
BU and SRPs which are averaged over the entire irradiation time, while the second
line shows the analogous data for the averaging over the reactor operating cycle (these
values are marked with the index i). In the case of the entire irradiation time averaging
the quasi linear relation between BU and initial enrichment (IE) is clearly observed (the
correlation coefficients is equal to 0.75). Thus, the limits and typical values of IE depend
on BU. Consequently, these values must be determined according to the BU (cf. section
4.3).

The low value of the correlation coefficient of 0.28 (the second box in the first row)
shows that the SP values are almost independent of the BU. However, the reactor op-
erating cycle values show very high linear relation to BU (the correlation coefficient is
0.90). These relationships can be clearly understood. Generally, BU is the product of
SP and IT. Thus, for reactor operating cycle values the following equation is fulfilled:

Note that the typical reactor operating cycle time is about 300 days with relatively
small variety. Here, the 339 FA database contains about 1200 irradiation time values
per reactor operating cycle (IT;) and more than 95 % of these values are between 250
and 350 days. Thus, in this case the irradiation time is approximatelly a constant and,
therefore, BU; depends essentially on the SP;. This explains the correlation coefficient
of 0.90 between BU; and SP; in equation 4.1.

The weak correlation between BU and SP for entire irradiation time averaged values
can be also explained, because total BU of a single FA is build-up in several operating
cycles (cf. equation (4.2)), which can correspond to very different irradiation times and
to very different specific power values. Typically one FA can have between 2 and 5
reactor operating cycles, while SP; can vary between 5 and 60 MW /tyy. It is often
observed that for most cycles the FA experienses a high specific power in the middle of
reactor core, while for one or two cycles the same FA is placed at the periphery of reactor
core, where the specific power is low. Thus, in this case, the I'T cannot be considered
as a constant, while it plays the same role as the SP in building-up the BU. This also
applies to the similar correlation coefficients between BU and SP and between BU and
IT, which are given by 0.28 and 0.29, respectivelly. Therefore, the relation between BU
and SP is non-linear.

Based on this analysis the limits and typical values of SP are set dependent on the
burn-up values, similarly to that for IE (cf. section 4.3), while the IT values are calcu-
lated from BU and SP.

> BU; =) (SP;-1T;) /> IT;- Y IT;, nis number of FA cycles (4.2)
i—1 i—1 i—1 i—1

——
BU SP 1T

Good linear correlations are observed between BU; and MD;, MT;, but not between
BU; and FT; (cf. Table 4.3, first row, boxes 6-8). However, these SRPs include values
per reactor operating cycle for a small number of fuel assemblies only. The "averaged"
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values of these SRPs show low correlation to BU. Therefore, the values for these SRPs
are fixed and assumed independent of burn-up.

The remaining SRPs have very small values of the correlation coefficients what implice
the weak dependens on BU. This is observed both for the entire irradiation time averaged
values and for the operating cycle averaged values. Thus, the limits and typical values
for these SRPs are fixed for the entire range of burn-up.

Correlation amongst the SRPs

This subsection provides a more detailed description of the correlations between SRPs
themselves, which are expressed as the values of the correlation coefficients in rows 2-10
of Table 4.3.

The correlation coefficients show that IE has no relation to all other SRPs (cf. second
row in Table 4.3).

The correlation coefficients per reactor operating cycle between SP; and MD;, MT;
and FT; show very close behaviour like by BU; (cf. first and third row in Table 4.3). This
is also understandable, because SP; determines BU; (cf. equation (4.1)). However, only
the SRP data per reactor operating cycle show this very well correlation that correspond
to a small number of FA data. Thus, SP are defined as no correlated to MD, MT and
FT.

The low values of correlation coefficients of BA and FD suggest that these SRPs do
not significantly depend on any of SRPs (cf. fifth and sixth rows accordingly in Table
4.3).

The correlation coefficients of FT of about 0.45 show that this SRP is only weakly
dependent on MT/MD (cf. seventh row in Table 4.3). However, these coefficients are
too small to be significant. Thus, FT are defined as not correlated to MD, MT.

Good linear correlation is observed between MT and MD, which is also consistent
with the thermohydraulic law. Thus, in this work the limits and typical values of MT
are determined from the FA database (i.e. from 339 FA data), while the MD range was
fixed via steam table correlation.

The correlation coefficients of DT show no dependens on the other SRPs.

Consequently, among the SRPs, BU correlates to IE; IT is calculated from BU and
SP, while BU is independent on the other SRPs. Moreover, seven SRPs do not correlate
to each other (IE, SP, FD, FT, BA, MT and DT), while MD correlates to MT. Thus,
the boundaries and typical value of IE and SP are adapted to BU, while the boundaries
and typical values of FD, FT, BA and MT are fixed for entire range of BU. The DT is
set to zero (cf. section 4.4).

4.3 Boundaries and typical values of SRPs

The aim of this section is to determine the boundaries (or the minimum/maximum
values) and typical values of the independent SRPs using the set of 339 FA data. The
typical value depending on the type of the SRP is defined either as a average of all
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available FA data or as a median value between the minimum and maximum. Because
BU correlates to IE and SP, it is necessary to divide BU in several ranges. To optimize
the number of models (or calculations) the BU range is divided in the following four

ranges:

e low burn-up 0 — 15 GWd/tmy,

e middle burn-up 0 — 31 GWd/tuu,

e high burn-up 0 — 49 GWd/tu,

e very high burn-up 0 — 71 GWd/tym,

Table 4.4 summarizes the boundaries and typical values for each SRP and for each of
the defined BU ranges. A more detailed explanation to these values is discussed below.

Table 4.4: Variability ranges of SRP values.
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0-15 |10 19 50|14 20 25 260 9.46 640 540
0-31]19 30 50|14 25 39 500 104 73 585
0-49 | 3.0 44 50|25 39 48 320 10.85 1140 605
0—-71 144 5.0 39 43 48

DT [days] is zero for all model configurations, i.e. DT = 0
L IT [days] relates to the BU and SP via equastions (4.1) or (4.2)
2 MD [g/cm3] correlates to MT via steam table

Boundaries and typical values of IE

The initial uranium enrichment is a basic parameter of uranium oxide (UO,) fuel.
It is important to have the information of uranium isotopic distribution that should
include 234U, 25U, 236U and 2*®U. The minor uranium isotope 2*4U is present in natural
uranium and its content increases in the enrichment process together with 23°U. The
isotope 230U does not exist naturally, but it is introduced during fuel processing when
reprocessed uranium is mixed with natural uranium. Some experimental programs do
not reporte 29U, because this information is considered sensitive. Experimental reports
often provide only the initial ?*U enrichment, while the values for the other minor
isotopes of 23*U and ?*U are not available. Moreover, it is important to note that
the initial concentrations of 2**U and ?*U can be highly dependent on origin of the
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fuel, as different countries use different amounts of reprocessed fuel in fuel production.
Thus, because of the lack of information, the focus of this study is put on the uranium
composition that includes only 2**U and #*®U. The initial concentrations of 2**U and
26U are set to zero. The effect of this unknown initial uranium composition will be
discussed in chapter 6.

The [Henkel, 2008] contains a discretized representation data of BU-IE distribution for
more than 90000 PWR commercial spent nuclear fuel assemblies (cf. Figure 4.1). Here,
the numbers of assemblies are shown in a colour-coded format. The colour indicates the
number of assemblies with burn-up and enrichment falling within each bin, as indicated
in the legend. The black points in the Figure 4.1 correspond to 339 fuel assemblies
discussed in this work, where each point represents one fuel assembly. The data from
339 FA database covers very well the possible range of IE distribution. This gives a good
indication to that the distribution ranges of all other SRPs are probably wide. Using of
BU-IE distribution data for more than 90000 FA the boundaries and typical value of IE
can be determined more realistically. This idea has been used by this work.

80
#FA <=10
70 || = 10<#FA<=50 —x
50 < #FA <= 200 / HEHHE
200 < #FA <= 500 i
60 o
- #FA > 500 e
5 50 —+—upper limit
E e FA database =%
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IE [wt % U-235]

Figure 4.1: BU vs. IE. Here, the IE boundaries are defined according to the maximum
burn-up of 15, 31, 49 and 71 GWd/tuy. The coloured points correspond to
real and for the higher burn-up data projected PWR fuel assemblies [Henkel,
2008]. Each coloured point indicates the number of fuel assemblies between
less than 10 (green points) and more than 500 (dark gray points). The black
points correspond to 339 fuel assemblies from this work, where each point
represents one fuel assembly.

Using the BU-IE distribution of 90000 FA the boundaries of four BU ranges that are
discussed on beginning of this section are set such that the necessary number of the
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future calculations is minimized. For example, the typical value of IE from the low BU
range corresponds to the minimum value of IE from the middle BU range etc. (cf. Figure
4.1). Typical value here is a value, which represents the largest number of existing fuel
assemblies within this BU range, e.g. for low BU range the typical value of IE (cf. Figure
4.1 blue point) corresponds to number of fuel assemblies between 200 and 500.

Thus, the boundaries and the typical values for each burn-up range can be well defined
(cf. Table 4.4). The maximum value of each BU range is set to 5.0 wt % 2**U, in order
to include the fuel assemblies with high IE and low BU, which correspond to early
shutdowns of NPPs. This is particularly relevant for Germany. For the very high BU
interval up to 71 GWd/tyy the typical and maximum values of IE coincide at the same
value of 5.0 wt % 2°U.

Boundaries and typical values of SP/IT

In general, the SP values are provided by reactor operators and are obtained using
neutronic core simulation codes. However, the level of documentation in reference reports
may be very inconsistent to each other. Modern experimental programs often report very
detailed time-dependent power values for the analysed fuel samples. However, some older
programs report only the assembly averaged burn-up at the end of each operating cycle.
Knowing the cycle length, this information can be used to derive the cycle-averaged
assembly power for each assembly. For this work this information is very important.
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Figure 4.2: BU vs. SP. Definition of SP boundaries and typical value for each BU interval

Similarly to the case of IE, the ranges and the typical values of SP are adapted to
BU. Thus, for each BU interval three values are defined: the minimum, the maximum
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and the typical value (cf. Table 4.4). These values are selected such that the number
of required calculations is minimized (cf. Figure 4.2). The IT values are calculated
according to equation (4.2).

Boundaries and typical values of BA

The presence of dissolved boron in the moderator of a PWR changes the neutron flux
spectrum in the fuel and therefore influences the plutonium production and concentra-
tions of highly absorbing isotopes. The critical boron concentration is an important
parameter for reactor operation and its value during each cycle is normally available
from the operator. In cases where the detailed time variation of boron concentration is
not available, the use of cycle-average concentrations gives similar results for depletion
modelling.

Start-up to full power operation of the reactor typically requires one or two days of
low power operation for testing, during which the critical boron concentration is very
high. The boron concentration then exhibits an abrupt decrease because of the build-up
of 13Xe in the first few days of operation. After that, the decrease is very linear and
proportional to fuel reactivity decrease due to the depletion of fissile atoms and the
build-up of fission products and other neutron absorbers.

Because the detailed time variation of boron concentration are not available for most
of 339 FA data, the cycle-average concentrations are used in this work. The boundaries
and the typical values are obtained from 339 FA data accordingly to the entire BU range
(cf. Table 4.4).

Boundaries and typical values of FD

The volumetric fuel pellet density is usually given as an absolute or a relative density to
the theoretical density (TD). The required value of fuel density balances the advantage
of the increased fuel loading in the reactor for longer cycle operation and the need
to keep some void fraction in the pellet for limiting the effects of swelling due to gas
fission production. The fuel pellet is usually fabricated with a dishing and chamfer that
effectively reduces the density compared to the full fuel volumetric density. It is this
effective fuel density that is usually used in neutronics codes. It is important to clearly
identify, if possible, if the fuel density value is the actual density or the effective (linear)
density.

Fuel linear density may be available in the experimental reports. When details of
the pellet dimensions (dishing etc.) are not provided, it may be possible to estimate the
effective fuel density using the active fuel (stack) length and the mass of fuel in the stack
(rod or assembly). For UO, fuels, the as-fabricated nominal pellet density is typically
94-97 % of the theoretical density, where TD = 10.96 g/cm?.

The majority of the FD values from the 339 FA database are centered at the value of
10.4 g/cm? and not exceed 10.44 g/cm?. For the conservative approach the maximum
value of FD is set as 99 % of theoretical density (cf. Table 4.4).
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Boundaries and typical values of F'T

Fuel temperature is not measured in commercial reactors but is calculated with codes,
using either simplified models created solely for the radial temperature or more detailed
and complex thermo-mechanical models. In most cases the fuel temperature will be
given by the plant operator as a volume-average temperature or as neutron-absorption
equivalent (effective) temperature.

The fuel temperature gradient between pellet centre and pellet surface is directly
proportional to the linear power with limited dependence on the pellet radius. For fresh
UQO, fuel a typical value of fuel pellet temperature gradient is 350 °C for a linear power
of 200 W/cm while for highly irradiated fuel a gradient of 550 °C is more representative.

The most significant variable affecting fuel temperature apart of the linear power is
the fuel matrix thermal conductivity. Therefore, there is a significant difference between
a UOs rod, a mixed oxide rod or a gadolinium fuel rod. The fuel conductivity is highly
affected by the build-up of other chemical fission product species and hence the gradient
increases with fuel burn-up.

The temperature of the fuel pellet surface is also strongly influenced by the fuel and
clad gap that varies in width during irradiation. The gap exists at low irradiation of the
fuel that leads to a pellet-surface to coolant gradient of 150 °C at 200 W /cm. At higher
irradiation the gap is completely closed due to swelling of the fuel and the gradient
decreases to about 100 °C.

A typically uncertainty for the reported fuel temperature is 50 °C at the level of one
standard deviation. When fuel temperature data are not given and must be estimated,
the uncertainty should be increased significantly, e.g. 100 °C.

The typical values of FT are obtained from average values of 339 FA and the minimum
and maximum values from 339 FA data per operational cycle in order to take more
conservative approach (cf. Table 4.4).

Boundaries and typical values of MT/MD

The moderator temperature and moderator density are correlated to each other via
thermohydraulic law. The neutron spectrum in the fuel is very dependent on the
MT/MD and has a impact on the nuclide composition in the fuel. For PWRs the
reactor pressure is fixed and the MT variations between the inlet and outlet of the core
are only due to the MD change. If the only information available is the core inlet wa-
ter temperature, the corresponding temperature and density at sample location can be
accurately estimated by a simple heat balance between core inlet and sample position
knowing the axial power distribution in core [Delette et al., 2004].

The typical values of MT are obtained from average values of 339 FA and the minimum
and maximum values from data per operational cycle in order to take more conservative
approach (cf. Table 4.4). The MD values are determined via steam table accordingly.
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Boundaries and typical values of DT

The downtime is a reactor operating parameter and can have significant impact of
some radionuclides. For this work the DT is able to eliminate and so the values are set
to zero. The method of DT elimination is described in next section 4.4.

4.4 Downtime analysis

Downtime (DT) of a single FA is the time, where this FA is taken out from a reactor
core between two operating cycles. Typically this time is between consecutive operating
cycles and corresponds to a rather short time of one or two months. However, it is often
that a FA is being out of reactor core for one or more operating cycles, and that causes
a much longer intermittent down time that comprises longer decay time of radionuclides
for this FA. The reload and management of the FAs in the reactor core results from the
operational conditions of the NPP. Therefore, DT can vary very widely, and this can
have a significant effect on the concentration of some radionuclides.

The correlation analysis has shown that DT has no interdependencies with BU and
the other SRPs (cf. Table 4.3). Thus, the DT impact on radionuclide composition can
be analysed separately from the other SRPs.

The aim of the downtime analysis is to show that the determination of theoretical
bandwidths can be made using a model with zero DT. The theoretical bandwidths with
zero downtime calculations are used as a reference for the bandwidths and must be
corrected for those radionuclides that are significantly affected by DT variations.

The 339 FA database provides a burn-up averaged DT value and DT; values per
operational cycle for each fuel assembly (cf. Figure 4.3). The average DT per fuel
assembly (red dots in the Figure 4.3) corresponds to the wide interval between 13 and
1400 days, while the average DT for all 339 FAs is about 120 days. The DT per reactor
operational cycle (blue dots in the Figure 4.3) may vary within an even wider range
between a few days and almost 3000 days. However, these cases are not very frequent.

The Figure 4.4 shows the DT; distribution for all 339 FAs that corresponds to 900 DT}
values. A short downtime up to a few months corresponds to 84 % of all 339 FAs and
is a typical time for the usually applied reload and fuel assembly management. A short
DT; is distributed fairly equally between first, second and third cycles. The majority
DT; values of the fourth and fifth cycles correspond also to the short downtime. The
downtime of about 400 days corresponds to the 10 % of all 339 FAs. This time comprises
typically one reactor operation cycle, during which the FA is discharged from the core
into a cooling pool. These values mostly correspond to the second cycle. Less than
4 % of all 339 FAs have downtime of about 750 days. These FAs expirience down
times covering two operational cycles, in which these FA were placed into the cooling
pool. These downtimes are distributed fairly equally between all cycles with exception
of the fifth one. A very long downtime of more than 800 days corresponds to 2 % of
all 339 FAs. These DT; values correspond to the second or third cycles. This long DT;
includes more than two operational cycles, in which these FAs are placed in the cooling
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pool. The Table 4.5 summarizes the DT; pre-analysis of 339 FAs, which is aimed to

determine the input conditions for the DT modelling analysis. Of course this particular
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DT; destribution may not be applied to general case. However, the task of the first step
is to determine the conservative and realistic DT} that covers possibly more than 90 %
of the FAs. Thus, the value of DT;=400 days was chosen as the best representativ value
for the modelling.

Table 4.5: DT; distribution

60 % DT; < 35d fairly equally distributed between first,
84 % second and third cycles
24 % 35d < DT; <105d first cycle dominant
388 g)’l?r 10 % DT; ~ 400 d second cycle dominant
Y% DT; ~ 750 d fairly equally distributed between first,
second, third and fifth cycles
2% 800 d < DT; < 3000d occurs by second and third cycles

The analysis performed at the first stage suggests that the operation history of a
typical FA can be modelled under the assumption of only one durable period (DT}),
which can be set the value of 400 days. The other DT; periods within the operation
history could be modelled as short intervals of 50 days each. The next (second) stage
is to determine at which position within the operational history this durable period
(DT;=400 days) makes the largest impact on the final RN composition. The pre-analysis
based on all 339 FAs shows that this durable period of downtime corresponds most
frequently to the second cycle (cf. Table 4.5). This observation, however, might not
hold in general. The impact of the position of the longest DT; within the operational
history is analysed here using simulations, where DT;=400 days is placed on the different
position, assuming the FA operational history for burn-up of 65 GWd/tyy. Additionally,
a simplified reference model is investigated, where the DT;=400 days is placed after each
operational cycle. Table 4.6 provides model properties for SCALE simulations, which
correspond to this analysis. The results of the second stage show that the location of
the longest DT; at the end of the fuel assembly operating history makes the largest
impact on the RN composition. Comparing this particular model with the simplified
model shows that deviations between these two models do not exceed 10 — 15 %. Thus,
the further DT analysis of theoretical bandwidths assumes the simplified model, which
corresponds to the most conservative case.

In general the DT impact on the radionuclide composition is a complex process, which
must be considered separately for each radionuclide. Here, it is important to understand
the behaviour of the radionuclides due to the variation of the realistic downtime and to
understand consequences of the approximations in downtime modelling on the further
results. In the next stage the influences of the downtime on each RN concentrations are
determined and their magnitudes are characterized. These magnitudes are computed
with aid of SCALE calculations applied to the cases of DT=0 and DT=400 days. Table
4.6 gives the initialization of input data as averaged values on each SRP, which are
necessary for this analysis.

The determination of the magnitude using the averaged DT impact of DT=400 days
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Table 4.6: Model of DT analysis

Geometry 16x16 AFA 3G [NEIL 2004]
Neutron flux modeling newt 2D

Data library ENDF-B/VILO

Burn-up 0 — 65 GWd/tam

Specific Power 36 MW/t

Initial Enrichment 4.0 % wt. 235U

Fuel Temperature 900 K

Moderator Temperature 580 K

Fuel Density 10.408 g/cm?

Moderator Density 0.73 g/cm?

Boric Acid concentration 460 ppm
Downtime 400 d

gives the best conservative estimate, which covers at least 94 % of all 339 FAs. The
magnitude of the DT impact, denoted as the multiplication DT-correction factor fpr,
is generally a function of downtime, burn-up and cooling time (cf. equation (4.3)).

RNpr.,.. = for(DT,BU,CT) - RNpr—g (4.3)

corr

Referring to the magnitude of this impact all radionuclides can be split into the three
groups (cf. Table 4.7):

e RNs independent of DT (31 RNs), i.e. the deviations in comparison to calculations
with DT=0 constitute 2 % or less.

e RNs conservative by DT=0 (17 RNs), i.e. the DT impact has decreasing effect on
RN concentration in comparison to calculations with DT=0. In this case the mul-
tiplication factor fpr,_,. is applied to the lower limit of the theoretical bandwidth
(cf. Table 4.7).

e RNs underestimated by DT=0 (16 RNs), i.e. the DT impact has increasing ef-
fect on RN concentration in comparison to calculations with DT=0. In this case

the multiplication factor fpr, .. is applied to the upper limit of the theoretical
bandwidth (cf. Table 4.7).

Table 4.7 summarizes the DT effect on the radionuclides’ contained in the PWR-
UO; used nuclear fuel. There are 31 RNs that are independent of DT. The values of
17 RNs are overestimated within this analysis. Thus, the values could be considered
conservative in the calculations with DT=0. These RNs represent fission products (5~
decay). The maximum difference between DT=0 and DT=400 days of 60 % is observed
for **Ce and **Pr. Note that these differences correspond to high burn-up up to 65
GWd/tyy are independent of CT. For burn-up less than 65 GWd/tyy these differences
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decrease. 16 RNs, which represent the actinides and '»2Eu and **Mo with 5+ decay,
are underestimated by calculations with DT=0. Here the maximum difference of 450 %
is observed for 22Ra. The maximum differences for most RNs are obtained for CT=0.
At increase in CT these differences tend to zero. Only for two RNs (2¥Pu and 2%'U)
the differences increase with increasing CT. The detailed results for each RN will be

discussed in chapter 6.4 in the context of the determination of realistic bandwidths.

Table 4.7: Multiplication DT-correction factor for averaged DT=400 days, BU=[0,65]

GWd/tyy and CT=[0,5] years

RNs inde- RNs conservative by DT=0 RNs underestimated by DT=0
pendent of RN for,... Remark RN for,.. Remark
DT fpr=1
108m A Hompg (.9 27TA¢ 4.1 by BU=65, CT=0
o as 2.4 by BU=65, CT=5
243Am 14C
2090¢ 7251Cf7 144 Ce 0.6 by BU=[30,65] | 2!Am 1.6 by CT=0
' ' 1.08 by CT=5
HCm, 00, g g M2mAm 17
246 247
2480m’ 154Cn1, 1B5Cs 097 by BU=[55,65] | 222Cm 1.8 by BU=[0,45]
Cm, = Eu, 1 by BU=(0,55) 1.7 by BU=65
155 3 . oA
Eu, °H, 37Cs 094 by BU=65 Wy 17 by BU=[0,45]
1291, 237Np, 0.97 by BU=30 15 by BU=65
Y7Pd, *¥Pu, | 85K, 08 by BU=65 B2g, 13 by BU=25
240pyy, 241pyy, 1 by BU=65
#2Pu, *°Pu, | %Nb 0.8 %Mo  1.05
24py, 1%Ru, | %N 0.95 Blpy 22 by BU=65, CT=0
124G ™Se, 2.15 by BU=65, CT=5
126Gp, 997, MPm 0.8 238pu 1.17 by CT=0
23577 2367 1.2 by CT=5
2387y, 937y l44pr 06 by BU=[30,65] | 226Ra 4.5 by BU=65, CT=0
2.5 by BU=65, CT=5
106RL (.66 by BU=65 29Th 34 by BU=65
06Ru  0.66 by BU=65 230Th 2.1 by BU=65, CT=0
1.55 by BU=65, CT=5
1258h 0.7 by BU=65 2Th 112 by CT=0
1.09 by CT=5
1%1Sm - 0.96 by BU=[40,65] | 22U 1.6 by BU=65, CT=0
1.13 by BU=65, CT=5
908r 0.93 by BU=[40,65] | 2**U 1.2 by BU=65, CT=0
1.13 by BU=65, CT=5
0y 0.93 234y 1.09 by BU=65, CT=0
1.13 by BU=65, CT=5
9BZr 0.95
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5  Modelling

The task of modelling is to optimize the number of calculations and to create the
corresponding SCALE input files (cf. Figure 3.2). Simulations are carried out with
the burn-up code SCALE 6.1 [ORNL, 2011] using the nuclear data library ENDF /B-
VIL.O [Chadwick et al., 2006]. A two dimensional model of a PWR-UO; fuel assembly
is assumed. The setup of these simulations initializes the required input parameters
including the values of the SRPs (cf. Table 5.1).

Table 5.1: Model of RN analysis

Geometry 18x 18 Westinghouse Sweden [NEI, 2004]
Neutron flux modelling newt 2D

Data library ENDF-B/VIIO

Cooling time 0

BU, IE, SP, IT, BA, FD, FT, MD, MT and DT cf. Table 4.4

The first step of optimization implies the minimization of the number of required cal-
culations. This process is carried out in parallel with the SRP and downtime analyses.
Seven out of the nine SRPs were found independent of each other. Moreover, for these
SRPs the DT can be discarded, i.e. set to zero (cf. chapter 4.2 and 4.4). Table 5.2
represents minimization of the number of calculations. The first row shows the number
of BU intervals and the three values (minimum, typical and maximum) of each indepen-
dent SRP, respectively. This first optimization step reduces the number of theoretically
possible combinations of 78732 to 2916 SCALE input files.

In the next step of optimization the limitig values of the BU intervals for IE and
SP were selected such that one of the limiting values of a higher BU interval coinsided
(overlapped) with the typical value of the next lower BU interval (cf. Figures 4.1 and
4.2). The scheme of the overlap and of the dupplication of the models is shown in Figure
5.1. The optimization occured due to discarding the dupplicating models. Thus, the
number of calculations is reduced from 2916 to 1701 models, i.e. to 1701 SCALE input
files, which are further used for the determination of theoretical bandwidths.

Table 5.2: Optimization of the number of models

Step Description Number of models

15t 4 - 3.3 -3.-3-3.- 3 -1 2916
B e e
BU IE SP&IT BA FT FD MT&MD DT

ond cf. Figure 5.1 1701
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Figure 5.1: Second optimization step of the number of models.
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6  Realistic bandwidths of PWR-UO9 RN

inventory

6.1 Theoretical bandwidths of RNs

The first block of theorethical bandwidths module is to perform 1701 SCALE cal-
culations and, thus, to provide output files for the build-up of theoretical bandwidths.
The most important information needed for this task is saved in binary files named
ft71£001 containing isotopic concentrations for more than 2000 nuclides in units gram-
atoms [ORNL, 2011, p. 1371]. All these data are associated with a given time step.
Thus, the first block of calculations provids 1701 ft71f001 files.

The tasks of the next block (cf. Figure 3.2) are to read all the ft71f001 binary files
and to select the required information for the 64 relevant radionuclides and to build-
up the corresponding theoretical bandwidths. This block uses the tool developed by
[Schneider, 2014], which has been expanded for the application within this work. The
results yield the theoretical bandwiths of the activity vs. burn-up for the corresponding
radionuclides.

The main purpose here is to determine the lower /upper limits of the theoretical band-
widths and, additionally, to classify each RN according to its sensitivity on varying the
SRP values. Tentatively, the considered RNs can be divided into four groups (cf. Figure
6.1):

e RN independent of all SRPs (cf. Figure 6.1 (a) top left), i.e. the magnitude of the
bandwidth does not exceed 2 % of the averaged value between upper and lower
limits. These RNs depend only on the primary reactor parameter BU and CT.

e RN dependent on all SRPs (cf. Figure 6.1 (b) top right), i.e. the magnitude of
the bandwidth is "equally" for each SRP. Therefore, an additional and detailed
sensitivity analysis is required to substantiate an accurate statement of each SRP.

e RN strongly dependent on IE (cf. Figure 6.1 (c¢) bottom left), i.e. IE has the
largest effect on the bandwidth magnitude compared to other SRPs. All other
SRPs have only a small or negligible impact on the bandwidth.

e RN strongly dependent on IE and SP (cf. Figure 6.1 (d) bottom right), i.e. IE
and SP has the largest effect on bandwidth magnitude compared to other SRPs.
All other SRPs have only a small or negligible impact on the bandwidth.

Some RNs cannot be definitely associated with one of these four groups. Such RNs
are placed into the second group (b), which characterizes the most general behaviour,
and for these RNs additional and detailed analyses are required. The separation of
the RNs into the four groups is very useful for the task of reverse specification, i.e.
the determination of the SRPs values from a given RN inventory. There are some
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Figure 6.1: Example of RN sensitivity by variation of SRPs. There are four groups: (a)
RN independent of all SRPs, (b) RN dependent on all SRPs, (¢) RN strongly
dependent on IE and (d) RN strongly dependent on IE and SP.

radionuclides with particular behaviour on the SRPs sensitivity, like 37Cs, 235U etc. (cf.
Table 6.4) that could potentially be used as "key nuclides" for this task. The possible
range of the values of important parameters, like burn-up, cooling time, IE, SP and DT
can be reduced by the use of such "key nuclides" taking advantage from their specific
dependence or sensitivity behaviour on SRPs. E.g. '37Cs is independent of all SRPs and
its bandwidth is very small, moreover it is linear with the burn-up, thus, burn-up can
be well determined. Using this information and that of the strong dependence of 2°U
on IE (the impact from other SRPs can be neglected) we can derive the corresponding
IE, and so on. It is very challenging to recurse all parameters from the individual
nuclides without an addition of extra information. This work provides estimates of
SRP values and their interdependences, despite a detailed quantitative assessment of
the SRP dependences was beyond the scope of this thesis. Nontheless, it can be done
as an extension in the future.

The last block of the theoretical bandwidth module is to consider the effect of DT
(cf. chapter 4.4). The calculated theoretical bandwidths include lower and upper limits
depending on the BU for each RN. The bandwidth calculations were carried out assuming
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zero downtime (DT=0) during the irradiation. For those RNs that depend on DT,
the DT correction are implemented as shown in Table 4.7. The bandwidth limits are
expanded accordingly to the determined multiplication correction factor fpr. This factor
is determined as the maximum ratio between the RN concentrations calculated for DT=0
and DT=400 days, which is obtained for burn-up between 0 and 65 GWd/tyy and for
cooling time between 0 and 5 years. The corresponding DT effects are discussed in more
detail in section 6.4.

The next section deals with available experimental data that are essentially important
for the determination of the realistic bandwidths.

6.2 Available experimental or RCA data

The theoretical bandwidths are not necessarily realistic bandwidths. It is important
to validate theoretical results with experimental data. Therefore, the destructive radio-
chemical assay (RCA) data are taken from the public Spent Fuel Isotopic Composition
Database (SFCOMPO), which is maintained by the OECD Nuclear Energy Agency
[NEA, 2015b]. This database includes RCA data for more than 600 spent fuel samples
from 8 different reactor designs. The PWR data comprise measurements for more than
300 fuel samples with an associated burn-up range between 3 and 75 GWd/tyy. These
RCA data cover 41 final disposal relevant radionuclides (cf. Table 6.1). However, for
some of these RNs only a few measurements are available. It is desired to continue
development of this database.

The theoretical bandwidths together with the measurements build-up the realistic
bandwidth of the theoretically predicted spent fuel radionuclide inventories. The indi-
vidual bandwidths of these RNs are discussed in the section 6.4.

Most of measurements from SFCOMPO correspond to zero post-irradiation cooling
time (CT=0), but some measurements correspond to various cooling times, which do
not exceed 10 years. To compare calculations with measured data from the SFCOMPO
database the latter have to be corrected for the indicated cooling times as is done in
this work. All 64 RNs are analysed with respect on their behaviour to post-irradiation
cooling time and bases on this analysis are subdivided into the three groups (cf. Table
6.1):

e RNs independent of CT (32 RNs), i.e. the results of the calculations with CT=0
and CT=10 years yield less than 1 % deviation.

e RNs overestimated by CT=0 (24 RNs), i.e. the CT impact has a negative effect on
the RN concentration relative to the calculations with CT=0. Thus, the measure-

ments affected by CT up to 10 years show lower activity values than the calculated
bandwidth at zero CT.

e RNs underestimated by CT=0 (8 RNs), i.e. the CT impact has a positive effect on
RN concentration as calculations with CT=0. Thus, the measurements affected
by CT up to 10 years show higher activity values than the calculated bandwidth
at zero CT.
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Table 6.1: Available RCA data from SFCOMPO and RNs behaviour up to 10 years of
post-irradiation cooling time; (n: number of measurement data points).

RNs independent of CT

RNs overestimated by

RNs underestimated by

CT=0 CT=0

AN ewajind | PN " awajond | PN " (GWajom
108m A o 0 - HomAg 3 30.71 - 52.43 | 227Ac 0 -
A2mAy 58 6.92 — 59.66 | *4Ce 24 14.30 - 75.00 | >'Am 108  6.92 - 75.00
243Am 99 6.92 -~ 75.00 | 22Cm 71 8.30 — 52.43 | 226Ra 0

e 15 1292 -46.83 | 23Cm 25  14.30 - 59.66 | 23°Th 0 -
249Cf 0 - 24Cm 109 6.92 - 75.00 | 232Th 0 -
21cf 0 134Cs 62 6.92 - 75.00 | 232U 13 6.92 — 52.43
2450 27 14.30 - 59.66 | ¥7Cs 118  6.92 - 75.00 | 233U 5 45.90-55.00
246Cp 27 14.30 — 75.00 | %2Eu 0 - 24y 180  3.34 — 75.00
247Cm 8  30.17 - 5243 | *Eu 81 6.92 — 75.00

248 0 - 155Ey 41 27.35 - 75.00

135 30 18.68 — 75.00 | *H 0 -

1291 12 14.58 — 52.50 | ®°Kr 0 -

93Mo 0 - 95Nb 0 -

94Nb 0 B 7Py 4 29.07 - 59.66

23TNp 85 6.33 — 75.00 | “4Pr 0 -

231pg 0 - 21py 255 3.34 - 75.00

107Pd 0 o 106Rh 0 o

238py 174 6.92 - 75.00 | 19Ru 1 75.00

239py 259  3.34 - 75.00 | 9°Ru 44 6.92 - 75.00

240py 259  3.34 - 75.00 | **Sb 0 -

242py 255  3.34 - 75.00 | '?°Sb 27 6.92 — 59.66

243py 0 - 908y 14 18.68 — 59.66

244py 2 52.50 - 59.66 | 20Y -

Se 9 18.68 — 46.46 | PZr -

151Gm 49 17.69 — 75.00

1268y 9 18.68 — 46.46

99Tc 38  16.02 — 74.00

229Th 0 .

257 259  3.34 - 75.00

23677 248  3.34 - 75.00

23877 225  3.34 - 59.66

9B7r 0 —
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6.3 Available RN inventory of international PWR-UOy SNF

The presently available experimental data are insufficient for validating the band-
widths for all radionuclides of interest for waste management. It is however possible
to perform a comprehensive verification by comparing the theoretical bandwidths with
other reference inventory calculations, which have been performed in several countries
for the needs of long-term safety assessments, spent fuel transportation and storage,
and other applications. In this work, predicted theoretical isotope bandwidths are com-
pared to the calculated RN inventories from USA, Switzerland, Sweden and Germany
(cf. Table 6.2).

Table 6.2: Properties of calculated international RN inventory

Avilable sm o0 B0 o Sote)
(Germany)  (Switzerland) (USA)

Number of RN 44 64 64 59

BU [GWd /tiy] 448 55 32.9 — 56.6 7-53

CT [years] 35 (on year 2045) 0 60 days on year 2020

Fuel impurities (FI) yes yes yes not

L FI only for Co with 30.2 ppm

The Oak Ridge National Laboratory (ORNL) provided calculated inventories (for 59
final disposal relevant RNs) for approximately 2000 US PWR-UO, spent fuel assemblies
with a burn-up range between 7 and 53 GWd/tyy [ORNL, 2016]. Each FA corresponds
to the individual CT for year 2020 and does not exceed 35 years.

The "Nationale Genossenschaft fir die Lagerung radioaktiver Abfille" (NAGRA) cal-
culated inventories of fuel assembly families that represent average data for approxi-
mately 3300 Swiss PWR-UO, SNF [NAGRA, 2014]. These fuel assembly families corre-
spond to an average burn-up between 32.9 and 56.6 GWd/tyyv and CT of 60 days. All
64 final disposal relevant RNs have been analyzed.

In Sweden, the "Swedish Nuclear Fuel and Waste Management Co" (SKB) calculated
the total radionuclide inventory from the total number of assemblies with an averaged
burn-up of 44.8 GWd/tym (PWR spent fuel) [SKB, 2010]. The calculated inventories
provide the total mean activity values for 44 final disposal relevant radionuclides. The
RN activity values in the report [SKB, 2010] correspond to the total RN inventory based
on the number of fuel assemblies (total number of PWR FA: 6016 with 464 kg per one
FA) with calculation for the year 2045 (i.e. CT=35 years). Thus, the RN activity values
have to be normalized on the factor 2791.424 = 6016-464/1000 and have to be corrected
for the cooling time of 35 years.

In Germany the "Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) mbH" com-
piled the radioactive waste specification [Peiffer et al., 2011]. The activity in Bq per tuy
of all 64 final disposal relevant radionuclides was calculated on the basis of a model fuel
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assembly with a burn-up of 55 GWd/tyy, cooling time 0 and an initial enrichment of
4.4 wt % *U.

For realistic modelling of the huge amount of fuel assemblies it is important to know
the initial fuel composition (particularly for 24U and 236U) and the fuel impurity data.
When the SRP analysis was performed this information has not been assembled and its
importance was not fully recognized, and, therefore, the analysis of these data is not
included in the thesis (cf. chapter 4). Consequently, the concentrations of 2*U and 23U
are set to zero in the initial composition and the fuel impurities are not considered in
the theoretical bandwidths calculations. However, after a more complete information on
averaged values of the initial fuel composition has been collected additional calculations
of the theoretical bandwidths of 2*U and #*U have been performed. Table 6.3 shows
the fuel impurity concentrations, which are used in the modelling of international RN
inventories.
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Table 6.3: Fuel impurities.

NAGRA, 2014] (Switzerland)
ORNL, 2016] (USA)
empty values are not specified

Elem.5 SWE! DEU? CHE® USA* Elem. SWE DEU CHE USA
[ppm] [ppm| [ppm] [ppm] [ppm] [ppm| [ppm] [ppm]

Ag 0.05 5 1 0 Li 0.05 1 1 0
Al 6 21 40 0 Lu 0.3 0
Ar 0.1 0 Mg 1 5 2 0
As 0.3 0 Mn 2 1 2 0
Au 0.1 0 Mo 5 5 5 0
B 0.05 0.5 0.6 0 N 14 30 25 0
Ba 10 0 Na 5 15 0
Be 0.1 0 Nb 1 0
Bi 0.5 5 0.4 0 Ni 5 3.5 25 0
Br 0.5 0 (0] 133621 134314 0
C 8.4 4 50 0 Os 0.1 0
Ca 3 10 40 0 P 5 35 0
Cd 0.233 0.5 0 Pb 0.6 5 1 0
Ce 1 0 Pt 0.1 0
Cl 2 4.5 5 0 Re 0.1 0
Co 0.5 5 1 30.2 Ru 0.1 0
Cr 1 3 4 0 S 10 0
Cu 0.5 5 1 0 Sb 1 0
Dy 10 0.3 0 Sc 10 0
Er 0.3 0 Se 2 0
Eu 0.02 0.3 0 Si 10 6 40 0
F 2 4 5 0 Sm 0.04 0.3 0
Fe 5 15 55 0 Sn 0.8 5 1 0
Ga 0.3 0 Ta 5 1 0
Gd 0.06 0.3 0 Tb 0.3 0
Ge 0.3 0 Te 1 0
H 0.3 0 Th 5 0
H>O 2 0 Ti 10 5 1 0
Hf 1 0 Tl 0.1 0
Hg 0.1 0 Tm 0.3 0
Ho 0.3 0 A% 0.3 5 1 0
In 0.3 1 0 W% 0.2 5 2 0
Ir 0.1 0 Yb 0.3 0
K 10 10 0 Zn 25 5 5 0
La 1 0
1[SKB, 2010] (Sweden)
2 [Peiffer et al., 2011] (Germany)
3

[

[

4
5
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6.4 Realistic bandwidths of RN

This chapter shows the results of realistic bandwidths calculations and their particular
build-up for each radionuclide. The sensitivity of realistic bandwidths to the variation
of the SRPs needs to be discussed. Each SRP contributes to the magnitude of real-
istic bandwidth in a different way. Table 6.4 lists the most important effects, which
significantly contribute to the RN’s realistic bandwidths:

e Cooling time (CT). The exact knowledge of CT is very important for interpret-
ing the measured and calculated inventory data and for providing the realistic
bandwidths.

e Downtime (DT) is important for a set of DT-sensitive fission products and ac-
tinides.

e Fuel impurities (FI) are important for light elements and some fission products.
e Initial composition (IC) is important for »*4U.

e Modelling and nuclear ORIGEN library data, e.g. addnux, branching factors, cross
sections (Lib) can have significant effects on concentrations of some radionuclides.

o Initial enrichment (IE) and specific power (SP) are the basic SRPs, which have a
dominant effect on some radionuclides.

Most of the data used for the build-up or for the comparison of realistic bandwidths are
affected with cooling time. For this work the effect of the cooling time is investigated up
to 35 years. To take the cooling time into account the affected radionuclide data should
be recalculated according to the discharge time of the assembly (i.e. to the time zero).
For the light radionuclides and fission products the cooling time influences only their
own decay functions and, therefore, its effect can be relatively easily taken into account.
For most actinides the behaviour of mother-daughter radionuclides cannot be neglected.

The radionuclides marked in red (cf. Table 6.4) are characterized by the longest
half-life times in the corresponding decay chains. All other RNs in the corresponding
decay chain attain the secular equilibrium with the main RN. Consequently, it is most
important to compute the bandwidth for main RN, because bandwidths of the remaining
RNs are the same (cf. discussion of 2*2Cm bandwidth, Figure 6.37).

The radionuclides marked in green (cf. Table 6.4) were not originally included into the
list of 64 final disposal relevant radionuclides. However, these RNs are also important
for safety analyses. For these RNs the calculations yielded zero concentrations for the
entire burn-up range. There are two types of such RNs:

e Light radionuclides, for which the fuel impurities were not considered in the cal-
culations of the theoretical bandwidths (cf. Table 4.1). They are produced by
the activation process and not by fission processes during the irradiation time.
Hence, there are no processes within the model, which could lead to increased
concentrations of these RNs.
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o Actinide 252Cf, for which the zero activity is attributed to the so called "modelling
properties". This could be attributed to bugs in the SCALE version 6.1.0 possibly
related to reading the library data for 2Cf (cf. section 2.2). The recommendation
here is to test this possibility using additional simulation with the most recent
SCALE version.

The blue-marked radionuclides are the actinides, which are not included in the list of
final disposal relevant RNs (cf. Table 1.1), although they are reqiured for the correct
calculation of the cooling time effect on some RNs, which are included in this list, e.g.
the concentration of 2*Cf depends on ?*Bk (cf. Figure 6.58).
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Table 6.4: RN classification based on the CT up to 35 years and their SRPs sensitivity.

RN CT DT FI Lib IE SP | RN CT DT IC/FI Lib IE SP
108m A g x x 0cf
110m A g X X X X x| 2%Cm X
e X X X 242py X
144 Ce X X X X A2mAy x X X
144py. X X X x | 242Cm X X X
134Cg X X 238py X X X
1‘3505 x x 238U x
137Cs X X 234y X X X X
152Fy X X X 230Th X X X X X
154Ey X 226Ra, X X X X
155 Fy X X 2BLef X
SH X X X X 247Cm X
1207 % 243py %
85Ky X X X 243 Am X
93 Mo X X 243Cm X X X
94Nb X X 239py

957y X X X X 2857] X
95Nb X X X x | 1Pa X X X X
107pq X 227 Ac X X X X
WTPm  x x x x| OB

106Ry X X X x | 249Cf X X
106R Y X X X X 245Cm X
103Ry X x x| 24Py X X
124g1 X X 241 Am X X X
125gh x X x x| [*%"Np

78e 233y X X X X X
1519m X X 229Th X X X
126Gy X X 2520f

908y X X X 248Cm X
90y % 244p %
PTe 2440 X X
9BZr X 240py X

410, 236 %

36C1 232Th X X X X

5800 236Np

co oy

55F¢ 232y X X X

%9Ni

63N
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6.4.1 Realistic bandwidths of fission products and light radionuclides

For the cooling time up to 35 years twelve radionuclides (1%™Ag, 11C, 135Cs, 12°1, 93Mo,
94Nb, 197Pd, Se, 1Sm, 26Sn, PTc and %Zr) could be accepted as CT independent
Figure 6.2 and Table 6.4). For the remaining radionuclides the CT correction is
required for building-up the realistic bandwidths and for comparing them with calculated
international inventory data. In the following the realistic bandwidths are discussed in
alphabetical order.

(cf.

HM

Activity [Bq/t
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10'¢ — : —lcxi-lmm
— Ce-144
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Figure 6.2: Decay of fission products and light radionuclides.
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108mAg

108m Ao s a direct fission product (it is shielded by the stable nuclide ®®Pd). During
irradiation time it is built-up by direct fission and activation processes. For this ra-
dionuclide there are no measurements in SFCOMPO. This RN is mostly sensitive to IE,
which variation makes the most significant contribution to the bandwidth (cf. Figure
6.3). However, on the basis of calculated international data and the available informa-
tion of fuel impurities (cf. Table 6.3) the impact from the latter is by about two orders
larger than the common effect of the other SRPs (cf. Figure 6.3). Hence, the FI is a
dominant factor determining the bandwidth of this radionuclide. The impact of all other
SRPs can be neglected.

— 10¥g
% — Calculated data : . m m = [ = mnm
= — . = :
os H - [ORNL, 2016]
.Q_J. 109 L - [SKB, 2010]
> =
= — [Peiffer et al., 2011]
= —
5] » - [NAGRA, 2014]
. B /.’...
10" - &
6 B ’,
100
10
L 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1

0 10000 20000 30000 40000 50000 60000 _ 70000
BU [MWdt,,, ]

Figure 6.3: Theoretical bandwidth of 1%mAg and effect of fuel impurities.
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11()mAg

H0m Ao i5 a direct fission product (it is shielded by the stable nuclide *°Pd). Dur-
ing irradiation time it is built-up by direct fission and activation processes. For this
radionuclide there are some measurements available. The SRP analysis shows differ-
ent SRP behaviour than for 1®™Ag the dependencies on DT, IE and SP are stronger.
This SRPs make the most significant contribution to the bandwidth (cf. Figure 6.4).
The theoretical bandwidth considers DT correction as of Table 4.7, which is in a good
agreement, with experimental and calculated international data.

Note that calculated international data values from USA and Germany have different
build-up rates than all other values. This may be caused using different ORIGEN
libraries.

Moreover, in contrast to '%®mAg 19mAe shows no sensitivity to fuel impurities. How-
ever, the natural abundancies of the stable isotopes °"Ag and '®Ag are almost equal
and, therefore, they should be formed in approximately equal ratios. This difference in
the behaviuor of the two isotops requires a futher understanding.
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B 300:_ | [Peiffer et al., 2011]
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Figure 6.4: Realistic bandwidth of 1'"™Ag.
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14C

4 is a light radionuclide. During irradiation time it is built-up by activation pro-
cesses. There are three ways, which leads to the production of C:

o N (Tj) ithg e 170 (’i;) itte o 13C (n_,;) itie

12
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T - : : :
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107~
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Figure 6.5: Theoretical bandwidth of *C and effects of fuel impurities and of model
properties.

This RN is mostly sensitive to IE, which variation makes the most significant contribu-
tion to the bandwidth (cf. Figure 6.5). However, the difference between the theoretical
bandwidth and the aggregate of the available experimental and calculated international
data is up to the factor of 1000 larger than the common effect of the other SRPs (cf.

Figure 6.5). From literature it is known that the reaction N 0 14¢ has the largest
effect on the composition of *C during the irradiation in a rector core. Based on the fuel
impurities information it is not clear, why calculated data values from US match the ex-
perimentel values and other caclulated international values well, although US modelling
does not include any impurities except Co (cf. Table 6.3). This discrepancy needs to be
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better understood. This discrepancy cannot be attributed to the different addnux levels
(the levels 2 and 4 tested here) in the calculations with SCALE 6.1.0 version (cf. also
section 2.2). Indeed, the switch between the two levels of the addnux parameter leads
only to a switch between the data libraries, while the JEFF multigroup and ENDF/B
libraries are (usually) very similar.

The previous conclusion shows that FI, then the model properties (i.e. the SCALE
version) and then IE are the dominant factors determining the bandwidth of the content
of this radionuclide in the PWR-UO, spent fuel. The impact of all other SRPs can be
neglected.
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144Ce (144 P?")

144Ce is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. This RN is mostly sensitive to DT, IE and SP, while the variation in
IE makes the most significant contribution to the bandwidth (cf. Figure 6.6). The the-
oretical bandwidth as shown in Figure 6.6 corresponds to the DT corrected bandwidth
with the considered average DT of 400 days. The DT correction factor is given in Table
4.7. The theoretical bandwidth is in a good agreement with experimental and calculated
international data.

However, the use of the US data in this comparison rises a point of concern. The half-
life of 1*4Ce of 285 days implies that the activity will definitely begin to saturate after
several operation cycles as seen in all other calculated international and experimental
data. On the contrary, all of the ORNL data appear to be effectively linear with the
burn-up showing no saturation. The discrepancy with the ORNL data needs to be better
understood.
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Figure 6.6: Realistic bandwidth of *4Ce.
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134CS

134Cs is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. This RN is mostly sensitive to DT, which variation makes the most
significant contribution to the bandwidth (cf. Figure 6.7). The theoretical bandwidth
in Figure 6.7 corresponds to the DT corrected bandwidth considering the average DT
of 400 days. The DT correction factor is given in Table 4.7. The theoretical bandwidth
is in a good agreement with the experimental and calculated international data.
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Figure 6.7: Realistic bandwidth of *4Cs.
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13508

135Cs is a fission product. During irradiation time it is built-up by fission and activa-
tion processes. This RN is mostly sensitive to IE and then to DT and the variations in
these SRPs make the most significant contributions to the bandwidth (cf. Figure 6.8).
The theoretical bandwidth considering the DT correction (cf. Table 4.7) is in a good
agreement with the experimental and calculated international data.

Cs-135
_ x10°
% — Calculated data
%_ 50__'-SFCOMP0
o N B (ORNL, 2016] : : 3 i 3
> — Il (NAGRA, 2014] : ;
g 40__ Bl | [SK.B,ZOlO] P i + o
&) = [Peiffer et al., 2011]
< r \ \ f
30
B i .
- :
20— e
10f— s {'
0 K 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1
0 10000 20000 30000 40000 50000 60000 70000

BU [MWdt,, ]

Figure 6.8: Realistic bandwidth of '3°Cs.
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137CS

137Cs is a direct fission product. Its production is linear with the irradiation time. This
RN is mostly sensitive to DT, which variation makes the most significant contribution
to the bandwidth (cf. Figure 6.9). The theoretical bandwidth in Figure 6.9 corresponds
to the DT corrected bandwidth considering the average DT of 400 days. The theoretical
bandwidth is in a good agreement with the experimental and calculated international
data.
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Figure 6.9: Realistic bandwidth of 37Cs.
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152Eu

152Ky is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. This RN is sensitive on all SRPs, while the variations in IE and DT
make the most significant contributions to the bandwidth (cf. Figure 6.10). There are no
measurements in SFCOMPO for this radionuclide. The theoretical bandwidth consid-
ering DT correction is in a good agreement with the calculated international data. The
slightly higher values from NAGRA and SKB can be attributed to the fuel impurities.
However, these values are still within the theoretical bandwidth, therefore, this RN is
not classified as FI sensitive.
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Figure 6.10: Realistic bandwidth of 2Eu.
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154Eu

1%4Fy is a fission product. During irradiation time it is built-up by fission and activa-
tion processes. This RN does not show strong dependency on any SRP (cf. Figure 6.11).
The theoretical bandwidth is in a good agreement with the experimental and calculated
international data.
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Figure 6.11: Realistic bandwidth of *Eu.
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155Eu

135Ky is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. This RN is mostly sensitive to IE, which variation makes the most
significant contribution to the bandwidth (cf. Figure 6.12). The theoretical bandwidth
is in a good agreement with the experimental and calculated international data.
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Figure 6.12: Realistic bandwidth of »°Eu.
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SH

3H is a light radionuclide. During irradiation time it is built-up by activation and
fission processes. For this radionuclide any measurements in SFCOMPO are missing.
This RN is mostly sensitive to IE, which variation makes the most significant contribu-
tion to the bandwidth (cf. Figure 6.13). However, the difference between the calculated
international data and theoretical bandwidth is by a factor of 1000 larger than the effect
of the IE (cf. Figure 6.13). This could be explained by the use of the SCALE version
6.1.0. The problems related to this version are discussed in section 2.2. A small differ-
ence between NAGRA, GRS and US, SKB values is caused by different fuel impurities
(cf. Table 6.3).
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Figure 6.13: Theoretical bandwidth of *H and effects of fuel impurities and of model
properties.
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1291

1297 i5 a fission product. During irradiation time it is built-up by fission and activation
processes. This RN is mostly sensitive to IE, which variation makes the most significant
contribution to the bandwidth (cf. Figure 6.14). The theoretical bandwidth is in a good
agreement with the experimental and calculated international data.
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85 Kr

85Kr is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. This RN is mostly sensitive to IE, which variation makes the most
significant contribution to the bandwidth (cf. Figure 6.15). There are no measured
values in SFCOMPO for this radionuclide. The theoretical bandwidth considering the
DT correction is in a good agreement with the calculated international data.
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Figure 6.15: Realistic bandwidth of $Kr.
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93MO

93Mo is a fission product. During irradiation time it is built-up by fission and activation
processes. This RN is mostly sensitive to IE and DT, while variation in IE makes the
most significant contribution to the bandwidth (cf. Figure 6.16). However, the difference
between the calculated international data and theoretical bandwidth is by a factor of
1000 larger than the effect of the IE (cf. Figure 6.16). This is caused by the fuel
impurities. Particulary in each of the considered sources of calculated international data
the initial composition of Mo was set to 5 ppm. Note that there are no measured values
in SFCOMPO and no calculated data at ORNL for this RN.
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Figure 6.16: Theoretical bandwidth of Mo and effect of fuel impurities.
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94Nb

9ND is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. This RN is mostly sensitive to DT, which variation makes the most
significant contribution to the bandwidth (cf. Figure 6.17). However, on the basis of
calculated Swiss data [NAGRA, 2014] there is a large impact from FI to the bandwidth.
The calculated Swiss data assume 1 ppm of Nb. Thus, this parameter gives the most
important contribution to the realistic bandwidth. Note that there are no experimental

data in SFCOMPO for this RN.
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Figure 6.17: Theoretical bandwidth of “*Nb and effect of fuel impurities.
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95 7r (95 Nb)

957r is the main radionuclide in the decay chain *Zr — %Nb, i.e. the concentration of
9Nb is determined by secular equillibrium with *Zr. However, because the information
on FI of Zr is not considered by the calculated international data, while the calculated
Swiss data consider 1 ppm of Nb, the Nb bandwidth is more interesting in the frame
of this study. Therefore, Figure 6.18 shows the bandwidth only for ®Nb. The both
radionuclides are fission products. During irradiation time they are built-up by fission
and activation processes. These RNs are mostly sensitive to IE, SP and DT, while
variations in IE and SP make the most significant contribution to the bandwidths (cf.
Figure 6.18). The result reveals no impact from FI, i.e. the calculated Swiss and German
data agree with the theoretical bandwidth. The theoretical bandwidth in Figure 6.18
corresponds to the DT corrected bandwidth considering the average DT of 400 days.
There are no experimental data in SFCOMPO for these RNs.
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107Pd

107P( is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. There are no experimental data in SFCOMPO for this RN. This RN
is mostly sensitive to IE, which variation makes the most significant contribution to the
bandwidth (cf. Figure 6.19). The theoretical bandwidth is in a good agreement with
the calculated international data.
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Figure 6.19: Realistic bandwidth of 1°7Pd.
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147Pm

4TPyy is a fission product. During irradiation time it is built-up by fission and ac-
tivation processes. This RN is mostly sensitive to IE, SP and DT, while variations of
IE and SP make the most significant contribution to the bandwidth (cf. Figure 6.20).
The theoretical bandwidth is in a good agreement with the experimental and calculated
international data.
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Figure 6.20: Realistic bandwidth of #"Pm.
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106 Ru (106 Rh)

106Ru is a fission product. During irradiation time it is built-up by fission and ac-
tivation processes. This RN is mostly sensitive to DT, IE and SP, while variation in
IE makes the most significant contribution to the bandwidth (cf. Figure 6.21). The
theoretical bandwidth in Figure 6.21 corresponds to the DT corrected bandwidth con-
sidering the average DT of 400 days. The theoretical bandwidth is in a good agreement
with the experimental and calculated international data.
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Figure 6.21: Realistic bandwidth of **Ru.
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103 Ru

103Ru is a fission product. During irradiation time it is built-up by fission and ac-
tivation processes. This RN is mostly sensitive to IE and SP, which variations make
the most significant contribution to the bandwidth (cf. Figure 6.22). The theoretical
bandwidth is in a good agreement with the experimental and calculated international
data.
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Figure 6.22: Realistic bandwidth of **Ru.
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124Sb

124G} is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. There are no experimental data in SFCOMPO for this RN. This RN
is sensitive to all SRPs, while variation in IE makes the most significant contribution
to the bandwidth (cf. Figure 6.23). The theoretical bandwidth is in a good agreement
with the calculated international data.
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Figure 6.23: Realistic bandwidth of 2*Sb.
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1258b

1258} is a fission product. During irradiation time it is built-up by fission and activa-
tion processes. This RN is mostly sensitive to DT, IE and SP, while the variation in IE
makes most significant contribution to the bandwidth (cf. Figure 6.24). The theoretical
bandwidth in Figure 6.24 corresponds to the DT corrected bandwidth considering the
average DT of 400 days. The theoretical bandwidth is in a good agreement with the
experimental and calculated international data.
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Figure 6.24: Realistic bandwidth of '2°Sb.
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7986

™Se is a fission product. During irradiation time it is built-up by fission and activation
processes. This RN is practically insensitive to any of the SRPs (cf. Figure 6.25). The
theoretical bandwidth is in a good agreement with the experimental and calculated
international data.
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Figure 6.25: Realistic bandwidth of ™Se.
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15lsm

151S8m is a fission product. During irradiation time it is built-up by fission and ac-
tivation processes. This RN is sensitive to all SRPs, while the variation in IE makes
the most significant contribution to the bandwidth (cf. Figure 6.26). The theoretical
bandwidth in Figure 6.26 corresponds to the DT corrected bandwidth considering the
average DT of 400 days. The slightly higher values of calculated Swiss and Swedish data
correspond to the impurities of Sm in the fuel. However, these values are still within
the theoretical bandwidth, therefore, these impurities have no significant impact on this
RN activity. The theoretical bandwidth is in a good agreement with the experimental
and calculated international data.
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Figure 6.26: Realistic bandwidth of '3'Sm.
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126Sn

12691 is a fission product. During irradiation time it is built-up by fission and acti-
vation processes. This RN is mostly sensitive to IE, which variation makes the most
significant contribution to the bandwidth (cf. Figure 6.27). The theoretical bandwidth
is in a good agreement with the experimental and calculated data from ORNL. The
reason for the difference to the other calculated international data can be attributed to
fuel impurities (cf. Table 6.3). Thus, FI and then IE are the most important SRPs for
the 125Sn content in the PWR-UQ; spent fuel. The impact of all other SRPs can be
neglected.
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Figure 6.27: Realistic bandwidth of '2°Sn.
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QOSI. (90 Y)

908r is a fission product. During irradiation time it is built-up by fission and activation
processes. This RN is mostly sensitive to DT and IE, while the variation in IE makes
the most significant contribution to the bandwidth (cf. Figure 6.28). The theoretical
bandwidth in Figure 6.28 corresponds to the DT corrected bandwidth considering the
average DT of 400 days. The theoretical bandwidth is in a good agreement with the
experimental and calculated international data.
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Figure 6.28: Realistic bandwidth of %Sr.



Realistic bandwidths of PWR-UO, RN inventory 74

99TC

9Te is a fission product. During irradiation time it is built-up by fission and activation
processes. This RN is practically insensitive to any of the SRPs (cf. Figure 6.29). The
theoretical bandwidth is in a good agreement with the experimental and calculated
international data.
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Figure 6.29: Realistic bandwidth of %Tec.
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93Zr

937r is a fission product. During irradiation time it is built-up by fission and activation
processes. There are no experimental data in SFCOMPO for this RN. This RN is mostly
sensitive to IE, which variation makes the most significant contribution to the bandwidth
(cf. Figure 6.30). The theoretical bandwidth is in a good agreement with the calculated
international data.

_ x10° ‘ ‘
% 140 __ ) Calculated data o S )
% B - [ORNL, 2016] : : : :
o, 120_'-[NAGRA,2014] N S
> — : : : :
S - - [SKB, 2010] .
a | [Peiffer et al., 2011] : :
2 100 = ; } }
e R — — L
60—
aof i —
20—
0 E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1
0 10000 20000 30000 40000 50000 60000 70000

BU [MWdit,, ]

Figure 6.30: Realistic bandwidth of %3Zr.
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6.4.2 Realistic bandwidths of actinides

For most of the actinides their mother-daughter behaviour is important for the cooling
time correction up to 35 years. Each radionuclide is discussed in relation to its own decay
chain. In each decay chain there is a main radionuclide, i.e. all the other radionuclides
from this chain attain the secular equilibrium with this RN. This radionuclide has the
largest half-life time in the chain. The main RNs are marked in red ( ¢f. Figure 6.31
and Table 4.7).

Figure 6.31: Chart of actinide’s mother-daughter behaviour: actinides marked in red are
the main radionuclides in their decay chains. Actinides marked in blue are a
"new" radionuclides that are not included in the list of final disposal relevant
RNs. Actinides marked in green are the radionuclides with zero concentra-
tions. Dashed arrows indicate that for CT of up to 35 years the mother
radionuclide has no impact on the concentration of the daughter radionu-
clide. Solid arrows show that for CT of up to 35 years the impact of the
mother radionuclide decay must be considered to correct the concentration
of the daughter radionuclide.

The Figure 6.31 gives an overwiev of the mother-daughter relation of actinides and
shows the importance of aproximations and assumtpions for the cooling time correction.
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The association of a radionuclide with a given decay chain depends on the considered
cooling time. For this work the relevant upper cooling time of CT=35 years is the
time correction to the discharge date, which is assumed in the calculated SKB inventory
data. The chart 6.31 illustrates the decay dependencies of actinides. Below the realistic
bandwidths of the actinides a discussed in relation to the decay chains the belong.

The decay chain: 2°Cf %5 246Cm %3 242py

Parent-daugther relations do not affect significantly the activities of the individual
members of this decay chain. Therefore, the activities of these RNs are determined by
their own individual decays. Because of its short half-life and small concentration, 2°°Cf
is not relevant for the analysis of realistic bandwidth. Anyway, 2*°Cf is not incuded in
the list of relevant radionuclides (cf. Table 1.1).
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Figure 6.32: Decay chain of 2°Cf.
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246 Cm

During irradiation time 26Cm is built-up by activation processes. This RN is mostly
sensitive to IE, which variation makes the most significant contribution to its band-
width (cf. Figure 6.33). The theoretical bandwidth is in a good agreement with the
experimental and calculated international data.
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Figure 6.33: Realistic bandwidth of 246Cm.
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242Pu

During irradiation time 2#?Pu is built-up by activation processes. This RN is mostly
sensitive to IE, which variation makes the most significant contribution to its band-
width (cf. Figure 6.34). The theoretical bandwidth is in a good agreement with the
experimental and calculated international data.
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Figure 6.34: Realistic bandwidth of 242Pu.
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The decay chain: ?**™Am B o, ol 33p,

The particular property of this decay chain is that 2#2Cm is a short-lived radionuclide,
which activity is greatly decreased after about seven years. After about ten years its
activity is determined by the secular equilibrium with 242" Am (cf. Figure 6.35). Thus,
for long cooling times (the cases of the US and the SKB data) the correction for the
discharge date requires an additional information on the concentration at an earlier
(below seven years) discharge time. Because these data are not available such corrections
were not performed (cf. Figure 6.37). Therefore, the comparison of the theoretical
bandwidths with some experimental and calculated international data were not possible.
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242mAm

During irradiation time 2*®Am is built-up by activation processes. This RN shows
dependency on all SRPs, while variation in DT makes the most significant contribution
to the bandwidth (cf. Figure 6.36). Particularly, the concentration of #** Am builds-up
with the downtime and decreases with the cooling time (cf. Table 6.4). The theoretical
bandwidth in Figure 6.36 corresponds to the DT corrected bandwidth considering the
average DT of 400 days. Several calculated US data points correspond to the assemblies,
which experienced cycle maximum DTs of up to 5-6 years, i.e. the DT correction factor
should be approximately 5-6 times higher than it is listed in the Table 4.7. This effect of
large DT can be seen in the Figure 6.36, where the US data points exceed the theoretical
bandwidth. The additional correction on DT of up to 5-6 years shows that all calculated
US data are well within the theoretical bandwidth. Thus, the theoretical bandwidth is
in a good agreement with the experimental and calculated international data.
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Figure 6.36: Realistic bandwidth of 242™Am.
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24QCm

During irradiation time ?*2Cm is built-up by an activation process and by decay of
precursor radionuclide. This RN shows dependency on all SRPs; while variation in the
DT makes the most significant contribution to the bandwidth (cf. Figure 6.37). 242Cm
is short-lived RN. Therefore, the cooling time correction can be made only in cases,
where the secular equlibrium between 2*?*Am and 2*2Cm is not achieved. The ORNL
and SKB provide the concentration values only for the cases, where such an equlibrium
has been achieved (i.e. for the cooling times between 25 and 35 years). Therefore, the
comparison of the theoretical bandwidths for this RN with these calculated international
data were not possible. For similar reasons the comparison with some of the available
experimental data was also not performed.

The theoretical bandwidth in Figure 6.37 corresponds to the DT corrected bandwidth
considering the average DT of 400 days. The theoretical bandwidth is in a good agree-
ment with the experimental and calculated international data.
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Figure 6.37: Realistic bandwidth of 242Cm.
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238Pu

During irradiation time 2*®*Pu is built-up by an activation process and decay of 22Cm.
This RN is mostly sensitive to DT, which variations makes the most significant contri-
bution to its bandwidth (cf. Figure 6.38). Particularly 2**Pu concentration builds-up
with downtime and decreases with the cooling time (cf. Table 6.4). The theoretical
bandwidth in Figure 6.38 corresponds to the DT corrected bandwidth considering the
average DT of 400 days. Several calculated US data points correspond to the assemblies,
which expirienced the cycle maximum DT of up to 5-6 years, i.e. the DT correction fac-
tor should be approximately 5-6 times higher than that in the Table 4.7. This effect
of large DT can be seen in the Figure 6.38, where the US data points are exceed the
theoretical bandwidth. The additional correction on DT of up to 5-6 years shows that
all calculated US data are well within the theoretical bandwidth.

Slightly higher activities of the calculated US data correspond to the effect of burnable
absorber exposure that is considered in the ORNL modelling.

The theoretical bandwidth is in a good agreement with the experimental and calcu-
lated international data.
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Figure 6.38: Realistic bandwidth of 23¥Pu.
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The decay chain: 238U -2 23 2, 207p 2, 226,

Figure 6.39 shows that the decay of ?**Pu in the decay chain of ?*U has a significant
impact on the concentration of 2*4U and consequently on the concentrations of the
daughter radionuclides. 23U is not influenced by its parent radionuclide 2*2Pu and, thus,
remains constant for more than 10° years. This Figure shows the activities computed for
the case, where the initial composition of 234U was set equal to zero. On the other hand,
the results of experimental and calculated international data show that the realistic
initial content of 34U is not zero (cf. Figure 6.42). Additional simulations with realistic
initial concentrations of the uranium isotops as given in [Cerne et al., 1987] provide a
factor of 10 higher activity values for 24U and the correspondengly higher activity values
for 2°Th and 2*Ra. The concentrations of the latter two isotops are by a factor of 100
higher than in the case of zero initial concentration of 234U (cf. Figure 6.40).
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Figure 6.39: Decay chain of 2**U with initial composition of 23*U equal zero.



Realistic bandwidths of PWR-UOy RN inventory 85

Activity [Bq/t
=)

108

10°

107

102 102 100" 1 10 10> 10° 10* 10° 10° 107 10® 10° 10"
CT [years]

Figure 6.40: Decay chain of ?*®U with considered initial composition of *U as of [Cerne
et al., 1987].
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238U

During irradiation time 23U is depleted by the irradiation process. This RN shows
the dependence on IE, which variation makes the most significant contribution to the
bandwidth (cf. Figure 6.41). The theoretical bandwidth is in a good agreement with
the experimental and calculated international data.

The stronger negative gradient of all calculated US data points can be attributed to
control rod effects (the ORNL modelling considers the burnable absorber exposure).
Due to the effect of the thermal neutron consumption the neutron capture by 23%U is
increased, what leads to an increase in Pu production (cf. Figure 6.51).
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Figure 6.41: Realistic bandwidth of 233U.
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234U

During irradiation time 23U is built-up by activation and decay processes. This RN
depends both on DT and IE, while the IE makes the most significant contribution to
the bandwidth (cf. Figure 6.42).

However, the activity of 24U is strongly dependent on the initial composition (IC)
of this RN in the fuel. At the time when the SRP analysis has been performed the
importance of this information was not realized because of the lack of available data,
and therefore, its effect was not taken into account (i.e. initial concentration of ***U
was set equal to zero). Figure 6.42 shows that this assumption led to a factor of 10
difference between the theoretical bandwidth and the experimental data or calculated
international data, while the latter two sources of information were in a good agreement
with each other. Additional simulations with the initial uranium isotopic content from
[Cerne et al., 1987] provided a very good agreement with these data.
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Figure 6.42: Effect of initial composition on 23U concentration.
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230Th

During irradiation time 23°Th is built-up by activation and decay processes. This RN
depends on DT and IE, while the DT makes the most significant contribution to the
bandwidth.

However, 23°Th is quite sensitive to the initial composition of 2*U. An assumption
of zero initial concentration of 24U may lead to discrepances between the theoretical
bandwidth and the available calculated international data to a factor of 100. Figure 6.44
shows the bandwidth corrected for the initial concentration. The theoretical bandwidth
is in a good agreement with the calculated international data. However, the positive
slope of the theoretical bandwidth on burn-up is not consisten with the negative slope
revealed by the calculated international data. These deviations could be related to the
problems in the SCALE version 6.1.0, which are discussed in the section 2.2.

There are no experimental data in SFCOMPO for this RN.
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Figure 6.44: Realistic bandwidth of 2°Th, corrected to the initial composition of 24U,
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226 Ra

During irradiation time 2?°Ra is built-up by activation and decay processes. This RN
depends on DT and IE, while the DT makes the most significant contribution to the
bandwidth.

In analogy to 2°Th the initial composition of **U gives the largest contribution to
the theoretical bandwidth with a maximum discrepancy factor of 100. Figure 6.45 shows
the bandwidth corrected for the initial concentration. The theoretical bandwidth is in
a good agreement with the calculated NAGRA and GRS data. The calculated US and
SKB data provide slightly higher activity values.

There are no experimental data in SFCOMPO for this RN.
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Figure 6.45: Realistic bandwidth of 22°Ra, corrected to the initial composition of 234U.
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The decay chain:
BLOF Oy 2470y 2, 23 py B, 243 g @ 239D, @ 2430,

The decay chain of 2*"Cm includes six radionuclides: °'Cf, 247Cm, 2*3Pu, ?**Am,
243Cm and 2*Pu. All these radionuclides can be assumed to be cooling time independent
(for CT = 35 years) except for the short-lived radionuclides ?**Pu and ?*3Cm (cf. Figure
6.46). 243Pu achieves the secular equilibrium with 247Cm in a few days. Therefore, the
realistic bandwidth of 243Pu is determined by the realistic bandwidth of 24"Cm.
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Figure 6.46: Decay chain of *"Cm.
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25le

During irradiation time #*'Cf is built-up by activation processes. There are no mea-
surements in SFCOMPO for this radionuclide. This RN shows no strong dependence on
any SRPs (cf. Figure 6.47). The theoretical bandwidth is in a good agreement with the
calculated international data.
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Figure 6.47: Realistic bandwidth of 21 Cf.
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247Cm (243 P’LL)

During irradiation time 24"Cm is built-up by activation and decay processes. This
RN depends on IE, which makes the most significant contribution to the bandwidth (cf.
Figure 6.48). The theoretical bandwidth is in a good agreement with the experimental
and calculated international data.
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243 Am

During irradiation time 2**Am is built-up by activation and decay processes. This
RN depends on IE, which makes the most significant contribution to the bandwidth (cf.
Figure 6.49). The theoretical bandwidth is in a good agreement with the experimental
and calculated international data.
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Figure 6.49: Realistic bandwidth of 24*Am.
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243 Cm

During irradiation time 2*3Cm is built-up by activation processes. This RN depends on
DT, which makes the most significant contribution to the bandwidth (cf. Figure 6.50).
Particularly the concentration of 23Cm increases with the downtime and decreases with
the cooling time (cf. Table 6.4). The theoretical bandwidth in Figure 6.50 corresponds to
the DT corrected bandwidth considering the average DT of 400 days. Several calculated
US data points correspond to assemblies, which expirienced a cycle maximum DT of up
to 5-6 years, i.e. the DT correction factor should be approximately 5-6 times higher than
that in the Table 4.7. This effect is seen in the Figure 6.50. The additional calculations
assuming the DT of up to 5-6 years show that all calculated US data fall within the
theoretical bandwidth. Thus, the theoretical bandwidth is in a good agreement with the
experimental and calculated international data.
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Figure 6.50: Realistic bandwidth of 243Cm.
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239Pu

During irradiation time 23°Pu is built-up by activation and decay processes. This RN
depends on all considered SRPs; while the variation in IE makes the most significant
contribution to the bandwidth (cf. Figure 6.51). The theoretical bandwidth is in a good
agreement with the experimental and calculated international data.

For 2°Pu all activity values of calculated US data points are slightly higher, because of
control rod effects (the US modelling considers the burnable absorber exposure). Due to
the effect of the thermal neutron consumption the neutron capture by 23U is increased,
what leads to an increase in Pu production. The increased 23°Pu generation is consistent
with the higher rate of depletion in ¥U (cf. Figure 6.41).
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Figure 6.51: Realistic bandwidth of 2°Pu.
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The decay chain: U -2 231 pg %5 227 4¢

Figure 6.52 shows that the decay of 2*Pu does not have a significant impact on 23U
for the CT of up to 35 years. The consideration of the decay of ?*Pu becomes important
for the CT above 10 thousand years.
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Figure 6.52: Decay chain of 2%°U.
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235U

During irradiation time 23U is depleted due to the fission. This RN depends on
IE, which makes the most significant contribution to the bandwidth (cf. Figure 6.53).
The theoretical bandwidth is in a good agreement with the experimental and calculated
international data.
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Figure 6.53: Realistic bandwidth of 235U.
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2311:)‘a

During irradiation time 23'Pa is built-up by activation and decay processes. There
are no measurements in SFCOMPO for this radionuclide. This RN depends strongly on
DT, IE and SP, while DT makes the most significant contribution to the bandwidth (cf.
Figure 6.54). The theoretical bandwidth corresponds to the DT corrected bandwidth
considering the average DT of 400 days. However, the DT correction factor of 2.2 (cf.
Table 4.7) is too small to explaine the observed discrepancies with the all calculated in-
ternational data. The preliminary conclusion is that there are other effects (not included
whitin the investigated SRPs) that influence the content of 2*'Pa. These discrepancies
can be also attributed to problems in the SCALE version 6.1.0. Futher analysis on this

RN is needed.
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227AC

During irradiation time ?*”Ac is built-up by activation and decay processes. There
are no measurements in SFCOMPO for this radionuclide. This RN depends strongly
on DT, IE and SP, while DT makes the most significant contribution to the bandwidth
(cf. Figure 6.55). The theoretical bandwidth corresponds to the DT corrected band-
width considering the average DT of 400 days. The theoretical bandwidth is in a good
agreement with calculated international data.
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Figure 6.55: Realistic bandwidth of 227 Ac.
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The decay chain: 2Bk B, 9 Cf -2 25Cm -2 24 py By gy

Figure 6.56 shows decay chain of 2°Cm. All radionuclides from this chain except
9Bk are in the list of final disposal relevant radionuclides (cf. Table 1.1). However,
2498k is very important for the cooling time correction of 24°Cf concentration (cf. Figure
6.56). For example, the ORNL data cannot be correctly projected to the discharge date
if the data of 249Bk are missing (cf. Figure 6.58). The other precursor radionuclides of
9Bk (i.e. %Es, 2»3Cf and "Fm) do not have a significant impact on ?*Bk and do not
need to be cosidered for the cooling time correction (cf. Figure 6.57).

Furthermore, 2*'Pu has a significant impact on 2! Am and should be also considered
for the cooling time correction for this RN.
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Figure 6.56: Decay chain of 2#°Cm.
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Figure 6.57: Decay chain of 249Cf.
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249 Cf

During irradiation time 249Cf is built-up by activation and decay processes. There are
no measurements in SFCOMPO for this radionuclide. This RN depends on IE, which
makes the most significant contribution to the bandwidth (cf. Figure 6.58).

After the discharge the concentration of this radionuclide increases rapidly up to a
factor of 10 due to the decay of the precursor radionuclide ?*Bk (cf. Figures 6.57 and
6.58). However, 2*Bk is not included in the list of relevant radionuclides (cf. Table
1.1) and thus, the concentrations of this RN was not provided by ORNL. Therefore, the
correction of the ORNL data to cooling time zero was performed without considering the
decay of ?*Bk. Consequently, the ORNL data ploted in Figure 6.58 are overestimated.
On the other hand, the data provided by NAGRA and GRS included the necessary data
for 249Bk, and thus these data could be correctly recalculated to zero cooling time. Figure
6.58 shows a very good agreement of the theoretical bandwidth with these datasets.
Thus, the information on 2*Bk should be always requsted in cases the #°Cf is to be
declared.
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Figure 6.58: Realistic bandwidth of 24°Cf.
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24SCm

During irradiation time 2**Cm is built-up by activation processes. This RN depends
on all SRPs, while variation in IE makes the most significant contribution to the band-
width (cf. Figure 6.59). The theoretical bandwidth is in a good agreement with the
experimental and calculated international data.
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Figure 6.59: Realistic bandwidth of 24°Cm.
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241 Pu

During irradiation time 24'Pu is built-up by activation and decay processes. This RN
depends on all nine considered SRPs, while the IE makes the most significant contri-
bution to the bandwidth (cf. Figure 6.60). The theoretical bandwidth is in a good
agreement with the experimental and calculated international data.
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Figure 6.60: Realistic bandwidth of 24'Pu.
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241Am

During irradiation time 2*!Am is built-up by activation and decay processes. This
RN depends on all nine considered SRPs, while the IE makes the most significant con-
tribution to the bandwidth (cf. Figure 6.61). The theoretical bandwidth is in a good
agreement with the experimental and calculated international data.

This radionuclide is very sensitive to cooling time (CT), because its content increases
after the discharge date due the decay of precursor radionuclide 2! Pu. In the case of the
calculated data the zero time correction can be easily performed considering the decay
of 2'Pu. Therefore, the calculated international data are in a very good agreement
with theoretical bandwidth (cf. Figure 6.61). However, in the case of the experimental
data an additional information on Pu/Am separation date is required, because it has
a significant impact on the content of 2! Am. However, this information is not always
available in the original reports on experimental assay data. A disregard of this effect
can lead to discrepancies between the calculated and measured data as, for example, is
shown in Figure 6.61.
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The decay chain: »"Np -+ 233 %, 29T}

Figure 6.62 shows that the decay of 2! Am does not have a significant impact on >’ Np
for the CT of up to 35 years.
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Figure 6.62: Decay chain of *"Np.
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237Np

During irradiation time 23"Np is built-up by activation and decay processes. This RN
does not show strong dependencies on any of the nine considered SRPs (cf. Figure 6.63).
The theoretical bandwidth is in a good agreement with the experimental and calculated
international data.
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Figure 6.63: Realistic bandwidth of "Np.
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233U

During irradiation time 23U is built-up by activation and decay processes. This
RN depends on all nine considered SRPs, while IE and DT make the most significant
contributions to the bandwidth (cf. Figure 6.64). The theoretical bandwidth corresponds
to the DT corrected bandwidth considering the average DT of 400 days.

The content of this radionuclide increases after a discharge date because of the de-
cay of the precursor radionuclide 2"Np, therefore, the concentration of 2*’Np must be
considered for the cooling time correction of 233U,
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Figure 6.64: Realistic bandwidth of 223U effect of fuel impurities in Th.

However, Th impurities in the initial fuel are by far more important for the deter-
mination of the realistic bandwidth. In these impurities Th is represented by #2Th.
The neutron capture by 2>Th leads to the build-up of 2*3U. This effect can change the
activity of 223U by a factor of 1000, what can be seen in the Figure 6.64. For example,
the GRS data under assumption of 5 ppm of Th in the initial fuel provide a value,
which exceeds the theoretical bandwidth and all other calculated international data by
about 3 orders of magnitude. The measured data from SFCOMPO do not provide di-
rect information on Th imperities, however, the given activity values are closer to the
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GRS value. The agreement between these data suggests that the fuel assemblies used
in the measurements contained about the same lavel of Th impurities. Therefore, the
information on Th impurities in the initial fuel, especially for the reprocessed fuel, is
very important for the determination of the realistic bandwidth. This information is not
often available, however.

The slightly higher values of the calculated ORNL, NAGRA and SKB data (cf. Figure
6.64) in comparison to the theoretical bandwidth could be caused by problems in the
SCALE version 6.1.0.

Thus, the most important SRP for 23U is the fuel impurity (Th). This conclusion
will be also important in the case of 232Th (cf. Figure 6.73).
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229Th

During irradiation time ??*Th is built-up by activation and decay processes. There are
no measurements in SFCOMPO for this radionuclide. This RN depends on all considered
SRPs, while DT and IE make the most significant contributions to the bandwidth (cf.
Figure 6.65). The theoretical bandwidth corresponds to the DT corrected bandwidth
considering the average DT of 400 days. This bandwidth is in a good agreement with
the calculated international data. Some calculated data from ORNL that fall above of
theoretical bandwidth in Figure 6.65 correspond to the assemblies with DT of more than
1000 days.
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Figure 6.65: Realistic bandwidth of 22°Th.
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The decay chain:
WUOF O Uy Oy 2py | Moy, @, 20y, @ 236

All radionuclides of this chain are in the list of final disposal relevant radionuclides.
However, the present burn-up calculations provided zero concentration for *2Cf. This
result could be attributed to the problems in the SCALE version 6.1.0. Thus, the the-
oretical bandwidth of 2°2Cf has not been determined. However, the calculated NAGRA
and GRS data include non-zero values of 2°2Cf. This implies that a futher analysis of
this inconsistency is needed.
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Figure 6.66: Decay chain of ?*4Pu.
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248 Cm

During irradiation time 2*¥Cm is built-up by activation and decay processes. There
are no measurements in SFCOMPO for this radionuclide. This RN depends on IE,
which makes the most significant contribution to the bandwidth (cf. Figure 6.67). The
theoretical bandwidth is in a good agreement with the calculated international data.
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Figure 6.67: Realistic bandwidth of 248Cm.



Realistic bandwidths of PWR-UOy RN inventory 114

244Pu

During irradiation time 24*Pu is built-up by activation and decay processes. This RN
depends on IE, which makes the most significant contribution to the bandwidth (cf.
Figure 6.68). The slightly higher values of the calculated ORNL data correspond to
effect of burnable absorber exposure. The theoretical bandwidth is in a good agreement
with the experimental and calculated international data.
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Figure 6.68: Realistic bandwidth of 2#*Pu.
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244Cm

During irradiation time 2*4Cm is built-up by activation and decay processes. This
RN depends on IE, which makes the most significant contribution to the bandwidth (cf.
Figure 6.69). The theoretical bandwidth is in a good agreement with the experimental
and calculated international data.
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Figure 6.69: Realistic bandwidth of 2*Cm.
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240Pu

During irradiation time 2‘°Pu is built-up by activation and decay processes. This RN
depends on IE, which makes the most significant contribution to the bandwidth (cf.
Figure 6.70). The theoretical bandwidth is in a good agreement with the experimental
and calculated international data.
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Figure 6.70: Realistic bandwidth of 24°Pu.
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236U

During irradiation time 23U is built-up by activation and decay processes. This RN
depends on IE, which makes the most significant contribution to the bandwidth (cf.
Figure 6.71). The theoretical bandwidth is in a good agreement with the experimental
and calculated international data.
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Figure 6.71: Realistic bandwidth of 236U.
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The decay chain: 232Th %5 28 Th <& 232[] (& 26y i ZBONp

This is the most interesting and challenging decay chain. Here, only two radionuclides
are in the list of relevant RNs, namely ?**Th and ?*2U (cf. Table 1.1). For the cooling
time correction of 22U, the information on its precursor radionuclide 236Pu is reqiured,
because 232U increases after discharge due to the decay of 2¢Pu (cf. Figure 6.72).
However, when the cooling time significantly exceeds 35 years the additional information
on ?%Th and ?*6Np is also required.
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Figure 6.72: Decay chain of 232Th.
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232Th

During irradiation time 232Th is built-up by activation and decay processes. There are
no measurements in SFCOMPO for this radionuclide. This RN depends on all considered
SRPs, while IE and DT make the most significant contributions to the bandwidth (cf.
Figure 6.73). The theoretical bandwidth corresponds to the DT corrected bandwidth
considering the average DT of 400 days.

After discharge date the content of this radionuclide increases, because of the decay
of the precursor radionuclide 2*U. But Th impurities in initial fuel are by far more
important. This effect of these impurities can increase the 232Th concentration of the
factor of 10000 as is seen in the Figure 6.73. Here, the GRS data, which assume 5 ppm
of Th in initial fuel, provide much higher values than the theoretical bandwidth and all
other calculated international data. Therefore, the information on Th impurities in the
initial fuel, especially for the reprocessed fuel, is very important for the determination
of the realistic bandwidth. This information is not always available, however.

Thus, the most important SRP for #*?Th is the fuel impurity. The same conclusion
has also been achieved for 23U (cf. Figure 6.64).
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Figure 6.73: Realistic bandwidth of 232Th and effect of fuel impurities.
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232U

During irradiation time 232U is built-up by activation and decay processes. This RN
depends on all considered SRPs, while IE and DT make the most significant contributions
to the bandwidth (cf. Figure 6.74).

In analogy with 24°Cf (cf. Figure 6.58), the concentration of this radionuclide increases
rapidly after the discharge up to the factor of 10 due to the decay of precursor radionu-
clide °Pu (cf. Figures 6.72 and 6.74). However, Pu is not in the list of relevant
radionuclides (cf. Table 1.1) and is not provided in the ORNL data. Thus, the disagree-
ment, between the theoretical bandwidth and the ORNL data and some measurements
from SFCOMPO occurs because the decay of 226Pu is not taken into account in the
cooling time correction (cf. Figure 6.74). On the contrary, NAGRA, GRS and some
experimental data from SFCOMPO include the information on 2*Pu. Consequently, a
good agreement between these data and the theoretical bandwidth is obtained.

Thus, the information on 2*Pu should be always requsted in cases the 232U is to be
declared.
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Figure 6.74: Realistic bandwidth of 232U.
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7 Conclusion

The present work highlights the importance of the estimation of uncertainties in ra-
dionuclide inventories of spent nuclear fuel, which relate to the lack of detailed informa-
tion on fuel impurities, initial composition, design and operating data. This estimation is
made considering all available experimental and calculated international reference data
on real spent fuel assemblies.

The developed method provides a possibility to estimate the realistic composition of
PWR-UO, SNF inventory (i.e. the realistic bandwidths for each relevant radionuclide)
using the information on burn-up and cooling time only (i.e. the Primary Reactor Pa-
rameter data). This method is based on the sensitivity analysis of nine reactor design
and operating parameters, the so called Secondary Reactor Parameters (SRP), which
include initial enrichment (IE), fuel density (FD), specific power (SP), downtime (DT),
irradiation time (IT), fuel temperature (FT), moderator density (MD), moderator tem-
perature (MT) and boric acid concentration (BA). The most important SRPs are the
IE, SP and DT.

The theoretical (or calculated) bandwidths of radionuclides, which are relevant for
the final disposal, are determined for the burn-up range of 0 — 71 GWd/tyy using the
burn-up code SCALE 6.1 and the nuclear data library ENDF/B-VIL.0. The theoretical
bandwidths are validated with the aid of radiochemical assay data (RCA) that are
taken from the Spent Fuel Isotopic Composition Database (SFCOMPO), the database
maintained by the OECD Nuclear Energy Agency (NEA). This database comprises
measurements for more than 300 PWR-UOQO, fuel samples with the associated burn-up
range between 3 and 75 GWd/tyum.

Moreover, a comprehensive verification of the method is performed by comparing
the theoretical bandwidths with calculated reference inventory data, which have been
compiled by several countries for long-term safety assessments, spent fuel transportation,
storage, and other applications. In this work the theoretical radionuclide bandwidths
are compared to:

e calculated inventories of approximately 2000 US PWR-UO, spent fuel assemblies
with a burn-up range between 7 and 53 GWd/tun;

e calculated inventories of fuel assembly families that represent average data for
approximately 3300 Swiss PWR-UO, SNF;

e calculated average inventory of the Swedish PWR-UQO, SNF;
e calculated average inventory of the German PWR-UQO, SNF.

The theoretical bandwidths based on the sensitivity analysis of nine SRPs yield good
agreement with the experimental and calculated international PWR-UO, SNF data for
most radionuclides, except for the six RNs (light RNs and fission products) and the six
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actinides (cf. Table 7.1). For these 12 RNs the deviations between the theoretical band-
widths (those predicted here) and the variability range of the calculated international
inventory or experimental data may even exceed 4 order of a magnitude. It is shown that
all these large deviations can be eliminated by the correct choice of initial composition
(IC), fuel impurities (FI) and nuclear data library (Lib).

Table 7.1: RNs with major impact of FI, Lib and IC

Name of SRP RN Deviation factor !
108m A 100
Mo 1000
Fuel impurities (FI) *Nb 0
126G, 9
282Th 10000
3y 1000
Fuel impurities (FI) and 1o 1000
Modelling properties (Lib) 3 1000
Modelling properties (Lib) 231Ppy 6
23477 10
Initial composition (IC) 230 100
226Ra 100

1 Deviation factor is an approximate maximum ratio of the largest and low-
est activities for a given RN, which are determined by available calculated
international or experimental data, or, by the theoretical bandwidths. For
example, when the available data fall off the theoretical bandwidths, one of
limiting values is taken equal to the lowest (or the largest) value along the
theoretical bandwidth (cf. Figure 6.64).

The experimental data that are available at the scope of this work for 41 radionuclides
are important for validation of the theoretical bandwidths. The comparison of theoretical
bandwidths with the calculated international radionuclide data highlights the potential
issues related to the unknown information on the fuel impurities, initial composition,
cooling time, modelling properties, etc. and provides useful indication to the insufficiency
of the available experimental data.

This work provides a possibility to classify radionuclides in terms of their sensitivity
to specific reactor design and operating parameters. This classification is particulary
important within the scope of interest for nuclear waste management.

The developed method of predicting the realistic RN bandwidths is widely applicable
for the tasks of product quality control as well as for long-term safety analyses of final
repositories and for safeguard applications. An analogue method can be applied not
only for the PWR-~UQO, type spent fuel but also for other types of nuclear waste.

The main challange of this work was in obtaining and combining information on princi-
ples of reactor physics and on radiochemical assay methods, which was essentially owned
by different expert communities. Personal contacts with members of these communities
and the participation in several international conferences bore the success of this work.
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