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FOREWORD

The International Symposium on Management of Low and Intermediate Level
Radioactive Wastes, organized jointly by the International Atomic Energy Agency
with the Commission of the European Communities, was held in Stockholm,
Sweden, from 16 to 20 May 1988.
The symposium was attended by more than three hundred experts from thirty
countries and six international organizations. There were 47 oral presentations of
papers, including 4 invited papers on most interesting and important topics, and
45 poster presentations. All basic stages of management of low and intermediate
level radioactive wastes (treatment, conditioning, waste form characterization and
quality control, and disposal options) were addressed at the symposium. For the first
time in IAEA practice the subject of treatment and conditioning of mixed radioactive
and chemically and biologically hazardous wastes was also included in the
programme.
The papers presented at the symposium showed that substantial progress is still
possible in the further development and improvement of the numerous existing technologies for waste treatment and conditioning. Much effort is being made to
minimize the volume of waste, to reduce the total cost of waste management, and
to improve the quality of immobilized wastes and the reliability of disposal.
A great number of techniques available worldwide for the treatment and conditioning of radioactive wastes and several new treatment processes being developed
in different countries were reported. The range and the novelty of this work indicate
that substantial effort is continually being devoted to the improvement of treatment
and conditioning techniques. It was strongly confirmed by many contributions at the
symposium that waste product composition and quality should be adjusted to meet
the disposal criteria and therefore depend on the disposal option selected. Intensive
work in this field is being carried out within the European Communities' research
programme on Management and Disposal of Radioactive Wastes through coordinated actions by large numbers of European laboratories.
A range of disposal options were discussed at the symposium. Depending on
many factors, including the geology and geography of the country concerned, waste
composition, availability of appropriate abandoned mines and socio-political factors,
either deep underground disposal or shallow land burial or a combination of the two
is being adopted for the disposal of radioactive wastes. The extensive description of
the new Swedish repository for radioactive waste, the SFR, constructed in rock
caverns below the sea-bed, was a highlight of the symposium.

It is hoped that the proceedings will constitute an important source of information to the wide community of scientists, decision makers and representatives of the
industry dealing with the management of low and intermediate level radioactive
wastes produced at nuclear fuel cycle facilities and in different nuclear applications.
The IAEA and the CEC wish to express their gratitude to the Swedish authorities and, in particular, to the staff of the National Institute of Radiation Protection,
Stockholm, for the support, hospitality and services provided, which contributed
greatly to the success of the symposium.
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Abstract-Résumé
F R E N C H P O L I C Y F O R T H E M A N A G E M E N T OF L O W A N D I N T E R M E D I A T E L E V E L
SOLID RADIOACTIVE W A S T E S .
Low level radioactive wastes present an extremely specific type of risk, and their
management, like other nuclear activities, requires strictly organized protection measures.
The aim of a management system for low level wastes is to define, organize and implement
all the measures necessary to ensure that no damage can be caused by the wastes. The long
term industrial management of radioactive wastes in France has been entrusted to the National
Agency for Radioactive Waste Management (Andra), which is responsible for the design,
siting, construction and management of storage centres. The main option for fmal storage of
short lived low and intermediate level wastes adopted in France is ground surface disposal
according to the multiple barrier principle (packages, storage structures, site). The technology
developed in France is based on the placement of successive engineered barriers between the
radioactivity and the environment. The paper concludes by reviewing the application of these
principles at the centre already in operation (Manche storage centre) and to the design of a
centre under construction (Aube centre).

LA POLITIQUE F R A N Ç A I S E D E GESTION DES D E C H E T S R A D I O A C T I F S SOLIDES
DE FAIBLE E T M O Y E N N E A C T I V I T E .
Les déchets radioactifs de faible activité constituent un type de risque très spécifique
et leur gestion, comme les autres activités nucléaires, exige des mesures de protection strictement organisées. Le but d ' u n système de gestion des déchets de faible activité est de définir,
organiser et mettre en place toutes les mesures nécessaires pour garantir qu'aucun dommage
ne pourra être causé par les déchets. La gestion industrielle à long terme des déchets radioactifs en France a été confiée à l'Agence nationale pour la gestion des déchets radioactifs (Andra)
qui a en charge la conception, la localisation, la construction et la gestion des centres de stockage. L'option de base retenue en France pour le stockage définitif des déchets de faible et de
moyenne activité à vie courte est le stockage terrestre en surface selon le principe des barrières
multiples (colis, structures de stockage, site). La technologie développée en France repose sur
la mise en place de barrières ouvrages successives entre la radioactivité et l'environnement.
On termine ce mémoire par l'examen de l'application de ces principes sur le centre en
exploitation (Centre de stockage de la Manche) et dans la conception du centre en cours de
construction (Centre de l'Aube).
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INTRODUCTION

La gestion industrielle à long terme des déchets radioactifs en France a été
confiée à l'Agence nationale pour la gestion des déchets radioactifs (Andra). L'Andra a en charge la conception, la localisation, la construction et la gestion des centres
de stockage.
Le programme national français de gestion des déchets, opérationnel avec
l'exploitation du centre de surface de la Manche, se poursuit avec la construction
d'un second site de surface dans l'Aube, dont la mise en service est prévue pour
1991, et la sélection de sites pour la construction d'un laboratoire souterrain destiné
à la qualification d'un site pour le stockage géologique.
Nous allons nous limiter ici à la politique française de gestion des déchets de
faible et moyenne activité stockables en surface.

2.

DEFINITION DE LA POLITIQUE

2.1. L'Andra comme organisme public
La gestion des déchets radioactifs recouvre l'ensemble des opérations destinées
à assurer, pendant toute la durée nécessaire et en toute circonstance raisonnablement
prévisible, la protection des personnes contre les risques radiologiques qui ne
seraient pas acceptables. Elle doit de surcroît préserver l'environnement et limiter
les contraintes induites pour les générations futures.
Les pouvoirs publics français ont estimé que seul un organisme public
présentait la pérennité indispensable pour une mission couvrant:
— l'efficacité d'une gestion de la sûreté à un coût acceptable dans le court terme;
— la responsabilité vis-à-vis des générations futures;
— la garantie d'une grande rigueur technique;
— une indépendance de jugement nécessaire relativement aux problèmes à résoudre.
C'est pourquoi un arrêté interministériel signé le 7 novembre 1979 créait, au
sein du Commissariat à l'énergie atomique, l'Agence nationale pour la gestion des
déchets radioactifs (Andra).
Cet arrêté, conformément aux dispositions législatives en vigueur et en application de la politique générale définie par le gouvernement, chargeait l'Andra des
opérations de gestion à long terme des déchets radioactifs.
Dans ce cadre, l'Andra est notamment responsable:
— de la gestion des centres de stockage à long terme en exploitation;
— d'établir, en s'appuyant sur la réglementation de sûreté, les spécifications techniques correspondantes;
— de la conception, l'implantation et la réalisation des nouveaux centres de
stockage à long terme.
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Par ailleurs, dans un exposé devant le Conseil supérieur de la sûreté nucléaire,
le secrétaire d'Etat chargé de l'énergie précisait les rôles relatifs des divers
partenaires dans la gestion des déchets radioactifs:
— à l'Andra, service public au sein du CEA, de s'assurer au nom de l'Etat et dans
le cadre de sa pérennité de la gestion à long terme des colis de déchets qu'elle a
préalablement agréés;
— aux producteurs, la production et l'identification du déchet et son conditionnement sous une forme répondant aux spécifications de l'Andra;
— aux autorités de sûreté, la charge de définir les objectifs de sûreté, d'en
préparer la réglementation et d'en vérifier l'application;
— aux organismes de recherche d'apporter l'aide nécessaire pour la recherche et
le développement pour les méthodes de traitement, de conditionnement et de
stockage.
Organisme public et industriel, l'Andra se doit, à un coût acceptable, de
garantir la sûreté.
C'est ainsi que, par delà l'établissement des spécifications techniques
applicables à toute la chaîne de la gestion des déchets, une action essentielle de
l'Andra est de s'assurer du respect des règles de qualité.
Cet aspect qualité, fondamental dans la démarche de sûreté appliquée à la
gestion à long terme des déchets radioactifs, a fait l'objet d'un arrêté ministériel en
date du 22 septembre 1984 fixant les objectifs et les domaines d'application.
La mise en place de la mission de l'Andra impliquait:
— la définition d'une politique et l'élaboration d'une stratégie,
— la définition d'une option technique (système multibarrière), •
— la mise en place des moyens nécessaires à un système intégré de gestion des
déchets.

2.2. Principe de la gestion des déchets de faible et moyenne radioactivité en
France
L'option de base retenue en France pour le stockage définitif des déchets de
faible et moyenne activité à vie courte est le stockage terrestre en surface selon le
principe des barrières multiples (colis, structures de stockage, site).
La stratégie définie, s'appuyant sur l'expérience acquise tout au long de
l'exploitation du Centre de la Manche, a conduit à prévoir la réalisation d'un second
centre de stockage situé dans le département de l'Aube, destiné à prendre le relais
du Centre de la Manche dès fin 1990.
2.2.1.

Système

multibarrière

Le principe de base du stockage en surface des déchets radioactifs est la
protection du déchet contre les agressions de l'homme et de l'eau pendant le temps
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nécessaire à la diminution de la radioactivité par décroissance naturelle, jusqu'à un
niveau où elle ne présente plus de risque pour l'environnement, et ce dans une
période de temps acceptable par la société humaine (300 ans en France).
Pour cela, il est nécessaire que soient réunies trois conditions:
— les déchets stockés ne doivent contenir que des émetteurs à vie courte ou
moyenne;
— l'activité spécifique de ces déchets doit être faible ou moyenne;
— pour chaque centre doit être fixée une valeur maximale de l'activité acceptable
en stockage à la fin de la période d'exploitation.
La technologie imaginée en France et mise en application dans les centres de
surface pour répondre à ces divers critères repose sur la mise en place d'une connaissance précise de l'activité contenue dans les colis de déchets et de leur qualité (point
traité dans la section suivante) et d'un système de barrières multiples entre la radioactivité et l'environnement.
Les barrières retenues sont:
— le colis de déchets, qui prend en compte les propriétés liées à la nature physicochimique des déchets, les caractéristiques de la matrice d'enrobage et, si nécessaire,
les performances du conteneur;
— les ouvrages réalisés sur le centre de stockage (ouvrages en béton, dalles,
couverture);
— le terrain.
La garantie de confinement, en situation normale ou en situation incidentelle
raisonnablement envisageable, est assurée par l'efficacité conjuguée de ces trois
barrières.
Il apparaît donc que, selon le risque encouru (déchet lixiviable, dispersable,
peu contaminé, etc.), il est possible de faire porter son effort sur telle ou telle
barrière. Par exemple:
— un colis très élaboré (matrice d'enrobage, conteneur durable, etc.) peut rendre
superflu l'ouvrage de béton du stockage;
— un colis simplifié (conteneur périssable, peu stable, etc.) nécessite une action
complémentaire.
Le choix entre les différentes options est fixé lors de la procédure d'agrément
des procédés de conditionnement des déchets par l'Andra sur la base de dossiers
techniques communiqués par les producteurs de déchets. Ces derniers sont en possession d'un guide dit «Catalogue des colis types acceptables pour un stockage en
surface».
Ce catalogue classe les colis en trois catégories:
a)
Les colis dont le conditionnement permet le stockage sans barrière complémentaire autre que la couverture destinée à la protection contre l'infiltration des eaux
pluviales seront empilés sur des plateformes dites «tumulus».
b)
Les colis nécessitant une barrière complémentaire, soit pour le confinement,
soit pour la tenue mécanique de l'ensemble, seront stockés dans des alvéoles de béton
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armé, l'ensemble étant comblé par un matériau de remplissage afin de réaliser un
monolithe présentant une bonne tenue dans le temps.
c)
Les colis qui nécessitent un conditionnement complémentaire (injection de
béton) ou un reconditionnement (compactage blocage) seront stockés sur une des
deux structures préalablement définies.
Le même raisonnement peut s'adapter à la troisième barrière qu'est le site. La
prise en compte des conditions climatiques, géologiques et hydrologiques peut
conduire à alléger ou renforcer le rôle des deux premières barrières.
En tout état de cause, la sûreté intrinsèque d'un stockage de surface repose en
France sur l'efficacité des deux premières barrières, le milieu géologique n'intervenant qu'en situation anormale.
2.2.2.

Système intégré de gestion des déchets

Les considérations précédentes montrent que le stockage n'est qu'un maillon
de la chaîne et qu'une gestion «sûre» doit prendre en compte toutes les opérations
de cette chaîne déchets-conditionnement-stockage.
Cette prise en compte conduit à suivre et contrôler la réalisation des diverses
barrières à travers des partenaires différents et des technologies diverses.
Une large concertation avec les producteurs, les autorités de sûreté et
l'ensemble des sous-traitants a permis la mise en place d'un système intégré de
gestion des déchets radioactifs.
Ce système couvre l'ensemble des activités de:
— conditionnement des déchets et leur transport,
— réalisation des structures de stockage et l'opération de stockage définitif.
Il s'appuie sur une organisation de la qualité à tous les niveaux de la chaîne.
La précision de son organisation facilite le contrôle des autorités de sûreté et l'information du public.
Dans la gamme des opérations couvertes par le système de gestion intégré
(production des déchets et leur conditionnement, leur transport, leur traitement complémentaire et leur stockage provisoire si nécessaire, jusqu'au stockage définitif),
deux problèmes se posent:
— s'assurer que toutes les caractéristiques des déchets ou du colis conditionné
correspondant (irradiations, composition radiochimique et radioactive, forme, stabilité) sont satisfaisantes pour permettre d'effectuer les diverses opérations prévues;
— s'assurer que tous les colis de déchets sont identifiés, pris en compte et peuvent
être suivis puis stockés.
L'Andra a élaboré ce système lui permettant de qualifier les formes de déchets
radioactifs ou les colis correspondants et de déterminer leur acceptabilité pour
stockage avant la production effective des colis et préalablement à tout envoi au
stockage. Ce système de gestion a été rendu possible parce que l'Andra est habilitée
non seulement à vérifier que les critères d'acceptation des déchets sont observés
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(contrôles), mais aussi à établir les critères (spécifications) et à apprécier si le traitement des déchets par le producteur est bien conforme à ces critères (agrément).
Les critères d'acceptation des déchets, basés sur des analyses de sûreté effectuées pour le site et l'installation de stockage et formalisés dans une réglementation
générale et des prescriptions techniques imposées par les autorités de sûreté,
conduisent à l'élaboration d'un ensemble détaillé de spécifications pour une forme
de déchet donnée. Ces spécifications servent de base, d'une part à la procédure
d'agrément qui qualifie chaque technique de traitement et de conditionnement des
déchets préalablement à leur mise en exploitation, et, d'autre part, au système de
contrôle mis en place sur les colis produits préalablement à leur expédition.
Pour ce faire, les producteurs ont l'obligation de présenter à l'Andra un dossier
d'agrément pour chaque type de colis qu'ils envisagent de fabriquer.
Ce dossier comprend:
— un descriptif détaillé du déchet et du procédé de conditionnement, une attention
particulière étant portée aux installations ou moyens de détermination de l'activité;
— la description et les résultats des tests de qualification;
— l'organisation qualité mise en place par le producteur pour la fabrication des
colis;
— les points de contrôle de la chaîne de fabrication accessibles aux inspecteurs
de l'Andra.
Le suivi du déchet depuis sa fabrication et son identification jusqu'à son
emplacement de stockage définitif est le deuxième volet important du système de
gestion intégré.
E l é m e n t i m p o r t a n t p o u r la s û r e t é , p u i s q u ' i l p e r m e t d e s a v o i r à t o u t instant
c o m m e n t se s i t u e la q u a l i t é d u c o l i s p a r r a p p o r t a u x d i v e r s c r i t è r e s ( s p é c i f i c a t i o n s ) ,
il p e r m e t d e p l u s d e j o u e r u n r ô l e v i s - à - v i s d e la s é c u r i t é p u i s q u e , d è s l e u r i d e n t i f i c a t i o n e t l e u r d é c l a r a t i o n d e c r é a t i o n p a r le p r o d u c t e u r , les colis s o n t s u i v i s et l o c a l i s é s
j u s q u ' à l e u r p o s i t i o n n e m e n t final d a n s la s t r u c t u r e d e s t o c k a g e .

Pour ce faire, l'Andra a mis en place un système informatisé de contrôle de
l'activité stockée (code COCAS), situé dans la base de données centralisées dans les
bureaux parisiens de l'Andra et relié par une procédure de liaison téléinformatique
(PROCOM) aux divers producteurs et aux centres de stockage.
Ce système permet, pour chaque colis fabriqué et dès son identification et sa
déclaration par le producteur:
— d'obtenir la description précise des caractéristiques du colis (nature du déchet,
nature et activité des radioéléments contenus, conditionnement, enrobage,
conteneur, etc.);
— de contrôler la conformité du colis au dossier d'agrément et aux spécifications
et, par là même, de donner l'autorisation d'expédition;
— de situer le colis par rapport aux campagnes de fabrication suivies par les
inspecteurs de l'Andra;
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— de suivre de façon permanente la position du colis depuis la constitution du
chargement de transport jusqu'à son emplacement de stockage final;
— d'exploiter le centre de stockage en respectant la réglementation, en contrôlant
les orientations des colis à l'arrivée par l'exploitant, et, par le biais du bilan d'activité
par ouvrage, de tenir à jour un inventaire des radioéléments stockés;
— sur la base du suivi de gestion du centre par lecture laser du code à barres
reprenant l'identification du colis et lié à la localisation dans l'ouvrage, de connaître
à tout instant la position spatiale d'un colis stocké définitivement.

3.

REALISATION DE CETTE POLITIQUE

Le Centre de la Manche est le premier centre français de stockage de surface
de déchets à vie courte de faible et moyenne activité.
Mis en service en 1969, il a été pris en gestion par l'Andra lors de sa création
fin 1979. A cette même date, les autorités de sûreté ont publié des prescriptions techniques relatives au Centre de la Manche dans l'attente de la publication en 1984 de
la Règle fondamentale de sûreté fixant les objectifs de sûreté applicables aux centres
de stockage de surface.
L'ensemble de la politique telle que précédemment décrite est actuellement
opérationnelle sur le centre en fin d'exploitation.

4.

POURSUITE DE CETTE POLITIQUE

Les principes et critères mis en œuvre sur le Centre de la Manche sont
reconduits sur le second centre de stockage en cours de réalisation. Les conditions
spécifiques du nouveau site seront cependant prises en compte ainsi que l'apparition
de nouveaux colis.
La décision de construire a été rendue publique par le secrétaire d'Etat à
l'énergie le 9 juin 1984; dès octobre 1984, la phase de présélection des sites commençait dans l'Aube, l'Indre et la Vienne. En juillet 1985, l'Andra recevait l'autorisation de poursuivre la qualification du site de l'Aube, et à l'été 1986, le dossier de
demande de déclaration d'utilité publique et de demande d'autorisation de création
d'installation nucléaire de base était déposé. Au cours du premier trimestre 1987,
le Groupe permanent chargé des installations destinées au stockage à long terme des
déchets radioactifs donnait un avis favorable au rapport préliminaire de sûreté qui
lui avait été présenté et, le 22 juillet 1987, le décret de déclaration d'utilité publique
était signé par le Premier ministre et publié au Journal officiel de la République
française du 23 juillet 1987.
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4.1. Base de conception du Centre
Le Centre de stockage de l'Aube a une capacité nominále d'un million de
mètre cubes et sa durée prévue d'exploitation est de 30 ans.
Les colis, livrés sous forme de colis agréés par l'Andra, répondront aux
critères de colis stockables en surface. Chaque colis sera individuellement identifié
par un numéro national et un repérage par code à barres.
Le Centre est conçu suivant les recommandations de la Règle fondamentale de
sûreté édictée par les autorités de sûreté et applicable aux centres de stockage de
surface.

4.2. Isolement des déchets
Cet isolement est réalisé par un ensemble de dispositifs qui empêche l'eau
d'atteindre les déchets en situation normale:
— l'emplacement du stockage est choisi au-dessus des plus hautes eaux de la
nappe phréatique;
— la sûreté intrinsèque des modules de stockage et des colis est garantie pendant
au moins 300 ans.
On retrouve le couple colis-ouvrage permettant d'optimiser la sûreté du
système:
— si le colis apporte par lui-même la sûreté intrinsèque, le stockage sera en
plateforme;
— si le colis est insuffisant en lui-même, le stockage sera en alvéole bétonnée
apportant le complément nécessaire pour assurer la sûreté intrinsèque.
La réalisation de la couverture assure la mise hors précipitation atmosphérique
au fur et à mesure de la fin d'exploitation d'un module de stockage, l'exploitation
se faisant sous toiture amovible.
Un réseau de collecte d'éventuelles eaux d'infiltration est construit. Un
système passif en mailles permet une détection facile des anomalies et un entretien
aisé.

4.3. Choix du site
Les points développés sous 4.1 et 4.2 permettent de respecter les deux objectifs
fondamentaux de sûreté explicités dans les principes de base.
Le choix du site s'oriente vers une garantie supplémentaire d'isolement des
déchets vis-à-vis de l'eau.
Le site doit répondre pour ce faire à certains critères tels que:
— être à l'abri d'éléments perturbateurs;
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— posséder des qualités géochimiques et hydrologiques lui permettant de palier
une éventuelle défaillance des première et deuxième barrières;
— être simple à modéliser.
L'ensemble de ces critères se retrouvent sur le site de Soulaines qui se prépare
à recevoir son premier colis de déchets radioactifs au début de 1991.

IAEA-SM-ЗОЗ/157

POLICY OF THE FEDERAL REPUBLIC OF
GERMANY CONCERNING MANAGEMENT OF
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Abstract
POLICY OF T H E F E D E R A L REPUBLIC O F G E R M A N Y C O N C E R N I N G M A N A G E MENT OF LOW AND INTERMEDIATE LEVEL WASTES.
Past and present practices of low and intermediate level waste management in the
Federal Republic of Germany are described. The experimental and legal backgrounds are
presented. An outlook is given on the availability of new repositories.

The peaceful use of nuclear energy as well as nuclear research in the Federal
Republic of Germany have always been conditional upon the safe management of all
kinds of radioactive wastes, including low and intermediate level wastes.
In the area of R&D the first nuclear energy programme of December 1957
already included the statement that major R&D on the safe disposal or the recycling
of radioactive residues is necessary. In the second nuclear energy programme it was
recommended that radioactive wastes be collected either at research centres (this has
been and still is done) or at nuclear power stations (this has never been done), and
that they be conditioned and put into intermediate storage prior to their final disposal
in salt formations.
In the area of legislation the Atomic Energy Act of December 1959 stipulates
that the Federal Government may, through statutory ordinance, fix ways of intermediate storage and final disposal of radioactive wastes that avoid causing any
danger to the public. The radiation protection ordinance of 1960, which was issued
on the basis of the Atomic Energy Act, provides further guidelines on the intermediate storage and final disposal of radioactive wastes. The amendment to the Atomic
Energy Act of 1976 regulates waste management in the Federal Republic of
Germany by law. It gives priority to reuse of radioactive residues and the obligation
to store and dispose of radioactive wastes in a safe manner. It fixes the responsibility
of the waste producers and the states for the intermediate storage of radioactive
wastes, especially from small producers, and the responsibility of the Federal
Government for final disposal.
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In the above mentioned legal framework and in the guidelines on R&D no
distinction has been made between low level, intermediate level, high level and transuranic wastes as far as final disposal is concerned. The provisions stipulate that all
kinds of radioactive wastes be disposed of in deep geological salt formations. This
was considered to be the optimum solution for the long term isolation of radioactivity
from the biosphere.
The first field investigations in the abandoned Asse salt mine started in 1964.
Three years later, the disposal of low level wastes in the Asse mine started within
the framework of an experimental programme. This was just six years after the
startup of the first experimental nuclear power station in the Federal Republic of
Germany. Starting in 1972, intermediate level wastes were also disposed of in the
Asse mine. The mine was operated by the Institute for Deep Geological Disposal,
a department of the Gesellschaft für Strahlen- und Umweltforschung, one of the
national research centres of the Federal Government. Thus, from the very beginning
geological disposal was under the responsibility of the Federal Government although
this was not required by law. The disposal of low and intermediate level wastes at
the Asse mine was stopped in 1978 for legal reasons.
The conditioning of radioactive wastes in the 1960s and 1970s was carried out
by the waste producers, in the beginning mainly by the national research centres,
such as the Kernforschungszentrum Karlsruhe and Kernforschungsanlage Jülich, and
the nuclear power stations. The conditioning techniques were thus also developed at
the nuclear research centres of the Federal Ministry for Research and Technology.
For small producers of radioactive wastes such as hospitals or small industrial
firms the different states of the Federal Republic of Germany have established waste
collecting stations. The stations collect the wastes, store and condition them and store
the conditioned wastes until they are sent to a final repository. The collecting stations
are independent bodies of the respective state governments; they are almost always
located on the premises of nuclear research centres and use the facilities of the
research centres for conditioning and storage.
All wastes to be disposed of in the Asse salt mine had to meet the acceptance
criteria which were issued by the operator of the mine after the licensing authorities
approved them. The requirements of those acceptance criteria were derived from
safety considerations regarding final disposal, operation of the mine and handling of
the wastes.
The fee charged for disposal was mainly the handling fee. Since it was an old
salt mine with plenty of room, excavation was not included in the fee, and since the
room available underground exceeded the demand of many years of waste disposal,
there was no major incentive for volume reduction during waste conditioning.
Owing to the fact that all wastes are disposed of in deep underground repositories, alpha bearing and alpha free low and intermediate level wastes are not
distinguished.
The guiding principles of waste management of the early days of nuclear
development in the Federal Republic of Germany are still valid. Of course, in their
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application today practical experience and the development of science and technology are taken into account.
This also means that today all kinds of radioactive wastes, including low and
intermediate level wastes, are disposed of in deep geological formations. Waste
conditioning and intermediate storage before and after conditioning as well as transport are under the responsibility of the waste producers. Big waste producers such
as nuclear power stations, reprocessing plants or large nuclear research centres do
their own conditioning and have their own storage facilities. Small producers such
as hospitals or small industrial firms deliver their wastes to the state collecting
stations where these tasks are carried out. Intermediate storage of radioactive wastes
takes place at the research centres, the power stations and state collecting stations.
All waste related costs are borne by the waste producers.
All these services are available on a commercial basis and the Federal Government considers that there is no need to provide public funds for R&D to improve
these techniques. This is to be done by the industries involved.
Final disposal, on the other hand, is the responsibility of the Federal Government, and the Physikalisch-Technische Bundesanstalt (PTB) has been designated by
law as the Government agency to carry out this task. The PTB may draw upon the
help of private industry. The first repository on a commercial scale will be the
closed-down Konrad iron mine. Although the Konrad mine is not a repository in a
salt formation it has other favourable features. It is located at a depth between 1000
and 1200 m, it has a thick overburden of clay bearing formations and the mine itself
is very dry. The mine is considered suitable for all kinds of non-heat-generating
radioactive wastes. After an extensive investigation of the mine's suitability, which
started in the mid-1970s, the PTB started the licensing procedure and we hope that
the licensing procedure will be finished by the end of 1989. After another three years
of modifications of the mine, disposal could start in the early 1990s.
Preliminary waste acceptance criteria for the disposal of radioactive wastes are
derived from safety analyses of the Konrad repository and have to be met by the
waste conditioners if they wish to dispose of their wastes in this mine. They already
provide guidance for waste conditioning today. Details on these topics will be given
in later contributions to this symposium from the Federal Republic of Germany. Of
course, other aspects such as operation of the mine and handling requirements were
taken into account when the acceptance criteria for the Konrad repository were being
set up. Owing to the much higher cost of waste disposal in this repository, volume
reduction will become much more important.
A second repository is being planned at the Gorleben site. This will be a final
repository in a salt dome, suitable for all kinds of wastes, including high level heat
generating wastes. The investigation of the Gorleben salt dome has been carried out
in phases. The first two phases, the above ground exploration of the geology of the
area and of the salt dome, are finished; the sinking of two shafts for underground
exploration has begun. Owing to an accident in 1987, which was a pure mining accident, work is held up but we hope to resume work later in 1988. The results of the
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above ground and underground site investigations will form the scientific basis for
a licensing procedure, which will be followed by the construction of the necessary
facilities for routine operation. According to the schedule, the operational phase is
to start soon after the year 2000.
The irregularities which became known early in 1987 in the area of transport,
conditioning and storage of low and intermediate level wastes in the Federal Republic of Germany — possibly better known as the Transnuklear/NUKEM affair —
have revealed bribery in the commercial part of waste management. There has never
been any danger to the people working in this area nor to the public. There was no
infringement of safety relevant regulations. As some waste producers only had a
licence to store their own wastes after conditioning, there was some infringement
owing to the cross-contamination of wastes during conditioning or because, in some
cases, not identical but similar wastes were returned to the waste producers after
conditioning. Consequences will have to be drawn from these events on an organizational rather than on a technical level. Responsibilities will be separated clearly
between the various organizations involved in waste production, transport, conditioning and storage. The possibilities for control will be improved.
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RESEARCH AND DEVELOPMENT ON
MANAGEMENT OF RADWASTES FROM
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Abstract
R E S E A R C H A N D D E V E L O P M E N T ON M A N A G E M E N T O F R A D W A S T E S F R O M
N U C L E A R P O W E R P L A N T S IN C H I N A .
The present status of management of radwastes from nuclear power plants in China is
briefly presented. The nuclear energy development programme and the generation of
radwastes are also described. R & D on the management of radwastes has recently focused on
solidification and disposal. The cementation process has been selected for the solidification
of liquid wastes from nuclear power plants. A cementation facility with in-drum mixing is
under construction at the Qinshan nuclear power plant. Shallow ground burial will be adopted
to dispose of low and intermediate level radwastes in China. Some burial sites will be
constructed by the end of this century.

1.

INTRODUCTION

With the present rapid development of the national economy, the demand for
electric power in China is increasing. Therefore, the Chinese Government regards
the development of energy sources as one of the most important tasks. China is rich
in coal and hydroelectric resources but they are not evenly distributed, being mainly
in the north, northwest and southwest of China. In the coastal provinces and cities,
where the economy is relatively well developed, energy sources are inadequate. If
a reasonable number of nuclear power plants were built in these areas, the problem
of insufficient power supply would be alleviated. For this reason, NPPs are first
being considered for these areas..
According to the national economic development programme, based on the
capability of the nuclear industry as well as financing ability, it is expected that 5000
to 7000 MW capacity of nuclear generation will be reached by the year 2000 in
China.
Within this nuclear energy development programme, a 300 MW PWR unit at
Qinshan is being constructed with mainly Chinese resources. In addition, building
of the Daya Bay NPP, with two 900 MW PWR units, ,in Guangdon Province began
in the first half of 1984. The second phase of the Qinshan NPP project with two
600 MW PWR units was approved by the Chinese Government in 1987.
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TABLE I. COMPOSITION AND RADIOACTIVITY OF LIQUID WASTES
Waste type

Radioactivity

Composition

(Bq/L)

Borate wastes

2.3 X 10 7

Low level wastes

2.3 X 10 6

15.7 wt% N a B O /
30 wt% N a N 0 3 and small
amounts of C a C 0 3 , M g C 0 3

Sludges
Chemical wastes

a

3.7 X 10 3
8.1 X 10

3

Silt
B

3+

1500 ppm, L i + 2 ppm

N a B 0 2 is the product of the reaction between boric acid and sodium hydroxide.

With the implementation of the Chinese nuclear energy development
programme, a large amount of radwastes will be generated. For the proper management of radwastes from the NPPs the liquid radwastes will have to be solidified
before disposal and the cementation process has been adopted for this solidification.
Two or three regional disposal sites will be constructed by the end of this century.

2.

GENERATION OF LIQUID RADIOACTIVE WASTES

During the operation of an NPP various radwastes will be generated. Among
them, there will be several kinds of liquid wastes, such as borate wastes, low level
wastes and chemical wastes.
The radionuclides in borate wastes come from active materials originating
from non-active impurities in the coolant, corrosive products from structural
materials and leakage of broken fuel claddings. After decaying for a certain period,
borate wastes will be concentrated in an evaporator. The concentrate from the evaporator should be further solidified.
Low level wastes consist of decontamination effluents and regeneration
effluents from the boron recycle system and chemical volume system. Wastes will
first be filtered in a sand filter and then concentrated. The concentrates and sludges
generated from the back-washing of the sand filter will also be solidified.
Chemical wastes such as laboratory drain and sampling effluents will be solidified directly.
The composition and radioactivity of liquid wastes to be solidified at the
Qinshan NPP are shown in Table I.
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TABLE П. EFFECT OF ADDING SODIUM HYDROXIDE ON PRELIMINARY
COAGULATION TIME
Quantity of N a O H
(wt%) a
Preliminary coagulation
time (min)

a

18

24

36

48

1920

1292

384

72

The percentage by weight of the second amount of NaOH as a fraction of the first amount
added to the boric acid.

3.

SOLIDIFICATION OF WASTES

Concentrates, sludges and chemical wastes should be solidified to a stable form
for temporary storage and transportation to a burial site. Having studied the bituminization, cementation and polymer solidification processes, the nuclear authorities
decided to build a cementation facility at the Qinshan NPP. Therefore, the formulation of the cements, testing of solidified products and selection of process parameters
have been carried out. The cementation process will also be adopted at the Daya Bay
NPP.

3.1. Basic study
3.1.1.

Formulation of cements

A study of cement formulations for borate wastes, low level waste concentrates, sludges and chemical wastes has been completed. Solidified products with
good properties are obtained using silica or silicate cement. Under alkaline conditions the water/cement and salt/cement ratios should be controlled at 0.4-0.5 and less
than 0.2, respectively. We found that the borate wastes are hard to solidify owing
to the presence of BO|" since the following reaction could occur:
2H 3 B0 3 + Ca(OH) 2 -

Ca(B02)2-2H20 + 2H20

Calcium hydroxide is the product generated in the cement hydration process.
Calcium borate is slightly soluble in water. There is a Ca(B0 2 ) 2 barrier on the
surface of the cement particles which not only influences the reaction of cement with
water but also hampers the aggregation of 3 C a 0 - 2 S i 0 2 - 3 H 2 0 colloid particles
generated in the reaction, and therefore influences the solidification of borate wastes.
In addition, we found that the time of preliminary coagulation could be shortened
when a certain amount of sodium hydroxide or sodium silicate was added to the
borate wastes. This effect is shown in Table II and Table III, respectively.
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TABLE Ш. EFFECT OF ADDING SODIUM SILICATE ON PRELIMINARY
COAGULATION TIME
Water/solidifying
agent 2 (by weight)
Preliminary coagulation
time (min)

3

0.75

0.90

1.05

1.20

123

216

315

315

The solidifying agent consists of 70 wt% cement and 30 wt% sodium silicate.
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FIG. 1. Relation between accumulated leaching fraction and time (water/cement ratio: 0.4).

Since the requirements for the addition of sodium silicate and its agitation time
are strict, for convenience of operation the addition of sodium hydroxide has been
adopted at the cementation facility.

3.1.2.

Tests of solidified

products

For the evaluation of the properties of solidified products, tests of compressive
strength, impact strength, thermal stability, leaching rate and radiation stability were
conducted. The variations of accumulated leaching fraction and leaching rate with
time for solidified products containing borate are shown in Figs 1 and 2, respectively. The curves of Fig. 2 show that the leaching rate of products solidified using
silicate cement is higher than when silica cement is used.
The compressive strengths of the solidified products described above can reach
145 and 132 kg/cm 2 for silicate and silica cement, respectively.
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FIG. 2. Relation between leaching rate and time (water/cement ratio: 0.4).

3.2. Cementation facility
The cementation facility for treating several kinds of radioactive wastes at the
Qinshan NPP is under construction. The capacity of the facility will be about 550
drums per year. The mixing of wastes with cement will be conducted and completed
in carbon steel drums of 900 mm height and 560 mm diameter.
During the cementation process, about 190 to 200 kg of cement are first put
in the drum, then 90 to 100 L of wastes are added during agitation. The time of agitation is 20 min. The whole solidifying process takes place within a shielded box
(B, Fig. 3). In the drum, the curing of the solidified product is carried out in the
moist atmosphere produced by evaporation of water within the wastes. After 28 days
of curing, the compressive strength and leaching rate will reach 50-100 kg/cm 2 and
5 X 10~3 cm/d (the average value from day 2 to day 7), respectively. The drums
containing wastes are then transferred to a storage building by remotely driven forklift truck for handling. The building has storage for drums from 15 years' operation
of the plant. The flow sheet of the cementation facility at the Qinshan NPP is shown
in Fig. 3.

4.

DISPOSAL OF WASTES

Radionuclides in radwastes can be harmful if they enter the human environment. The purpose of disposal is to confine them to the burial site until they are no
longer dangerous to man.
Shallow ground burial will be adopted for disposal of low and intermediate
level wastes from NPPs in China and a number of regional burial sites will be built
to meet the requirements of disposal of wastes from NPPs and other nuclear facilities. The regulations on waste classification and shallow ground burial have been

Metering
tank

rfL
A

Filter

O-c

Entrapment
trap

Drum
Cooler

П Pump

Heater
Tank

J

Weighing
machine

FIG. 3. Flow sheet of cementation facility.
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worked out and will be approved by the Government; other regulations, including
those governing the packaging and transportation of wastes, are being drafted.
Preliminary investigations on potential waste burial sites have been carried out.
In addition, studies on the leaching of waste forms and nuclide migration have made
some progress. Burial sites will be built in both dry and wet areas.

5.

CONCLUSION

While developing its nuclear energy programme, China is giving attention to
the solidification and disposal of radwastes. At present, the studies are concentrating
on the cementation process and shallow ground burial. In order to ensure protection
of the environment from pollution, a lot of research work needs to be done. As
regards the disposal of wastes, China is still at an early stage. It is hoped that a
demonstration site for the disposal of low and intermediate level wastes will be
constructed in the 1990s.
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Abstract
O V E R V I E W O F M A N A G E M E N T O F L O W L E V E L R A D I O A C T I V E WASTES

IN

CANADA.
In Canada, the programme for the management of low level radioactive wastes is one
of continued reliance on interim storage methods while putting in place the policies, regulations and technologies for the transition to permanent disposal which should begin early in the
1990s. The Canadian regulatory authority has issued a policy statement on the objectives,
requirements and guidelines for the disposal of radioactive wastes and has proposed a basis
for the identification of a de minimis category. The regulations impose a maximum annual
risk of 10~6 and are directed at minimizing the burden placed on future generations as well
as protecting human health and the environment. Several conceptual and site specific repositories have been designed and evaluated by the major producers in Canada. Proposals for the
disposal of uranium contaminated wastes, which comprise the majority of the existing inventory, encountered strong public opposition to suggested sites. This led to the formation of a
federal task force which has recommended a community driven siting process. Little opposition has been evident, however, to the operation of most of the existing storage sites for the
wastes continuing to arise from the nuclear industry. Processing and storage techniques are
being further developed to improve their efficiency. Also, funding for the construction of the
first prototype disposal vault has been committed.

1.

INTRODUCTION

In C a n a d a , l o w level r a d i o a c t i v e w a s t e s ( L L R W ) a r e d e f i n e d a s all r a d i o a c t i v e
wastes other than used nuclear fuel wastes and u r a n i u m m i n e tailings. Sources are
t h o s e c o m m o n in m a n y i n d u s t r i a l i z e d n a t i o n s — n u c l e a r p o w e r g e n e r a t i o n , u r a n i u m
refining and nuclear fuel production, nuclear research and development, production
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and use of radioisotopes for medical, research and industrial purposes, and various
industrial processes such as fertilizer production in which the radioactivity is only
incidental to the operation. Additionally, there is an accumulated inventory of
'historic wastes' which resulted from past practices involving natural radionuclides,
primarily radium.
The programme for the management of LLRW is one of continued reliance on
interim storage methods while putting in place the policies, regulations and technologies for the transition to permanent disposal facilities which should begin early in
the 1990s.

2.

LOW LEVEL RADIOACTIVE WASTE POLICIES

The policies of the Canadian Government for LLRW were issued in a series
of press releases on 26 October 1982, 25 April 1986 and 11 December 1987. The
policy objective defined was to
"ensure that low level radioactive waste will be dealt with in such a way that
— human health and the environment will be protected now and in the future;
and
— social as well as environmental factors will be taken into account. ' '
The policy that governs responsibility in this area is that the costs of waste
management should be borne by those involved in the generation of the wastes.
Thus, the primary responsibility for the management of radioactive wastes, including
disposal, rests with the producers of such wastes.
In addition to the primary responsibility, the Federal Government recognized
that in some circumstances governments must accept a residual responsibility when
no person or company can any longer be held responsible for the wastes. These circumstances include:
(a)
(b)
(c)
(d)

The cleanup and disposal of historic wastes,
Small producers not in a position to develop their own disposal facilities,
Companies no longer in business, and
Long term stewardship of disposal sites once they have been closed out to the
satisfaction of the regulatory authorities.

The Federal Government in 1982 created the Low-Level Radioactive Waste
Management Office in Atomic Energy of Canada Limited (AECL) to perform the
functions resulting from this federal residual responsibility. The office was asked to
deal with the historic wastes as a priority.
The office proposed to deal with the major quantity of historic wastes, which
was located in the town of Port Hope, Ontario, by delivering it for disposal by
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Eldorado Nuclear Limited, which was already planning disposal facilities for its
LLRW in the same general area. When local opposition to Eldorado's site selection
reached a peak, the Federal Government decided that the siting process used by
Eldorado was deficient. A task force was set up for the purpose of recommending
a more co-operative siting process. The report [1] of this task force, which was
released in December 1987, is a major input to the development of a siting policy
for new LLRW long term management facilities. It recommends that siting be considered only in communities which volunteer to host a facility. It also favours the use
of long term storage, rather than permanent disposal, for LLRW. It is anticipated
that the Federal Government will play a leading role in this siting process as a part
of its residual responsibility. Although the details of the siting process have not yet
been confirmed, two communities have already indicated an interest in hosting a
facility for the wastes.

3.

LOW LEVEL RADIOACTIVE WASTE JURISDICTION

Canada is a federation of ten provinces and two territories and under its constitution the provinces have control over their natural resources. Under the Atomic
Energy Control Act of 1946, the Federal Government pre-empted the control and
supervision of the development, application and use of atomic energy. This Act
resulted in the formation of the federal regulatory agency, the Atomic Energy Control Board (AECB), the federal nuclear energy development Crown corporation
AECL and the federal uranium mining and refining Crown corporation Eldorado
Nuclear Limited.
In dealing with LLRW, however, an important question arose as to how far
federal jurisdiction over radioactive materials should extend into natural resources
containing naturally occurring radioactivity. This is a policy question with extensive
financial implications for which resolution is being sought on the basis of a political
agreement. This agreement would be based on the Federal Government's having
jurisdiction (regulatory power and residual responsibility) over radioactive wastes
from the nuclear fuel cycle (from the uranium refining stage through to nuclear
power plants) and over the beneficial uses of radioactivity and radioisotopes, while
the provincial governments would have jurisdiction over wastes incidentally containing naturally occurring radioactive isotopes.
Incidental wastes arise in considerable quantities from a number of industries,
such as phosphate fertilizer processing, abrasives manufacturing and the use of
magnesium-thorium alloys. Federal expertise in radioactive waste management will
be made available to the provincial governments to assist them in their control of
such materials.
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LOW LEVEL RADIOACTIVE WASTE REGULATIONS

The Atomic Energy Control Act and Regulations are administered by the
AECB and cover the siting, design, manufacture, construction, commissioning,
operation and decommissioning of nuclear facilities and the production, possession,
use and disposal of prescribed substances in Canada. In addition to the Regulations,
three other categories of regulatory document are used by the AECB. These are:
— Licences for particular facilities which include specific conditions,
— Regulatory policy statements presenting requirements to licensees or potential
licensees that must be complied with or that must be met in a particular
manner,
— Regulatory guides giving non-mandatory guidance or advice on aspects of the
AECB's regulatory process.
Nowadays, the regulatory policy statements and guides are published as Consultative Documents prior to release in their final form, in order to solicit comments
from the public and the nuclear industry.
The AECB's Regulations and associated documents are based on objective
rather than prescriptive requirements for all its licensees. With this approach, licensees are fully responsible for the safety of their plant. Licensees must apply to the
AECB for approval of their proposed operations and have to prove to the AECB that
the safety and radiation protection systems proposed will meet the Regulations and
conform to the ALARA principle. The AECB inspectors then ensure that the licensee
continues to meet its own prescriptive requirements.
The AECB has recently issued its Regulatory Policy Statement R-104, entitled
Regulatory Objectives, Requirements and Guidelines for the Disposal of Radioactive
Wastes — Long-Term Aspects [2]. This document accepts, as the basis for regulation
of long term aspects, the use of projections based on realistic mathematical models.
Its major requirement regarding radioactive releases is that the predicted radiological
risk to individuals from a decommissioned waste disposal facility shall not exceed
1СГ6 fatal cancers and serious genetic defects per year for a period of up to 10 000
years.
The AECB has also published as R-85 its proposed regulatory policy,
Prerequisites for the Exemption of Certain Radioactive Materials from Further
Licensing upon Transferrai for Disposal [3]. This is often referred to as a de minimis
policy. The AECB proposes to exempt from further licensing certain radioactive
wastes provided that it can be shown that the risk to individuals from the radioactive
materials, handled by the same methods and procedures as for similar nonradioactive materials, does not exceed 10"6 per year, and provided that the radiological impact will be restricted to small populations.
These two documents will be used by the AECB to evaluate proposals for
LLRW disposal. If the regulation of other nuclear related areas can be used as a
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TABLE I. PROJECTED LLRW VOLUMES IN CANADA, 1985-2025
(based on Ref. [5J)
Projected volume
Waste source

for disposal 3
(10 3 m 3 )

(a) Uranium contaminated wastes
Nuclear fuel manufacture

15

Uranium refining

65

Incidental wastes

57

Subtotal

137

Ф) Nuclear industry wastes
Nuclear utilities

a

157

Nuclear research and isotope production

61

Radioisotope use

13

Subtotal

231

Total

368

It is assumed that simple compaction by the producer, or at the disposal site, is the only
waste processing employed.

guide, it is likely that some expansion of these basic regulations will be required as
experience in their use is gained.

5.

DESCRIPTION OF WASTES

The characteristics of LLRW vary widely depending on their source and the
degree to which they have been processed. Current inventories [4] are primarily in
the province of Ontario, and are dominated by past production of incidental wastes
(14 500 000 m 3 ), uranium refinery wastes (570 000 m 3 ) and historic wastes
(300 000 m 3 ). Future waste production is expected to be at a much lower rate. Estimates [5] of the wastes which will accumulate in the period 1985-2025, given in
Table I, amount to 370 000 m 3 . Thus, very generally, the LLRW to be managed in
Canada fall into two broad categories. The first is a large existing amount of primarily granular or soil-like material, contaminated with natural long lived radionuclides
and, in some instances, toxic components such as arsenic; the second is a much
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smaller quantity which will continue to be produced at an average rate of about
10 000 m 3 /a, mainly by the nuclear industry, and thus contains primarily manmade radionuclides having a wide range of half-lives.
The methods of management of these two categories could require quite different approaches, and will be discussed separately. For simplicity, they will be
referred to as uranium contaminated wastes and nuclear industry wastes, respectively, though some of the latter are very similar to some of the former.

6.

MANAGEMENT OF URANIUM CONTAMINATED WASTES

As with all LLRW in Canada, the management of this category of waste is currently considered to be storage. The majority of the wastes are in near surface installations not far from the site of their production. No significant changes in the
management of the incidental wastes are planned for the immediate future. However,
planning began in the early 1980s to transfer the existing uranium refinery wastes
and historic wastes to permanent disposal facilities. Eldorado Nuclear Limited,
which operates uranium refining and conversion facilities, began a process for the
approval and siting of a disposal facility for its own wastes. At the same time, it
undertook a programme [6] to reduce the production of wastes.
The disposal strategies considered [7] included engineered burial, disposal in
underground caverns and the stabilization of the existing waste management sites.
All of the options were based on sites within tens of kilometres of the existing storage
facilities. In 1986, an environmental assessment panel was named to publicly review
the plans of Eldorado for disposal of its wastes in the Port Hope area. The panel was
also to review the plans of the Low-Level Radioactive Waste Management Office for
the cleanup of the town of Port Hope and for the disposal of those historic wastes
with those of Eldorado. However, as mentioned in Section 2, public opposition led
to a Federal Government decision that the siting process was deficient, and a task
force was formed to define the most promising approaches to site selection.
Because of the siting uncertainties and the task force recommendation that the
host community have an input into the selection of the disposal method, the decision
on the preferred technology for the disposal of the large volume, uranium contaminated wastes has been deferred. The potential cost of moving and emplacing the
wastes is large, possibly as high as several hundred million dollars. Because of this
combination of factors, several years at least will be required to resolve the question
of where and how these wastes will be managed for the long term.
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NUCLEAR INDUSTRY WASTES

7.1. Waste processing
Currently in Canada, about 13 000 m 3 /a (as-produced volume) of LLRW are
generated by the nuclear industry, including the manufacture and use of radioisotopes. Much of the LLRW are processed before being stored in one of the six main
sites operated by three nuclear electric utilities, the two national nuclear research
laboratories and the Eldorado facilities.
Compaction is the most widely used process for solid LLRW, and is the sole
volume reduction process used by New Brunswick Power and Hydro Québec, and
by LLRW brokers who provide centralized collection services for some universities,
hospitals and other isotope users. Compaction into bales is also used for appropriate
wastes by Ontario Hydro at its Bruce Nuclear Power Development (BNPD) and by
AECL at its two nuclear research sites, the Chalk River Nuclear Laboratories
(CRNL) and the Whiteshell Nuclear Research Establishment (WNRE). Volume
reduction factors range from 5 to 9.
Segregated combustible solid LLRW are incinerated by Ontario Hydro at the
BNPD [8], by AECL at the CRNL [9] and by Eldorado at its Port Hope conversion
facility and its Blind River refinery. Volume reduction factors range up to 150,
depending on the efficiency of waste segregation at the source. At the CRNL, some
of the wastes are baled before being charged to the incinerator as a means of increasing the batch size from 1000 to 2000 kg.
Currently, ash from the incinerators at the BNPD and CRNL is stored in metal
containers in an unconsolidated form. An ash bituminizing system is installed at the
CRNL. Ash accumulation rates are too small to warrant routine use, but sufficient
ash is now in storage for an operations campaign later in 1988.
The incinerators at the CRNL and BNPD have been backfitted with dual-fuel
burners in their afterburners to allow the incineration of waste oils and other liquid
organic wastes. Both incinerators have also been used to burn scintillation fluids as
part of the solid waste feed. An incinerator specifically for organic reactor coolant
wastes has been in operation at the WNRE for many years.
CANDU power reactors, which use heavy water for both moderator and
coolant, produce sufficiently small amounts of aqueous wastes that these can generally be collected, monitored and then safely accommodated in the plants' cooling
water effluents. Filtration and ion exchange are applied to those aqueous wastes
which are not suitable for dispersion.
Considerable quantities of dilute aqueous wastes are produced at the nuclear
research laboratories (e.g. the CRNL average is 20 000 m 3 /a). At both AECL sites,
some of these wastes are collected in holding tanks, sampled and analysed, and then
released to the site process water effluent at a controlled rate. At the WNRE, the
more active aqueous wastes are collected, evaporated and immobilized in polyester
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resin for transfer to the storage facilities. At the CRNL, facilities are being commissioned to concentrate aqueous wastes by membrane processes (microfiltration,
ultrafiltration, reverse osmosis), followed by evaporation and immobilization in bitumen. Because of continued difficulties with the membrane modules, the facilities
have been unavailable for routine use. Consequently, use of seepage pits has
continued on an interim basis.
A rather specialized liquid processing application is the extraction of tritium
from the heavy water used in Canadian power reactors and research reactors. Extraction plants are being commissioned at the Darlington Generating Station by Ontario
Hydro and at the CRNL by AECL. The product will be nearly pure elemental tritium
immobilized as titanium tritide [10].

7.2. Storage of LLRW
Currently, the management of all solid LLRW in Canada, with the exception
of those in which the contained radionuclides are either very short lived or at very
low concentrations, is categorized as storage [11]. Near surface burial has been routinely used by Eldorado and by AECL for some wastes. A variety of concrete structures, both in-ground and above ground, are used by the nuclear utilities for all of
their solid LLRW, and by AECL for all but the lowest category of LLRW. In the
past few years, several new types of structure have been developed to improve operation, and in some cases to accommodate particular types of waste. At the WNRE,
because of a relatively shallow water table, concrete storage bunkers have recently
been built above ground rather than in-ground. Ontario Hydro has introduced
175 Mg concrete containers for above ground storage of irradiated core components
[12]. Although the modules could be transported, storage at the Pickering Generating
Station, the source of the components, has been chosen. For the storage of filters,
ion exchange columns and some other wastes with high radiation fields, an alternative to tile holes has been put into service at the BNPD [13]. The in-ground storage
containers are double walled with a monitorable interspace and are installed in
augered boreholes.

7.3. Disposal of LLRW
The AECB has stated [2] that
" f o r the long-term management of radioactive wastes, the preferred approach
is disposal, a permanent method of management in which there is no intention
of retrieval and which, ideally, uses techniques and designs that do not rely
for their success on long-term institutional control beyond a reasonable period
of time."
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All of the Canadian major producers of LLRW have been evaluating potential
methods for disposal of their wastes for a number of years.
AECL has an ongoing programme for a transition at the CRNL from a storage
mode to one of permanent disposal [14]. The proposed approach is to sort the wastes
into several categories graded according to their hazardous lifetimes and to dispose
of each category, in a repository which will isolate and contain the wastes until they
no longer pose a radiological hazard. Of the repository categories planned, the first
for which funding for construction has been committed is a set of prototype below
ground concrete vaults known as IRUS (Intrusion Resistant Underground Structure).
The disposal units are meant to endure for at least 500 years and rely both on
engineered features [15] and on the natural site characteristics [16]. The unique features of the IRUS vaults are durable concrete [17] and a permeable floor of adsorbent
buffer material, which in combination with a siting in free draining sand above the
water table [18] ensure that contact of the wastes with water will be minimized for
several centuries.
Although continued engineered storage of LLRW is the essential ingredient of
Ontario Hydro's plans [11], evaluations have been made of disposal concepts in clay
or till deposits [19] and in rock caverns [20]. Potentially suitable geological situations
exist for these concepts in southern Ontario, but no decisions to proceed further have
been made at this stage.
As mentioned in Section 6, Eldorado Nuclear Limited had evaluated several
disposal concepts at specific sites [7]. Although these facilities were planned for the
existing inventory of uranium contaminated wastes, they could also accommodate the
continuing waste production by Eldorado and by other parts of the nuclear industry.
However, even though Eldorado's plans have been set aside, the repository to be
built eventually to dispose of those wastes could possibly serve as a national facility
for most Canadian LLRW.

8.

SAFETY ASSESSMENTS

It is the responsibility of the owners of Canadian waste management facilities
to submit safety assessments to the AECB so that the regulator can judge the acceptability of the operational, closure and post-closure aspects of the proposed option. For
storage facilities, some of the more important concerns are operating safety,
monitoring, accident analysis and decommissioning plans. However, for disposal
facilities there is the additional requirement that the long term aspects be assessed
by comparison with the three basic regulatory requirements included in the Policy
Statement R-104 [2]. The requirements arise from the objectives, which are:
— To minimize any burden placed on future generations,
— To protect the environment, and
— To protect human health, taking into account social and economic factors.
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Compliance with the risk objective is to be demonstrated through the use of predictive modelling.
Several codes have been developed in Canada to achieve the predictive modelling requirement. The COSMOS-S/D code complex [21] is under continuing
development at the CRNL and has been used to assess the potential radiological
impact of surface and near surface disposal facilities under study by AECL, Ontario
Hydro and New York .State. The code, which can operate in either a deterministic
or a stochastic mode, models water infiltration through the vault roof, failure of
waste containers and consequent leaching of their radionuclide contents, migration
of these nuclides through saturated and/or unsaturated media, and dispersion in well
water, surface water and the atmosphere. Finally, it calculates the potential dose to
affected individuals and their maximum risk.
The SYVAC code [22], developed by AECL for the Canadian Nuclear Fuel
Waste Management Program, has also been used to assess LLRW disposal in mined
cavities for New York State. It can be run in either deterministic or stochastic mode,
and includes submodels of the vault, geosphere and biosphere.
The various alternatives considered by Eldorado Nuclear Limited for the disposal of the uranium contaminated wastes were assessed by the CHINTEX model
[7]. This consists of a series of component modules representing the hydrological
system, release from the waste source, transport by groundwater, surface water and
the atmosphere, and the uptake and dose to humans.
In general, the results of the safety assessments show that effective design and
siting of LLRW disposal facilities should lead to performance which will add little
r a d i o l o g i c a l risk to t h e p u b l i c . S i g n i f i c a n t u n c e r t a i n t i e s r e m a i n as to t h e r i s k s to i n a d -

vertent intruders from near surface emplacements, particularly those above ground.
Better information is needed on the abundance and behaviour of the very long lived
radionuclides in LLRW, especially 129 I, 99 Tc and 14 C.

9.

CONCLUSIONS

For the management of LLRW in Canada, there is continued reliance on
interim storage methods. Development of waste processing techniques and storage
unit designs is progressing to improve their efficiency. A number of studies have
been directed at the evolution from storage to permanent disposal. However, public
opposition to the siting of new facilities for the large existing inventory of uranium
contaminated wastes has resulted in a recommendation for a community oriented, cooperative siting process which provides a method for addressing social concerns.
Aside from siting, basic Federal Government policies and regulations are in
place. For nuclear industry LLRW, funding for the construction of a prototype of
the first of several disposal concepts at an existing storage site has been committed.
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Modelling and code development for assessment of the long term safety of LLRW
disposal are well advanced.
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Abstract-Аннотация
PRACTICE AND TRENDS IN THE MANAGEMENT OF RADIOACTIVE WASTES AT
NUCLEAR POWER PLANTS IN THE USSR.
A description is given of the current technological arrangements for dealing with radioactive wastes at nuclear power plants in the USSR. The fundamental technical approaches
underlying the technology for processing liquid, solid and gaseous wastes are explained.
The basic trends in radioactive waste management instituted in the USSR in co-operation
with member countries of the Council for Mutual Economic Assistance are defined.
ПРАКТИКА И ПЕРСПЕКТИВЫ В ОБЛАСТИ ОБРАЩЕНИЯ С РАДИОАКТИВНЫМИ
ОТХОДАМИ АЭС В СССР.
Описана существующая в настоящее время на АЭС в СССР технологическая
схема обращения с радиоактивными отходами (РО). Излагаются основные технические решения, заложенные в технологию переработки жидких, твердых и газообразных
отходов. Определены основные направления работ по обращению с радиоактивными
отходами, реализуемые в СССР в сотрудничестве со странами-членами СЭВ.

Р а з р а б о т к а и внедрение м е т о д о в о б р а щ е н и я с р а д и о а к т и в н ы м и о т х о д а м и
на АЭС в е д у т с я по е д и н о м у плану, с о г л а с о в а н н о м у с М и н и с т е р с т в о м а т о м н о й
энергетики, М и н з д р а в о м , Г о с а т о м э н е р г о н а д з о р о м СССР и у т в е р ж д е н н о м у
ГКАЭ СССР.
Один из о с н о в о п о л а г а ю щ и х принципов, обеспечивающих безопасность
АЭС, с в я з а н с ф у н к ц и о н и р о в а н и е м систем о б е з в р е ж и в а н и я в с е х в и д о в РО ж и д к и х ( Ж Р О ) , т в е р д ы х (ТРО) и г а з о о б р а з н ы х .
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Развитие атомной энергетики в СССР осуществляется в основном на базе
2-х типов реакторов - ВВЭР и РБМК. Однако отличия в составах ЖРО и источниках их образования не носят принципиального характера, и поэтому схемы
их переработки практически одинаковы. В среднем на один блок ВВЭР-1000
образуется в год 10—15 тыс. м 3 РО, содержащих до 50 т солей, а на один блок
АЭС с РБМК - 100 тыс. м 3 , содержащих 100 т солей. При этом основным
солевым компонентом в обоих случаях является нитрат натрия, а в отходах
АЭС ВВЭР, кроме того, содержатся бораты в количестве до 30% от суммы
солей.
При эксплуатации реакторов образуются ЖРО следующих видов:
— неорганизованные малосолевые протечки контура;
— неорганизованные протечки технической воды с солями жесткости;
— воды от обмывки помещений, содержащие щелочь, щавелевую кислоту, детергенты. Эти три вида ЖРО в основном и составляют так
называемые трапные воды.
Растворы от дезактивации оборудования, в т.ч. и контура, регенерации
ионообменных фильтров установок по поддержанию воднохимического режима и воды дезактивации одежды, в состав которых входят фосфаты, оксалаты, карбонаты и детергенты, образуют другую группу ЖРО.
Любая схема обезвреживания ЖРО должна обеспечивать решение двух
основных задач:
— очистку от всех присутствующих в них загрязнений с получением
воды, пригодной для последующего использования в качестве
оборотной;
— получение минимального по объему концентрата, подлежащего временному хранению в емкостях и последующему отверждению и захоронению.
Эти задачи успешно решаются на АЭС с использованием схемы переработки, основанной на следующих технологических операциях: сбор и усреднение
ЖРО; упаривание, доочистка конденсата на обезмасливающем и ионообменных фильтрах; включение концентратов отходов (кубовых остатков от упаривания и пульп филыроматериалов) в матрицу; хранение компаунда.
Эксплуатация очистных установок показала, что упаривание экономически оправдано при содержании солей в ЖРО выше 1 г/л. При этом концентрация солей в кубовом остатке возрастает до солесодержания 2 0 0 - 2 5 0 г/л,
а конденсат очищается от радиоактивности на 3—4 порядка. Упаривание
проводится, как правило, в две стадии, однако в настоящее время наметилась
тенденция к упрощению системы упаривания — переход на одноступенчатый
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процесс. Обычно упаривание проводится в слабощелочной среде, исключающей коррозию конструкционных материлов и молекулярный унос радиоиода и хлоридов в паровую фазу. Упариванию сопутствуют нежелательные
явления — пенный унос, связанный с наличием поверхностно-активных
веществ (ПАВ), а также зарастание греющих поверхностей выпарных аппаратов. Для устранения пенного уноса применение нашел гидродинамический
способ, а для удаления накипи проводят либо периодческое упаривание
в кислой среде (pH = 2 ) , либо промывают аппарат растворами азотной
кислоты.
Наличие аммиака в трапных водах приводит к тому, что при упаривании
он отгоняется в конденсат практически нацело. Недостаточно эффективная
система выведения аммиака приводит к возрастанию числа регенераций
катионитовых фильтров и увеличению количества солей, поступающих на
отверждение.
Для решения этой проблемы разработан, проведен и рекомендован к
использованию ректификационный способ выведения аммиака из системы.
В связи с наличием в трапных водах соединений органического происхождения в системе предусмотрена очистка концентрата на угольном или
перлитном фильтре. Однако способ этот недостаточно эффективен, и в настоящее время проводятся исследования, направленные на решение этого вопроса.
В частности, изучены физико-химические основы процесса магнитной сепарации эмульсий, озонирования и использования ультрафильтрационной технологии для очистки вод от масла. Конденсат после очистки на Н* -иОН"-фильтрах
используется для технологических нужд АЭС, а кубовый остаток направляется
на отверждение.
Прачечные воды вносят существенный вклад в количество ЖРО, образующихся на АЭС. Так, для АЭС с ВВЭР они составляют До 40% от общего
объема ЖРО и имеют низкий уровень активности (10 _ 8 Ки/л). Прачечные
воды упариваются отдельно или вместе с трапными водами. С целью снижения затрат на переработку предложена технология выделения нерадиоактивной
составляющей из вод спецпрачечной, содержание радионуклидов в которой
меньше предельно допустимой и которая сбрасывается в фекальную канализацию поле выделения из нее ПАВ. С целью дальнейшего снижения количества отходов на АЭС предусматривается также использование электродиализной технологии, позволяющей извлекать и повторно использовать
калиевую и натриевую щелочь, борную и азотную кислоту.
Образующиеся в ходе переработки ЖРО солевые концентраты, ионообменные смолы и шламы фильтроматериалов перед их захоронением
подлежат отверждению. В настоящее время для отверждения отходов АЭС
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в СССР используется метод битумирования. Это связано с универсальностью
битума к а к связующего (в него могут быть включены практически все
виды ЖРО), хорошими характеристиками получаемого битумного компаунда,
простотой аппаратурного оформления технологического процесса. Процесс
включает в себя отгонку воды и смешение солевого остатка с битумом.
В результате получают битумный компаунд, обладающий следующими свойствами:
(1)

высокой водоустойчивостью, т.е. скоростью выщелачивания радионуклидов, не превышающей Ю - 4 г/см 2 сутки;

(2)

достаточной радиационной устойчивостью, при которой облучение с
суммарной дозой 10s Гр не приводит к разрушению компаунда и
ухудшению его водоустойчивости;

(3)

биологической устойчивостью, при которой захораниваемый материал
обладает, по крайней мере, фунгистатическими свойствами, т.е. не способствует росту микрофлоры;

(4)

устойчивостью к детонации и пониженной воспламеняемостью.
Сочетание свойств компаунда с защитными свойствами инженерного

барьера (хранилища или могильника) и геологической формации обеспечивают
надежную локализацию радионуклидов в месте захоронения на требуемый
период.
Первая промышленная установка битумирования на основе аппарата
роторно-пленочного типа с производительностью 500 л/ч эксплуатируется
на Ленинградской АЭС с 1984 г. Установки этого типа производительностью
от 200 до 500 л/ч являются типовыми и используются на АЭС с реакторами
типа РБМК и ВВЭР.
Развитие атомной энергетики сопровождается ростом объема образующихся ТРО. Разработанные методы и аппаратурно-технологические схемы
переработки ТРО преследуют цель уменьшения их массы, объема и надежной
локализации радиоактивных веществ. Общая схема переработки ТРО включает следующие операции:
— сбор и сортировка отходов по группам загрязненности и методам
переработки;
— транспортировка к хранилищу или к участку переработки;
— сжигание органических твердых отходов с включением золы в
цементную или битумную матрицу;
— прессование ТРО, не подлежащих сжиганию;
— дезактивация металлического лома;
— захоронение отходов.
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Радиоактивные выбросы от АЭС в атмосферу складываются из загрязнения воздуха летучими веществами и аэрозолями. К радиоактивным летучим веществам относят тритий, радиоактивные изотопы ксенона, криптона,
и иода. Все остальные радионуклиды присутствуют в газовых сбросах в
виде аэрозолей.
Для улавливания аэрозолей из газовой фазы на АЭС используются фильтры тонкой очистки, способные улавливать как твердые, так и жидкие
аэрозоли. Высокие коэффициенты очистки, которые обеспечивают эти
фильтры, удовлетворяют требованиям санитарных норм. Для улавливания
радиоактивного газообразного иода системы очистки снабжены адсорберами с импрегнированным углем. Специальная радиохроматографическая
газоочистная система предназначена для улавливания короткоживущих
газообразных радионуклидов. В разработанном для этой цели адсорбере
радиоактивные изотопы криптона, ксенона и иода, фронтом продвигаясь
в насадке, успевают в значительной части распасться до выхода из аппарата.
Такой адсорбер может работать непрерывно в течение многих лет, не нуждаясь в регенерации адсорбента.
Следует отметить, что при использовании средств газоочистки активность выбросов на АЭС при нормальной ее работе значительно ниже санитарных норм.
В целом, действующая на АЭС схема обращения с РО обеспечивает
безопасную эксплуатацию систем переработки, удовлетворяющую всем
рекомендациям МАГАТЭ.
Тем не менее, в настоящее время в СССР разработана и реализуется
долгосрочная программа работ по обращению с РО, направленная на совершенствование систем переработки и разработку технологии захоронения.
Основными задачами, решаемыми в этой программе, являются: максимально
возможное сокращение количества подлежащих переработке РО, разработка
и внедрение нового поколения технически эффективных и экономически
оправданных средств отверждения жидких радиоактивных отходов, разработка технологии хранения и захоронения РО.
Предполагается проведение работ по следующим направлениям:
— создание технологической схемы обращения с ЖРО, отвержденными
РО и ТРО на АЭС нового поколения;
— разработка средств транспортировки РО автомобильным, железнодорожным транспортом в места окончательного захоронения;
— разработка технологии переработки РО, образующихся при снятии
АЭС с эксплуатации;
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разработка требований к пунктам захоронения РО;
разработка обоснования безопасности и надежности захоронения
РО в геологические формации;
проведение изыскательских и геологоразведочных работ по определению наиболее благоприятных мест для размещения пунктов
захоронения РО;
разработка технологии обращения с РО и оборудования для региональных могильников.
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Abstract
W A S T E M A N A G E M E N T IN BRAZIL.
The waste management policies set up in developed countries have in general been used
by other countries with less experience in the nuclear field as the basis for developing waste
disposal rules or guidelines according to their particular political, social and economic conditions. The waste management question became a main concern in Brazil during the licensing
period of the Angra I nuclear power plant and the other fuel cycle facilities envisaged under
the Agreement between Brazil and the Federal Republic of Germany. Before the Angra I
licensing period, all final waste products arising from nuclear activities were released into the
environment because their radioactive levels were below the standard limits. The Research,
Development and Demonstration (RDD) Project initiated by the National Nuclear Energy
Commission has the purpose to provide information that may contribute to the formulation of
recommendations for a waste disposal policy, as well as to demonstrate the feasibility of the
Brazilian waste disposal concept. The paper briefly describes the waste management policy
in some countries, their contributions to the studies carried out in the R D D Project, and the
recommendations and mechanisms for implementing the waste management proposal, and
presents general information concerning the Brazilian repository concept.

1.

INTRODUCTION

The first Brazilian nuclear energy activity began in 1952, when the Federal
Government created the National Research Council; five years later, the National
Nuclear Energy Commission (CNEN) was formed as the body responsible for the
execution of nuclear policy. Some years were dedicated to increasing nuclear energy
applications in medicine, industry and agriculture and to creating nuclear research
centres in order to continue personnel training, radioisotope production, etc.
Waste management tasks became more important during the licensing period
of the first Brazilian nuclear power station, Angra I (supplied by Westinghouse Electric Corporation), and of others to be built under the Agreement between Brazil and
the Federal Republic of Germany because of the necessity to isolate a significant
amount of radioactive wastes from human activities for hundreds of years.
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All standards to support the Brazilian nuclear programme are prepared with
consideration of the overall objective of protecting man and the environment from
any possible radiological effects due to nuclear activities.
In August 1986, the first important step in the waste management area was
taken when the Federal Government approved the guidelines for the Brazilian
nuclear programme, which included the implementation of an integrated programme
of control and waste disposal, especially concerning site selection. To provide
adequate technical support, the Research, Development and Demonstration (RDD)
Project accelerated the studies concerning the most convenient waste disposal alternative and also the development of a conceptual design for a repository.
This paper describes the work carried out in the RDD Project, the initial goals
achieved, suggestions for waste management policy and some recommendations for
its implementation.

2.

WASTE PRODUCERS AND FUTURE AMOUNTS OF LOW LEVEL
WASTES

For more than twenty years all final radioactive waste products arising from
nuclear activities in Brazil have been released into the environment because their
concentrations are below the standard limits.
The Brazilian nuclear programme, created in 1974 and reviewed in 1986, has
the main objective of preparing the country technically to meet all needs of the
present and future generations with regard to nuclear energy applications in medicine, agriculture, industry, etc., as well as electricity production. It is therefore
expected that several types of nuclear waste currently generated will increase in
volume and other types will be generated after facilities start operation.
The CNEN has three nuclear centres:
(a)

(b)

The Institute of Radioprotection and Dosimetry (IRD) is in charge of radiation
safety. All of its final waste products are related to environmental and occupational controls and are released into the environment.
The Institute of Nuclear Engineering (IEN) [1] has among its facilities a cyclotron unit, radiochemistry laboratories and an Argonaut reactor. Radioisotope
production is carried out by means of the cyclotron equipment and, in general,
the wastes contaminated with 125 I, 113In and 67 Ga are monitored and released
into the sewage system because their concentrations are below the radiological
limits. In the radiochemistry laboratories experiments are performed on
isotope separation. The major wastes are contaminated with uranium
compounds and such products are released into the sewage or in some special
cases are stored in drums.
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(с)

The Institute of Energy and Nuclear Research (IPEN) has a pool type reactor
and several laboratories. The main radioactive final waste products [2] are
generated during radioisotope production; the contamination is due to l 2 7 Te,
i3iI> 82Br> 35S) 32p a n d o t h e r
isotopes. The liquid wastes, mostly contaminated with tellurium isotopes, are kept in plastic drums for decay storage and
are later released into the environment. The solid wastes collected from all
laboratories are subjected to volume reduction (4:1) by means of compacting
equipment. The research reactor operation generates an insignificant volume
of solid waste materials (plastic pieces, glass bottles, etc.) contaminated with
activated corrosion products.
With regard to the nuclear power plants, the liquid wastes (water from the
primary system, liquids from drains, floors, decontamination, etc.) are or will be
stored in monitored tanks, and when it is not possible to release them to the environment the procedure is to treat them with cement (Angra I: 626 MW(e)) or bitumen
(Angra II and 1П: 1245 MW(e)). The solid wastes (protective clothing, paper, etc.)
are compacted by hydraulic press and the filters are kept in carbon steel drums.
Annually, Angra I produces more than 600 200-L drums while Angra П and Ш are
estimated to generate 685 packages each.
The radioactive wastes arising from industry, medicine and research, according to the new Federal Government proposal to the National Congress, should be
stored in the respective producer states.
Finally, the Federal Government decided in 1986 to postpone a fuel reprocessing project and to conclude the two final stages of construction of a fuel element
fabrication plant in 1990-1991.
Taking into account the above information and considering the prediction of
waste production [3], one may summarize as follows:
— There is no intention to reprocess spent fuel from nuclear power plants and
research reactors for the next twenty to thirty years and, as a consequence,
there will be no waste production associated with this phase;
— The main waste generation, up to the year 2025, will be due to nuclear power
plant operation, decommissioning, etc.;
— All radioactive wastes are treated and stored on-site.

3.

MANAGEMENT OF LLW AND ILW IN THE WORLD

Most of the LLW generated in the United States of America have been
disposed of for several years by shallow land burial; prior to 1970, significant quantities were also disposed of in the sea. Some sites are still in operation and others were
discontinued because geohydrological problems were encountered, including water
accumulation in trenches, lack of trench cap integrity, erosion, high water table and

о
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FIG. 1. Cross-section of mound (dimensions in metres).
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rapid radionuclide migration. These problems can be avoided by having adequate
criteria for site selection and adequate site characterization and design [4, 5].
In the United Kingdom, LLW are currently buried in simple trenches. Sea
dumping of LLW and ILW was stopped in 1982 and it was then decided that both
types of waste would be disposed of together in deep repositories (200-1000 m).
Neither subsurface disposal nor sea dumping has been adopted in the Federal
Republic of Germany. Its waste disposal policy requires the disposal of all types of
radioactive waste in deep geological formations. Therefore, the wastes were
emplaced for some years in an abandoned salt mine and are planned to be disposed
of in another salt formation and a disused iron ore mine.
In Sweden, the wastes will be disposed of in a repository constructed under
an estuary in the Baltic Sea, 50 m below sea level and 1 km from the shore.
Disposal in concrete structures has been the practice in France for more than
fifteen years. The ILW are incorporated in concrete monoliths and the LLW, with
convenient packaging, are stored above the monoliths.
In India, the repository development and design concepts have been evolving
for about two decades, and because the nuclear facilities are widely separated these
concepts have tended to be site specific. In general, three types of disposal module
have been in use: (a) unlined earth trenches, (b) reinforced concrete trenches and
(c) steel lined concrete tile holes. The unlined earth trenches are utilized only for
wastes with suspected contamination, while the other two forms are generally used
for radioactive solid wastes with any significant contamination.
Under the supervision of the Nuclear Energy Agency of the Organisation for
Economic Co-operation and Development, several countries disposed of their radioactive wastes in sites located in the northeast Atlantic Ocean from 1967 to 1982 [6].
However, such practice is under a moratorium, as decided by the Convention on the
Prevention of Marine Pollution by Dumping of Wastes and Other Matter, until it is
demonstrated that it is not harmful to man and the environment.
All the practices described above have been or are being carried out with some
success, and it will be necessary to adjust one of them to Brazilian needs according
to the technology available, site feasibility, social conditions, etc.
Brazil covers a very large area and has a wide range of climatic conditions.
For example, the annual rainfall may vary between regions from 300 to 3000 mm.
After considering the prediction of waste generation, the climatic conditions
and the alternatives for isolating LLW and ILW, it was concluded that the most
convenient waste disposal practice for conditions in Brazil is near surface burial
based on a multibarrier system consisting of waste package, site and disposal
structures (Fig. 1).
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RESEARCH AND DEVELOPMENT

The RDD Project was organized by the CNEN to conduct studies and experiments in waste management and to demonstrate the feasibility of a conceptual design
for a repository. The IPEN provides the technical support for setting up the preliminary criteria for waste acceptance, such as leach resistance, investigates the physical
behaviour of the reinforced concrete packaging that will be used in the near surface
burial, processes the computer codes that may facilitate analysis of the long term
repository performance, etc.
Two universities, the Catholic University of Rio de Janeiro and the Federal
University of Rio de Janeiro, performed special tasks to develop the concrete packaging design [7] and the first layout of the repository [8], as well as experiments on
volume reduction of solid wastes and two preliminary studies to search for candidate
areas in the Atlantic Ocean for sea dumping, even though this is not being presently
considered.
In 1984, the first goal was achieved with the setting up of the fundamental
criteria for waste acceptance, such as:
— All wastes should be solid or solidified,
— The final product resulting from liquid and solid immobilization should not
have:
• segregated components
• free standing water
• high leach rate
• low compressive strength.
The waste isolation concept was elaborated on the basis of the technology
available in Brazil, operational experience with repositories in other countries and
a methodology of safe waste emplacement.
Since there are no abandoned mines or caverns, etc., and no economic
resources for excavating a repository in a deep geological formation, the waste
disposal concept took into account: the multibarrier system, that is, the combination
of man-made and natural barriers; the feasibility of constructing a repository in
modules; and the ultimate disposal capacity, which should be sufficient for at least
the radioactive wastes produced by three nuclear power plants.
To demonstrate the feasibility of the waste disposal concept, comprising
monolith and stack confinement above the ground, experiments concerned with reinforced concrete packaging, volume reduction of solid wastes, etc., were developed.
The packaging concept was developed with the following objectives taken into
consideration: structural stiffness to allow a stacked arrangement, of up to five drums
per pile, in the mounds of the repository; durability compatible with the time of
institutional control; and the ability to use any commercially available drum and to
contain up to four or five 200 L steel drums.
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For volume reduction of solid wastes some effort was made to adapt an old
25 MN press, and two series of 200 L steel packages were prepared using simulated
solid wastes from Angra I. The objective with the first set was to investigate a
convenient compacting pressure; with the second group the objective was to determine the average volume reduction on applying up to 70 MPa. The final results indicated that the average volume reduction was by a factor of about 4.
The buildings for volume reduction, temporary storage, laboratories and
administration should be constructed in modules, and after completion of all technical site studies the facility should be in operation around 1994.

5.

SITE SELECTION STUDIES

One of the biggest difficulties in waste management is not related to technical
problems but to the political decisions that should be taken in view of pressures from
different levels of society.
Site selection is a very sensitive matter because it involves dealing with public
opinion, even though technically the waste disposal conditions are proved to be safe.
The repository site location, in general, has not gained immediate local public acceptance owing to fears of its effects on recreation, the ecological system, etc.
The CNEN conducted some preliminary site selection studies [9] to isolate the
radioactive wastes produced by the nuclear facilities and classified as categories IV
and V according to recommendations of the International Atomic Energy Agency.
The studies were accelerated in the early 1980s and then reduced following the
progress of the Brazilian nuclear programme.
The search was concentrated on the continental land, the ocean floor and
islands and employed a screening process, as well as the set of restriction factors
recommended by the IAEA and others set up by the CNEN. The first studies
involved the analysis of 'regions of interest' located in several states (Piaui, Para,
Ceará, Rio Grande do Norte, Paraíba, Pernambuco, Bahia, Minas Gérais and Rio
de Janeiro), and after application of the restriction factors they were reduced to some
'candidate areas'.
Two oceanic islands (Martin Vas and Trindade) were considered in the site
analysis because they are far from the Brazilian coast, they have low'population
density and their access is controlled by the Brazilian Navy.
The final step in the site selection will be to take the candidate areas into
consideration and search at smaller cartographic scales (1:100 000 and 1:50 000) for
potential sites, after applying the restriction factors.
The investigation of the ocean floor yielded a candidate area located in the
Brazilian Ocean Basin in the central part of the Rio Grande Elevation. However, the
studies were theoretical and since the sea dumping moratorium it is not planned to
consider this option further.
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6.

CONCLUSIONS

As a result of the studies and experiments executed in the waste management
area, one may recommend the following policy:
— All radioactive materials to be disposed of should be solid or solidified;
— Radioactive wastes containing short lived radionuclides (t 1/2 < 30 a) should
be disposed of in near surface burial;
— Trace quantities of alpha contamination may be disposed of in near surface
burial;
— Wastes contaminated with long lived radionuclides (t 1/2 > 30 a) should be
isolated in deep geological formations, mines, caverns, etc.
Concerning the execution of waste management policy, one may suggest the
following:
— Until site confirmation, all radioactive wastes arising from the nuclear facilities
should be treated and stored at the facilities;
— The state government and the CNEN should perform detailed studies to define
the site location, considering national and international recommendations;
— Wastes contaminated with short lived radionuclides (30 a > t i / 2 > 60 d)
should be isolated from man and the environment by near surface emplacement
with appropriate engineered barriers;
— The funds to build and operate the repository should correspond to a percentage of the annual electricity production cost;
— The assessment of radiation dose to man should be predicted by means of
reliable models and it should be useful to obtain technical support from the
IAEA by means of its Waste Management Advisory Programme;
— High level vitrified and cooled waste products should be kept in deep geological formations specially identified for this purpose.
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Abstract
STRATEGIES FOR M A N A G E M E N T OF LOW A N D I N T E R M E D I A T E L E V E L RADIOACTIVE W A S T E S IN T H E U N I T E D K I N G D O M .
Responsibility for the development of a national strategy for the management of radioactive wastes in the United Kingdom lies with the Secretary of State for the Environment, acting in conjunction with his ministerial colleagues. The current national strategy involves the
use and development of a range of disposal facilities and a continuing programme of research
and assessment to ensure that each type of waste is disposed of in the most appropriate way.
The task of disposing of low and intermediate level wastes rests with United Kingdom Nirex
Limited, the Nuclear Industry Radioactive Waste Executive. The paper outlines the present
situation and future strategy in the United Kingdom for the management of low and intermediate level radioactive wastes. Particular emphasis is placed on developments since 1 May 1987,
when the Government accepted Nirex's recommendation to halt investigations at four potential
shallow disposal sites for low level wastes. Effort is now focusing on the development of a
deep disposal facility that will be able to accommodate both low and intermediate level wastes.

1.

INTRODUCTION
T h e p u r p o s e of this p a p e r is t o o u t l i n e t h e p r e s e n t s i t u a t i o n a n d f u t u r e s t r a t e g y

in t h e U n i t e d K i n g d o m f o r t h e m a n a g e m e n t o f l o w a n d i n t e r m e d i a t e l e v e l r a d i o a c t i v e
w a s t e s ( L L W a n d I L W ) . 1 P r e p a r a t i o n a n d r e v i s i o n of t h e s t r a t e g y is a p r o c e s s in
which the G o v e r n m e n t , the nuclear industry, independent regulatory and advisory

1

In 1981 the Secretary of State for the Environment accepted in principle the technical

feasibility of disposal of high level wastes (HLW) deep underground, but announced that land
research would be shelved in favour of a review of the applicability to the United Kingdom
of the findings from research in other countries. Research would continue into ocean disposal
options. H L W are currently stored at Sellafield but will be incorporated into glass blocks in
the near future, when the Waste Vitrification Plant starts to function, and stored for at least
fifty years before disposal.
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bodies and environmental groups all play a part. However, following publication of
the Sixth Report of the Royal Commission on Environmental Pollution, the 'Flowers
Report', in 1976 [1], it was accepted [2] that the primary responsibility lies most
appropriately with the Secretary of State for the Environment in conjunction with his
ministerial colleagues. 2

2.

DEFINITION OF RADIOACTIVE WASTES IN THE UNITED KINGDOM

Radioactive wastes cover a very wide range of levels of radioactivity and toxicity, from those which are quite insignificant to those which require stringent and
elaborate precautions. The measures taken to deal with them must be designed to
reflect these wide variations. In the United Kingdom, when considering the appropriate measures to take it has proved convenient to define three categories of waste: low
level, intermediate level and high level or heat generating. The main features are as
follows.
Low level wastes
Some small amounts of solid radioactive waste (not more than 0.1 m 3 ) containing very low levels of activity (less than 4 X 105 Bq) can be safely disposed of
with household refuse (dustbin disposal). Wastes containing radioactive materials
other than those acceptable for dustbin disposal, but not exceeding 4 X 109 Bq/t
alpha and/or 1.2 x 1010 Bq/t beta/gamma are defined as LLW.
Intermediate

level wastes

Wastes with radioactivity levels exceeding the upper boundaries for LLW, but
which do not require heating to be taken into account in the design of storage or disposal facilities are defined as ILW.
High level or heat generating

wastes

HLW are defined as wastes in which the temperature may rise significantly as
a result of their radioactivity, so that this factor has to be taken into account in
designing storage or disposal facilities.

2

The Ministry of Agriculture, Fisheries and Food (MAFF), the Welsh Office and the

Scottish Office. The Health and Safety Executive (HSE) has a duty to ensure that the strategy
fully takes account of potential nuclear safety and hazards.
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3.

WASTE A RISINGS

A national strategy is necessary, not only to deal with quantities of waste
already in store, but also to deal with the wastes produced by future use of radioactive materials and the use of nuclear power. One major variable is the amount of
electricity generated in nuclear power stations. Another will be the decommissioning
of nuclear plant. Experience in decommissioning is being gained in several countries, including the dismantling of the Windscale Advanced Gas-Cooled Reactor
(AGR) by the United Kingdom Atomic Energy Authority (UKAEA).
A third factor affecting waste management requirements will be the reprocessing of spent nuclear fuel. Spent nuclear fuel from the Magnox power stations, for
example, is normally stored in water, and requires early reprocessing to prevent corrosion of the Magnox casing and the consequent release of fission products into the
water. Dry storage of fuel has been used at one station, Wylfa. A recent report from
the Central Electricity Generating Board (CEGB) and the South of Scotland Electricity Board (SSEB), commissioned by the Department of the Environment (DOE),

(a>

HLW

3 500
ILW

82 500

( M

218 000

FIG. 1. Waste volumes by type (committed and uncommitted raw wastes): (a) volumes (m3)
to the year 2000, (b) volumes (m3) to the year 2030. (For LLW volumes routine site treatment
is assumed.)
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concludes that reprocessing of Magnox fuel should continue. Reprocessing of
Magnox fuel at Sellafield is therefore likely to continue until at least the early years
of the next century. The generating boards have signed contracts to reprocess all of
the spent fuel from AGRs in the Thermal Oxide Reprocessing Plant (THORP), which
will come into operation at Sellafield in the early 1990s. They have not taken decisions about the timing of reprocessing of the spent fuel from any PWRs constructed
in the United Kingdom. In the mean time, the Government is satisfied that the spent
fuel can be stored safely. The remainder of the capacity of THORP will be taken
up by export contracts, and British Nuclear Fuels pic (BNFL) has some small existing overseas contracts for the reprocessing of Magnox fuel. All overseas contracts
made since 1976 have included an option for BNFL to return the wastes from the
reprocessing operations to the country of origin. Waste management implications of
developments which are still at the research stage, e.g. fast reactors, are much more
difficult to forecast, but also have to be kept in mind. However, the nature of LLW
and ILW arisings is not significantly dependent on any future reactor system which
might be selected.
An indication of the scale of the task of disposing of each category of waste
up to the year 2030 is given in Fig. 1. This has been compiled using information
gathered by the DOE in collaboration with the nuclear industry in the form of a
national inventory of radioactive waste arisings [3].

4.

RESPONSIBILITY FOR RADIOACTIVE WASTE MANAGEMENT IN
THE UNITED KINGDOM

The control of radioactive substances in the United Kingdom is set out in
Appendix I. Discharges or disposals of radioactive wastes are only permitted to take
place in accordance with specific authorizations given by the appropriate regulatory
departments. The organizations which produce radioactive wastes must carry the
direct responsibility for taking the necessary actions for the safe and effective
management of such wastes, and for meeting the full cost of such actions. This
accords with the 'polluter pays' principle, which is now generally accepted in all
industrial countries.
Following the Flowers Report, the Government of the day formulated a number of specific policy objectives, which continue to apply:
(i) To ensure that creation of wastes from nuclear activity is minimized;
(ii) To ensure that waste management problems are dealt with before any large
nuclear programme is undertaken;
(iii) To ensure that the handling and treatment of wastes are carried out with due
regard to environmental considerations;
(iv) To secure the programmed disposal of wastes accumulated at nuclear sites;
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(v)
(vi)
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To ensure that there is adequate research and development on methods of
disposal;
To secure the disposal of wastes in appropriate ways at appropriate times and
in appropriate places.

The responsibility for achieving these objectives lies primarily with the DOE, and
in particular with Her Majesty's Inspectorate of Pollution (HMIP) 3 . In discussing
with the waste producers how best to deal with particular types of waste, what HMIP
seeks to achieve is the best practicable environmental option in each case.
The waste management plan for a particular waste stream is evolved through
the following successive stages of discussions between regulatory bodies and waste
producers:
(i)
(ii)
(iii)

(iv)

(v)
(vi)

Review of the priorities for disposal by all parties, taking account of operational factors and safety.
Identification of the broad options for treatment, storage, transport and
disposal.
Selection of preferred options for further development. The initial selection
will be made by the waste producer, but it is important that all parts of the
waste management procedure are considered together in order to avoid conflicts between, for example, the requirements of interim storage, transport and
disposal.
Discussion of options in order to resolve any potential conflict with national
strategy, and lead to the agreement in principle by the regulatory bodies to a
preferred option.
Appropriate approvals by regulatory bodies for detailed design, construction
and commissioning of facilities.
Supervision and inspection of the operational phase.

Approval by the regulatory bodies will not therefore involve merely a single decision
on a formally submitted plan, but will depend on a close analysis at various stages
of what the waste producers intend to do, and a review of all the available options.
The basic objective of such actions is to ensure as far as possible that waste
management procedures are optimized in respect of a total system, extending from
the creation of wastes to their final disposal. If, and for so long as, an appropriate
waste disposal facility is not available, the objective will be to avoid foreclosing
waste management options without justification. This entails not treating wastes
which may remain safely stored in untreated form. In other cases treatment may be
justifiable in order to improve the safety of storage, and the DOE has issued guidelines for that eventuality [4].
3

H M I P was formed on 1 April 1987 by bringing together three existing inspectorates:

Her Majesty's Industrial Air Pollution Inspectorate, Her Majesty's Radiochemical Inspectorate and the Hazardous Waste Inspectorate.
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The information required from a waste producer for the purpose of justifying
waste management plans includes:
(i)
(ii)

A full description of wastes and current management practice;
Identification and evaluation of options for the management of the wastes
through to disposal, including assessment of environmental effects, costs and
time-scales;
(iii) Interaction of proposals with other site operations or plants and with the
national waste management strategy;
(iv) The results of, and plans for, R&D programmes which support proposals;
(v) Demonstration of adequate flexibility and redundancy of plant for ensuring that
objectives are met;
(vi) Provision for decommissioning proposed plant and equipment.
In respect of item (ii), regulatory bodies provide guidance on methodology which has
to be applied specifically to any case under consideration. The regulatory bodies also
attach particular importance to the arrangements made for quality assurance during
waste treatment, and the DOE has issued guidance on this subject [5]. There is also
consultation between HMIP and the Nuclear Installations Inspectorate (Nil) to ensure
that full account is taken both of the implications of waste management for site safety
and of the waste management implications of proposals submitted to the N11 by operators of nuclear sites licensed under the Nuclear Installations Act 1965. The Nil has
undertaken that it will not give consent to operate plant under site licences if
proposals are not consistent with the national waste management strategy.
HMIP is establishing a capability to independently check packages of wastes
prior to their disposal. Laboratory facilities are being developed by contractors at
the UKAEA Atomic Energy Establishment Winfrith. Sampling and non-destructive
testing techniques are being assessed and further research on them will be matched
to the specifications for conditioned and packaged wastes.
The national strategy also covers wastes from defence as well as civil sources.
These are a relatively small part of the picture. They are primarily the responsibility
of the Ministry of Defence, which liaises with the DOE and MAFF to ensure that
they are dealt with to standards compatible with, and at least as rigorous as, those
applied to civil wastes.
In 1984 the regulatory departments published the principles which will apply
for the protection of the human environment when assessing proposals to develop a
repository [6]. These include the radiological safety criteria to be met by the
developer and an outline of the environmental assessments expected. The general
principles are set out in Appendix II.
The Environment Secretaries of State obtain advice on major issues of policy,
and on monitoring and research, from the Radioactive Waste Management Advisory
Committee, which has an independent chairman and a majority of independent members with relevant backgrounds and knowledge, together with some members drawn
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from the nuclear and electricity generating industries or nominated by the Trades
Union Congress. This committee publishes annual reports and maintains liaison with
the Advisory Committee on the Safety of Nuclear Installations, an independent body
appointed to advise the Health and Safety Commission (HSC) and relevant ministers.
Independent and authoritative advice on issues which affect radioactive wastes is also
available, as and when appropriate, in the periodic reports of the Royal Commission
on Environmental Pollution.
Advice on health matters related to radioactive discharges is available from the
Department of Health and Social Security. Advice on the levels of human exposure
to radiation which are acceptable from the health point of view is provided by the
National Radiological Protection Board, an independent body with its own scientific
staff. The members of the board are appointed by the Secretary of State for Social
Services.
Transport arrangements for wastes have to comply with regulations made by
the Department of Transport, which incorporate international standards. The purpose of the regulations is to ensure that such materials are safely conveyed on
whatever journeys may be undertaken. Decisions about routing are the responsibility
of the waste producer and the transport operator. The Advisory Committee on the
Safe Transport of Radioactive Materials has been set up to advise the Secretary of
State for Transport and the HSC on major issues relating to the arrangements for the
safe transport of civil radioactive materials by any mode, both normally and in the
case of accidents.
Waste producers undertake R&D related to the treatment and conditioning of
their own wastes. The DOE (on behalf of the Welsh and Scottish Offices) is responsible for ensuring that there is an adequate national R&D programme on methods of
disposal, and commissions research required for its own regulatory functions,
including some long term and generic research. There are currently four general
areas:
(i)
(ii)
(iii)

Radioactive waste management strategy and systems studies,
Radioactive waste quality assurance and treatment,
Underground disposal of radioactive wastes and assessment of the impact of
disposal options,
(iv) Radioactivity in the environment.

The research budget for the financial year 1988-1989 is £11.1 million. MAFF also
carries out and commissions research in support of its regulatory functions. The total
national expenditure in 1987-1988 was around £50 million.
Responsibility for the safe management and disposal of radioactive wastes
produced in the United Kingdom rests with the prodúcers. However, in 1982 the
Government announced that a Nuclear Industry Radioactive Waste Executive
(NIREX) was to be established with the task of providing disposal services for both
LLW and ILW. In November 1985, NIREX was incorporated as United Kingdom
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Nirex Limited (Nirex). Shares are held by four partner organizations: BNFL, the
CEGB, the SSEB and the UKAEA. One special share is held by the Secretary of
State for Energy on behalf of the Government. The company has indicated that it is
prepared to deal with defence wastes and wastes from outside the industry, as well
as those from the partner organizations. Although Nirex was set up with Government
agreement, it is not a Government body: the development of disposal facilities will
be subject both to authorization by the authorizing departments and licensing by the
NIL Nirex also submits periodic reports on its activities to the three Environment
Secretaries of State, and these reports are published.

5.

DISPOSAL AS THE OBJECTIVE

As described above, there are stringent regulatory controls over the storage
and disposal of wastes. The volumes of radioactive wastes which are currently in
store, or are in prospect, are relatively small compared with the volumes of other
industrial wastes. In 1986 the DOE produced its Best Practicable Environmental
Options (BPEO) study for solid LLW and ILW management [7]. This concluded
that, on economic and radiological grounds, early disposal was the optimum
strategy. Also in 1986 the House of Commons Environment Committee published
a report on radioactive wastes, which concluded that indefinite storage of wastes was
unacceptable and that in principle safe disposal routes were available in the United
Kingdom. In its response to this report [8], the Government welcomed this endorsement of its policy.
In some cases, as with heat generating wastes, there are specific technical
advantages in deferring disposal for a lengthy period, because the amount of radioactivity present will be substantially reduced by natural processes; and Government
policy takes account of this. In contrast, for low and intermediate level wastes, technical considerations favour early disposal. Delay offers no advantage. However, if
the disposal route is not known, it may be difficult to reach decisions on the most
appropriate methods of treatment and conditioning. A policy of indefinite storage
would leave future generations with the burden of maintaining stores, and of replac :
ing them from time to time. The problems would be all the greater if the number
of places at which wastes are stored were allowed to increase unchecked.
The purpose of disposal is to provide the wastes with satisfactory containment,
in geological or engineered form, and to achieve a solution in which safety is not
dependent on continuous supervision and surveillance, and which can therefore be
permanent. 'Satisfactory' containment means that the wastes will be isolated from
man's environment for a time, and to an extent, which is properly related to the life
and toxicity of the radioactive substances involved. This requires a multibarrier concept of containment in which waste form, packaging, engineering and geology all
play a part. In any event monitoring will be carried out both while the facility is being
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filled and for some time after it has been closed. The organization operating the facility will be required to keep accurate and detailed records of the characteristics and
location of the wastes within the facility. If, therefore, it were ever desired to recover
any of the wastes at a future date, it would be feasible to do so. In the period ahead
the Government requires that wastes are stored safely for as long as necessary pending decisions on final disposal.

6.

PRESENT SITUATION

6.1. Liquid and gaseous discharges
Radioactive liquid discharges are of relatively minor importance, with the
exception of those from the BNFL plant at Sellafield, which represent the most
immediate issue for radioactive waste management. The radioactive content of discharges from Sellafield has been substantially reduced in recent years (it is now one
tenth of what it was in 1979) as a result of continuing major investment (e.g. the Site
Ion Exchange Plant). Further major reductions will be made when plant now under
construction is operational (Table I).

TABLE I. MAJOR INVESTMENTS IN RADIOACTIVE WASTE TREATMENT
PLANTS PLANNED FOR SELLAFIELD

Plant

Function

Operational date

Waste Vitrification Plant

H L W vitrification

1990

Encapsulation Plants

ILW immobilization in

1990 (EP1)

( E P I , EP2)

concrete

1992 (EP2)
1992

Enhanced Actinide

Liquid effluent treatment by

Removal Plant and

floe precipitation and

associated Waste Packing

ultrafiltration

Encapsulation Plant
Waste Treatment Complex

Plutonium contaminated material
treatment and packaging

Early 1990s
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The Government has accepted that future discharges from Sellafield, particularly of alpha activity, should be critically reviewed in relation to those from similar
plant in other countries. The United Kingdom is also committed under the Paris Convention on the prevention of marine pollution from land based sources, and the
ministerial declaration issued after the Second International Conference on the Protection of the North Sea (held in London in November 1987) to take account of the
best available technology in order to minimize radioactive discharges from all
nuclear industries, including reprocessing plants. The aim must be to ensure that the
environmental impact of Sellafield is as low as is reasonably achievable.
Routine emissions to the atmosphere of small quantities of radioactivity from
Sellafield and other sites are of less importance to the respective critical groups. Such
concern as has been expressed about them relates to the possible buildup in the
atmosphere of certain long lived radionuclides. The position in this respect, both in
the United Kingdom and internationally, is kept under review by the Government.
A new gaseous discharge authorization for Sellafield was issued on 1 January 1988.

6.2. Solid low level wastes
All radioactive wastes are controlled by the Radioactive Substances Act 1960.
However, certain solid wastes have a sufficiently low level of activity that they can
be exempted under the Act. Small amounts of solid radioactive wastes may also be
disposed of with ordinary household refuse, but an authorization is required.
At the upper end of the range LLW from industrial and non-industrial sources
are currently disposed of at shallow sites operated by the nuclear industry. Most go
to the BNFL owned Drigg disposal facility located about 6 km southeast of
Sellafield. It has been the principal dedicated site in the United Kingdom for the disposal of LLW from the nuclear industry since 1959. The majority of the wastes
which are disposed of at Drigg come from Sellafield (by rail). Other users of radioactive materials, including some industrial companies, also use Drigg on a commercial basis.
HMIP recently revised the authorization for disposal of radioactive wastes at
Drigg. This sets limits for individual waste consignments and further limits for the
total quantities of groups of radionuclides disposed of at the site in any one year. The
consignment limit for alpha activity is 4 GBq/t and for beta activity 12 GBq/t.
Annual limits on the disposal of specific radionuclides have been derived on the basis
of a risk assessment to ensure that the disposal of radioactive wastes does not lead
to a risk to any individual in a year greater than that associated with a dose of
0.1 mSv. The annual activity limits are based on an assumed site operational period
of 30 years. In addition, certain alpha and beta limits have been grouped separately
to take account of any possible additive risks between individual radionuclides, as
has tritium because, though radiologically insignificant, it is disposed of in substantial quantities at Drigg.
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Clay
containment

FIG. 2. Drigg vault.

Until recently disposal operations involved the use of trenches cut into the glacial sediments at Drigg. Seven trenches have been filled, each with its floor in low
permeability clays. BNFL has been required to upgrade the Drigg facility and in
future a system of concrete lined vaults will be used. Figure 2 is a schematic illustration of the next filling area. Although this vault will also have a base of clay, there
are plans for future vaults to be engineered to reduce the reliance on an impermeable
host rock.
By the end of 1988 all trenches will be capped to reduce the ingress of rain
water. This and other improvements reflect a need to ensure that the dose risk to the
public is as low as reasonably achievable. This commitment involves a capital investment programme at Drigg of over £5 million. The main developments to be
introduced are as follows:
(i) The orderly emplacement of compacted wastes contained in drums or boxes
in concrete lined trenches,
(ii) The capping of existing and future trenches to limit the ingress of rain water
and so substantially reduce the quantity of contaminated leachate and hence
radioactivity leaving the site,
(iii) The refurbishment of the drainage system for the collection of trench leachate
and the installation of improved sampling systems,
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The redirection of trench leachate to the sea through an existing but refurbished
pipeline,
The imposition of rigorous quality assurance procedures supported by the provisions of quality checking facilities for instrumental monitoring of wastes.

As part of a continuing process of review, the DOE is sponsoring further
research into the assessment of the Drigg site. Authorizing departments intend to
review the authorization in the light of these studies within three years of the date
of issue.
LLW that cannot be disposed of at Drigg and ILW arisings are currently stored
pending the provision of a new disposal facility as soon as practicable. Until the
moratorium on sea disposal introduced in 1983, some low and intermediate level
wastes were disposed of at sea in the northeast Atlantic Ocean. However, the
Government has since reaffirmed its wish to keep the sea disposal option open so
that it can be used, if appropriate, for large decommissioning items and tritium. This
reflects the findings of the DOE's BPEO study [7], which concluded that sea disposal
was the best option for such wastes.

7.

FUTURE
WASTES

STRATEGY

FOR

LOW

AND

INTERMEDIATE

LEVEL

On 1 May 1987 the Government announced that it had accepted a recommendation from Nirex that a single deep facility for low and intermediate level wastes
should be developed. Nirex had concluded that the economic advantages of separate
near surface LLW disposal were not as great as had been considered earlier. Consequently the programme of site investigations was taken no further and Nirex work
has now been reoriented towards the identification of routes for the deep disposal
of radioactive wastes.
Nirex launched a discussion document, The Way Forward, in November 1987
[9], seeking advice and comments on how it should fulfil its responsibility to develop
a facility. The document outlines three options the company is investigating: deep
burial on land, tunnelling under the sea from the shore, and disposal into the sea-bed
from an offshore structure. Public acceptability is very important and will be one of
the factors Nirex will be taking into account, along with the results of its technical
and geological studies, before coming forward with a proposal early in 1989.
It will be for the Government to make the final decision after full public debate.
Any such proposal will be considered in the light of the Principles for the Protection
of the Human Environment, referred to earlier [6]. The developers would of course
have to comply with all relevant safety standards as specified by the authorizing
departments. The continuing availability of Drigg for LLW and the interim storage
of ILW at nuclear establishments should satisfy requirements until a deep repository
is available.
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CONCLUSION

Radioactive wastes can be managed safely, although some further site specific
R&D may be needed. However, the main need is to apply known technology in a
consistent and coherent way in order to deal satisfactorily with each particular type
of waste. In the United Kingdom improvements have been made in the management
and disposal of liquid effluents and LLW and in reducing gaseous discharges. Nirex
is investigating the possibility of a deep disposal facility in order to implement the
current strategy for the disposal of LLW and ILW. The regulatory bodies have developed principles, criteria and guidance for the nuclear industry to ensure that,
through the operation of the stringent and comprehensive statutory controls over
waste management, the work-force, the public and the environment will be fully
safeguarded, and that the Government's policy objectives are achieved.
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Appendix I
CONTROL OF RADIOACTIVE SUBSTANCES
IN THE UNITED KINGDOM
(1)

(2)
(3)

(4)

The use of radioactive substances anywhere in the United Kingdom must be
registered. Accumulation of radioactive wastes and their disposal to land, air
or water must be authorized. a Registration and authorization are the responsibility of the appropriate Secretary of State. b Environmental considerations are
a major factor in the decisions.
Inspection activities to ensure compliance 0 take place on non-nuclear sites,
such as universities and hospitals, as well as on nuclear sites.
Commercial nuclear installations (e.g. CEGB sites) are subject to regulatory
control by the N11, which is part of the HSE. d This includes public health and
safety aspects. In England the DOE and MAFF are responsible for agreeing
to the waste management arrangements for new or modified plant at such sites.
Various Government departments® share the responsibility for developing a
radioactive waste management strategy. The HSE has a duty to ensure that the
strategy fully takes account of potential nuclear safety hazards.

a

The Radioactive Substances Act 1960 regulates the keeping and use of radioactive

materials (Section 1) and provides for the disposal and accommodation of radioactive wastes
(Sections 6 and 7). It extends to all parts of the United Kingdom. Nuclear licensed sites and
U K A E A sites are exempt from registration and authorizations for accumulation of wastes.
b

At nuclear sites in England, M A F F is joint authorizer with the D O E . There are no

nuclear sites in Northern Ireland.
c

The work is undertaken by H M I P and M A F F in England and Wales, Her Majesty's

Industrial Pollution Inspectorate in Scotland and the Alkali and Radiochemical Inspectorate in
Northern Ireland.
d

Nuclear Installations Act 1965.

e

The DOE, M A F F , the Welsh Office and the Scottish Office.
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Appendix II
GENERAL PRINCIPLES FOR THE PROTECTION
OF THE HUMAN ENVIRONMENT
" T h e authorising Departments, in exercising their functions under the 1960
[Radioactive Substances] Act, will assess proposals for new land disposal facilities
against the following general principles:
a.

the site should be chosen and the facility should be designed so that the risk
or probability of fatal cancer, to any member of the public, from any movement of radioactivity from the facility, is not greater than 1 in a million in any
one year;

b.

future movement of radioactivity from a facility should not lead to a significant
increase in the radioactivity naturally occurring in the general locality of the
facility;

c.

a site must be selected where it is unlikely that future development of natural
resources, or of the site, will disturb the facility;
there must be adequate provision for environmental monitoring, including the
determination of background levels, in order to provide a baseline for the
assessment of future performance;

d.

e.

f.

g.

h.

the proposed treatment and packaging of waste, and its assignment to a particular facility, must conform with the national strategy developed by the Environment Departments;
there must be adequate provision for detailed records of the wastes and their
location within the facility to be maintained in a format agreed with the
authorising Departments;
there must be evidence that, using established technology, the facility can be
closed and surface installations removed, and there must be adequate assurance
that funding for these operations will be available;
the necessary arrangements must be made for post-closure institutional control,
including the preservation of details of the facility and records of the type and
location of waste.

"These general principles may be augmented as research and development
proceeds, and in the light of advice and recommendations from other bodies" [6].
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Abstract
M A N A G E M E N T O F L O W L E V E L R A D I O A C T I V E W A S T E S IN T H E U N I T E D STATES
OF AMERICA.
The paper summarizes recent changes in United States policy governing the management of commercial and Department of Energy (DOE) low level wastes. The state, regional
and D O E activities and issues related to these changes are discussed.

I

1.

INTRODUCTION

In the United States of America, the Department of Energy (DOE) is responsible for all aspects of management of DOE low level radioactive wastes, while low
level wastes generated in the private sector ('commercial wastes') are regulated by
direct or delegated authority of the United States Nuclear Regulatory Commission
(NRC). The US policy governing the management of commercial and DOE low level
wastes has changed dramatically in recent years. As a result, interstate compacts are
being formed for managing and disposing of commercial low level wastes on a
regional basis, new low level waste disposal sites and technologies are being developed, federal responsibility has been assigned for near surface disposal of commercial low level wastes that exceed radionuclide concentration limits for routine
disposal, and the DOE is re-examining how it manages its low level wastes.
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DEVELOPMENT OF NEW WASTE DISPOSAL
COMMERCIAL LOW LEVEL WASTES

FACILITIES

FOR

Between 1962 and 1971, six sites were developed in the USA for the disposal
of commercially generated low level wastes. By 1978, three of these sites were
closed, and the governors of the states with the three remaining disposal sites began
expressing concerns about their state facilities having to serve the entire country. In
response to these concerns, in December 1980, the United States Congress passed
the Low-Level Radioactive Waste Policy Act, which established a federal policy that
each state is responsible for providing for the disposal of commercial low level
wastes generated within its borders. The law stated that commercial low level wastes
can be most safely and efficiently managed on a regional basis and encouraged states
to form interstate compacts to provide for the development and operation of regional
disposal facilities. To encourage compact formation for the management of low level
wastes, the 1980 Act allowed such compacts to prohibit in-region disposal of any
wastes from outside the compact region.
The Low-Level Radioactive Waste Policy Amendments Act of 1985 (the 1985
Act) reiterated the policy stated in the 1980 Act, but in addition provided a series
of targets, incentives and penalties to encourage states and interstate compact regions
to fulfil their responsibilities to dispose of Class А, В and С low level wastes, as
defined by the US Code of Federal Regulations, Title 10, Part 61 (10 CFR 61). The
1985 Act ensures that commercial low level waste generators in states or compact
regions that do not have operating commercial low level waste disposal facilities will
have continued access to the three existing commercial low level waste disposal sites.
This access is ensured as long as the states or regions without sites meet a prescribed
set of targets for development of new disposal facilities by 1 January 1993.
Fifty-two states (the District of Columbia and Puerto Rico are treated as states
under the 1985 Act) must provide disposal capacity for their commercial low level
wastes. Of these, 41 have formed nine compact regions to provide for low level
waste disposal. Six states that are not compact members plan to develop individual
state disposal sites. Two states have contracted with a compact region having an
operating disposal facility to dispose of their wastes to the end of 1989, and one state
is negotiating a similar contract. Two have not yet taken action.
Siting disposal facilities for low level radioactive wastes is a complex problem,
composed of many technical, economic, political, institutional and environmental
issues. As a result, the development of new disposal facilities is taking longer than
expected. No new facility for disposal of commercial low level wastes has been sited
in the USA since 1971, and no disposal site licence application has yet been filed
under the requirements of 10 CFR 61, Licensing Requirements for Land Disposal
of Radioactive Waste, which was promulgated in 1983. Some of the major issues
affecting state and regional progress include: site development costs, selection of disposal technologies, stability of compact regions, liability, public and political opposi-

IAEA-SM-303/154

71

tion to siting low level waste disposal facilities, and the limited availability of state
and compact region resources.
The USA is currently facing the prospect of developing 15 new disposal facilities for commercial Class А, В and С low level wastes. At an estimated average cost
of $30 million to develop a new site, the nation is considering the possibility of a
$450 million expenditure in new low level waste disposal facilities. This potential
increase in the number of sites, coupled with recent decreases in low level waste
volumes, raises doubts about the economic viability of several of the proposed new
sites.
All six of the low level waste disposal sites developed in the USA to date have
employed shallow land burial. At the time when these sites were selected, uniform
regulations for site selection and operation did not exist. Operational problems, particularly with water contamination, were experienced at several of the disposal sites,
and have resulted in closure of three of the six sites. No public health problems have
been identified with any releases from the six sites, but the problems that have been
identified have eroded public confidence in shallow land burial as a generally acceptable disposal method. Many policy makers and citizens have questioned the wisdom
of building new shallow land burial facilities similar to those that experienced some
technical problems in the past. Therefore, several compact regions and states have
prohibited the use of shallow land burial for their new low level waste disposal sites.
Another major issue facing the states is the near term and long term stability
of the compact regions. In general, the compact regions that did not name a disposal
facility host state in their compact-authorizing legislation have encountered potential
instability of the compact when they have tried to select a host state.
The legal authority of a compact region to prohibit export of low level wastes
from, or import into, the region affects waste generators, brokers, processors, shippers and disposal facility operators. For example, a compact region might prohibit
export of wastes for pre-disposal treatment at a treatment facility in a different compact region. Questions are being raised concerning the impacts of this export-import
prohibition.
New disposal facilities will be subject to stringent federal and state regulations
that should keep the risks associated with such facilities within acceptable standards.
Nonetheless, some risks do exist, and even though these risks may be small, the
potential associated liabilities may be significant. Therefore, there are a number of
critical liability issues that need to be considered and resolved in developing new
sites for the disposal of commercial Class А, В and С low level wastes. Government
officials and the public are raising questions about the availability of funding for
post-closure care and monitoring of disposal sites. The possibility of gradual
environmental pollution must be acknowledged, and the parties responsible for
future environmental remediation must be clearly defined. Insurance coverage for
these kinds of liability is not now — nor has it ever been — available to operators
of nuclear facilities in the USA. Therefore, non-traditional means of providing
environmental and personal assurances are being explored.
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MANAGEMENT
OF
LOW LEVEL WASTES

COMMERCIAL

GREATER-THAN-CLASS-C

By federal regulation in the USA, commercial low level wastes that exceed the
10 CFR 61 limits for Class С wastes and are regulated under the authority of the
NRC cannot be routinely disposed of within the upper 30 m of the Earth's crust.
There is currently no US facility that will readily accept commercial greater-thanClass-C (GTCC) low level wastes for disposal and that meets the requirements of
the 1985 Act.
The 1985 Act assigned to the Federal Government the responsibility for disposal of commercial GTCC low level wastes. In addition, the 1985 Act required the
DOE to identify GTCC low level wastes, non-federal disposal options for such
wastes, and options to ensure that those who benefit from the waste generating activities pay all reasonable costs of disposal.
A 1986 DOE survey of US generators of commercial GTCC wastes showed
that only small amounts of GTCC wastes are generated annually and stored at the
generating site. An average of 8.6 m 3 of GTCC low level wastes is projected to
arise annually from facility operations from 1986 to 2020. The wastes in storage at
generators at the end of 1985 were estimated to be 130 m 3 . Decommissioning of
nuclear power reactors, beginning around the turn of the century, is expected to
produce larger volumes of GTCC low level wastes: up to 5600 m 3 of activated
metals by the year 2020 if current schedules for decommissioning are adhered to.
Major uncertainties exist, however, in the characterization and classification of existing and projected activated metal wastes that could potentially be GTCC.
About 60 to 75 % of GTCC low level wastes are expected to require remote
handling, having radiation levels greater than 51.6 ¡xC-kg']-IT1 (200 mR-h"') at
the surface of a waste container. This type of waste arises primarily from nuclear
power reactors. Remotely handled GTCC low level wastes are expected to be
primarily some of the activated metals from the reactor core region. Such activated
metals can exceed the regulatory limits governing the concentrations of 59 Ni, 63 Ni,
14
C and 9 4 Nb for packages of wastes that can be disposed of in the near surface
zone.
Other remotely handled GTCC low level wastes include samples of nuclear
reactor fuel that have undergone irradiation at fuel testing facilities or in instruments
contained in the reactor core, some ion exchange resins from contaminated water
cleanup at reactors and some sludges from spent fuel storage pools. These wastes
can exceed the Class С limits governing concentrations of 90 Sr, 99 Tc, 129 I, 137 Cs
and alpha emitting transuranic radionuclides with half-lives exceeding five years.
The 25 to 40% of GTCC low level wastes that are expected to be contact handled as packaged include transuranic sealed sources and transuranic wastes from
sealed source manufacturing and from former development of mixed uraniumplutonium oxide nuclear reactor fuels. Shielded containers of 137 Cs wastes may also
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be included. These would contain sealed source manufacturing wastes and spent
sealed sources. Solidified liquids from manufacture and use of materials tagged with
14
C as a tracer would also be contact handled.
The raw volume of waste sealed sources that could be GTCC low level wastes
is expected to be less than 1 m 3 up to the year 2020. However, the number of sealed
sources could be in the thousands, equivalent to a much larger volume when
appropriately packaged for disposal.
The relatively small volumes of GTCC low level wastes may restrict options
for development of new disposal capacity. One possible disposal alternative for
GTCC wastes would be the planned federal NRC licensed high level waste repository. The DOE also plans in 1988 to begin an investigation of intermediate depth
borehole and below ground vault techniques to dispose of GTCC low level wastes.
A preliminary assessment will be made of the potential doses to workers and the public from disposal of all or a portion of the wastes by these two methods.
The 1985 Act required the DOE to identify non-federal options for disposal.
To accomplish this and to facilitate the evaluation of costs and funding mechanisms
for GTCC low level waste management, the DOE is forming a co-ordination working group composed of representatives from the federal, state and private sectors
involved in the generation, management and regulation of GTCC low level wastes.
This group would also co-ordinate member activities to characterize the wastes and
define, develop and evaluate waste management options.
Further development of disposal capacity for commercial GTCC low level
wastes has been delayed until a forthcoming NRC proposed regulation on the definition of high level wastes has been finalized. Any change in the definition of high level
wastes could substantially affect the kinds and quantities of wastes now considered
GTCC.
In the interim, until disposal capacity for GTCC low level wastes can be developed, the DOE has proposed to take possession of commercial GTCC wastes as
necessary, beginning in 1989. Waste acceptance would be subject to certain conditions such as meeting waste acceptance criteria and payment of required fees. The
DOE would manage the wastes until disposal options were available. Such management may include storage and any required treatment, packaging and transportation
prior to disposal.

4.

MANAGEMENT OF DOE LOW LEVEL WASTES

The DOE has disposed of DOE owned low level wastes (primarily defence
related wastes) by shallow land burial at its facilities since the early 1940s. However,
the DOE is re-examining how it manages its low level wastes because of increased
concern for safety, a need for greater assurance of disposal performance, the need
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to improve DOE waste management to enhance public confidence, and increases in
the projected long term cost of low level waste management.
The DOE's efforts to develop new disposal capacity, to improve the operation
of its existing disposal facilities and to have greater certainty regarding long term
costs will involve increased use of waste source reduction and waste treatment and
more engineered disposal technologies than in the past.
The DOE's goals for management of low level wastes reflect the concerns
listed above:
•

DOE low level wastes shall be characterized, managed and disposed of in
accordance with their radioactive, physical and chemical characteristics.
Exposures to humans and releases to the environment will be kept as low as
reasonably achievable and evaluated through performance assessments.

•

Low level wastes shall be managed on a systematic basis, using the most
appropriate combination of waste generation reduction and waste segregation
practices, and treatment and disposal technology, so that the radioactivity may
be contained and overall system cost effectiveness maximized.

The DOE is promoting three major activities to ensure that its low level waste
management goals are met. The first activity is to implement the use of revised limits
and requirements for the DOE low level waste generation and management system.
The second activity is development of a Strategic Plan to recommend strategies
to examine issues such as groundwater protection. The Strategic Plan identifies
emerging issues which, if left unaddressed, could have an adverse impact on low
level waste management.
The third activity is to develop a Long-Range Master Plan for management of
DOE low level wastes. This plan will integrate facility and site low level waste
management plans and present system-wide requirements, costs and schedules to
help identify proper priorities and minimize duplication.
Revised management requirements for DOE low level wastes are being finalized, an initial Strategic Plan has been developed and the first Long-Range Master
Plan is being assembled. Implementation of revised DOE low level waste management requirements will take several years to complete. Initial application of these
requirements is targeted to ensure that waste management costs are minimized
through waste generation reduction, segregation of wastes for disposal as nonradioactive or 'below regulatory concern' wastes, and proper characterization of the
remaining low level wastes.
The Strategic Plan has identified several issues: groundwater protection,
management of future large volumes of low level wastes and management of several
special wastes. These issues are being addressed on a system-wide basis to minimize
future costs and any disruption of ongoing operations.
The costs and schedules to implement the revised DOE low level waste
management requirements are being determined and will be reflected in the Long-
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Range Master Plan. It is anticipated that costs and schedules will vary with the facility and will depend on waste characteristics and volume, and on the natural characteristics of the disposal site and its environment.

5.

CONCLUSIONS

A primary objective of the Low-Level Radioactive Waste Policy Amendments
Act of 1985 is to ensure the development of an acceptable nationwide system for the
disposal of commercial Class А, В and С low level wastes by 1993. Substantial
progress has been made in meeting this objective; however, considerable impediments to progress remain. Creative and innovative approaches will be required to
overcome these impediments.
The 1985 Act also assigned to the Federal Government responsibility for disposal of commercial low level wastes that exceed 10 CFR 61 Class С limits. The
DOE has estimated that less than 6000 m 3 of such wastes will be generated up to
the year 2020. However, considerable uncertainty in this volume results from the
planned NRC development of a new definition of high level wastes. This definition
could change the types and quantities of low level wastes now identified as greater
than Class C. Disposal planning for GTCC low level wastes is expected to proceed
when development of the high level waste definition is complete. In the interim,
planning is under way for potential DOE acceptance and management of commercial
GTCC low level wastes that cannot be stored at the generating site.
The DOE is re-examining how it can manage low level wastes to provide
greater assurance that public health and the environment will be protected. An
integrated 'cradle to grave' approach is being pursued for managing these wastes to
maximize waste management effectiveness. Strategic issues are being identified and
a Strategic Plan is being established to resolve the issues before they become
problems.
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Abstract-Аннотация
CO-OPERATION AMONG THE СМЕА MEMBER COUNTRIES ON THE MANAGEMENT
O F RADIOACTIVE WASTES FROM NUCLEAR POWER STATIONS.
The problems of nuclear power development in member countries of the Council for
Mutual Economic Assistance (CMEA) are examined. The importance of co-operation in
solving one of the most serious problems of the nuclear fuel cycle — the problem of the
treatment, safe storage and burial of radioactive wastes — is underlined. Basic inferences
are drawn concerning the results of multilateral scientific and technical co-operation on
radioactive waste management, including treatment processes for liquid wastes, solidification
processes, safe storage and burial of solidified wastes in geological formations and transport
of nuclear power plant wastes. Co-operation between CMEA member countries with
regard to radioactive contamination of the ecosystems of the River Danube and Baltic Sea
as a result of the development of nuclear power in these regions is reviewed.

СОТРУДНИЧЕСТВО СТРАН-ЧЛЕНОВ СЭВ ПО ВОПРОСАМ ОБРАЩЕНИЯ С РАДИОАКТИВНЫМИ ОТХОДАМИ, ОБРАЗУЮЩИМИСЯ НА АЭС.
Излагаются вопросы развития атомной энергетики в странах-членах СЭВ. Подчеркнута важность сотрудничества для решения одной из важнейших проблем ядерного топливного цикла - проблемы обезвреживания радиоактивных отходов (РО),
их безопасного хранения и захоронения.

Приводятся основные выводы о результа-

тах научно-технического многостороннего сотрудничества по обезвреживанию РО,
включая процессы обработки жидких РО, их отверждения, безопасного хранения
и захоронения отвержденных отходов в геологические формации, перевозки РО
от АЭС. Рассматриваются вопросы сотрудничества стран-членов СЭВ по радиоактивной
загрязненности экосистем реки Дунай и бассейна Балтийского моря в связи с развитием
атомной энергетики в этих районах.
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толпыго

ВВЕДЕНИЕ
Важнейшим событием дальнейшего углубления и совершенствования
сотрудничества и развития социалистической экономической интеграции
стран-членов СЭВ явилось принятие Комплексной программы научно-технического прогресса стран-членов СЭВ до 2000 года. Осуществлением программ сотрудничества по пяти приоритетным направлениям научно-технического прогресса эта программа призвана внести крупный вклад в преобразование
производственной базы стран-членов СЭВ. Программа нацеливает на достижение высшего мирового уровня развития науки и техники в пяти приоритетных направлениях (электронизация народного хозяйства;

комплекс-

ная автоматизация; атомная энергетика; новые материалы и технологии
их производства и обработки; биотехнология) на быстрейшее внедрение
в народное хозяйство результатов научно-технических разработок и резкое
улучшение качества продукции.
Главной целью сотрудничества стран-членов СЭВ в области атомной
энергетики является качественная перестройка энергетических хозяйств
этих стран, повышение эффективности и надежности электроснабжения,
сокращение использования органического топлива, улучшение теплоснабжения городов, охрана окружающей среды и рациональное использование
энергии.
Страны-члены СЭВ убеждены в необходимости развития атомной
энергетики опережающими темпами по сравнению с традиционной энергетикой.
Придавая важное значение дальнейшему развитию сотрудничества
в области атомной энергетики стран-членов СЭВ, Сессия СЭВ на 42 заседании
(ноябрь 1986 г.) одобрила программу строительства атомных электростанций и атомных станций теплоснабжения до 2000 года, которая во многом
определит развитие энергетики в странах социалистического содружества.
Ядерная энергетика укрепила свое значение как источника, гарантирующего надежное энергообеспечение на будущее.
В настоящее время в странах-членах СЭВ - НРБ, ВНР, ГДР, СССР и
ЧССР - работают 24 АЭС общей мощностью около 43 тыс. МВт. На них
установлены энергетические блоки единичной мощностью от 12 до 1500 МВт.
Программой строительства АЭС и ACT стран-членов СЭВ до 2000
года предусматривается довести суммарную мощность атомных станций в
странах-членах СЭВ, не считая СССР, до 50 тыс. МВт (против примерно
8 тыс.МВт в 1986 г.). Выработка электроэнергии на АЭС в этих странах
составит 30—40% в общем объеме ее производства.
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В СССР, где эта доля в 1986 г. составляла около 11%, также планируется
поднять ее примерно до 30%, увеличивая мощности АЭС в 5 - 6 раз. Кроме
того, в странах-членах СЭВ будут строиться ACT, экономя ценное и дефицитное органическое топливо. Намеченное развитие атомной энергетики в странахчленах СЭВ до 2000 г. позволит заместить около 400—500 млн. т органического топлива. Строительство ACT даст дополнительную экономию 10 млн. т
условного топлива. Важным условием для масштабного развития атомной
энергетики является сотрудничество стран-членов СЭВ по ядерному топливному циклу. Среди важнейших проблем ядерного топливного цикла наиболее
острой и неотложной является проблема обезвреживания РО, их безопасного
хранения и удаления.
Проблема радиоактивных отходов АЭС имеет технологические, экологические, медико-санитарные, технико-экономические и административноправовые аспекты безопасности на всех этапах работы с отходами: при сборе,
переработке, временном хранении, перевозке и захоронении.
О количестве отходов, образующихся в ядерной энергетике, могут
свидетельствовать следующие цифры. Количество отходов, образующихся
при работе реактора наиболее распространенного типа мощностью
1000 МВт (эл.), в среднем составляет за год 200—300 м 3 . Кроме того, накапливается за год 30—35 т отработавших топливных элементов, 2—3 м 3 высокоактивных отходов от переработки одной тонны ядерного топлива и около
100 м 3 других РО.

ПЕРЕРАБОТКА ОТХОДОВ
Исследования в области переработки и захоронения РО занимает одно
из важных мест в сотрудничестве стран-членов СЭВ. В результате многостороннего сотрудничества специалистов НРБ, ВНР, ГДР, Республики Куба,
ПНР, СРР, СССР и ЧССР по программе "Исследования в области обезвреживания жидких, твердых и газообразных радиоактивных отходов и дезактивации загрязненных поверхностей" разработаны за сравнительно короткий
срок технологические процессы для обработки жидких РО с использованием
ионного обмена, выпарки, обратного осмоса и электродиализа. Для отвержденных жидких РО разработаны технологические процессы и оборудование
для битумирования и цементирования. Каждая страна использует результаты
сотрудничества с учетом своих конкретных условий. Так, в НРБ, ПНР, СССР
и ЧССР для отверждения РО низкого и среднего уровня активности применяется метод битумирования. Он имеет ряд преимуществ по сравнению с
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другими. Как показала практика, при помощи этого метода можно подвергнуть отверждению практически все типы жидких отходов.
Метод битумирования позволяет перерабатывать солевые концентраты,
шламы, отработавшие ионообменные смолы и фильтрматериалы. Для боль- •
шинства солевых концентратов в битумный компаунд может быть включено
до 50% солей. Дальнейшее увеличение солесодержания приводит к резкому
ухудшению водоустойчивости и вязкости компаунда. Для процесса битумирования разработаны различные аппаратурные схемы, отличающиеся конструкцией основного аппарата. Наибольшее распространение получил
роторный битуматор. Он обеспечивает большую производительность, что
позволяет считать его наиболее перспективным для переработки отходов
АЭС. В настоящее время проводятся промышленные испытания битуматоров на АЭС. Разрабатываются и другие методы отверждения, так например, метод цементирования. С помощью этого метода, используя портландцемент в качестве матричного материала, можно отверждать жидкие отходы
с солесодержанием не более 150 г/л, так как при большем содержании солей
резко снижается механическая прочность цементного камня.
Проводятся исследования, направленные на отработку составов неорганических связующих: цементов, шлакоцементов с введением дополнительных добавок, закрепляющих радионуклиды, которые позволяют увеличить солесодержание в конечном продукте и улучшить его водоустойчивость.

ХРАНЕНИЕ И ЗАХОРОНЕНИЕ ОТХОДОВ
Одновременно с развитием технологии отверждения жидких РО
значительное место в сотрудничестве стран-членов СЭВ уделяется вопросам
надежного и безопасного хранения и захоронения огвержденных отходов.
Поиск приемлемых методов окончательного захоронения РО, позволяющих исключить в настоящее время и в будущем отрицательное воздействие радиоактивности на биосферу, является чрезвычайно важной и одной
из первоочередных задач, стоящих сегодня перед атомной энергетикой
стран-членов СЭВ.
Наиболее перспективным для целей окончательного захоронения РО
является использование геологических формаций. Устройство хранилищ
в таких формациях позволит изолировать РО на весь период времени, необходимый для снижения уровня активности до безопасных пределов за счет
произвольного распада. Захоронение в геологические формации способно
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обеспечить изоляцию РО и в экстремальных ситуациях (стихийных бедствиях
и других случаях).
Основываясь на результатах многолетнего изучения различных горных
массивов и месторождений полезных ископаемых, а также длительного
наблюдения за поведением расположенных в них горных выработок, ученые
и специалисты сформулировали основные положения окончательного захоронения отверждаемых РО. Эти положения состоят в том, что для обеспечния
надежной изоляции РО от биосферы в качестве главного, постоянно

дей-

ствующего барьера должна использоваться геологическая среда, обладающая
соответствующими фильтрационными свойствами, химической, тепловой,
радиационной устойчивостью. Хранилище-могильник РО должен быть окружен санитарной зоной (буферной зоной), в которой допускается появление
следов радиоактивности, но за пределами которой активность никогда не
должна достигать даже минимально опасного уровня. Хранилище-могильник
должен быть оборудован специальными сооружениями, позволяющими
осуществлять захоронение РО, а также должен осуществляться соответствующий контроль за распространением радиоактивности в течение заданного
периода хранения отходов.
В последнее время весьма интенсивно обсуждается концепция многобарьерной изоляции РО при их окончательном захоронении. Кроме указанного основного барьера предполагается предусматривать дополнительные
меры защиты — искусственные барьеры, заключающиеся в том, что любой
из возможных процессов выщелачивания радиоактивных нуклидов из отходов и дальнейшей их миграции сделать замедленным и очень длительным
во времени.
Некоторые геологические формации обладают прекрасными защитными
свойствами, препятствующими случайному или преднамеренному доступу
любых внешних факторов в очаг захоронения, в том числе и преднамеренные попытки человека. Вместе с тем имеющийся в распоряжении специалистов объем научных данных пока еще не позволяет окончательно отдать
предпочтение какому-либо одному типу геологических формаций.
Большой интерес для захоронения РО представляет каменная соль.
Она залегает мощными массивами, монолитна, содержит мало влаги, имеет
низкую пористость и проницаемость. Технологические процессы по содержанию могильников в солях сравнительно легко осуществимы.
Из осадочных пород перспективны глины. Они широко распространены,
залегают мощными массивами, обладают хорошими сорбционными свойствами, не растворяются водой, характеризуются высокой пластичностью
и способностью к самоустранению трещин, которые могут возникать при
эксплуатации могильника в условиях повышенных температур.
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Кристаллические породы различного минералогического состава с преоб-

ладанием кремнезема обычно залегают большими массивами, среди которых можно выделить участки с ненарушенным строением. Эти породы
отличаются высокой прочностью и сорбционной способностью, низкой
проницательностью, растворимостью и химической активностью.
Таким образом, наиболее перспективными для захоронения РО геологическими формациями являются массивы, представленные каменной
солью, глинами, гранитами, гнейсами, диабазами, порфиритами и другими
породами.
В результате многостороннего сотрудничества стран-членов СЭВ,
связанного с захоронением радиоактивных отходов в геологические формации, проведены обширные теоретические, лабораторные, полевые и опытнопромышленные исследования. Получены данные о сорбции, миграции и
диффузии радиоактивных элементов в грунтовых и водоносных горизонтах,
изучены условия совместимости РО с породами пласта и пластовыми водами.
Их результаты играют важную роль в прогнозировании распространения
радиоизотопов в водоносных горизонтах различного минералогического
состава и организации системы контроля за процессами подземного захоронения радиоактивных отходов.
Разработаны принципиальные схемы подземных хранилищ с учетом
гидрогеологических условий района, состава и объема отходов и радиационные схемы, конструкции и методы расчета поверхностных и подземных
сооружений хранилища.
Проведены также исследования по обоснованию опытно-промышленного захоронения в соляных рудниках.

ТРАНСПОРТИРОВКА ОТХОДОВ
В сотрудничестве стран-членов СЭВ важное место уделяется вопросам
безопасности персонала, занимающегося перевозкой отходов, населения и
охране окружающей природной среды при организации перевозки РО за пределы территории АЭС, когда транспорт с РО направляется по путям сообщения общего пользования через районы с многочисленным населением,
источниками массового питьевого снабжения, интенсивной аграрной и
промышленной деятельностью.
При этом основой безопасности при перевозке радиоактивных отходов
АЭС является соблюдение общих принципов безопасной перевозки радиоактивных материалов, принятых МАГАТЭ, Организацией содружества железных
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дорог (ОСЖД) и другими международными организациями. В сгруппированном, кратком изложении эти общие принципы сводятся к следующим положениям:
— ограничение уровней излучения от перевозимых материалов, упаковок и транспортных средств;
— специальные требования к упаковочным комплектам;
— ограничение уровней радиоактивного загрязнения поверхностей
• упаковки, транспортных средств, а также выбросов радиоактивных
веществ во внешнюю среду;
— ограничение количества перевозимого радиоактивного вещества в
упаковке и числа упаковок в транспортном средстве;
— оповещение, информация об опасности перевозки и специальная
маркировка груза и транспортных средств;
— обеспечение и контроль качества безопасности перевозок грузоотправителем, перевозчиком, грузополучателем и компетентными органами стран.
Все перечисленные положения применяются по разному, в зависимости
от условий перевозки и свойств груза.
Для унификации требований безопасной перевозки радиоактивных
отходов в настоящее время рассматривается вопрос о разработке единых
правил безопасной перевозки РО от АЭС железнодорожным транспортом
для стран-членов СЭВ.

ИЗУЧЕНИЕ ВОДНЫХ ЭКОСИСТЕМ
Придавая важное значение вопросам охраны окружающей среды,
страны-члены СЭВ уделяют большое внимание в многостороннем сотрудничестве изучению водных экосистем международного значения. Такими
экосистемами для стран-членов СЭВ являются Балтийское море и река
Дунай. Развитие атомной энергетики в прибрежных районах Балтийского
моря и реки Дунай требуют тщательного изучения существующей в них
радиационной обстановки и разработки критериев прогноза ее изменения
на основе постоянных наблюдений и теоретических исследований. Подобная
информация необходима для каждой страны-члена СЭВ, имеющей или строящей атомные электростанции в указанных районах. Получение полной картины о состоянии радиационной обстановки во всем бассейне, используем о м для охлаждения реакторов АЭС, представляет определенные трудности
(высокая стоимость экспедиционных работ, возможность проведения работ
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только в зонах экономических интересов страны и т.п.), преодолеть которые
можно только путем кооперации стран-участниц, включая и постоянный
обмен полученной информацией.
Именно этот путь плодотворного сотрудничества был использован
странами-членами СЭВ при изучении радиоактивной загрязненности экосистем
реки Дунай и бассейна Балтийского моря.
Исследования радиоактивного загрязнения Балтийского моря и реки
Дунай были начаты задолго до ввода в действие АЭС в указанных бассейнах.
Эти исследования были направлены на изучение глобальных радиоактивных
загрязнений, обусловленных испытанием ядерного оружия.
В последние годы сотрудничество стран-членов СЭВ по исследованию
радиоактивной загрязненности окружающей среды в бассейне Балтийского
моря и реки Дунай осуществляется в соответствии с "Соглашением о проведении на основе координации работ по наблюдению за радиоактивностью
Балтийского моря в связи с размещением атомных электростанций в прибрежных районах" (страны-участницы - ГДР, ПНР И СССР) и "Соглашением
о многостороннем сотрудничестве по исследованию радиоактивности
реки Дунай в связи с расположением АЭС в ее бассейне" (страны-участницы —
НРБ, ВНР, СРР, СССР, ЧССР и СФРЮ) .
В результате совместных исследований ГДР, ПНР, СССР собран большой
экспериментальный материал, включающий данные по содержанию нуклидов
в различных объектах Балтийского моря (прежде всего, результаты определений содержания стронция-90 и цезия-137 в водной среде) . Полученный массив данных позволил установить закономерности распределения и измерения
во времени этих радионуклидов в водах Балтийского моря.
Регулярные и достаточно детальные наблюдения за содержанием радионуклидов в водах Графсвальдского залива в Копорской губы Финского залива показали, что величина их содержания не отличается от других аналогичных районов Балтийского моря и, следовательно, расположенные на побережье атомные электростанции (АЭС им. Бруно Лойшнер и Ленинградская
АЭС) не оказывают сколь-нибудь заметного влияния на радиационную
обстановку в Балтийском море.
Результаты исследований состояния радиационной обстановки реки
Дунай за период 1981—1985 гг. показали, что радиационная обстановка
была вполне благополучной и не отличалась от обстановки, наблюдаемой
в прошлые годы. Не обнаружен вклад сбросов АЭС в общую величину
искусственной радиоактивности водной среды реки Дунай.
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Установлено, что годовые дозы, получаемые населением за счет радиоактивного загрязнения вод реки Дунай в 104 раз меньше дозы облучения
человека за счет естественных источников излучения в этом же регионе.
Совместные исследования, проводимые странами-членами СЭВ по изучению радиоактивности реки Дунай и Балтийского моря, показывают, что
помимо экономической выгоды, такое сотрудничество является гарантией
взаимного доверия, что составляет основу взаимоотношений стран-членов
СЭВ.

ЗАКЛЮЧЕНИЕ
С развитием атомной энергетики количество РО будет неуклонно расти
и их обезвреживание будет и в дальнейшем оставаться проблемой, возможно,
определяющей развитие атомной энергетики.
Страны-члены СЭВ заинтересованы развивать международное сотрудничество в области атомной энергетики с другими странами и международными организациями, в первую очередь с МАГАТЭ. Они готовы на основе
равноправного, взаимовыгодного сотрудничества делиться с ними своим:
многолетним опытом по вопросам обращения с РО, образующимися на АЭС.
Страны-члены СЭВ убеждены, что в современных условиях международное научно-техническое сотрудничество, особенно в области атомной энергетики, должно служить миру и социальному прогрессу.
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Abstract-Аннотация
PRESENT STATE OF REACTOR WASTE MANAGEMENT IN CZECHOSLOVAKIA.
The paper describes the experience gained in dealing with radioactive wastes during
operation of the Jaslovské Bohunice Nuclear Power Plant, particularly as concerns the
cementation of liquid waste concentrates and the selective decontamination of water from
the spent fuel cooling pond. The basic principles underlying legislative measures for the
control of the standard of waste management are outlined. A brief indication is given of
basic trends in the technical development of methods and equipment for waste management.

СОВРЕМЕННОЕ СОСТОЯНИЕ ОБЕЗВРЕЖИВАНИЯ РАДИОАКТИВНЫХ ОТХОДОВ
ОТ ЯДЕРНЫХ РЕАКТОРОВ В ЧЕХОСЛОВАКИИ.
Приводится опыт обращения с радиоактивными отходами (РАО), полученный
при эксплуатации АЭС в Ясловске Богунице, в особенности при цементировании жидких концентратов и при селективной дезактивации воды из бассейна хранения отработавшего топлива. Дана характеристика принципов и основных законодательных
мероприятий по контролю технического уровня обезвреживания РАО. Кратко намечены основные направления технического развития методов и оборудования для обезвреживания РАО.

ВВЕДЕНИЕ

На м е ж д у н а р о д н о й к о н ф е р е н ц и и М А Г А Т Э , п р о х о д и в ш е й с 2 8 с е н т я б р я
п о 2 о к т я б р я 1 9 8 7 г. в В е н е , б ы л а п р е д с т а в л е н а о с н о в н а я и н ф о р м а ц и я о чехо-
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словацкой концепции обезвреживания РАО от АЭС и способах, технических
параметрах и ходе ее реализации [1]. Несмотря на то, что строительство
соответствующих участков на АЭС, а также региональных хранилищ продолжается несколько медленнее, чем это предусматривалось ранее, уже накоплен
практический опыт по обращению с РАО на АЭС. Этот опыт также практически использован при разработке системы контроля безопасного обезвреживания РАО, которая включает также необходимые законодательные меры.
В этих направлениях настоящий доклад основывается на докладе указанной
венской конференции и дополняет его.

1. ОПЫТ ЭКСПЛУАТАЦИИ АЭС ЯСЛОВСКЕ БОГУНИЦЕ
Ядерный энергетический комплекс в Ясловске Богунице, первый
своего рода в ЧССР, работает с 1972 г., когда была подключена к сети АЭС
А-1. В 1978 г. введен в эксплуатацию первый из четырех энергоблоков типа
ВВЭР-440. Эти энергоблоки суммарной мощностью 1760 МВт (эл.) представляют собой надежный и устойчивый источник электроэнергии. Вопросами
комплексного обезвреживания мы начали заниматься только при пуске
указанных блоков в эксплуатацию [1]. Несмотря на это, проблематике
РАО всегда уделялось значительное внимание. Доказательством тому служит
тот факт, что на протяжении всех 16 лет эксплуатации не было ни одной
серьезной утечки радиоактивности в окружающую среду.
В настоящее время АЭС располагает достаточным объемом складских
помещений для хранения РАО и на случай возникновения аварийных ситуаций. Работает установка по цементированию жидких РАО, заканчивается
монтаж линии для битумирования жидких отходов, строится региональное
хранилище. Вместимость этого хранилища будет достаточной как для уже
работающих, так и для строящихся и проектируемых АЭС.
В эксплуатации АЭС относительно наименьшие проблемы возникают
с газообразными РАО. Очистка газообразных выбросов, после устранения
водорода путем каталитического сжигания, заключается прежде всего в
улавливании изотопного иода, инертных газов и радиоактивных аэрозолей
на фильтрах с активным углем, перед которыми включены сушильные фильтры. Активность выбросов колеблется в пределах двух—трех порядков ниже
допускаемой по лимитам и нормативам.
Более заметные проблемы появляются в случае с жидкими РАО. Их
основные составляющие — регенераторы из станций очистки первого контура,
сдувные воды, дезактивирующие растворы и дренажные воды из отдельных
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боксов зоны строгого контроля. Все эти содержащие активность воды
сначала загущаются в выпарных аппаратах. Возникающий конденсат после
доочистки на ионообменных станциях вновь применяется для нужд первого
контура или сбрасывается вместе со сверхбалансовыми водами.
Общее солесодержание загущенного концентрата составляет
200—300 к г / м 3 в зависимости от содержания борной кислоты, которое поддерживается в пределах 90—100 кг/м 3 . Удельная активность составляет
106— 10 7 Б к / к г . Концентрат можно:отверждать путем цементирования или
битумирования. Образующаяся смесь заполняется в стандартные металлические бочки объемом 0,2 м 3 .
Для фиксирования цементированием наиболее подходящим оказался
портланд-цемент с содержанием примерно 63% СаО, 20% SiO, 6% А 1 2 0 3 и
3% F e 2 0 3 . Вся вода химически связана в устойчивых гидратах при значении
водного коэффициента 0,25. Однако, при таком его значении цементная каша
трудно обрабатывается, поэтому применяется водный коэффициент 0,4. Ввиду неблагоприятных свойств компонентов концентратов ( в особенности борной кислоты и ее солей), которые отрицательно влияют на процесс застывания
и отверждения, концентрат необходимо химически обрабатывать. Добавляется гидрат кальция, которым растворимые бораты переводятся в нерастворимый мегаборат кальция. Дозировка гидрата кальция определяется таким
образом, чтобы достичь соотношения бора к кальцию 0,5. Остальные, содержащиеся в концентрате вещества, влияют на процесс только тем, что они
снижают окончательную прочность продукта на сжатие (в сравнении со
смесью цемента с чистой водой) до 60—70%. В целях улучшения обрабатываемости в цементную кашу добавляются пластификаторы, для улучшения свойств продукта добавляются минеральные сорбенты. Полученная
смесь затвердевает примерно 6 часов, после 48 часов ее можно захоронить.
Мощность дозы на поверхности бочек колеблется в пределах 0,4—0,7 мкГр/ч.
С учетом более высокого сокращения объема и лучшего качества окончательного продукта, в качестве основной технологии фиксирования жидких
радиоактивных концентратов в ЧССР принято битумирование. Этот процесс
долго проверялся на экспериментальной линии по битумированию, созданной также на территории АЭС Ясловске Богунице [1]. Линия продолжает
работать и в н. вр. заканчивается монтаж промышленной линии по битумированию. Линия будет введена в эксплуатацию в 1988 г. Технологическое
оборудование позволяет фиксировать концентраты как с применением
битумной эмульсии, так с применением расплавленного битума.
Для обработки жидких РАО на АЭС Ясловске Богунице применяются
также другие процессы. Очистка воды бассейна выдержки отработавшего
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топлива производится на ионообменниках. Поскольку применяемый обменник катионов ( K E - Z - C S ) отличается относительно низким сродством к
одновалентным катионам, применяется селективный сорбент — гранулированный синтетический морденит с повышенной механической прочностью
гранул. Он оказался пригодным не только для устранения одновалентных
ионов цезия и серебра, но и марганца, стронция и кобальта. Мольное отношение синтетического морденита S i 0 2 : А1 2 0 3 равно 13; в качестве связующего вещества применяется природный галлоисит в количестве 20%. Колонна размещена в стальной бочке объемом 0,2 м 3 . Она оснащена бетонной
защитой толщиной 20 см. Колонна включена в систему охлаждения бассейна,
которая работает непрерывно. Ее емкость в пересчете на радионуклиды
Cs составляет примерно 10 ю Б к . Ее удельная нагрузка составляет минимально 16 000 объемов колонны при коэффициенте дезактивации для кобальта
равном 20, а для серебра — 5. После отключения и слива воды колонна
герметично закрывается, заканчивается бетонаж защиты и после закрытия
и маркировки бочку можно захоронить в региональном хранилище.
С точки зрения длительной эксплуатации АЭС существенное значение
имеют и твердые отходы ввиду их постоянно растущего объема. Важным
моментом при сокращении объема твердых РАО является их первичная
сортировка. Затем РАО перерабатываются путем прессовки при среднем
давлении с применением модифицированного промышленного пресса PL 12
(изготовитель - KOBO г. Хеб). Отходы спрессовываются в стандартные
стальные бочки (0,2 м 3 ) удельным давлением прессовки 0,22 МПа. Коэффициент сокращения объема достигает 3—5 .
Сжигаемые отходы в настоящее время обрабатываются нерегулярно,
в рамках испытаний экспериментальной сжигательной станции Исследовательского института АЭС в г. Трнава. Станция размещена на-территории
АЭС [1]. Строительство промышленной сжигательной станции предусматривается в 90-х годах.
Для полноты следует хотя бы кратко упомянуть о переработке РАО
на других площадках в ЧССР. Удельная активность жидких РАО на АЭС
Дукованы до сих пор эктремально низкая. Концентраты кальцинируются
на экспериментальной установке Института ядерных исследований, находящейся на территории АЭС. С учетом очень низкой активности продукта,
кальцинат загружается в стандартные бочки, пока без дальнейшего фиксирования, однако экспериментальная установка позволяет проводить его
цементирование. Жидкие РАО перерабатываются с помощью химических
процессов и цементирования; станция обезвреживания радиоактивных
отходов принимает на переработку также отходы, возникающие при применении радиоизотопов.
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На уже работающей АЭС Дукованы строится промышленная установка
по переработке РАО. Остальные чехословацкие АЭС будут оснащены линиями
для переработки РАО уже при вводе в эксплуатацию.

2. ИНСПЕКТОРСКАЯ ДЕЯТЕЛЬНОСТЬ ПРИ ОБЕСПЕЧЕНИИ БЕЗОПАСНОГО ОБЕЗВРЕЖИВАНИЯ РАО
Основой контрольной деятельности в области ядерной энергетики í
является закон о ядерной безопасности (№28 от 1984 г.) . Этой деятельностью занимается Государственный надзор по ядерной безопасности, входящий
в состав Чехословацкой комиссии по атомной энергии. В ЧССР понятие
"ядерная безопасность" распространяется не только на то, чтобы исключить
возможность неконтролируемого развития цепной реакции деления, но также
и на то, чтобы исключить возможность неконтролируемой утечки и радиоактивных веществ в окружающую среду. Поэтому объектом указанной контрольной деятельности являются и возникающие на АЭС РАО. Обращение с этими
отходами, естественно, входит в компетенцию организаций, которым поручен контроль за радиационной защитой. Государственный надзор по ядерной
безопасности занимается техническими и организационными аспектами обращения с РАО, начиная с момента их образования, затем обработки и вплоть
до окончательного захоронения.
Существенной законодательной мерой в этой области явилось издание
постановления об обеспечении ядерной: безопасности при обращении с РАО
[2], которое вступило в силу в сентябре 1987 г. В нем обобщен опыт, накопленный при эксплуатации чехословацких АЭС, и использованы рекомендации
МАГАТЭ. Основные требования в этом объявлении сформулированы
следующим образом:
• (а)

сократить количество и объем РАО и их утечки в окружающую
среду;

(б)

обеспечить качество технологических компонентов и процессов и,
в особенности, качество обработанных РАО, предназначенных для
окончательного захоронения;

(в)

обеспечить качество конструкционных материалов и оснастки
хранилищ.

Внимание Государственного надзора по ядерной безопасности обращено,
прежде всего, на жидкие РАО, в особенности на концентраты, образующиеся
в результате выпаривания жидких РАО. После преодоления первоначальных
трудностей путем последовательного контроля достигнуто по крайней мере то,
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что характеристики этих отходов не превышают проектные значения. Однако
по сравнению с другими типами ядерных установок (такой же или большей
мощности [3] величины этих характеристик все таки остаются еще достаточно большими. Поэтому требуется дальнейшее снижение объема производимых
концентратов, что можно достичь путем улучшения химического режима и
минимизации утечек из первого контура. С целью минимизации утечек
радиоактивных веществ в окружающую среду в комплекс ограничений
и условий эксплуатации ядерных установок, представляющий собой один
из основных актов, регулирующих безопасную эксплуатацию установок,
включены допущения на минимальную эффективность средств улавливания
(фильтры, ионообменники) и ограничения на количество и объемную активность сбросов в окружающую среду. Кроме того, установлены уровни измерения и вмешательства, представляющие незначительную долю длительно
нормальных или проектных значений. При превышении уровня измерения
должны быть обнаружены и проанализированы причины, при превышении
уровня вмешательства должны быть приняты корректирующие меры,
соответствующие степени превышения.
Требования к качеству обработанных РАО основываются на рекомендациях МАГАТЭ [4], модифицированных с точки зрения размещения и оснащения чехословацких хранилищ. Из максимальной активности, с которой возможно захоронить РАО в хранилище, выведены критерии приемлемости
отработанных РАО для хранилища. Основные показатели, удельная активность и предельная вымываемость, установлены соответствующей методикой. Способы измерения будут еще уточнены изданием технических нормативов, определяющих однозначные требования на отбор образцов, проведение
испытаний, оценку и оформление результатов. Что касается некоторых дальнейших критериев (как, например, критическая безопасность или тепловые
или радиационные эффекты) было доказано, что нет необходимости их ограничивать [5]. У остальных критериев — газообразования, содержания комплексообразующих, пирофорических или токсических веществ и др. — трудно
установить точные лимиты. Эту проблему необходимо будет решить до выдачи разрешения на эксплуатацию хранилищ с тем, чтобы обеспечить общую безопасность захоронения.
В настоящее время в ЧССР строятся два подземных хранилища для
низко- и среднеактивных РАО. Хранилище в Моховцах из двух водонепроницаемых бетонных секций, облицованных слоем глины и оснащенных системой дренирования и постоянного слежения. На год позже началось строительство хранилища в Дукованах, аналогичного по конструкции с той разницей, что в качестве уплотнения использован асфальтопропиленовый микро-
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бетон. Хотя уплотнение из ила отличается почти в десять раз меньшим коэффициентом проницаемости, однако ввиду затруднений, связанных с достижением требуемого качества глины при ее добыче, укладке и, в особенности,
с сохранением требуемых свойств уплотнения в ходе строительства, это преимущество является только теоретическим.
Размещение и оснащение хранилищ соответствует критериям приемлемости. Анализы безопасности показали, что активность захороненных РАО
не может стать источником индивидуальной эквивалентной дозы свыше
10 м к З в в год или же 1 Зв в год для всей популяции, даже в случае аварии,
заключающейся в разрушении конструкции при одновременном затапливании водой.
В целях обеспечения качества конструкции хранилища разработаны
специальные требования к конструкционным материалам и к исполнению
конструкции. Наш опыт показывает, что в наших условиях, вследствие
переменного качества конструкционных материалов (в особенности защитного глиняного слоя), очень важна точная формулировка этих требований.
Соответствующая контрольная система может обеспечить достижение высокого качества захоронения и, тем самым, способствовать достижению долгосрочной безопасности хранилищ.

3. НЕКОТОРЫЕ АСПЕКТЫ НА БУДУЩЕЕ
В ЧССР создана система безопасного обезвреживания РАО от АЭС,
реализация которой уже вступила в заключительную стадию [11. Однако,
это не значит, что компоненты данной системы полностью удовлетворяют
нас по всем направлениям. Таким образом, реализация этой системы не
дает возможность передышки, однако создает базу для относительно более
спокойной работы над техническими усовершенствованиями и оптимизацией режимов.
Как уже отмечалось во втором разделе доклада, количество образующихся жидких РАО остается все-таки достаточно большим. Наряду с уже
упоминавшимися технико-организационными мероприятиями будет уделяться внимание усовершенствованию селективных дезактивационных
процессов. Многие сбросные воды, которые до сих пор попадают в выпарные аппараты и напрасно загружают продукцию концентратов, можно было
бы после селективной дезактивации рециклировать без дорогостоящего
испарения. То же самое относится и к возможности многократного использования дезактивационных растворов. Надежные перспективы показывают
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синтетические минеральные сорбенты, упомянутые в разделе 1. В отличие
от органических ионитов, эти сорбенты не являются источником трудностей
при их последующем фиксировании.
Процессы отверждения жидких отходов можно тоже усовершенствовать. В области битумизации внимание будет очевидно сосредотачиваться
на поисках замены битума дешевыми ограническими, по возможности отходными продуктами. Интенсивные исследования проводятся в области остекловывания низко- и среднеактивных РАО [1]. Оказывается, что при современном составе жидких концентратов РАО от чехословацких АЭС можно
получить продукт приемлемого качества не только с помощью соответствующего сочетания концентрата и минеральных сорбентов (без дальнейших стеклообразующих добавок), но и в печи для остекловывания можно сжигать и
отработавшие органические ионообменники, а также некоторые сгораемые
РАО- Завершенные недавно испытания технологии и модельной установки
для остекловывания жидких отходов из бассейна выдержки отработавшего
топлива АЭС А-1 показали, что наряду со стационарными установками для
остекловывания реальным оказывается и путь создания более мелких маневренных линий остекловывания, которые можно было бы использовать в
специальных случаях (например, для обезвреживания РАО из некоторых
установок для использования радиоизотопов). До сих пор открытым
остается вопрос оптимизации размеров и формы блоков конечного продукта —
стекла.
Следующим объектом технического усовершенствования является и
будет система обращения с РАО. Так, например, для АЭС Темелин уже
предусматривается автоматизированная система манипуляции с бочками,
заполненными обработанными РАО.
Современный способ захоронения нельзя считать окончательным.
В 1987 г. закончена геологическая разведка на территории АЭС Темелин,
показавшая почти идеальные возможности захоронения обработанных РАО
в глубинных геологических формациях на мин. глубине 730 м. В связи с
полученными результатами разведки в настоящее время изучаются вопросы
потребностей и возможностей технического оснащения такого хранилища
и выбора или приспособления соответствующей технологии обработки РАО.
При этом следовало бы получить возможности захоронения таких видов
РАО, которые для имеющихся чехословацких хранилищ неприемлемы
(например, альфа-активные отходы, отходы, образующиеся при ликвидации
АЭС и д р . ) .
Уже имеющиеся методы и оборудование тоже необходимо модифицировать и дополнить так, чтобы получить возможность безопасного захоронения
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РАО, возникающих при непроектных состояниях и вследствие ликвидации
АЭС.
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Abstract
THE EUROPEAN COMMUNITIES' RESEARCH PROGRAMME ON MANAGEMENT
O F LOW A N D I N T E R M E D I A T E L E V E L WASTES.
In the European Communities' third R & D programme on Management and Disposal
of Radioactive Wastes a large number of projects have been commissioned to develop treatment and conditioning processes for low and intermediate level wastes and to qualify the conditioned waste forms. The paper presents the main objectives of this research and summarizes
some of the more important studies. In liquid waste treatment, the research includes processes
to separate actinides by new extractive methods and application of selective inorganic ion
exchangers as well as electrochemically controlled ion exchange processes and a series of
purification methods involving membrane techniques. The most important issue of solid waste
management in the programme is the treatment and conditioning of plutonium containing
wastes, for which a strategic study had been commissioned to optimize the choice between
different treatment and conditioning options. Processes being studied include two advanced
decontamination techniques and a variety of conditioning methods for incinerator ash and fuel
element hulls. Another task of the programme is devoted to the qualification of waste forms.
This comprises the characterization of the most common low and intermediate level waste
products with respect to leaching, waste form stability, radiation resistance and compatibility
with the respective disposal environments. In the course of the programme, the development
of methods for quality assurance and in particular quality control has become an important
issue: the control of the nuclide inventory, of the chemical composition of the wastes and of
the correct operation of treatment and conditioning processes is being investigated in special
laboratories.

1.

INTRODUCTION

The European Communities' research programmes on nuclear wastes

are

c a r r i e d o u t p a r t l y at t h e i r o w n f a c i l i t i e s , t h e J o i n t R e s e a r c h C e n t r e s ( J R C s ) , a n d
p a r t l y u n d e r c o n t r a c t w i t h p r i v a t e a n d p u b l i c institutes in t h e M e m b e r S t a t e s . T h i s
p a p e r o n l y d e s c r i b e s t h e latter p a r t , w h e r e a s h i g h l i g h t s of t h e J R C activities will b e
p r e s e n t e d in a n o t h e r p a p e r at this s y m p o s i u m [1].
T h e c u r r e n t , t h i r d five y e a r R & D p r o g r a m m e o n M a n a g e m e n t a n d D i s p o s a l
o f R a d i o a c t i v e W a s t e s o n l y b e c a m e o p e r a t i o n a l in m i d - 1 9 8 5 . A t t h i s s t a g e o n l y s o m e
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TABLE I. MAIN CURRENT EC RESEARCH ACTIVITIES ON TREATMENT OF LIQUID WASTES
Aim of processing

Treatment features

Organization

Karlsruhe (see Ref. [2])

Removal of gamma emitters for
transport of conditioned
wastes without shielding

Inorganic ion exchange
(AMP-Ia, Mn02) +
Extraction chromatography
(CMPO b ) .

Kernforschungszentrum
Karlsruhe

Marcoule

Removal of Cs, Sr and actinides
for disposal of conditioned
concentrates by shallow land burial

Liquid membranes
(crown ethers, CMPO)

Centre d'études
nucléaires de Cadarache

Concentration of activity into smallest
volume possible for reducing amount
of wastes to be vitrified

Chemical precipitation
possibly combined with
inorganic ion exchange
(zeolites)

ENEA, Centro Ricerche
Energia Casaccia

Solvent extraction

ENEA, Centro Ricerche
Energia Casaccia

Waste type

\o
oo

1. Intermediate level reprocessing
concentrates from:

Saluggia (see Ref. [3])

Various liquid alpha wastes
generated during U 0 2 - P u 0 2
fabrication in Casaccia
(see Ref. [4])
a
b

Actinide removal for processing of
decontaminated wastes as low
level liquid wastes

Ammonium molybdatophosphate.
n-octyl(phenyl)-N-N'-di-isobutylcarbamoylmethylphosphine oxide.

(CMPO)
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of the results can be published and these will mainly be presented in the other sessions of this symposium. The following overview will introduce the objectives of the
European Communities' activities in this field of research and briefly introduce those
research projects which are of higher general interest.
Although national policies and waste management schemes within the EC
differ to some extent, the R&D on low and intermediate level wastes in the
programme is consistent with the following technical objectives and orientations:
— The nuclide content and the concentration of toxic substances in effluent
releases should be minimized;
— Treatment of liquid wastes should result in a concentration of nuclides in a
form that can be conditioned in compliance with disposal acceptance criteria;
— Segregation of wastes and advanced separation and conditioning processes
shall be used to assure that long lived wastes are immobilized in the most durable waste forms;
— Secondary waste streams should be minimized and compatible with processes
for treating and conditioning other waste streams;
— All final waste forms should be qualified for disposal by characterization;
— The quality of the final product should be maintained at the level of the technical specifications and regulatory requirements by comprehensive quality assurance schemes;
— The effectiveness of these schemes must remain verifiable.
Some of these objectives can only be achieved in the context of an overall
management and disposal scheme. A timely decision on at least the generic issues
of waste disposal could therefore greatly contribute to the development of appropriate treatment and conditioning processes.

2.

TREATMENT OF LIQUID WASTES

Treatment of low and intermediate level liquid wastes is one of the salient items
of the EC research activities on radioactive waste treatment and conditioning. The
main current EC research activities on treatment of liquid wastes are summarized in
Table I.
Owing to the important cost and safety implications of managing long lived and
alpha nuclides, a major research effort has been devoted to the treatment of two
waste types: intermediate level evaporator concentrates arising from reprocessing
operations and the various mixtures of liquid alpha wastes generated during mixed
oxide fuel ( U 0 2 - P u 0 2 ) fabrication campaigns.
Basically, the new treatment processes being investigated aim either at changing the waste category on the basis of waste acceptance criteria for interim storage
or disposal or at simply reducing the volume of wastes to be conditioned. To reach
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the former objective, very selective and efficient processes are required, especially
•for the decontamination of long lived radionuclides and some fission products such
as caesium, strontium and antimony. For removal of actinides, the application of a
new type of solvent, CMPO 1 , was considered in three alternative techniques (solvent extraction, extraction chromatography and liquid membranes). This product
was preferred to inorganic ion exchangers, firstly because it can be used in a strongly
acidic medium and secondly because its extraction performance is expected to be less
affected by salts and various organic complexing agents which are usually present
in the two waste types mentioned above [5]. However, for the separation of fission
products, inorganic ion exchangers such as AMP-1 2 prove to be quite successful
when used in suspension in a column, as has been done in a new process developed
by the Kernforschungszentrum Karlsruhe (KfK) [2]. As an alternative, the use of
liquid membranes involving very specific exchangers such as crown ethers for the
removal of caesium and strontium is currently under investigation at the Centre
d'études nucléaires (CEN) de Cadarache [6].
Concentration of the activity for reducing further the waste amounts to be vitrified is also part of this research programme. Conventional chemical precipitation
techniques possibly combined with inorganic ion exchangers are suitable for one
specific application: the treatment of MTR reprocessing concentrates.
In addition to these specific applications of mainly conventional chemical
engineering, the EC research programme is developing two advanced processes: one
involving electrochemically controlled ion exchangers (EIX), and ultrafiltration
(UF). Although being tested at the Harwell Laboratory with wastes typical for the
United Kingdom (Magnox pond waters and Harwell low and intermediate level
liquid wastes), these processes appear to have a great potential for a wide range of
other liquid wastes. The EIX process presents the important advantage over conventional ion exchange of using electric current as the driving force and thereby generates no secondary liquid wastes [7]. As for the UF process, this significantly
improves the performance of chemical precipitation techniques in terms of both
volume reduction and decontamination factors [8]. Recently, the inclusion of a direct
membrane cleaning device to prevent membrane fouling has greatly increased the
potential application of the UF process for treatment of liquid wastes.
It is already planned to conclude the EC research programme on treatment of
liquid wastes with a series of intercomparison tests. These tests will consist of applying the different treatment alternatives investigated by the participating laboratories
for similar purposes on the same waste types. An example of such a comparison
could be the treatment of the intermediate level Marcoule reprocessing concentrates
by chromatographic techniques and by solvent extraction according to the processes

1

n-octyl(phenyl)-N-N'-di-isobutylcarbamoylmethylphosphine oxide.

2

Ammonium molybdatophosphate.
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developed by the KfK and the ENEA's Centro Ricerche Energía Casaccia, respectively. Such tests may lead to a wider range of application for each of these processes
and generate reliable data for evaluating their performance.

3.

TREATMENT AND CONDITIONING OF PLUTONIUM CONTAINING
WASTES

Since, under the London Convention, sea dumping has practically been
stopped, many countries have not yet defined an alternative disposal route for plutonium containing wastes (PCW).
The EC research programme has investigated different management routes for
PCW by developing treatment and conditioning processes up to the active pilot plant
scale (acid digestion, low temperature incineration, washing, high temperature
incineration, etc.). This has been followed by strategic studies aimed at evaluating
the merits of the different potential management routes [9, 10]. It was found that the
choice of an optimized treatment process for PCW was mainly governed by two
parameters: the waste acceptance criteria for disposal — especially for conditioned
PCW — and the discharge limits assigned to one specific PCW treatment plant.
Another important finding of this study is that exhaustive decontamination of PCW
permitting a change of waste category (alpha specific activity limit of conditioned
PCW below 3.7 GBq/t (0.1 Ci/t)) may lead to significant reduction of the total
management cost. As one of the consequences of these findings two new PCW treatment processes have been included in the current EC programme. The first one is
the 'Prolixe' process (CEN, Fontenay-aux-Roses), which aims at complete solubilization öf Pu by leaching PCW with nitric acid in the presence of electrolytically
generated A g 2 + [11]. The second one, developed at the KfK, takes advantage of the
experience gained in the Alona acid digestion plant [12] to examine H 2 S 0 4 - H N 0 3
mixtures for solubilizing Pu by leaching. However, whereas the range of applications of the former process appears quite wide, the KfK process is mainly focused
on alpha incinerator ash.
The EC study on PCW management has also highlighted the fact that if mixed
oxide fuel fabrication could operate without spreading P u 0 2 dust in glove boxes as
a result of powder transfer operations, the Pu losses in PCW could drop to less than
0.1% of the total Pu inventory. As a consequence, a relatively cheap management
route — with direct PCW conditioning in a simple matrix — could be implemented.
Such management schemes are being studied by BELGONUCLEAIRE to minimize
the spread of P u 0 2 dust in its Dessel fuel fabrication plant, whereby an additional
containment is introduced inside the glove boxes of the U 0 2 - P u 0 2 fuel manufacturing line [13].
The PCW strategic study also demonstrated that in addition to limits for the
alpha specific activity of conditioned PCW, the maximum PCW loading of the

T A B L E II.
Waste

M A I N C U R R E N T E C R E S E A R C H ACTIVITIES O N P C W T R E A T M E N T A N D C O N D I T I O N I N G

type

Aim of processing

Treatment/conditioning features

Organization

1. Various PCW types

Actinide removal for disposal
of conditioned PCW by shallow
land burial

Leaching with H N 0 3 in presence
of electrolytically generated A g 2 +

C E N , Fontenayaux-Roses

2. Alpha incinerator ash
(France)

Pu recovery for recycling purposes
and reduction of alpha specific
activity of waste products to be
disposed of

Leaching with H N 0 3 in presence
of electrolytically generated A g 2 +

CEN, Fontenayaux-Roses

3. Alpha incinerator ash
(Federal Republic of
Germany)

Pu recovery for recycling purposes
and reduction of alpha specific
activity of waste products to be
disposed of

Leaching with H 2 S 0 4 - H N 0 3
mixtures

KfK, Karlsruhe

4. All types of alpha
incinerator ash

Improvement of quality of
conditioned ash

Hot isostatic pressing

Etablissement de la
Vallée du Rhône

Embedding in pozzolanic cement,
epoxy resins or polymer modified
cement (see Ref. [14])

CEN, Cadarache

Incorporation in modified sulphur
cement (see Ref. [15])

ECN, Petten

5. Pu0 2 containing dust
in glove boxes of
mixed oxide fuel
fabrication plant

Reduction of Pu losses in PCW by
measures taken at source

О
z
us
a.

Ash conditioning by melting

N U K E M , Alzenau

Encapsulation into ceramics

KfK, Karlsruhe

Development of additional
containment inside glove boxes
(see Ref. [13])

BELGONUCLEAIRE,
Dessel
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cementitious waste form could be a limiting factor for the reduction of the final
volume of wastes and the respective management costs. Several European countries
such as France and the Federal Republic of Germany therefore envisage reducing
the volume of combustible PCW by incineration. However, taking into account the
rather high alpha specific activity of the resulting ash (up to 1.85 TBq/t (50 Ci/t)),
it is appropriate to develop more resistant matrices than ordinary Portland cement
for this subsequent conditioning. In this respect, the EC research programme [6, 11]
is considering different alternatives: hot isostatic pressing (Etablissement de la
Vallée du Rhône), melting of the ash (NUKEM), encapsulation into ceramics (KfK)
and embedding into pozzolanic cement, epoxy resins or polymer modified cement
(CEN, Cadarache) [14]. Likewise, some R&D work is currently under way at the
Netherlands Energy Research Foundation (ECN), Petten, for evaluating the possible
use of modified sulphur cement for this purpose [15]. Some conclusions on the most
suitable matrices for immobilizing alpha incinerator ash should be possible at the end
of this research programme. All the current EC activities on PCW treatment and conditioning are summarized in Table II.

4.

OTHER IMMOBILIZATION PROCESSES

In addition to conditioning of alpha incinerator ash, the current EC research
programme includes the development of immobilization processes which cover other
waste types (Table III). Process developments have in many cases advanced to a
stage where tests with real wastes are necessary to confirm the results of preceding
experiments. For example, conditioning experiments on hulls will be performed on
genuine wastes (up to 100 kg) and immobilization tests for tritium will comprise the
manufacture of zirconium hydride blocks of 1 kg each containing 74 TBq (2000 Ci)
of tritium.

5.

TESTING AND CHARACTERIZATION OF LOW AND INTERMEDIATE
LEVEL WASTE FORMS

The research activities carried out under this heading have the general aim of
investigating whether the engineered barriers and in particular the waste package will
provide the necessary degree of containment of the radionuclides during the preemplacement period and in all normal and exceptional conditions of disposal.
For low and intermediate level wastes an exhaustive investigation of this nature
would have to cover a bewildering array of waste types, waste forms and scenarios.
The EC programme has therefore concentrated much of its research work on a
limited number of waste forms, barrier materials and disposal conditions. In order
to maintain consistency during the programme, some ten Reference Waste Forms

g
TABLE III. IMMOBILIZATION PROCESSES UNDER DEVELOPMENT WITHIN THE CURRENT EC PROGRAMME
Waste type

Aim of processing

Conditioning features

Organization

1. LWR and FBR hulls

Volume reduction and possibly
exhaustive decontamination

Melting in a cold crucible

Etablissement de la
Vallée du Rhône

Volume reduction and improvement

Hull compaction and encapsulation
in lead containment

CEN/SCK, Mol

2. LWR hulls

of package resistance to leaching
3. LWR hulls
(see Ref. [16])

Volume reduction

Hull compaction and packaging
into HLW glass canisters

KfK, Karlsruhe

S
О

4. Spent IX resins from
decontamination
liquor processing

Improvement of quality of
waste product

Cementation with additives

Atomic Energy
Establishment
Winfrith

о
м
nNN
С
Г

5. Spent IX resins
arising at nuclear
power plants

Increase of waste loading
in cement

Cementation with additives

Junta de Energía
Nuclear (CIEMAT),
Madrid

6. Dissolver residues

Long term stable conditioning

Encapsulation in ceramics

KfK, Karlsruhe

7. Tritiated waste waters

Stable and retrievable
conditioning for tritium

Tritium immobilization in the

Kernforschungsanlage
Jülich

form of zirconium hydride

z

и
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(RWFs) were defined in 1981 [17]. The waste-matrix combination and the composition of these RWFs had to be typical of waste forms either already existent or scheduled to be produced in significant quantities within the EC. The original list of RWFs
was updated in 1986 when, among other modifications, cemented incinerator ash and
heterogeneous solid wastes were included and a more detailed database for each
waste form was specified. In order to avoid confusion the new specifications identify
RM A (Reference Medium Active) products [18]. The waste forms adopted as RM A
for the 1985-1989 EC programme are listed below:
RMA
RMA
RMA
RMA
RMA
RMA
RMA
RMA
RMA
RMA

1
2
3
4
5
6
7
8
9.1
9.2

RMA 10.1
RMA 10.2
RMA 11.1
RMA 11.2

BWR evaporator concentrates in cement
PWR evaporator concentrates in cement
Organic ion exchangers in cement
Organic ion exchangers in polystyrene
Mixed ion exchangers in modified vinyl polyesters
Zircaloy debris in cement
Reprocessing evaporator concentrates in bitumen
Reprocessing evaporator concentrates in cement
Reprocessing precipitation sludges in bitumen
Reprocessing precipitation sludges plus reprocessing evaporator
concentrates in bitumen
Incinerator ash (a + ß/y) in cement
Incinerator ash (ß/y) in cement
Heterogeneous (compressed, crushed, shredded) solid wastes
(a -I- ß/y) in cement
Heterogeneous (compressed, crushed, shredded) solid wastes
( ß / y ) in cement

The main fields of characterization applied to these waste forms are covered
by investigations of:
— The chemistry of radionuclides in waste forms and leachates as well as the relevant release mechanisms;
— The stability of waste forms against various forms of corrosion, waste-matrix
interaction and climatic and microbiological deterioration;
— The effects of radiation damage and radiolysis;
— The resistance of waste packages to mechanical and thermal loads under
expected normal and presumed accidental conditions.
Table IV shows the distribution of the principal characterization studies among the
participating laboratories.
The nuclide releases of most reference materials have been measured by leach
testing of fully active samples. These tests reveal the general performance of the
waste forms but provide little information on the release rates under disposal condi-

TABLE IV. MAIN AREAS OF CHARACTERIZATION OF LOW AND INTERMEDIATE LEVEL WASTE FORMS IN THE
EC PROGRAMME

Waste form
stability

Fully active
leach tests

CEN, Cadarache,
Speciation of
Fontenay-aux Roses, T R U elements
Grenoble, Saclay

Ageing of polymer
waste forms

Reference waste
blocks

CEN/SCK, Mol

Swelling and ageing
of bitumen waste
forms

Corrosion/
leaching of
Eurobitumen

Laboratory

Nuclide chemistry

Demokritos National
Research Center
for the Physical
Sciences,
Aghia Paraskevi

Radiation
effects

Other subjects

Development of
test methods

Leaching
mechanisms of
Cs and Sr from
cement and
polymer waste
forms

ENEA, Centro
Ricerche Energia
Casaccia

Freie Universität
Berlin

Modelling of
waste form
and near field

Freeze-thaw, cycling, Cemented ash
swelling of cement
waste forms

Effects of complexing agents on
nuclide release

Radiation damage Mechanical strength
and radiolysis
biodégradation
of cement waste
forms

KfK, Karlsruhe

Equilibrium concentration and
leaching kinetics
of Pu, Am, Np

Corrosion of cement
waste forms in
brines

Cores of cemented
IX resins

Kraftwerk Union,
Erlangen

Rise National
Laboratory

Effects of water
composition, swelling
of bituminizates

Taylor Woodrow

Stability of compacted
solid wastes

UKAEA, Harwell
Laboratory, Atomic
Energy Establishment Winfrith
University of
Aberdeen

Cemented
reprocessing
concentrate
in brine

Colloids in
cement leachates

Release of H-3
from real reactor
waste drums
Diffusive transport of nuclides
and influence of
porosity

Modelling of
cement waste
forms and
backfills
Waste-matrix
interaction

under
repository
conditions

Effects of microorganisms

Radiation damage
and radiolysis, all
Reference Waste
Forms
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tions. The latter will be more realistically simulated in lysimeter tests which
reproduce the disposal environment. Specific release rates for actinides and long
lived emitters are measured more accurately by using spiked samples.
The results of the earlier leach tests have shown that the release and transport
of nuclides in multicomponent systems cannot only be modelled as ionic dissolution
and diffusion. A number of laboratories have therefore begun to analyse the various
chemical species involved in order to determine the influence of colloidal release and
the effects of organic complexing agents upon the release rates of the TRU elements.
The rate at which the nuclides are released from a waste package will also
depend upon the stability of the waste form. The breakdown of the matrix by cracks
or corrosion multiplies the surface area for leaching and creates additional pathways
for liquid transport. The effects of swelling and gas release are not limited to the
waste form: the expansion of waste packages or the generation of gas pressure by
corrosion, fermentation and radiolysis can ultimately rupture the surrounding near
field barriers. Examples of such phenomena are as follows:
— The swelling of organic IX resins and salts encapsulated in bitumen: the
immobilization process drives the water out of the wastes at temperatures
around 150°C. In a moist environment both resins and salt particles will attract
and absorb any water diffusing through the matrix and exert a swelling pressure on the surrounding bitumen.
— If the same wastes as above are immobilized in cement, the hydration of the
matrix will dry the resins and salts to a lesser extent. Nevertheless, high waste
loadings and incorrect matrix formation can give rise to excessive swelling
pressure when the waste form is saturated with water, which leads to mechanical failure.
— The reaction of metals, in particular Al and Zn, with cement paste will produce
a large amount of hydrogen, leading to increased porosity or swelling of the
waste form and pressure buildup in sealed drums.
— Radiolysis of bitumen encapsulated wastes can also lead to dimensional instability. This mechanism has effectively been modelled by D.C. Phillips of the
Harwell Laboratory [19] by correlating the gas bubble growth with the total
dose, the diffusion constant, the rate of radiolysis and the dimensions of the
sample.
To prevent the failure of waste forms and barriers due to such effects, two
general strategies are being pursued. The first is to eliminate the causes, i.e. to
pretreat reactive wastes so as to eliminate waste-matrix interaction or choose mineral
instead of organic IX resins. The second remedy consists of accommodating the
inevitable gas generation from metal corrosion and radiolysis either within the waste
form itself or by discriminate venting through the near field.
The long term isolation of the disposed wastes is not the only issue of concern
to risk analysis and regulators: waste packages may release volatile nuclides such as
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iodine or tritium during normal storage, transport or handling. For abnormal, i.e.
accident conditions, releases of aerosols in the case of fire and of particulates in the
case of mechanical damage must be investigated. Results of fire tests on packages
of spiked bitumen indicate that only a small percentage of actinides and less than half
of the other nuclides are likely to be released in aerosols. Further tests using active
cemented waste samples in specially equipped hot cells are in preparation.

6.

QUALITY ASSURANCE AND QUALITY CONTROL

In addition to the research devoted to characterization of waste forms, the EC's
third R&D programme is the first to include significant research activities on quality
assurance. The aims of the projects are:
— To develop process control systems which, through a sufficiently wide range
of operating conditions and waste compositions, will reliably maintain product
quality at the required level, and
— To find accurate testing methods to carry out inspections and quality audits on
representative samples and complete waste packages.
The following R&D projects primarily pursue the second objective:
— Computer tomography of waste packages: the application of methods widely
used in medical diagnostics to radioactive waste packages was pioneered in
Europe by the Bundesanstalt für Materialforschung und -prüfung. Preliminary
results of this project are presented at this meeting by P. Reimers [20].
— The non-destructive assay of large, cemented waste packages by passive and
active neutron measurement being developed for quality inspection purposes
will be discussed at this symposium by representatives of Taylor Woodrow [21].
More recently, a series of new research proposals have been introduced. These
projects, which are currently under negotiation, will cover the following fields of
quality control:
— Development and optimization of sampling procedures and sample preparation
techniques;
— Measurement of nuclide concentration, in particular of long lived alpha and
beta emitters, by non-destructive and destructive methods;
— Methods to verify the chemical composition and to detect unwanted or
undeclared substances, waste-matrix interaction and gas generation in waste
packages;
— Non-destructive tests to verify the leaktightness and integrity of waste
containers.
First results of the new projects are expected by mid-1989.
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7.

CONCLUSIONS

The European Communities' third programme on Management and Disposal
of Radioactive Wastes represents a significant part of the sum total of research
activities being pursued in the laboratories of the Member States on the treatment,
conditioning, characterization and testing of low and intermediate level wastes.
In the field of waste treatment processes, the need to adjust the waste product
composition to the disposal criteria and to reduce the amount of activity released with
the effluents has been recognized by all participants. The objective of qualifying the
waste forms for disposal by extensive characterization tests and planned quality
assurance has also met general agreement.
This wide consensus on common objectives has helped to establish the framework and the spirit of collaboration in this programme which are essential for
sustaining the progress recorded today and for obtaining the expected results by the
end of 1989.
The authors therefore wish to thank all those who are contributing to this joint
programme for their co-operation as well as for kindly providing information for this
overview.
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Abstract
DESIGN, C O N S T R U C T I O N A N D S A F E T Y A S S E S S M E N T S F O R A REPOSITORY IN
BEDROCK.
The first construction phase for the Swedish Final Repository for Reactor Waste, SFR,
is now complete. The SFR is built in the bedrock under the Baltic Sea close to the Forsmark
nuclear power plant. Sixty metres of rock cover the repository caverns under the sea-bed. The
first construction phase included buildings on the surface, tunnels, operational buildings and
rock caverns for 60 000 m 3 of wastes. In a second phase capacity for an additional
30 000 m 3 is planned to be built and commissioned around the year 2000. The SFR has been
situated under the sea to minimize groundwater flow in the repository area. The hydraulic
gradients there are very small because the sea balances the hydraulic conditions in the rock
below. The host rock is a crystalline rock, which has proven to be very competent with regard
to excavation of the tunnels and the various caverns. Engineered barriers have been used to
further reduce the groundwater flow inside the caverns and through the wastes. Concrete and
bentonite clay are used in the silo cavern for the wastes containing most of the activity. The
other caverns have a more conventional design and only concrete is used to reduce water flow.
Measures have been taken to minimize the exposure of personnel during the operating period
by the use of biological shields and remote controlled handling of the wastes. A specially
designed vehicle carries the transport containers through the tunnels to the repository area.
The vehicle can be operated by remote control as well as the unloading machines. Low level
wastes are transported in standard freight containers and handled with an ordinary fork-lift
truck in one of the caverns. Safety assessments show that radiological risks during the operational period are very low. The analysis of post-closure safety has been performed for two
periods. The first covers the time during which the sea-bed above the SFR is still covered by
the brackish water of the Baltic Sea. The second period covers the time after the drying out
of the sea-bed and after the formation of a freshwater based ecological system. The radiological impact on the environment will be very low for both periods.
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NATIONAL POLICY FOR MANAGEMENT OF RADIOACTIVE WASTES

According to Swedish law, the primary responsibility for realization of safe
management and final disposal of radioactive wastes lies with the owners of the
nuclear utilities. This responsibility also includes financing of the total costs of
management and disposal. Four power utilities in Sweden are producing electricity
in nuclear power plants. These companies are joint owners of the Swedish Nuclear
Fuel and Waste Management Company, SKB.
The SKB's functions are to plan, build, own and operate systems and facilities
for the transport and disposal of spent nuclear fuel and radioactive wastes. The work
in this field is supervised by the Swedish Nuclear Power Inspectorate, SKI, and the
National Institute of Radiation Protection, SSI.
The financing of future activities is ensured by a fund into which is paid a fee
per kilowatt-hour of nuclear generated electricity production. The fee is based on a
plan and a cost calculation for future activities presented every year by the SKB. The
supervisory and reviewing authority is the National Board for Spent Nuclear Fuel,
SKN.
LLW and ILW from operation of the Swedish reactors will be disposed of in
a central repository called the Swedish Final Repository for Reactor Waste (SFR).
It will also include similar types of radioactive waste from other industries as well
as from research and medical activities. At some of the reactor sites LLW with a
very low activity content will be disposed of by shallow land burial.
The management and disposal of radioactive wastes in Sweden are regulated by
— The Nuclear Activities Act (1984)
— The Radiation Protection Act (1958)
— The Act on the Financing of Future Measures for the Disposal of Spent Fuel
(1984).
No specific regulations for the design of a repository for radioactive wastes
have been issued by the authorities. The process for licensing of the SFR has therefore been that a Preliminary Safety Report was prepared by the SKB based on a
preliminary design of the repository. Data and analytical methods were selected so
that the effects on the environment should not be underestimated.
The application for a licence to construct and operate the repository was
submitted to the Government in March 1982. After one year of reviewing the safety
report, the authorities, the SKI and SSI, recommended that a licence be granted with
specific conditions. The licence from the Government which was granted in June
1983 stated that the construction and operation of the facility mainly should
correspond to the specifications in the application. The SKI was authorized to give
the necessary additional instructions for the detailed design, construction and operation of the repository.
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SITING AND GENERAL DESIGN OF REPOSITORY

The repository concept is based on the geological and hydrogeological conditions in Sweden. It was decided early that the repository should be located underground in rock caverns. There are many areas with good bedrock for excavation of
tunnels and caverns at a reasonable cost. But the bedrock is almost everywhere
saturated with groundwater. A repository in the Swedish bedrock therefore had to
be a 'wet repository'.
Another primary requirement was that it should be located adjacent to one of
the five nuclear facilities: Barsebäck, Forsmark, Oskarshamn, Ringhals or Studsvik
(the research centre). These sites were evaluated on the basis of available geological
data and other information of importance for site selection. This work showed that
the bedrock was better at the sites in eastern Sweden. The next phase of geological
surveys was therefore carried out at Forsmark, Oskarshamn and Studsvik. Different
locations of the repository on the sites were also considered during this phase. The
surveys included geophysical tests and geological mapping of the areas.
Geological and hydrogeological conditions at both Forsmark and Oskarshamn
were found to be suitable for siting of the planned type of underground repository.
When all factors, technical and economic, were estimated Forsmark emerged as the
better choice. A programme for more detailed geological surveys was then
conducted as a basis for the preliminary design and safety analyses.

2.1. Geological surveys at repository site
The first phase of detailed surveys at the repository site was conducted in 1981.
Seismic profiles were made during early 1981 of the ice above the repository area.
From these results the first modelling of weak zones was done as a basis for core
drilling from a jack-up rig. For the preliminary design and safety assessments
1200 m of cores were drilled. Measurements of hydraulic conductivity and water
chemistry were made in these holes.
A second phase of geological surveys started when the licence was granted in
1983. The goal for this phase was to obtain data for the detailed design and positioning of the caverns. In this phase 1600 m of cores were drilled from the jack-up rig
and on land.
During the excavation of the two access tunnels additional information about
the geology and groundwater conditions was obtained. Geological mapping of the
walls and roofs in the tunnels was combined with the sinking of additional boreholes.
An additional 2000 m of cores were drilled during the excavation phase. These holes
were equipped with packers and instruments for measurement of hydraulic heads.
Data from the construction period were used in the Final Safety Report for modelling
of bedrock and the groundwater flow in the area.
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FIG. 1. General plan of the repository, showing tunnels and caverns built during the first
construction phase.

2.2. Repository design
The repository is located near the Forsmark nuclear power plant on the Baltic
Sea on the east coast of Sweden. Two 1 km long access tunnels head from the
harbour area down and out to the repository under the sea (Fig. 1). Sixty metres of
rock cover the repository caverns under the sea-bed [1].
The first construction phase, which has now been completed, included
buildings on the surface, tunnels, operational buildings and rock caverns for
60 000 m 3 of wastes. In a second phase capacity for an additional 30 000 m 3 is
planned to be built and commissioned around the year 2000.
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To minimize the groundwater flow in the repository area, the SFR has been
situated under the sea. The hydraulic gradients there are very small because the sea
balances the hydraulic regime in the rock below. The undersea location also ensures
that no well will be drilled in the vicinity of the repository for at least a thousand
years while the area is covered by the sea (the rate of land uplift is at present
6 mm/a). The brackish sea water also provides a good recipient with a high dilution
capacity.

3.

ORGANIZATION, TIME SCHEDULE AND COSTS

The SKB contracted Vattenfall (the Swedish State Power Board) for the
detailed design and first construction phase. Vattenfall is also contracted by the SKB
for operation and maintenance of the repository. The main stages of the construction
phase were as follows:
— March 1982: Preliminary Safety Report and licence application
— June 1983: Licence granted; start of construction work
— April 1986: Excavation of tunnels and caverns finished
— October 1987: Final Safety Report and application for disposal
— January 1988: Construction and installation work completed
— April 1988: Permit given for disposal and start of operation.
The total cost of the first phase was 740 million kronor (SEK). The estimated
cost of the second construction phase, 25 years of operation and the final sealing (at
1987 prices) is SEK 660 million.

4.

DESIGN BASIS AND TRANSPORTATION SYSTEM

4.1. Design basis
The start of the detailed design and layout work for the repository was based
on the Preliminary Safety Report. The time required for excavation of the two
tunnels down to the repository area was about ten months. This time was used for
supplementary investigations and studies of transportation, handling and various
service systems and the final layout of the repository.
A design requirement was that future extensions should be possible. The tunnel
system is therefore arranged to permit future extensions with additional silos and
rock caverns. The service facilities already built are. planned to be used in a future
extension; e.g. for decommissioning wastes. The construction of the repository in
phases will make it possible to adjust the storage capacity to the results of the ongoing
work with volume reduction of reactor wastes.
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The reactor wastes that will be stored in the SFR consist mainly of ion
exchange resins and filter materials from different water treatment systems. Other
waste categories are contaminated components and materials, trash and ash from the
incineration of combustible wastes. Before transport to the SFR, the wastes are
conditioned at the reactor plants and put into packages.
The spent ion exchange resins from primary systems contain most of the
activity and are solidified in cement or bitumen. Cement solidification is done in
concrete cubic containers known as moulds with 1.2 m sides. Bitumen solidification
is done in standard 200 L drums. Low active resins from the condensate cleanup
system are merely dewatered and stored in large transportable concrete tanks.

4.2. Transportation system
The reactor wastes will be transported by sea with the exception of the wastes
from the Forsmark NPP, which of course will be transported by road to the
repository.
Sea transportation will be entrusted to the specially designed ship M/S Sigyn,
which will be used for all shipments of spent nuclear fuel and reactor wastes. The
ship can carry ten radiation shielded transport containers of reactor wastes in each
load. Loading and unloading will take place according to the roll-on/roll-off
principle.
M/S Sigyn will arrive at the harbour at Forsmark with a waste load about
twenty times a year. If transport from the Forsmark NPP is included, around 150
containers will arrive at the SFR every year. LLW containers will also be shipped
by sea.
Some of the waste forms have such a high surface dose rate that shielding will
be required during transport. The shielded transport containers must be designed to
accept the waste packages with regard primarily to size, weight and surface dose
rate. The wall thickness of the containers has been designed to meet the transport
recommendations of the International Atomic Energy Agency.
The gross weight of the shielded transport cask has been limited to 1201. The
limiting factor is the maximum pay load of the ship. These shielded containers have
to be designed to accept the additional loading and acceleration associated with transport on a ship in rough seas and postulated accidents with the transport vehicle.
Three main types of steel container have been manufactured with wall thicknesses of 70, 80 and 130 mm. The total number of containers is now 27. The first
container of each type has been used for testing of the various transport and handling
systems in the SFR.
The SKB already has three transport vehicles for the transportation of spent
fuel. The special vehicle that will be used in the SFR is of the same type but with
some modifications. The total weight of the vehicle with load will be about 155 t.
The transport vehicle has seven axles with 28 wheels and is hydraulically driven.
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FIG. 2. Electrically driven terminal vehicle with transport container in repository tunnel.

The hydraulic system is powered by a diesel engine (180 kW) above ground and by
an electric motor (160 kW) in the tunnels and repository areas. Power is supplied
to the electric motor from a 660 V/50 Hz conductor rail system (Fig. 2).
In the tunnels this vehicle is remotely operated through a signal cable from the
surface. The maximum slope of the tunnels is 1:8 and the velocity of the vehicle is
about 3 km/h. Above ground, the maximum velocity is about 10-14 km/h. The
electric drive in the tunnels and the repository area is non-polluting and reduces the
cost of the ventilation system. The noise level from the vehicle is also reduced. This
vehicle will also be used for transportation between the harbour, the SFR and the
Forsmark NPP.

5.

LAYOUT AND DETAILED DESIGN

5.1. Site plan
The main buildings on the site are (Fig. 3):
— An office and workshop building.
— A terminal building for temporary storage of 12 loaded transport containers.
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FIG. 3. Aerial view of the SFR site.

— A ventilation building located above the tunnel entrances. This building houses
the ventilation systems for the underground chambers, electrical switch-yard,
heating systems, etc.
Since the tunnel entrances are located below sea level the repository has been
protected against flooding by a watertight wall around the descent.

5.2. Tunnels
The size of the operating and construction tunnels has been determined mainly
by transport requirements. The tunnels are also used for installation of various
service systems, e.g. ventilation ducts, pipes and electrical cables.
The operating tunnel is more than 1000 m long and has a cross-sectional area
of 60 m 2 . The construction tunnel has a cross-sectional area of 50 m 2 . The free area
for transport in the operating tunnel measures 5.2 m X 5.0 m (H x W). Normally,
the transport vehicle with one waste container requires a height of about 4.5 m and
a minimum width of about 3.5 m. The extra height and width are reserved for special
transports.
The tunnel system and repository area have been arranged so that all water
inleakage can be collected at only two points, one at the main level and one at the
bottom of the silo.
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FIG. 4. Silo repository.

5.3. The silo repository
In a rock cavern 70 m high and 30 m in diameter, a 50 m high concrete silo
has been built by the slip form method. The concrete silo is 25 m in diameter and
fitted with internal walls which divide the silo into 2.5 m square shafts and 12 shafts
that are 1.25 m X 2.5 m (Fig. 4). The concrete silo is built on a bed of sand and
bentonite (90:10). The space between the walls and the rock is filled up with pure
bentonite which is poured into the narrow slot without compaction.
The handling of waste packages in the silo is fully remote. The transport
vehicle brings the wastes in a shielded container to an unloading position. The lid
of the container is removed by an overhead crane, and the waste packages are
unloaded with a handling machine that picks up four waste packages and transports
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FIG. 5. Rock caverns for low and intermediate level wastes.

them to the concrete silo, where they are lowered into the shafts. The wastes are
subsequently surrounded by a low viscosity concrete grout. The grouting is done
with the same handling equipment as for the waste packages.

5.4. The rock caverns
For the less active wastes rock caverns will be used (Fig. 5). The design of
the four rock caverns depends on the type and dose rate of the waste packages. All
rock caverns have a length of 160 m and a width of 14-18 m. Two of the rock
caverns, called BTF, will be used for storage of concrete tanks of dewatered powder
resins from Oskarshamn and Barsebäck. These tanks will be stored in two layers and
with four tanks across the width of the cavern.
The third cavern (BLA) is designed for LLW and will mainly accommodate
standard freight containers. These freight containers are handled with the same forklift truck as the concrete tanks.
The fourth rock cavern (BMA) is designed to accommodate ILW which require
shielding during transport and disposal. This cavern is divided into big boxes with
concrete walls and an overhead crane is used for handling of the packages.
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CONSTRUCTION AND OPERATION

6.1. Civil engineering work
The main part of the project has been the civil engineering work and especially
the excavation of about 430 000 m 3 of rock.
Conventional techniques have been used for the rock excavation. However, in
order to achieve a high degree of safety they have been supplemented with an investigation programme that includes the following:
— Continuous investigations of the rock mass during construction by core drilling
and measurement of hydraulic conductivity;
— Evaluation of the results of the investigations and preliminary design of reinforcement of the rock mass;
— Calculation of changes in deformations and rock stresses during different
phases of the excavation work;
— Use of special methods for careful blasting to ensure very limited damage in
the remaining rock;
— A thorough follow-up of the geological situation by examination of the rock
surface after blasting;
— On the basis of the results of the geological investigations, the final reinforcement of the rock mass can be designed.

6.2. Operation of repository
The staff for operation and maintenance of the repository consists of about
twenty people and they belong to Vattenfall's organization at Forsmark. They have
been involved for about one year in the testing and commissioning of the transport
vehicle, overhead cranes and waste handling equipment, service systems, etc. Thus,
they are well educated and trained for the transport and handling of the active wastes
to be deposited in the SFR.
The work on testing and commissioning of the various transport and handling
systems has been more time consuming and extensive than planned. The main reason
for this is that parts of the transport and handling system are of prototype design.
Delays in design, manufacture, delivery and construction have also caused strain and
required an extra effort during the testing and commissioning period.
The repository manager has organized the staff in three groups as follows.
Operation. This group is responsible for all transport of wastes at the repository and for transport of wastes from the Forsmark NPP. It is also responsible for
unloading and placing the wastes in the silo and rock caverns, and for keeping a
record of the final placing of each waste package. The group is also responsible for
health physics work and handling of work permits, etc.
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Maintenance. This group is responsible for all maintenance work on buildings,
mechanical and electrical systems, waste transport containers, transport vehicles,
etc. For extensive work it will use personnel from the Forsmark NPP or external
contractors.
Administration. This group is responsible for normal administration and
secretarial work at the SFR office. It is also responsible for the reception of people
visiting the SFR.

7.

ASSESSMENTS OF POST-CLOSURE SAFETY

The SFR has been designed to permit simple and controllable as well as safe
disposal of radioactive wastes. It is intended to ensure isolation of the wastes from
the biosphere so that radiation in the immediate vicinity does not exceed the design
dose limit, 0.1 mSv/a. Safety during the post-closure stage will not be dependent on
supervision and corrective measures. Safety assessments have been performed for
a fully expanded repository for operating wastes, SFR-1 (90 000 m 3 with a total
activity content of 10 16 Bq).
After the operating wastes have been deposited, the repository will be closed
and sealed. According to current plans this will take place in 2013 at the earliest,
but in the safety assessment it is assumed to take place in 2010.
When the repository is sealed pumping will be interrupted and the repository
filled with water. Depending on the waste type and the manner of deposition in
various caverns, the dissolved non-sorbing isotopes may be transported to the
groundwater by diffusion or flow. The extent of this transport is determined by the
design of the repository and by the groundwater flow in the surrounding rock. The
waste packages are designed and emplaced in various caverns in such a manner as
to prevent the wastes from destroying the repository barriers, e.g. by swelling or
production of gases.
The safety assessment is performed for two periods. The first covers the time
during which the sea-bed above the SFR is still covered by the brackish water of the
Baltic Sea, the Salt Water Period. The second covers the time after the drying out
of the sea-bed and after the formation of a freshwater based ecological system, the
Inland Period.
Water flows in the bedrock have been calculated using methods to ensure that
they are not underestimated. Two regional 3-D groundwater models have been
utilized for the analyses. Model 1 is based on the potential differences between the
groundwater level on land and the sea level. Model 2 has been constructed to take
into account a single test result from a borehole with pressurized groundwater. This
model yields water flows of between 0.2 and 0.5 L - m _ 2 - a _ 1 , which have been
used as boundary conditions for the local flow model.
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For the Salt Water Period it has been assumed that the direction of flow is in
the least favourable direction, i.e. directly upwards towards the sea-bed, and that the
groundwater flow takes place in a strongly channellized form. As a result, sorption
in the surrounding rock could not be taken into account in the safety assessments at
this stage. It has therefore been assumed for the various caverns and for all calculated
cases that the radioisotopes leaking into the surrounding bedrock are transported
without delay to the biosphere.
The Inland Period is assumed to commence 2500 years after sealing. Only then
will' sufficient land uplift have occurred to permit the formation of permanent lakes
and shore sediments so that a freshwater ecology will be established at the depth
needed for drinking-water wells. During this period, the ground surface above the
SFR will form an inflow area and the groundwater will reach the biosphere in a small
lake situated approximately 1 km from the SFR.
The analyses show that the dose commitment which can be imposed on
individuals in the most affected group is very low. The dose will fall by a good
margin below the current design goal for other facilities in the nuclear power cycle,
0.1 mSv/a.
The total dose commitment to the most exposed group around the SFR has been
estimated to lie below 1 ¿iSv/a during the entire Salt Water Period. For the Inland
Period calculations have been done with methods which attempt to determine the
limits for possible future doses. The analyses indicate that the dose will be maintained well below about 0.01 Sv/a for the Inland Period.
Dominating nuclides in the calculations for the Salt Water Period are ^ C o ,
137
Cs and 90 Sr, i.e. isotopes which will decay totally during this period. The dose
situation for the Inland Period (after 2500 years) is dominated by the plutonium
isotopes 239 and 240.
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Abstract
L I C E N S I N G O F T H E S W E D I S H F I N A L REPOSITORY F O R R E A C T O R W A S T E .
On the basis of an approval by the Swedish Nuclear Power Inspectorate, SKI, and the
National Institute of Radiation Protection, SSI, the Government in 1983 granted the Swedish
Nuclear Fuel and Waste Management Company, SKB, a licence according to the Nuclear
Activities Act to construct and operate a repository for reactor waste, the SFR, to be located
near the Forsmark reactor site. During the construction phase the authorities have carefully
followed the work, the site characterization and the research programme performed by the
SKB to resolve open questions. In October 1987 the SKI received an application from the SKB
according to the Nuclear Activities Act to operate the SFR. At the same time the SSI received
an application according to the Radiation Protection Act. Supporting the applications was the
Final Safety Report. The SKI has considered a number of issues relating to barrier performance. Among these are problems concerning gas production and the potential for swelling
of certain waste categories. The SSI has focused on four areas: basic acceptance criteria, the
source term, especially the content of transuranium elements, radionuclide transport in the
biosphere and radiation protection during operation. In March 1988 the authorities, the SKI
and SSI, completed their review of the Final Safety Report and issued the necessary conditions
for operation of the facility.

1.

LEGAL

BACKGROUND

I n S w e d e n t h e r e a r e t w o l a w s of s p e c i a l i n t e r e s t that c o n c e r n d i s p o s a l of r a d i o active wastes:
— T h e Nuclear Activities Act, which became effective on 1 February

1984

(replacing the Atomic Energy Act)
— T h e Radiation Protection A c t , which b e c a m e effective on 1 January 1958. (A
n e w act o n r a d i a t i o n p r o t e c t i o n will b e e n f o r c e d o n 1 J u l y 1 9 8 8 . )
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According to the Nuclear Activities Act the owner of a nuclear installation is
responsible for the safe management and disposal of all wastes arising. It regulates
the safety aspects of waste repositories as well as nuclear wastes. A Government
licence is needed for construction, possession and operation of a geological waste
repository. The Swedish Nuclear Power Inspectorate (SKI) is the competent
authority for all safety aspects regulated by the Nuclear Activities Act.
The Radiation Protection Act is a general radiation protection act. According
to the Act a licence is needed for all activities involving ionizing radiation. To
eliminate unnecessary administration a specific radiation protection licence is not
needed for facilities licensed under the Nuclear Activities Act. The competent
authority for radiation protection, the National Institute of Radiation Protection
(SSI), has, however, the same responsibility for radiation protection in such activities as for those licensed under the Radiation Protection Act.
The non-radiological aspects of waste disposal are covered by the Environmental Protection Act. In this paper these aspects are not discussed, nor are the other
16 laws which the Swedish Nuclear Fuel and Waste Management Company (SKB)
must consider before the repository can be put into operation.

2.

APPLICATION TO CONSTRUCT, POSSESS AND OPERATE THE SFR

In 1982 the SKB applied for a licence to construct, possess and operate a
repository for reactor waste near the Forsmark nuclear power plant. The application
was reviewed by the SKI and SSI.
In its review the SKI especially considered the properties of the waste and the
long term behaviour of the engineered barriers in the silo part of the repository,
while the SSI focused on the basic (overall) acceptance criteria and long lived radionuclides in the source term. The SKI reviewed the hydrogeological factors and the
radionuclide transport in the geosphere, and the SSI reviewed the biospheric radionuclide transport and dose calculations.
One issue that caused some concern in the assessment of the long term
behaviour of the engineered barriers was the generation of hydrogen gas by corrosion of iron in the silo, and the possibility of a subsequent buildup of pressure. On
the basis of the understanding of the process at the time it could not be excluded that
this pressure would lead to enforced transport of contaminated water through the
barriers, or even that unacceptable cracking of the silo walls could occur.
The swelling of bituminized ion exchange resins was another question that was
raised. In the bituminization process the resins are partly dehydrated. During the
post-closure period, when the repository is filled with water, the resins will consequently take up water and swell. The potential swelled volume and the swelling près-
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sure would be so great that the integrity of the silo barriers would be severely
endangered. In order to settle this question it was concluded by the SKI that
bituminized resins were not a suitable waste form for the SFR, and that as a consequence the concerned utilities should plan for alternative waste forms.
Basic acceptance criteria for the repository were derived from the principles
of the International Commission on Radiological Protection. In short they state that
individual doses in a critical group should not be more than a fraction of what is
accepted from other parts of the nuclear fuel cycle, and that the collective dose
commitment from waste disposal should not significantly change the collective
commitment from the whole nuclear fuel cycle. When calculating long term effects
it was considered enough to use a time limit of 10 000 years, for two reasons:
(a)
(b)

The repository contains mainly short lived radionuclides.
In view of previous history it is not unlikely that a new ice age will occur within
that period.

On the basis of the approval of the SKI and SSI the Government in 1983
granted the SKB the licence to construct, possess and operate a repository for reactor
waste (SFR). In the licence the Government authorized the SKI to issue conditions
for the construction and operation of the facility. According to the Radiation Protection Act the SSI was authorized to establish conditions and directives which are
necessary for radiation protection.
One major condition was that before the SKB was permitted to commence
operation a Final Safety Report for the SFR would have to be approved by the SKI
and SSI from safety and radiation protection points of view and that relevant directives should be issued.

3.

CONSTRUCTION PHASE

The authorities, especially the SKI, have carefully followed the work during
the construction phase. For example, the occurrence, widths and directions of fractures in the rock mass have been closely examined, as well as the construction of
the silo in the excavated cavity and the application of the bentonite buffer.
During the construction phase the SKB performed research and development
activities to fulfil conditions set by the authorities to obtain better knowledge about
a number of issues, e.g. rates of gas formation, transport of gas and properties of
bentonite.
The authorities have jointly developed technical waste acceptance criteria for
the waste to be emplaced in the repository. According to an established procedure
the different waste categories shall be described in a standardized manner, and
reviewed and accepted by the authorities before disposal.
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APPLICATION TO START OPERATION OF THE REPOSITORY

In October 1987 the SKI received an application from the SKB according to
the Nuclear Activities Act to operate the SFR. At the same time the SSI received
an application according to the Radiation Protection Act. Supporting the applications
was the Final Safety Report.
Although formally there are two different applications, one to each of the two
authorities, there has been close co-operation between the SKI and SSI during the
reviewing process. However, the authorities have prepared separate review reports
where the main topics have been discussed and conclusions drawn [1, 2]. Some questions of particular interest are discussed below.
Since the Preliminary Safety Report was presented in 1982 the opinion about
swelling of bituminized ion exchange resins has changed. There is now a much better
understanding of the swelling process, the performance of the barrier system and the
roles of its components. Also, the SKB has proposed the introduction of void
volumes around the waste packages to allow for swelling. Even if the present situation is changed the emplacement of bituminized waste in the silo will not be accepted
before a careful analysis of the long term aspects of swelling has been undertaken.
The long term degradation of the concrete in the silo is of great interest since
more than 90% of the activity in the repository will be placed there. The degradation
is dominated by sulphate attack from the bentonite and from the waste within the silo.
The formation of ettringite (a calcium-aluminium sulphate) might cause the concrete
to swell and crack owing to hydration. The rate of formation of free sulphate in the
waste is practically unknown. The potential amount of sulphate is great enough to
cause a swelling that, in theory, would mechanically damage at least the silo wall
and probably also the clay buffer. In reality there are several factors indicating that
an answer to this problem can be found within reasonable time. However, it is the
responsibility of the SKB to present an acceptable solution. Until this has been done
only very limited amounts of waste may be emplaced in the silo.
Another issue that was addressed in the 1982-1983 review of the Preliminary
Safety Report was the formation of hydrogen gas in the silo. In the Final Safety
Report the SKB proposed to change the silo construction by adding vents on top of
the silo in order that the gas could be released. According to the SKB no pressure
that can disrupt the concrete wall will then be built up. However, a proper functioning of the release path has not been ascertained. On the other hand, the fissures in
the concrete necessary to allow the escape of gas are of negligible importance for
the barrier performance. Also in this case the SKB will formally have to provide the
needed information.
Since the SKB received the Government licence in 1983 it has discussed with
the authorities the procedure for obtaining acceptance of waste categories for
disposal. The now established procedure is described in another paper at this symposium [3].
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A study of TRU content in ion exchange resins that has been in progress since
1983 shows a TRU concentration approximately five times lower than that given in
the Preliminary Safety Report. It is, however, necessary to have a safety margin for
those radionuclides which cannot routinely be detected in the waste packages.
Another radionuclide which is difficult to measure in the waste and has a
dominating effect on the collective dose commitment and which is also of importance
for individual doses is 14 C. Better knowledge about 14C concentrations in the waste
will be required.
The authorities have made safety analyses and assessments independent of
those given by the SKB. The calculated doses to individuals in the critical group are
of the order of microsieverts per year as long as the Baltic Sea remains the primary
recipient. For some scenarios, after the land has risen the calculated doses are somewhat below 0.1 mSv/a and for a well close to the repository the doses can be up to
0.5 mSv/a. The collective dose commitment integrated over 10 000 years will be of
the order of 100 man-Sv and dominated by 14 C.
In calculating the doses the SKB and the authorities considered only those
retention mechanisms which can be quantified on the basis of present knowledge.
There are, however, other effects which have not been taken into consideration but
which indicate that the expected doses will be below those mentioned above.

5.

OPERATION PERMIT

On the basis of the review reports [ 1 , 2 ] the SKI gave its operation permit for
the SFR on 24 March 1988 and the SSI gave its permit on 30 March. The authorities
attached similar conditions to the operation permit, of which the most important are:
— Radioactive waste may not be transported to the facility before the actual waste
category has been accepted for emplacement in the SFR by the SKI and SSI.
Before waste can be emplaced in the silo the SKB must provide additional
information on the sulphate attack on concrete and on the properties of the
porous concrete backfill.
— Waste to be emplaced in the SFR must be registered in an SFR waste record.
— The sealing of different repository parts must be approved by the authorities.
The sealing of the entire repository must be approved by the Government or
an authority authorized by the Government.
— A control and supervision programme for the repository must be performed by
the SKB. The programme shall make it possible to judge the processes in the
repository so that the repository functions after sealing can be assessed.
— Repeated safety and environmental assessments shall be performed using data
from the control and supervision programme. Details of these assessments will
be discussed with the SKB.
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A f t e r approval by the SKI and SSI of two waste categories on 25 April, the
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Abstract
Q U A N T I F I C A T I O N O F R E T E N T I O N PROCESSES IN T H E K O N R A D W A S T E REPOSIT O R Y FOR AIRBORNE ACTIVITY R E L E A S E D F R O M W A S T E P A C K A G E S IN NORMAL AND ACCIDENT CONDITIONS.
A safety assessment has been performed for the operating phase of the Konrad waste
repository. For normal operation conditions this includes the demonstration that activity
releases will be kept below specified limits in order to ensure adequate radiation protection
for the operating staff and the public. For this reason a numerical model has been derived to
describe the activity transport from sealed emplacement rooms to the environment. Besides
the material properties of the sealing barrier, the emplacement rooms and the ventilation systems, the combined effects of the following transport mechanisms have been considered: convection of residual air from the emplacement rooms into air-conditioned galleries by residual
volume reduction (convergence), diffusion through the barrier, and convection from and into
the emplacement rooms by pressure fluctuations in the mine atmosphere. The results allow
specifications to be formulated for the design of the barrier which ensure the desired retention
properties. For accidental releases of radioactivity from the repository the off-site consequences have been analysed. Essentially, the established regulatory practice adopted in the
Federal Republic of Germany for nuclear power plants has also been applied to the operating
phase of the repository, and a number of supporting experimental investigations have been
carried out to contribute to this new field of safety analysis. The paper reviews the main features and results of an experimental programme to determine the retention of accidentally
released radioactive aerosols within the repository. These experiments proved to be important
in the determination of source terms released to the environment from design basis accidents
within the repository, such as the dropping of waste packages from a height of several metres.
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INTRODUCTION

The safety assessment for a radioactive waste repository has, among other
things, to consider whether the release of activity during normal operation as well
as due to accidents can be kept below specified limits. For the operating phase of
the repository these investigations concentrate on airborne activity releases, since
liquid effluents in general can be well controlled.
In the Federal Republic of Germany the primary criteria against which these
releases have to be assessed are laid down as dose limits for the occupationally
exposed and for the public in the radiological protection ordinance. Further limiting
conditions are set forth in the operating licence (e.g. release limits) and by the operator's own design criteria.
In order to demonstrate that all these conditions are met during the operation
of the repository, the limits have to be converted into requirements for the wastes
which are intended for final disposal in the investigated facility. To this end the
release, transport and retention processes for airborne activity in the planned
Konrad waste repository have been studied extensively for normal operation as well
as for accident conditions.

2.

NORMAL OPERATION

Since the modelling, of the processes of release from the waste product into the
emplacement rooms has been described in some detail before [1], this section will
focus on transport and retention mechanisms.
As long as radioactive wastes are situated in open (i.e. not yet sealed) emplacement rooms no retention is assumed for airborne activity in the mine atmosphere.
Release into the environment is thus controlled by the rate of release from the waste
packages and the airflow rate in the air-conditioned galleries.
Release of activity from sealed emplacement rooms cannot be neglected totally
and is of special importance if the rooms are not sealed by a quasi-leaktight dam but
by a barrier made of porous material. In this case activity release from sealed rooms
may contribute a major part of the total activity released to the environment.
Both design options are under consideration for the Konrad waste repository
and have to be investigated before the final design decision is made. For this reason
a model has been derived and implemented as a computer code named KONTRA to
describe the activity retention by such a barrier in a quantitative manner.
Besides the properties of the dam the combined effects of the following transport mechanisms are considered in the code:
— Convection of residual air from the emplacement rooms into air-conditioned
galleries by residual volume reduction due to convergence,
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FIG. 1. Activity concentration profiles in the dam for the period t = 792 h to t = 890 h
(baseline version).

— Diffusion through the barrier,
— Convection from and into the emplacement rooms by pressure fluctuations in
the mine atmosphere.
These effects are modelled by a system of partial differential equations which is
solved by KONTRA for a series of equidistant grid points in the dam. Results of the
calculations are plotted as three dimensional concentration or pressure profiles.
Figure 1 gives an example of the concentration profile for tritium in the form
of HT for a case that has been chosen as a baseline version against which the effects
of parameter variations are assessed. The following input values and boundary conditions have been used for this case:
—
—
—
—
—
—

Length of the dam: 25 m
Cross-sectional area of the dam: 25 m 2
Porosity: 0.2
Permeability: 2.1 x 10"11 m 2
Diffusion constant for HT: 0.843 x 10"5 m 2 /s
Rate of convergence: 8% of the residual volume of an emplacement room per
year.
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FIG. 4. Activity concentration profiles in the dam for the period t — 0 h to t = 290 h (baseline version with measured pressures).

FIG. 5. Activity concentration profiles in the dam for the period t - 0 h tot - 281 h (quasileaktight version with measured pressures).
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TABLE I. RELEASE RATES FROM SEALED EMPLACEMENT
UNDER VARIOUS CONDITIONS

ROOMS

Release rate (%/a)

Artificial pressure

Measured pressure

fluctuations

fluctuations

Baseline version"
Pressure amplitude: 3%

22
203

Length of dam: 50 m

7.7

Quasi-leaktight version

1.3

a

27

1.3

Permeability. 2.1 x 10~" m 2 ; porosity: 0.2; length of dam: 25 m; diffusion constant for
HT: 0.843 X 10~5 m 2 /s; artificial pressure amplitude: 1 %; rate of convergence: 8%; period
of artificial pressure fluctuations: 100 h.

To investigate the effects of pressure fluctuations in the mine atmosphere the
fluctuations are simulated by a sine wave with an amplitude of ±1% of the
atmospheric pressure and a period of 100 h. As can be seen from Fig. 1 this pressure
oscillation is well reproduced in the concentration profile throughout the major part
of the dam.
This example represents the conditions of a porous dam with low retention
capability. Its main effects are a delay of releases by convergence and diffusion and
a buffering of pressure fluctuations. The latter prevents immediate pumping of
activity from the emplacement rooms into the galleries.
This effect is demonstrated in Fig. 2, where the amplitude of the sine wave
is raised to ± 3 % . In this case, the pressure fluctuations are fully transmitted to the
emplacement room, resulting in a disproportionate increase of activity release.
Improvement in retention properties can be gained by increasing the length of the
dam or decreasing its permeability. Both measures, however, require increased
efforts in the construction of the dam.
As mentioned above the design option of a quasi-leaktight dam has also been
considered. Figure 3 shows the influence of this measure on the concentration profile
in the dam. The conditions chosen for the calculation are the same as in Fig. 2 except
that the permeability was set to 10"15 m 2 , a value near to the permeability of the virgin host rock.
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Since all these calculations are based on artificial pressure fluctuations a check
has to be made with pressures measured in the Konrad mine. This has been performed for the baseline version as well as for the quasi-leaktight version described
above. Results can be seen in Figs 4 and 5, respectively. Obviously there are some
similarities to the theoretical analysis, although naturally occurring pressure fluctuations differ considerably from a sine wave.
To compare the results in a more quantitative manner Table I gives release
rates for all the cases mentioned in terms of fractions of the airborne activity in the
residual volume of the filled emplacement room.
Calculations of this kind have been widely used to analyse benefits and drawbacks of changes in dam design. Analogous investigations will be performed for the
planned repository in the Gorleben salt dome. Thus KONTRA provides a flexible
tool for design purposes as well as for analytical proofs which have to be provided
in the licensing procedure.

3.

ACCIDENT CONDITIONS

For accidental releases of radioactivity from the repository during the operating phase off-site consequences have to be analysed. Essentially, the established
regulatory practice adopted in the Federal Republic of Germany for nuclear power
plants in the definition of design basis accidents, in the determination of source terms
released to the environment and in the calculation of resulting radiation exposure has
also been applied to the operating phase of the waste repository. The following steps
are part of this analysis:
—
—
—
—

Identification of radiologically representative incidents,
Determination of mechanical and/or thermal stresses on waste packages,
Definition of different waste forms and specification of container performance,
Determination of the source term from the waste package (release fractions,
physical and chemical characterization),
— Determination of the retention of airborne activity along the transport path
within the plant to the point of atmospheric release,
— Determination of atmospheric diffusion of the radioactive materials in the
environment,
— Determination of the radiation exposure of members of the public due to external radiation, inhalation and ingestion.
Among the design basis accidents considered is the dropping of waste packages
during handling for transport and storage in underground galleries and other locations of the former Konrad iron ore mine. Results of the detailed analysis of the fractional amount of activity released as particulate matter under such conditions and
physical characterization in terms of particle size distribution have been reported
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Aerodynamic equivalent diameter ( ц т )

FIG. 6. Measured mass size distribution of airborne background dust in the Konrad mine for
an aerosol concentration of 0. 7 mg/m3.

elsewhere [2]. Particle size distributions covering a large range of aerodynamic
equivalent diameters (AEDs) up to 100 /¿m have been derived for different waste
product forms. Following such an accidental release of airborne activity to the mine
atmosphere the air ventilation system will transport the radioactive aerosols through
underground galleries to the exhaust air shaft, where they will be transported
upwards until they are eventually released to the atmosphere via a diffuser. For the
modelling of the subsequent atmospheric dispersion and deposition processes and the
estimation of resulting radiation exposures from different pathways, knowledge of
the particle size distribution released to the environment is essential. To this end
effort has been put into the quantification of retention processes operative during the
transport of aerosols by the ventilation system through the underground galleries and
exhaust air shaft.
In the following the types of experiment performed to determine the retention
of aerosols and the results obtained will be reported.

3.1. Background dust
Measurements of mass size distributions of the airborne background dust transported by the ventilation system of the former iron ore mine were performed. The
background dust originates from different activities in the mine, such as drilling, and
from resuspension by vehicles being driven in underground galleries and by the air
stream of the ventilation system. Depending on the circumstances in the mine during
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measuring campaigns, the background aerosol concentration ranged from about
0.7 to 2 mg/m 3 . The aerosol was sampled with nine stage Berner impactors [3].
The mass fractions deposited on different stages were determined by weighing.
Figure 6 shows such a mass size distribution of the background aerosol measured
at a location near the upper end of the exhaust air shaft before it is released to the
atmosphere via the diffuser. Such measurements proved to be valuable in quite
different contexts:
— For the determination of the retention of airborne background dust when transported with the ventilation air through the about 1000 m long exhaust air shaft;
— For an understanding of the activity size distribution of aerosol borne daughter
nuclides from radon decay, the radon emanating either from the mine itself or
from waste packages;
— For the determination of the activity size distribution of radionuclides released
to the atmosphere after a postulated accidental release from one or a few waste
packages involved in a fire on an underground transport vehicle.
Knowledge of such activity size distributions is important for the appropriate choice
of deposition velocity in atmospheric transport calculations.

3.2. Particle size dependent retention of aerosols
All other aerosol experiments were performed by means of aerosol generators
which released aerosols which can be distinguished from the background aerosol by
appropriate detection techniques. Two measuring campaigns were carried out by the
Fraunhofer Institute for Toxicology and Aerosol Research, Hannover [3]. The test
aerosols used were ytterbium chloride covering an AED range from 0.1 to 16 ц т
and a glass aerosol consisting of tiny spheres ranging from about 8 to 64 ц т . Both
aerosols were sampled at different measuring stations in underground galleries and
the exhaust air shaft downstream from the point of release.
In the case of the ytterbium aerosol nine stage Berner impactors were used.
The mass fractions of ytterbium on different size stages were measured by atomic
absorption spectrometry. The particle size dependent reduction of airborne particles
along the transport path was determined in this way. This is equivalent to the determination of the particle size dependent overall efficiency of retention processes operating along the transport path as a result of the ventilation system of the mine.
In the case of the glass aerosol total air samplers were used with no capability
for sorting into different size ranges. The necessary size dependent information on
airborne glass concentration as a function of the transport path length was obtained
after appropriate preparation of the sample for electron microscopy. The essential
attribute of the glass particles is that they are spherical and thereby easily distinguished from the background aerosol under the electron microscope and that they
can be sorted into different size intervals at the same time.
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TABLE II. EXPERIMENTALLY DETERMINED DEPOSITION RATES OF
AEROSOLS IN UNDERGROUND GALLERIES OF THE KONRAD MINE
Deposition rate ft (10" 3 s - 1 )

Particle size interval

i

AED (/Xm)

Measuring campaign 1

Measuring campaign 2

1

1-2

0.41 ± 0.12

—

2

2-4

1.3 ± 0.1

—

3

4-8

1.6 ± 0.2

—

4

8-16

1.6 + 0.2

5

16-32

—

5.3 ± 0.57

6

32-64

—

20 + 2.4

• 2.0 + 0.1

Travel t i m e (s)

FIG. 7. Relative aerosol concentration in underground galleries downstream from the point
of release as a function of travel time and particle size. Full lines: glass aerosol; broken lines:
ytterbium aerosol.
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According to theoretical considerations the following exponential law was
expected to describe the reduction of aerosol concentration along the transport path:
n¡(t) = пш exp (-/Sit)

(1)

with
t
transport time (s),
iîj(t) aerosol concentration at time t (m~3),
noi
i

aerosol concentration at t = 0 (m~3),
particle size interval,

ß-,

particle size dependent deposition rate (s _ l ).

The particle size dependent rate of deposition on surfaces of the underground
galleries and exhaust air shaft is determined by essentially three processes:
— Brownian diffusion
— Turbulent diffusion
— Sedimentation.
The efficiency of these processes can vary by orders of magnitude according to particle size and boundary conditions.
In order to illustrate the kind of results obtained, experimentally determined
values of the particle size dependent deposition rate of aerosols transported with the
ventilation air through typical underground galleries of the Konrad mine are summarized in Table II. For particles in the size range from 1 to about 20 /xm turbulent
diffusion is the dominating process responsible for deposition on walls and floors of
the underground galleries. Above 20 /xm AED sedimentation becomes increasingly
the dominating retention process. Figure 7 summarizes in a log-linear plot the measured aerosol concentration in underground galleries downstream from the point of
release as a function of travel time for different particle size intervals. Such data and
similar results for the exhaust air shaft of the Konrad mine formed the basis for a
quantitative treatment in the safety analysis of retention processes within the planned
repository for accidentally released radioactive aerosols from waste packages.
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Abstract
ENGINEERED BARRIERS A N D THEIR INFLUENCE ON SOURCE BEHAVIOUR.
Atomic Energy of Canada Limited has an ongoing comprehensive programme in low
level waste management. It involves the characterization, processing and storage of low and
intermediate level waste streams. The transition from storage to disposal of low level wastes
is currently being pursued. Plans are under way for the construction of IRUS (Intrusion
Resistant Underground Structure), a concrete facility with a permeable bottom placed underground in a sand aquifer, but above the water table. Engineered barriers, including the waste
form, containers, buffer and backfill materials and the concrete vault and roof, are being
evaluated as an integral system to minimize radionuclide release. The research and development programmes are establishing the confidence limits for performance so that even if there
is degradation of one or more of the barriers, the radiological consequences to the public of
radionuclides escaping from the waste source placed within the repository will be within
acceptable limits.

1.

INTRODUCTION

The disposal of low level radioactive wastes is not practised in Canada. To date
all wastes have been put into retrievable storage. There are plans to prepare for the
disposal of radioactive wastes, both stored and as currently generated, by construction of a prototype below ground repository [1]. The facility, which will be ready
for operation in 1991, is called IRUS (Intrusion Resistant Underground Structure).
The programme to demonstrate low level radioactive waste disposal is multifaceted,
covering waste conditioning, modelling, safety studies and prototype engineering
and containment studies. Containment studies focus on the influence engineered barriers have on providing intrusion resistance, restriction of water movement and
retention of released radioactivity in the repository [2].
The engineered barriers can be grouped into two major categories: as physical
barriers to prevent (i) intrusion of water, biota or fauna and (ii) the release of radioactive particles; and as chemical barriers to restrict radionuclide movement by
adsorption and ion exchange once soluble radionuclides are released from the source.
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FIG. 1. Intrusion Resistant Underground Structure (IRUS).

The combination of several physical and chemical barriers should greatly diminish
the release of radionuclides. The barriers which will be used in IRUS include: prepared matrix waste forms; disposal containers; backfill and buffer materials; and an
intrusion resistant, reinforced concrete vault and cover. Barrier characteristics have
been matched with the characteristics of the disposal site. The waste repository will
be placed below ground in free draining sand, but above the maximum anticipated
water table. The expected conditions within the repository will be unsaturated and
reducing. The floor of the repository will be permeable to prevent the buildup of
water within the repository should some of the water shedding barriers fail during
the expected lifetime of 500 years. It is designed with reinforced concrete walls and
a reinforced concrete self-supporting cover. Backfill will be placed in and around the
wastes as they are positioned in the repository. The permeable layers at the bottom
of the repository will consist of compacted sand, clay and clinoptilolite mixtures to
retain radionuclides released from the waste forms. The various features of the facility are shown in Fig. 1, and include additional water shedding layers to minimize
water contact with the monolithic structure.
On the whole, the low level radioactive wastes which will be placed in the
repository arise equally from operation of the Chalk River Nuclear Laboratories and
from other laboratories, hospitals and universities. Roughly 80% of the radioactivity
will be due to caesium, strontium and cobalt radionuclides immobilized in bitumen.
The bituminized wastes will represent less than 10% of the total volume to be placed
in the repository. Most of the remaining wastes will be compacted in drums or cardboard containers. Less than 5% of the total volume will be in miscellaneous packages. Programmes to assess the release rates of radionuclides from the various waste
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forms under saturated and unsaturated conditions are in progress. On the basis of the
combination of projected inventory, mobility, biological effects and half-life, the
transport of the following radionuclides is under investigation: 3 H, 6 0 Co, l 3 7 Cs,
90
Sr, 129I and 14 C.
This paper will cover studies to evaluate the effect that barriers have on radionuclide movement. The research and development efforts are directed at establishing
confidence levels of performance so that even if there is degradation of one or more
of the barriers, the radiological consequences to the public of escaping radionuclides
will be within acceptable limits.

2.

REPOSITORY VAULT ENVIRONMENTS

Initially the repository vault should remain quite dry. However, there are two
extreme conditions also under investigation: flooding and infiltration. With water
present, the chemistry of the aqueous phase is affected by chemicals in the waste
forms, such as bales and miscellaneous wastes; by the concrete structure and concrete encapsulated wastes; and to a lesser extent by bitumen and plastic encapsulated
wastes. Biological degradation processes may generate chemicals and a reducing
environment [3].
The composition of miscellaneous and baled wastes is subject to large variations and is likely to undergo large chemical and physical changes after disposal. The
potential for pH fluctuations in the repository is significantly higher than in nature
because acids and bases in the wastes will affect the pH of the leachate. Anaerobic
degradation of organic materials is a potentially dominant process for acid and base
generation; short chain fatty acids are created and an acidic environment in the pH
range 4.3-5 results. Expectations are that anaerobic degradation of cellulose wastes
will be minimal until water infiltrates through the concrete cover. Water in contact
with concrete will generate a high pH leachate, in the range of 11-12, owing to the
release of calcium and potassium hydroxides. Extremes of likely chemical conditions
in the repository have been identified and are used as the basis for durability experiments for both concrete and buffer and backfill materials.

3.

HYDRODYNAMIC PROPERTIES OF BUFFER AND BACKFILL
MATERIALS

Knowledge of how water will move within the repository is needed to select
the backfill and buffer materials and to model radionuclide migration. Diffusion is
expected to be the prime mechanism for water movement in an unsaturated (dry)
repository; and advection in a repository subjected to flooding or infiltration.
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FIG. 2. Capillary diffusivity as a function of water content.

Through the use of unsaturated columns and pressure plate apparatus, diffusion
coefficients as a function of water content and moisture characteristic curves in
buffer/backfill material were obtained. The isothermal transport of water in a uniform porous medium is described by the following differential equation:
d

_
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/
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where 9 is the volumetric water content, D Lv is the liquid-vapour diffusivity, and
X and t are space and time co-ordinates. Water injected into a column containing dry
buffer and backfill material was analysed by gamma ray attenuation, a nondestructive technique to establish the water content of the medium at axial positions
along the column [4]. The value of D Lv was computed from the water flux and from
changes in water content with space and time. In the pressure plate experimental
apparatus, gas pressure was applied to one side of a porous ceramic plate in contact
with the wetted buffer and backfill material. Water at atmospheric pressure was
maintained on the other side of the ceramic plate. Water diffused through the plate
until the water potential of the medium was equal to the pressure differential across
the ceramic plate [5]. The value of D Lv was calculated from the rate of water transport into or out of the backfill and buffer material compartment, which was dependent on a change in the applied pressure.
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Results of typical diffusion measurements of a potential candidate buffer mixture are presented in Fig. 2. At low water content the column technique produced
the more reliable results, while at high water content the pressure plate technique
was applied. The relationship between water content and water potential establishes
what the equilibrium water content will be in the dry repository. The diffusivity of
water as a function of water content is used to calculate water movement from water
concentration gradients. Under the expected conditions even mobile species such as
tritium (as НТО) will move very slowly, since vapour diffusion will dominate. The
equilibrium water content of a dry repository has been calculated. For combinations
of sand and clay the value ranges from 2 vol. % for pure sand to 9 vol. % for a mixture containing 10 wt% clay. With the same ratio for clinoptilolite and sand, the
equilibrium water content is 3 vol. %.

4.

RESEARCH PROGRAMME ON CONCRETE DURABILITY

The concrete cover and walls will be designed to prevent inadvertent intrusion
and to minimize water infiltration into the unsaturated repository. Development
effort to design durable concrete to ensure the physical integrity of the structure for
500 years is in progress. Durability prediction for the concrete obviously requires
an accurate description of the physical and chemical environment [6]. The effort to
understand the performance of concrete under disposal conditions is a major part of
the low level waste repository assessment programme. Durability is influenced by
the environment to which the concrete is exposed, by the quality of the ingredients
and their proportions in the mix, and by the stresses imposed by service conditions.
To determine the longevity of concrete, the various degradation mechanisms have
to be considered both during the operational phase and during the long post-closure
period. The predominant degradation mechanisms include • alkali-aggregate reactions, chemical deterioration by chloride and sulphate attack, carbonic acid corrosion, freeze-thaw spalling, leaching and dissolving of lime.
Possible failure routes for the concrete are presented in Fig. 3. For example,
alkali-aggregate reactions cause volume expansion, which leads to cracking, water
infiltration and the eventual loss of radionuclides from the repository to the
biosphere. It is quite difficult to establish what degree of corrosion will bring about
failure of the repository concrete. One way to determine the failure criteria is to
examine the structural and safety requirements of the concrete and consider violation
of any specification as a failure. The concrete must retain its strength to support the
imposed loads and should maintain its physical integrity to minimize water infiltration and to discourage any potential inadvertent intrusion by humans. Potential
failure conditions might include reduction to 50% of the design structural strength,
penetration of ionic species to the midpoint of the structural element, and penetration
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FIG. 3. A possible concrete failure tree.

of sufficient chloride ions to cause corrosion damage to the reinforcing material
embedded in the concrete.
The research programme on the durability of concrete for IRUS has following
objectives [7] :
— To design a durable concrete and to establish short term corrosion rates under
extreme service conditions,
— To continue the study of concrete deterioration and to predict the useful
engineered lifetime,
— To generate experimental data for generic studies to permit the design of durable concrete for other repository service conditions.
To predict durability for a period of 500 years, extensive data must be obtained
to establish deterioration rates under various exposure conditions. While there is a
high degree of uncertainty as to what deleterious conditions the concrete will be
exposed to in the next 500 years, the main corrosive agents and worst case scenarios
for IRUS have been identified. The methodology for the research effort is based on
determining the rate of deterioration of a good quality concrete exposed to various
aggressive conditions and estimating the longevity of the concrete. Mathematical
expressions based on a statistical approach can satisfy the requirements for long term
durability predictions [8]. Alternatively chemical modelling could be used in conjunction with our experimental results to better define the onset of significant deterioration of the concrete structure [9].
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The reaction of sulphate solutions with the cement paste in the concrete can
lead to disintegration of the concrete structure by expansion and cracking. When the
concrete is exposed to flowing water, the calcium hydroxide in the cement paste
leaches out readily, weakening the concrete mixture. Dissolved carbon dioxide will
react with cement paste to either enhance the rate of dissolution of calcium from the
cement paste by the formation of calcium bicarbonate, or cause a calcium carbonate
precipitation reaction to take place. The process is dependent on the pH of the aqueous phase in contact with the concrete. The migration of chloride ions is detrimental
to concrete in several ways, the most important being the effect on reinforcement
corrosion. Finally, the synergistic effects of sulphate, chloride and carbonate
together in solution may accelerate the rate of degradation of the concrete.
A complementary programme which deals specifically with research on reinforcing bar corrosion, a major cause of concrete failure, is under way. For corrosion
to accelerate, chloride ions must reach the reinforcing bars and destroy the passivating environment around the reinforcement. The diffusion rate of chloride ions and
the thickness of concrete cover are important parameters in determining the rate of
corrosion and the resulting cracking and spalling of concrete. The influence of
microcracking of the concrete cover on chloride ion diffusion will also be assessed
by subjecting concrete specimens to externally induced strain.
The material test plan for the concrete research programme has five operational stages. Qualification of the materials for concrete formulation has started and
five concrete and five cement paste formulations are being tested for their various
physical and chemical properties in their hardened state. Corrosion rates are established by measuring the movement of the reaction fronts of aggressive ions in the
test specimens. Correlation of the data and the validation of models will establish
preliminary lifetime predictions based on the short term corrosion rates. In the final
stage long term data will be accumulated to improve the confidence levels of concrete
service life predictions. Preliminary results are expected by 1990.

5.

DURABILITY OF BUFFER AND BACKFILL MATERIALS

Natural materials are used for the backfill and buffer materials. These include
sand, Dochart (illite) clay and clinoptilolite. Their durability in a wide range of
chemical environments is under review. The deterioration of wastes within the
repository and the release of chemicals from both the wastes and the concrete will
alter the chemical environment and could lead to poor performance of the buffer and
backfill materials in retarding radionuclides released from, the wastes. An understanding of changes with time will help determine the effectiveness of the barriers
in minimizing radionuclide releases. Changes to adsorption and diffusion characteristics could be crucial to long term performance.
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FIG. 4. Silicon concentration in buffer leachate.

The candidate buffer materials, Dochart clay and clinoptilolite, were subjected
to leachates in the pH range 2-11 at room temperature and at 60°C. Temperature
and pH conditions in the tests were made more extreme than those expected in the
repository (8°C) to accelerate the chemical reactions. The conditioning solutions
were acetic acid, the product of anaerobic degradation; and potassium and calcium
hydroxides, the main constituents of short and long term concrete leachate, respectively. The most quantitative approach used to define the nature and extent of clay
degradation was to analyse the composition of the spent leachate for the chemical
components of the buffer materials. The initial leachate, containing mostly ion
exchanged cations, was discarded and only the subsequent leach solutions that more
closely reflected the dissolution of the mineral structure were analysed.
A second approach compared the distribution coefficients of the key radionuclides adsorbed on buffer materials leached at different pH values. Major changes
in distribution coefficients may be attributed to the preferential dissolution of specific
adsorption sites or the destruction of the ion exchange structure. There were no identifiable changes in X-ray diffraction and scanning electron microscopy patterns,
indicating that no major structural changes took place during the leaching process.
The total number of moles of silicon in the leachate solution as a function of pH is
presented in Fig. 4 for both candidate buffer materials. As the pH was reduced, a
significant increase in dissolved cation concentration was apparent between pH4 and
pH2 for both candidate buffers, but more so for the Dochart clay.

155

IAEA-SM-303/120

Silicon concentration in the leachate after 24 days was compared with the theoretical equilibrium concentration in a molecular sieve leachate [10]. Silicon concentrations at the critical low pH values were much lower than the equilibrium value,
indicating that the leach solutions were far from equilibrium conditions and the dissolution process was evidently slow.
The distribution coefficients of. the three key radionuclides, 6 0 Co, 85 Sr and
Cs, were determined after all the samples had been conditioned, taking care to
use the same conditioning environment. The distribution coefficient values were
established as a function of conditioning pH and are presented in Table I for clinoptilolite and Dochart clay. The relatively small fluctuations in distribution coefficient
values with changes in pH for clinoptilolite are remarkable considering the large pH
range covered. Major changes to the adsorption sites did not take place even though
some of the mineral structure was dissolved at pH2 (Fig. 4). Much larger changes
in distribution coefficients with changes in pH are apparent for Dochart clay. Work
to generate dissolution rate data between pH2 and pH4 is continuing in order to
facilitate the estimation of maximum buffer degradation rates and especially to determine the reason for the drop in the caesium distribution coefficient of Dochart clay
at the low pH value of 2. Indications are that the buffer and backfill materials will
be stable beyond the 500 year period for the presently expected repository
environment.
137

TABLE I. EFFECT OF pH ON DISTRIBUTION COEFFICIENT (L/kg)

рн
2

4

7

9

11

Conditioned clinoptilolite
Co-60

6 500

11 000

8 000

4 400

7 900

Sr-85

8 400

9 700

4 900

3 700

6 900

23 000

35 000

38 000

39 000

15 000

Co-60

7 300

6 300

3 600

2 400

12 000

Sr-85

7 200

5 400

2 500

970

1 700

Cs-137

5 600

91 000

58 000

32 000

10 000

Cs-137

Conditioned Dochart clay

'
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STUDIES OF RADIONUCLIDE MIGRATION WITHIN A REPOSITORY
VAULT

Radionuclide migration experiments are being performed to mimic the large
diversity of potential repository chemical and hydrodynamic conditions within a
waste filled vault. The objective is to determine the dominant mechanism of radionuclide release and migration and to predict migration rates in a repository. Results
from three types of experiment are discussed:
(a)
(b)
(c)

Leaching of waste forms using a modified ANS 16.1 procedure [11], where
the waste forms are packed into saturated silica backfill;
Introduction of neutron activated buffer and soluble radionuclides into a
lysimeter without a waste form;
Introduction of a waste form into the lysimeter;

where the data from experiments (a) and (b) are combined to predict the results
obtained in experiment (c).
Laboratory scale lysimeters used in these experiments were described elsewhere, thus only a brief summary is given here [12]. The lysimeters were approximately 30 cm high and 30 cm in diameter. Test specimens containing the
radionuclides were placed in the centre of the lysimeters surrounded by the candidate
buffer material: sand and clay or sand and clinoptilolite in a 95:5 weight ratio. A
buffer layer, approximately 6 cm thick, separated the waste form from the gravel
layer inserted to provide drainage. The waste form, traced with 137 Cs, 85 Sr and
60
Co (or 58 Co) radioisotopes, was sodium phosphate immobilized in bitumen. Water
was allowed to infiltrate through the lysimeter. The radionuclide contents of the
effluent water and, at the end of the experiment, of the soil below the waste form
were determined. Calculations based on the results of earlier experiments with
bituminized waste forms indicated that the retardation coefficients for all three of the
radionuclides were significantly lower than those obtained in simple batch experiments [12]. Particle transport was suspected to be responsible for the inconsistency.
In a set of duplicate experiments, the waste form in the lysimeter was replaced
by a thin layer of neutron activated buffer which was presoaked with deionized water
containing water soluble salts of radionuclides that were not the activation products
of the clay. The neutron activated buffer was the same material used to fill the
lysimeter. The neutron activated radionuclides were created within the clay particles
and therefore any activation product release would be by particle transport.
The results of gamma spectrometric analysis of the effluent water from one of
the lysimeters containing activated buffer and dissolved radionuclides are illustrated
in Fig. 5, where the cumulative fraction of inventory eluted is plotted as a function
of the square root of time. Clay particle transport was estimated from six gamma
emitting activation products. Dissolved radionuclides added to the activated buffer
and released from the lysimeter are also included in Fig. 5. The elution patterns of
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FIG. 5. Radionuclide release from a lysimeter containing activated buffer and dissolved
radionuclides.

the clay particles and the soluble radionuclides 58 Co and 137 Cs are similar and
suggest that these two radionuclides were strongly bound to the clay particles and
were eluted with them with little desorption taking place during transport. Similar
data were recorded from the duplicate lysimeter.
We can infer from the data that when radionuclides were released as dissolved
species from a waste form in the lysimeter, their transport was similar to the transport of clay particles in the buffer layer. To explain radioactivity release from
lysimeters holding sodium phosphate, l 3 7 Cs, 60 Co and 85 Sr in a bitumen matrix, the
leaching results for a waste form similar to that placed in the lysimeter and the results
of clay particle release from this lysimeter were combined into a mathematical model
of the lysimeter. The model assumed that the radionuclides leave the waste form as
dissolved species and are adsorbed on the surface of the buffer components adjacent
to the waste form. The radionuclides then are transported through the buffer layer
as particles.
A comparison of the caesium leach data and release data presented in Fig. 6
indicates major retardation of caesium in the buffer layer. Calculated and actual
release from the lysimeter differ by about a factor of 3-6, a relatively small difference compared with the adsorption of caesium by the buffer layer, which is about
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three orders of magnitude higher than the release from the waste form. Thus, the
leaching and solute transport mechanism assumed in the modelling of 137 Cs transport is quite plausible.
Cobalt exhibited a quite different behaviour from that of caesium. A large portion of cobalt leached from the waste form was released from the lysimeter. Since
soluble cobalt salts soaked into sand were retarded much more effectively than cobalt
leached from the wastes, the most plausible explanation for the low retention of
cobalt is the release of colloidal rather than dissolved cobalt species from the waste
form.
Two additional lysimeters contained the same waste form as the lysimeters
described above, with the buffer changed to 95 wt% sand and 5 wt% clinoptilolite.
The clinoptilolite particles were the same size as the sand, but contained some bentonite clay that readily washed out of its structure. Radionuclide concentrations in
the buffer below the waste form are presented in Fig. 7. According to filtration
theory, the removal of monodisperse colloids in a packed bed is linear with respect
to bed depth, the removal of polydisperse particles curvilinear. The nearly linear
curve for 60 Co suggests that cobalt colloids are monodisperse. The 137 Cs and 85 Sr
isotopes were transported by a single mechanism, most likely by polydisperse bentonite clay particles.
The transport of 85 Sr is less consistent. While in the sand and clinoptilolite
buffer the transport properties of 85 Sr and l 3 7 Cs are similar (Fig. 7), in the sand and
clay buffer the 85 Sr release was quite different (Fig. 5). More work is required to
determine the transport mechanism for this isotope.
The lysimeter experiments were conducted near saturated conditions since the
lysimeters were gravity drained. Following repository roof failure and subsequent
infiltration, the buffer layer is expected to have a much lower water content, and thus
particle transport is expected to be less important. Comparison of the data with the
transport of other colloidal radioisotopes indicates that increasing the buffer thickness to improve the filtration will minimize transport by this mechanism [13]. In
addition, the long period of expected unsaturated conditions will allow the decay of
short lived radionuclides such as 60 Co to innocuous levels. Radionuclide transport
at realistic water contents will be investigated to better approximate radionuclide
movement in the repository buffer layer.

7.

CONCLUSIONS

Without water to dissolve chemicals from the concrete or waste forms, to provide a pathway for diffusion or migration of the radionuclides, or to permit release
of radioactivity from the waste forms, the repository will remain quite stable. The
ideal conditions will not last, and so experimental programmes are under way to
establish the durability of various engineered barriers and to provide the basis for
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determining their serviceable lifetimes. The processes described above are expected
to be slow at the IRUS site because the sand is well drained and water infiltration
will be negligible well beyond the institutional control period. Therefore, significant
decay of radionuclides should take place, reducing the source available for release
from the repository after the water intrusion barriers have degraded.
Migration studies indicate that under flow conditions, there is movement of
radioactivity by particle transport as well as in solution, but the depth of the buffer
will act as an efficient filter to limit the releases. The buffer should retain its ion
exchange properties for hundreds of years, even following the unlikely event of
repository roof failure, when the buffer may be subjected to water infiltration
through the repository and then to a broad range of chemical conditions. The
extremes of the expected chemical environment in the repository do not appear to
affect the adsorption properties of the buffer material, but additional work must be
undertaken to define better the deterioration rate of the buffer material.
Chemical attack appears to be the most likely means for deterioration of the
concrete, and experimental programmes are under way to provide sufficient data to
establish rates of deterioration and to determine the confidence limits for the desired
longevity of 500 years. The range of environments within the repository is being
established and is an integral part of the research programmes. Experimental results
now being generated and expected from the many programmes under way at Chalk
River will provide data for predictive modelling of radionuclide movement through
and beyond the repository.
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Abstract
SAFETY ASSESSMENT A N D INVESTIGATIONS FOR A S H A L L O W L A N D DISPOSAL
FACILITY IN H U N G A R Y .
A detailed site investigation programme for a nuclear power plant waste disposal facility in Hungary has been in progress since 1984. The main objectives of this programme are:
geological and hydrogeological mapping, seismic evaluation, surface hydrology and lysimeter
studies, water balance determination, and water chemistry and groundwater age determinations. The main results of the site investigations, such as those concerning the geological
environment, field and laboratory hydrological measurements, lysimeter results and the overall water balance of the site, are described together with the results of the migration calculations, showing how the measured or derived data were used for the calculations. Information
is presented about the groundwater age and the observed tritium profile for validation of the
calculated results. The contribution of missions under the International Atomic Energy
Agency's Waste Management Advisory Programme to the solution of safety related questions
is discussed. A medium time-scale laboratory investigation programme was approved for the
determination of sorption and retardation characteristics of cement and concrete in 1984. The
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purpose of the investigations was to better evaluate environmental safety and to determine
necessary input values for migration models. In particular, static and dynamic leaching studies
of evaporator concentrates and spent ion exchange resins embedded in cement were planned.
As a comparison basis for spent resins an identical leach test was conducted using pure (not
embedded) resins. Diffusion measurements of Co, Sr, I, Cs-and Н Т О were carried out on
concrete with various degrees of water saturation to study the transport velocities as a function
of the remaining water content in the backfill between the waste packages. The problem of
Н Т О transport in concrete is discussed separately. Finally, further investigations are
described.

1.

INTRODUCTION

Site selection work for disposal of low and intermediate level radioactive
wastes produced during the operation of the Paks Nuclear Power Plant began in 1977
following the decision of the Hungarian authorities to restrict on-site disposal. Eighteen possible sites were identified, with three types of disposal option: surface
trenches, large diameter boreholes reaching 100-120 m in depth, and mine type
facilities at depths of 100-300 m. Considerations of the cost of disposal led to a
decision favouring a surface trench type facility.
For socio-economic reasons the first proposed site was abandoned in 1983, and
with the help of local authorities the Feked-Véménd area was chosen for detailed
site investigations. (Both sites are located in the south Hungarian district of
Baranya.)
The programme for detailed site investigations was approved by all competent
authorities and included the following:
(a)

Short term activities, which served as the scientific and technical basis for a
siting permit. These activities were basically as follows:
(1) Geodesy and site infrastructure:
— mapping, land ownership and use data, and demands on the road system
and buildings;
— energy and water supply studies.
(2) Geology and soil mechanics:
— structure and layer identification, including systematic drilling and
surface and borehole logging;
— surface and subsurface stability studies;
— measurements of soil characteristics in each layer.
(3) Hydrology and hydrogeology:
— surface water studies (springs, brooks, water use);
— seepage and groundwater studies, including age determinations.
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(4) Transport of isotopes:
— evaluation of natural barriers.
(5) Supporting activities:
— meteorological measurements. '
Long term studies, results of which will be used in later licensing processes
(construction, operation permits, etc.), e.g. monitoring of groundwater levels,
measurement of spring capacities, meteorological data and radiological background, and studies of engineered barriers.

On the basis of short term investigations conducted in 1984 the provisional site
permit was issued in March 1985. To obtain final approval the following conditions
were laid down by the authorities:
— The connection between the upper and lower aquifers has to be identified and
evaluated; the subsurface catchment boundaries have to be determined; and the
data on groundwater and surface water ages should be clarified.
— The anisotropy of the Quaternary deposits has to be quantitatively evaluated;
erosion processes on and near the site should be characterized.
To fulfil these demands a separate measurement programme was established and
carefully conducted. Better accuracy of results was achieved by measuring each
parameter by two independent methods.
In the area surrounding the site the capacity of 17 springs is monitored continuously. Four valleys have their beginnings near the site. In these valleys there are
seven permanent or temporary streams, on which monthly flow and sediment transport observations are made. The infiltration rate is measured by 32 lysimeters (soil
depths are 10, 20, 40, 60, 80, 100, 150 and 200 cm). The distribution of ground
saturation caused by infiltrating and seeping water is measured by dielectric and
isotope methods (at five points down to a depth of 5.4 m and at two points down to
30 m). Construction of the necessary measuring points was finished in 1987.
The next step in the development of the investigation programme is closely
connected with the International Atomic Energy Agency. At the end of 1985
Hungary, nominating the Power Station and Network Engineering Company,
ERÖTERV, joined the IAEA's Waste Management Advisory Programme
(WAMAP) and asked for a review of the investigation programme and results. Two
WAMAP missions visited Hungary in June 1986 and May 1987. During these visits
three major problems were identified as obstacles to further development of a proper
site evaluation:
(1)

Seismicity of the site. It was agreed that a design basis earthquake should be
derived on the basis of the seismicity and tectonics of the region. The slope
stability analysis performed earlier was based on a static model. It was agreed
that a simple dynamic method could be used to include seismic effects.

(2)

Hydrogeology. The second WAMAP mission supported assessment of the
infiltration rate by sampling of water from a core of the unsaturated zone and

166

BÉRCI et al.

trying to detect the presence of the 1963 tritium peak. Stable isotope measurements (D, 1 8 0, l3 C) were suggested to confirm the age determinations and to
study various mixing processes in the upper and lower aquifers.
The importance of a comprehensive Safety Analysis Report (SAR) was underlined by both missions. It was recommended that the pre-construction SAR be
completed and assessed before construction of safety related parts of the site
was initiated.

(3)

All of these recommendations were taken into account in the investigation
programme and design process.
For the long term environmental safety assessment knowledge of the water
velocity field, the sorption characteristics of the ground and the source strength and
behaviour is needed. These questions are emphasized in this paper.

2.

DISPOSAL SITE ENVIRONMENT

The site is located on a relatively flat area at the summit of an elongated hill
which has relatively steep slopes (25%), degrading towards the bottoms of the
valleys. These valleys are 30-40 m lower than the site.
In the site area the Permian granite is covered by metamorphosed aeolian
deposits of the Pleistocene; the Pleistocene deposit is 80-90 m thick. In the upper
part it has the characteristics of loess, with a significant proportion of silt.
The fissured granite underlying the Quaternary deposits is degraded in the
upper 12-15 m (granite breccia). Above the granite breccia the deposit contains a
good clay layer. Similar but discontinuous clay layers have been found in the more
elevated parts of the Pleistocene cover as well.
An unconfined aquifer with a depth of about 10 m is found 35-40 m below the
surface; its gradient is 1-3 %. A confined aquifer exists in the breccia between depths
of 87 and 97 m ; it has a piezometric height of about 68 m.
All around the site there are springs located at distances of a few hundred
metres (the closest one is 300 m away). Four streams receive the surface water and
the water of the springs in the immediate proximity of the site. They are:
—
—
—
—

The
The
The
The

Malomvölgyi brook (after 18 km it discharges into the River Danube),
Karasica brook (after more than 70 km it discharges into the Danube),
Rak brook (after 27 km it discharges into the Sio canal),
Hutai/Lajver brook (after 30 km it discharges into the Danube).

The seismic activity of the site was studied in 1983. Historical earthquake data
and measured parameters over a 100 km radius were compiled and evaluated. Earthquake probability values of 10~2, 5 X 10~3 and 2 X 10"3 were determined,
corresponding to 4.4°, 5.0° and 6.3°, respectively (MSK-64 intensity scale).
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FIG. 1. Elements, of water balance. 1: Surface runoff; 2: near surface infiltration; 3: local
supply of springs; 4: water level of upper aquifer; 5; water level of lower aquifer; 6: changes
in moisture content; 7; possible infiltration into upper aquifer; 8: possible infiltration into
lower aquifer.

Seismo-tectonic evaluation recommended by the second WAMAP mission is
continuing.

3.

HYDRAULIC CONDUCTIVITY OF QUATERNARY DEPOSITS

The Quaternary deposits in the site area are composed of two types of soil: clay
and loess. The loess deposits cannot be characterized as typical loess. They are loose
(mean porosity 0.62). Their capillary rise lies between 1500 and 2500 mm (mean
2100 mm). The deposits have a plasticity index between 6 and 15% (mean 10%).
The clay mineral (montmorillonite and illite) content varies between 4.7 and 9.4%
and the calcite and dolomite content (expressed in C a C 0 3 equivalent) is between 0
and 23.4%. Conductivity determined in the laboratory was in the range of 1 x 10"4
to 8.2 x 10~7 cm/s. From the plasticity index a mean value of 6 X 10"4 cm/s
(min. 1 x 10~5, max. 6 x 10~3) was calculated. The mean vertical conductivity
was 5 x 10~5 cm/s. The vertical conductivity calculated from the capillary rise has
a mean value of 6.9 x 10~7 cm/s (max. 9.6 x 10"7 cm/s).
The stratification of the Quaternary deposits includes highly permeable, fine
sandy closures between the clayey ones from 18 to 25 m and from 29 to 34 m depth.
Groundwater exists in many cases in this second depth interval.

4.

WATER BALANCE OF SITE

Figure 1 shows the general water balance of the site. The greater part of the
precipitation remains near the surface (in the upper 2.8-3.0 m) and evaporates from
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there, perhaps with the help of the vegetation. A smaller part seeps in the direction
of the slope in the upper 3 m. In rainy weather infiltration takes place everywhere,
including in the vicinity of the springs, partly by water arriving via the surface, and
so the springs show the presence of fresh water. In dry conditions the springs receive
the water seeping slowly near the surface, and so the age of the emerging water may
gradually increase to as much as several hundred years. The surplus of the water
very slowly migrates to the upper aquifer and from there part of it migrates to the
lower aquifer.
The analysis was performed for the 11 month period from December 1985 to
October 1986 and for an area of 100 ha. Measurement of the surface runoff is very
prone to error and is the weakest point of the investigation. The measured
649 300 m 3 of yearly runoff are merely 11.1% of the total precipitation
(642 mm/a). Such a small runoff under the given slope and ground conditions cannot
be correct. High waters have been omitted from the measurements. Therefore, it is
reasonable that, because the usual annual runoff of a hilly country is 18-20%, the
figure should be modified to between 1 053 098 and 1 070 109 m 3 . This modification means that the measured runoff, called the basic water output supplied from
under the surface, is actually 55-62% of the total output.
The difference between precipitation and evaporation was 73.7 mm. For the
watershed of 9.113 km 2 area this is equivalent to 671 628 m 3 . The other 'supply'
component is the decrease of soil humidity, which according to the measurements
was 42.2 mm. Therefore, the supply side amounts to a total of 1 056 196 m 3 .
The water stock was reduced by springs by 30 399 m 3 and by the surface
runoff by 965 430-1 072 600 m 3 .
The
stock reduction
is therefore
1 102 999-995 739 m 3 ..
The balance is 60 371-46 800 m 3 or, expressed in precipitation intensity,
6.62-(—5.14) mm. This means that only negligible water output reaches the
aquifers.
Figure 2 shows some results, of 14C groundwater dating for the upper and
lower aquifers. Table I contains the most significant results.
On the basis of the groundwater dating the Research Centre of Water
Resources Development, VITUKI, found that the annual infiltration into the upper
aquifer is at most 2.5 mm, while infiltration into the löwer aquifer is 0.5 mm/a on
the investigated territory. From the studies of water level and water pressure fluctuations we have come to the conclusion that in the investigated period an average of
2.3 mm of water entered the upper aquifer, while for the lower one the average was
0.27 mm.
The most intense processes of the water balance take place in the upper
2.8-3.0 m, and from there at the most 2.3-3 mm/a reach the first aquifer. From the
upper aquifer a maximum of 0.3-0.5 mm/a reaches the lower aquifer.
The springs are mostly supplied by the precipitation in their own vicinity and
from fresh water running off their small surface catchments, and only in very dry

169

IAEA-SM-303/138

Scale 1 : 7000
Surface catchment boundary
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оm
1000
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С dating in tower aquifer

К

С dating in upper aquifer

FIG. 2. Calculated water table levels for the Feked-Véménd area (given in metres above the
Baltic Sea).

weather are they supplied from the older water infiltrating from the neighbourhood
of the catchment. The age of their water, however, is not as great as that of water
stored in the first aquifer, i.e. they remain mixed waters. The very old first and
second aquifers beneath the site area do not pass water towards the lower areas owing
to their low permeability and their existing threshold gradient. Where these aquifers
come near to the surface, that part of the water is entirely young, supplied by local
precipitation.

T A B L E I. R E S U L T S O F

Well No.

Depth
(m)

,4

C GROUNDWATER DATING FOR UPPER AND LOWER AQUIFERS

Aquifer

Age

Well No.

(a)

Depth
(m)

Aquifer

Age
(a)

2 800

F-17

75.4

u

3 300

1

9 900

F-18

51

u

9 100

104.5

1

12 700

S-2

16

g

<35

MEV-V

89.0

1

<35

Véménd

13

g

150

MEV-V/1

49.0

1

150

Trefort

31

g

<35

MEV-VI

45.0

1

4 100

Szebényi

31

g

<35

MEV-VI/1

12.0

1

<35

F-5

40.0

u

4 000

Tufás Spring F-243

F-ll

71.0

u

1 100

Irtásalja I Spring

500

F-14

66.0

u

1 100

Szálko Spring

300

MEV-I

123.6

MEV-II

126.0

MEV-IV

Spring F-242

Note: 1, lower aquifer; u, upper aquifer; g, groundwater near the surface.

<35
1 100
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PERCOLATION TIME TO NEAREST SPRING

Two different models were applied for the calculation of water transport time
to the nearest spring. VITUKI applied a computer code which determines the
hydraulic conductivity for each finite element in a slab having the water table levels
and percolation rate fixed as inputs. The resulting seepage path is drawn only in the
saturated zone (in the upper aquifer).
The Land Survey and Measuring Company performed the analysis on the basis
of the observed characteristics on the site. The seepage path consists of vertical
percolation in the unsaturated zone and seepage below the water table.
According to the results 92 years are needed for the water to percolate through
the 35 m thick unsaturated zone and a further 628 years are necessary to reach the
nearest spring (330 m away).
In the central part of the investigated area the tritium concentration was below
the detection limit. The low tritium content of the upper aquifer could be caused
either by a relatively quick percolation and mixing process or by slow migration of
the tritium produced by thermonuclear explosions at the beginning of the 1960s. To
decide what process is taking place, tritium profile sampling was suggested by
VITUKI and later supported by the second WAMAP mission. Samples of unsaturated ground were taken at 25 cm intervals during the excavation of two wells
(depths 15 and 20 m). The moisture content was evaporated, collected and analysed
for tritium by VITUKI and the IAEA. Stable isotope measurements were performed
only by the IAEA.
The average percolation velocity in the case of the 15 m deep well is 25 cm/a,
for the 20 m deep well it is 30 cm/a. These data verify the calculated transport time
because extrapolation to 35 m results in a value of 120-140 years.

6.

ENGINEERED BARRIERS

Transport of radioactivity from waste packages to the hydrogeological
environment can be controlled by, among other things, concrete filling between the
waste packages (backfill) and concrete trench walls. Radionuclide transport in the
backfill is probably diffusion controlled, mainly depending on the remaining
moisture content and on the porosity and sorption phenomena in the concrete. To
study the dependence of the diffusion coefficient on the remaining moisture content
for the isotopes 3 H, 125 I, 137 Cs, 60 Co and 85 Sr a series of measurements were
carried out, with the values of porosity and distribution coefficient K d being
checked at the beginning.
Concrete samples were made from 350-PPC-10 type cement (Portland type
with 10% fly ash) using water/cement and gravel/cement ratios of w/c = 0.5 and
g/c = 4.76. To prevent a large linear anisotropy the diameter of the gravel grains
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TABLE II. DISTRIBUTION COEFFICIENTS Kd (mL/g) FOR CONCRETE

Solid/water
ratio

Cs-137

Co-58

1-125

Sr-85

(g/mL) '

1:2

3

119

-

48

1:4

26

532

0.3

275

1:7

32

5825

.-

352

1:10

33

3137

1.4

712

was less than 2 mm. For the Kd determinations seven day old concrete was crushed
and pulverized.
For the porosity and diffusion measurements cylindrical samples were made
with 4.5 cm diameter and with 10 cm height in the first and 2 X 10 cm in the second
case. The labelling in the second case was made in the central 1.0-1.5 cm of the
column using either 125I (125 kBq/g) and 85 Sr (60 kBq/g) or 137Cs (160 kBq/g) and
60

Co (30 kBq/g). Prepared samples were stored for seven days in a closed, wet
place and after this period the proposed water content was fixed as follows.
Fully saturated (100%) samples'were prepared by soaking up to weight stability. Naturally dry samples (0%) were made by drying the cylinders up to weight
stability at 45°C. The soaking and drying times were 5-5Уг h. The weights of the
samples with 20, 40, 60 and 80% saturation were calculated from the data for the
fully saturated and naturally dry samples and were fixed either by soaking or by
drying. The labelled parts of the cylinders were covered with plastic for the soaking
period. Samples with identical moisture content were stored together in a PVC case.
The distribution coefficients were determined using tap water and an approximately 5 MBq/mL activity concentration for each isotope. Solid/water ratios of 1:2,
1:4, 1:7 and 1:10 g/mL were used for each isotope. Activity concentrations were
measured by Ge-Li detectors. The obtained K d values are summarized in Table II.
Diffusion coefficients were calculated for Cs, I, Sr and Co on the basis of these
results. The regression curve between the degree of saturation and the diffusion
coefficient was covered by the standard, deviation of the results.
The obtained data can be evaluated by calculation of the nuclide 'migration
velocities' for 0.01, 0.02, 0.1 and 1.0% relative activity concentrations. The calculated values of the migration velocities for fully saturated samples are shown in
Table III.
Similar diffusion measurements were performed with НТО. Two measuring
methods were applied for tritium determination: liquid scintillation counting and
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proportional chamber measurement above a solid surface. The second method gave
only comparative results
The results are characterized by the large value of the diffusion coefficient D
(Fig. 3), caused by relatively big losses of НТО during preparation and storage, and
by partly 'sorbed' НТО quantities on the solid surface. This is shown in Table IV:
samples were analysed first by determining the tritium concentration in distilled
water; then the remaining activity was removed by elution.
Up to now only the leaching studies of ion exchange resins embedded in
cement have produced data suitable for evaluation. The obtained mass transport
coefficients are as follows:
Cs
Sr
I

~ 7 x 10" 13 m 2 /s
~ 4 x 10"14 m 2 /s
~ 2 x 10"15 m 2 /s

НТО leaching from cement at the beginning was characterized by a value of
~ 5 x 10' 1 2 m 2 /s. The leaching is limited by internal concentration decrease, as
can be seen in Fig. 4.

7.

LONG TERM ENVIRONMENTAL SAFETY CALCULATIONS

Seventeen soil samples taken in the investigation area were studied to define
the sorption characteristics (5 loess, 1 sandstone, 11 clay). The distribution coefficient was measured with a groundwater model and high salinity solutions. The
results are shown in Table V.
For the migration calculations the following initial inventory was used (derived
from nuclear power plant design data):
l37

Cs
Sr
60
Co
3
H
85

5.51
5.51
1.60
8.08

x
x
x
x

10 14
1012
10 14
10"

Bq
Bq
Bq
Bq

An overestimated linear leaching rate was applied (0.01 g-cm" 2 -d _ 1 ) because of the
absence of measured mass transport coefficients for cemented evaporator concentrates. Additional protection given by packaging and water isolation in trenches was
not taken into account.
The water table was assumed to be 5 m higher than the observed and predicted
status. The most unfavourable K d and ground characteristics were used. The transport time of water to the nearest spring was modified because it was assumed that
the source is located at the bottom of the trenches. The residence time in the unsaturated zone therefore was 40 years.

TABLE III. CALCULATED 'MIGRATION VELOCITIES' (cm/d) FOR FULLY SATURATED SAMPLES

Relative activity concentration (%)
Isotope

Time
(d)

Cs-137

112
238
378

Co-60

Sr-85

0.02

0.1

1.0

1.9 X 10~2
1.2 X lO"2

1.9 X 10"2
5.2 X 10"2
2.1 X 10"3

1.5 X 10- 2
2.8 X ю - 3
3
7.9 X 10

2
1.5 X ю -

1.6 X 10"2

4.5 X lO"3
2.8 X i o - 3
6.1 X 10"3

4.5 X 10"3

2.5 X 10^2
1.1 X 10- 2

1.4 X lO"2
1.1 X 10~3
1.7 X 10- 3

—

2.0 X 10"2
1.2 X 10"3
2.1 X lO"3

7.5 X ю - 3

81
210
381

8.4 X lO"2

7.2 X 10"2

81
210
381

2

112
238
378

1-125

0.01

—

—

—

—

4.3 X lO"
—

1.2 X 10"3

—

2

3.8 X i o 1.9 X 10"3
1.2 X i o ~ 3

2.7 X к г 2
1.9 X 10- 3
6.4 X i < r 3

—

1.8 X ю - 3

—

3.9 X ю - 3

1.4 X 10- 2
4.3 X 10"3
3.2 X 10"3
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FIG. 3. (a) Observed НТО distributions and (b) calculated НТО distributions (D
= 6 X 10~'° m2/s) in saturated concrete samples.
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TRITIUM (НТО) RECOVERY F R O M

Moisture content (%)

Н Т О labelling (MBq)

100

40

о ;

Storage time (d)

SAMPLES

188

.188

278

:

188

1800

1800

1800

. 1800

30

631

607

951

78

93

73

Removed by
distillation (MBq)
Removed by elution
after distillation
37

(MBq)

-

>1«
<

0.2 -

t W * )
FIG. 4. НТО leaching from cemented

waste.
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TABLE V. MEAN DISTRIBUTION COEFFICIENTS К* (mL/g) FOR SOIL
SAMPLES
Deionized water

Groundwater model

Cs

Co

Sr

Cs

Co

Sr

Loess/sandstone

4700

1430

186

1550

1140

35

Clay

4200

2300

352

3760

1730

51

Loess/sandstone

6.9

0.4

0.2

1.8

0.6

0.3

Clay

5.0

0.7

0.3

5.0

0.9

0.6

Carrier free

High salinity solution

The maximum concentrations of nuclides in the groundwater at the moment
when they reach the water table were calculated to be:
3

H
Sr
137
Cs
90

2.54 x 104 Bq/m 3
3.36 X 102 Bq/m 3
1.95 x 10 4 Bq/m 3

(MPC = 3.7 X 10 7 Bq/m 3 )
(MPC = 1.1 X 10 3 Bq/m 3 )
(MPC = 2.6 X 10 5 Bq/m 3 )

These data show that contamination remains inside the unsaturated zone. Bearing in
mind the conservative assumptions made in these calculations, we can conclude from
the results that no real radiation emergency can occur in the lifetime of the waste
facility.

8.

FURTHER RESEARCH ACTIVITIES

In order to have a reliable database, meteorological and hydrogeological
monitoring have to continue for at least five to seven years. Following the IAEA's
advice the seismo-tectonic evaluation of the site has to be completed in the near
future. Preparation of the Safety Analysis Report is closely connected with the above
mentioned activities. The hypothesis of the existence of a fissure structure will be
checked if there is a suitable experimental method to detect this structure in Quaternary deposits.
The long term isotope transport programme includes elution type sorption or
transport experiments, and for proceeding with the licensing process an in situ
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activity transport experiment will be initiated. The beginning of background
monitoring is scheduled for two years before commissioning.
Relatively new areas of research activities connected with the programme
mentioned above will be:
— Ecology studies to try to answer questions on how the local flora and fauna
will occupy the territory and whether they will intrude after the institutional
control period;
— Natural analogue studies dealing with the long term prediction of cement and
concrete behaviour.
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FINAL DISPOSAL OF INTERMEDIATE LEVEL
REPROCESSING WASTES IN BOREHOLES
IN A SALT REPOSITORY
E. B A R N E R T , H . B R Ü C H E R
Kernforschungsanlage Jülich G m b H ,
Jülich
H. LOSER
Dornier System G m b H ,
Friedrichshafen

Federal Republic of Germany

Abstract
F I N A L DISPOSAL O F I N T E R M E D I A T E L E V E L REPROCESSING W A S T E S IN BOREH O L E S IN A SALT R E P O S I T O R Y .
In the Federal Republic of Germany it is planned to dispose of radioactive wastes that
may have a perceptible thermal effect on the host formation in a repository in the Gorleben
salt dome. These heat generating wastes include high level wastes as well as certain intermediate level wastes produced by reprocessing of L W R fuel elements. Typical ILW are
dissolver sludges,

fuel element claddings and fuel element hardware.

At the Kern-

forschungsanlage Jülich (KFA) a project is in progress on Intermediate Level Waste and High
Temperature Reactor Fuel Element Test Disposal in Boreholes. The m a j o r objective of the
project is to establish a technique for the safe disposal of the above mentioned ILW in unlined
boreholes in salt. The disposal technique comprises all measures and components undertaken
or used during the filling of the vertical boreholes with 400 L waste packages and all measures
and components undertaken or used to seal the boreholes filled with waste packages.
Implementation of the project involves the Physikalisch-Technische Bundesanstalt, the Gesellschaft für Strahlen- und Umweltforschung, the Bundesanstalt für Geowissenschaften und
Rohstoffe and the Deutsche Gesellschaft für Wiederaufarbeitung von Kernbrennstoffen, under
the scientific and technical guidance of the KFA. The project is sponsored by the Bundesminister für Forschung und Technologie.

1.

INTRODUCTION

T h e G o v e r n m e n t o f t h e F e d e r a l R e p u b l i c o f G e r m a n y h a s d e c i d e d that f o r t h e
final d i s p o s a l of r a d i o a c t i v e w a s t e s o n l y w e l l d e v e l o p e d a n d t e s t e d t e c h n i q u e s c a n
b e adopted. Final disposal techniques for low and intermediate level wastes with
n e g l i g i b l e h e a t g e n e r a t i o n h a v e b e e n d e v e l o p e d a n d a r e p a r t of t h e F e d e r a l R e p u b l i c
o f G e r m a n y ' s c o n c e p t u a l d e s i g n f o r t h e final d i s p o s a l o f t h e s e t y p e s o f w a s t e . F o r
radioactive wastes with perceptible heat generation, e.g. high level wastes, and
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certain types of ILW corresponding techniques still have to be provided for final
disposal in salt formations. Therefore, the Bundesminister für Forschung und Technologie is sponsoring a project on Intermediate Level Waste and High Temperature
Reactor Fuel Element Test Disposal in Boreholes conducted by the Kernforschungsanlage Jülich. Implementation of the project involves the PhysikalischTechnische Bundesanstalt, the Gesellschaft für Strahlen- und Umweltforschung, the
Bundesanstalt für Geowissenschaften und Rohstoffe and the Deutsche Gesellschaft
für Wiederaufarbeitung von Kernbrennstoffen. The main objectives of the project
are to develop a technique for the final disposal of heat generating ILW and of spent
fuel elements from high temperature gas cooled reactors in unlined vertical boreholes
in salt, and to test this technique under conditions involving real waste packages in
a salt mine.
According to the work to be done and because of licensing procedures involved
the project is divided into two [1]:
I.

Emplacement

and sealing

techniques

— Development of the ILW disposal technique, including all components used in
this technique, in a final repository at Gorleben;
— Cold testing (i.e. without real wastes) of the technique and the prototype
components in the Asse mine.
II.

Retrievable emplacement

test

— Determination of gas release from ILW packages;
— Retrievable test emplacement with real waste packages in the Asse mine.
The results obtained in part II are taken into consideration in part I of the project.

2.

WASTE PACKAGES
The types of reprocessing ILW are:
— Fuel hardware from LWR fuel elements
— Fuel element cladding hulls
— Dissolver sludges from the reprocessing of LWR fuel elements.

The waste packages used for the final disposal of these ILW will have the
overall dimensions of a standard 400 L drum, A typical reference design for a waste
package is shown in Fig. 1. In this case the wastes are cemented in place in an insert
having a volume of about 330 L. The insert is placed into the standard 400 L drum,
which is covered by a lid having a non-gas-tight seal. The resulting void in the
package amounts to about 70 L. Part of the reinforced lid is a pintle compatible with
a grapple. The waste packages will be handled using this grapple system. The
maximum weight of a waste package amounts to 2000 kg.
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FIG. I. Standard 400 L drum with cladding hulls cemented in place (dimensions in
millimetres).

The different types of waste all have a non-negligible heat generation of up to
150 W per waste package resulting from a maximum total activity of 7 X 10 14 Bq.

3.

DISPOSAL TECHNIQUE

The disposal (emplacement and sealing) technique comprises all the measures
and components that may be undertaken or used for the safe disposal of 400 L waste
packages in vertical unlined boreholes in salt. Figure 2 illustrates possible measures
and components.
The right hand side of Fig. 2 shows a borehole, some 310 m in depth, during
the filling phase. The borehole has a diameter of about 1 m. It is covered by a
shielding slide, which protects against direct radiation while the borehole is being
filled with waste packages.
The shielding or transfer cask containing the 400 L waste package is placed
on the shielding slide by a specially designed transport truck. The bottom slide of
the cask interlocks with the shielding slide. It can only be opened together with the
shielding slide. All other steps are performed by the emplacement machine.
A coupling system is used to operate the package grapple in the shielding cask.
After the bottom slide of the cask and the shielding slide have been opened together,
the package is lowered into the borehole. Once the package is placed, the grapple
can be released and pulled back into the transfer cask. It is locked there and remains
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FIG. 2. Disposal technique for heat generating ILW in unlined vertical boreholes.

in the cask. The bottom slide of the cask and the shielding slide are then closed and
the hoisting cable uncoupled. The empty transfer cask can be removed and then a
new cask with a waste package inside placed on the shielding slide for the next
emplacement.
Depending upon the gas production rate (H 2 , 85 Kr) of the cemented wastes [2]
it might be necessary to prevent instantaneous release of the waste gases into the
borehole in order to ensure safe operation. Therefore, gas release measures have to
be taken to prevent destruction of the waste packages by stacking forces while the
borehole is being filled. This can be done by transferring the stacking load into the
borehole wall. Figure 2 shows two of the options.
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One of the options is a mechanical supporting element. The element is seized
at the pintle by the package grapple and lowered into the borehole from a special
shielding cask by the emplacement machine. When it comes into contact with the
uppermost waste package in the borehole, it is spread by its own weight and its claws
clutch the borehole wall. The contact plate lifts off the waste package to ensure a
complete uncoupling of the supporting element and the lower stack of waste
packages. The higher the load applied to the supporting element the more it spreads
out and clutches the borehole wall.
The second possibility for transferring the stacking forces into the borehole
wall is to backfill the annular gap between package and borehole wall using crushed
salt. In this case the stacking load is distributed along the borehole wall by way of
friction forces in the salt. Calculations have shown that by this method the waste
packages can actually be suspended in the borehole [3].
A further option for distributing the stacking load is to use a covering backfill.
Here, a column of packages with a backfilled annular gap has a covering backfill
placed on it, i.e. in practice a plug of crushed salt. The plug acts like an additional
supporting element, on which the next column of packages with covering backfill is
then placed.
After the borehole is filled with waste packages to about 10 m below the drift
floor, it will be sealed by a plug. The borehole plug provides shielding against radiation from the waste packages and reduces the gas release rates during the operation
period in the emplacement drift to such an extent that unacceptable risks to the
operating personnel and the environment are avoided.
Two plug variants have been worked out [4]. Plug variant I is characterized
by a low initial density. The plug mainly consists of crushed salt. Crushed salt is
introduced into the borehole, through the shielding slide still covering it, from a
special filling container in a quantity sufficient to produce a section of plug some 3 m
in height. These 3 m of salt form an initial shield against direct radiation from the
borehole. Now the shielding slide can be removed and the rest of the borehole backfilled in a conventional manner using crushed salt or salt concrete.
Plug variant II has a high initial density. The first 3 m of the plug again consist
of crushed salt introduced using the filling container. After the shielding slide has
been removed, previously made salt cylinders are stacked on top of one another in
a conventional way on this layer of crushed salt. Any space remaining is backfilled
with salt concrete up to the drift level.

4.

IN SITU TESTING

The ILW borehole technique will be tested within the scope of an in situ experiment using developed prototype components. Figure 3 is a simplified view of the
800 m level of the Asse salt mine, where these tests will take place.

184

BARNERT et al.

N

FIG. 3. Test drifts at the 800 m level of the Asse salt mine.

In the test drift BV, some 50 m in length, three vertical boreholes with a
diameter of about 1 m and a distance of 15 m between them will be driven into the
floor.
Borehole BV1 will have a depth of 10 m. It will serve to test the gas
permeability of the final plug as a function of time, pressure and temperature. For
this purpose, inactive test gases such as hydrogen and krypton will be injected at
different levels of the borehole and their migration through the plug will be
measured.
Borehole BV2 will also have a depth of 10 m. It will be operated without a
plug and is intended to be used for control measurements, e.g. of temperature distribution, borehole convergence, gas constituents and moisture.
Borehole BV3, up to 100 m deep, will serve to demonstrate the technical feasibility of the ILW borehole technique. As shown in Fig. 4, inactive, concrete filled
400 L packages will be emplaced using the developed technique. All prototype
components will be tested.
To simulate a temperature level of about 70°C in the salt, which is appropriate
for the ILW disposal drift of a repository, electric heaters will be installed around
the boreholes as shown in Fig. 4.
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FIG. 5. Time schedule.
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TIME SCHEDULE

The time schedule for development of the ILW borehole technique is adapted
to the plans of the Physikalisch-Technische Bundesanstalt for the Gorleben repository. Therefore, presentation of the basic results on the ILW disposal technique is
required in early 1991. The schedule is shown in Fig. 5.
The conceptual design of the disposal technique has entered into its decisive
phase and major parts should be completed by mid-1988. The design of some components has just started. The test drift BV in the Asse mine has been driven and the
first component test can be expected to begin in 1989.
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Abstract
S A F E T Y ASSESSMENTS F O R L O W A N D I N T E R M E D I A T E L E V E L W A S T E REPOSITORIES: T H E I M P O R T A N C E O F P R O P E R C H A R A C T E R I Z A T I O N O F T H E DISPOSAL
SYSTEM.
Low and intermediate level wastes vary widely in their composition and properties. The
required level of characterization of the packages which can be received at a particular repository should be directly derived from analyses of all steps in handling, transport and storage
of wastes. In particular, safety assessment of the operational and post-closure phases can be
used to quantify waste acceptance criteria. The paper discusses those parameters which
influence long term safety along with the problems of their direct or indirect measurement.

1.

PURPOSE AND CONTENT OF PAPER

Session 2 of this symposium covers options for disposal of low and intermediate level wastes (L/ILW) and examples of studies quantifying the safety performance of repository systems. For Session 3, the primary topics are waste characterization, acceptance criteria and quality control measures. One aim of the present
paper is to illustrate how the themes of the two sessions are linked. The approach
to quantitative safety assessment requires proper specification of all safety barriers
in the system; by comparing the results of the assessment with the overall safety
requirements for the repository, specific needs for characterization of system components, including the waste packages themselves, can be derived.
This paper begins with a brief review of the issue of radwaste classification
and an overview of the disposal systems being implemented today. For each type of
disposal facility, waste acceptance criteria must be developed and some of the most
important of these are derived from safety assessment. Direct consequences for
system engineering design result from the necessity to provide a quantifiable and
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FIG. 1. Relative safety contributions in a multibarrier repository system. A: With no geological barriers, institutional measures are normally needed to augment safety levels. B: With
optimal geology, minimum requirements can be placed upon other barriers in the system. C,
D, E: The major contribution to safety can in principle be provided by any of the barriers.
F: In the ideal case, all barriers contribute to give a high margin of safety, although full redundancy is rarely feasible.

FIG. 2. Technical areas to be considered in developing waste characterization requirements.
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demonstrable safety case which can be defended in the regulatory process. As
indicated schematically in Fig. 1, the relative contributions of the barriers to overall
safety vary from concept to concept; assessment of the contributions requires proper
specification of system properties. In all cases the waste packages must be characterized, but the specific parameters required (along with their target accuracy and precision) will depend also upon the predicted behaviour of all other safety barriers in the
system. This paper summarizes some key issues in the characterization process and
some of the important data issues. Figure 2 gives a schematic overview of the relationships between waste characterization and the performance assessment (PA)
activities involved in repository system analysis.

2.

THE NEED FOR L/ILW CLASSIFICATION

The radioactive or toxic properties of wastes produced in the nuclear power
cycle and from research, medicine and industry cover a wide and almost continuous
spectrum. Nevertheless the wastes must be divided into discrete categories for a
number of practical reasons concerning their conditioning, handling, transport,
storage and disposal.
Over the years there has been a continuing discussion on categorization of
radioactive wastes; this is well documented in, for example, the International Atomic
Energy Agency's Technical Reports Series [1]. Restricting ourselves to solidified
wastes, we see that classification is necessary for regulation (e.g. of handling, transport) and for planning purposes (e.g. for developing waste specific repository
concepts). In different areas of the nuclear power cycle, different waste properties
are important and hence the boundaries between classes may be based on various
parameters. For example, for handling, direct radiation from relatively short lived
radionuclides is most important, whereas for long term safety of repositories these
nuclides may be of little consequence, with levels of a-emitters being of more direct
relevance.
For the waste disposer, the most important and relevant waste classification
scheme will be directly related to the characteristics of the specific repository to be
licensed. The facility operator must develop acceptance criteria which are based
upon the needs for operational radiation protection, upon the predicted consequences
of operational phase accidents, and upon those characteristics of the sealed system
which determine long term behaviour, e.g. hydrogeology, engineered barriers and
thermal, radioactive and chemical characteristics of the wastes. In some countries,
this process has taken place already (e.g. in the Federal Republic of Germany for
the Konrad repository and in Sweden for the Swedish Final Repository for Reactor
Waste, SFR).
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Both conceptual and practical problems can arise because the acceptance
criteria depend upon complete system analyses which can be finalized only at a relatively late stage in repository development, namely when geological characterization
of the site has been completed and when technical concepts are fixed. For development of an overall disposal strategy a range of potentially suitable disposal facilities
must be identified at an early planning stage for the entire spectrum of wastes.
Criteria must then be determined to decide "which waste goes where", as the
question was phrased in an early study of this topic [2]. The definitive allocation of
wastes on the borderline between repository specific categories must, however, be
flexible until full characterization of site, engineered systems and waste arisings has
been completed.
Recent events in Switzerland provide a practical example of problems which
can arise owing to an understandable wish to specify definitively the permissible
repository inventory very early in the project development. Site investigation permits
were sought for L/ILW sites. The potential waste inventory described in the applications extended to reprocessing wastes including non-trivial levels of long lived
isotopes. The repository project organization proposed that the definitive inventory
be discussed after site characterization. .The regulatory body, however, postulated
a different waste allocation which would exclude reprocessing wastes. As a consequence, formal requirements were set for expanding the site selection process to
include further options and this has had major effects on time-scales and costs.
A more practical issue in the objective development of site specific waste
classification or of acceptance criteria concerns public and, in particular, local
community acceptance of a disposal facility. Commonly, interest and anxiety are
focused very early upon the question of exact description of the radiotoxic wastes
to be disposed of. It is difficult to explain convincingly that the allowable waste
spectrum can be definitively specified only at an advanced stage in the project. This
has led, in some cases, to early — but rather arbitrary — imposition of criteria with
the intent of simplifying the public debate. One example was in the United Kingdom,
where the inventory of proposed shallow disposal facilities (now dropped from
planning) was restricted by a policy decision to only short lived wastes.

3.

CONCEPTS FOR L/ILW DISPOSAL FACILITIES

L/ILW range from voluminous residues of very low radioactivity levels up to
particular wastes with high surface doses or with significant long lived components.
Correspondingly, a range of disposal concepts of increasing complexity is being
implemented worldwide. For many years, simple shallow land burial has been used
(e.g. in the United Kingdom and the United States of America) for low level wastes.
Improved systems with more effective engineered barriers can increase the range of
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wastes which may be safely disposed of on or near the surface. Simple burial is being
complemented in the countries mentioned by improved engineered trench systems
and fully engineered surface facilities are being implemented (e.g. in Canada and
France [3]). In the French facilities (tumuli), even reactor operational wastes with
required decay times of some hundreds of years can be stored — in particular
because a relatively long period of institutional control is envisaged.
The next level in complexity is represented by the SFR, a mined structure at
relatively shallow depth but situated below the Baltic Sea. Existing mines at greater
depths with particularly suitable geology can also be used for L/ILW disposal (e.g.
the Asse and Konrad mines in the Federal Republic of Germany). Finally, in several
countries, deeper, custom built facilities with potential for safe disposal of wastes
with relatively high activities and long half-lives are being developed (e.g. the Waste
Isolation Pilot Plant in the USA) or sites are being sought or characterized (e.g. in
Belgium, France, Switzerland and the United Kingdom).

4.

KEY ISSUES IN SAFETY ANALYSIS OF L/ILW DISPOSAL SYSTEMS

4.1. Approach to safety design and analysis
The approach to performance assessment for an L/ILW disposal system does
not vary in principle from that for other radioactive wastes and appropriate
methodologies for achieving and analysing repository safety have been, and are still
being, developed. These methods have been documented in various publications and
overview meetings [4-8].
In essence, a system of safety barriers is conceived; these are partly independent and partly complementary in that their major contributions to limiting releases
occur at differing future times. The behaviour of the system components in a geological setting, including their mutual interactions over long periods, must be understood
so that adequate conceptual models can be developed. Upon these conceptual models
are built quantitative, predictive models of future system behaviour. A crucial issue
is then the convincing demonstration that the models are sufficiently accurate
representations of reality, i.e. they should be adequately validated. With the validated performance assessment models, the safety of the repository system can then
be quantified as input for the regulatory process.
Although the principles for geological disposal of all wastes are identical, the
specific characteristics of the proposed repository inventory determine the issues to
be most weighted in system design and in system performance analyses. For L/ILW
some of the most important points in these two areas are raised in the following
sections.
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4.2. Waste properties affecting design concepts
One simple fact of importance for implementation of L/ILW repositories is
that, as opposed to the case of HLW where intermediate storage is a technical
necessity, the residues are being produced today in power plants and are being conditioned and packed in a form suitable for disposal. Indeed because of delays in
implementation of geological disposal, together with the closure of previous options
such as sea disposal, a considerable amount of L/ILW awaiting disposal has
developed in some countries. While there is no technical problem in continuing to
store the wastes on the surface, there are also no safety or economic advantages to
be gained by delaying disposal.
Because of the properties of the L/ILW it should be more straightforward to
develop acceptable concepts for safe disposal. The radiotoxicity of the wastes is
lower (in some cases very much lower) than that of HLW; the time-scales over which
large reductions in activity will occur by radioactive decay are shorter. Less stringent
demands on safety barrier performance and on site characteristics should therefore
be required for L/ILW systems. On the other hand, some properties of the L/ILW
streams make repository design more challenging. The volumes are large and the
physical forms diverse. This means that flexible and cost effective engineering
design is more important than for HLW repositories.
A particular point associated with the large volumes of wastes and of backfill
in an L/ILW repository is that the final system may well then represent a major
perturbation (physical and chemical) to the host geological medium in which it is
placed. This need not be a purely negative point. For example, it has been emphasized [9] that the man-made barriers, in particular cement, can then be 'tailored' in
order to determine the system behaviour over very long times. This means that the
relative importance of the near field is emphasized; potential advantages are then that
quality control is made more feasible and that the reduced importance of site specific
issues decouples, to some extent, technical concept development from politically
influenced siting issues.
A further point, which is of importance in L/ILW repository design, and is of
particular interest in the present paper, concerns waste acceptance criteria. Because
the system is not designed for acceptance of the most toxic wastes which arise in
practice, stringent controls on the stored wastes will be needed to ensure that only
wastes in the allowed categories are accepted for disposal. The procedures for determining control parameters and the direct or indirect methods for checking these are
discussed later in Section 6.

4.3. Performance assessment issues of particular relevance for
L/ILW repositories
Potential scenarios for radionuclide release from an L/ILW repository are
dependent upon the characteristics of wastes, engineered barriers and site. Because
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the time-scales to be considered are related to the generally shorter half-lives of the
radionuclides, requirements on understanding long term geological evolution of the
site are less demanding. The faster decay of the wastes can even permit institutional
controls to become an important element of the safety system. On the other hand,
L/ILW repositories are often nearer to the surface, i.e. to the biosphere, so that some
complex scenarios become of more importance than for the case of HLW disposal.
Examples here are erosion with direct exposure after long times, climatic effects and,
of course, human intrusion.
To complete a safety analysis of the disposal system, releases of radionuclides
must be quantitatively modelled for the scenarios considered. Because of the diversity of the wastes, the range of processes to be modelled within the repository near
field can be large for L/ILW. Wastes can be in varied chemical forms (including
relatively complex organic materials like bitumen and cellulose). The chemistry is
therefore more complicated, so that complexer models and better databases are
needed, and the probability that microbiological effects play a significant role is
higher. Some reduction in the range of important processes to be studied in an
L/ILW repository does, however, result from the reduced levels of radiation and of
heat production. For example, radiolytic production of gases is minor and temperatures are not sufficiently elevated to cause major perturbations of chemistry or of
hydrology.

5.

DERIVATION OF WASTE REQUIREMENTS FROM SAFETY
ASSESSMENT

5.1. Operational and post-closure issues
The safety of a repository must be assessed for both the operational and the
post-operational phases. Both assessments allow derivation of waste requirements.
In some countries, in which geological repositories are near implementation (e.g. the
Federal Republic of Germany and Sweden), the operational phase has been closely
analysed; in others, where concepts are still developing (e.g. Switzerland and the
United Kingdom), strong emphasis has been placed on long term behaviour, largely
because of its importance in site selection. An extensive international overview of
waste disposal requirements and of their derivation was provided in 1985 by a
seminar in Jülich dedicated to these topics [10].
In the operational phase, practical issues related to handling are of major
interest. Standardized waste package geometries are important, surface doses due to
shorter lived nuclides (e.g. ^ C o ) must be controlled, and mechanical properties of
the wastes are of relevance. The mechanical strength requirements are derived not
only from stacking considerations but also from accident scenarios in which, for
example, the potential for formation of fine particulate materials or aerosols is a
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major concern. Many of the issues of most importance in the operational phase are,
of course, identical to problems which were solved long ago in the course of developing safe procedures for production, handling and interim storage of radioactive
wastes.
Analyses of the post-closure phase of the repository, however, can raise new
questions; for this reason, Swiss performance assessment for L/ILW has concentrated to date on long term safety. The relevant, waste specific issue here is the
evolution of the repository near field over long periods. The safety levels achieved
are dependent upon the nuclide releases from the waste packages and upon the transport of these nuclides through the near field into the host rock. It is necessary to
consider which properties of the waste forms affect these processes.

5.2. Nuclide releases from the waste form
Since a combination of technical and institutional barriers can relatively easily
ensure that releases are negligible until shorter lived nuclides have decayed, the
releases from the waste form which are most relevant are those of long lived
nuclides. This means that the inventory of some such nuclides at disposal time is
important even though the associated radioactivity at that time may be negligible. We
need to know the concentrations of specific trace nuclides which can be difficult to
measure in massive waste matrices. This problem is mentioned again in Section 6.
The rate at which the nuclides can be released from the wastes is also of direct
relevance; this is often quantified in terms of a simple leach rate measured in excess
water. It is increasingly recognized that, while this may be directly applicable for
accidental flooding scenarios, the actual conditions in many repositories make
diffusion out of the wastes a more probable scenario. Hence, one is more interested
in the nuclide specific diffusivity which includes the effects of sorption onto the
waste matrix. For cement matrices, extensive experimental programmes on nuclide
diffusion have been initiated in various countries.
The relative importance of diffusive and convective nuclide transport out of the
repository over the long periods in question will depend upon the evolution of the
hydraulic and diffusive properties of the wastes, the backfill and liner and the host
rock (including any decompressed zone around the disposal caverns). Empirical
models for increase in cement diffusivity with time have been used (e.g. the Swiss
assumption of increases by a factor of 10 in 500 years and 100 after 10 000 years
[11]); efforts are under way, however, to properly model evolution of cement
chemistry and physical structure [12-14]. If these modelling approaches increase in
importance, they can have direct repercussions on the requirements on the wastes
themselves, in that simple matrix compositions which could be convincingly
modelled would tend to be preferred.
A further constraint on nuclide releases can be provided by solubility limits,
in particular for long lived elements. This can be modelled; again the preference is
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then for systems for which the necessary chemical thermodynamic models are most
robust. This favours near field chemistries which are well defined (e.g. predictable
high pH values over long times and firmly negative Eh values). Because nuclide
concentrations in L/ILW systems are low, the importance of solubility limitation is
generally less than that of sorption. Because significant fractions of the radionuclides
are sorbed on the waste matrix and the backfill, porewater concentrations of soluble
nuclides — and hence diffusive driving forces — are reduced. The direct impact upon
nuclide releases of the chemical effects mentioned provides strong arguments against
unnecessarily complex systems. A large chemical diversity is itself undesirable and
particular chemical attributes even more so, e.g. propensity for formation of
chemical complexes or of colloids. These aspects can lead to requirements for well
defined wastes, for a minimum of complexing agents and possibly for segregation
within the repository of chemically differing waste streams.
Some of the most complicated chemical processes can be those caused or catalysed by microorganisms. As mentioned earlier, L/ILW repositories are often relatively near the surface, so that significant natural microbiological populations may
be expected. In addition microbial contamination during the operational phase is
unavoidable, so that considerations of nutrient sources available in the repository are
also required. Accordingly, work is under way on microbial degradation of wastes
and on the chemical changes in the near field which can be influenced by microbial
action. Again, these studies could lead to requirements on waste specifications or to
constraints on repository operating procedures.

5.3. Nuclide transport out of the near Held
In most multibarrier disposal systems, releases from the wastes are influenced
by the other near field barriers before entering the geosphere. The transport through
the near field can be diffusive or advective; a good system is one in which waste
matrices and backfill together form a dependable diffusive barrier for long periods.
Hence the wastes should not negatively affect the integrity of the backfill by chemical
reactions or by physical effects such as large increases in volume due to swelling.
A specific effect which might radically affect the physical condition of wastes
and backfill and which might even provide a further mechanism for nuclide transport
is gas production in the near field. This topic has been extensively discussed recently
[15-17]. Gases can be produced by radiolysis, by microbial action or by corrosion,
the last process being normally by far the most important. Hydrogen gas produced
by corrosion could exert pressures which might damage the near field barriers or
could lead to expulsion of contaminated liquids by displacement. Since the potential
rates of gas evolution and the possible rate of escape through near and far field are,
for some disposal systems, not yet predictable with confidence, there are proposals
for designs which minimize the potential problem.
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THE NEED FOR WASTE CHARACTERIZATION AND FOR QUALITY
ASSURANCE

6.1. Necessary parameters in waste characterization
In the above discussion it has been made clear that safe operation and acceptable long term behaviour of an L/ILW repository depend directly on the characteristics of the wastes. The performance analyses quantifying system behaviour require
as input data a range of parameters describing the waste packages. Conversely one
can, in principle, use safety analysis to determine the most important waste properties and to define acceptable parameter values for wastes which can be stored in a
given facility. Because of the multiplicity of items which simultaneously determine
the overall safety level, it is, however, difficult to produce an objective, comprehensive and unique list of waste acceptance criteria.
Table I contains an annotated list of waste package properties directly affecting
system performance. Further specific comments on some items are necessary. The
composition of the wastes is of course all-important, with both chemical inventory
and radionuclide concentrations being of relevance. It should be noted that the key
radionuclides for long term safety can include not only well known problem nuclides
such as 2 3 7 Np, " Т с , 129 I and 135 Cs but also more exotic candidates such as 36C1 and
59
Ni. It was already mentioned that heat generation is not normally of great
significance for L/ILW, but there are exceptions. Reprocessing wastes can have nonnegligible heat output and, following decommissioning, heat buildup in large waste
packages with strongly activated materials must be considered. Many of the listed
parameters which directly enter into the release calculations (e.g. nuclide content,
permeability, diffusivity, porosity and leach resistance) can be difficult to determine
on real wastes; this problem is discussed in the following section.

6.2. Completeness and accuracy of characterization
A very important task is the definition of the necessary and sufficient levels
of waste characterization as derived from repository safety analysis. The list of
necessary parameters can be completed relatively easily by satisfying the data needs
of the engineers planning the facilities, of the radiation protection experts minimizing
operational doses and of the safety analysts predicting long term behaviour. More
difficult is the specification of required parameter accuracies. Taking into account,
on one hand, the needs of the modeller and the uncertainties in the models and, on
the other hand, the feasible and practicable measurement methods available today,
one must specify a procedure and a target accuracy for determining key waste
parameters. A balanced approach is required; the modeller cannot demand accurate
determinations of all parameters; the waste producer must be prepared to consider
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WASTE CHARACTERISTICS AND THEIR SAFETY RELEVANCE

Safety relevance

Parameter

Shape, size, weight

— Transport, handling

Mechanical strength

— Accident analysis in
operational phase
— Long term mechanical
behaviour after filling and closure

Radionuclide inventory

— Short lived nuclides affect handling
— Long lived nuclides important
in post-closure analysis

Chemical composition

— Organics and complexants important
as they affect near field geochemical
modelling

Leach rate

— These parameters directly enter

Porosity of matrix

the near field nuclide release

Hydraulic conductivity

models giving a source term

Diffusivity

for geosphere transport

Sorption
Gas permeability

Important if corrosion, microbial or
radiolysis gases can build up

Flammability

Accident scenarios in

Dispersibility

operational phase

Heat generation

Only for restricted L/ILW streams

Void space

Can affect mechanical behaviour
Can allow buildup of contaminated fluids

e x t e n s i o n s to e x i s t i n g w a s t e c h a r a c t e r i z a t i o n p r o g r a m m e s d e v e l o p e d p r i m a r i l y f o r
handling and transport.
In p r a c t i c e , v a r i o u s a p p r o a c h e s to p a r a m e t e r d e t e r m i n a t i o n a r e u s e d . S o m e
v a l u e s c a n b e set i n d i r e c t l y b y g e n e r i c m e a s u r e m e n t s o n s i m u l a t e d w a s t e s ( p o s s i b l y
with isolated controls on actual samples). Potential examples h e r e a r e porosities and
void fractions, which m a y thereafter be adequately quantified on the basis of qualifi-
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cation of a specific production process. Other values can be indirectly set by correlation with directly measured parameters. The most important example here is
represented by the procedures for deriving concentrations of non-measurable radionuclides from direct measurements of key nuclides [18]. This can be done because
of our fundamental knowledge of fission product spectra. However, the process is
complicated by subsequent chemical treatment of wastes, which can lead to separation and redistribution of elements in the waste streams.
The final data sheet characterizing a waste package can thus include data which
are:
— Directly measured on each package (because they are of high importance or
because the measurement is very simple),
— Measured on a representative number of real waste packages,
— Indirectly derived from measurement data,
— Deduced by analogy with samples measured in separate laboratory
programmes,
— Fixed as pessimistic, bounding values.
Thus, data of varying required accuracies will be involved and an appropriate
quality assurance programme should ensure that the requirements are fulfilled.

6.3. Quality assurance
Since this topic will be dealt with in detail by papers in subsequent sessions,
we restrict ourselves here to some of the fundamental aspects involved. Quality
assurance (QA) is the means by which the production of a satisfactory waste package
can be guaranteed. Quality control (QC) measures are the steps taken to check and
confirm that the assurance procedures have functioned, so that the product is acceptable at the repository.
The system for QA/QC will involve good book-keeping, comprehensive
documentation of processes, statistical checks on some parameters and specific
individual control of others. Control activities occur at all points in the waste cycle
from production through conditioning to final disposal. These should be integrated
into a complete system which minimizes unnecessary repetition and overlap.
In Swiss planning, the intention is to reduce to a minimum the controls needed
at the final repository. This is feasible provided that all earlier waste operations are
transparent to and checkable by the disposer; close co-operation is therefore required
between the producers and the disposer and, of course, the regulatory authorities.
It must be a common goal of all technical experts involved to achieve QA/QC procedures which ensure that all safety relevant data are recorded with adequate accuracy
and precision and that excessive demands requiring effort to be invested with inadequate returns in terms of safety are ruled out.
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CONCLUSIONS
T h e s a f e t y o f a n L / I L W d i s p o s a l facility d e p e n d s s t r o n g l y , t h o u g h n o t e x c l u -

sively, upon the characteristics of the wastes to be stored. Using existing methods
for p e r f o r m a n c e assessment of the operational and post-closure phases of the reposit o r y , this d e p e n d e n c e c a n b e q u a n t i t a t i v e l y a n a l y s e d to s p e c i f y r e q u i r e d p a r a m e t e r s
d e s c r i b i n g t h e w a s t e s a l o n g w i t h t h e n e c e s s a r y a c c u r a c i e s to w h i c h they m u s t b e
specified.
In t h e p a p e r s of t h e f o l l o w i n g s e s s i o n in this s y m p o s i u m m a n y m o r e details a r e
g i v e n o n w a s t e c h a r a c t e r i z a t i o n , q u a l i t y a s s u r a n c e a n d a c c e p t a n c e c r i t e r i a . It is
e x t r e m e l y i m p o r t a n t f o r t h e c r e d i b i l i t y o f w a s t e d i s p o s a l that w e c a n t r a n s p a r e n t l y
s h o w h o w t h e s e c r i t e r i a h a v e b e e n d e r i v e d f r o m s a f e t y c o n s i d e r a t i o n s a n d that w e
c a n u n e q u i v o c a l l y d e m o n s t r a t e that w e h a v e t h e m e a n s o f a d e q u a t e l y c o n t r o l l i n g t h e
waste acceptance criteria.

REFERENCES

[1]

I N T E R N A T I O N A L A T O M I C E N E R G Y A G E N C Y , Standardization of Radioactive
Waste Categories, Technical Reports Series No. 101, IAEA, Vienna (1970).

[2]

ROGERS,

V.C.,

A

Radioactive

Waste

Disposal

Classification

System,

N U R E G / C R - 1 0 5 5 , Vol. 1, Ford, Bacon and Davis Utah, Salt Lake City (1979).
[3]

N U C L E A R E N E R G Y A G E N C Y O F T H E O E C D , Shallow Land Disposal of Radioactive Waste: Reference Levels for the Acceptance of Long-Lived Radionuclides,
O E C D / N E A , Paris (1987).

[4]

I N T E R N A T I O N A L A T O M I C E N E R G Y A G E N C Y , Safety Assessment for the Underground Disposal of Radioactive Wastes, Safety Series No. 56, IAEA, Vienna (1981).

[5]

I N T E R N A T I O N A L A T O M I C E N E R G Y A G E N C Y , Performance Assessment for
Underground Radioactive Waste Disposal Systems, Safety Series No. 68, IAEA,
Vienna (1985).

[6]

System Performance Assessments for Radioactive Waste Disposal (Proc. Workshop,
Paris, 1985), O E C D / N E A , Paris (1985).

[7]

Radionuclide Release Scenarios for Geologic Repositories (Proc. Workshop, Paris,

[8]

Proc. Geoval-87 Symp. Stockholm, 1987, Swedish Nuclear Power Inspectorate, Stock-

1980), O E C D / N E A , Paris (1980).
holm (1987).
[9]

F L O W E R S , R . H . , K E E N , N . J . , RAE, J., " P e r f o r m a n c e of near-field barriers in the
development of waste packaging criteria", Radioactive Waste Products: Suitability for
Final Disposal (Proc. Int. Sem. Jülich, 1985), KFA Jülich (1985).

[10]

Radioactive Waste Products: Suitability for Final Disposal (Proc. Int. Sem. Jülich,

[11]

NATIONALE

1985), KFA Jülich (1985).
GENOSSENSCHAFT

F Ü R DIE L A G E R U N G

RADIOAKTIVER

A B F Ä L L E , Projekt Gewähr 1985, NGB 85-07, Nagra, Baden, Switzerland (1985).

200
[12]

McCOMBIE et al.
ATKINSON, A., H E A R N E , J . A . , An Assessment of the Long-Term Durability of
Concrete in Radioactive Waste Repositories, Rep. AERE-R-11465, Harwell Lab.
(1984).

[13]

BERNER, U . R . , "Modelling porewater chemistry in hydrated Portland c e m e n t " ,
Scientific Basis for Nuclear Waste Management (Proc. Symp. Boston, 1986), Materials
Research Soc., Boston, M A (1987) 319-330.

[14]

S H A R L A N D , S . M . , T A S K E R , P . W . , T W E E D , C . J . , " T h e coupling of chemical and
transport processes in near-field modelling", ibid., pp. 683-694.

[15]

M O R E N O , L., N E R E T N I E K S , I., " G a s production in the SFR repository and its
possible consequences for contaminant release", Proc. Workshop on Near-Field
Assessment of Repositories for Low- and Medium-Level Radioactive Waste, Baden,
Switzerland, 1987, O E C D / N E A , Paris (1987) 85-96.

[16]

Z U I D E M A P . , H Ö G L U N D L . O . , "Impact of production and release of gas in a
L/ILW repository. A summary of work performed within the Nagra p r o g r a m m e " ,
ibid., pp. 97-114.

[17]

LEVER, D . A . , REES, J . H . , " G a s generation and migration in waste repositories",
ibid., pp. 115-127.

[18]

D E G U E L D R E , C . , H U W Y L E R , S., Preliminary Study on the Use of Correlations for
Controlling Important Radionuclide Concentrations in Waste Packages, Tech. Rep.
86-28, Nagra, Baden, Switzerland (1986).

WASTE CHARACTERIZATION,
QUALITY CONTROL AND
ACCEPTANCE CRITERIA
(Session 3)
Chairman
R. SIMON
CEC

IAEA-SM-303/130

UNITED STATES DEPARTMENT OF ENERGY
DEFENCE LOW LEVEL WASTE CLASSIFICATION:
BASIS AND APPLICATION
D.K.

HALFORD

Idaho National Engineering Laboratory,
E G & G Idaho, Inc.,
Idaho Falls, Idaho,
U n i t e d S t a t e s of A m e r i c a

Abstract
U N I T E D STATES D E P A R T M E N T O F E N E R G Y D E F E N C E L O W L E V E L W A S T E
CLASSIFICATION: BASIS A N D A P P L I C A T I O N .
As part of the revision of United States Department of Energy (DOE) Order 5820.2,
Chapter III, a process for developing a site specific low level radioactive waste (LLW) classification system for D O E defence L L W is being considered. Waste classification is a mechanism
that can help ensure that overall performance objectives established to protect public health
and ensure public safety will be met. The D O E follows the guidance of the National Council
on Radiation Protection and Measurements (NCRP) to the fullest extent practicable with
respect to radiation protection standards. The N C R P endorses most of the recommendations
of the International Commission on Radiological Protection (ICRP). Thus, the D O E has
adopted ICRP 30 and ICRP 48 as the bases for all internal dose calculations. For L L W
management practices, the D O E is requiring equivalence with US Nuclear Regulatory
Commission (NRC) requirements. However, system-wide classification will be less practical
for the D O E than the N R C because of dissimilarities of waste mixtures and disposal methods
between D O E sites. Site specific waste stream characterization, source term determination and
radiological performance assessment will be required for D O E disposal facilities to determine
the maximum disposal capacity and the most efficient disposal practices for defence L L W .
This process will also demonstrate compliance with the overall performance objectives, thus
providing for public health and safety. The paper discusses the procedure that the D O E is
considering in the development of a site and waste specific L L W classification system for
D O E defence wastes.

1.

INTRODUCTION

A s p a r t o f t h e r e v i s i o n of U n i t e d S t a t e s D e p a r t m e n t of E n e r g y ( D O E ) O r d e r
5 8 2 0 . 2 , C h a p t e r III [1], a p r o c e s s f o r d e v e l o p i n g a site s p e c i f i c l o w level r a d i o a c t i v e
w a s t e ( L L W ) c l a s s i f i c a t i o n s y s t e m f o r D O E d e f e n c e L L W is b e i n g c o n s i d e r e d . T h e
w a s t e c l a s s i f i c a t i o n s y s t e m will h e l p e n s u r e that o v e r a l l p e r f o r m a n c e o b j e c t i v e s will
b e met. P e r f o r m a n c e objectives are designed to protect the public f r o m short and
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long term risks resulting from radiation exposure. The performance objectives cover
all aspects of the waste management process, including site operations, site closure,
environmental surveillance/observation, institutional control and post-closure
periods.
For a generator, waste classification helps to establish requirements on the
form, content and packaging of LLW. For the disposer, waste classification will help
define the requirements and controls to be used in the disposal of each class of waste.
The proposed DOE process will provide for the development of documentation of
site and waste specific limits for the safe disposal of defence LLW.

2.

BACKGROUND

The DOE follows the radiation protection guidance of the National Council on
Radiation Protection and Measurements (NCRP) to the fullest extent practicable.
The NCRP endorses the recommendations of the International Commission on
Radiological Protection (ICRP) [2, 3] to limit continuous exposure of any member
of the public from other than medical sources and natural background to 1 mSv/year
(100 mrem/year) whole body dose equivalent rate. An effective dose equiválent rate
of 1 mSv/year is considered to be associated with a lifetime risk of developing cancer
of about one in a thousand. For short duration exposures, as might be the case for
selected types of human intrusion after loss of institutional controls, an effective dose
equivalent of 5 mSv (500 mrem) is applied. Thus, the DOE has adopted ICRP 30
[3] and ICRP 48 [4] as the bases for all internal dose calculations.
The DOE is responsible for all defence LLW while the US Nuclear Regulatory
Commission (NRC) is the regulator of all commercial LLW in the United States of
America. Commercial LLW include wastes from the commercial fuel cycle (supporting reactor operations) and all private medical, industrial and research uses of
licensed radioactive materials. The NRC regulations concerning commercial LLW
are contained in 10 CFR 61 [5] and are based on a modelling analysis of waste
disposal. These regulations are based on the recommendations of the ICRP and the
concepts of dose commitment, as described by the NRC in Regulatory
Guide 1.109 [6].

3.

PROPOSED DOE WASTE CLASSIFICATION SYSTEM

For LLW management, the DOE is directing its LLW practices to be equivalent to NRC requirements [5]. The NRC's regulations contain a waste classification
system established to protect inadvertent intruders after site closure. Because the
NRC system is already established, the DOE is considering adopting its basic principles [7]. In developing the 10 CFR 61 waste classification system, the NRC

IAEA-SM-303/130

205

considered three intruder scenarios that resulted in human exposure [7, 8]:
(1) intruder construction, (2) intruder discovery and (3) intruder agriculture.
Although the NRC intruder scenarios are generally applicable to DOE defence
LLW disposal sites, the use of system-wide waste classification will be less practical
for the DOE than the NRC because of dissimilarities of waste forms and disposal
methods between DOE sites. The defence LLW mixtures for the DOE are dominated
at several sites by tritium wastes, fuel reprocessing wastes or unique operational
wastes. The mixtures regulated by the NRC at commercial LLW disposal sites are
dominated by reactor and medical LLW. The NRC classification system was developed by modelling commercial LLW disposal and thus is not directly applicable to
the DOE disposal system.
The DOE effort towards NRC equivalence focuses on site and waste specific
performance assessments to ensure that performance objectives for each disposal
facility are met. Each site will initially conduct waste and waste stream characterization to provide data for performance assessments. Site specific performance assessments will consider local ecological, geological, topographical, hydrological,
meteorological, demographic, radiological and agricultural variables. These data
will help in the determination of site compliance with the DOE performance objectives for intruder protection. The site specific performance assessment will determine the maximum source term permissible to comply with the DOE performance
objectives at each site. Site and waste specific classification limits will be developed
in the assessment process that will provide guidance for the operation of a disposal
site or help determine the necessity of remedial action. The NRC's waste classification limits will serve as a reference until DOE sites can characterize their wastes and
conduct performance assessments to show compliance. The DOE will also adapt the
methods, assumptions and parameters assigned by the NRC in its scenario analysis
[7, 8] to DOE site specific conditions. This will provide some latitude to DOE sites
in establishing classification systems based on their site and waste specific conditions. However, all DOE LLW disposal sites must comply with the DOE performance objectives under all circumstances.
The site specific application of the proposed waste classification process to
DOE facilities will be based on waste stream characterization, source term determination and radiological performance assessment. These will provide data, when used
in conjunction with the waste classification system, to determine the maximum
disposal capacity and the most efficient disposal practices for the waste classes at
DOE disposal facilities. The DOE process will demonstrate compliance with the
overall performance objectives providing for the protection of public health and
ensuring of public safety.

3.1. Performance objectives
As part of the revision of DOE Order 5820.2, Chapter III, the DOE established
performance objectives to allow for the protection of (1) workers and the public
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during site operation (consistent with other DOE Orders), (2) intruders who may
inadvertently move onto a DOE disposal site after loss of institutional controls,
(3) members of an off-site population group and (4) water resources through the
enforcement of applicable standards.
Preliminary DOE waste classification limits were derived by a special working
group to provide protection to the inadvertent intruder at DOE sites. The purpose
of developing the preliminary generic DOE waste classification limits was to demonstrate the methods that could be used in their development and to determine what
potential modelling differences may be encountered when considering defence LLW.
In calculating the preliminary DOE limits, the scenarios and assumptions identified
by the NRC for 10 CFR 61 [7, 8] were used, with three exceptions as required by
the DOE policy stated previously: (1) the DOE performance objectives of
1 mSv/year effective dose equivalent (EDE) rate for continuous exposure and
5 mSv/year EDE rate for short term exposures, (2) the DOE (ICRP 30 based [3])
internal dose factors [9] and (3) the omission of waste form and site performance
parameters (thus making the DOE analysis more conservative). These changes
account for most of the differences between the NRC and DOE waste classification
limits.
The use of DOE performance objectives of 1 mSv/year EDE rate for long term
exposures and 5 mSv/year EDE rate for short term exposures and the omission of
waste form factors resulted in the intruder agriculture scenario, being the dominant
scenario for the calculation of the preliminary DOE limits. Thus, the preliminary
DOE limits are more restrictive than the corresponding NRC limits. For selected
radionuclides, the use of ICRP 30 dose conversion factors [3, 9] also has a significant effect and causes further reductions in the calculated waste classification limits.

3.2. Scenario analysis
In conducting the preliminary DOE analysis, three exposure scenarios were
adapted from the NRC [8]. These scenarios were applied at different post-closure
times for different waste disposal conditions. In setting the preliminary classification
limits, the most restrictive scenario, the intruder agriculture scenario, was used. For
this scenario it was assumed that an intruder inadvertently lives on and consumes
food grown on the disposal site. Because farming does not involve penetrating the
overburden at a closed site, this scenario is applied as an extension of the intruder
construction scenario. The waste-soil mixture that is excavated during the basement
construction activities is assumed to be used as backfill around the house and spread
around the house to a radius of about 25 m [8]. The intruder is then assumed to live
at this site and consume vegetables from a garden located in the waste-soil mixture.
The NRC considered exposure through three major pathways for this scenario:
(1) inhalation of air contaminated by the resuspended waste-soil mixture, (2) inges-
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tion of garden products grown in the contaminated waste-soil mixture and (3) direct
exposure to gamma radiation.
In this analysis, the DOE dose conversion factors for inhalation, ingestion and
direct exposure were substituted for the dose conversion factors defined by the NRC
[7]. Similar assumptions concerning exposure duration, dilution of radionuclide
concentration, and air or soil concentrations were used in estimating the dose to
intruders. However, the NRC waste form/package factors were not applied in the
analysis. This increased the relative importance of the agricultural pathway because
of a higher transfer of material from soil to food products, thus increasing the dose
from crop ingestion. An inverse type calculation was performed to establish the
waste concentrations that would be permitted at the time of burial so that the intruder
dose performance objectives would be met at the assumed time of intrusion.
The DOE internal dose conversion factors account for the EDE resulting from
a unit intake either by inhalation or by ingestion [9]. To estimate the dose from direct
exposure to penetrating radiation, dose conversion factors from the
ONSITE/MAXI1 computer program were used [10]. These factors correspond to an
infinite soil surface area, slab source 1 m thick with a density of 1.8 g/cm 3 . These
factors generally agree with the direct gamma ray exposure factors used by the NRC
in its intruder agriculture scenario to within a modelling factor of 2 - 5 for most
radionuclides.
The following general assumptions were used in the scenario analysis that
supported the derivation of the preliminary DOE waste classification limits:
— For unstabilized waste (same as NRC Class A) calculations, no credit for waste
form or burial configuration was given [8]. The intrusion is assumed to occur
100 years after the wastes are buried.
— For stabilized, intruder protected waste (same as NRC Class C) calculations, the
intrusion is assumed to occur 500 years after the wastes are buried. A waste form
credit is applied and the wastes are assumed to produce 10% of the dose that
would result from unstabilized wastes (Class A) at identical concentrations.

4.

EXAMPLE RESULTS

The results of the preliminary analysis were expressed in terms of the limiting
concentration, by radionuclide, that could be disposed of as DOE LLW and still meet
the overall performance objectives. As an example of how these preliminary values
could be applied, a mixture of radionuclides found in DOE defence LLW is next
considered.
The sum of fractions rule can be applied to evaluate the radionuclides in any
waste stream for compliance. By this rule, the ratio of the concentration of each
radionuclide in a mixture to its concentration limit, summed over all radionuclides

208

HALFORD

TABLE I. EXAMPLE CALCULATION FOR REFERENCE DOE WASTE
MIXTURE USING PRELIMINARY DOE WASTE CLASSIFICATION LIMITSCOMPARISON WITH NRC WASTE CLASSIFICATION LIMITS

....
,
Unstabilized wastes

Radionuclide

Ref. D O E

Ratio of С to

concn,

D O E limit

С (Bq/m 3 )

Stabilized, intruder
protected wastes

Ratio of С to

Ratio of С to

Ratio of С to

N R C limit,

D O E limit

N R C limit,

Class A

Class С

Co-60

2.9 E + 1 2

1.8 E—01

7.9 E—02

Sr-90

6.7 E + 1 0

3.6 E + 0 2

4.5 E + 0 1

2 . 0 E—03

2 . 6 E—04

Cs-137

3.7 E + 1 0

5.0 E + 0 1

1.0 E + 0 0

5.0 E—04

2.0 E—04

Eu-152

3.0 E + 1 0

2.0 E + 0 1

a

Eu-154

2.6 E + 0 7

9.1 E— 11

a

Sum of fractions

a

4.3 E + 0 2

4.6 E + 0 1

—

8.0 E—10
—

2.5 E—03

—

a
a
4 . 6 E—04

No value listed in 10 C F R 61.

in the mixture, must not be greater than one. The results of the application of the
sum of fractions rule and a comparison of the preliminary DOE limits with the NRC
limits are shown in Table I.
In this example, the preliminary DOE unstabilized waste concentration limit
is exceeded because of the concentrations of 90 Sr, l 3 7 Cs and 152 Eu in the mixture.
The sum of fractions equals 430, clearly in excess of 1.0. However, the waste
concentration of this mixture easily meets the preliminary DOE limits for stabilized,
intruder protected wastes.
As an additional comparison, calculations were performed for the reference
DOE wastes using the NRC Class A and С limits. The Class A limits are again
exceeded because the sum of fractions equals 46. The Class С limits are met because
the sum of fractions is less than 1.0.
The example indicates that, although the NRC classification limits produce the
same result as the preliminary DOE limits, the NRC limits neglect several radionuclides found in the DOE LLW. Thus, the DOE may use the NRC limits as a basis
for classification but must also develop its own classification system to handle its
unique waste streams.
The preliminary DOE classification system process further requires that the
limits be modified by the site specific groundwater pathway. Each DOE site has
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unique waste streams that must also be accounted for in the classification system.
Therefore, the preliminary classification limits will be further modified by site and
waste specific factors. As shown by this example, the process to develop the DOE
waste classification limits is dynamic and can be affected by the individual site and
waste components at each DOE facility.

5.

CONCLUSIONS

The DOE is developing a waste classification system that will consider site and
waste specific conditions. The system will ensure that DOE waste disposal practices
will comply with the performance objectives set forth in DOE Order 5820.2, Chapter
III. As an interim measure, NRC regulations and measures will serve as guidance
to the DOE in establishing intruder scenarios and the DOE waste classification
system. Because DOE and NRC regulated waste streams are not similar, the DOE
will establish its own classification system with the intent of meeting its performance
objectives and showing an equivalence to the NRC system. The DOE system will
not be finalized until Order 5820.2, Chapter III is issued and an implementation plan
is developed.
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A quality assurance policy has been elaborated, based on waste acceptance criteria and
control measures for the verification of the quality achieved during conditioning. The
implementation of this policy is being discussed. The research programme performed thus far
has focused on two major items: (1) Characterization of waste forms, such as bituminized
reprocessing

sludges

(simulated

bituminizates

from Cogéma

and

real

and

simulated

bituminizates from BELGOPROCESS) and real high temperature incinerator slags. Composition, physical properties (including ageing) and chemical stability were determined and compared with product specifications. (2) Evaluation of the compatibility of these waste forms
with the expected repository environment (clay). Corrosion tests in static conditions in clay
containing solutions of bituminizates show that whereas the soluble salts leach readily (as
much as 5 mm equivalent leached thickness after six months), the immobilization of actinides
is quite satisfactory (about 3 /xm equivalent leached thickness after one year). For the incinerator slags, corrosion increases strongly with the clay concentration in solution, but remains
below 0.1 mm equivalent leached thickness per year (based on bulk corrosion, at 90°C). Validation of the laboratory data is attempted through in situ experiments in an underground
laboratory in clay.

1.

INTRODUCTION

C o n d i t i o n e d l o w a n d i n t e r m e d i a t e level w a s t e s to b e s t o r e d a n d d i s p o s e d o f in
Belgium originate f r o m nuclear p o w e r stations, the reprocessing of irradiated c o m bustibles and the industrial and medical application of radioisotopes. At present,
t h e i r total y e a r l y v o l u m e a m o u n t s t o a b o u t 1 1 0 0 m 3 .
* Part of this R & D work was performed and funded within the framework of the European Communities' research programme on Management and Disposal of Radioactive Wastes.
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Produced waste forms include products of conditioning using cement, bitumen
and organic polymers, and slags from incineration. Disposal options presently considered are shallow land burial, mined cavities and geological disposal.
In order to ensure that the products of conditioning satisfy the requirements for
handling, transport, intermediate storage and disposal, NIRAS/ONDRAF, the
National Agency for Radioactive Waste and Fissile Materials, has elaborated a quality assurance policy. Related research activities carried out at the Nuclear Research
Centre (SCK/CEN) at Mol for several years have focused on (1) the characterization
of produced waste forms and (2) the study of the compatibility of different waste
forms with the envisaged geological environment.
The present paper describes the background and principles of the NIRAS/
ONDRAF quality assurance policy for conditioned wastes. It explains the approach
taken in the development of waste acceptance criteria and which quality control
measures are used to verify product quality. It presents results of waste form characteristics verification programmes, which are an inherent part-of the quality control
programme, and reports on the efforts being made to obtain relevant information on
waste form compatibility with the disposal environment.

2.

QUALITY ASSURANCE POLICY FOR CONDITIONED WASTES

The tasks of NIRAS/ONDRAF, and related working principles, are laid down
in the Royal Decree of 30 March 1981. These tasks include the disposal of conditioned radioactive wastes. With regard to quality requirements for both the conditioning processes and the products of conditioning, the Royal Decree specifies the
following:
Article 2, paragraph

2

"NIRAS/ONDRAF shall:
— ascertain that the quality of the conditioned wastes and of their conditioning
complies with the norms established by the proper authorities, and ensure
their final reception with a view to their disposal;
— in consultation with the waste producers, make proposals for conditioning
and confinement of radioactive wastes, to be applied by the producers".

Article 5, paragraph

2

"NIRAS/ONDRAF is charged with:
— the technical preparation of the draft norms for conditioned wastes, conditioning processes and for confinement, storage and disposal methods;
— the submission of these norms to the proper authorities for approval".

IAEA-SM-303/130
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With respect to the quality of conditioned wastes NIRAS/ONDRAF thus has
a twofold assignment: to submit quality norms for approval to the authorities and to
ensure that the conditioned wastes comply with the finally adopted norms.
In order to fulfil this assignment properly, NIRAS/ONDRAF has elaborated
a quality assurance policy based on the following two elements: acceptance criteria,
defining the quality requirements for conditioned wastes, and control of the waste
package quality achieved during the application of conditioning processes.

2.1. Waste acceptance criteria
Waste acceptance criteria are an indispensable tool when judging whether the
product of conditioning is fit for interim storage, where applicable, and for final disposal. They can, however, only play their specific role if they result from a normal
development procedure based on relevant data.
For criteria related to the pre-operational phase (transport, handling and
interim storage) and the operational phase (handling), these data are generally known
or can, with reasonable certainty, be deduced from a number of hypotheses with
regard to the operations to be performed.
The development of criteria related to the post-operational phase is less
straightforward. These criteria must ensure with a sufficient degree of confidence
that the waste packages produced serve their actual purpose, i.e. form a first barrier
within the disposal'system. The quantification of qualitative criteria prevailing for
a specific disposal option will therefore be part of an iterative process in which a
repository concept is optimized, taking into account the characteristics of the geological barrier.
NIRAS/ONDRAF has recently developed a set of waste acceptance criteria for
shallow land burial, one of the options considered for category A wastes: low and
intermediate level wastes essentially containing shorter lived radionuclides and with
minor concentrations of radionuclides with longer half-lives. These criteria are'being
discussed internally, before they are transmitted to the authorities, in accordance
with the prescribed procedure.
Criteria related to the post-operational phase are based on a repository concept
developed for an integrated disposal facility at the Mol-Dessel nuclear site for both
shallow land burial and underground disposal in a clay repository.
The methodology used in the safety assessment was developed at the Nuclear
Research Centre.

2.2. Control of waste package quality
Because of the many problems associated with the destructive examination of
waste packages, the NIRAS/ONDRAF quality assurance programme relies almost
solely on other sources of information to verify the quality of the actual product.
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The approach taken is based on the consideration that the final product quality
is achieved in two steps:
— The quality of design, which is the extent to which the intended product satisfies the product quality requirements;
— The quality of conformance, which is the extent to which the actual product
conforms to the intended product.
The general quality assurance programme, applied for all conditioned \
homogeneous wastes, includes:
— Qualification of the conditioning process;
— Qualification of the technical installations used;
— Evaluation of the quality assurance programmes established for both product
and process development and for waste conditioning;
— Control of process performance during the actual conditioning step and of the
application of the adopted quality assurance programme;
— Control of the quality of the resulting product by destructive and nondestructive examination of waste packages, where necessary.
The approach taken for heterogeneous wastes is similar but is adapted to each
particular conditioning procedure.
Qualification of the process is merely based on the results obtained during the
product and process development phases and during the industrial demonstration on
a 1:1 scale, with inactive simulants. Its aim is to verify whether the application of
a particular process to the wastes to be treated offers sufficient confidence that the
product of the conditioning will have the intended characteristics.
Qualification of the installations must provide the necessary data to evaluate
whether the application of the proposed conditioning process in the existing technical
facilities carries sufficient guarantees of achieving a satisfactory quality of
conformance.
Quality control of individual waste packages is accomplished through process
control. Such an approach has been shown to be feasible for the vitrification of HLW
solutions, but is equally applicable to other homogeneous waste forms [1].
The links between process control and quality control are a process model that
predicts the achieved composition and structure from the controllable process variables, and a product model that predicts product quality from its composition and
structure. These models are established during the product and process development
phases. The product model quantitatively correlates quality characteristics with the
controllable product attributes, composition and structure. The process model correlates composition and structure with the controllable process variables.
Destructive examination may prove to be necessary to obtain conclusive information on product quality, e.g. in cases where process control was inadequate or
process performance was abnormal.
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The quality control programme includes checks on product characteristics by
an independent laboratory. These checks involve work on three types of sample: the
reference product developed in the laboratory, the product of the industrial demonstration tests and active product samples taken during the application of the conditioning process. At the moment extensive characteristic verification programmes are
performed for products from the vitrification of HLW solutions, the bituminization
of MLW solutions and the high temperature incineration of LLW. Additional
programmes are being established for the products of cementation of MLW and
LLW. A short review of the results available for some MLW and LLW waste forms
is presented below.

3.

CHARACTERIZATION OF WASTE FORMS

3.1. General
A number of actions have been undertaken to determine the product characteristics of some relevant waste forms. Two waste form categories are discussed:
(a)

Bituminized reprocessing precipitation sludges and evaporator concentrates.
Two types were investigated: the Cogéma type (only simulants available) and
the Eurobitum type (produced by the former Eurochemic plant [2, 3]; both
simulants and real samples are available).

(b)

High temperature incinerator slags resulting from the incineration of real low
level reactor wastes. Data for the characterization of samples from the industrial demonstration tests were published earlier [4, 5].
ч

3.2. Bituminized reprocessing precipitation sludges and evaporator
concentrates
3.2.1.

Control of product

specifications

Some simulated reprocessing precipitation sludge bituminizates prepared by
Cogéma were investigated (this waste form is one of the candidate waste forms which
should be returned to Belgium by Cogéma). The composition is given in Table I.
The following material properties were determined: density, penetration, softening
point and chemical composition. The experimental data are given in Table II.
From Table II it can be concluded that the data fit reasonably well with the
product specifications (density; softening point; sludge components Co, Ba); the
relatively larger deviations for Ni, Fe, sulphates and nitrates might be due either to
heterogeneities between various samples (Ni, Fe, S) or to the difficulty in analysing
simultaneously soluble and insoluble compounds (cf. sodium and potassium sulphates and barium sulphate).
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TABLE I. NOMINAL COMPOSITION OF SIMULATED
COGEMA BITUMINIZED REPROCESSING PRECIPITATION SLUDGES
Bitumen content (MR 90/40) (wt%)

>57

Sludge content (wt%)

<43

Sludge composition (wt%)
(a)

(b)

Insoluble compounds

72.5

Barium sulphate

51

Ferrocy anide

9.8

Cobalt sulphide

7.7

Diatomaceous earths

3.9

Tributylphosphate

0.1

Soluble compounds

27.5

Sodium nitrate

22.9

Sodium and potassium sulphates
Sodium sulphide

4.6

Since Cogéma has, in the mean time, changed the type of bitumen used, these
tests will be repeated on the new product.
3.2.2.

Ageing of Eurobitum

During one of the last runs of the Eurobitum plant (at the former Eurochemic,
now BELGOPROCESS site), some samples taken on-line were stored with the intention of measuring some physical properties as a function of ageing. Two ageing
periods have been analysed since (one and four years); the next analyses are planned
for after about six and x (undetermined) years.
Data on the composition of Eurobitum are given in Table III. Some results on
ageing are listed in Table IV (see also Ref. [3]). Whereas the one year ageing tests
hardly revealed a change in physical properties, the four year ageing data do present
some deviations from the values at time zero:
— The softening point increases (from 101 to 104°C), the penetration decreases
(from 20.0 to 18.8 X Ю"1 mm) and the density increases (from 1.32 to
1.36 g-cm" 3 ). This suggests a hardening of the bituminizates together with a
shrinking, probably as a result of different phenomena such as: (1) a change
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in the structure of the bitumen matrix due to radiolytic H 2 formation; (2) continued shrinking during long term storage; (3) escape of volatile bitumen
components.
— The flash point increases from 262 to 212°С and the self-ignition point
decreases from 312 to 293°C. Both phenomena might be related to the creation
of radiolytic gases, altering the combustion process. In the case of the selfignition point, changes in the chemistry of the solid material might also contribute to differences in self-ignition behaviour.

3.3. High temperature incinerator slags
During the operation of the high temperature FLK incinerator (operation
period from 1987 to the beginning of 1988) samples of about 1 L volume were taken

TABLE II. CHARACTERIZATION OF SIMULATED COGEMA BITUMINIZED
REPROCESSING PRECIPITATION SLUDGES

Measured

Density at 25 °C (kg-m" 3 )
Penetration at 2 5 ° C (10"' m m ) '
Softening point (°C) b

1346

Specification

±2

1330-1450

23 + 3

No value

115 ± 2

>97

Sludge composition (wt%) c
Ba

32.8/34.4

Fe

1.32/1.57

Ni

1.05/1.52

1.86

Co

4.96/5.25

4.99

1.77

5.16

-4.5

Sulphate

2.4

-10.0

Nitrate

5.1

-6.5

S

a

30

The penetration of a bituminous material is the distance (in 10

1

mm) that a standard

needle penetrates vertically into a sample under fixed conditions of temperature (25 °C),
load (100 g) and time (5 s) (ASTM D5).
b

The softening point is the temperature at which a disc of the sample — held within a
• horizontal ring — is plastically deformed over a distance of 1 in (25.4 mm) by a steel ball.
The sample is heated at a given rate in a water or glycerine bath (ASTM D36).

0

The cation analyses were performed on two aliquots from the simulated bituminízate.
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TABLE III. COMPOSITION OF BITUMINIZED REPROCESSING
SLUDGES AND CONCENTRATES ('EUROBITUM')

Bitumen content (R 85/40) (wt%)

-60

Waste content (wt%)

-40

Waste composition (wt%)
NaN03

63.4

CaS04

10.9

CaF 2

4.0

Oxides, hydroxides and hydrates of

4.9

Fe, Zr, Al
Other compounds: SÍO2, PO4, compounds
incl. Ni, Cl, Cr, Co

H20

15.9
0.9

Total alpha activity (Bq/g Eurobitum)

5.0 x 10 4 - 1.7 X 10 5

Total beta activity (Bq/g Eurobitum)

7.5 x 10 6 - 1.6 x 10 7

at regular intervals. For product quality control, the following product properties
were determined:
— Visual appearance
— Granulometric properties
— Chemical and radiochemical composition
— Microstructure
— Chemical stability.
Visual inspection was performed to verify the presence of unmelted waste (e.g.
metal, paper) in the slags. It was observed that the amount of unmelted material was
negligible. From 60 to 90% of the slags had particle sizes between 1 and 5 mm. Data
on chemical composition and corrosion stability (based on the Soxhlet test (with boiling water, using the slag fraction between 4.0 and 5.5 mm particle size)) are listed
in Table V; the radiochemical composition is given in Table VI. Characterization
data for a Pu spiked run between August and November 1983 are given as a
reference.
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The data demonstrate that the slags are composed of 80-90%
Si0 2 + FeO x + Al 2 0 3 . Significant fluctuations are measured in the relative concentrations of these three main components. They correlate with differences in waste
feed composition. The slags represent essentially an amorphous matrix, incorporating some (crystalline) phases (Fig. 1). These silicate based, basaltic slags therefore
show the ability to be the 'host' material for quite divergent feed compositions and
still be quite corrosion resistant [5]. The best slags are produced for Si0 2 concentrations of about 60 wt%, A1 2 0 3 of about 10 wt% and FeO x of below 20 wt%.
The leaching of the beta/gamma activity during the Soxhlet test is found to be
quite similar to the overall mass losses (data for the 1987 operation); the total
beta/gamma inventory leached (as a percentage of the initial inventory) is between
0.4 and 5.0% (3 d leaching), and between 0.4 and 3.0% (14 d leaching), compared
with mass loss data (percentage of initial mass) of 0.4-2.5% (3 d) and 0.7-5.0%
(14 d). These data show that the high temperature incinerator slags can incorporate
beta/gamma nuclides in their matrix.

TABLE IV. PHYSICAL PROPERTIES OF EUROBITUM AS A FUNCTION OF
AGEING
(each number is the average value for four

samples)
Time of analysis

As produced

Self-ignition point (°C) a
Flash point (°C)

a

Softening point (°C)
Penetration ( 1 0

1

mm)

3

Density ( g - c n f )

a

After

After

1 year

4 years

312

313

293

262

261

272

101

101

104

20.0
1.32

19.3
1.32

18.8
1.36

A test cup is filled to a specified level with the sample and heated at a constant rate, and
a small test flame is passed across the cup. The flash point is the lowest temperature at
which the test flame causes the ignition of the vapours above the surface of the batch. The
self-ignition point is the temperature at which the bitumen itself starts to ignite and burns
for at least 5 s (ASTM D92).
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T A B L E V. D A T A O N C H E M I C A L C O M P O S I T I O N (wt%) A N D
FOR VARIOUS OPERATIONAL PERIODS OF THE HIGH
FLK

STABILITY

TEMPERATURE

INCINERATOR

1983

1987

1988

1988

(03-1)

(03-2)

Si02

59.9 ± 4 . 8

63.2 + 5.9

36.0

49.7

FeO x

17.7 + 4.0

24.5 ± 10.1

40.6

20.9

A1203

10.2 ± 3.3

1.9 ± 0.75

8.7

11.0

3.9 ± 1.2

0.50

9.0

2.5 ± 0.61

2.3

3.9

CaO

6.6 ± 1.6

Na20

0.87 ± 0.27

Others (oxides of Mg, K,

Balance

Balance

Balance

Balanc

3 d duration

0.70

9.96 ± 6.66

13.6

10.6

14 d duration

No value

5.55 ± 2.53

11.8

11.3

M n , Cu, Cr, Ni, Pb, Ti,
Zn,...)
Soxhlet corrosion rate
based on mass losses
(10~ 4 g - c n f 2 - d ~ ' )

T A B L E VI. R A D I O C H E M I C A L
TION

(Bq/g)

(PRODUCED

OF

COMPOSI-

INCINERATOR

SLAGS

1987)

Mn-54

15-160

Co-58

<40

Co-60

250-880

Zr-95

<80

Nb-95

<190

Sb-125

<60

Ce-144

<30
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FIG. 1. Ceramographs of relatively strongly crystalline beta/gamma active FLK granules.
Phase 1 is Си rich; the fishbone shaped crystals are mainly composed of Fe; the cube shaped
crystals are spinel type chromite, Fe Cr¿04.

4.

COMPATIBILITY OF WASTE FORMS WITH REPOSITORY
CONDITIONS

4.1. General
Studies of compatibility between various waste forms and the candidate Belgian clay host started in the early 1980s. At about the same time the construction
of an underground laboratory was initiated, which allows now, among other things,
the performance of in situ experiments on waste forms.
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The objective of the compatibility studies primarily is to investigate the interaction between a waste form and the envisaged corroding (aqueous) surroundings. As
the clay host rock includes about 20% interstitial clay water, it was decided to select
as a first approach corroding media consisting of an aqueous phase (e.g. interstitial
clay water) and containing some clay — which is the major component in the geological disposal concept [6]. The experimental programme provides information on the
degree of interaction between waste form and environment (quantitative data), but
is also supposed to reveal the interaction mechanisms (required to attempt to extrapolate the interactions to the long term, including modelling) and the source term
(which here means the radioactive inventory of a specific nuclide leached per unit
time, available for migration towards the biosphere).
These laboratory compatibility studies are complemented, and are intended to
be validated, by in situ corrosion tests on the various waste forms. Experiments have
been under way since 1986, yielding information on the interaction of the waste form
with the clay host or with the clay derived atmosphere [7]. High temperature incinerator slags and cement (candidate matrix material) are included in these tests, which
should provide the first experimental data by mid-1988 (after two years' interaction).
In addition, new in situ rigs are being prepared to allow in situ corrosion of other
candidate waste forms (bitumen, cement) upon contact with the clay host.

4.2. Compatibility studies on bituminized reprocessing sludges and
concentrates
Both Cogéma and Eurochemic type bituminizates have been considered. The
compatibility studies performed thus far on bituminizates were based on corrosion
tests in static conditions (no leachant renewal), as indicated in the MCC l 1 standard
corrosion test, in pure water or in mixtures of clay with water. The ratio of SA-V" 1
(sample surface area to leachate solution volume) was kept at 0.1 cm" 1 .
4.2.1.

Corrosion of simulated bituminizates

(SB)

Cogéma SB cylindrical samples of 0.15 L volume ( 0 10 cm, h 2.5 cm) were
exposed to distilled water at 25°C. The data in Fig. 2 (K and Ni exhibit fractional
releases similar to Co) show that the waste cations leach very differently, the rather
insoluble Ba leaching only to a negligible extent; Na on the other hand leaches readily, yielding an equivalent leached thickness of up to 5.0 mm within 180 d of
corrosion.
Similar corrosion experiments have been initiated on Eurobitum simulants to
investigate the overall interaction behaviour and also the swelling due to corrosion.
1

Materials

Characterization

Center,

Battelle

Richland, Washington, United States of America.

Pacific Northwest

Laboratories,
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FIG. 2. Relative inventories of Na, Co and Ba leached from Cogéma bituminizates in static
distilled water at 23°C.

Therefore, samples of different sizes (0.75 mL, 16.3 mL, 0.5 L and 11.5 L) are
being subjected to corrosion in either distilled water or a 100 g -L _1 mixture of clay
with water. The preliminary data (90 d maximum duration reached) show a very
incongruent leaching behaviour as well; the equivalent leached thickness for N a N 0 3
is about 1.5 mm (90 d corrosion), which is of the same order as for the Cogéma SB.
The 'delay' factors with respect to the N a N 0 3 leaching are (90 d corrosion):
1.5-2.0 (F), 3.0-4.0 (S0 4 ), about 10 (Ca), about 2000 (U) and > 1 0 000 (Zr).
4.2.2.

Corrosion of real bituminizates

(RB)

About 0.7 mL size ( 0 1.25 cm, h 0.6 cm), real Eurobitum samples (5 mL samples were taken from each 50th drum) were subjected to corrosion at 23 or 40°C
in either distilled water or the 100 g-L" 1 clay-water mixture. The results from these
tests have been reported in Ref. [8]; the main results were as follows:
— The small samples exhibited considerable swelling during corrosion; volume
increases of up to 900% (90 d corrosion) were measured. It was supposed that
water uptake by e.g. Na 2 S0 4 could have been responsible.
— The equivalent leached thicknesses for N a N 0 3 and CaS0 4 are comparable to
those for the (larger) simulated bituminizates.
— As much as 15% of the beta emitter inventory (consisting mainly of 90 Sr,
137
Cs and 60 Co) is leached after one year's corrosion; of the three nuclides,
137
Cs is best retained by the waste form.
— The fractional release of the alpha inventory is limited to 0.1 % after one year's
corrosion.
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FIG. 3. Mass losses during corrosion of FLK slag simulant glass WG124 in Boom clay
(squares) and distilled water (circles) (90°C, SA-V1 = I cm'1).

— In the clay-water mixture, leaching of actinides occurs faster than in the pure
water; all other leaching data (salts, beta emitters, swelling) are essentially
similar; a temperature increase from 23°C to 40°C does not influence corrosion significantly.
To produce data on corrosion which would be more appropriate to risk assessment of full size bituminízate drums, two types of experiment were designed (and
are in progress):
(1)

(2)

Corrosion of simulated bituminizates as a function of sample volume
(expressed as sample area to sample volume, SA-V' 1 ) to investigate swelling
of full size drums (Section 4.2.1);
Corrosion of small, real bituminizates in clay media (consisting of interstitial
clay water and clay), under clay repository pressure, with the focus on the
leached mobile radioactive inventory.

4.3. Compatibility studies on incinerator slags
Two types of sample were used in these studies. First, slags produced during
the inactive demonstration runs (period 1977-1979) were hot pressed (2 GPa,
800°C) to yield monolithic samples with the same physico-chemical characteristics
as the original granules [4]. Second, laboratory simulation of the slag composition
resulted in 'reference glass' products such as WG124 (consisting of. 76 wt% Si0 2 ,
A1 2 0 3 and FeO x — for further details, see Ref. [8]). The same glass was made with
the inclusion of 1 wt% U 0 2 + 1 wt% P u 0 2 (PWG124) to investigate the fitness of
the high temperature slagging incinerator products in incorporating actinides.
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The corrosion media used were various clay-water mixtures, in the range 0,
10, 100, 500, 2000 to 8000 (which corresponds to non-diluted repository clay)
g-L" 1 . Most corrosion tests were performed at 90°C, in static media, with a surface
area to solution volume ratio, of 1 cm" 1 , in oxidizing conditions. The main
parameter controlling the corrosion of the waste form samples was the concentration
of the clay; one of the main mechanisms was found to be sorption of rather insoluble
elements such as Si, Al and Fe onto the clay, thereby allowing further corrosion of
the sample. The equivalent leached thicknesses measured in the non-diluted clay
were between 50 and 100 /xm per year, and in pure water a maximum of 1 /xm per
year (Fig. 3 shows data on WG124). It is to be expected that the corrosion rates
decrease in time [9].
At interaction temperatures of 40°C, which are more realistic in view of the
expected conditions of interaction with the surrounding repository, corrosion proceeds about ten times more slowly. More detailed studies revealed that the temperature dependence (range studied: 40-200°C) of the corrosion of these samples is quite
complex [8].
Pu (incorporated as Pu0 2 ) leaches more slowly than the laboratory glass
matrix (PWG124). This retardation amounts to as much as a factor of 100 for corrosion in pure water, owing partly to the insolubility of Pu0 2 ; when clay was added
to the leachant, and the conditions were kept reducing (Eh » —200 mV, which is
close to the repository condition), Pu leached only about three times more slowly
than the glass matrix. The Pu solubility limit in solution is reached later owing to
sorption of Pu on clay particles.
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Abstract
ACCEPTABILITY O F W A S T E S T O BE DISPOSED OF IN T H E SWEDISH

FINAL

REPOSITORY FOR R E A C T O R W A S T E : R E G U L A T O R Y ASPECTS.
The Swedish competent authorities, the Swedish Nuclear Power Inspectorate (SKI) and
the National Institute of Radiation Protection (SSI), have, in co-operation with the Swedish
Nuclear Fuel and Waste Management Company (SKB) and the producers of nuclear wastes,
created a strategy to ensure that the waste packages to be disposed of in the Swedish Final
Repository for Reactor Waste are in conformity with the Swedish legislation and with the
demands set by the disposal system. Following an analysis of the whole system, including
generation, treatment, interim storage, transportation and disposal of the wastes, it has been
possible to establish a set of general and qualitative criteria derived from basic functional
requirements, as described in the paper. The SKB is responsible for ensuring that type descriptions for the different waste categories are prepared by the waste producers. After approval
by the SKI and SSI the waste type descriptions contain specifications that serve the purpose
of package specific and quantitative waste acceptance criteria. A short account is also given
of the major types of waste package and the formal procedures established for acccptance of
a specific waste category.

1.

INTRODUCTION

T h e o p e r a t i o n o f n u c l e a r p o w e r p l a n t s a n d o t h e r n u c l e a r f a c i l i t i e s g i v e s r i s e to
l o w a n d i n t e r m e d i a t e l e v e l r a d i o a c t i v e w a s t e s , e . g . s p e n t filters a n d i o n e x c h a n g e
r e s i n s f r o m t h e c l e a n u p c i r c u i t s in n u c l e a r r e a c t o r s , t r a s h a n d s c r a p m a t e r i a l s . In
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Sweden these wastes will be disposed of in the Swedish Final Repository for Reactor
Waste (SFR), which was commissioned in March 1988 [1, 2]. This repository will
also accommodate radioactive wastes from other sources such as research activities,
health care and non-nuclear industry; these are collected and conditioned by the
Studsvik research establishment on a commercial basis. A common feature of all
these waste types is a very low content of long lived radionuclides, including transuranium elements.
According to Swedish law, the technical and economic responsibility for safe
handling and disposal of the wastes belongs to the waste producers, i.e. the nuclear
power utilities and Studsvik. The utilities have assigned to the jointly owned Swedish
Nuclear Fuel and Waste Management Company (SKB) the duty to lead and coordinate the work that has to be done in order to fulfil their responsibilities in this
respect. The work includes research and development as well as the construction and
operation of the necessary facilities. This means that the SKB is responsible for the
safety of these facilities and systems. However, the safety related quality of waste
packages is still the responsibility of the waste producers. This division of responsibilities applies to both the operational and the post-operational phase of the disposal
system.
Ideally, the development of criteria and specifications for waste packages and
the other components of the disposal system should be performed iteratively, where
each component is judged in accordance with its performance objectives as part of
the total system. In reality this idealized scheme cannot always be followed, e.g. with
regard to existing waste and conditioning processes. These facts have to be considered in the design both of the transport system and of the repository. However, now
that the disposal system for reactor waste is completed it is also possible to finally
establish the requirements that waste packages must fulfil in order to be acceptable
for disposal.
Before a waste package category is disposed of in the SFR the SKB has to apply
to the competent authorities, the Swedish Nuclear Power Inspectorate (SKI) and the
National Institute of Radiation Protection (SSI), for approval of that particular
category. The application shall be supplemented by an account, or description, of
the waste specifications and how the quality control of the waste packages is performed. The total number of categories amounts to at least forty. Therefore, in order
to facilitate both the reporting and assessment this description shall have a standardized format. Such a standardized waste type description will facilitate a uniform
and consistent assessment of the various waste categories and will probably also
facilitate the procurement of background material for new categories, including odd
ones.
The formal and technical procedures to achieve this assessment must of course
be contrived so as to be consistent with the assignment of responsibilities within the
waste management system and the regulatory structure. This paper describes the
Swedish approach to meet these objectives.
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After a short summary of the main characteristics of the waste packages an
account is given of the legal premises and the basic safety criteria; this is followed
by a description of the adopted general principles for development of functional
requirements for waste packages and of waste acceptance criteria. Finally, an outline
is given of the formal procedures that have to be followed for each waste category
before disposal can be permitted.

2.

WASTE CATEGORIES TO BE DISPOSED OF IN THE SFR

2.1. General
The Swedish programme for nuclear power will give rise to approximately
90 000 m 3 of conditioned wastes (waste packages including matrix and container
for disposal). In addition some of the nuclear power utilities have the possibility to
dispose of very low level wastes in shallow land disposal facilities on-site [3].
The major part of the wastes, in terms of activity content as well as volume
of the conditioned wastes, consists of spent ion exchange resins and filters from the
different water cleanup systems in the power plants. The remaining, mainly low
level, part of the wastes consists of irradiated/contaminated scrap and trash, .and ash
from incineration of combustible wastes.

2.2. Waste categories
Since there are four power utilities in Sweden and in addition a research centre
producing waste packages for the SFR, there has to be some co-ordination in package
design and in other efforts relating to the packages. For practical reasons different
waste packages must be employed, depending on the activity content, chemical and
physical behaviour, etc. In the design of the SFR this has been taken into consideration and consequently different types of rock chamber have been excavated. The
most active wastes will be disposed of in chambers with the more advanced
engineered barriers while the low level wastes can be disposed of in chambers
without any engineered barrier since the natural barrier (the host rock) is good
enough.
The wastes can be divided into four main groups with respect to the waste
package used for transport and handling:
—
—
—
—

Cubic boxes of concrete or steel (1.2 m side)
Steel drums (0.2 m 3 )
'
Concrete tanks (1:3 m x 3.3 m, height 2.2 m)
Containers of standard sizes (mainly 6 m x 2.4 m and 2.6 m high).
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TABLE I. NUMBERS OF WASTE PACKAGES TO BE DISPOSED OF IN THE
SFR
Wáste category

Concrete boxes with ion exchange resins in cement

Number of packages

11 800

Steel boxes with ion exchange resins in cement

2 000

Steel boxes with ion exchange resins in bitumen

1 500

Steel drums with ion exchange resins in cement

3 500

Steel drums with ion exchange resins in bitumen

13 600

Concrete and steel boxes, with scrap

3 800

Steel, drums with scrap or ash

7 000

Concrete tanks with dewatered resins

8 000

Containers with trash and scrap

800

Concrete boxes are used for medium level ion exchange resins, filter materials
and metal scrap or trash. Cement is used as solidification matrix and the boxes are
strong enough to allow stacking to 50 m height without any significant damage. The
outer dimensions of a box are 1.2 m per side and the weight is at maximum 4000 kg.
The wall thickness of the concrete box is 0.1 m or, in some cases, 0.25 m. This
means that the package has a good shielding capacity.
Steel boxés have the same dimensions and weight as the concrete boxes and
they are also used for the same types of waste. The shielding capacity is not as good
as for the concrete box, which means that this type is especially favourable for low
level wastes. The niatrix material can be either cement or bitumen.
Steel drums áre used for the same types of waste as the boxes mentioned above.
The drums are of the standard 200 L type. The solidification material (if required)
cán be cement or bitumen. They are also used for incineration ash. In the latter case
a small drum containing the ash is put into the bigger drum. The void between the
two drums is filled with cement. In the SFR the drums are handled four by four on
a special plate with a size of 1.2 m x 1.2 m (the same as one box).
Concrete tanks are, as the name indicates, made of reinforced concrete. The
size of a tank is 1.3 m x 3.3 m with a height of 2.2 m. These tanks are mainly used
for dewatered low level ion exchange resins. It is the only disposal form in the SFR
in which the resins are not solidified. The inside of the concrete tank is lined with
a rubber sack, which guarantees that the tank will stay leaktight for a long time even
if cracks occur in the concrete.

IAEA-SM-303/130

231

'Containers' means in this case standard 20 ft containers used for solid wastes
with such low levels of activity and dose rates that transport of the container is possible (following the recommendations of the International Atomic Energy Agency
(IAEA)) without any outer shielding.
The waste packages described above are used to varying extents by the
different utilities. However, there are minor differences between the waste producers
which give rise to the need for special waste type descriptions. At present 22 major
types of waste package are in use or under development in Sweden. If the differences
in processes, etc., are taken into account, there is a need for about forty different
waste type descriptions.
The numbers of different waste packages to be disposed of in the SFR, as forecast for the whole nuclear programme in Sweden, are given in Table I.

3.

LEGAL ASPECTS AND BASIC CRITERIA

3.1. Legal aspects
There are almost twenty different laws applicable to.the construction and operation of the SFR. The three most important for nuclear safety, radiation and environmental protection are
— The Radiation Protection Act (1958)
— The Environmental Protection Act (1969)
— The Nuclear Activities Act (1984).
The environmental effect of radioactive materials, as well as all other effects
of ionizing radiation, is regulated by the Radiation Protection Act. According to this
Act installations where radioactive materials are used must be licensed. The SSI is
the competent authority for radiation protection.
The Environmental Protection Act regulates installations polluting the environment and controls the emission of all pollutants except radioactive materials. A
special licence according to this law was issued for the SFR in 1982.
The Nuclear Activities Act regulates all safety aspects of nuclear installations
as well as the use and handling of fissile materials and nuclear wastes. The competent
authority according to this Act is the SKI. According to the Act a licence, issued by
the Government, is needed for the construction, possession and operation of a repository such as the SFR. Such a licence was given in 1983 on the basis of approval from
the SKI and SSI.
According to the Government licence the SKI has to isstie all necessary safety
regulations for the operation of the repository and the SSI all necessary radiation protection regulations.
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3.2. Basic criteria
The protection of man and his environment from undue risk resulting from disposal of radioactive wastes is the common goal of both the authorities and the utilities. At what level or under what circumstances a risk is 'undue' is, however, up
to the authorities to decide.
The risks can be divided into voluntary risks and involuntary risks. Studies
have indicated that individuals accept voluntary risks that are 10-100 times higher
than risks from activities which are imposed upon them by others. This shows that
risk cannot be treated as a mathematical question where the total risk figures can be
calculated from the risk for objective health effects. Thus, the perceived risk must
also be considered by the authorities since prolonged anxiety will affect health.
However, even if in practice it may be difficult, the authorities should, in principle,
establish their limits and regulations on the basis of the objective health effects and
meet the perceived risk with information and education.
The system of dose limitation as laid down by the International Commission
on Radiological Protection (ICRP) and the IAEA is accepted by the Swedish authorities. The system is composed of three components:
— Justification of a practice
— Optimization of protection (ALARA)
— Individual dose limitation.
For waste disposal the justification is not relevant since this was already
assumed when accepting energy production by nuclear means, which generates
wastes.
The individual dose limit of 50 mSv/a given by the ICRP is valid for all
occupationally exposed personnel, including those working in the SFR. This dose
limit will be checked by personnel dosimetry. In practice all doses shall be kept well
below that limit. For occupational exposure there are established procedures at the
nuclear power plants for reduction of doses to keep them within acceptable limits.
These procedures are implemented also in the SFR.
For the general public the dose limit according to the ICRP is 1 mSv/a. This
is, however, from all sources, which means that the dose from one source (the SFR)
must be well below that value to allow for exposure from other sources. According
to the SSI it must be below 0.1 mSv/a. How much below is not stated, however.
The application of the ALARA principle is not as easy as the application of
the dose limits. The aim is to reduce the total health effect, primarily from the release
or leakage of radionuclides into the biosphere, to such an extent that further reduction would be unreasonable.
, In the review of the Preliminary Safety Report for the SFR the SSI stated the
following in relation to exposure:
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"— All individual doses caused by the repository today or in the future shall be
smaller than the acceptable planning values for other parts of the nuclear fuel
cycle.
— No discounting of future doses shall be done.
— The collective dose from disposal of the waste shall not significantly affect the
total dose from the whole fuel cycle."
When protecting the environment and living species other than man it is not
deemed necessary to have the same level of protection of other living species as for
man. Until further studies indicate otherwise, the SSI shares the opinion that by protecting man as an individual, adequate protection of the environment and other living
species is also achieved.
Another important principle is the 'integrated solution', which means that all
steps from waste generation to disposal must be considered.

4.

DEVELOPMENT AND USE OF CRITERIA

Waste acceptance criteria might be described as those requirements on properties that must be fulfilled by waste packages if they are to be accepted for disposal.
When defining what these properties are it is appropriate to begin with the intended
performance objectives of the waste packages for each step of the handling sequence,
including long term storage in the repository. Such an analysis leads to a list of
requirements covering the overall management system. From the functional requirements it will be possible to derive those requirements on intrinsic properties of waste
packages that can be translated into waste acceptance criteria. The derivation of the
desired properties comprises an important part of the understanding of what are the
critical issues in the judgement of waste acceptability and the establishment of limiting conditions. The principles of this methodology have been described in more
detail by Forsström [4].
The functional requirements are related to safety ând radiation protection.
Thus, two overriding functional requirements are:
— Waste packages shall not give rise to unacceptable dispersion of radionuclides.
— Waste packages shall be able to be handled without unacceptable exposure of
personnel and the public to ionizing radiation.
From these major principles the detailed functional requirements can be derived that
must be fulfilled for each category of waste package in the various steps of the disposal sequence.
Whenever possible, intrinsic and desired properties that can be quantified and
monitored should be derived for each handling step. The limiting values of these
properties might be regarded as waste acceptance criteria that must be met by specifications for waste packages and appropriate quality assurance procedures.
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For handling, transport and disposal operations in the repository the functional
requirements mainly concern the behaviour of waste packages during mechanical and
thermal impact, and dose rate limitations. For the post-emplacement period and the
long term the main concern is that the wastes should not cause unacceptable degradation of the barrier performance. Limitations on gas formation and swelling are typical examples.
A complete list of general and qualitative criteria (or requirements) is given
in the Appendix. With the chosen methodology it has not been found necessary to
develop a set of general and quantitative criteria. In fact, this is not feasible since
each category of waste will evidently require a unique set of such criteria because
of the differing handling sequences and disposal options. Instead, the set of general
qualitative criteria more or less serves the purpose of a checklist that can be applied
to each handling step. Property requirements are derived from functional requirements and presented in the waste type descriptions. These property requirements
serve the purpose of package specific and quantitative criteria. Also, they will be
useful in development of specifications for new categories of waste.
For normal operational reactor wastes no special limits or criteria on nuclide
content and distribution are deemed necessary. Dose rate limitations will automatically serve the same purpose, although to varying extents for different types of waste
package. In addition, the activity content of each package is recorded in the waste
register (Section 5.2), which will make it possible to monitor the activity in the
different emplacement cavities.

5.

DOCUMENTATION REQUIREMENTS

5.1. Waste type descriptions
For each category of waste package the SKB has to present a type description
to the authorities for approval before obtaining a permit for disposal. The type
descriptions should be established through co-operation between the SKB and the
utilities.
The main principle for categorization of the wastes is that waste packages
within a specific waste category shall have similar properties, especially regarding
waste form, packaging and origin (producer). In an application for a disposal permit
for a certain waste category it is implicitly assumed that the corresponding waste type
description only applies to waste packages that will be produced in the future. If the
waste description includes already existing wastes, these packages must be defined.
Technical development will lead to changes in existing specifications and also
to new waste categories. Changes in existing specifications and new categories must
be approved by the authorities.
In principle, a specific waste description is required for all types of waste package. However, some odd types of waste only comprise a small number of packages
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and thus the normal procedure can be simplified, e.g. by additions to existing waste
type descriptions. When big single components are to be brought to the SFR a special
procedure is required. One condition is that the actual waste type is included in the
licence given by the Government.
The SKB is obliged to report to the authorities about inventories and plans for
odd wastes. This information is required by the authorities before considering such
wastes for disposal.

5.2. Waste record keeping
Nuclear wastes stored at the nuclear power plants and Studsvik should, in
accordance with requirements from the authorities, be documented in a facility waste
record. When the wastes are disposed of in the SFR the waste specifications in the
facility waste records should be available in a computerized register or 'SFR record'.
The purpose of this register is to give the authorities and the utilities the possibility
to follow the operations in the SFR. The SFR record also allows easy access to information needed for consequence and safety analyses. •
Apart from having access to the SFR record the SKI and SSI shall have information in advance about what wastes are planned for disposal. The information shall
define the type of waste, referring to the approved type description, identification
of the individual waste units by an excerpt from the SFR record, a time schedule for
the transport and the final position of the waste units in the repository. A specification of the individual waste units should be presented to the authorities by the waste
consignor before the transport has begun.

6.

REGULATORY PROCEDURES

The SKI's responsibilities are regulated in the Nuclear Activities Act and the
SSI's responsibilities are regulated in the Radiation Protection Act. The authorities'
areas of competence to some extent overlap. A procedure has therefore been established for the common actions of the authorities.
The established procedure for acceptance of a specific waste category to be
emplaced in the SFR is as follows:
— The SKB applies for a permit to bring a specific waste category to the SFR
to be emplaced in a specified part of the repository. The application is made
to both authorities.
— The authorities consider the matter in a joint working group, which then writes
a review document including a proposal for a decision.
— On the basis of the review document each authority takes its decision.
— Certain waste packages may require a special licence for transportation according to the transport regulations.
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In the review of waste declarations the authorities will put emphasis on measures for quality assurance. The waste producer is responsible for quality assurance
of the waste packages while the SKB is responsible for quality assurance measures
related to the repository and its barrier functions. The SKB is also responsible for
the necessary co-ordination with the waste producer in this respect.
The procedure also entails that all parts of the waste management be subject
to review. In practice this means that all requirements on waste management, including treatment and intermediate storage, must be fulfilled before transport to the SFR
is accepted.

7.

CONCLUSIONS

The Swedish competent authorities, the SKI and SSI, have in co-operation with
the SKB and the nuclear waste producers created a strategy to ensure that the waste
packages to be disposed of in the SFR conform with the Swedish legislation and with
the demands set by the disposal system. The aim of this strategy is to meet high standards for protection of employees and of individuals in the general public, including
future generations, as well as other living species and the environment.
A fundamental basis has been an analysis of the whole system, including generation, treatment, interim storage, transportation and disposal of the wastes. It has
thus been possible to establish a set of general and qualitative criteria derived from
basic functional requirements, as described in this paper. After approval by the SKI
and SSI the waste type descriptions contain specifications that serve the purpose of
package specific and quantitative waste acceptance criteria.
Although the involved parties have confidence in the established strategy, it
remains to demonstrate the practical applicability of the system as it will apply to
wastes to be disposed of in the SFR.
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Appendix
GENERAL QUALITATIVE ACCEPTANCE CRITERIA FOR WASTE
PACKAGES TO BE DISPOSED OF IN THE SFR
A . l . GENERAL HANDLING AND MANAGEMENT REQUIREMENTS

A. 1.1. Design and physical dimensions
Waste packages shall be designed and have physical dimensions in compliance
with the system for handling, transport and emplacement in the repository.

A. 1.2. Weight
The weight of waste packages must not exceed the limits set by the system for
handling and transport. The distribution of mass within waste packages must not
jeopardize the stability during handling operations such as lifting and stacking. Deviations shall be documented.

A. 1.3. Marking
Each waste package, which might consist of an assembly of primary packages
in a common enclosure during transport and disposal, shall bear a unique marking.
The marking shall persist until the waste package is grouted in the repository, or until
final closure of the emplacement cavity in the SFR. The marking shall be
documented in the waste and SFR registers and enable the package to be identified
and located in the repository.

A.2. RADIOLOGICAL PROPERTIES

A.2.1. Radionuclide inventory
In principle, the inventory of radionuclides shall be known in terms of species
and quantities for each single waste package. The accuracy of this inventory shall
be sufficient to ensure compliance with given limits for different kinds of packages
and different emplacement cavities in the SFR.

A.2.2. Surface dose rate and dose rate at a certain distance
The maximum external dose rate, measured and reported as surface dose rate
and/or dose rate at a certain distance (normally 1 m) from the outer surface of the
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package, shall be lower than the limits applicable for the facilities where the packages are stored and the equipment used for their handling and transportation before
sealing of the repository.

A.2.3. Surface contamination
Transferable contamination by radionuclides, i.e. contamination that might be
released from the outer surface of the waste packages during normal handling or
during immersion in or dousing by water for a short time, shall be kept within authorized limits.

A.2.4. Internal radiation
Internal dose rates, as well as the internal integrated radiation dose, may not
be so great that processes induced by radiation, e.g. radiolysis, affect the properties
of the waste form and packaging or, indirectly, the barriers in the repository to an
unacceptable extent.

A.2.5. Homogeneity
The radionuclides shall be homogeneously distributed within waste packages,
or at least shall never occur in concentrations that could affect the above mentioned
radiological properties to an unacceptable extent.

A.3. CHEMICAL PROPERTIES

A.3.1. Composition and structure
The chemical composition and structure of the waste form and its packaging
shall be known and defined to such an extent that an assessment of the material
properties is possible.

A.3.2. Homogeneity
Solidified liquid and wet wastes shall be so homogeneous that the mechanical
and physico-chemical properties with which the waste form is credited from the
standpoints of safety and radiation protection are not jeopardized and can be assessed
with sufficient accuracy.
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A.3.3. Content of free liquid
In principle, waste packages are not allowed to contain free liquid to such an
extent that liquids might be liberated or released if the waste package is damaged
during handling, transport or storage.

A.3.4. Chemical resistance
Waste packaging shall have a resistance to chemical attack and corrosion that
is sufficient with regard to conditions before grouting in the repository or final sealing of the emplacement cavity.

A.3.5. Gas evolution
Evolution of gases caused by the composition and structure of the waste form
and its packaging must not jeopardize safety before closure of the repository, or,
after that, give rise to unacceptable disturbance of the barrier functions of the repository. Different mechanisms and processes for gas formation shall be taken into
account, e.g. radiolysis, biological decomposition, metal corrosion or other possible
transformation processes and combinations thereof. In this context it should be
pointed out that wastes in the form of compressed gases may not be accepted for disposal in the SFR.

A.3.6. Combustibility
Combustible wastes and waste forms shall be packaged in such a manner and
have such characteristics that the risk of autoignition is negligible and that the spread
of any fire that did occur is precluded, even after mechanical damage. Combustible
wastes shall be sufficiently well characterized and specified in terms of quantities and
composition to permit the necessary precautions to be taken. Explosive materials are
not allowed in the wastes.

A.3.7. Content of toxic and hazardous materials
The wastes to be disposed of in the SFR shall be so well characterized that
kinds and quantities of toxic and hazardous constituents can be stipulated and
assessed by the competent authorities.

A.3.8. Chemical reactivity
Waste packages must not contain substances that might jeopardize the stability
of the waste packages or the barrier functions of the repository owing to their nature
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and quantities. The content of organic substances and other biodegradable materials
and metals whose corrosion might give rise to gas evolution shall be specified with
sufficient accuracy to permit compliance with given limits to be ascertained.

A.3.9. Retentive properties
Leaching and other releases of radionuclides from waste packages must be
within the limits applicable for handling, transport and storage of radioactive
materials. When necessary, the retentive properties must be in compliance with the
assumptions made for calculation of the long term safety of the repository.

A.4. MECHANICAL PROPERTIES

A.4.1. Mechanical strength against external stresses
The mechanical strength of the waste packages against external stresses, such
as pressure, strain, bending and impact, shall be sufficient to preclude unacceptable
releases of radionuclides during foreseeable incidents and accidents. The waste form
shall have a structure and homogeneity that are in compliance with this requirement.

A.4.2. Mechanical stability
The wastes shall be stable in structure and volume to such an extent that deterioration of these properties does not lead to unacceptable consequences from the
viewpoints of safety and radiation protection. Examples of such undesirable
processes are the swelling of the waste form under pressure buildup, and deterioration of mechanical strength caused by changes in temperature.
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Abstract
WASTE ACCEPTABILITY A N D QUALITY CONTROL FOR THE PLANNED KONRAD
REPOSITORY.
In the Federal Republic of Germany, it is intended to dispose of radioactive wastes with
negligible heat generation in the planned Konrad repository near Braunschweig. According
to the Atomic Energy Act the Physikalisch-Technische Bundesanstalt (PTB) is responsible for
the construction and operation of this facility. In compliance with the Federal German
approach to disposal of radioactive wastes, the PTB has demonstrated the safe operation of
the planned Konrad repository by means of a site specific safety assessment. As a result, on
the basis of the planning and safety related work, preliminary waste acceptance requirements
have been compiled. In accordance with these requirements, the waste packages intended for
disposal are examined, i.e. the disposability of individual waste packages and of their annual
total is assessed on the basis of model data. For the assessment of the annual total the
year 2000 was taken as a reference. This assessment of the suitability for disposal shows that
almost all waste packages intended for disposal can, in principle, be emplaced in the Konrad
repository. Some particular requirements on the disposal of waste packages resulting from this
examination are discussed in detail. For radioactive wastes to be disposed of, compliance with
the waste acceptance requirements must be demonstrated within the scope of the waste
package quality control. The waste producer is responsible for and must demonstrate
compliance with these requirements. On behalf of the PTB, on the basis of the documents submitted the Produktkontrollstelle (PKS) examines whether proof has been established by the
waste producer, and usually performs additional sampling inspections of waste packages.
Alternatively, the waste producer may have a qualification and inspection of the conditioning
process carried out by the PKS on behalf of the PTB. A survey of the status of the waste
package quality control is given. It is expected that the test facilities needed for sampling
inspections will be completed by the PKS in 1988, enabling a sufficient quantity of waste
packages to be checked and released for disposal prior to the repository operation.
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INTRODUCTION

.

In the Federal Republic of Germany, it is planned to dispose of radioactive
wastes with negligible heat generation in the abandoned Konrad iron ore mine near
Braunschweig. The Physikalisch-Technische Bundesanstalt (PTB) is the legally
authorized applicant and thus responsible for the construction and operation of this
facility. On 31 August 1982, the PTB applied for a licensing procedure to be
initiated. In 1986, the PTB submitted the revised and completed licensing documents
to the responsible authority [1].
On the basis of the planning and safety related work being performed by the
PTB, waste acceptance requirements have been compiled. Subject to examination by
the responsible licensing authority, who may impose further obligations, and according to the present state of affairs, these requirements must be met when waste
packages are delivered to the Konrad repository. As the examination within the scope
of the licensing procedure is still pending, they are referred to as preliminary waste
acceptance requirements [2]. In accordance with these requirements the waste
packages intended for disposal are examined on the basis of model data, i.e. their
suitability for disposal is assessed, in particular with reference to the radionuclide
inventory.
The waste package quality control comprises, in particular, the execution of
control measures which may refer to the documentation, the waste packages or the
conditioning processes. The PTB has charged the Produktkontrollstelle (PKS),
which is being established in the Kernforschungsanlage Jülich GmbH, with executing
the quality control of all waste packages prior to their shipment to and disposal in
the Konrad repository [3].

2.

TYPES AND AMOUNTS OF RADIOACTIVE WASTES

A detailed survey of the types of radioactive waste,with negligible heat generation and information on the respective amounts have proved to be an essential
prerequisite in enabling an evaluation to be made of their suitability for disposal.
For the planning work of the PTB and, in particular, for the purpose of performing a safety assessment, comprehensive data on the waste packages planned to
be disposed of in the Konrad repository have been compiled by the waste producers
at the request of the PTB. Information is given on the origins and types of wastes,
the immobilization material and. the packaging. An example of a description of these
wastes is given in Table I. In addition, specific data on the radionuclide inventory
per waste package and the expected number of waste packages per year have been
compiled. According to this procedure [4], detailed information on each waste
stream becomes accessible for radiological evaluation within the scope of a safety
assessment.
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On behalf of the Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit (BMU) the PTB carries out an annual inquiry into the amount of radioactive wastes in the Federal Republic of Germany . According to the results of the
latest survey [5],' the amount of unconditioned radioactive wastes (primary waste
volume) was about 8600 m 3 on 31 December 1987. This amount was mainly
produced by nuclear power plants (about 4700 m 3 ), the Karlsruhe and Jülich
nuclear research centres (about 1500 m 3 ) and the collecting depots of the Federal
states (about 1100 m 3 ). The volume of conditioned, i.e. processed and packaged,
radioactive wastes amounted to about 38 000 m 3 . Details on the origins and respective amounts of conditioned radioactive wastes are given in Table II.
On the basis of these figures, a prognosis is made of the future amount of conditioned radioactive wastes with negligible heat generation. About 196 300 m 3 of
conditioned non-heat-generating radioactive wastes are prognosticated up to the year
2000. Figure 1 gives an outline of the cumulated waste package volume. The amount
of conditioned heat generating radioactive wastes is estimated to be about 5800 m 3 .
Taking into consideration the comparison of present and future waste amounts,
the further development of waste minimization techniques and possible delays in
construction of nuclear facilities, it is concluded that the actual waste amounts might
be about 30% lower than the prognosticated quantities. Thus the total waste amount
to be expected up to the year 2000 might be about 150 000 m 3 [6].

3.

PRELIMINARY WASTE ACCEPTANCE REQUIREMENTS

According to the Federal German approach to disposal [7], the required safety
of the planned Konrad repository has been demonstrated by a site specific safety
assessment covering the normal operation of this facility, the assumed incidents, the
thermal influence upon the host rock, the criticality safety and the long term radiological effects [8]. The results of these analyses have been converted into a system
of preliminary waste acceptance requirements [2]. In addition; further requirements
resulting from the planning work for the Konrad repository have been included.
The system of preliminary waste acceptance requirements can be subdivided
into general requirements on the waste package and specific requirements on the
waste form, the packaging and the radionuclide inventory.
With the evaluation of the radioactive wastes' disposability in the Konrad
repository in mind, the following results of the safety assessments should be pointed
out:
(a)

Under normal operating conditions, annual limits are set for the disposable
activities of volatile radionuclides and of non-specified alpha and beta/gamma
emitters (radionuclide groups). In this connection a distinction is made between
packagings with and packagings without specified tightnesses. The annual

TABLE I. EXAMPLE OF DESCRIPTION OF WASTE PACKAGES TO BE DISPOSED OF IN THE KONRAD REPOSITORY
PROVIDED THAT THE WASTE ACCEPTANCE REQUIREMENTS ARE MET

Origin

Reprocessing

Nuclear power plants

Waste type

Immobilization
material

Packaging

Concentrates from decontamination and
process waste water

Cement and/or concrete

Cylindrical concrete packaging

Scrap

Cement and/or concrete

Container

Sorption materials

Cement and/or concrete

Cylindrical concrete packaging

Resins from primary coolant and fuel element

None

Cylindrical cast iron packaging

Incinerated solid materials

Cement and/or concrete

Container

Compressible contaminated solid materials

None

Container

Residues from combustion and pyrolysis

Cement and/or concrete

Container

Liquids, concentrates, sludges and organic materials

Organic immobilization
material

Container

Radiation sources

None

Cylindrical cast iron packaging

Cement and/or concrete

Container

Dried sludges

Cement and/or concrete

Cylindrical concrete packaging

Compressible and/or combustible wastes

None

Container

storage pool cleanup system

Nuclear research
centres and
collecting depots of the
Federal states

Nuclear fuel cycle industry Pasty and/or solid Th and U containing wastes

Decommissioning and
dismantling

Activated and/or contaminated metallic core
components

None

Cylindrical cast iron packaging

Activated and/or contaminated solid materials

Cement and/or concrete

Cylindrical concrete packaging

Decontamination liquids and wastes from

Cement and/or concrete

Cylindrical concrete packaging

Radiation sources

Cement and/or concrete

Container

Solid, compressible and/or combustible wastes

None

Container

Chemical and pharmaceutical wastes

None

Container

water purification
Others
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TABLE II. ORIGINS AND AMOUNTS OF CONDITIONED RADIOACTIVE
WASTES IN THE FEDERAL REPUBLIC OF GERMANY ON
31 DECEMBER 1987

Origin

Radioactive wastes

Heat generating

with negligible heat

radioactive

generation

wastes

(m 3 )

(m 3 )

• 7 259

290

11 964

5

1 980

20

14 885

100

1 341

1

Reprocessing
Nuclear power plants
Collecting depots of the Federal states
Nuclear research centres
Nuclear fuel cycle industry

75

Others

37 504

Total

(b)

4.

•

—

416

activity limits are dependent on the waste form and on the tightness of the packaging and can be exhausted independently by each radionuclide and radionuclide group. The permissible amount of activity to be emplaced will be
balanced by the PTB for each year of operation,
In the Konrad repository, only radioactive wastes with negligible heat generation will be disposed of. Waste packages are in compliance with this requirement if the thermal influence upon the host rock is less than ДТ = 3 K.
Concerning the thermal requirements, activity values per waste package have
been deduced which may be exceeded if a radial and/or axial heat dilution in
a disposal room is applied (so-called mixed emplacement).

ASSESSMENT OF DISPOS ABILITY

In accordance with the preliminary waste acceptance requirements, the waste
packages intended for disposal are examined on the basis of model data provided by
the waste producers, i.e. the disposability is in particular assessed with reference to
the radionuclide inventory. This examination takes into account the requirements
resulting from the safety assessments for the operational and post-operational phases
of the planned Konrad repository.
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FIG. 1. Expected amount of conditioned radioactive wastes with negligible heat generation
cumulated up to the year 2000.

4.1. Disposability of single waste packages
Radioactive wastes with negligible heat generation originating from the
reprocessing of spent fuel elements, the operation of nuclear power plants, nuclear
research centres, collecting depots of the Federal states, the nuclear fuel cycle
industry, decommissioning and dismantling of nuclear facilities, and other waste
producers are systematically checked in an appropriate and thorough evaluation [9].
As this system of activity limitations is relatively complicated, the first check was
carried out with the aid of the ANKONA program [10, 11], thus allowing a
systematic computational examination of the waste packages' compliance with the
preliminary waste acceptance requirements.
The disposability assessment shows that almost all waste packages intended for
disposal can, in principle, be emplaced in the Konrad repository. Some particular
requirements for the disposal of waste packages resulting from this examination will
be discussed below, with radioactive wastes originating from nuclear power plants
and nuclear research centres taken as examples.
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4.1.1.

Radioactive wastes from nuclear power

plants

The examination of radioactive wastes originating from the operation of
nuclear power plants reveals that on account of the tritium activity, control rods and
activated and/or contaminated solid materials in packagings with a specified tightness
can only be disposed of within the annual tritium balance.
A comparison of the radionuclide inventories per waste package with the
results of the safety assessment for the thermal influence upon the host rock shows
that the emplacement of core components (fuel assembly channels, control rods,
instrumentation lances), activated and/or contaminated solid materials, and concentrates and resins from the primary coolant and fuel element storage pool cleanup
system necessitates a thermal dilution of the respective waste packages in a disposal
room.

4.1.2.

Radioactive wastes from nuclear research

centres

On examining the radioactive wastes originating from the nuclear research
centres, it appears that packagings with a specified tightness must be used for several
types of waste to meet the requirements for the normal operation of the Konrad
repository. This becomes particularly apparent from the tritium activity contained in
liquids, concentrates, sludges and organic materials or radiation sources, and from
the activity of other, non-specified beta/gamma emitters in solid materials, scrap, air
filters, insulating materials, rubble and contaminated soil. Radiation sources in packagings with a specified tightness can only be emplaced within the annual tritium
balance. The waste producer must still prove that the packagings meet the specified
tightness.
The requirements resulting from the safety assessment for the assumed incidents can only be fulfilled by some of the liquids, concentrates, sludges and organic
materials if they are filled into packagings assigned to waste class II, necessitating
strict requirements on their tightness.
The thermal requirements are met if radiation sources, solid materials, scrap,
air filters, insulating materials, rubble and contaminated soil are emplaced in
thermally diluted form in a disposal room.

4.2. Disposability of volatile radionuclides and of radionuclide groups
In addition to the disposability of single waste packages their annual total must
be evaluated. For the assessment, of this total the year 2000 is taken as a reference,
with only radioactive wastes having negligible heat generation produced in the
reference year being considered.
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TABLE III. SUMMATION VALUES OF VOLATILE RADIONUCLIDES
INTENDED TO BE DISPOSED OF IN THE KONRAD REPOSITORY
(MODEL DATA, REFERENCE YEAR 2000)

H-3

Origin
Reprocessing

—

Nuclear power plants

C-14

'

—

1-129

Ra-226

0.757

—

—

0.052

0.110

0.003

0.009

0.140

0.109

Collecting depots of
the Federal states
Nuclear research centres

0.003

Nuclear fuel cycle industry

—

0.948

Others

4.2.1.

Disposal of 3H,

14

C,

129

1 and

—

—

—

—

0.065

—

0.385
0.030
—

0.105

226

Ra

To evaluate the suitability for disposal of waste packages containing volatile
radionuclides, e.g. 3 H, l 4 C, 129I and 226 Ra, a summation criterion has been applied.
This means in principle that the sum of the ratios of the actual activities of volatile
radionuclides and the respective annual activity limits must be below unity [2]. The
summation values have been calculated using model data (as of 1986) supplied by
the waste producers, and are compiled in Table III.
As the table shows, the total tritium activity intended for disposal per year
exceeds the respective annual activity limit. In particular, the tritium concentration
in radioactive wastes originating from other waste producers exhausts the annual
limit to about 95%. Thus, to observe this limit, a packaging with specified tightness
must be used. If such a packaging with an annual release factor of less than 0.01 is
assumed, the respective summation value will be reduced to 0.307 and, consequently, the annual tritium activity limit will be exhausted to about 37%.
Concerning the disposability of radioactive wastes containing 14 C, 129I and
226
Ra, it may be concluded that the respective annual activity limits are exhausted
to about 32%, 87% and 52%.
4.2.2.

Disposal of non-specified

alpha and beta/gamma

emitters

To assess the disposability of non-specified alpha and beta/gamma emitters, the
same procedure as described in Section 4.2.1 has been applied. In Table IV, the
activities to be disposed of in the reference year 2000 are compilèd according to their

250

BRENNECKE et al.

TABLE IV. ACTIVITY (Bq) OF NON-SPECIFIED ALPHA AND BETA/
GAMMA EMITTERS INTENDED TO BE DISPOSED OF IN THE KONRAD
REPOSITORY (MODEL DATA, REFERENCE YEAR 2000)

Origin

Alpha emitters

Beta/gamma emitters

Tightness of packaging:

Tightness of packaging:

Non-specified

Specified

Non-specified

Specified

Reprocessing

4.6X1014

2.3X1010

2.3X10'6

2.6X1015

Nuclear power plants

3.8X109

2.3X1010

7.3X1014

l.lxlO16

Collecting depots of
the Federal states

8.4X1010

•

3.4X1013

Nuclear research centres

7.6X 10 12

—

6.6X1014

Nuclear fuel cycle industry

4.3X1013

—

1.4X10 1 5

Others

5.9X10

9

—

2.6X10

13

—

3.3 x 10 13
—

—

Maximum permissible
activity per year

2.1X1017

2.1X1019

4.2X10'6

4.2X10'8

origin and packaging. The comparison with the respective annual activity limits
reveals that the limit for alpha emitters is exhausted to only about 0.2% and that of
beta/gamma emitters to about 62%.
The . total activity which will be emplaced in the Konrad repository was estimated.to be about 2.4 x 10 16 Bq for alpha emitters and about 9.8 x I0 1 7 Bq for
beta/gamma emitters at the beginning of the post-operational phase. Comparing these
figures with the data given in Table IV and taking the repository's anticipated operational time of about 40 years into consideration, it is evident that the total activity
of alpha emitters will be exhausted to 8.3% and that of beta/gamma emitters to about
16.3%.
In conclusion, it can be summarized that, in principle, the waste packages in
their entirety can be emplaced in the planned Konrad repository without any limits
being exceeded.
4.2.3.

Disposability of selected waste streams

Some particular requirements for the disposal of selected waste streams resulting from an additional examination will be discussed below. Special attention is
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given to the case where the activity limiting values are fully exhausted and to the consequences which may then be expected.
Tritium containing water from reprocessing. As a backup solution to the
anticipated discharge of tritium containing water arising from reprocessing into
appropriate deep geological formations, it is planned to immobilize this waste with
cement. According to respective model.data an activity of about 4 X 10 15 Bq НТО
is intended to be disposed of per year, exhausting the annual activity limit to 58.8%.
In total, a possible emplacement of conditioned tritium containing water and all other
tritium containing wastes intended for disposal in the Konrad repository will result
in exhaustion of the disposable tritium activity per year to about 96%. The emplacement would thus be possible. It is clear that tritium containing water immobilized
in cement and packaged into containers with a specified tightness can only be
disposed of within the annual tritium balance.
Iodine filters from reprocessing. An emplaced 129I activity of 1.5 x 1011 Bq
is assumed for the end of the operational phase of the Konrad repository [2]. If this
value is compared with the model data for the l 2 9 I activity which is contained in all
the waste packages except the iodine filters from reprocessing, the activity of
1.5 x 10 11 Bq would be practically exhausted in about 40 years of repository operation. As to the disposal of the iodine filters from reprocessing, appropriate decisions
are still to be made.
Absorber and moderator spheres from pebble bed reactors. According to the
results of the safety assessment for the normal operation of the repository, tritium
containing waste with activities of the order of 10 13 Bq per year can be emplaced.
Taking the model data for the tritium activities of absorber and moderator spheres
(10 11 and 10 12 Bq per can, respectively) as a basis, it can be inferred that the disposability of this radioactive waste would be strongly limited. However, if it is
assumed that packagings with specified tightness (e.g. with an annual release factor
below 0.0001) will be used, a tritium activity per waste package of the order of
10 9 Bq is permissible. Nevertheless, difficulties could arise in connection with the
total amount of tritium containing waste intended for disposal. For this reason, the
emplacement of absorber and moderator spheres in the Konrad repository is not
basically precluded, but requires regulations defined in detail with reference to the
annual tritium balance and to the delivery of the respective waste packages.

5.

WASTE PACKAGE QUALITY CONTROL

For radioactive wastes to be disposed of, compliance with the waste acceptance
requirements must be demonstrated within the scope of waste package control. The
waste producer is responsible for and must demonstrate compliance with these
requirements. On behalf of the PTB, on the basis of the documents submitted the
quality control group (PKS) examines whether proof has been established by the
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waste producer, and usually performs additional sampling inspections of waste packages [12]. Alternatively, the waste producer or conditioner may have qualification
and inspection carried out by the PKS on behalf of the PTB. If the inspection results
are positive, waste packages conditioned by a qualified process are released for
disposal without additional sampling inspections.
A prerequisite for performing the quality control is an adequate quantification
of the preliminary waste acceptance requirements. Consequently, the requirements
on waste forms and packagings were quantified on the basis of safety assessments
and transformed into appropriate control measures. In addition, considerations for
the assessment of uncertainties, error evaluation and test specifications for packaging
(type qualification) are necessary.

5.1. Sampling inspections
The number of waste packages subjected to sampling inspections will be
decided by taking into account the following criteria:
(a)

(b)
(c)
(d)

(e)

Radiological relevance of the waste packages: The packages are subdivided
into three classes according to the difference between the inventory of the
relevant radionuclides and the activity limitations of the repository.
Documentation of relevant properties: The packages are subdivided into four
classes according to the credibility and thoroughness of documentation.
Subsequent qualification of a conditioning process; The number of checks can
be decreased if the conditioning process is subsequently qualified.
Homogeneity of the waste packages in a lot: The packages are subdivided into
three classes according to the homogeneity (e.g. nuclear power plants) or
inhomogeneity (e.g. nuclear research centres) of the wastes produced.
Reliability of a waste producer and/or conditioner: The packages are subdivided into three classes according to the results of previous sampling
inspections.

Waste packages can be combined into an inspection lot of sufficient size. If
waste packages with substantial defects are identified, the respective lot is excluded
from disposal or, alternatively, submitted to an additional conditioning process.
It is expected that the testing facilities needed for sampling inspections will be
completed by the PKS in 1988 so that a sufficient quantity of waste packages can
be checked and released for disposal prior to the repository operation.

5.2. Process qualification and subsequent inspections
To avoid the need for sampling inspections, compliance with the requirements
for waste packages to be disposed of can be approved by means of process qualification and subsequent inspections. In this case the waste producer/conditioner must
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demonstrate that waste forms or waste packages of adequate quality are produced
only if certain operating conditions are observed. These operating conditions must
be specified in a PTB/PKS handbook, taking into account proposals of the producer
and/or conditioner and the results of inactive and active test runs which were
obtained during process qualification. This handbook should contain the following
items:
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)

Division of responsibility
Characterization of the primary wastes
Process description
Classification of the waste packages into waste form groups and waste classes
(Konrad repository)
Process instrumentation
Control measurements
Range of values and limiting values for process and product parameters
Description of start and termination of a conditioning campaign
Faults and malfunctions
Documentation of process parameters and waste package data.

These fixed operating conditions must be observed by the waste producer
and/or conditioner. Observance is checked by the PKS by means of inspections at
least once a year. These inspections include the checking of instruments and records
and may include the sampling and examination of primary wastes or waste forms or
the examination of reserve samples.
At present, more than ten applications for process qualifications are being
handled and one is near completion. It is therefore expected that a certain number
of waste packages will have undergone the qualification procedure prior to the operation of the repository.

5.3. Quantification of waste acceptance requirements
A prerequisite for performing quality control is a proper quantification of the
waste acceptance requirements. For example, if the waste forms must not contain
free-moving liquids or if they must not release such liquids under normal conditions,
it is necessary to fix an amount of liquid which can be accepted from the viewpoint
of safety. Knowledge of this amount allows a choice or evaluation of appropriate
testing procedures.
As far as necessary, the preliminary waste acceptance requirements [2] have
been quantified on the basis of safety assessments and transformed into appropriate
separate control measures for sampling inspections and for qualified processes.
An assessment has also been made as to when a quantitative or qualitative
check of certain waste properties is unnecessary. The results of this assessment are
that:
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FIG. 2. Intensity distribution outside a 200 L drum (dimensions in millimetres).

(a)

Certain primary or processed wastes have properties which fulfil certain
repository requirements (e.g. ashes contain neither self-igniting nor explosive
materials).

(b)

The testing of certain properties covers other requirements (e.g. proving the
qualified casting of drums allows tests for free-moving liquid inside the drums
to be dispensed with).

These assessments together with an assessment of the dependence of permissible waste properties on the radionuclide inventory form the basis for error analyses
within quality control.

5.4. Assessment of uncertainties
Allowance for the uncertainties of waste properties was assessed on the basis
of reliability considerations for the Konrad repository and led to the following
results:
(a)

Limitations on the accuracy of knowledge of waste properties are primarily set
by the limiting values, which were derived from the incident and criticality
safety analyses. Sufficient compliance for activity limiting values derived from
the safety assessments of the normal operation and of the thermal influence
upon the host rock of the Konrad repository is primarily ensured by the averaging of radionuclide inventories.
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FIG. 3. Intensity distribution for a core from the drum of Fig. 2 (dimensions in millimetres).

(b)

(c)

The number of waste packages with a radionuclide inventory reaching the
activity limiting values derived from the incident analysis is very small (about
0.2%). Thus uncertainties relative to the incident limiting value are of less
importance.
The accuracy of activity values obtained for fissile materials is good, as a result
of international surveillance by Euratom and the International Atomic Energy
Agency.

Thus it is emphasized that uncertainties should not become a major problem
for waste disposal.

5.5. Recent activities in quality control
In connection with the question of a possibly wrong declaration of waste packages conditioned by Transnuklear GmbH (Hanau) and the CEN/SCK (Mol), the PKS
is involved in the checking of these wastes in agreement with the PTB on behalf of
the Niedersächsischer Umweltminister.
Non-destructive examinations were performed on a selected number of waste
packages with a newly developed gamma scanner. An example of the measurement
results is shown in Fig. 2. The inhomogeneity of the gamma activity distribution can
be seen, indicating an inner packaging in the examined drum. Additionally, in
various drums no Cs activity could be found.
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Destructive examinations were performed by sampling with an air cooled core
driller. The cores, which have a diameter of 35 mm and a length of about 600 mm,
were analysed by gamma scanning (Fig. 3) and by analysis after dissolution.
The following major results were obtained for all of the drums examined [13]:
(a)
(b)
(c)
(d)
(e)
(f)

The radionuclide inventory was not well declared.
The weight of the drums was wrongly declared.
The inner packagings were not declared.
The activity was not homogeneously distributed.
The waste was not identical with the material delivered for conditioning.
The checks performed gave no indication that the drums cannot be disposed
of in the Konrad repository according to the preliminary waste acceptance
requirements.
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Abstract
ASSAY OF R A D I O A C T I V E W A S T E P A C K A G E S IN A QUALITY P R O G R A M M E .
The quality checking of radioactive wastes is a necessary part of effective radioactive
waste management. The checking processes in the United Kingdom require that detailed sets
of techniques and routines be established to enable non-destructive and destructive assessments
to be made routinely and efficiently. To facilitate the definition of these techniques research
programmes are in hand in the United Kingdom aimed at (a) developing a non-destructive
interrogation system for cement encapsulated wastes, (b) extending X-ray inspection to
include three dimensional imaging, (c) developing sample extraction and preparation methods
for drummed cement encapsulated wastes, and (d) defining routines for the destructive assay
of the contents of drums of low level wastes. The paper outlines these projects and describes
the progress with the research.

* Part of this R & D work was performed and funded within the framework of the European Communities' research programme on Management and Disposal of Radioactive Wastes.
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INTRODUCTION

The independent verification of the contents and physical integrity of radioactive waste packages is a necessary part of effective radioactive waste management
[1]. Assay facilities are therefore being considered by waste producers and regulatory authorities for quality checking of radioactive waste packages prior to ultimate
disposal. Investigations have been made throughout the nuclear industry into a wide
variety of non-destructive and destructive test methods for examination of radioactive waste packages. To this end the Department of the Environment (DOE) in the
United Kingdom and the Commission of the European Communities (CEC) are supporting such investigations and have awarded Taylor Woodrow Construction
Limited (TWC) contracts for two major projects [2], each of three years' duration,
for evaluating quality checking methods for radioactive wastes. This paper describes
the progress on these projects and indicates how the information from both will be
utilized to design a dedicated Quality Checking Laboratory for the DOE.
Although ultimately it may be necessary to breach containment and remove
samples from drums of encapsulated cemented intermediate level wastes (ILW), such
destructive penetration of containers is not a procedure to be embarked upon lightly.
To reduce the requirement for destructive sampling, TWC, in consortium with a
number of industrial groups, has prepared a conceptual design for a testing facility
incorporating a number of independent non-destructive assay procedures. These
procedures include gamma radiography, active neutron and active gamma interrogation and passive gamma and passive neutron scanning. Together, these provide more
i n f o r m a t i o n t h a n is p o s s i b l e u s i n g t h e m s e p a r a t e l y .

Notwithstanding the capability which appears to exist for the non-destructive
determination of the contents of waste packages, there will, at some stage, be a
requirement for samples of the packaged material to be removed and subjected to
closer scrutiny by more conventional chemical, radiochemical and physical methods.
The procedures to be adopted in such circumstances need to be well established
before such an occasion arises so that the assay can proceed efficiently through an
established set of routines. To prepare for such an eventuality, TWC has been commissioned to develop the necessary sampling procedures and assay routines for this
waste characterization.
Low level wastes (LLW) also pose their own specific problems but in most
cases these are technically not as difficult as those of ILW. Again, non-destructive
techniques are to be preferred for the identification of proscribed materials, such as.
free liquids. It has been found that real time X-radiography can be an invaluable tool
for the inspection of packages of LLW prior to any action involving the breaching
of containment.
The destructive assessment of LLW involves manual removal of the packaged
and perhaps compacted materials together with a careful logging of materials and
scanning for radioactivity. It produces a detailed inventory of the contents of any
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package. Once more, this work forms part of the TWC contract for the development
of appropriate techniques.

2.

NON-DESTRUCTIVE ASSAY OF ILW

A conceptual design of a composite system for the non-destructive assay of
cement encapsulated ILW in 500 L drums has been prepared. It is known as the
Immobilised Radwaste Inspection System (IRIS) and it is proposed to incorporate
systems for:
(a)
(b)
(c)
(d)
(e)

Active neutron interrogation,
Active gamma interrogation,
Passive neutron scanning,
Passive gamma scanning, perhaps using a segmented gamma scanner,
Gamma radiography with tomographic or real time imaging for 3-D
processing.

The main features of each of these techniques are described in Table I. Whilst
the information from each technique is itself valuable, it is considered that even more
useful information could be derived from the combination of all the techniques using
an integrated system. 1 Thus, an important facet of IRIS is the data processing
required to extract the maximum amount of information from all the techniques. It
is also necessary to deal with signals against a high noise background of gamma rays
and neutrons.
A particular feature of IRIS is the use of an electron linear accelerator (linac),
with suitable targets, to provide neutron and gamma beams for the active interrogations and radiography.
This is not the first time that a comprehensive waste assay system based on à
linac has been proposed. Such a system was investigated [3] by Los Alamos National
Laboratory and EG&G Idaho, Inc., but the waste packages considered then were
200 L drums of non-cemented LLW. The 500 L drums of cemented ILW being considered in the present research are substantially more difficult to assay and consequently different arrangements are required.

1

A possible integrated system which includes considerations described later in this
paper could consist of active neutron interrogation to give a measure of the fissile actinide
content and its approximate spatial distribution; active gamma interrogation to give the fertile
content separately as well as the water content, which in turn influences the interpretation of
the active neutron interrogation results; gamma radiography to give the locations of any lumps
of material, which can then be correlated with any localized actinide concentrations; passive
neutron and gamma examination to give an indication of the history of the fuel, which can
then be correlated with the fissile/fertile ratio, etc.

262

DA VIES et al.

TABLE I. ASSAY TECHNIQUES BEING CONSIDERED IN RESEARCH
PROGRAMME
Description

Technique

(for 500 L cemented drums)

Expected results
(for 500 L cemented drums)

Active neutron

Fast neutrons, produced as pulses,

interrogation

moderate and thermalize in drum.

Mass of fissile actinide
isotopes and approximate

Thermal neutrons induce fission

distribution in drum

in fissile isotopes (U-235, Pu-239,
etc.). Fast neutron detectors around
drum count resultant fission
neutrons
Active gamma

Bremsstrahlung beam penetrates

Total mass of all actinide

interrogation

drum and induces photofission

isotopes and approximate

and photoneutron reactions in all

distribution in drum.

actinide isotopes. Thermal neutron

Also, measure of water content

detectors around d r a m count

from D(7,n)

resultant neutrons
Passive neutron

Neutrons from spontaneous fission

Indication of activity of some

scanning

and (a,n) reactions counted in

even-even actinides

neutron detectors around drum.
Primarily sensitive to surface
region of drum
Passive gamma

Gamma rays from drum counted in

Activity of matrix, some

scanning

suitably shielded/collimated Ge

fission products and

gamma spectrometer. Primarily

actinides. Further data by

sensitive to surface region of drum

inference

Gamma

Essentially X-ray technique but

Encapsulation/matrix

radiography

using bremsstrahlung gamma rays.

uniformity. Presence or

Real time detector and image

location of cracks, voids,

enhancement

lumps, etc.

2.1. Research programme
The main aspécts of IRIS covered by the research programme are:
(1) , Development of a neutron producing target for use with a linac in active
neutron interrogation;
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(2)

Determination of the required characteristics of active neutron interrogation of
cemented wastes in 500 L drums;

(3)

Development of a suitable configurátion of source, drum and neutron counters
for both active neutron and active gamma interrogation;
Determination of the characteristics of a linac needed for an integrated assay
system;
.
Possible incorporation of passive neutron scanning into the active interrogation
system;

(4)
(5)
(6)
(7)

Development of data processing systems for converting output signals from all
IRIS techniques into usable waste content information;
Consideration of the engineering and economic aspects of an integrated assay
system.

Cement immobilized ILW in 500 L drums probably represent realistic 'worst'
cases. The large cement volume impedes interrogation, and the associated gamma
and neutron radioactivity has to be accommodated specifically.
The present work involves both calculation and experiment. Suitable calculation methods are being developed for predicting the bremsstrahlung spectra, neutron
target outputs, and neutron counts which are obtained from the system and its various
components. Experiments are being conducted to obtain measurements of key
parameters and to validate the calculations.
The programme is split into three stages, the first being primarily a feasibility
study to show that adequate results should be achievable from a multiple examination
system which would permit the effective assay of radioactive waste drums. Answers
are being sought to such key questions as:
(a)

What is the lowest quantity of nuclide that can be detected?

(b)

W h a t a c c u r a c y o f m e a s u r e m e n t is p o s s i b l e ?

(c)

Will the system be able to discriminate between.different nuclides at different
locations in a drum?
. •
'

Work to date has covered the first four áspects mentioned above, although a
start has recently been made on data processing. Most effort has been directèd at
active neutron interrogation and this is described in Section 2.2. Active gamma interrogation is considered in Section 2.3.

2.2. Linac driven active waste neutron interrogation
Because of the presence of such large volumes of hydrogenous material in
500 L cemented , drums; the present neutron interrogation technique is basically
somewhat different from most differential die-away systems. The interrogating neutrons are thërmalized almost completely in the drum itself, and the material surrounding the-drum has comparatively little influence on the neutronics of the overall

264

DA VIES et al.

TABLE II. CALCULATED ROTATION AVERAGED RESPONSE PER SOURCE
NEUTRON PER GRAM OF FISSILE MATERIAL AS A FUNCTION OF
INTERROGATING NEUTRON ENERGY

Interrogating
neutron energy
,
(MeV)

„
Centre

'
,.
Intermediate

^
Outer

annulus

annulus

13.5-14.5

5.4 X lO"10

10
6.5 X 10"

8.2 X 10"-10

5-6

5.5 X 10" 10

-10
5.7 X 10"

-10
6.0 X 10"

3-4

6.3 X

10-io

•10
5.4 X 10"

-10
5.8 X 10"

1-2

2.0 X i o - 1 0

-10
2.5 X 10"

•10
6.3 X 10"

Note:

'

Outer annulus
^
Centre

Centre: 0 - 1 2 5 m m drum radius; intermediate annulus: 125-250 mm drum radius;
outer annulus: 250-375 mm drum radius.

system. Because of the attenuation in the cement it is necessary to use an asymmetric
assay system, where the interrogating source and the neutron defectors are on opposite sides of the drum [4]. With such a system, there is then a rough balance between
loss of incoming and outgoing neutrons to help smooth the assay response throughout
the drum.
Usually active neutron interrogation is carried out using a compact (D,T) neutron tube as the source of interrogating neutrons [5]. Since the energy spectrum from
a linac neutron source is different from the monoenergetic 14 MeV neutrons from
a (D,T) tube, an investigation was carried out to ascertain what the consequences of
using a linac neutron source would be.
Table II shows the computed neiitron counts per gram of 235 U within a 500 L
waste drum containing steel in a cement matrix, for four different source energies.
The response does not worsen significantly until the neutron energy drops below
1-2 MeV. Thus, a linac neutron source producing a significant proportion of neutrons above about 2 MeV should not be much less effective, per source neutron, than
a (D,T) tube. This suggests that for a linac neutron source instead of using a heavy
metal target producing roughly 1 MeV evaporation neutrons, it would be better to
use a heavy water or beryllium target whereby higher energies can result from the
low neutron separation energies (2.2 and 1.7 MeV, respectively) and the direct
character of the photoneutron reaction. Once possible suitable materials for the target
had been established, it wàs necessary to determine outputs and energy spectra.
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Calculations were made for D 2 0 and Be targets illuminated with bremsstrahlung from a linac. An. analytic expression for the spectrum of bremsstrahlung from
a thick tantalum radiator as a function of photon energy and angle was used to give
the photon flux as a function of position within the volume to be occupied by the target. This flux was then transformed into a neutron energy spectrum by using existing
measured photoneutron cross-sections, including photon attenuations, within the
target. Integrating over the target volume gave the absolute energy spectrum of neutrons photoproduced from the target material per microcoulomb of electrons incident
on the bremsstrahlung radiator.
This method of calculating the neutron energy spectrum was checked by comparison with published measurements on a defined target assembly. Calculations
using the present method agreed well with measurements [6] for a D 2 0 target, but
for Be above about 2 - 3 MeV there was a discrepancy of a factor of about 50. Since
the calculation produced roughly similar spectra for D 2 0 and Be, in line with the
rough similarity of the cross-sections [7-12], and since in addition a calculated Be
spectrum shape agreed well with the shape of a measured spectrum [13], it was
thought that the data were more likely to be in error than the calculations. To confirm
this, and to fully validate the calculational techniques, a series of experimental measurements were undertaken on the Harwell linac HELIOS, using the Underlying
Research Programme threshold photoneutron facility [14] based on the Low Energy
(LE) Cell of HELIOS [15]. The measurements were of the energy spectrum of neutrons photoproduced from 50 mm X 50 mm X 100 mm Be and D 2 0 photoneutron
targets illuminated with bremsstrahlung from a bremsstrahlung radiator consisting of
1 mm of tantalum and 40 mm of aluminium. Time of flight spectra between about
0.5 and 5 MeV were measured over three 10 m flight paths at 60°, 90° and 150°
with respect to the incident electron beam.
A preliminary analysis of the data indicated that the ratio of the neutron yield
from Be to that from D 2 0 at 90° and for 15 MeV electrons agrees with the calculations to within a factor of 2 overall and to within about 50% above 2 MeV. This is
as good as could reasonably be expected, thereby validating the calculations and
indicating that the data for Be [6] are in error.
For the present purpose, reasonable dimensions of the D 2 0 and Be targets are
300 mm X 300 mm X 1 0 0 mm, with the electron beam and axis of the bremsstrahlung beam parallel to the 300 mm X 300 mm sides and parallel to a plane tangent
to the drum. The 300 mm dimension is consistent with the photon 1/e attenuation
length in D 2 0 and Be, and the 100 mm dimension is consistent with the elastic scattering neutron mean free path in D 2 0 and Be (approx. 30 mm). Using the method
described above, absolute neutron energy spectra were calculated for these targets.
Table III gives the total numbers of neutrons and mean energies, together with values
for a heavy metal target.
At 10 MeV the neutron outputs from the D 2 0 and Be targets substantially
exceed the output from the heavy metal (uranium) target, whereas, at 15 MeV the
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T A B L E III. C O M P A R I S O N O F L I N A C N E U T R O N

Electron
energy

Total neutron

Mean

output

energy

(neutrons -/iC" 1 )

(MeV)

D 2Oa

1.0 X 10 9

1.14

Be a

0.7 x 10 9

2.01

Target
material

(MeV)

10

15

SOURCES

1.37 b

9

U

0.1 x 10

D2Oa

2.4 x 10 9

1.35

a

1.6 X 10 9

2.83

4 . 0 x 10 9

1.37 b

Be
U

a

Target dimensions as described in the text.

b

45 MeV electron beam on three radiation length U-target.

T A B L E IV. R E S P O N S E O F A C T I V E N E U T R O N I N T E R R O G A T I O N

SYSTEM

F O R 500 L C E M E N T E D D R U M S USING D 2 0 A N D Be L I N A C T A R G E T S

Height from

Response [counts

(source neutron) - 1 ]

midplane
(mm)

D20

Central •

Intermediate

Outer

target
0

2.1 x 1 0 " i o

1.5 x 10" 1 0

7.2 x 10" 1 0

±230

1.3 x 10" 1 0

0.9 X 10" 1 0

5.0 x 10" 10

±460

1.2 x lO" 1 0

1.7 X 10" 1 0

4 . 9 x 10~ 10

0

4 . 0 x 10~'°

2.7 X 10" 10

8.1 x

±230

2.3 x 10" 1 0

2.3 x 10" 10

6.0 x 10" 1 0

±460

1.4 x 10" 1 0

2.2 x 10~ 10

4.6 x lO" 1 0

Be target
Ю-10
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outputs are all of the same order. The mean energies show that the Be target spectrum is the hardest and it was concluded from these considerations that Be would be
the preferred target material. This was confirmed by a set of Monte Carlo computations, in which 300 mm X 300 mm x 100 mm D 2 0 and Be targets were divided
into 48 volumes and the neutron output from each volume was calculated and put
into the Monte Carlo programs separately.
The Monte Carlo neutron transport computer program MCNP was used to
compute the interrogation responses for a 500 L drum of simulated commercial
advanced gas cooled reactor wastes. The 750 mm diameter drum (axis vertical) was
assumed to be surrounded by 300 mm of concrete and borated resin. Each
300 mm X 300 mm X 100 mm neutron producing target was centred 200 mm
from the drum surface on the midplane, within a cut-out in the concrete. A fast neutron detector consisting of a single 3 He neutron counter surrounded by a 25 mm
polythene moderator surrounded in turn by cadmium, and shielded from the drum
by 50 mm of lead, was located inside the concrete at the opposite side Of the drum
from the photoneutron target.
The responses for the two targets were calculated as a function of position in
the drum. The rotation averaged results for five horizontal slices through the drum
are presented in Table IV for three regions within the drum: a central region 250 mm
in diameter, an intermediate annulus with inner and outer diameters of 250 and
500 mm, and the remaining outer annulus. These results were obtained using the
approximation that the detection efficiency is independent of height. From Table IV
it can be seen that for the D 2 0 target the midplane values show a variation by a factor of 5 and an overall variation by a factor of 8, while for the Be target the midplane
and overall variations are by factors of 3 and 6, respectively. Substituting a 14 MeV
source in the calculations for the present targets gave a midplane variation by a factor
o f 1.5 a n d a m i d p l a n e o u t e r r e s p o n s e of 8 . 3 x 10" 1 0 c o u n t s - g _ 1 - ( s o u r c e n e u t r o n ) " 1 .

The results indicate that the Be target seems to perform almost as well, in terms
of counts per interrogating neutron, as the 14 MeV neutron source used in previous
systems. The present results are consistent with the somewhat reduced penetrating
power of lower energy linac neutrons (previously estimated [2] as a reduction by a
factor of ~ 2 over the drum radius). The D 2 0 target appears to perform less well
in terms of both absolute yield and positional variation. The midplane variation could
probably be reduced by changing the relative positions of target, drum and counter,
and probably also by having more counters than the single one used in these calculations. The vertical variation could be eliminated entirely by moving the drum vertically through the interrogating system.
A comparison between the ~ 107 neutrons-pulse" 1 at about 10 pulses-s" 1 of a
compact 14 MeV (D,T) neutron tube source and the ~ 3 x 109 neutrons-pulse" 1
above 2 MeV for a 1 A, 5 ps pulse from a 15 MeV linac reveals a factor of over
100 in strength in favour of the linac source. If it is assumed that the counters can
handle the increased count rate, this factor should provide an increase in assay sensi-
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tivity by ~ 100. However, in addition, a linac can be pulsed at rates considerably
greater than the 10 pulses-s" 1 or so of some currently used (D,T) tubes, and so the
overall increase in interrogating neutrons per second could reach a factor of 1000.
Since a realistic estimate [4] of the assay sensitivity for 500 L drums
of cemented ILW is about 10 g 235 Pu or 239 Pu for a neutron tube giving
107 neutrons-pulse" 1 at about 10 pulses-s" 1 , the extrapolated sensitivity using a
15 MeV, 1 A, 5 /¿s, 150 pulses • s~' linac could approach 100 mg. Such an increase
in assay sensitivity would clearly be valuable, and would mean that 500 L cemented
drums could be assayed for 239 Pu to better than 0.4 GBq-t" 1 .

2.3. Active gamma interrogation
The active gamma technique proposed for IRIS is intended to be based on the
technique developed for 500 L cemented ILW drums under a United Kingdom
programme funded by British Nuclear Fuels pic and the DOE [16]. This technique
is based on the detection of prompt neutrons, photoproduced by 7 MeV bremsstrahlung as fission neutrons and photoneutrons from all actinide isotopes in the drum,
by lead shielded 10BF3 counters around the drum. A 7 MeV bremsstrahlung endpoint is chosen because it is above the fission barrier (6 MeV for most actinides) but
below the neutron separation energies of most encapsulation/matrix nuclides.
However, neutrons are photoproduced from the deuterium in the water in the
cement, and this component, which can be measured separately at 5 MeV, where
photofission is negligible, has to be subtracted. It is preferable to detect prompt
rather than delayed neutrons because of the significant neutron output due to spontaneous fission and (a,n) reactions. As with the active neutron interrogation system
described in Section 2.2, an asymmetric arrangement is employed, with the neutron
detectors on the opposite side of the drum from the incident bremsstrahlung. Again,
there is a rough balance between loss of incoming bremsstrahlung photons and outgoing neutrons. Measurement of the deuterium contribution gives a measure of the
water content of the matrix, which is an important parameter during active neutron
interrogation.
The response of the proposed active gamma interrogation system has been calculated by using the same analytic expression for bremsstrahlung as mentioned in
Section 2.2, including the attenuation of photons as they penetrate the drum. The
interrogating photon flux was obtained as a function of position within the drum and
converted to a neutron yield using existing measured photofission and photoneutron
cross-sections [17] by integrating over photon energy and folding in the efficiency
of neutron detection.
Table V shows the responses per gram of 238 U per microcoulomb of electron
beam for a 0.6 mm tantalum bremsstrahlung radiator placed 500 mm from the drum
axis on an extrapolation of a midplane diameter. A lead shielded l0 BF 3 counter was
located at 135° to the radiator.
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TABLE V. RESPONSE OF ACTIVE GAMMA INTERROGATION SYSTEM
FOR 500 L CEMENTED DRUM WITH AND WITHOUT VERTICAL
SCANNING
(counts in single 50 mm diameter WBF3 counter per gram of actinide per microcoulomb of electron beam)
Radius (mm)
0

100

200

300

0.027

0.028

0.028

Response for actinides in drum midplane
(bremsstrahlung beam axis in midplane, no vertical scanning)
0.031

Response for actinides throughout drum
(vertical scanning)
Height above or
below midplane
(mm)

0

0.0028

0.0029

0.0036

0.0041

100

0.0039

0.0042

0.0053

0.0057

200

0.0043

0.0046

0.0057

0.0063

300

0.0039

0.0042

0.0041

0.0041

400

0.0030

0.0032

0.0035

0.0026

500

0.0020

0.0021

0.0022

0.0017

Two responses are given: one for actinides in the horizontal midplane only of
the drum; the other for actinides throughout the drum when a scanning magnet is
placed immediately before the bremsstrahlung radiator and the beam is scanned vertically between angles of 50° above and below the midplane to illuminate the drum
over its full height. For the response throughout the drum, the variation is similar
in extent to that of the active neutron interrogation system described in Section 2.2.
However, if physically moved vertically, the entire drum could be interrogated such
that the response variation would be equal to that in the midplane. An assay sensitivity of 100 g (За) for the total actinide content of a 500 L cemented ILW drum was
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obtained for a 10 min assay with a 100 ¡xA electron beam [16]. In practice, a 1 mA
beam could readily be used which would increase the sensitivity to about 30 g, and
a farther improvement might be obtained by increasing the assay time.

3.

NON-DESTRUCTIVE METHOD FOR LLW ASSAY

Much of the LLW in the United Kingdom will not be cement encapsulated and
will be contained in 200 L drums. The wastes are at present either loose and compressed manually or lightly compacted inside the drum.
In addition, drums of wastes may in future be supercompacted within the
drum. The contents may include cloth, paper, laboratory equipment and glassware,
metal and general refuse from working areas where radioactive materials are handled. Some materials, such as free liquids, are proscribed.
Since LLW are generally of much lower density than the cement encapsulated
wastes it is to be expected that X-radiography should yield invaluable information
on the contents of drums filled with LLW and the distribution within the drums.
X-ray scanning has been extensively used for medical applications, encouraging the
extension of the technology into radioactive waste management. The presence of a
metallic 'skin' (the drum) was considered to be a complicating factor, while the need
for chemical labelling of liquids in the therapeutic examination of cardio-vascular
and digestive tract systems appeared to limit the method where free liquids might be
present.

3.1. Techniques
Two types of radiography are currently used in the industrial field:
(1)
(2)

Film radiography, which is used in static situations, e.g. for the examination
of welds and castings;
Real time radiography, which is used in dynamic situations, e.g. for the inspection of components in moving machinery.

Each of these applications has been reviewed for use in quality checking.

3.2. Radiographic studies
For radiographic studies a number of 200 L drums were prepared. These contain simulant wastes in one of three conditions:
(a)
(b)
(c)

Uncompressed with wastes in known positions,
Uncompressed with wastes placed randomly within the drums,
Lightly compressed in layers with wastes initially placed in known positions.
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T A B L E VI. C O M P A R I S O N O F M E T H O D S

Film radiography

Real time radiography

Images very sharp, with wide spectrum

Marginally less sharp and with less

of 'shading' levels

resolution

Optimization of scanning energy requires

Scanning energy optimized instantly through

several preliminary exposures, with plate

video monitor inspection. Energy variations

processing involved. Enhancement of

may be introduced for enhancement of local

local detail only after plate inspection

detail

Whole process requires much of

Once set up the whole processing system

radiographer's time

may be operated remotely

Record (X-ray plate) not immediately

Video image improvement feasible by

available or amenable to enhancement

computer processing of data (including
signal averaging and edge enhancement)

Plate is bulky to store and not easily

Video tape is compact, robust and easily

copied

copied for archives and extra distribution

Plate requires bulky light box system

Tape may be replayed for screen viewing
and may be run at various speeds for

for viewing

detailed local inspection
Images give essentially a 2-D view, with

Pseudo-3-D viewing possible with rotating

3-D positioning by inference

drum because images are recorded in real
time

In a d d i t i o n , w a s t e s p l a c e d in c o n d i t i o n (c) will b e s u p e r c o m p a c t e d w i t h t h e
c o n t a i n i n g d r u m a n d s u b j e c t e d to X - r a y e x a m i n a t i o n t o d e t e r m i n e w h e t h e r t h e t e c h n i q u e c a n b e u s e d for. t h e i n s p e c t i o n o f s u p e r c o m p a c t e d w a s t e s .

3.2.1.

Film

radiography

F o r film r a d i o g r a p h y a s e r i e s of n i n e o v e r l a p p i n g X - r a y e x p o s u r e s w e r e t a k e n
for each type of d r u m m e d waste. Following so m e preliminary exposures the energy
l e v e l of t h e i n c i d e n t X - r a y b e a m w a s o p t i m i z e d a n d a final set o b t a i n e d in w h i c h t h e
d i f f e r i n g l e v e l s o f ' s h a d i n g ' of t h e film c o u l d b e r e a d i l y a s s o c i a t e d w i t h t h e d i f f e r e n t
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densities of the materials forming the wastes. Various items could be readily identified, free liquids were seen clearly, and it was possible to determine the spatial distribution of the wastes inside the drums.
3.2.2.

Real time

radiography

Some of the drums of wastes were inspected using a real time radiographic unit
in which the X-ray images were produced on phosphorescent screens which were
then viewed with a low light video camera. Camera output thereafter permitted
immediate and simultaneous viewing through a video monitor and electronic record,
storage on tape. Image quality compared favourably with that obtained using film
radiography.
Table VI compares the two methods, but it should be emphasized that the
results presented are only preliminary.
3.3. Quality checking
X-radiography, when considered as one of a series of complementary nondestructive tests, can be used to characterize a drum of LLW, and it follows that it
can contribute part of the quality assurance documentation for the drum. Each drum
may be identified uniquely from its X-ray image, so giving the waste producer a
visual record of the contents. The tape, as part of the quality assurance documentation, can be passed to regulators and those responsible for transportation or disposal.
Where quality checking might be required, the drum(s) could again be X-rayed
and the new images compared with the producer's version. Any significant discrepancies would be easily detectable and the drum rerouted for more detailed
inspection, which may possibly include destructive testing. Since each of the X-ray
video frames is obtained from digitized information, it is possible to locate the image
on a grid and find the co-ordinates of an object in the drum.
3.3.1.

Combined X-ray scanning and gamma

spectroscopy

A combination of X-radiography with gamma spectroscopy may be possible.
It should provide a powerful tool for the location of areas or individual items in
which the level of radioactivity is significantly higher than that of the surrounding
materials. The procedure will give the producer better information on the inventory
of any particular drum of wastes and could give additional demonstration of compliance with specified acceptance criteria.
The combined information from this procedure could also be of value in the
controlled unpacking of any drum which may be required for quality checking purposes. The information could be used to warn operators of potential hazards, i.e. the
presence of sharp objects (broken glass) and the existence of a high radiation source.
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DESTRUCTIVE SAMPLING OF WASTES

In some instances the physical removal of material from drums of wastes, both
cement encapsulated ILW and drummed LLW, may be required by the regulating
authorities. Techniques exist for cutting reinforced concrete (a cement bonded
agglomerate of natural rock in which steel rods are embedded) but development work
is still required to demonstrate that representative samples can be removed from
drums of ILW. For drummed and perhaps compacted LLW it is anticipated that destructive sampling of such LLW will require the removal of the total contents of the
drum.
Research programmes are in progress with the objectives of:
(1)

Developing a set of techniques for the removal of cores from drums of
cemented ILW and the subsequent operations required to provide appropriate
samples for assay by chemical and physical analysis,

(2)
(3)

Identifying the chemical and physical tests required to characterize the wastes,
Specifying procedures for the inspection of drummed LLW forms and the
recording of the results of such an inspection.

The results of these studies will be used to design a sample preparation facility for
a permanent quality checking facility for ILW and to specify the testing routines to
be applied to these samples.

4.1. Sampling of cement encapsulated ILW (simulants)
Since the possibility of performing mechanical tests — in addition to chemical
and radiochemical ones — on the extracted samples could not be easily dismissed,
it was decided at an early stage to develop coring as the principal sampling technique.
Coring is used extensively in industries such as civil engineering. It was therefore
considered appropriate to start with existing technology and adapt or modify accordingly for waste sampling operations. One important consequence of this approach
was that water was chosen for these trials as the drill bit coolant. This does not mean
that other coolants (such as air) will not be used if the need arises.
The use of water as a coolant may so change the sample that it is no longer
representative of the contents of the drum. On the other hand, other fluids may create
their own problems and air cooling may not be sufficient to prevent unacceptable
temperatures from developing in the zone of the cut.

4.2. Sampling rig
The coring programme highlights the types of problem expected from the
adaptation of water cooled coring techniques to the remote controlled coring of
encapsulated ILW. These concern:
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(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
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Remote operation of coring equipment,
Coring mode (vertical (up or down) or horizontal),
Optimization and durability of drill bits,
Contamination of drill bit cooling water,
Containment of cooling water to minimize spread of contamination,
Aerosol generation during coring operations,
Secondary waste generation,
Extraction of cores.

A sampling rig has recently been commissioned at the DOE Radwaste Quality
Checking Laboratory, Winfrith, to study such problems. The rig consists of a
hydraulically powered remote controlled coring machine, capable of being mounted
for both vertical and horizontal coring. It will be used to extract cored samples from
drums containing cement matrices in current use, or under consideration, for encapsulation of ILW by the United Kingdom nuclear industry. These matrices include
blast furnace slag, ordinary Portland cement and formulations of pulverized fuel ash
and ordinary Portland cement. Eventually the trials will be extended to include
encapsulated simulant liquid and solid wastes. Preliminary trials have already
demonstrated that containment of the drill bit cooling water can be achieved, but further, larger scale experiments are planned.

4.3. Other sampling and analysis programmes
In addition to the coring programme, related sampling and analysis
programmes will examine a variety of problems associated with the following:
(i)
(ii)
(iii)

Providing suitable samples for analysis,
Demonstrating that sample quality has not been irrevocably altered by the
sampling operations,
Determining the most appropriate methods for sample analyses.

Simulant cement samples containing a variety of radionuclides and organic and
inorganic additives, all at known concentrations, have been prepared and will be analysed in due course.

4.4. Inspection of drummed LLW
Since it is likely that full quality checking will involve opening the LLW
drum(s), some kind of containment facility is required. A purpose designed glove
box, to which 200 L drums may be attached by a gaiter system, is currently in use.
Material from the drum can then be unpacked and inspected, with the whole of the
unpacking process being recorded on video tape, including a simultaneous narrated
commentary.
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CONCLUSIONS

The results of the various research programmes have been encouraging and
suggest that:
(1)

(2)
(3)
(4)

A linac based interrogation system for non-destructive assay of cement encapsulated ILW in 500 L drums is feasible and the system could be sensitive in
the determination of actinide content.
X-ray scanning of drums of LLW offers a practical approach to the preliminary
identification of their contents.
The sampling of the contents of drums of cemented ILW can be achieved using
existing industrial sampling techniques.
The quality checking of drummed LLW will involve the removal of the drum
contents in a specially adapted glove box.
The research programme for the ILW interrogation system has shown that:

(a)
(b)

(c)

(d)

A linac Be neutron target arrangement produces a neutron spectrum which is
suitable for active neutron interrogation.
The overall spatial variation of neutron counts for a 500 L drum of cemented
steel wastes is not substantial, especially if multiple counters and an optimized
geometrical arrangement are used.
A linac neutron target can produce up to 1000 times more neutrons per second
than some (D,T) neutron tubes and this could significantly increase the potential sensitivity for fissile material detection.
Active gamma interrogation produces a response variation similar to that of
active neutron interrogation and is capable of total actinide assay sensitivities
of about 30 g per drum.
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CHARACTERIZATION OF RADIOACTIVE WASTE
PACKAGES BY COMPUTERIZED TOMOGRAPHY*
P. R E I M E R S , J. G O E B B E L S , В. I L L E R H A U S
F e d e r a l Institute of Materials
Research and Testing,
Berlin (West)

Abstract
C H A R A C T E R I Z A T I O N O F R A D I O A C T I V E W A S T E P A C K A G E S BY C O M P U T E R I Z E D
TOMOGRAPHY.
Radioactive waste packages to be disposed of must meet the waste acceptance requirements of the repository. However, quality assurance is not only necessary for final disposal
but also preferable for intermediate storage. Quality evaluation of radioactive waste packages
is preferably done non-destructively. Therefore, digital radiography (DR) and transmission
computed tomography (CT) are invaluable tools. DR gives rough information about the
interior structure of a package (e.g. the presence of bottles or hidden shieldings) whereas C T
produces local maps of the density distribution across the object with high precision. This
method gives information about the matrix (density distribution, homogeneity, cracks, fluids)
as well as about the containment (wall thickness, integrity of the shielding, corrosion attack).
If emission computed tomography (ЕСТ) is also employed, the activity distribution can be
determined. Possibilities and limitations of C T have been demonstrated with several types of
L A W , M A W and simulated H A W container which were investigated with the tomographic
scanner developed at the Federal Institute of Materials Research and Testing (BAM). Owing
to the high gamma radiation attenuation of most of the waste packages high energy and high
output radiation sources are necessary. At the BAM X-ray tubes, radionuclides and an electron
linear accelerator ( E m a x = 9 MeV) are available. With this equipment, amongst other things
the crack distribution in simulated H A W glass cylinders, the density of cemented wastes, the
presence of liquids in shielded drums and the homogeneity of bituminized wastes have been
investigated.

1.

INTRODUCTION

Q u a l i t y a s s u r a n c e of r a d i o a c t i v e w a s t e p a c k a g e s is n o t o n l y n e c e s s a r y to m e e t
t h e a c c e p t a n c e r e q u i r e m e n t s of a final r e p o s i t o r y — w h i c h d o e s n o t y e t e x i s t in t h e
Federal Republic of G e r m a n y — but also p r e f e r a b l e to guarantee a safe intermediate
s t o r a g e w h i c h m a y e x t e n d o v e r d e c a d e s . T h e a c c e p t a n c e r e q u i r e m e n t s in t h e F e d e r a l

* This R & D work was performed and partially funded within the framework of the European Communities' research programme on Management and Disposal of Radioactive Wastes.

279

280

REIMERS et al.

Republic of Germany were derived from safety considerations for the planned
repositories. Normal operation, incidents during the operational phase and long term
aspects of radionuclide release were taken into account. Up to now 14 properties
relevant to the quality of radioactive waste packages have been derived [1]:
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

Total activity
Activity of relevant radionuclides
Local dose rate at the surface and at a distance of 1 or 2 m
Surface contamination' of waste packages
Chemical composition of primary wastes
Quality of immobilization material
Quality of packaging
Quantitative proportions of wastes, immobilization material, water and
additives
Mixing (homogeneity)
Mass
State of setting
Water content and/or residual moisture content
Thermal behaviour
Stackability.

Six of these 'relevant properties' can be evaluated non-destructively by transmission computed tomography (CT), i.e. 6, 7, 8, 9, 11 and 12. If we include emission computed tomography (ЕСТ) we can add 1 and 2.
CT with X-rays is one of the best methods for the comprehensive nondestructive characterization of the physical and technical properties of conditioned
waste packages. The method is especially suitable for the non-destructive evaluation
of density, density distribution and gamma activity distribution, for the location of
voids, cracks and inclusions, for the visual display of swelling, shrinking and phase
precipitations, and for the detection of liquid phases in bentonite and cemented
wastes. Also, the corrosion attack of metallic waste containers can be studied, which
is particularly important for the quality assurance of waste packages during intermediate storage.
During the last few years not only have technical problems in the nuclear
industry had to be solved, but also social ones such as the acceptance of nuclear technology by the public have become more severe. Therefore, public agencies as well
as the nuclear industry must work steadily to assure citizens and state officials that
forthcoming operations at any new nuclear facility, including the transport, delivery
and intermediate or permanent storage of nuclear wastes, will be carried out with
public safety and environmental preservation in mind.
The proposed CT inspection system allows the non-destructive screening of a
wide variety of radioactive waste packages. Up to now, much of the waste materials,
mainly of the LAW and MAW types, have been produced without precise inventory
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FIG. 1. Tomogram of cemented 200 L drum filled with radioactive scrap.

documentation. In the Federal Republic of Germany alone about 60 000 200-L
drums, 10 000 concrete shielded packages and 1000 HAW storage casks are stored
without being subjected to 'process qualification'.
The internal concrete shielding of the 200 L drums was revealed by early CT
investigations tô be inhomogeneous and cracked (Fig. 1) [2]. A test system like the
proposed one is not only very suitable for the study of the macrostructure
( > 0 . 2 mm) of the waste matrix and the tightness of the containment but might also
be able to put all anxieties to rest which arise from transport risk or imprecise
knowledge of the contents of closed waste packages.

2.

DESCRIPTION OF BAM CT SCANNER

The Federal Institute of Materials Research and Testing (BAM) has been
involved with CT for many years [3-5]. We have developed a universal CT scanner
with the following specifications:
Maximum diameter of test object
Maximum weight of test object
Optimal spatial resolution
Thickness of CT slice
Interchangeable radiation sources
Number of dectectors
Maximum pixel matrix
Minimum scanning time

1000 mm
1000 kg
0.5 mm
2 mm (up to 8 mm)
420 kV X-ray, 192 Ir,
9 MeV linac
31 + 1 reference
1024 X 1024
20 min/slice.

60,

'Co,
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FIG. 2. ВАМ scanner with 200 L drum.

The scanner operates in the transiate-rotate mode (second generation scanner).
The radiation source as well as the detector system can be adjusted along the perpendicular axis over a range of 2 m with a precision of 0.1 mm (Fig. 2). This allows
slice by slice scanning of objects with a maximum height of 2 m.

3.

SAMPLE TEST MATERIALS

The structural features defining the quality of a waste package are cracks,
voids, delaminations, inclusions, precipitates, shrinking, density, density variations,
the presence of liquids, hidden shieldings, homogeneity, integrity and corrosion
attack. The example waste packages presented in this section were selected from the
point of view of best demonstrating the testing potential of CT.
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FIG. 3. Compressive strength of various waste-cement mixtures [2] as a function of density.

3.1. Compressive strength of cemented wastes
From safety considerations for the final repository it was determined [6-9] that
cemented waste packages must have a minimum compressive strength of
10 N/mm 2 . So, it would be very helpful to have a method to verify nondestructively whether a package meets this condition or not. For this purpose a series
of waste-cement-water mixtures were prepared and analysed for density and
compressive strength. The Kernforschungsanlage Jülich sent the waste simulate
MAW 300 [2], and the BAM prepared the waste-cement-water mixtures and measured the compressive strength, density by weight and CT density of the standard
sized samples (10 X 10 x 10 cm 3 ). Between the gravimetric density and the CT
density there was found to be a very good correlation.
Figure 3 shows the compressive strength as a function of density for various
waste-cement mixtures. The results of this investigation can be summarized as
follows:
— The density of cemented waste packages can be measured non-destructively
by CT;
— For a constant cement/waste ratio the compressive strength increases
with density;
— For a density greater than 1.7 g/cm 3 the compressive strength is always
higher than 10 N/mm 2 ;
— Within the density range 1.5-1.7 g/cm 3 the compressive strength may fall
short of the 10 N/mm 2 limit.
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FIG. 4. Tomogram of cemented 200 L drum with outer concrete shielding and three different
liquids.

3.2. Liquids in shielded drums
As a consequence of the safety considerations the presence of free liquids in
waste packages is strictly forbidden. With computed tomography or computed
tomodensitometry it is possible to measure density and density variations inside
sealed containers with great precision (1-5%). As the majority of common liquids
have a density below 1.3 g/cm 3 , as compared with most solids which have densities
above 1.7 g/cm 3 , liquids can be traced by their density in many cases. It does not
matter whether the liquid is enclosed in ampoules, bottles or other containers or
whether it is free to move about the entire waste package. A few cases, where
uncompacted wastes with low density such as polyethylene or filter material occur,
must be considered separately. One can include the shape and the containment of the
unknown low density object into the identification procedure or one has to remeasure
the package in an oblique position.
We prepared a cemented 200 L drum with boreholes of various diameters. Into
these cavities we inserted small glass bottles with different liquids. Figure 4 shows
a tomogram of this test drum, which is additionally surrounded by a 135 mm thick
concrete shielding (outer diameter 960 mm). This tomogram demonstrates the very
good density resolution of CT. The arbitrarily attributed colours correspond to the
following density values: gasoline: 0.7 g/cm 3 — red; oil: 0.9 g/çm 3 — orange;
water: 1.0 g/cm 3 — blue; glass: 2.3 g/cm 3 — green; concrete: 2.2 g/cm 3 — grey;
steel: 7.3 g/cm 3 — yellow.
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FIG. 5. Digital radiograph and tomograms of 50 L drum filled with bituminized wastes.

3.3. Bituminized wastes in 50 L d r u m
In this example a 50 L drum containing bituminized MAW with a total
beta/gamma activity of 0.37 TBq (10 Ci) is housed in a standard 200 L drum. As
can be seen from the digital radiograph in Fig. 5 the small drum is in an oblique position inside t h e b i g d r u m . T h e c o n c a v e s u r f a c e o f t h e b i t u m e n is c l e a r l y s h o w n . T h e

horizontal white line in the projection image indicates the accurate location of the
tomograms shown for two different grey level ranges in the lower part of the image.
The left hand tomogram shows the whole density range and the right hand one
a range of + 2 0 % around the average density of the bitumen. The randomly
distributed black circles are cross-sections of boreholes resulting from earlier investigations at the Eidgenössisches Institut für Reaktorforschung, Würenlingen. Although
the holes were drilled in 1985 the shapes have remained circular and the diameters
constant. So it can be deduced that under normal environmental conditions this
particular type of bituminized waste has a rather stiff consistency. Both tomographs
reveal a lot of voids which additionally indicate a low viscosity of the bitumen
matrix.
An Allan key can be recognized on the shadowgraph in Fig. 5. Appropriate
tomographs would show this tool imaged as a white dot. Also, the drum shows
evidence of corrosion attack: two black dots in the white ring shown in the tomograms indicate damage of the inner steel sheet containment.
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FIG. 6.

3.4.

Tomograms

of storage cask before and after drop

test.

C O C O N - A V R 1A type storage cask
A 1:3 s c a l e m o d e l o f a C O C O N t y p e s t o r a g e c a s k ( f o r t h e i n t e r m e d i a t e s t o r a g e

o f i r r a d i a t e d A V R r e a c t o r f u e l e l e m e n t s ) w a s t e s t e d at t h e B A M w i t h i n t h e s c o p e o f
the design licence procedure. T h e cask was investigated b e f o r e and after the 9 m
d r o p test with C T . I n this w a y it c o u l d b e v e r i f i e d that t h e i n t e r n a l s t r u c t u r e o f t h e
container was not d a m a g e d by the shock load (Fig. 6).
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UTILIZING M O D E R N T E C H N O L O G I E S .
The low and intermediate level solid radioactive wastes generated during operation,
maintenance and refurbishment of nuclear power reactors represent the bulk of the total radioactive wastes generated in the nuclear fuel cycle. There are incentives to reduce the volume,
and if possible also the mass, of the wastes to more manageable levels, and also to change
some of their initial properties such that the resultant wastes are more suitable for long term
storage and/or disposal. Extensive experience has been obtained with the basic treatment and
conditioning processes for the most voluminous dry active wastes. However, new developments have taken place and new technologies introduced that could supplement, and in some
instances replace, the basic processes. Of particular interest are processes for treatment of wet
solid wastes and dry secondary wastes. Thus, a broader spectrum of waste processing techniques and schemes has become available that can suit the particular needs of the waste
processing facilities so that more complete, integrated schemes can be employed.

1.

INTRODUCTION
L o w a n d i n t e r m e d i a t e l e v e l solid r a d i o a c t i v e w a s t e s ( L L W a n d I L W ) c o n s i s t

of a b r o a d s p e c t r u m o f m a t e r i a l s a n d f o r m s . A n i d e a l w a s t e p r o c e s s i n g t e c h n i q u e
w o u l d b e a b l e to a c c o m m o d a t e all o f t h e s e m a t e r i a l s , in a n y c o m b i n a t i o n . H o w e v e r ,
in p r a c t i c e , n o o n e t e c h n i q u e is c a p a b l e of p e r f o r m i n g this t a s k a d e q u a t e l y , a n d
therefore combinations of processing techniques are generally used.
T h e b a s i c a n d m o s t c o m m o n w a s t e t r e a t m e n t t e c h n i q u e u t i l i z e d to d a t e f o r
p r o c e s s i n g of t h e m o s t v o l u m i n o u s p o r t i o n s o f l o w a n d i n t e r m e d i a t e level d r y a c t i v e
wastes ( D A W ) has been based on low and m e d i u m force compaction. This method
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reduces the storage and disposal volume requirements by a reasonable amount (i.e.
by factors averaging from 2 to 4), but achieves little in terms of improvement of the
waste properties from the viewpoint of longer term management. Large amounts of
compacted biodegradable trash result from this processing technique.
The use of less common but proven processes for treatment of the combustible
portion of the DAW, based on oxidation (e.g. incineration), represents a substantial
improvement from a number of viewpoints over simple compaction. Very high
volume reduction and also mass reduction can be achieved. The final product is a
homogeneous and virtually inert ash which can be packaged easily (with or without
further treatment) for storage and/or disposal. However, the process is rather capital
intensive, and only the operation of regional or centralized facilities processing
larger waste volumes has been cost effective to date. Advanced high force compaction introduced into the nuclear industry relatively recently for processing of primarily DAW offers a less capital intensive alternative to oxidation. Although this method
is not necessarily comparable to oxidation in its overall merits with respect to volume
reduction and final waste form stability, it can process a broader spectrum of wastes.
New processes have been demonstrated for the treatment of thermoplastics and
the non-combustible portion of the DAW. This is of importance since these wastes
are not very suitable for either compaction (including high force compaction) or
incineration, although for different reasons.
Few, if any, volume reduction processes have been available for the wet solid
and dry solid (secondary) waste categories. With high volume reductions being
achieved for the bulk of the DAW, the volume of this remainder of the wastes can
amount to a significant fraction of the 'as stored/disposed' waste volume.
Consequently, there have been significant development programmes in this area in
a number of countries.
Typically, there have been new developments in the field of processing incinerator ash. Ash is a dry, relatively fine and consequently easily dispersible powder.
As such, it is not considered to be suitable for direct storage/disposal in many
countries. The traditional process has been to incorporate the ash into a solidification
matrix, such as cement. Several improved ash immobilization processes, such as
those using additives to the cement, are under development (one such process
involves the cement-epoxy matrix under development in France [1]). Other developmental processes such as those based on melting or sintering have been developed
which will decrease the dispersibility of the ash without resulting in a volume
increase, in fact providing a further volume reduction. Both types of process result
in the formation of a very dense, free standing, monolithic solid.
Finally, in the processing of wet solid wastes, the currently prevailing schemes
based on direct solidification without volume reduction pretreatment may be replaced
in the future by new schemes incorporating drying and/or dedicated oxidation
processes that have been already demonstrated or verified in practice for these
applications.
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TYPES OF SOLID RADIOACTIVE WASTE

As previously
generally classified
(secondary) wastes.
mediate level by
regulations.

mentioned, low and intermediate level solid waste materials are
into three broad groups: DAW, wet solid wastes and dry solid
Each group can be further subdivided into low level and interradioactivity content and/or according to specific national

DAW form the broadest category and contain most of the low level trash
associated with the operation and maintenance of a nuclear power facility or nuclear
reasearch or medical facility [2]. They are often subdivided into several categories
according to the combination of the available processing methods: combustible, compressible and non-processible.
Wet solid wastes typically include ion exchange resins (both bead and powdered), filter precoat materials and sludges. These materials vary widely depending
on their origin and may or may not contribute significantly to the overall waste
generation of a particular facility.
Dry solid (secondary) wastes typically include materials such as incinerator
ash, drier salts and possibly dried wet solids. These materials are more or less
regarded as 'secondary' waste categories produced as a result of the processing of
one of the other two waste streams. Because of this, the dry solids waste stream is
usually considered to be distinct from the DAW stream, which is also composed of
'dry solids'.

3.

BASIC PROCESSING TECHNIQUES

The most prominent basic processes for the treatment of solid LLW and ILW
that have been traditionally used throughout the world comprise cutting, shredding,
compaction and incineration.

3.1. Cutting and shredding
Cutting, shredding and also crushing are processes used to reduce the physical
size of individual waste items. Paper, plastic, cloth, cardboard, wood and metals can
be shredded into ribbon-like pieces, while brittle materials such as glass or concrete
blocks can be crushed into smaller fragments. Although these processes are often
used as a pretreatment for compaction or incineration, they can be also used as standalone processes. For example, shredding of cardboard boxes and wooden pallets or
crushing of light bulbs and glass bottles can yield significant volume reduction by
eliminating voids and thus increasing the bulk density of the wastes.
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3.2. Low and medium force compaction
In many countries, the bulk of the DAW is not much different in composition
from general industrial trash (i.e. various quantities of paper, plastic, wood, metal,
concrete, etc.) except that it is radioactive. Historically, this type of waste has been
treated mainly by low force compaction, using hydraulic presses to compress wastes
into a container. With the bulk densities typical of nuclear power plant DAW, the
volume reduction achievable is between 2:1 and 4:1. However, with increasing
emphasis being placed on long term waste stability, this simple approach is no longer
acceptable in some jurisdictions.
Box compactors are medium force hydraulic presses which compact the wastes
into rectilinear steel containers (1-2 m 3 ). These relatively large capacities allow the
boxes to be filled with objects which would not fit into smaller containers, such as
200 L drums, without first being cut. Typical box compactor force ratings are in the
range of 20-200 t, resulting in a compressive force of 200-800 kPa, depending on
the container size. The density of the compressed wastes, however, is not much
different from that produced by the simple low force compactors.

3.3. Incineration
There are numerous types and sizes of incinerator in use in many countries for
processing of a variety of radioactive wastes, from low level power plant wastes to
institutional biological wastes to fuel reprocessing facility wastes. Incineration is the
ideal treatment process for combustible wastes. It provides a high mass (10:1) and
volume (100:1) reduction by chemically destroying the non-active portion of the
wastes, which in most cases constitutes the vast majority of the waste mass and
volume. Another advantage of incinerators is their versatility: in addition to processing the combustible portion of the DAW, they can process organic liquid wastes, wet
solid wastes and, to some extent, aqueous liquid wastes. However, because of their
capital intensive nature, incinerators are generally relegated to centralized processing
facilities, although there is a DAW incinerator installed in each nuclear power plant
in Japan.

4.

RECENT ADVANCES IN PROCESSING TECHNIQUES

There are a number of techniques under various stages of development that
may be utilized to supplement or replace the basic, conventional processes. An
exhaustive account of these new developments would not be practical within the
scope, of this paper. A demonstration of prominent developments in radioactive waste
processing techniques that were considered to be of interest is presented in Table I.
Each technique is described in greater detail below.
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4.1. Dedicated (single purpose) incineration
While incineration of DAW has been practised on a routine basis, incineration
of ion exchange (IX) resins and filter sliidgeshas not been customary. These
materials present special challenges because of the high moisture content and, in the
case of IX resins, the high sulphur and chloride content of the resin matrix. The resin
can be incinerated as is or after treatment (i.e. acid stripping) to remove the bulk
of the activity. Although most of the commercial incineration systems have been
demonstrated as being capable of processing certain volumes of IX resins (i.e. added
to DAW), these systems have been built primarily for processing of bulky and
inhomogeneous DAW of different characteristics, so that processing of large
volumes of wet solid wastes would not be efficient. To offset this, there has been
a tendency to develop combustion systems which are dedicated to processing of special homogeneous waste feed and have characteristics differing substantially from
those of the conventional DAW incinerators. Development of such dedicated systems
primarily for processing IX resins is currently under way in a number of countries,
including Canada, Finland, France, Italy, Japan and • the United States of
America [3-6]. Dedicated incineration of PVC and rubber has been considered and
tested also.
As an example, agitated hearth technology, which is well proven in industrial
sludge incineration applications, has been applied to spent IX resins and: radioactive
filter sludges in Japan [3]. The agitated hearth primary chamber is shown
schematically in Fig. 1. It includes a motor driven rotating wiper which scrapes up
the debris which has settled on the hearth and directs it towards the ash outlet. The
wastes are fed continuously into the incinerator and distributed over the hearth surface by the rotating wiper. The constant agitation enhances the drying and combustion of the wet solid material. The overall system is capable of processing 25 kg/h
of wet resins (10 kg/h dry) at a temperature of 600-700°C. The off-gas system
includes a two stage high temperature ceramic filter, liquid caustic scrubber and
HEPA filters.
Another example of a recent development for IX resin and sludge incineration
is a process which uses a compact primary chamber to combust IX resins, oils,
sludges and shredded rubbers and plastics at 1200°C using oxygen and steam as the
oxidant gas (Fig. 2). The use of oxygen instead of air results in a flue gas volume
of about one tenth that of conventional incineration systems, resulting in much
smaller off-gas treatment equipment. A unit capable of processing 40 kg/h of resin
slurry (75 wt% H 2 0 ) or 20 kg/h of shredded rubbers and plastics occupies a space
approximately 6 . 3 m x 7 m by 5 m high, including waste storage tanks and off-gas
equipment.
Incineration of IX resins may álso present other complications in. addition to
the acid gas treatment concerns. For example, IX resins used for purification of the
heavy water moderator in CANDU pressurized heavy water reactors of the type used
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TABLE I. TECHNOLOGICAL ADVANCES IN LLW/ILW PROCESSING

Technology

Dedicated incineration

High force compaction

Screw extrusion

Waste feed

IX resins, sludges, rubbers,
PVC

Product

Ash

Volume reduction
factor
50-100

Almost all materials
Compacted wastes
(but not recommended
in compressed container
for wastes with high
plastics and/or rubber content)

2-10

LLW with high thermoplastics content

5-10

Shredded wastes compacted
and encapsulated in plastic

Comments

Includes various techniques, such
as: agitated hearth primary
chamber with high temperature
ceramic filter and wet scrubbing
system; compact incinerator using
oxygen and steam
Several systems in active use
around the world. Mainly
compacting standard drums, but
also rectangular boxes. Two
dimensional compaction of drums
also available
Thermoplastics may need to be
added to the feed. Equipment can
be mobile or as fixed installation
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Melting

(a) Metals

Metal ingot

2-10
(depends on

Each waste type generally requires
a specific design of melter.

shape of
Induction melting used for metals,
original wastes) salts or ash; plasma for metals
only

Sintering

(b) Inorganics (ash,
salts) and miscellaneous
materials

Monolithic solid of
glass-like aggregate

2-6

Powdered inorganics
(ash, salts, etc.)

Monolithic ceramic-like
solid

2-5

Mixed waste powder, low melting
glass frit and chemical additives
are heated and compressed

Wet oxidation

Organics (portion of
DAW, IX resins, etc.)

Liquid residue/sludge
which can be concentrated
and solidified

5-10
(after
concentration
and cementing
of residue)

Good for wastes that are difficult
to incinerate, such as IX resins.
Wastes should be ground up to
promote good contact with
oxidation medium. Complex offgas system not required

Microbiological

Organics (portion of
DAW, IX resins, etc.)

Liquid residue/sludge
which can be concentrated
and solidified

5-10
(after
concentration
and cementing
of residue)

Large (e.g. 38 m 3 ) bioreactor
required with 7 - 1 0 d batch

digestion
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process time. Has been demonstrated for shredded DAW
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FIG. I. Ion exchange resin and sludge incinerator.

Off-gas
IX Resins

J

mj
Combustion Chamber

FIG. 2. Compact ion exchange resin incinerator.
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in Canada may contain a concentration of l 4 C in excess of 100 Ci/m 3
(3.7 X 10 12 Bq/m 3 ). This 14C would be released as C 0 2 along with the other combustion flue gases. Research and development are proceeding in Canada on methods
such as acid stripping for removing the 14 C from the IX resins as a pretreatment for
incineration.

4.2. High force compaction
High force compaction, also referred to as 'siipercompaction' or 'ultracompaction', has been well developed and verified over the last few years and is
becoming increasingly popular. Equipment is currently available to supercompact
both metal drums and boxes. The resultant waste form can be repackaged into overpacks and encapsulated for long term storage/disposal. Typical compaction forces
are in the range of 1000-5000 t, producing waste forms with average densities of
up to 1700 kg/m 3 (compared with 500-1000 kg/m 3 for low and medium force
compaction).
High force compactors can handle a wide variety of wastes, including 'noncompactible' metallic wastes. Springback of most materials (except large quantities
of plastics and rubbers) is generally of lesser concern with high 1 force compaction
than with lower force devices because the original metallic waste container is compressed with the waste and acts as an effective anti-springback device.
High force compaction has also been demonstrated to compact incinerator ash
on a pilot scale and IX resins with full scale equipment but it has not become
customary. The high force compactor will effectively remove any liquid contained
in the wastes, including the remaining water in moist IX resins. Volume reduction
factors of about 2 for bead resins and 4 for powdered resins achieved with a 1000 t
mobile supercompactor have been reported [7].
The liquid displaced during high force compaction must be collected and
treated, typically by direct solidification, prior to storage/disposal.
High force compaction equipment has also been developed which will compact
a standard 200 L drum in two dimensions. The first step reduces the diameter of the
drum and the second reduces the drum height. The resultant product can then be
placed into another 200 L drum instead of a larger overpack drum. This system
has been developed in Japan, where the 'standard' waste package is the 200 L drum,
thus resulting in one package size for all waste types, whether supercompacted or
not [8].

4.3. Screw extrusion
A screw compaction/extrusion process has been developed in Japan for LLW
with high plastics content . [9]. Similar processes have been used in France and the
USA. The process melts the plastic which then acts as a binder and encapsulation
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FIG. 3. Screw compaction process.

TABLE II. PROPERTIES OF SCREW COMPACTED WASTES
(adapted from Ref. [9])

Waste composition (wt%)

Cloth 37, plastic 42, rubber 1, wood 2,
insulation 5, concrete and sand 6, metal 7

3

Product density (kg/m )
Compressive strength (MPa)
Leach index (90 d)
Volume reduction factor

990
7
12
7

agent, producing either a solid monolithic waste form or smaller solid pellets. This
process eliminates the need for acid gas scrubbing equipment required for the
incineration of most plastic and rubber wastes. A typical screw compaction process
is shown in Fig. 3. The main component, the screw extruder, is similar to industrial
scale thermoplastic extrusion machines. It typically operates at a temperature of
135-150°С with a screw speed of 150 rev./min. Once operating temperature has
been reached, the heat is provided by friction obtained during the extrusion process.
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The screw serves to chop and mix the thermoplastic materials with the remainder
of the wastes, and to provide compressive force for the extrusion process. A
minimum thermoplastics content of 10-15 wt% is required although best results are
obtained with a plastics content in the 40-50 wt% range. This can be either contained
in the wastes or added as a stock feed. A full scale unit capable of processing
200 kg/h of wastes has been installed at the Palo Verde nuclear power station in the
USA.
The physical properties of the extruded product are summarized in Table II.
The product contains no free liquid and has good resistance to biodégradation,
thermal cycling and leaching. The process has also been demonstrated for encapsulating IX resins in thermoplastic binders.
4.4.

Melting

Several variations of the melting process are available for different materials
or throughputs or using different heating methods. While some processes have been
designed to process exclusively metals, others are more or less dedicated to inorganic
materials such as incinerator ash. The latter can also accept a certain portion of
metallic wastes.
Typically, induction melting utilizes a high frequency electromagnetic heater
to melt inorganic materials, such as incinerator ash and glass. A certain portion of

• Wastes
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FIG. 4. Induction heating melter.
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TABLE III. PROPERTIES OF INDUCTION MELTED WASTES [11]

Waste type

.

Product density
л , з,
(kg/m )

Compressive strength
,..D .
(MPa)

Incinerator ash

2700

400

50% incinerator ash + 50% heat insulator

2600

200

50% incinerator ash + 50% HEPA filter media

2500

1000

metallic wastes can also be accepted. Both 'in-can' and 'in-pot' configurations are
used [10]. In the first process, the waste material is placed in the storage/disposal
container. The container serves as the 'melting pot' and is placed in the induction
furnace. Additional wastes can be added to the container once it is in the furnace to
maximize volume utilization.
. A typical in-pot melting system for dry (secondary) wastes is shown in
Fig. 4 [11]. In this system, the wastes are melted in a separate crucible or melting
pot, then allowed to flow into the waste container for subsequent cooldown and
solidification. The crucible is generally made of graphite or a high temperature
ceramic and may require periodic replacement owing to high temperature corrosion.
The in-pot system is suited to continuous or semicontinuous operation while the
in-can system is essentially a batch process. However, the in-can system eliminates
the need for crucible replacement.
Typical operating temperatures are in the range of 1300-1500° С with a waste
feed rate of up to 30 kg/h. Volume reduction factors of 4 - 1 0 can be achieved for
incinerator ash, producing a stable, leach resistant, glass-like monolith. Typical
physical properties of induction melted wastes are summarized in Table III. Volume
reduction factors for other wastes, such as metal pieces, depend on the bulk density
and shape factors of the original wastes.
Another application of this technique is a high capacity metal melter, such as
that used at the Idaho National Engineering Laboratory in the USA or Studsvik in
Sweden [12]. Such melters have capacities of several hundred kilograms per batch
and are typically capable of processing several batches of scrap metal per day [13].
It has been suggested that, in special cases, metals such as special alloys recovered
in this manner can be reused for both nuclear and non-nuclear applications after
preferential concentration of the fission product contaminants in the slag [14].
Larger, industrial scale smelting furnaces with capacities of 10-20 t have been suggested for processing metallic wastes from reactor decommissioning operations [15].
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FIG. 5. Plasma melter ficrnace.

Other melting processes are available at various stages of development which
use different heating methods such as plasma torch melting and Joule heated vitrification. A plasma torch heated melting system is shown in Fig. 5 [16]. This system has
two 80 kW plasma torches and gives a melting rate of 16 kg of steel per 20 min
batch cycle time. The operating temperature is in the range of 1500-1700°C. An
interesting feature of this system is that it accepts drummed wastes as feed.
Combustible materials in the drum, such as plastics, are thermally decomposed by
the process and the ash mixes with the slag. Other slag forming materials normally
present in LLW, such as concrete, can also be tolerated to various degrees.
Joule heated vitrification is being developed for immobilization of high level
wastes. The same technology can be applied to low and intermediate level wastes by
introducing them into a pool of molten glass. This provides a combination of incineration and immobilization of the ash in a single step [17, 18]. Direct vitrification of
IX resins at 1150° С has been demonstrated on a bench scale but requires further
development, especially in the area of off-gas treatment to remove the caesium and
strontium which are volatilized at the operating temperature [5].
4.5.

Sintering

Sintering can be used for dry powdered materials such as incinerator ash and
dried evaporator salts. The basic process, shown in Fig. 6 [19], consists of mixing
the powdered wastes with a low melting glass frit and then applying heat and pressure. A solid monolithic block is produced with a volume reduction factor of 2-3.
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- reaction time
-30 minutes
at 300'C, 30 MPa

- begin heating
and pressurization
cycle

- cooldown and
solidification cycle

FIG. 6. Radioactive waste sintering.

TABLE IV. PROPERTIES OF SINTERED WASTES [19]

Waste
content

Product
density

Compressive

(wt%)

(kg/m 3 )

(MPa)

Cs-134

Co-60

Na2B407

30

2400

100

13-15

>15

Na2S04

30

2300

150

13-15

>15

Incinerator ash

70

2300

100

13-15

>15

Waste type

Leachability index

strength

Typical operating temperatures are 300-600° С with a pressure of 10-50 MPa for
about 20-30 min. The wastes can either be compressed into a mould and then
transferred into a storage/disposal container, or directly compressed into the
storage/disposal container. The full scale prototype equipment generally operates in
a semicontinuous mode, producing approximately one 200 L drum of product
per day.
The heating and pressing process forms the wastes into a synthetic-rock-like
material. The product is reported to have high compressive strength and excellent
thermal stability and leach resistance, as summarized in Table IV [19].
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Incinerator ash is well suited to treatment by this process because it typically
contains approximately 10-50 wt% silica and/or alumina, the basic constituents of
glass and ceramics. The ash is mixed with about 30 wt% borosilicate glass and
10 wt% 2.5N aqueous NaOH solution. The paste is heated and compressed, then
allowed to cool. The process is now at the engineering scale test stage with a
12 kg/batch device in operation [20].
4.6. Chemical digestion
Chemical digestion includes processes such as acid digestion, alkaline
digestion and wet oxidation. Each of these processes involves addition of chemical
compounds to an aqueous mixture of the wastes contained in a reaction tank to
decompose the organic materials into their fundamental constituents (e.g. C 0 2 ,
methane, H 2 0 ) . While acid digestion did not prove practical for processing LLW
and ILW, wet oxidation holds some promise.
Wet oxidation is a treatment process suitable for organic wastes, e.g. filter
sludges, solvents and ion exchange resins. The process decomposes the wastes in an
aqueous solution of 35 wt% hydrogen peroxide at moderate temperatures and pressures (typically 100° С at 100-200 kPa) with a catalyst (Fe 2 + ). The process can be
either continuous or batchwise, but the latter is easier to control to a consistent
decomposition factor. A typical batchwise treatment system is shown in Fig. 7.
Batch processing times range from 2 to 4 h, depending on the reaction conditions
and initial waste characteristics.

Reaction Vessel
Neutralizing
Agenf

Off-gas

M

Distillate
H202.
Steam

Condensate

Wast
Feed
Residue

FIG. 7. The wet oxidation process (M: motor for mixer; P: metering pump).
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TABLE V. WET OXIDATION DECOMPOSITION FACTORS
(adapted from Ref. [22])
Material

Per cent decomposition

PVC

83.7

Neoprene

86.2

Activated charcoal

89.8

Rubber gloves

90.4

Cotton gloves

91.7

Adhesive tape

91.9

High density polyethylene

95.1

Cloth

97.5

Wood

97.7

Paper

99.8

The wastes are decomposed into carbon dioxide, water and various other
oxides of the trace contaminant materials in the waste feed. The majority of the
by-products remain in the aqueous solution, which can be neutralized and
concentrated using standard evaporation/solidification technologies. Decomposition
factors of 95-98% for resins and sludges are readily achieved.
The low temperature, low pressure, aqueous nature of the process eliminates
the need for complex and costly off-gas systems. However, it should be noted that
some processing of the off-gas and condensate may be required, especially if the
waste feed contains volatile nuclides such as iodine and tritium. The process can be
applied on any scale and is suitable for almost all organic wastes. Because the process
occurs in aqueous solution, IX resins and sludges need not be dewatered prior to
processing.
Volume reduction factors of 10-15 (ratio of dewatered resin to cement residue)
have been reported for bead and powder type spent IX resins [21]. In some cases
the residue may require evaporation prior to immobilization in order to achieve
optimal volume reduction.
The wet oxidation process has been studied for shredded LLW using oxygen
with a copper catalyst in 30 L batches for 2 h at 230°С and 4.1 MPa [22]. Volume
reduction factors of about 8 have been reported with this process. Average decomposition factors for various materials typically found in LLW are summarized in
Table V. High temperature (320 °C), high pressure (20 MPa) steam and oxygen
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combinations have also been used both for radioactive wastes and for hazardous
chemical wastes. As with other wet oxidation processes, this technique can be used
to treat dilute organics in aqueous solution which are not suitable for incineration
because of low heating values, such as oil in water emulsions.

4.7. Microbiological digestion
Microbiological digestion, the latest digestion process to be used in the nuclear
industry, is closely related to chemical digestion, with the basic difference being that
biological rather than chemical compounds are added to the waste mixture. The
microbiological digestion process has been applied to organic DAW from nuclear
power plants in Finland [23]. The process uses anaerobic bacteria in a 38 m 3
bioreactor for a 7-10 d batch digestion process to convert the wastes into carbon
dioxide and light hydrocarbon gases (methane) which can then be flared to produce
carbon dioxide and water. Volume reduction factors of 10 and mass reduction factors
of 10-20 have been reported for shredded DAW containing approximately 64 wt%
paper, 7 wt% cardboard, 7 wt% plastics, 4 wt% wood and 18 wt% cloth. Tests with
spent IX resins are also planned.

5.

PROCESSING SCHEME INTEGRATION

In the nuclear power generation industry, the processing strategies to date for
solid LLW and ILW have been relatively similar, using one or a combination of
several basic treatment and conditioning processes.
The DAW have been typically segregated and classified into categories such
as combustible, compressible and non-processible, depending on the characteristics
of the wastes and on the available treatment options. Secondary wastes such as
incinerator ash were solidified with various agents such as bitumen, cement and
polymers and/or packaged in high integrity containers. Wet solids, such as IX resins
and sludges, have been generally dealt with in a similar manner.
With the development and gradual commercialization of new processing
techniques, the traditional waste classifications have become less well defined. As
summarized in Table VI, many of the new processes are suited to a broader range
of wastes, including those which were traditionally considered to be 'nonprocessible'. For example, high force compaction can be used for almost anything,
including mechanical components (although large amounts of plastic and rubber are
less desirable to process). On the other hand, other processes, such as screw extrusion, are ideally suited for wastes with a high plastics content, but are not well suited
for wastes containing a higher content of 'hard' materials.
Single purpose incineration systems can be utilized to process 'difficult but
consistent' wastes such as PVC, and rubber or IX resins, while different melting

u>
о
00

TABLE VI. WASTE PROCESSING VERSATILITY

Process

Current
status

DAW
DAW
(combustible) (compressible)

DAW
High PVC
(nonand rubber
processible) 3
content

Metals

IX resins/
sludges

Ash

Dry salts

Shredding/cutting

Commercial

Yes

Yes

No

Yes

Yes

No

No

No

Low force
compaction

Commercial

Yes

Yes

No

Some

No

No

No

No

Commercial

Yes

Yes

Yes

Some

Yes

High force
compaction
Incineration
(multipurpose)

— Has been demonstrated—

«

О
ЕВ
О
С
»H
9

а
Commercial

Yes

No

No

Some

No

Some

No

No

О
>

No

Yes

No

Yes

No

No

»

No

Yes

No

No

No

No

No

Yes

No

Yes

Yes

О
ЕС
HÍ

No

No

No

Yes

Yes

Incineration
(dedicated)

Prototype

—Specific portion—

Screw extrusion

Commercial

Yes

Melting

Commercial

No

Sintering

Prototype

No

Wet oxidation

Commercial

Yes

—Organic portion only —

Yes

No

Yes

No

No

Biological
digestion

Commercial
and
prototype

Yes

—Organic portion only —

Yes

No

Yes

No

No

Yes

— Metal/inorganic portion—
No

No

Not processible by basic processes (e.g. incineration, low force compaction).

'

N
И
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FIG. 8. Example of an integrated waste management scheme.

techniques can be used to process incinerator ash and metals. Chemical and biological digestion processes also show some promise for specific waste streams.
Large, centralized processing facilities, or those located in countries where
storage/disposal space is unusually expensive, may justify the use of a broad range
of processes suited to individual waste streams. An example of such a broad based
scheme is shown in Fig. 8. This scheme assumes that each waste stream is processed
by a different technology, selected for optimized waste volume reduction and
stability of the resultant product.
Obviously, smaller waste processing facilities may not be able to justify the
large capital investment required for the broad based scheme. In these situations, less
capital intensive equipment and/or fewer processes have to suffice. A number of
alternative waste management schemes, depending on the exact nature of the waste
streams as well as local regulatory requirements, can be developed that have some
degree of integration and are an improvement over the traditional schemes.
In the design or upgrading of a waste processing scheme, the necessary
economic comparison of alternative schemes requires consideration of the capital and
operating costs of the processing equipment in relation to the savings in
storage/disposal requirements and the improvement in waste form stability.
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Although the economic criteria are paramount in the selection process, it is understood that other, less tangible, criteria need to be taken into consideration. These may
include waste processing flexibility/versatility, resultant waste form characteristics,
regulatory requirements and socio-political factors. It is good practice that at least
two processes be employed in any waste treatment scheme to provide some basic
redundancy in the processing capability.

6.

SUMMARY

A number of new treatment and conditioning processes been developed and/or
commercially utilized for low and intermediate level solid radioactive wastes with
a capability to supplement, and in some cases replace, the basic, more traditional
processes. The availability of these new techniques may help to achieve more
integrated waste processing schemes, where each technique is applied such that it
processés a certain category of waste in an optimal fashion. The main results of
increased integration are minimization of the resultant waste volumes and improvement in the quality of the. resultant waste forms.
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ETUDE DES PROCEDES DE REDUCTION
DE VOLUME DES DECHETS TECHNOLOGIQUES
DES CENTRALES NUCLEAIRES D'EDF
J.-J. CELERI
Service de la production thermique,
Electricité de France (EDF),
Saint-Denis, France

Abstract-Résumé
S T U D Y O F T H E PROCESSES FOR R E D U C I N G T H E V O L U M E O F T E C H N O L O G I C A L
WASTES F R O M E D F N U C L E A R P O W E R P L A N T S .
Technological wastes resulting from maintenance work at Electricité de France (EDF)
nuclear power plants are one of the main sources of waste sent to surface sites for permanent
storage. At present, these wastes are precompacted at the plant in 200 L metallic drums and
then sent to the Manche storage site of the National Agency for Radioactive Waste Management (Andra). At this site they are compacted and then cemented in concrete containers which
are stored in mounds. The prospect of opening the new Aube storage site has led E D F to conduct research into a procedure for conditioning these wastes which would be both Andra
approved and as economical as possible. For this purpose, four scenarios of volume reduction
and conditioning have been considered: compaction at the storage site, shredding of wastes
at each E D F site, shredding and crushing, and extrusion or incineration at a centralized site.
Each procedure is associated with an economic evaluation of the overall cost of waste management, including processing, conditioning, transport and storage. The results of the study
underscore the promise of extrusion and incineration.

E T U D E DES P R O C E D E S D E R E D U C T I O N DE V O L U M E DES D E C H E T S T E C H N O LOGIQUES DES C E N T R A L E S N U C L E A I R E S D ' E D F .
Les déchets dits technologiques provenant des travaux d'entretien des centrales
nucléaires d'Electricité de France (EDF) représentent un des flux principaux des déchets expédiés vers le stockage définitif sur site de surface. Ces déchets sont actuellement précompactés
en centrale dans des fûts métalliques de 200 L puis expédiés au site de stockage de la Manche
de l'Agence nationale pour la gestion des déchets radioactifs (Andra). Sur ce site, ils sont
compactés puis bétonnés dans des conteneurs en béton qui sont stockés en tumulus. La
perspective de la mise en service du nouveau site de stockage de l'Aube a conduit E D F à
rechercher un procédé de conditionnement de ces déchets qui, tout en étant agréé par l'Andra,
soit le plus économique possible. A cette fin, quatre scénarios de réduction de volume et de
conditionnement ont été examinés: compactage sur le site de stockage, déchiquetage des
déchets sur chaque site E D F , déchiquetage et broyage et extrusion ou incinération sur un site
centralisé. A chaque procédé est associée une évaluation économique du coût global de la
gestion du déchet qui comprend le traitement, le conditionnement, le transport et le stockage.
Les résultats de cette étude soulignent l'intérêt de l'extrusion et de l'incinération.
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1.

INTRODUCTION

La production d'électricité fournie par EDF s'est élevée en 1987 à
330 milliards de kW-h; 76% de cette production sont d'origine nucléaire et la quasitotalité de cette production d'origine nucléaire provient du parc de tranches équipées
de réacteurs à eau sous pression (REP).
Ce parc comprend, au 1 e r janvier 1988, 1 tranche de 300 MWe, 34 tranches
de 900 MWe et 12 tranches de 1300 MWe. Il sera complété d'ici 1993 par 7
tranches de 1300 MWe et 2 tranches de 1400 MWe.
Ce parc de tranches REP constitue un outil de production exceptionnel et un
champ expérimental remarquable pour le sujet de cette conférence puisque
l'expérience acquise au 1 e r janvier 1988 représente 229 années-réacteur.
C'est à la gestion des déchets technologiques faiblement radioactifs provenant
de l'exploitation de ces tranches REP qu'est consacré ce mémoire.

2.

PRESENTATION DE L'ETUDE

Les déchets résultant de l'exploitation des centrales REP sont de faible et
moyenne activité. Ils contiennent des émetteurs bêta et gamma dont la période
n'excède pas 30 ans environ et peu ou pas d'émetteurs alpha. Ils sont stockés en
surface ou à faible profondeur durant 300 ans. Le centre de stockage est une installation nucléaire de base (INB) et, à ce titre, fait l'objet d'une étude d'impact et d'un
rapport de sûreté. C'est à partir de ces études que le Service central de sûreté des
installations nucléaires (SCSIN) établit les Règles fondamentales de sûreté (RFS)
applicables au centre de stockage ainsi qu'à l'agrément des colis.
L'Agence nationale pour la gestion des déchets radioactifs (Andra), qui assure
la gestion et la sûreté du centre de stockage, élabore des spécifications qui viennent
compléter les RFS.
Cet ensemble de prescriptions permet pour chaque colis de déchets:
— d'identifier la nature du contenu,
— d'évaluer l'activité de ce contenu,
— de garantir la qualité des colis vis-à-vis du risque de relâchement de l'activité.

2.1. Origine des déchets radioactifs
Les déchets produits par les centrales REP peuvent être classés en deux
catégories: les déchets dits «de procédé» liés à l'exploitation et provenant du traitement des fluides (concentrats d'évaporateurs, résines échangeuses d'ions, filtres) et
les déchets dits «technologiques» provenant des travaux d'entretien (matériaux et
matériels divers plus ou moins compactables).
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T A B L E A U I. P R O D U C T I O N M O Y E N N E A N N U E L L E D E D E C H E T S

POUR

U N E T R A N C H E R E P D E 900 M W e

Activité

Nature des déchets

1)

(Ci)

(m )

Volume à
stocker
(m 3 )

•

a

— filtres des circuits liquides
— concentrais d'évaporateurs et boues
— résines APG
2)

3

De procédé
— résines échangeuses d'ions

Volume

365

5

83
b

188

33

7

12

68

6

8

2

94

113

63

6

36

Négligeable

35

Technologiques
— en fûts métalliques
— en colis béton

TOTAL

625

343

a

Résines: 25% du volume des déchets stockés et 59% de l'activité totale des déchets

b

Nombre de

filtres.

T A B L E A U II. C O U T T O T A L A N N U E L D E S D E C H E T S P O U R U N E T R A N C H E
R E P D E 9 0 0 M W e ( B A S E 1987)
Déchets
Résines

Coût unitaire

Coût total

280 k F F / m 3

1400 k F F

3

720 k F F

Concentrais et boues

60 k F F / m

Filtres des circuits d'eau

12 kFF/filtre

400 kFF

12 kFF/colis

220 kFF

1,5 kFF/fût

855 k F F

Technologiques
Colis béton
Fûts métalliques

3,6 MFF
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TABLEAU III. ELEMENTS DU COUT ANNUEL DES DECHETS D ' U N E
TRANCHE REP DE 900 MWe
Déchets techno-

Concentrais

Déchets

et boues

irradiants

25

20

21

34

39

20

17

24

— conditionnement

80

32

35

18

— transport

10

26

25

15

— stockage

10

42

40

Résines

logiques en fûts
métalliques

Pourcentage du volume
total à stocker
Pourcentage du coût total
dont:

.

67

La production moyenne annuelle de déchets des deux catégories pour une
tranche de 900 MWe est présentée dans le tableau I. Le coût total annuel des déchets
pour une tranche de 900 MWe et les éléments de ce coût sont présentés respectivement dans les tableaux II et III.
Il apparaît que les déchets technologiques en fûts métalliques auxquels nous
nous intéressons représentent 34% du volume total des déchets stockés annuellement
et 24% du coût total des déchets.
Ces valeurs correspondent à un conditionnement qui consiste en un précompactage en centrale des déchets dans des fûts métalliques de 200 L. Ces fûts sont ensuite
compactés sur le site de stockage puis bétonnés dans des conteneurs en béton qui sont
stockés en tumulus.

2.2. Objectifs de l'étude
La perspective de la mise en service du nouveau site de l'Aube a conduit EDF
à rechercher un procédé de conditionnement de ces déchets qui, tout en étant agréé
par l'Andra, soit le plus économique possible.
Ce mémoire examine quatre procédés de traitement et de conditionnement.
A chaque procédé est associée une évaluation du coût global de la gestion du
déchet qui comprend, outre le traitement et le conditionnement, le transport et le
stockage.
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DONNEES DE BASE

3.1. Nature et quantité de déchets
La production annuelle de déchets technologiques précompactés de faible activité à l'horizon 1990, pour un parc de 50 tranches implantées sur 20 sites, est
évaluée à 1800 tonnes avec une masse volumique apparente de 450 kg/m 3 (masse
volumique apparente des déchets bruts de production: 150 kg/m 3 ).
A ces déchets technologiques nous adjoindrons les filtres de ventilation qui
peuvent être traités par les quatre procédés examinés, les résines de faible activité
compatibles avec deux procédés et les huiles qui ne peuvent être traitées que par un
seul procédé.
Les productions annuelles et les masses volumiques apparentes de ces trois
déchets se présentent comme suit:
Déchets

Production
annuelle

Masse volumique
apparente

(t)

(kg/m 3 )

210
210
110

300
700
900

Filtres
REI
Huiles

3.2. Principales caractéristiques des déchets
3.2.1.

Déchets

technologiques

— fraction incinérable: 70% en masse (1260 t) dont 820 t de PVC, 365 t de
cellulose, 75 t d'autres plastiques et caoutchouc;
— activité moyenne ßy. 0,7 GBq/t (0,02 Ci/t);
— fraction non incinérable: 30% en masse (540 t).

3.2.2.

Filtres de

ventilation

— fraction combustile: 15%;
— fraction non combustible: 85%;
— activité moyenne ßy: de l'ordre de 4 MBq/t (10~ 4 Ci/t).
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3.2.3.

Résines échangeuses

d'ions

Elles proviennent du traitement des purges des générateurs de vapeur
(300 m ) et des déminéraliseurs de déboratation du traitement des effluents
primaires (90 m 3 ).
Leur activité moyenne ßy est de l'ordre de 37 MBq/t (10~ 3 Ci/t).
3.2.4.

Huiles
Activité moyenne ßy: 1000 Bq/kg (3 X 10~ 8 Ci/t).

4.

PROCEDES DE TRAITEMENT ET DE CONDITIONNEMENT
DES DECHETS

Différents procédés de réduction de volume sont examinés. Ils font appel à des
moyens mécaniques (compactage, déchiquetage) ou mécaniques et thermiques
(déchiquetage et broyage suivis d'une extrusion ou d'une incinération). D'une façon
générale, le conditionnement des déchets ainsi traités est ensuite assuré à l'aide de
matrices à base de liants hydrauliques.

4.1. Procédés mécaniques
4.1.1.

Compactage par presse sur site de stockage

Ce procédé se différencie de celui pratiqué actuellement au centre de stockage
de la Manche par la puissance de la presse qui est sensiblement plus importante
(1000 t) et par le conditionnement des galettes obtenues par compactage dans des fûts
métalliques de 400 L. Les colis ainsi réalisés sont stockés en alvéoles simples.
Le facteur de réduction de volume apporté par le procédé est de:
volume déchets bruts
volume de stockage
4.1.2.

=

12 000

= 3,2

3700

Déchiquetage sur site EDF

L'opération est assurée par passage des déchets dans un broyeur-déchiqueteur
installé sur chaque site; le déchiquetât obtenu est préconditionné dans des caissons
en béton de 1,7 m au cube. Le blocage est ensuite réalisé par injection de coulis soit
sur place soit sur le stite de stockage. Les caissons sont stockés sur plate-forme.

IAEA-SM-303/80

319

Le facteur de réduction de volume est égal à:
volume déchets bruts
volume de stockage

=

12 ООО

=

22

5350

Au plan technique ce procédé permet de diminuer le nombre de mánutentions
et de supprimer l'opération de compactage sur le site de stockage. Par ailleurs, du
fait de la décentralisation du traitement, une défaillance a peu d'incidence sur
l'ensemble de la gestion des déchets.
Par contre, il nécessite un tri préliminaire et un entreposage des caissons si
l'injection se fait sur site et il présente un facteur de réduction de volume plus faible
que le compactage. En outre, il nécessite de rechercher une alternative de réduction
de volume pour les autres producteurs de déchets en futs métalliques.

4.2. Procédés mécaniques et thermiques
L'intérêt de l'utilisation de procédés thermiques (extrusion ou incinération) est
lié à une évolution de la composition des déchets, le PVC étant remplacé partiellement par un produit non chloré. Ce changement de matériau permet:
— pour l'extrusion, d'assurer l'opération sans ajout de fondant (agent de fluidité)
et à une température plus basse que celle requise pour le PVC;
— pour l'incinération, de minimiser le volume d'effluents chlorurés à traiter.
Parmi les matériaux non chlorés, ignifugés, souples, stables, soudables, de
prix et de caractéristiques mécaniques proches de ceux du PVC, deux peuvent être
envisagés: le polyéthylène (PE) et l'éthylvinylacétate (EVA). Ce dernier a été retenu
pour l'étude.
La substitution partielle du PVC par de l'EVA conduit à un nouveau bilan
matière pour la fraction incinérable des déchets technologiques:
— PVC:
170 t
— EVA:
360 t (en remplacement de 650 t de PVC)
— cellulose:
365 t
— autres plastiques:
75 t.
4.2.1.

Extrusion

Les déchets font l'objet en centrale d'un tri grossier permettant de séparer les
déchets extrudables des non extrudables (environ 20% en masse). La fraction non
extrudable est introduite dans des caissons en béton et expédiée vers le site de traitement centralisé. La fraction extrudable (qui contient encore 10% en masse de débris
divers non extrudables) est déchiquetée, conditionnée en sacs de grande capacité et
transportée en transconteneurs vers le site de traitement centralisé.
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Sur le site, les déchets subissent un prétraitement consistant en un broyage fin
avant d'être enrobés sous pression dans une extrudeuse à la température de fusion
du matériau thermoplastique (EVA).
L'extrudat obtenu est recueilli dans des caissons en béton de 1,7 m au cube.
Une partie d'extradât est utilisée pour bloquer les déchets non extrudables
mentionnés précédemment. Les caissons sont stockés sur plate-forme.
L'opération d'extrusion s'effectue normalement sans ajout de matière
thermofusible, les feuilles d'EVA présentes dans les déchets jouant ce rôle.
A noter que ce procédé peut être utilisé pour l'enrobage des REI de faible
activité.
Le facteur de réduction de volume est égal à:
volume déchets bruts
volume de stockage

1200
=

2290

= 5,2

Ce procédé offre un bon facteur de réduction de volume et il induit un gain
sur le traitement des résines échangeuses d'ions (REI) de faible activité. Par contre,
il demande un tri préalable, et augmente le nombre de transports, et il nécessite de
rechercher une alternative de réduction de volume pour les déchets des autres
producteurs.

4.2.2.

Incinération

Les déchets sont déchiquetés en centrale, permettant ainsi une séparation en
fractions «incinérables» et «non incinérables».
La fraction «incinérables», qui contient encore 10% en masse de débris divers
non incinérables, est triée automatiquement à l'aide d'un classeur prneumatique. La
partie de déchets incinérables est conditionnée en sacs de grande capacité et expédiée
en transconteneurs vers le site de traitement centralisé.
La fraction «non incinérables», refoulée par le déchiqueteur ou provenant du
tri pneumatique, est conditionnée en caisson béton et expédiée vers le site de
stockage. Les déchets sont alors bloqués dans les caissons par injection de coulis de
béton et stockés en plate-forme.
L'installation d'incinération centralisée reçoit les sacs de déchets qui sont incinérés. Les sous-produits obtenus sont conditionnés dans des matrices à base de liants
hydrauliques et évacués en fïïts de 200 L vers le site de stockage où ils sont stockés
en alvéoles.
Le facteur de réduction de volume se présente comme suit:
— pour les déchets non incinérables:
• volume des déchets conditionnés
398 m 3
• volume de stockage
446 m 3
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TABLEAU IV. REDUCTION DE VOLUME 2
Procédés

Volume brut

Compactage

Déchiquetage

Extrusion

Incinération

12 000

12 000

12 000

12 000

150

150

126

126

2 000

4 780

2 044

506

3 700

5 350

2 290

598

Masse volumique apparente
(kg-m"3)
Volume précompacté
(Pa=450 kg-m"3)

4 000

Volume des déchets à
conditionner
Volume de stockage
Catégorie de stockage

alvéole

plate-forme

plate-forme

alvéole et
plate-forme

Facteur de réduction de
volume

a

3,2

2,2

5,2

20

Volumes exprimés en m 3 • a ~ 1 .

— pour les déchets incinérables:
• volume des déchets conditionnés
108 m 3
• volume de stockage
152 m 3
soit, au total, un facteur de réduction égal à:
volume déchets bruts

12 000

volume de stockage

446 + 152

^q

Ce procédé est celui qui entraîne le plus de modifications. En effet, la réalisation d'une installation d'incinération implique la création ou la modification d'une
installation nucléaire de base.
Par ailleurs, il présente les éléments favorables suivants:
— procédé performant sur le plan de la réduction globale de volume;
— procédé pouvant traiter d'autres catégories de déchets produits par les centrales
(REI de faible activité, huiles) ainsi que les déchets de faible activité d'autres
producteurs.
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Par contre, il existe peu ou pas d'expérience de fonctionnement d'une installation d'incinération de déchets de faible activité d'une capacité de 300 kg/h.
Par ailleurs, une telle installation nécessitant des périodes d'entretien, il
conviendrait de créer des capacités tampons.
Les performances sur le plan de la réduction de volume des différents procédés
de traitement présentés ci-avant sont rappelées dans le tableau IV.

5.

COMPARAISON ECONOMIQUE

5.1. Méthode
La comparaison économique est conduite en évaluant pour chacun des quatre
systèmes le coût de chaque phase de gestion (traitement de réduction de volume,
conditionnement, transport et stockage).
Les coûts présentés comprennent les investissements, l'exploitation, les prestations de service et, s'il y a lieu, les produits consommés. Ils sont exprimés en francs
français (FF) hors taxes aux conditions économiques de 1987 et sont ramenés à une
unité de volume de référence qui est ici celle des déchets bruts produits en centrale:
production annuelle: 12 000 m 3 , masse volumique apparente: 150 kg/m 3 .
Ils ne comprennent pas les frais fixes Andra, c'est-à-dire l'amortissement des
dépenses occasionnées par la création du site de stockage ainsi que les coûts fixes
annuels d'exploitation.
Les éléments économiques retenus proviennent ou de propositions commerciales ou d'évaluations soit fournies par les organismes concernés, soit établies par
analogie à des procédures existantes.
Sur le plan des installations, les équipements ont une durée de vie économique
de 10 ans et les bâtiments de 20 ans.
Des frais de maintenance sont provisionnés annuellement à hauteur de 10% du
coût des équipements.
Les coûts de personnel sont établis sur une base de 300 kFF • a ~1 '.
Pour ce qui est du coût du stockage, les besoins de l'étude ont conduit à utiliser
non pas une tarification standard mais des coûts structurés à partir des principaux
postes d'investissement et d'exploitation des ouvrages de stockage.

5.2. Evaluation du coût des différents systèmes de gestion des déchets
5.2.1.

Compactage sur site de stockage

Les coûts de gestion, exprimés en kFF par m 3 de déchets bruts, se présentent
comme suit:
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Coûts (kFF/m 3 )

Opérations
Conditionnement sur site EDF
Transport
Réception-conditionnement
sur site de stockage
Stockage

0,333
0,204
1,759
0,673
Total

5.2.2.

Déchiquetage

2,969

et injection des caissons sur sites EDF
Coûts (kFF/m 3 )

Opérations
Conditionnement sur site EDF
Transport
Réception sur site de stockage
Stockage

1,314
0,278
0,213
0,217
Total

5.2.3.

Extrusion sur site de traitement

2,022

centralisé
Coûts (kFF/m 3 )

Opérations
Conditionnement sur site EDF
Transport
Extrusion et conditionnement
Transport
Réception sur site de stockage
Stockage

5.2.4.

Incinération sur site de traitement

0,289
0,093
0,736
0,104
0,142
0,172
Total
centralisé

1,536

Coûts (kFF/m 3 )

Opérations
Conditionnement sur site EDF

0,388

Transport
Incinération et conditionnement
Transport
Réception et conditionnement
sur site de stockage

0,091
0,992
0,009

Stockage

0,074

0,470

Total:

2,024
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La comparaison des coûts annuels de la gestion des déchets technologiques se
présente comme suit (en MFF):
— compactage:
35,6
— déchiquetage:
24.3
— extrusion:
18.4
— incinération:
24,3

6.

CONCLUSION

La maîtrise de la gestion des déchets radioactifs de faible et moyenne activité
des centrales REP est pratiquement assurée en France grâce aux orientations prises
en matière de stockage des déchets et à la réglementation qui en découle.
Au niveau des procédés de traitement et de conditionnement des déchets,
quelques progrès restent à faire pour en réduire le coût. C'est, en particulier, le cas
des déchets technologiques provenant des travaux d'entretien effectués dans ces
centrales. A cette fin, quatre scénarios de réduction de volume et de conditionnement
ont été élaborés et comparés: le compactage sur le site de stockage, le déchiquetage
sur site EDF, l'extrusion et l'incinération, toutes deux effectuées sur un site de
traitement centralisé.
Les résultats de cette étude mettent en lumière l'intérêt économique de
l'extrusion. En conséquence, EDF a engagé en liaison avec le Commissariat à
l'énergie atomique un programme d'essais en vue de qualifier ce procédé.
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Abstract
PROCESSING

AT

THE

PLUTONIUM-CONTAMINATED

WASTE

TREATMENT

FACILITY.
The Power Reactor and Nuclear Fuel Development Corporation (PNC) completed the
construction of the Plutonium-contaminated Waste Treatment Facility (PWTF) at its Tokai
Works in August 1987 and put it into hot operation. The purpose of the facility is to demonstrate techniques for volume reduction of the plutonium contaminated solid wastes generated
from the M O X fuel fabrication facilities. The plant is 68 m long, 30 m wide and 27 m high
and has a total floor area of about 7200 m 2 . The plant consists of three floors above and one
floor below ground. On the basis of the P N C ' s R & D results, the P W T F was designed to incorporate several unit processing operations in large glove boxes (total volume 700 m ), such as
waste reception, sorting, incineration, acid digestion, metal melting, ash melting and liquid
waste treatment. The throughput is 2.5 m 3 /d, or 450 m 3 / a based on 180 d/a of operation, and
the total volume reduction factor is 20.

1.

INTRODUCTION

Most of the plutonium contaminated solid wastes treated in the Plutoniumcontaminated Waste Treatment Facility (PWTF) arise from the MOX fuel fabrication
facilities at the Tokai Works of the Power Reactor and Nuclear Fuel Development
Corporation (PNC) during fuel fabrication and dismantling of equipment. The wastes
are classified into three categories — combustibles (paper, rags, wood, plastics,
etc.), non-combustibles (metals, glass, HEPA filters, etc.) and chlorinated organic
materials (PVC, chloroprene, etc.) — at the MOX fuel facilities and sealed in 20 L
cartons or wrapped in PVC sheets. These wastes are then packed in 200 L drums
or 1.7 m 3 steel containers and stored in the Plutonium-contaminated Waste Storage
Facility (PWSF) or the storage houses on the Tokai site.
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FIG. 1. PWTF development programme.

The volume of plutonium contaminated solid wastes had amounted to approximately 3000 m 3 by 1987 and is expected to increase in the near future because the
MOX fuel facilities will have expanded to supply MOX fuel to the prototype fast
breeder reactor, Monju, and the commercial advanced thermal reactor. In view of
this situation, since the early 1970s the PNC has developed several waste treatment
technologies to reduce waste volumes and produce durable waste forms [1, 2].
On the basis of these R&D results, the PNC designed the PWTF, which was
completed in August 1987 and, after a period of cold tests, was put into hot operation
in November 1987. The PWTF development programme is shown in Fig. 1.
The objectives of the PWTF are:
(1)
(2)
(3)

Volume reduction of the wastes generated during MOX fuel fabrication,
Demonstration of the processes developed by the PNC,
Basic studies of disposal.

In this paper, the main features of the PWTF and the results of the cold operation experiments are described.

2.

FACILITY DESCRIPTION

The PWTF is located at the centre of the Tokai Works, adjoining the PWSF.
The PWTF consists of a waste receiving area, pretreatment and sorting area, incineration room, acid digestion room, metal melting room, ash melting room, product
shipment room, liquid waste treatment room, and ventilating and exhaust filter room
(Fig. 2). The PWTF is 68 m long, 30 m wide and 27 m high. The total floor area,
which includes the control room, radiation monitoring facilities and various utilities,
is about 7200 m 2 .
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Major operational requirements are prevention of personnel exposure and of
radioactive contamination. Multiple barriers are provided to confine the radioactive
materials within predetermined areas of the PWTF. In the PWTF it is possible to
maintain air at lower pressures in confinement areas, such as glove boxes and controlled areas, than that of the atmosphere outside the PWTF. To prevent the spread
of contamination, ventilation air flows from less contaminated areas to more highly
contaminated ones and then passes through filters to remove radioactive particulates
and pollutants prior to discharge from the stack.

3.

PROCESS DESCRIPTIONS

3.1. General description
In the PWTF, the volume reduction and stabilization processes as well as the
initial phases of the melting process take place in three kinds of operation unit: conventional incineration, cyclone incineration and acid digestion of paper, rags, wood,
plastics, rubber and HEPA filters. The resulting incinerated ash, acid digested
residue and oxide slag from the metal melting process are melted by microwave heating without any additives, and after cooling form a 20-30 kg ceramic-like block
which is then placed in a stainless steel canister. The major phases of the product
are forsterite, anorthite and augite.
Metallic wastes are introduced into the Electroslag Remelting Unit in the
PWTF and melted to form a slag pool in a water cooled copper mould. The slag is
a mixture of CaO, A1 2 0 3 and B 2 0 3 . Contaminants such as plutonium and uranium
oxide are converted into 100 kg metallic ingots with little contamination at the bottom
of the pool. After being reused about twenty times the slag is also converted into
durable ceramic-like blocks by mixing with the above mentioned ash and residue and
applying microwave heating.
Non-destructive assay (NDA) methods such as passive gamma and passive
neutron scanning are applied in the PWTF to measure operational dose rates; an
active neutron method will be introduced in 1989.
Most processes are installed in glove boxes and connected to each other
through other glove boxes or tunnels in the PWTF. The throughput is 2.5 m 3 /d, or
450 m 3 /a based on 180 d/a of operation. Figure 3 shows a simplified flow diagram.

3.2. Pretreatment and sorting
The plutonium contaminated wastes in drum or
PWTF from the PWSF by transfer cart and from 17
being assayed for plutonium content and surface
charged into a glove box from the drum or container.

container are introduced to the
storage houses by truck. After
contaminants, the wastes are
These wastes, either in cartons
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FIG. 3. Flow diagram of waste processing at the PWTF.
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FIG. 4: View of conventional incineration process.
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or wrapped in PVC sheets, are sorted into four categories: metals, combustibles,
HEPA filters and other wastes containing chlorine.
The metal wastes are cut into 50 mm x 50 mm pieces with a shearing cutter
and moved to the metal melting process by crane. Combustibles are cut and sealed
in paper bags automatically and then sent to the conventional incineration process
by gravity flow. HEPA filters are cut into several pieces with a circular saw and sent
to the conventional incineration process by crane.
PVC and chloroprene wastes are cut into 5 mm x 5 mm pieces in two stages
by shredding units and sent to the cyclone incineration process by gravity flow.

3.3. Conventional incineration process
The conventional incineration facility consists of a feeder, incinerator and offgas treatment unit and has a throughput of 50 kg/h. The incinerator is composed of
a primary and a secondary combustion chamber and two kerosene burners. The calcination chamber is also equipped with an incinerator to calcine paints and tapes in
metal wastes.
Bagged combustible wastes and pieces of HEPA filter are fed to the primary
combustion chamber from the top of the incinerator through an airlock and adiabatic
shutter. The wastes descend into the combustion zone where they are burned to ash
with the two kerosene burners. The combustion gas and coarse dusts from the
primary combustion chamber are carried over to the secondary chamber, filled with
silicon carbide blocks for complete combustion.
The ash is removed from the bottom of the primary chamber and sent to the
microwave melting process. The off-gas passes through a high temperature filter,
diluter, HEPA filter, scrubber and mist separator (stainless steel mesh) prior to discharge from the stack to the atmosphere. Figure 4 shows the conventional incineration process.

3.4. Acid digestion process
The acid digestion facility consists of a feeder, digester, calciner and off-gas
treatment unit (Figs 5, 6) and has a throughput of 30 kg/d. A mixed slurry of shredded wastes (5 mm x 5 mm) and sulphuric acid is fed to the digester. The wastes
are decomposed and oxidized with sulphuric and nitric acid kept at 250° С in the
digester made of tantalum and glass lined carbon steel. The digester is of the cylindrical type, 35 cm in diameter and 45 cm in height.
The generated vapour and gas, including SO x and NO x , are treated with a
demi'ster, absorbants and a scrubber. The absorbed H 2 S 0 4 and H N 0 3 are distilled
for reuse in the digestion process. The residue, drained from the bottom of the
digester, is calcined at about 500°C. The sulphuric acid generated from the residue
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FIG. 6. Calciner part of acid digestion process.
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during calcination is reused in the process after passing through a condenser. The
calcined residue is mixed with the ash of combustible wastes, converted into
ceramic-like blocks and sent to the microwave melting process.

3.5. Cyclone incineration process
The cyclone incineration facility for organic chlorinated materials consists of
a feeder, cyclone incinerator and off-gas treatment unit and has a throughput of
30 kg/d. The shredded wastes (5 mm X 5 mm) are fed through hopper and feeder
to the incinerator and circulate down in a spiral, forming ash at the bottom.
The cyclone incinerator is of the cylindrical type, 56 cm in diameter and
220 cm in height. The wall of the incinerator is made of high quality moulded alumina. Ignition for the incineration is made by preheated oxygen rich air (30 vol%
oxygen).
The ash is removed from the bottom of the incinerator. The off-gas is released
from the stack through a cooling tower, partial condenser, HCl absorber, scrubber
and HEPA filter.

3.6. Electroslag remelting process
The electroslag remelting (ESR) facility consists of a feeder, furnace, crusher
and off-gas treatment unit (Figs 7, 8) and has a throughput of 100 kg/batch. The ESR
furnace is composed of a mould, stool and tungsten electrodes. The water cooled
mould is made of pure copper with inside dimensions of 220 mm x 380 mm. About
100 kg of cut pieces of metal (50 mm X 50 mm) are fed into the molten slag pool
at the rate of 60 kg/h.
To remove the metal ingot easily from the mould, the mould is designed to be
divided into two parts. Two tungsten bars of 50 mm diameter are used as nonconsumable electrodes. Electric power is supplied to the tungsten electrodes through
two copper bars aligned in parallel. Nitrogen gas is blown into the furnace to prevent
oxidation of the electrodes.
To generate Joule heat in the slag, a stool arc method is used to start to melt
the slag. The pieces of metal are gently fed into the melted slag through a bucket.
After melting, the slag is separated from the metal ingot and crushed for reuse. The
off-gas is passed to the conventional incineration process through a bag filter,
prefilter and blower.

3.7. Microwave melting process
The microwave melting facility consists of a melter, waveguide and microwave
generator and has a throughput of 5 kg/h. This process, like the conventional inciner-

FIG. 7. General view of electroslag remelting process,
showing slag crushing section and bagout port (right).

FIG. 8. Furnace part of electroslag remelting process.

FIG. 9. General view of microwave melting process, showing waveguide (rectangular section) running from top right
towards bottom left.
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FIG. 11. General view of liquid waste treatment process.

ation and acid digestion processes, is designed to convert slag from the metal melting
process into ceramic-like blocks (Figs 9, 10).
The melter consists of a tuner, crucible and isolator. The metal crucible is used
as a primary canister. The melter is installed in a glove box and microwaves are
introduced through the waveguide from the generator installed outside the glove box.
The generator can produce 10 kW microwave output with a frequency of 2450 MHz.

3.8. Liquid waste treatment process
Liquid wastes generated in the PWTF are classified into two categories:
process wastes and non-process wastes. Process wastes comprise the drainage liquids

T A B L E I. C O M P O S I T I O N O F S I M U L A T E D W A S T E S

Waste category

Component

Content (%)

Combustibles

Paper
Rags
Wood
Plastics
HEPA filters

26
13
1
4
56

Metals

Stainless steel
Carbon steel

90
10

PVC sheets

90

Adhesive tapes

10

Chlorine wastes
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TABLE II. OPERATING DATA

Conventional
incineration

Cyclone
incineration

Acid
digestion

Metal
melting

Waste

Combustibles
HEPA filters

PVC sheets
Chloroprene

PVC sheets
Chloroprene

Stainless steel
Carbon steel

Feed rate

2.0 kg/3 min
(bagged wastes)
5.0 kg/5 min
(HEPA filter pieces)

5 kg/h

5 kg/h

60 kg/h

Operating
temperature

Primary chamber,
800-900

900-1000

240-250

1700-1800

( e C)

Secondary chamber,
900-1000
High temperature
filter, 500-600

Operating

- 3 0 to - 4 0

- 1 1 0 to - 1 5 0

- 3 0 0 to - 3 5 0 - 4 0 to - 5 0

7000-9000

100-200

20-25

pressure
(mmH 2 0) a
Exhaust gas
emission rate
(m 3 /h at NTP)

400-500

1 m m H 2 0 = 9.807 Pa.

TABLE III. OPERATING DATA ON MICROWAVE MELTING PROCESS

Wastes: Incinerated ash

Operating pressure:

- 4 5 to - 5 5 mmH 2 O a

Acid digested residue
Oxide slag
Feed rate: 5 kg/h (continuous)

Exhaust gas emission rate:

Operating temperature:

Density of ceramic-like blocks:

1 m m H 2 0 = 9.807 Pa.

1200-1400°C

5 - 6 m /h at NTP
2-3 g/cm

IAEA-SM-303/80

339

from several processes such as acid digestion, cyclone incineration, chemical analysis and hand washing in the controlled area. Process wastes are received into the
installation for liquid waste treatment (Fig. 11) and treated by adsorption on charcoal
and chelating resin so that the resulting activity is below 3.7 X 10~3 Bq/cm 3 .
Non-process wastes are treated to remove organic materials and suspended
solids with membranes by methods such as reverse osmosis and ultrafiltration before
being discharged to the sea.

4.

EVALUATION OF PRODUCTS

In the PWTF, evaluation tests will be continued for products such as the
ceramic-like blocks and metal ingots to determine the characteristics of the waste
forms, for example leachability, solubility of plutonium and interaction with rock
under simulated disposal conditions (Fig. 12).

5.

EXPERIENCE WITH THE PWTF

The entire treatment process has been tested successfully under cold operations
at full scale in the PWTF. Table I shows the composition of the simulated wastes
utilized in the cold tests. So far about 5 t of the simulated wastes have been treated.
Each process was evaluated for equipment capacity with respect to the design basis,
process performance, operation mode, etc.
Table II shows the operating data on conventional incineration, cyclone
incineration, acid digestion and metal melting.
The recovery rates of H 2 S 0 4 and H N 0 3 are about 100% and 73% in the acid
digestion process.
Table III shows the operating data on microwave melting.
The volume reduction ratio is 20:1 and the weight reduction ratio is 40:1 for
the whole PWTF system.
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Abstract-Résumé
C O N D I T I O N I N G O F I N C I N E R A T O R ASH AT T H E C E N , C A D A R A C H E .
The Cadarache Nuclear Research Centre (CEN) has several stocks of incinerator ash
resulting from the treatment of low and medium level wastes. The ash is at present in
temporary storage awaiting conditioning which would allow it to be stored at a surface site.
Laboratory studies have been carried out to test various embedding matrices, such as hydraulic
binders, bitumen, thermosetting plastic (epoxy) and, finally, a composite matrix of cement and
epoxy resin. The cement-resin composite matrix has several advantages, including compatibility with the various types of ash tested, unlike cement alone, whose composition must be
adapted to the nature of the ash (problems with phosphated ash resulting from incineration of
tributyl phosphate), or epoxy resin, which may require pretreatment of the wastes. A characterization programme has been produced for the embedded ash in the cement-resin composite
in order to obtain Andra approval for surface storage of the packages produced. The guiding
principles of the programme are the characterization criteria defined in the Basic Safety Regulations and the Andra minimum characterization programme; it includes laboratory scale tests
and a series of tests to be carried out on real packages (100 L drums). A pilot plant for embedding on a scale appropriate to the quantities of stored ash requiring conditioning is being set
up. It is being commissioned for two purposes: (1) as an industrial tool, it will facilitate the
resorption of existing and future stocks of ash; (2) as an R & D tool, it is designed to facilitate
a change in embedding matrix by substitution of the cement-resin compound for epoxy resin
or cement alone. This makes it possible to manufacture industrial embedded materials in three
different matrices at a single installation.

CONDITIONNEMENT

DES

CENDRES

DES

INCINERATEURS

DU

CEN

DE

CADARACHE.
Le Centre d'études nucléaires (CEN) de Cadarache possède plusieurs stocks de cendres
d'incinérateur provenant du traitement de déchets de faible et moyenne activité. Ces cendres
sont actuellement entreposées en attente d ' u n conditionnement autorisant leur stockage sur un
site de surface. Des études de laboratoire ont été effectuées en vue de tester plusieurs matrices
* Ces travaux ont été réalisés et partiellement financés dans le cadre du programme
de recherche de la Communauté européenne sur la Gestion et le stockage des déchets
radioactifs.
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d'enrobage tels que liants hydrauliques, bitume, résine thermodurcissable (époxyde) et, en
dernier lieu, une matrice composite ciment-résine époxyde. La matrice composite
ciment-résine présente des avantages: elle est, entre autres, compatible avec les différents
types de cendres testés, à la différence du ciment seul dont la formulation doit être adaptée
à la nature des cendres (problème des cendres phosphatées venant de l'incinération du phosphate de tributyle), ou de la résine époxyde, qui peut nécessiter un prétraitement du déchet.
Un programme de caractérisation des enrobés de cendres dans le composite ciment-résine a
été rédigé, visant à obtenir l'agrément de l'Andra pour le stockage en surface des colis
produits. Ce programme a pour axes directeurs les critères de caractérisation définis dans les
Règles fondamentales de sûreté et le programme minimum de caractérisation de l'Andra; il
comprend des essais sur éprouvettes de taille laboratoire, ainsi qu'une série d'essais à exécuter
sur colis réels (fûts de 100 L). Un pilote d'enrobage, dimensionné pour le conditionnement
des quantités de cendres entreposées, est en cours de montage. Sa mise en service a deux
objectifs: 1) en tant qu'outil industriel, il permettra la résorption des stocks de cendres
existants et à venir; 2) en tant qu'outil de R&D, il est conçu pour permettre le changement
de matrice d'enrobage et le passage du composite ciment-résine à la résine époxyde seule ou
au ciment seul. Ceci rend possible la fabrication d'enrobés industriels dans trois matrices
différentes et dans la même installation.

1.

INTRODUCTION
Pour le traitement de certains déchets de faible et moyenne activité, le Centre

d ' é t u d e s n u c l é a i r e s ( C E N ) d e C a d a r a c h e utilise d e u x i n c i n é r a t e u r s .

Le premier sert à l'incinération de liquides organiques usés. Il est exploité par
le Service des déchets de faible et moyenne activité à la demande de producteurs de
déchets liquides organiques internes ou externes au Commissariat à l'énergie
atomique (CEA).
Le second sert à l'incinération de déchets technologiques combustibles faiblement contaminés produits sur le CEN de Cadarache. Cet incinérateur est exploité par
le Service de protection, prévention et contrôle. Les cendres produites sont actuellement entreposées sur le site de Cadarache.
Du fait de la diversité des produits de départ traités dans ces deux incinérateurs, les cendres générées sont différentes. L'objectif est de définir et de mettre
en œuvre un conditionnement de ces cendres d'incinérateur en vue d'obtenir l'expédition et le stockage des colis d'enrobés sur un site de stockage de surface géré par
l'Agence nationale pour la gestion des déchets radioactifs (Andra).
Des études de laboratoire ont donc été entreprises en vue de tester plusieurs
matrices d'enrobage telles que liants hydrauliques, résine thermodurcissable
(époxyde) et matrice composite ciment-résine époxyde thermodurcissable.
Ces études ont permis d'aboutir à la définition d'une matrice d'enrobage
compatible avec les types divers de cendres considérés et possédant un coefficient
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d'enrobage conservant les caractéristiques de réduction des volumes obtenues avec
l'incinérateur.
Un pilote de conditionnement des cendres d'incinérateur est en cours de
montage; il a été dimensionné pour permettre le conditionnement des stocks de
cendres entreposés sur le site.
Par ailleurs, un programme de caractérisation des enrobés de cendres produits
a été rédigé par le Bureau d'évaluation et de contrôle des confinements. Ce
programme vise à obtenir l'agrément de l'Andra pour le stockage en surface des colis
produits. L'ensemble de ce programme, placé sous la responsabilité du Service des
déchets de faible et moyenne activité et cautionné par le CEA, a obtenu un soutien
contractuel de la Communauté européenne.

2.

CARACTERISTIQUES DES CENDRES A CONDITIONNER

Une première catégorie de cendres provient de l'incinération de liquides
organiques usés. Les cendres obtenues sont différentes selon la nature du liquide
organique traité. On peut distinguer deux familles:
— les solvants organiques usés renfermant du phosphate de tributyle à 30% dans
le dodécane;
— les huiles et autres solvants, tels que les solvants chlorés ou les liquides de
scintillation.
Les traitements par incinération de ces différents produits ont donné, depuis
1981, un stock de cendres avoisinant 3,5 t.
Une autre catégorie de cendres provient de l'incinération de déchets technologiques combustibles. La composition pondérale moyenne de ce type de déchets est
de 5% pour le coton, 5% pour les produits de type Kleenex, 35% pour le latex et
55% pour le PVC.
Le stock de cendres de déchets technologiques existant est d'environ 600 kg.
Le tableau I montre les poids de cendres obtenues dans les trois catégories
définies, avec identification de la nature du déchet traité.
La composition chimique des cendres à conditionner est décrite dans le
tableau II. Seules les teneurs en macroconstituants ont été dosées dans les trois types
de cendres:
— les cendres de TBP (tributylphosphate à 30% dans le dodécane) sont essentiellement constituées de phosphate ou de pyrophosphate de calcium; ceci provient du
procédé d'incinération qui, pour neutraliser l'acide phosphorique formé lors de la
combustion, nécessite l'injection dans la flamme d'un sel de calcium;
— les cendres d'huiles, liquides de scintillation, contiennent en plus du soufre et
des imbrûlés;
— les cendres de déchets solides contiennent sous forme d'oxydes une grande
variété d'éléments minéraux dont les principaux sont le calcium, le fer, l'aluminium
et le silicium.
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TABLEAU I. STOCK DE CENDRES D'INCINERATEUR A CONDITIONNER

Origine

Andra
Andra

Nature
du déchet

Poids des

TBP a
—

(kg)

a (Ci/t)

ßy (Ci/t)

0,01 < a < 0 , l

0 , 1 <187 < 1

647
1340
132

C A D SPR
Cogéma

—

70

F A R + SPR

—

162

DRDD-SFAPI

—

42

Cogéma

Activité des cendres

cendres

HSDb

APSN

—

Valeur

SPR-Saclay

—

moyenne

Andra

—

0,01

EDF

—

GNS-RFA

—

CAD-SPPC-SAR

DT C

a

TBP:

b

HSD: huiles et solvants divers.

c

DT:

1110

(pointe à 0,5)

600

0,002 à 0,1

0,01 à 0,5

tributylphosphate.
déchets technologiques.

On notera aussi l'étalement de la densité apparente des cendres, qui tient
compte de la granulométrie des différents produits et de l'air occlus.

3.

CHOIX DE LA MATRICE D'ENROBAGE

La matrice de conditionnement choisie doit convenir à tous les types de cendres
différentes produits par les incinérateurs du CEN de Cadarache.
Cette matrice doit pouvoir se mettre en œuvre à l'échelle 1, garder des qualités
suffisantes de coulabilité et fluidité et garantir un coefficient d'enrobage (poids de
cendres/poids d'enrobé) élevé; elle doit également répondre aux spécifications de
l'Andra concernant les déchets enrobés homogènes.
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TABLEAU II. CENDRES D'INCINERATEUR: COMPOSITION CHIMIQUE
CENTESIMALE MOYENNE
Déchet

Déchets solides
TBP

Huiles

Composition
Ca
P

(SPPC/CAD)
30

10

5 à 27

22,8

10

0,1 à 4 , 5

S

7,3

1,5 à 6

С

7,3

2 à 10

Al

1,1 à 4,7

Fe

2,5 à 10

Si

11 à 22

Cl

4 à 15

Densité apparente

0,27 à 0,42

0,33 à 0,59

0 , 4 6 à 0,52

Le choix de la matrice passe donc par plusieurs étapes:
— détermination d'une formulation optimale sur petits enrobés de taille
laboratoire en inactif au cours de cette phase: temps de prise, densité, dureté shore,
compression et prise de poids de l'échantillon dans l'eau sont comparés pour les
divers échantillons;
— une étape de précaractérisation, consistant à comparer pour les diverses
matrices leurs qualités en actif vis-à-vis d'un ou deux critères (comme lixiviation et
radiolyse) définis par l'Andra pour le stockage de colis;
— une étape de test en inactif à l'échelle significative (100 L) pour s'assurer des
possibilités de mise en œuvre industrielle d'une formulation définie en laboratoire.
L'ensemble des résultats acquis au cours de ces trois étapes pour les différentes
matrices (ciment-résine thermodurcissable époxyde et composite ciment-résine
époxyde) permettra de sélectionner une matrice d'enrobage.
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RÉSINE + DURCISSEUR

CIMENT
+ EAU
FIG. 1. Enrobé de cendres (matrice composite ciment-résine): diagramme de faisabilité.

3.1. Formulation en laboratoire
Les enrobés sont fabriqués en utilisant trois matrices d'enrobage:
— la résine époxyde de Ciba-Geigy (système époxyde XF 431 — durcisseur
XF 348);
— le ciment CLC 45: il s'agit d'un ciment au laitier de haut fourneau et aux
cendres volantes, choisi pour ses qualités de faible porosité et d'aptitude à la
rétention de radioisotopes;
— une matrice composite ciment-résine époxyde composée d'un mélange du
ciment précédent, additionné de son eau d'hydratation, avec un système époxyde
différent du premier cité, choisi pour ses caractéristiques de fluidité et de compatibilité avec l'eau (système CDF époxyde MN 201 — durcisseur D 2000).
Nous présenterons à titre d'exemple les essais effectués pour définir la
formulation composite ciment-résine époxyde [1].
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TABLEAU III. MATRICE COMPOSITE CIMENT-RESINE EPOXYDE:
DOMAINE DE FAISABILITE

Situation

%
cendres

%
résine + durcisseur

%
ciment + eau

D3

20

30

50

D9

30

25

45

D13

45

30

25

Ces essais sont résumés sur le diagramme ternaire de la figure 1 qui montre
les différentes compositions d'enrobés testés (points D1 à D13) et permet de déduire
un domaine de faisabilité représenté par la zone dont les points extérieurs sont les
points D3, D9, D13.
Le tableau III donne la composition des enrobés en ces points limites.
Les échantillons D1 à D7 correspondent à un enrobage de 20% de cendres et
vont de la résine pure au ciment pur.
Sur cette droite d'isoconcentration en cendres 20%, le meilleur enrobé est
l'enrobé D3 de formulation:
— résine + durcisseur: 30%

— ciment:
50%
— cendres:
20%.
Les essais se sont poursuivis en portant le pourcentage de cendres enrobées,
à partir de l'échantillon D3, à 30%, 40% et 45% (point D13):
— soit en diminuant simultanément le pourcentage de résine + durcisseur et le
pourcentage de ciment (échantillons D9 et D10);
— soit en maintenant à 30% le pourcentage de résine + durcisseur et en agissant
seulement sur le pourcentage de ciment (échantillons D i l , D12, D13).
Le meilleur enrobé obtenu, du point de vue des caractéristiques physiques, est
le D i l dont la formulation est la suivante:
— résine + durcisseur: 30%
— ciment:
30%
— cendres:
40%.
Des essais analogues ont été conduits sur les autres matrices dont les formulations définies sont indiquées dans le tableau IV.
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TABLEAU IV. FORMULATIONS DES AUTRES MATRICES

Enrobé

Cendres (%)

Liant d'enrobage (%)

Résine pure Ciba

40

60

E/C = 0,65

19

81

Composite

40

Ciment C L C 45

60

(résine C D F ciment + eau)

(dont résine C D F 50 parts
et ciment + eau 50 parts)

3.2. Etape de test en inactif à échelle pilote
Pour tester la faisabilité de mise en œuvre de la formulation définie en
laboratoire, les essais ont été réalisés avec des cendres inactives et avec un malaxeur
de marque Guedu, du type à pale rotative racleuse.
A)

Formulation résine thermodurcissale

époxyde pur

Les essais effectués en fûts de 100 L ou de 200 L ont montré que la
température d e polymérisation atteinte à c œ u r entraînait un dégagement

gazeux

pouvant nuire à la qualité de l'enrobé.
Toutefois, il est possible d'augmenter la quantité des cendres jusqu'à 60% avec
pour conséquence une diminution de la température de polymérisation ou de
rechercher également des composants époxydes à vitesse de polymérisation plus
lente.
Le malaxage sous vide puis le transfert de l'enrobé sous vide améliorent la
qualité de l'enrobé produit.
B)

Essai de mise en œuvre sur une matrice

composite

Un fût de 100 L a été réalisé. La température à cœur n'a pas dépassé 95°C.
L'enrobé est de bonne qualité et sa densité, améliorée par le malaxage sous vide, est
de 1,75 comparée à 1,91 obtenue sur les échantillons laboratoire de 100 ml.
C)

Essai sur une matrice

ciment

La mise en œuvre d'un fût de 100 L a fait apparaître un dégagement
d'hydrogène dû à une réaction entre matrice et composants des cendres. Le malaxage
sous vide pourrait améliorer la qualité et la densité de l'enrobé.
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3.3. Etape de précaractérisation sur échantillons de taille laboratoire —
Essais de résistance à la lixiviation
Un essai particulièrement important pour la connaissance du comportement des
enrobés de cendres dans un stockage de surface est celui permettant la mesure de
la résistance à la lixiviation par l'eau des radionuclides enrobés.
Sur les enrobés fabriqués à partir des cendres décrites dans les trois matrices
étudiées, l'activité prépondérante provient d'émetteurs bêta gamma tels que ^ C o et
137
Cs.
Les essais de lixiviation de ces nucléides sont programmés en 1988.
A titre d'information, nous pouvons présenter les résultats d'essais de
résistance à la lixiviation des actinides émetteurs alpha (plutonium, américium et
uranium) établis au cours d'un programme d'étude sur des enrobés de cendres alpha
provenant de l'incinération de déchets technologiques du type MOX [2, 3]. La
procédure suivie au cours de ces essais est la même que celle qui sera mise en œuvre
pour les cendres bêta gamma.
Les caractéristiques des éprouvettes objet du test sont regroupées dans le
tableau V.
La figure 2 montre la fraction d'activité relâchée (L R = E ai/Ao) en fonction
du temps au cours d'un essai conduit sur une durée de un an.
Pour un essai de 270 jours, les fractions d'activité relâchée cumulée sont
indiquées dans le tableau VI. Elles représentent, pour le composite, un avantage d'un
facteur 8-10 sur le ciment et d'un facteur 2 sur la résine.
Ceci semble montrer le bon comportement des enrobés composites vis-à-vis de
la lixiviation par l'eau des émetteurs alpha; ce comportement est vraisemblablement
dû aux propriétés d'alcalinité du ciment jointes au caractère hydrophobe de la résine
époxyde.

3.4. Comparaison des propriétés d'enrobage sur trois matrices testées
Les matrices en résine thermodurcissable et en composite ciment-résine
thermodurcissable époxyde présentent sur la matrice en ciment pur les avantages
suivants:
— meilleur taux d'enrobage: 40% de cendres au lieu de 20% pour la matrice
ciment;
— meilleures propriétés mécaniques: 125 MPa et 63 MPa respectivement de
force de compression au lieu de 23 MPa pour la matrice ciment;
— formulation compatible avec la diversité des compositions chimiques des
cendres provenant des incinérateurs de Cadarache (les cendres riches en phosphate
provenant de l'incinération du phosphate de tributyle nécessiteraient une adaptation
de la formulation ciment qui a de grandes difficultés de prise avec ce type de
cendres).

О
T A B L E A U V. ESSAIS DE LIXIVIATION — CARACTERISTIQUES DES E P R O U V E T T E S
( A C T I V I T E a D E S C E N D R E S : 5 0 Ci/t)

Enrobé

Cendres
Nature
des enrobés

№

Observations

Masse
par enrobé
(g)

Activité
spécifique
(Ci/t)

Activité Ao

44,8
(1,68 X 10 6 Bq/g)

3

59,6
62,2
60,72

98,8 x 10 6
103,1 x 10 6
100,7 x 10 6

149
155,3
151,8

Composite
Ciment/résine
époxyde

10
11
12

69,84
67,6
67,24

51,9
(1,92 X 10 6 Bq/g)

134,09 x 10 6
129,8 x 10 6
130,2 x 10 6

174,6
169
169,6

0,4
0,4
0,4

Ciment

13
14
15

29,8
33,2
32,2

51,9
(1,92 x 10 6 Bq/g)

57,3 x 10 6
63,8 x 10 6
61,8 x 10 6

155,3
173,1

0,192
0,192

167,6

0,192

Résine
Epoxyde

1
2

par enrobé

Masse
(g)

(Bq)

Coefficient
d'enrobage

0,4
0,4
0,4

Enrobage des
cendres sous
pression réduite
Cure: 48 h avec
recuit
Conditions
d'enrobage
identiques à
ci-dessus
Cure de 28 d en
atmosphère à
humidité
saturante
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La résine époxyde, par rapport au composite ciment-époxyde, a les
inconvénients suivants:
— le coût des matières premières est deux fois plus élevé pour la matrice
époxyde;
— la mise en œuvre de la matrice époxyde peut s'avérer délicate du fait des
températures de polymérisation importantes atteintes; pallier ce défaut nécessiterait
des études et essais complémentaires.
La matrice composite ciment-résine époxyde, compatible avec les différents
types de cendres testés, a de bonnes caractéristiques mécaniques et est facile à mettre
en œuvre; ces qualités ont contribué à choisir cette matrice pour le conditionnement
des cendres provenant des incinérateurs du CEN de Cadarache.

4.

FABRICATION DES ENROBES DE CENDRES DANS LA MATRICE
COMPOSITE

4.1. Principe du procédé
La figure 3 présente le poste d'enrobage des cendres d'incinérateur réalisé au
laboratoire: travaillant sur cendres actives, il est implanté en boîte à gants. Le cœur
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TABLEAU VI. FRACTIONS D'ACTIVITE RELACHEE CUMULEE

Enrobé

L r moyen à 270 jours

Résine pure

1,2 X 1 0 " 5

Ciment

5,0 x 1 0 " 5

Composite

6,6 x 1 0 " 6

de l'installation est un réacteur de malaxage pouvant travailler sous pression réduite.
Les produits pulvérulents cendres et ciment sont dégazés, puis mélangés aux réactifs
liquides transférés par aspiration dans le réacteur.
Après malaxage, l'enrobé est coulé dans un moule: il est alors soumis à une
cure thermique qui reproduit les conditions de polymérisation à échelle 1.

4.2. Réalisation d'une installation pilote d'enrobage
Fonctionnant suivant le principe mis au point en laboratoire, un pilote
d'enrobage est en cours de réalisation. Sa mise en service a deux objectifs:
— en tant qu'outil industriel, il permettra la résorption des stocks de cendres du
CEN de Cadarache existants et à venir; il a, en effet, été dimensionné pour le
conditionnement des quantités de cendres entreposées; dans cette fonction, il a été
construit sur la base de la matrice composite ciment-résine époxyde choisie;
— en tant qu'outil de recherche et développement, il est conçu pour permettre le
changement de matrice d'enrobage et le passage du composite ciment-résine
époxyde à la résine époxyde seule ou au ciment seul.
Le conditionnement d'autres cendres de nature chimique différente ou des
considérations basées sur les essais de caractérisation des enrobés de cendres
(lixiviation, radiolyse sous l'effet des rayonnements internes, etc.), en fonction des
critères d'acceptation des colis par l'Andra, peuvent nécessiter le changement de la
matrice d'enrobage.
La conception du pilote rend possible la fabrication d'enrobés industriels dans
trois matrices différentes et dans la même installation (fig. 4).
L'opération d'enrobage s'effectue en discontinu: la capacité maximale est
donnée par le volume de la cuve du malaxeur (175 L).
Les fonctions principales assurées par ce pilote sont:
— le dosage des cendres,
— le stockage et le dosage des différents constituants de la matrice,
— la réalisation des enrobés (mélange et malaxage),
— le remplissage des fûts.
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Essais de
caractérisation

Traitement
thermique

FIG. 3. Schéma du poste d'enrobage: enrobés de taille laboratoire en boite à gants.

Les cendres sont réceptionnées en fûts pétroliers de 100 L; après vidange des
fûts, les cendres sont tamisées puis stockées et éventuellement séchées; elles sont
ensuite pesées dans des capacités pouvant également recevoir le ciment.
Après dosage, la charge est introduite par gravité dans le malaxeur situé au
niveau bas de l'installation.
L'admission des fluides (résine, durcisseur, eau) est réalisée à partir des
réservoirs de stockage et de dosage directement dans le malaxeur.
Après l'opération de malaxage, qui peut s'effectuer sous vide, l'appareil est
vidangé dans un fût de 100 ou 200 L destiné à contenir l'enrobé.
Les zones actives du pilote, c'est-à-dire celles permettant la réception, le
dosage des cendres, le malaxage des constituants de l'enrobé et la mise en fût, sont
contenues dans une enceinte de confinement étanche et ventilée.

5.

CARACTERISATION ET AGREMENT DES COLIS

Un programme de caractérisation des enrobés de cendres dans la matrice
composite ciment-résine époxyde a été rédigé par le Bureau d'évaluation et de
contrôle des confinements [4]. Ce programme vise à obtenir l'agrément de l'Andra
pour le stockage en surface des colis produits; il a pour axes directeurs les critères
de caractérisation définis dans les Règles fondamentales de sûreté et le programme
minimum de caractérisation de l'Andra.
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FIG. 4. Pilote de conditionnement des cendres d'incinérateur (PICC).

TABLEAU VII. CARACTERISATION DES ENROBES DE CENDRES D'INCINERATEUR AU CEN DE CADARACHE
(MATRICE MIXTE, CIMENT-RESINE): INVENTAIRE DES ESSAIS ET NOMBRE D'EPROUVETTES
Nombre d'éprouvettes (cendres)

Essais sur éprouvettes
de taille laboratoire

TBP a

HSD b

DT C

pd

Essais sur colis échelle 1

Nombre
de colis
(cendres
P)

D
—
—
—

2)

1
1
1

1
1
1

1
1
1

1
1
1

— retrait
— taux de remplissage
— homogénéité du déchet enrobé

1

— tenue sous charge

1

—

résistance à la compression

2

2

2

2

— résistance à la chute/aux chocs

1

—

Pouvoir de confinement
résistance à la lixiviation par l'eau

2

2

2

2

— dégazage du colis
— lixiviation par l'eau

2

2

2

2

— résistance aux cycles thermiques

1

1
2
1

1
2
1

1
2
1

1
2
1

—

Stabilité — altérabilité — maintien
du pouvoir de confinement
résistance aux cycles thermiques
irradiation gamma:
• résistance à la lixiviation
• résistance à la compression
stabilité à l'eau:
• gonflement
• variation de masse
• état de surface — cohésion
comportement au feu

2

2

2

— comportement au feu

2

Caractéristiques mécaniques

3)
4)

a

Caractéristiques physiques
porosité
perméabilité à l'eau et au gaz
densité

TBP: tributylphosphate.

b

HSD: huiles et solvants divers.

2
c

DT: déchets technologiques.

d

P: papier.

—

1
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Ce programme concerne les enrobés des types de cendres du CEN de
Cadarache définis ci-dessous:
— pour l'incinérateur à liquides organiques, les cendres provenant de l'incinération du phosphate de tributyle et des autres huiles et solvants;
— pour l'incinérateur à déchets technologiques, les cendres provenant de
l'incinération des déchets solides issus des laboratoires.
Le programme de caractérisation est établi pour les colis réels sortant du pilote
décrit ci-dessus (tableau VII).
Ce programme comprend des essais sur éprouvettes actives de laboratoire, et
notamment:
— la détermination des propriétés physico-mécaniques,
— la confirmation des résultats de lixiviation,
— le gonflement en immersion.
Il inclut également des essais à effectuer sur colis réels (fûts de 100 L):
— homogénéité,
— tenue au feu,
— tenue au choc,
— résistance à la lixiviation.
L'ensemble des données ainsi recueillies pour juger des caractéristiques et des
qualités de la matrice vis-à-vis du conditionnement et de la rétention des radioéléments permettra à l'Andra de se prononcer sur l'agrément du colis pour un
stockage en surface.

6.

CONCLUSION

Ce programme, commencé depuis quelques années, constitue un ensemble
cohérent fondé sur:
— des études laboratoire et pilote pour le choix de la matrice d'enrobage,
— des tests de précaractérisation en actif pour confirmer ce choix,
— la réalisation d'une installation pilote de conditionnement des cendres,
— la définition des tests de caractérisation à effectuer pour obtenir l'agrément en
vue du stockage en surface des colis d'enrobés produits.
Ces actions devraient permettre, vers 1990, de résorber le stock de cendres
entreposé sur le site de Cadarache et, dans les années suivantes, de conditionner les
cendres produites par les incinérateurs en fonctionnement.
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CHARACTERIZATION AND CONDITIONING OF
LWR HULL WASTES AT THE
KERNFORSCHUNGSZENTRUM KARLSRUHE*
H. FROTSCHER, G. BÖHME
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany
/

Abstract
C H A R A C T E R I Z A T I O N A N D C O N D I T I O N I N G OF LWR H U L L W A S T E S AT T H E
KERNFORSCHUNGSZENTRUM KARLSRUHE.
The cladding and structural material wastes generated during spent nuclear fuel
reprocessing are characterized and various conditioning processes are described. Results of
flattening by rolling tests are reported. Gas release from concreted waste packages was investigated and embedding of the wastes in ceramic cement was tried. The best results were
obtained for a conditioning process based on cold pressing of the wastes with an axial pressure
of up to 400 MPa. The results of the tests are given. Further investigations are planned.

1.

GENERAL INFORMATION

Cladding and structural material wastes (H + S wastes) are metallic, solid
radioactive wastes generated during the reprocessing of nuclear fuels. When PWR
fuel elements are dismantled about 425 kg of H + S wastes per tonne of fuel are
generated. Of these wastes, 85% are composed of cladding tube sections, spacers
and small fuel element parts. Top and bottom end-pieces of fuel assemblies constitute
approximately 15% of the wastes. Zircaloy-4 comprises 70% of the wastes and the
remaining 30% consist of stainless steel and Inconel. After a cooling time of 7 a,
the wastes are characterized by the following properties:
•
•
•
•
•
•

Low bulk density
Large leaching surface
Large inventory of ß/y activity
High surface dose rate
Low release of nuclear thermal power
Content of volatile radionuclides

1 t/m 3
400 m 2 /t
7 x 10 15 Bq/t
1 x 102 Gy/h
200 W/t
3
H: 2 x 10 13 Bq/t
85
Kr: 1 X 10 12 Bq/t

* This R & D work was performed and partially funded within the framework of the European Communities' research programme on Management and Disposal of Radioactive Wastes.
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2.
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DEVELOPMENT OF CONDITIONING METHODS ABROAD

Methods of H + S waste conditioning have been developed and investigated all
over the world. Within these activities the following objectives are of paramount
importance: volume reduction, activity fixation and partly also «-decontamination of
the wastes [1].
In France and the United States of America, conditioning on the basis of melting by inductive heating has been investigated. The disadvantage of this method is,
however, that gaseous radionuclides and radioelements with a low boiling point may
escape from the melt and that radioactive secondary wastes are generated owing to
retention in filters. The slag which is obtained as a result of the addition of flux is
also considered as secondary waste.
In Belgium, a method was developed by which hulls were compacted by axial
cold pressing. The waste pellets thus produced were then embedded into a low melting Pb-Sn alloy. The problem of wetting between the oxide layer of the hull and the
Pb-Sn melt could not be solved satisfactorily. Hence, it was not possible to achieve
the anticipated gap free embedding into the matrix.
In the United Kingdom, conversion processes have been investigated in the
course of which Zircaloy is converted into an oxidized, non-flammable form. The
large number of process steps and the generation of secondary wastes turned out to
be the main disadvantages of this type of conditioning process.

3.

DEVELOPMENT OF CONDITIONING METHODS AT THE
KERNFORSCHUNGSZENTRUM KARLSRUHE

According to present regulations in the Federal Republic of Germany, H + S
wastes belong to the category of heat generating wastes. Consequently, they are not
suitable for repository storage in the Konrad mine. In this respect, a conditioning
method with an integrated decontamination step is of no use since 60 Co, which is
the dominating radionuclide as the heat is released, cannot even be removed by
melting.
Within the framework of the Reprocessing and Waste Management Project and
research projects of the European Community, the activities of the Central Engineering Department of the Kernforschungszentrum Karlsruhe (KfK) concentrate on the
development of suitable conditioning methods and the characterization of the H + S
waste products. These investigations are carried out with a view to making available
design data for an engineering scale low temperature conditioning plant and to determining product properties.
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Rolling gap (mm)

FIG. I. Bulk density of compacted steel hulls as a function of rolling gap.

3.1. Optimization of WAK conditioning method
At first, the investigations concentrated on the optimization of the conditioning
method of the Karlsruhe Reprocessing Plant (WAK) for generating hull-concrete
products in 200 L packages. Further development of this process was justified by its
simple and industrially tested technology as well as by the resulting economy.
It was the objective of these activities to develop a conditioning technique in
the course of which the density of the waste bulk was to be increased by means of
rolling the hulls. The technical feasibility of this method was demonstrated in a cold
test facility, the diameter of the pair of rollers being 650 mm. The density of the hull
bulk was increased by rolling from about 14 to 32% theoretical density. This
corresponds to a reduction of the waste volume by a factor of 2.3 (Fig. 1).
The disadvantage of such a process may be the generation and accumulation
of pyrophoric Zircaloy fines in the hot cell. This fear is justified by the low ductility
of irradiated Zircaloy and the high rate of deformation as the wastes are rolled.

3.2. Gas releases from WAK hull packages
For calorimetric power determination of nuclear heat sources in the WAK
200 L hull waste packages [2] as well as for determination of the concentrations of
3
H, 85 Kr and H 2 in the gas plenum of the waste packages, investigations on the
leaching behaviour of concrete embedded and naked hull samples were made [3, 4].
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Determination of the gas concentrations was first carried out at a product
temperature of 23°C. Since the end of 1987, products which had been electrically
heated to a temperature of 50°С have been used for these measurements.
The experimental results for two test packages are shown in Figs 2-4. The
radionuclide concentrations are presented over the residence time of the package,
beginning with the moment of concrete embedding and closure of the package. For
3
H a maximum concentration of about 200 kBq/drum was determined. The maximum 85 Kr concentration amounts to approximately 140 MBq/drum. The maximum
H 2 concentration in the gas plenum of the drum amounts to about 5.5% at present.

3.3. Conditioning with ceramic cement
As a result of the formation of H 2 in hull waste packages, the fixation of the
hulls in ceramic cements with a low water content and particularly the dehydration
of the generated products were investigated in co-operation with the KfK Institute
for Nuclear Waste Management Technology from 1983 to 1985. If such matrix
materials were used instead of the hydraulically curing Portland cement, radiolytic
H 2 generation could be avoided.
Difficulties arose during the processing of large mortar batches, since in view
of the dehydration a maximum of only 15% water could be used for preparation of
the mortar. Viscosity rose quickly above the limit of workability. In case this limit
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FIG. 6. Dehydration of a 113 L cylinder sample (dimensions in millimetres).
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was exceeded after about 60 min, which is the necessary filling time for 400 L packages, precooled cement had to be used (Fig. 5). Another disadvantage results from
the thixotropic behaviour of the mortar, which in a state of rest has a higher viscosity
than under the influence of forces (e.g. stirring, pumping or agitation). Consequently
the mixing drum, the pump and the pipeline require more cleaning since rinsing with
water alone is not sufficient for removing the residual mortar which sticks to the
walls.
The drying process for large packages represents the main disadvantage.
Drying temperatures of up to 250° С and drying times of more than 10 d were
required (Fig. 6). Tritium release from the hulls is promoted at temperatures around
250°C. Because of the long drying times large furnace capacities are required.

3.4. Conditioning by cold pressing
Since 1985, an alternative conditioning method has been developed. H + S
wastes are compacted by axial cold pressing. After that they are packed into
PAMELA or Cogéma glass containers developed for vitrified fusion products
without using a matrix. Compared with 200 L hull-concrete waste packages, several
product properties relevant for repository storage are improved. The product is
moisture free and can be sealed. Consequently, no volatile radionuclides are released
during normal operation of the repository. The product has a higher temperature
resistance and may be emplaced together with HLW glass containers.
Thus, an ideal concept for the emplacement of heat generating wastes may be
realized, namely the combined emplacement of solidified HLW and conditioned
H + S wastes in the same or neighbouring boreholes. Here, a common emplacement
technique would be advantageous. As a result of the very low release of nuclear heat
from H + S waste products (approx. 165 W/Cogéma container) in comparison with
solidified HLW (more than 2500 W/container), the specific heat load of the borehole
may be reduced and the potential use of non-heat-generating filler materials may
become superfluous when this concept is applied. The product must have a temperature resistance up to 200° С and the waste package must be identical to the used HLW
glass container. For a fission product content in the glass of 12% and a 75% theoretical density for the H + S wastes, two HLW glass containers would be equivalent to
abotit one H + S waste container.
According to the present concept for the production of cold pressed H + S
waste products, canned H + S bulks are to be compacted into pellets with a compaction tool consisting of a die and matrices. These pellets are then to be stacked into
the container (Fig. 7). By canning the wastes, it is possible to prevent pyrophoric
Zircaloy fines from spreading while the wastes are compacted. It also allows clean
handling of the hulls during transport to the press and the safe loading of the matrices
and handling of the products during ejection from the press and stacking.
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FIG. 7. Design of a Cogéma container filled with H+S pellets (dimensions in millimetres).

In accordance with this concept, inactive tests have been carried out. At the
University of Karlsruhe, a hydraulic 30 MN press was available for this task. The
press was equipped with a compaction tool developed by the KfK. Before compaction, the test material, which consisted of Zircaloy-4 and St-55 steel hulls and simulated H + S waste mixtures, was filled into thin walled cans of 285 mm diameter and
290 mm height. Then the cans were closed.
These experiments were carried out with a view to optimizing compaction of
the H + S wastes. The influence of variable compaction parameters such as velocity
of the die, can height and type of lubricant was investigated. The investigations also
served the purpose of determining axial and radial loads of the press and the die and
the energy required for compaction.
Pellet production was carried out in the press at an axial compaction pressure
of up to 400 MPa. The longitudinal sections of some pellets which were prepared
for porosity investigation are shown in Fig. 8.
During the compaction of the wastes, the force-distance diagram of the
compaction machine was plotted (Fig. 9). The rapid increase in force after about
85% of the working stroke and the non-linear change of the force as the piston is
released owing to the resilience of the press frame, the die and the product are typical
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(a)

FIG. 8. Vertical sections of various pellets: (a) compacted Zircaloy-4 hulls, (b) compacted
H+S materials, (c) compacted St-55 hulls.
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Power stroke ( m m )

FIG. 9. Force-distance diagram for hull compaction.

of all plotted characteristics. The specific energy expenditure of about 30 kJ/kg was
comparatively small (when Zircaloy hulls are melted 125 MJ/kg are required).
For the design of the press, a rapid motion of the press with a small piston is
recommended for initial compaction. The press frame should be resistant to deformation and the pressure plates of the tool should have a convex shape in order to reduce
the springback of the product. Thus, compaction power is only likely to be lost by
the deformation of the die.
The density increase of Zircaloy hulls as a function of axial compaction pressure is shown in Fig. 10. Whereas a significant increase in density by approximately
13% theoretical density is obtained as the pressure rises from 100 to 200 MPa, a
compaction of only 4% can be achieved as the pressure rises from 200 to 300 MPa.
And with the pressure rising from 300 to 400 MPa only about 1 % compaction is
obtained. The loss of energy due to the resilience of the die is also noticeable in this
range.
With the density increasing to 75% theoretical density at about 300 MPa,
which corresponds to a compaction factor of 5.2, H + S wastes arising from 2 t of
fuel may be packed into a Cogéma container. Thus, a favourable influence on transport and emplacement costs of these wastes may be expected.
This compaction method will be subject to further development. The main
activities will concentrate on the following:
— The technique for unloading the generated products from the press and loading
them into the containers, and cold tests using dummy tools;
— Design of a full scale conditioning facility for a reprocessing plant with a
capacity of 2 t/d, and description of the remote operation and maintenance
concept.
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MINIMIZATION OF VOLUME AND
PLUTONIUM CONTENT OF WASTES FROM
A PLUTONIUM FUEL FABRICATION PLANT*
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Abstract
MINIMIZATION O F V O L U M E A N D P L U T O N I U M C O N T E N T O F W A S T E S F R O M A
P L U T O N I U M F U E L FABRICATION P L A N T .
B E L G O N U C L E A I R E has conceived, developed and applied in its Pu fuel fabrication
plant a series of techniques, working procedures and equipment with the aim of minimization
of the volume and Pu content of the wastes arising during the operation of the plant and/or
in the dismantling of the installations. The first targets within the framework of this
programme were the confinement of Pu bearing powders within tight equipment and the limitation of the contamination within the glove boxes. In the B E L G O N U C L E A I R E plant this is
achieved by confining the Pu bearing powders as much as possible within tight equipment
installed within tight glove boxes and kept at a negative pressure with respect to the internal
glove box atmosphere ('fourth confinement barrier'). At the spots where tightness of the
equipment cannot be achieved a spread of Pu bearing powder is prevented by creating an air
stream barrier and sucking the dust laden air into a dust collecting and separating unit. This
unit consists of a series of dust collection points, two cyclones, an electrostatic precipitator,
a high efficiency air filter and an exhaust fan. The powder fractions which are collected in
the two cyclones can directly be recycled into the M O X fuel fabrication process. The glove
boxes in which the dust collection units are installed remain remarkably clean compared with
those without such a system. Furthermore,'it is estimated that by the systematic application
of the fourth confinement barrier concept and by the installation of dust collecting and separating units the volume of the solid Pu contaminated wastes is reduced by 1 0 - 1 5 % . However,
the reduction of the Pu content of the wastes which results from the application of this concept
is much more spectacular, amounting to about 80%.

1.

INTRODUCTION

Waste production statistics have shown that in a MOX fuel fabrication plant
more than 70% of the Pu contaminated solid wastes are generàted either during operations which involve the handling and transfer of powders or during the grinding of
* This R&D work was performed and partially funded within the framework of the European Communities' research programme on Management and Disposal of Radioactive Wastes.
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the sintered fuel pellets. Another conclusion which can be drawn from the waste
production statistics is that these.dust generating operations cause about 90% of the
total Pu losses.during the MOX fuel fabrication process. These considerations have
led BELGONUCLEAIRE to the development and installation of systems in which:
— The Pu bearing powders are confined as much as possible within tight equipment installed within tight glove boxes and kept at a negative pressure with
respect to the internal glove box atmosphere ('fourth confinement barrier');
— At the spots where tightness of the equipment cannot be achieved a spread of
Pu bearing powder is prevented by creating an air stream barrier and sucking
the dust laden air into a dust collecting and separating unit.
Such systems offer the following advantages:
— The glove box enclosures remain clean, thus resulting in:
• A lowering of the dose rates for the operating staff, since Pu containing dust
deposits on the inner surfaces of the glove boxes and on the surfaces of all
equipment located inside these boxes are a major source of the gamma doses
incurred by the personnel;
• A reduction of the extent of contamination in the case of a rupture of the
glove box confinement;
• A reduction of the volume of Pu contaminated wastes produced, since the
frequency of periodic cleaning of all inner surfaces is substantially reduced;
• A lower Pu inventory of the glove boxes at the time of their
decommissioning.
— Almost the whole of the Pu bearing powder aspirated by the dust collecting and
separating unit can directly be recycled into the fuel fabrication process.
— The Pu losses normally caused by dust generating operations are reduced
substantially.
— A better confinement of the powdery material improves the accuracy of the
fissile material accounting system.

2.

DESCRIPTION OF CONCEPT

In most cases powder can be handled and transferred by making use of tight
equipment. During dosing operations, however, a fixed coupling between the
supplying and the receiving equipment parts is not possible if the weighing requires
an accuracy of a few grams or less. This means that an air gap will exist between
these parts and that a spread of dust out of the equipment can only be prevented by
creating an air screen in which the air velocity is sufficiently high to stop the escape
of dust through the gap. Such an air screen, however, results in a dust laden air
stream and a special unit is required to separate the dust particles from the gaseous
stream.
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As shown by a survey of the literature on dust formation within alpha tight
enclosures, one has to. deal with Pu bearing powders the particle size of which may
range from a few tenths of a micrometre to 100 /¿т. In order to prevent a spread
of these powders within the glove boxes, BELGONUCLEAIRE has developed a
standard dust collecting and separating unit which is installed at several places in the
fuel fabrication line and which includes the following features:
— At the dust collection points air is sucked into the collecting unit, creating in
this way an air screen in the gap between the powder supplying and receiving
parts of the equipment. At these dust collection points either internal or
external aspiration of the dust laden air may be applied. In the former case a
settling chamber is installed on top of the powder supplying part of the equipment. The external aspiration is achieved by means of an annular slit tube
installed at the level of the gap between the supplying and receiving equipment
parts. Each dust collection point is provided with adjustable air inlet openings
for the final adjustment of the air velocity in the gap.
— The powder containing equipment parts are provided with the required number
of connecting points in order to keep these parts as much as possible at a
pressure below the glove box pressure.
— The connecting points as well as the dust collection points are connected with
a dust separating Unit which is composed of:
• A first cyclone designed for maximum throughput at à given pressure drop,
• A second cyclone designed for maximum separation efficiency at a reasonable pressure drop,
• An electrostatic precipitator (optional),
• A high efficiency air filter,
• An exhaust fan.
The flow diagram of the BELGONUCLEAIRE standard dust collecting and
separating unit is shown in Fig. 1. Its main characteristics are summarized below:
> —
—
—
—
—
—
—
—
—

Design flow rate
Air velocity in the gap at the dust collection point
Surface of standard air gap (if possible)
Flow rate per standard gap
Air velocity in the connecting tubes between the
dust collection point and the cyclones
Air velocity after the cyclones
Diameter of the first (high throughput) cyclone
Diameter of the second (high efficiency) cyclone
High efficiency
filter

— Exhaust fan

170 m 3 /h :
7 m/s
785 mm 2
- 2 0 m 3 /h
20 m/s
5 - 7 m/s
104 mm
176 mm
Vokes typé 66
or equivalent, size 3
Elektror type
HDn 1/5
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Connection to the dust
collection points

Г
High t h r o u g h p u t
cyclone

Electrostatic
precipitator
(optional)

L

Standard
powder cans-

High efficiency
air f i l t e r
High
efficiency'
cyclone

Exhaust
fan

FIG. 1. Flow diagram of the BELGONUCLEAIRE standard dust collecting and separating
unit.

In order to prevent the escape of dust through the gap between the powder
supplying and receiving parts of the equipment the air velocity in this gap shall not
be lower than 7 m/s. It is not worth while to exceed this figure substantially since
too high an air velocity has the drawback that too high a fraction of the transferred
powder is sucked into the dust collecting unit. The normal width of the gap is
2.5 mm; in the case of a powder transfer through a tight connection the powder is
allowed to settle for a period of up to one hour before the supplying and receiving
parts are disconnected. After the uncoupling operation the gap between the uncoupled flanges has a width öf 1.5 mm and the residual dust is aspirated for 15 minutes.
:
The air velocity in the settling chamber shall be limited to 0.5 m/s. In order
to prevent the settling of the powder in the connecting tubes the air velocity within
these tubes shall.not be lower than 20 m/s. The dimensional characteristics of the
cyclones are given in Fig. 2.

3.

OPERATING EXPERIENCE

Up to now BELGONUCLEAIRE has installed five standard dust collecting
and separating units in its MOX fuel fabrication line. Three of them are in active
operation; the remaining ones will be commissioned during 1988. Dust collection
units are installed at every spot where a spread of Pu bearing dust may arise.
The amount of powder sucked into the dust collecting and separating unit
depends on the density and particle size of the powder being transferred. In practice
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High t h r o u g h p u t
cyclone

104 m m

1.5A

2.5A

0.75A

0.87 A

0.375A

0.75A

0.375A

0.35A

0.6A

High efficiency
cyclone

176 m m

1.5A

2.5A

0.5A

0.5 A

0.2A

0.5A

0.375A

0.35A

0.6A

;

•

G"'

H

1

J

FIG. 2. Dimensional characteristics of the cyclones (dimensional ratios taken from Ref. [1]).
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the fraction which is carried over into the unit may range from 0.08% to 0.50% of
the total amount of powder being transferred.
Strictly speaking, the distribution of the powder among the components of the
dust separating unit also depends on the density and particle size of the material. The
powder fractions retained by the individual components are given below:
— First (high throughput) cyclone .
— Second (high efficiency) cyclone
— Electrostatic filter (if installed) + HEPA

filter

93-99%
0.15-2%
0.5-5%

The powder fractions which are collected in the two cyclones can directly be recycled into the MOX fuel fabrication process.

4.

CONCLUSIONS

The main conclusions which can be drawn from the operating experience
gained up to now are the following:
— The glove boxes in which dust collection units are installed remain remarkably
clean compared with the old situation.
— It is estimated that by the systematic application of the fourth confinement
barrier concept and the installation of dust collecting and separating units the
amount of solid Pu contaminated wastes is reduced by 10-15%; presently, the
total volume of solid Pu contaminated wastes produced per kilogram of Pu in
the final product, i.e. in the fuel pins, amounts to 30 L.
— The application of this concept reduces the Pu content of the solid wastes in
a spectacular way; presently, the Pu losses in the solid wastes amount to 0.1 %
of the total Pu throughput, representing a reduction by about 80% compared
with the old situation.
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Abstract
O V E R V I E W OF M I X E D W A S T E ISSUES AT T H E D E F E N C E INSTALLATIONS O F
T H E U N I T E D STATES D E P A R T M E N T O F E N E R G Y .
The United States Department of Energy Office of Defense Programs (DOE-DP)
operates 16 major installations throughout the United States of America. These installations
generate approximately 4.7 x 10 6 m 3 of solid mixed ('radioactive' and 'hazardous') wastes
annually. These waste materials are low level radioactive wastes that are also declared
hazardous because of their chemical characteristics or because they contain listed hazardous
materials as defined by the US Environmental Protection Agency (EPA). Under the current
regulatory framework, these wastes are under the joint jurisdiction of the D O E (radioactive
component) and the E P A (hazardous component) and, as such, are subject to regulation by
both agencies. Owing to the 'double hazard' associated with these waste materials, the ability
to manage these mixed wastes has been somewhat limited. The unavailability of acceptable
and proven treatment and/or disposal systems has forced the DOE installations to place these
materials in storage. The limited capacity of permitted storage areas and the desire to move
forward in the overall waste management cycle have led to an increased emphasis on the need
to develop treatment/disposal technologies for mixed wastes. Programmes have been initiated
by contractors who operate the D O E installations to provide the technical basis for selecting
technologies to render these wastes non-hazardous by destroying the hazardous constituent,
to separate the hazardous from the radioactive constituent, to treat the wastes and place them
in a form that will meet E P A requirements for their classification as non-hazardous, and to
provide facilities for the disposal of wastes which cannot be changed into a non-hazardous
form. Mixed wastes include a variety of materials such as chlorinated solvents and waste oils
contaminated with uranium or fission products, liquid scintillation wastes, and sludges from
wastewater treatment plants contaminated with uranium or fission products. By volume, the

* This paper was prepared under contract DE-AC05-870R-21692 by the Central Waste
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largest mixed waste streams are the contaminated wastewater treatment sludges. Plans for the
management of the major categories of mixed waste and more detailed information on plans
for specific waste streams are presented in the paper.

1.

BACKGROUND

The United States Department of Energy Office of Defense Programs
(DOE-DP) operates 16 major installations throughout the United States of America.
These installations generate approximately 4.7 x 10 6 m 3 of solid mixed ('radioactive' and 'hazardous') wastes from research, development, demonstration and
production activities each year. For the purposes of this paper, the discussion will
focus on mixtures of hazardous and low level radioactive wastes and exclude mixed
high level radioactive and transuranic wastes. These materials are low level radioactive wastes as defined by the Low-Level Radioactive Waste Policy Act of 1980 and
are declared hazardous because of their chemical characteristics or because they
contain listed hazardous materials as defined by the US Environmental Protection
Agency (EPA) in 40 CFR 261 [1].
In general, until the passage of the Resource Conservation and Recovery Act
(RCRA) in 1976, these wastes were managed principally as radioactive. wastes
because radiation was perceived as the greater hazard. Clearly some wastes such as
acids and explosives were exceptions to this approach but in general mixed wastes
were managed as and together with low level radioactive wastes. No special attempts
were made to segregate the wastes unless some special hazard existed. With the
passage of the RCRA and the promulgation of implementing regulations by the EPA
and the states, a clear definition of hazardous wastes and a system for their management was established. From 1980 until 1987, uncertainty existed with regard to the
authority of the EPA and the states to regulate mixed wastes generated by DOE
facilities. In a precedent setting suit (Legal Environmental Assistance Foundation vs.
Hödel, 1986) the courts ruled that the EPA and the states had jurisdiction over certain
wastes, as limited by the by-product exemption.. On 1 May 1987, the DOE issued
a Federal Register notice recognizing EPA jurisdiction over the hazardous waste
component of all low level mixed wastes. Under the current regulatory framework,
these wastes are under the joint jurisdiction of the DOE (radioactive component) and
the EPA (hazardous component) and, as such, are regulated by both agencies. The
implications and impacts of joint jurisdiction on mixed waste management are far
reaching and complex. First, waste management plans, facility designs, operations,
etc., must meet the requirements of both sets of rules. On occasion, these requirements may be in conflict. For example, hazardous waste monitoring requirements
may be in direct conflict with efforts to keep occupational exposures as low as
reasonably achievable (ALARA). Second, it is necessary for facilities to receive
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operating permits or their equivalent under both sets of rules. As we gain more
experience with dual regulation and identify problems and inconsistencies, the DOE,
the EPA and the states will move forward in co-operation to resolve them.
Low level mixed wastes are generated by a variety of processes and functions,
ranging from laboratory research through metal plating and fabrication to isotope
production, and therefore may contain any of the radionuclides found in typical low
level wastes, such as caesium, strontium, cobalt and uranium. Similarly, these
wastes may contain a variety of hazardous constituents or exhibit hazardous characteristics, depending on the generating process. The wastes may be grouped into four
major categories based on hazards: (1) ignitable wastes (e.g. solvents or degreasing
wastes), (2) corrosive wastes (e.g. acid wastes from dip tanks), (3) reactive wastes
(e.g. reactive metals or explosives) and (4) toxic wastes (e.g. wastes containing
concentrations of regulated heavy metals in excess of the established standards).
Owing to the 'double hazard' nature of these waste materials current management options are somewhat limited. The unavailability of dually permitted treatment
and/or disposal facilities has forced the DOE installations into a storage mode of
operation. Recognizing that storage is an interim measure and not a final solution
and that storage capacity is limited, individuals responsible for waste management
planning began to develop plans for treatment/disposal technologies so that the waste
management cycle could be completed for mixed wastes. In an effort to close this
cycle, programmes are being developed to identify and to demonstrate technologies
that will provide future treatment and disposal systems for mixed waste streams.

2.

OVERVIEW OF CURRENT SITUATION

2.1. Generating processes
The amounts of mixed waste generated annually by the major installations of
the DOE-DP are shown in Table I. These facilities conduct a wide variety of activities, ranging from basic research to weapons fabrication and testing. Research activities conducted in the National Laboratories include materials development and
testing, basic physics and other science and process development. Production facilities are involved in materials fabrication, metal preparation and. machining and
component assembly. Both research and production activities involve the use of
hazardous materials and generate mixed wastes. (Of the various processes generating
defence wastes, laboratory processes generate approximately 25% of the total
volume, followed by mechanical/metallurgical processes which generate approximately 20% .of the total.)
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T A B L E I.

A N N U A L MIXED W A S T E GENERATION BY

DOE-DP INSTALLATIONS
(numbers

in parentheses

represent

stored

inventories)

Quantity ( m 3 )

Site

Richland

3 901 326

Idaho National Engineering Laboratory

30 (30)

Lawrence Livermore National Laboratory

648

Sandia National Laboratories, Livermore

16

Nevada Test Site

—

Bendix

—

Pantex

82

Rocky Flats Plant

81 039

Los Alamos National Laboratory

9 (2 000)

Sandia National Laboratories, Albuquerque

84 (100)

Pinellas

< 1 (22)

Savannah River Plant

515 516 (175)

Oak Ridge Operations

177 954 (50 315)

Feed Materials Preparation Center

46 (133)

Mound

265

Reactive Metals, Inc.

T A B L E II.

9

IGNITABLE MIXED WASTES GENERATED AT

DOE INSTALLATIONS

Degreasing wastes

Painting wastes

Non-chlorinated organics

Solvents

Oxidizers

Non-chlorinated solvents

Miscellaneous laboratory chemicals

Waste oils

Miscellaneous compressed gas cylinders

Scintillation wastes
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CORROSIVE MIXED WASTES GENERATED

AT

INSTALLATIONS

Plating wastes

Inorganic acids/bases + nitrates

Metal cleaning wastes

Inorganic acids/bases

Miscellaneous laboratory chemicals

T A B L E IV.
DOE

REACTIVE MIXED WASTES GENERATED

AT

INSTALLATIONS

Reactive metals (sodium, potassium, NaK)

Ethers

Picric acid

Miscellaneous laboratory chemicals

Organic peroxides

Explosives

<

TABLE V.
DOE

TOXIC MIXED WASTES GENERATED

AT

INSTALLATIONS

Asbestos

PCB oils

Coolant wastes

PCB transformers

Cyanide wastes

Other PCB wastes

Degreasing wastes

Pesticides/herbicides

Extraction procedure toxic metals

Photographic wastes

Miscellaneous TSC A 2 wastes

Plating wastes

Oils

Polynuclear aromatics

Chlorinated organics

Solvents

Non-chlorinated organics

Chlorinated solvents

Painting wastes

Non-chlorinated solvents

PCB capacitors

Other toxic wastes

a

Toxic Substances Control Act.
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2.2. Waste characteristics
As indicated previously, the mixed wastes generated may be grouped into four
hazard categories: ignitable, corrosive, reactive and toxic. Ignitable wastes are
defined as those wastes which (a) if liquid, other than an aqueous solution containing
less than 24 vol. % alcohol, have a flash point of less than 60°C (140°F); (b) are nonliquids which under normal conditions can cause fire through friction, absorption of
moisture or spontaneous chemical changes and burn so vigorously when ignited that
they create a hazard; (c) are ignitable compressed gases as defined by Department
of Transportation regulations (49 CFR 173.300); and (d) are oxidizers as defined by
Department of Transportation regulations (49 CFR 173.151) [2]. Ignitable mixed
wastes generated at DOE facilities are summarized in Table II.
Corrosive wastes are defined as those wastes which (a) are aqueous and have
a pH of < 2 . 0 or > 12.5, or (b) are liquid and corrode steel at a rate greater than
6.35 mm (0.250 in) per year under specified testing procedures. Corrosive wastes
generated at DOE installations include acid wastes and alkaline wastes. Table III
shows the types of corrosive mixed waste generated by DOE operations.
Reactive wastes are defined as those wastes which are extremely unstable and
have a tendency to react violently, explode or generate toxic gases, vapours or fumes
during their management (e.g. when mixed with water or heated). Reactive mixed
wastes generated at DOE facilities are listed in Table IV.
The final category of hazard relates to the ability of wastes to release toxic
constituents to the groundwater. The EPA defines toxicity and thereby regulates the
release of these materials through the use of a specified extraction procedure.
Concentrations of regulated constituents in leachate are compared with a specified
standard in order to define toxicity. For the purposes of this paper, the definition of
toxicity has been expanded to include other materials not specifically regulated under
the RCRA but which are nonetheless toxic. Toxic mixed wastes generated at DOE
installations are summarized in Table V.

3.

TREATMENT AND DISPOSAL TECHNOLOGIES

As indicated previously, in the past mixed wastes were, for the most part,
managed as low level wastes. The wastes were treated, if appropriate or required,
and disposed of in the low level waste burial grounds without any additional, specific
regard for their hazardous constituents. These facilities are now being remediated
and/or closed in accordance with the requirements of the RCRA or CERCLA
(Comprehensive Environmental Response, Compensation, and Liability Act).
The mixed waste streams which exist at the DOE installations are varied and
unique. Their treatment, storage and disposal requirements are dependent upon their
nature and composition as well as their volume. They can be categorized into:
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(1) wastes that are treated as wastewaters which produce sludges or other residues
requiring possible further treatment; (2) wastes that may be thermally treated,
producing ash or other residuals requiring possible further treatment; (3) solids or
non-combustibles that require fixation, solidification or packaging to enhance the
waste form prior to disposal; (4) chemicals requiring special detoxification or treatment; and (5) historical wastes requiring remedial action. The last category could
exist as any one or all of the previous groupings. Figure 1 is a flow chart of potential
treatment systems for mixed waste streams; these could provide the necessary means
for removing these wastes from their current storage, thereby completing the waste
management cycle.
The systems indicated by Fig. 1 already exist at some of the DOE installations.
Facilities for wastewater treatment, incineration, compaction, detoxification and
waste immobilization (fixation, solidification) are currently in operation or at the
design/construction phase at one or more installations. However, as the DOE
Strategic Alternatives Study indicated, the existing treatment/disposal capabilities,
when compared with the annual generation rates and existing inventory, fall short
of what is required. The study showed that while wastewater treatment and storage
needs were satisfied, the requirements for incineration, waste immobilization techniques and disposal facilities were lacking throughout the DOE system.
At present, no DOE low level waste disposal facility is also permitted to
receive hazardous or mixed wastes. (The low level waste disposal facility at the
Nevada Test Site has applied for permission to dispose of certain mixed wastes onsite but the request is still in review.) Therefore, all mixed wastes generated at DOE
facilities must either be treated-to be rendered non-hazardous, or be declared nonhazardous under administrative procedure for certain specific cases and disposed of
as low level wastes or else stored in permitted storage facilities.

4.

DIRECTIONS OF FUTURE MIXED WASTE MANAGEMENT
ACTIVITIES

Future mixed waste management activities for the DOE will focus on four
areas: (1) waste minimization, (2) waste treatment for detoxification and/or delisting, (3) waste treatment for performance improvement and (4) disposal facility
development. Waste minimization will be the cornerstone of future mixed waste
management activities. Clearly, wastes that are not generated are wastes that do not
have to be treated and disposed of. For that reason, new projects and programmes
will be evaluated to determine the types and volumes of wastes to be generated. Plans
will be developed to minimize the volumes of mixed wastes generated from future
activities. Similarly, ongoing activities and processes will be reviewed and evaluated
to determine whether, current mixed waste generation rates can be reduced. For both
future and ongoing activities, these evaluations will consider recycling/recovery,

PR ECHAR ACTE RIZ ATI ON

FIG. 1. Flow chart ofpotential mixed waste treatment (dashed lines: treatment optional) [3].
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material substitution, reuse, process changes, and segregation at the point of
generation.
For those mixed wastes whose generation cannot be avoided, treatment technologies will be demonstrated and evaluated which can (1) eliminate the hazardous
characteristics or destroy the hazardous constituents so that the wastes may be classified as low level wastes only and managed accordingly; (2) produce waste forms
(solidification/fixation/encapsulation) which can be delisted and managed as low
level wastes; and (3) enhance the waste form in a manner which reduces the mobility
of the hazardous and/or radioactive components, and manage it as mixed wastes. In
order to implement waste detoxification/delisting, waste streams will be assessed
against currently available technologies. Where technologies currently exist to
render the wastes non-hazardous, they will be implemented. For those wastes which
no currently available technology has proven capable of detoxifying, development
and demonstration programmes will be implemented. Preference will be given to
expanding the range of application of existing technologies through a demonstration
programme. A technology development programme will be implemented to provide
solutions for the remaining waste streams.
Undoubtedly, certain wastes (e.g. radiogenic lead) will be difficult if not
impossible to detoxify. Treatment processes will be implemented in order to improve
the performance of the wastes in storage or disposal. Again, a programme based on
commercially available technology, with development and demonstration programmes implemented as necessary, will be followed. The objective of these activities will be to develop a waste form and package for storage or disposal that are as
physically and chemically stable as possible.
Disposal facility development will provide permitted disposal capacity for
mixed wastes that (1) had been treated and rendered non-hazardous but had not been
officially declared non-hazardous because of time or economic constraints, (2) could
not be rendered non-hazardous but had been treated to be placed in as stable a waste
form and package as possible, or (3) posed a hazard equal to or less than that of the
radioactive wastes managed at the facility. Clearly, the development of such a facility will face several political and institutional hurdles but such a facility will be necessary to avoid placing wastes in perpetual storage and thereby negating efforts to
maintain ALARA occupational exposures to waste management personnel.

5.

EXAMPLES OF DIRECTIONS IN MIXED WASTE MANAGEMENT ON
THE OAK RIDGE RESERVATION

This section describes how these new directions in mixed waste management
are being applied on one DOE reservation, the Oak Ridge Reservation (ORR). The
programmes and activities described are currently in place or under way at one or
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more of the installations. However, not all of the programmes are being implemented
at all of the installations.
The ORR covers approximately 57 km 2 (22 mile 2 ) and is located in east
Tennessee. Three DOE installations, the Oak Ridge National Laboratory, the Oak
Ridge Gaseous Diffusion Plant and the Y-12 Plant, are on the reservation. These
facilities generate approximately 6.1 x 10 6 kg of mixed wastes annually from
research, isotope production, uranium enrichment and weapons production activities. The wastes generated are typical of those described previously for DOE
facilities.
As indicated in Section 4, future mixed waste management activities will focus
on four areas. Key programmes or activities in each of these areas are highlighted
below.

5.1. Waste minimization
Waste minimization is a key element of the overall waste management
programme at Oak Ridge and consists of a variety of activities, including administrative controls, waste segregation at the point of generation, process changes, material
substitution and recycling/recovery of materials. Rather than attempt to discuss all
our activities in this area, one specific process change and its effects are highlighted.
As part of its nitrate recycle and biodenitrification operations, the Y-12 Plant
Metal Preparation Division uses a distillation process to recover aluminium nitrate.
T h e nitric a c i d a n d a l u m i n i u m n i t r a t e a r e r e u s e d in p l a n t o p e r a t i o n s . O w i n g to t h e

lack of capacity in the systems not all the nitrate generated in the associated production processes can be recycled, and the remainder is pumped to the biodenitrification
facility to convert it to harmless nitrogen and carbon dioxide gases. All of the
biodenitrification sludges are then taken to the West End Treatment Facility for
further processing and storage.
As a result of the installation of a second vaporizer, acid still and chlorine
removal system (ozonator and tank), the Metal Preparation Division is now
completely recycling the excess process condensate and previously unozonated acid.
The complete recycle operations began in March 1987 and have eliminated the need
to treat approximately 250 000 gal (950 000 L) of mixed wastes per year.
The capital cost of implementing this waste minimization project was approximately US $1 000 000 (1987) and the estimated annual savings are expected to be
US $500 000; this comprises US $200 000 in reduced chemical purchases for
production operations and US $300 000 in waste treatment cost avoidance. In
addition to these savings, the long term reduction in the amount of wastewater requiring treatment will extend the capacity of the existing West End Treatment Facility
and reduce the need to construct additional 500 000 gal tanks for sludge storage. The
sludge generated from these operations is a mixed waste which presently cannot be
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sent for final disposal. Reduction of sludge generation will allow design and
construction of smaller capacity mixed waste treatment and disposal facilities.

5.2. Waste treatment for detoxification/delisting
The goal in this area is to treat mixed wastes in a manner that will produce
a waste form in which the hazardous constituents have either been destroyed/detoxified or immobilized. Waste treatment technologies that exhibit either of these capabilities, i.e. detoxification or immobilization, are potentially good candidates for
producing a waste form that can be delisted, i.e. declared no longer hazardous. Since
no delisting of mixed wastes has been granted so far, the next delisting petition
granted will be the first one, and since the delisting process by its very nature
requires that one 'demonstrate' that the proposed technological solution will indeed
destroy or immobilize the hazardous constituents, technology demonstrations of
candidate waste streams are planned.
One such demonstration is currently under way in Oak Ridge using solidified
sludge from the cleanùp of two surface impoundments at the Oak Ridge Gaseous
Diffusion Plant (ORGDP). These impoundments are used by the ORGDP as holding
and settling basins for the plant's coal pile runoff wastes, decontamination facilities,
plating facilities, barrier manufacturing and purge cascade blowdown and some
fabrication and cleaning facilities. Under the requirements of the RCRA, these
impoundments are scheduled to be discontinued and closed by 8 November 1988.
A major part of the closure process involves the Sludge Fixation Facility (SFF),
where the contaminated sludges are solidified in concrete after removal from the
ponds. The facility has a 15 000 gal ( — 57 000 L) agitated storage tank for low solids
wastes and a 2600 gal ( — 9800 L) twin screw storage tank for high solids/high
viscosity materials. In addition, the facility has a dredge for pumping materials from
the impoundments, 100 yd 3 ( — 76 m 3 ) storage silos for cement and fly ash, weigh
tanks for sludge and cement, and two fly ash concrete mixers.
The solidification and/or stabilization process consists of the following activities. First, the sludges are dredged from the impoundments, pumped into one of the
SFF's agitated storage tanks and mixed. A prescribed amount of sludge, cement and
fly ash, as defined in the recipe, is weighed and transferred to the concrete mixer,
and then an air entraining admixture is added. The resulting grout is transferred to
a concrete truck and taken to the casting shed, where it is poured into 89 gal
( ~ 340 L) or 96 gal ( - 360 L) epoxy coated steel drums which are then stored in
an adjacent casting yard. Since the wastes are still mixed wastes, the storage area
must meet all of the requirements of the RCRA. An estimated total of 80 000 drums
or 995 000 ft 3 ( - 2 8 000 m 3 ) of solidified sludge will be produced.
Efforts are under way to delist these remedial action mixed wastes. A sampling
programme has been prepared for EPA review and preliminary leach test results are
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available. These results indicate that the wastes are indeed a viable candidate for
delisting.

5.3. Waste treatment for performance improvement
Our efforts have focused so far on our large volume mixed waste streams
which have a high probability of being successfully delisted/detoxified. We are just
beginning to look at the other waste streams which do not appear to be viable candidates for delisting/detoxification. An example of such a waste stream is radiogenic
lead generated by the Y-12 Plant in the early 1960s and currently stored at the
ORGDP. Obviously, this is a unique waste which by its very .nature can be made
neither non-radioactive nor non-hazardous. Efforts will likely focus first on
recycling/reuse options and treatment options to reduce its potential mobility in the
environment.

5.4

Disposal facility development

,At the present time, no mixed or hazardous wastes are disposed of on the QRR
and.no definitive plans exist to change that situation. Wastes which cannot be eliminated, destroyed or delisted will be stored until acceptable off-site disposal facilities
are available. We are, however, conducting preliminary studies on the feasibility of
locating a mixed waste disposal facility for principally heavy metal containing
wastes. We will attempt to compare and evaluate the hazards posed by the radiological and chemical toxicity of uranium with those of heavy metals.

6.

SUMMARY

The unavailability of acceptable treatment and disposal methods for managing
mixed wastes will be the. driving force for technology demonstrations and the
development of facilities which can contribute to the completion of the waste
management cycle. Although some facilities currently exist throughout the DOE,
their capabilities are found to be grossly inefficient when one examines the volumes
of .wastes that are generated annually and the quantities already in storage awaiting
treatment/disposal. To complicate this further, there are tremendous uncertainties
within the DOE installations as to the consequences of current remedial action activities. Waste volumes that have the potential to be generated from these activities are
significant and must be considered when formulating the overall waste management
system that will be developed.
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Abstract
M A N A G E M E N T O F M I X E D W A S T E S IN T H E F E D E R A L R E P U B L I C O F G E R M A N Y .
In the Federal Republic of Germany the annual production of special hazardous wastes
amounts to about 5 million tonnes, consisting of 98.5 % chemical hazardous wastes and 1.5%
radioactive wastes. Radioactive wastes must be disposed of in geological underground repositories while chemotoxic wastes are mostly disposed of by shallow land burial. Federal German
regulations do not as yet consider the category of mixed wastes although radioactive wastes
might also contain hazardous chemical components. Intentional mixing of both categories of
waste, radioactive and non-radioactive, is prohibited by the existing regulations. Nevertheless,
it is technically feasible to treat mixed wastes using the existing technology of mineralization,
volume reduction arid immobilization. Toxicity indices derived from maximum working area
concentrations, acceptable daily intakes and radioactivity-dose equivalent relations show that
numerous chemical substances are at least as toxic as radioactive wastes. Advantage can be
taken of mixing mineralized filter dust, arising in the combustion of hazardous chemical
wastes, with low and medium active wastes, using the dust as a solidifying reagent. The underground deposition of the final mixed waste product is feasible without any drawbacks. An
amendment to the existing laws concerning de minimis radioactivity is expected. It could
enable the producer to dispose of very low active mixed wastes by shallow land burial
according to the Waste Act. .

1.

INTRODUCTION
N u c l e a r facility o p e r a t i o n s g e n e r a t e r a d i o t o x i c , c h e m o t o x i c a n d t h u s m i x e d

hazardous

wastes,

which

may

pose

problems

different f r o m those of

singly

c o m p o s e d m a t e r i a l s d u r i n g i n t e r i m s t o r a g e as w e l l as a f t e r final d i s p o s a l . W h e r e a s
r a d i o a c t i v e w a s t e m a n a g e m e n t a n d d i s p o s a l h a v e r e c e i v e d c o n s i d e r a b l e a t t e n t i o n in
t h e p a s t , less t h o u g h t h a s b e e n g i v e n to c h e m o t o x i c w a s t e s . T h e i r s e v e r e e f f e c t s h a v e
only recently received appropriate consideration.

* M . E . Wacks, from the University of Arizona, Tucson, was a Guest Scientist at Jülich
during June-December 1987.
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In the Federal Republic of Germany radioactive wastes are controlled by the
Atomic Energy Act and the Radiation Safety Ordinance and non-radioactive
hazardous wastes by the Waste Act. Both legal systems exist independently. Therefore, it is not permitted to deposit non-radioactive hazardous wastes and radioactive
wastes or a mixture of both at the same disposal site. It is doubtful whether this regulation is always suitable and justified. For instance, radioactive wastes may contain
hazardous components (mixed wastes). Therefore, it is not judicious that a mixture
of non-radioactive and radioactive wastes should be excluded, as far as risk considerations do not rule it out.
Non-radioactive hazardous wastes of lower toxicity are mostly disposed of by
shallow land burial. Only wastes with higher toxicity are deposited in a former salt
mine deep underground. Radioactive wastes even of very low radiotoxicity must be
disposed of in geological underground repositories according to the orders of the
Federal German Government [1]. These repository requirements for radioactive
waste disposal are at least as safe as those for deep disposal of hazardous wastes and
therefore should also be superior to the requirements for near surface disposal
facilities.

2.

HAZARDOUS WASTES

A waste containing a contaminant (radio- or chemotoxic) causing hazardous
effects to man can only be a hazard if there is an exposure pathway by which this
contaminant can be made available to the environment under certain conditions. The
hazard potential is characterized by several criteria such as radioactivity, chemical
toxicity, flammability, corrosiveness and chemical reactivity. In order to measure
these criteria in a meaningful way, the measurement must be done on the exposure
vector, be it leachate from the waste, vapour due to waste evaporation and sublimation, or airborne particles from waste particulates. Also, non-radioactive gas production is an important effect with regard to safety considerations, e.g. in terms of
pressure buildup and explosivity.
An overview of the annual total wastes arising in the Federal Republic of
Germany is given in Fig. 1. As can be seen, the quantity of special hazardous wastes
is rather small compared with the total. Within the special hazardous wastes, radioactive wastes represent only about 1.5%, which is equivalent to approximately
20 000 m 3 [2]. The exact figure for mixed wastes is unknown; for the time being
it may be estimated conservatively as not more than 7000 m 3 per year. Half of this
quantity is expected to be composed of organic materials (plastics, rubber, oil,
solvents, degreasers, chemicals, resins, etc.) and thus be burnable. Another roughly
7000 m 3 are composed of liquid inorganic concentrates and sludges, and the
remaining third contains non-burnable material. The latter is normally not consi-
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FIG. 1. Annual wastes (excluding wastes from farming) arising in the Federal Republic of
Germany (Federal Ministry of the Interior, 1983).

dered as mixed hazardous waste, because most of this material is composed of
chemically inert wastes such as metals and ceramics.
It is important to point out that a fairly small concentration of hazardous
material in the raw wastes, and thus representing an unproblematic hazard level, can
become a considerable hazard after waste treatment by incineration, evaporation or
supercompaction.
3.

GROUND RULES FOR EFFECTIVE MIXED WASTE MANAGEMENT
An effective mixed waste management system should consider the following

principles:
(1)
(2)

Waste redúction at the source through process changes.
Separate collection of characteristic sorts of wastes, or separation into specific
categories. They are: solids, free liquids (burnable and non-burnable), and
. liquids absorbed on paper and rags.

MERZ et ai.

Atmosphere

Biosphere

Geosphere

• Long water flow times
• Additional retardation of radioactive
material transported in water
(sorption, matrix diffusion)
• Long term stability of
hydrogeological conditions with
respect to climatic and geological
changes

Overlying
rock
Sedimentary
overburden

/

Host rock

Repository zone

• No, or only limited water supply
• Favourable chemistry
• Geological long term stability

FIG. 2. Overview of the safety barrier system for mixed wastes.

(3)

(4)
(5)

Recovery of reusable materials is desirable. However, the resource conservation potential is poor. Therefore, mainly environmental viewpoints justify their
recycling.
Destruction of toxic and chemically reactive organic materials, most suitably
by thermal treatment, e.g. incineration.
Other non-burnable wastes should be detoxified, mineralized, neutralized and
i m m o b i l i z e d to t h e g r e a t e s t e x t e n t p o s s i b l e t h r o u g h p h y s i c a l , c h e m i c a l a n d
biological treatment.

(6)
(7)

(8)

Volume reduction and minimization of waste transport.
Secure ultimate disposal of conditioned wastes.
Since deep underground disposal is the reference route in the Federal Republic
of Germany even for low active wastes, leach rates play only a minor role in
the overall multibarrier safety system. Most important are the natural barriers
of the repository. For mixed or pure chemotoxic wastes the same strategy is
recommended. The multibarrier system for mixed chemotoxic and radiotoxic
wastes is illustrated in Fig. 2.
Because both the natural and the engineered barriers as well as the geochemical
behaviour of the individual waste components obey identical natural laws, no
differences between the migration of radioactive and non-radioactive species
in the geo- and biosphere arise. Consequently, the pattern of hazardous
material transport and metabolism should be more or less the same. This fact
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allows the implementation of comparable safety goals, toxicity limits and thus
safety requirements. Also, adequate product control measures are necessary
for characterization and quality assurance purposes, taking account of all kinds
of hazardous wastes.
(9) Record keeping represents an important element in the mixed waste management system. Guidelines have to be issued to provide for the record keeping
associated with waste accountability. All radiologically and chemically
contaminated waste types and quantities must be accounted for as they are
. delivered to the facility, handled through storage, processing and treatment,
and ultimately disposed of. Losses must be documented and explained. Also,
information must be provided regarding spills, unusual events and system
failures.

4.

LEGAL BACKGROUND OF MIXED WASTE HANDLING

In general, no separate regulations for mixed wastes exist in the Federal
Republic of Germany. A radioactively contaminated waste stream must be treated
as radioactive waste. Two decisive laws, the Atomic Energy Act [3] and the Radiation Safety Ordinance [4], govern all licensing procedures. Federal and state agencies for the issue of licences are working together in committees to determine how
the requirements of all applicable federal and state laws can be met. Only explosives,
liquids, gases, rotting materials, carcasses and components which can undergo
chemical reactions are excluded from final storage. These conditions will be
controlled by product control and quality assurance. Other components, even if
chemically hazardous, do not have to be declared, but it can be assumed that the
chemical toxicity is not higher than the radiotoxicity.
Four competent authorities are involved in the repository licensing procedure:
(1)
(2)
(3)
(4)

The Federal Ministry of the Environment, Nature Protection and Reactor
Safety (BMU);
The respective state licensing department (ministry);
The Office of Water Resources and Protection;
The mining office responsible for the repository site.

Other agencies must be consulted in the course of the licensing procedure.
On the other hand, the treatment of non-radioactive chemical wastes is
controlled by the Waste Act (Abfallgesetz) [5] enacted in November 1986. Radioactive material is not subject to control by this Act. The same authorities as
mentioned above are in charge of licensing a repository. As a consequence of the
existing legislation, all repositories for hazardous chemical wastes strictly rule out
the acceptance of any radioactive contaminated material.
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Since the same federal ministry, the BMU, is responsible for both kinds of
hazardous waste, satisfactory amendments to existing legislation and regulations are
expected in the near future.

5.

TREATMENT OF MIXED WASTES

An important question is whether the treatment and disposal of mixed wastes
by the 'best available technology' can be implemented to yield the highest quality
of waste as far as environmental safety is concerned. Following the principles
outlined above, three treatment methods can be recommended for optimum mixed
waste disposal management:
— Incineration of raw wastes,
— Immobilization of pretreated materials with cement,
— Supercompaction of solid materials that have been made chemically inert.
Chemical degradation, detoxification and mineralization by appropriate
thermal treatment are in all cases a prerequisite for the production of a stable waste
form suitable for final disposal. In some rare cases, chemical treatment may be
required where combustion or pyrolysis does not work to destroy hazardous
chemical compounds [6].

5.1. Incineration
Incineration appears to be the best available technology for the majority of
mixed wastes because a high percentage of raw wastes contain organics in liquid or
solid form. A variety of incinerator designs are available. Time, off-gas turbulence,
temperature and oxygen availability are decisive parameters for complete conversion. In some cases, supplementary heat is supplied by an auxiliary burner to support
combustion of low calorific value or high moisture materials. The volume reduction
factor depends on the incombustibles and may vary between 20 and 80.
In the Federal Republic of Germany mainly two incineration processes are
applied, one having been developed at the Karlsruhe Nuclear Research Centre (KfK)
and the other at the Jülich Nuclear Research Centre (KFA) [7]. Both incinerators
may be classified as shaft furnaces with the advantage of gas-tightness, which is an
important safety feature. Excellent off-gas cleaning of pollutants can be achieved by
applying sophisticated filtering and scrubbing systems. Their disadvantage, on the
other hand, is a low specific throughput. From an economic point of view, a rotary
kiln is considered to be superior for hazardous wastes. However, the attainable gastightness is less satisfactory and thus a serious drawback.
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The ash and flue dust produced may be immobilized either by incorporation
into a cement matrix or by supercompaction after mixing with suitable additives.
Another alternative would be confinement in a mechanically strong, gas-tight cast
iron container.

5.2. Immobilization with cement
The incorporation of radioactive material in cement mixtures is a commonly
used procedure for conditioning various kinds of low and medium active waste
streams. Cement has many favourable characteristics that have contributed to its
popularity as a radioactive waste fixation material [8]. A disadvantage of concrete
is radiolytic gas production at higher radioactivity loadings. Even more important
with regard to gas generation is its alkaline nature, which causes pressure buildup
due to corrosive reactions with elements exhibiting amphoteric properties, such as
aluminium and zinc. It is therefore advisable to largely exclude such material from
cementation.
Formulation development for the immobilization of wastes may be different
for radioactive and chemically hazardous constituents because of different requirements put forward by regulatory and licensing agencies, since they are not the same
at present. There are obvious conflicting requirements for the following:
(1)
(2)
(3)

Leachability, since different leach test instructions are recommended, leading
to different qualities;
Mechanical strength, which is more stringent for radioactive waste forms than
for purely hazardous chemical wastes;
Chemical composition, since there are specific requirements for nonradioactive host forms concerning the possibility of interaction with chemically
reactive components.

If purely chemistry based considerations are taken into account, no differences
should arise whether radioactive or non-radioactive species are involved. Also, small
deviations in the chemical specification show no measurable effect because the host
matrix is tolerant of various waste admixtures. Therefore, identical waste treatment
and repository acceptance criteria should be formulated and made effective for
chemotoxic and radiotoxic wastes, on the basis of an equivalent hazard index.
A progressive proposal has been put forward for using the filter dusts from
non-radioactive hazardous waste incinerators as part of the host matrix for cementitious waste forms. It is well known that this material exhibits hydraulic properties
similar to Portland or other cements. This procedure could become an additional and
effective measure for a further minimization of waste volumes to be disposed of.
Experiments have proven the suitability of this method. Recommended mixture
ratios of cement:water:filter dust are between 2:2:1 and 1:1:3. The resulting
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chamber

equipment

FIG. 3. The GNS supercompactor [7].

products exhibit satisfactory mechanical properties, with a mechanical strength of at
least 1 N/mm 2 (10 kg/cm 2 ).

5.3. Compaction
A strong incentive for the introduction of compaction as a simple means for
low level waste conditioning was the pressure put on nuclear power plant operators
owing to the fact that, with steadily increasing raw waste volumes to be stored intermediately on-site, volume reduction became an important matter of expense. It
turned out that the volume reduction of properly selected wastes can be achieved
using mechanically driven supercompactors employing forces as high as
10 000-15 000 kN. Supercompaction is a promising alternative for the treatment of
non-combustible solid materials, either alone or mixed with an inert material
exhibiting a high adsorptive efficacy, e.g. bentonite or tuff.
Of utmost importance is the absence of chemically reactive organic and
inorganic liquids in the raw wastes, because vigorous gas production and thus
pressure buildup may otherwise be initiated through metal corrosion, biodégradation
or chemical interactions.
The importance of this requirement has only recently become evident in the
Federal Republic of Germany, where quite a number of waste drums treated in this
way showed such an undesirable effect. Therefore, careful waste selection and
thermal pretreatment are necessary in order to preclude later damage.
On the KFA premises, the Gesellschaft für Nuklear Service Essen (GNS)
operates a mobile supercompactor, a diagram of which is shown in Fig. 3. The
compactor operates horizontally against a sliding door. It can be fed with loose
material through the compaction chamber. First, a steel cartridge is put into the
chamber, then the waste is filled into the cartridge. Depending on the type of waste,
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filling and pressing can be repeated two or more times. Finally, a special lid is put
into the chamber and pressed against the filled cartridge. After opening of the sliding
door the pellet is expelled. Its diameter is about 535 mm, which allows it to be placed
into a 200 L drum.

6.

RISK COMPARISON OF RADIOLOGICAL AND CHEMICAL
HAZARDOUS WASTE DISPOSAL

It is common knowledge that the release of radioactive as well as chemical
hazardous nuclides from a geological underground repository would be of
significance only if water or salt solutions penetrated into the underground storage
structure from aquifers of the overlying strata. Theoretical investigations have dealt
with the mechanisms whereby the chemical species could overcome the various
barriers in the repository system and reach the biosphere.
The method used for safety assessment of mixed wastes employs the same
predictive modelling as developed for purely radioactive materials. Since the protection goals are more or less identical for both kinds of hazardous waste, the mechanistic description of migration processes can be treated in the same manner. Necessary
input data for the calculation models (e.g. chemical, physical and mechanical waste
form characteristics, geological factors, hydraulic parameters and groundwater flow)
are by definition the same, but possibly different in their numerical values. Lack of :
reliable data has sometimes been detrimental but turns out not to be an obstacle to .
semiquantitative analysis.
The major difficulty is in making a meaningful judgement of toxicity indices,
particularly when used for a quantitative comparison between chemical and radiological toxicity. Nevertheless, an attempt was made using available tolerance data
such as maximum working area concentrations, acceptable daily intakes and
radioactivity-dose equivalent relations.
Figure 4 presents the results thus obtained. The toxicity indices for radioactive
wastes were calculated on the basis of the published values of the International
Commission on Radiological Protection [9] for an LD 50 value of 5 Sv. The toxicity
indices for chemical hazardous wastes were extracted from the Federal German
Gefahrstoffverordnung [10].
Little is known concerning the ecological impact of the various chemical
compounds which may possibly contaminate the environment via the water pathway.
It is of importance to clarify synergistic and antagonistic effects that may possibly
be caused by the many different chemical substances involved.
It was shown that adding largely mineralized filter dusts, arising in the
combustion of burnable hazardous wastes, to low and medium active waste streams
as a solidifying reagent is an acceptable means of minimizing the total waste volume
to be disposed of. The overall findings indicate that mixed waste disposal does not
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impose any new or additional safety requirements for geological underground repositories. Joint deposition is feasible without any significant drawbacks.

7.

DE MINIMIS LEVEL OF RADIOACTIVITY

Wastes containing 'minimal' radioactivity can be exempted from the Atomic
Energy Act and its relevant ordinances under a special licence of the competent state
authorities, which have to consider every individual case. The exemption limit
depends mainly on the radiotoxicity and the total mass of the wastes to be disposed
of. However, a common exemption limit is under consideration in several advisory
committees. Their results may be translated into legal requirements by amendment
of existing laws in the near future.
Exempted wastes can be handled under the regulations of the Waste Act.
Therefore, only the chemical toxicity must be considered. For instance, these wastes
can be burnt in an industrial incinerator or disposed of with domestic wastes at a
shallow land burial site or with very toxic wastes deep underground.

8.

CONCLUSION

The management of mixed wastes, composed of radiotoxic as well as chemotoxic materials, entails no insurmountable problems. Employing state of the art technologies already tested with regard to their reliability and usefulness guarantees safe
handling, transport, interim storage and final disposal of the properly conditioned
waste packages. An indispensable prerequisite is compliance with certain ground
rules concerning the treatment of the various mixed raw waste streams in order to
produce inert, detoxified and largely mineralized final waste forms suitable for safe
ultimate disposal. A preliminary safety assessment indicates that an underground
repository installed in a suitable geological formation does not give rise to any differences between short and long term risks, regardless of whether it is used as a monoor multicomponent waste facility.
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Abstract
I N N O V A T I V E T E C H N O L O G I E S FOR T R E A T M E N T O F H A Z A R D O U S A N D M I X E D
WASTES.
The treatment, storage and disposal of hazardous and mixed wastes incur significant
costs for installations of the United States Department of Energy (DOE). These wastes must
be managed under strict environmental controls and regulations to prevent migration of
hazardous materials to the biosphere. Through the Hazardous Waste Remedial Actions
Program, the D O E is seeking to develop innovative ways of improving treatment technologies
to eliminate the hazardous components of wastes, reduce waste management costs and
minimize the volume requiring disposal as hazardous or mixed wastes. Sponsored projects
progress from research and development to field demonstration. Among the innovative technologies under development are supercritical water oxidation of hazardous chemicals, microwave assisted destruction of chlorinated hydrocarbons, paramagnetic separation of metals
from wastes, detoxification and reclamation of waste acids, nitrate destruction by calcination,
treatment/disposal of reactive metals and methodologies for encapsulation. Technologies at a
demonstration phase include detoxification of mixed waste sludges, microbial degradation of
polychlorinated biphenyls in soil and remedial processes in the case of a hydrocarbon spill.

1.

INTRODUCTION

The

United

States

p r o g r a m m e to minimize

Department

of

its p r o d u c t i o n

Energy

(DOE)

of h a z a r d o u s

has

embarked

wastes,

including

on

a

mixed

hazardous and radioactive wastes. T h r o u g h the Hazardous W a s t e Remedial Actions
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Program (HAZWRAP), the DOE is examining currently generated waste streams at
its laboratories and fuel production and reprocessing facilities to reduce both the
volumes and toxicity of the wastes [1].
Environmental protection requirements encompass all aspects of the treatment,
storage and disposal of hazardous and mixed wastes to ensure that hazardous chemicals are isolated from the biosphere. By minimizing the amount of wastes requiring
management as hazardous wastes, the DOE installations not only realize economic
savings in all areas of waste management but also reduce the potential migration of
contaminants and the requirements for remedial containment measures. The current
technical requirements for all hazardous waste facilities include controlled entry to
the facility, personnel training, and fire, explosion and release control measures.
Land treatment facilities, surface impoundments and land disposal units are subject
to requirements for groundwater monitoring through properly designed monitoring
wells, runoff prevention, double containment layers with leak detection capability
and facilities for leachate collection.
The wastes and waste forms eligible for disposal are also subject to numerous
requirements and prohibitions, including bans on disposal of liquids, dioxins, certain
solvents and — at concentrations above specified limits — toxic metals, polychlorinated biphenyls (PCBs) and halogenated organics. In addition, and compounding the
need to reduce the production of hazardous arid mixed wastes, there is a lack of availability of licensed disposal sites, especially for mixed wastes. Current DOE practice
is to dispose of hazardous wastes at commercial facilities. The wastes then leave
DOE control; however, another feature of environmental regulation is that the waste
generator is ultimately responsible for cleaning up any wastes that have migrated
from the disposal .facility. Consequently, long term liability remains with the DOE
even though its hazardous wastes are disposed of in licensed commercial facilities.
No commercial facilities exist for mixed wastes. The DOE is currently storing these
wastes pending availability of permitted facilities owned by the DOE. The volume
of wastes requiring storage and the long term liability issues further create a need
for hazardous and mixed waste minimization.
- Current DOE hazardous and mixed waste operations rely on traditional means
of waste treatment and preparation of wastes for disposal. These treatment technologies include neutralization, chemical oxidation and reduction, high temperature thermal oxidation by incineration, solvent recovery, blending, encapsulation, mixing
with inert matrices such as cement grout, and an array of biological methods. On
the basis of an analysis performed under HAZWRAP, it was apparent that these
current methods could be improved upon to reduce the volume of hazardous effluents
requiring disposal [2, 3].
A search was initiated for treatment methods that showed promise in improving current hazardous waste management techniques. Existing treatment methods for
other materials were surveyed for applicability to DOE hazardous waste effluents.
The waste streams were surveyed to determine whether changes in treatment
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methods or handling could help reduce, recycle or detoxify the resultant waste
materials. A key component of the survey was the Waste Information Network,
a computerized communications and data retrieval system developed under
HAZ WRAP [4, 5]. Several promising areas were identified for further research and
development and have been developed to the laboratory scale development phase;
other areas have progressed to a demonstration phase.
Among the innovative hazardous waste treatment technologies under development are supercritical water oxidation, microwave assisted destruction of chlorinated
hydrocarbons, paramagnetic separation of heavy metals from wastes, detoxification
and reclamation of waste acids, nitrate destruction by calcination, treatment/disposal
of reactive metals and methodologies for encapsulation. Among the technologies at
a field demonstration phase are detoxification of mixed waste sludges, microbial
degradation of PCBs in soil and remedial processes in thé case of a hydrocarbon
spill. Through HAZ WRAP, the DOE is investigating the feasibility of applying these
innovative technologies to treatment of hazardous and mixed waste streams.

2.

TECHNOLOGY DEVELOPMENT

The approach in these R&D projects involves a planned progression from
R&D phase to pilot plant phase to field demonstration phase. Demonstration consists
of treatment of an actual DOE waste stream to show a practical application of the
technology and the initiation of the solution of an actual problem. The final phase
entails transfer of the technology to the scientific and engineering community,
including other agencies and' the commercial sector.

2.1. Supercritical water oxidation
This technology [6] uses the properties of water in its supercritical state (above
374°C and 22.13 MPa) to dissolve and oxidize organic hazardous wastes such as
chlorinated hydrocarbons. The unique properties of water at a supercritical state
include the ability to dissolve non-polar, organic compounds, while inorganic salts
exhibit greatly reduced solubility. Although the oxidation taking place is similar to
combustion, it occurs at much lower temperatures than incineration (at about
375-525°C as compared with 1700°C or more), can be confined to a completely
closed system and produces no oxides of nitrogen. During combustion, the organic
compounds are reduced to carbon dioxide and water; the heat of oxidation could
potentially be recovered to sustain the treatment reaction or for other usés. Oxidation
of halogenated hydrocarbon compounds also produces corresponding inorganic acids
(e.g. HCl is produced during oxidation of chlorinated hydrocarbons), which may be
neutralized as they are produced to form inorganic salts.
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The relative insolubility of inorganic salts allows these components to be easily
separated out as solids and reused or discarded. The combustion process is capable
of high destruction efficiencies for organics. The separation of inorganics and efficient oxidation of organics can result in clean water being the major product of the
supercritical water oxidation treatment. The use of this process to treat aqueous
effluents and even groundwater is an obvious application. It also appears to have
potential in treating soils, because water can permeate the soil and surround the soil
particles.
Several commercial firms in the United States of America are also investigating applications of supercritical water oxidation. These efforts are focused on applied
research and demonstration. Indications are that standard pressure vessel technology can be used to construct plants with capacities in the
40 000-200 000 L/d range. The kinetics of the reactions taking place during supercritical water oxidation, though not well understood, are not being investigated to
any extent by these firms. Part of the HAZWRAP sponsored work is a study of the
basic chemical kinetics of the process.
Although the oxidation process works over a wide range of concentrations of
organics, from 2 to 100%, the operation of the reaction on a self-sustaining basis
using the heat supplied by the process is optimized at about 10% concentration. The
efficiencies of organic destruction at the small concentrations common to groundwater contamination problems (i.e. parts per million or less) are not well known, and
the cost of supplying the heat required to oxidize such small levels of organics would
make the process uneconomical at those levels. Further directions for HAZWRAP
investigations include gaining a better understanding of the kinetics of the reactions,
experiments at small concentrations of organic wastes and pilot scale and field
demonstration of the technology.

2.2. Microwave assisted destruction of hazardous wastes
Because microwave oven technology is readily available and provides rapid
and uniform heating, a study [7] was initiated to determine the feasibility of detoxifying liquid hazardous wastes containing organic solvents. The investigation was
conducted using trichloroethylene (TCE), a major constituent of DOE waste streams,
heated by a commercially available microwave oven (2.45 GHz) while passing
through an activated carbon bed.
Destruction efficiencies in the 80% range in laboratory scale experiments were
encouraging. In this work, TCE was stripped from aqueous solution and passed
through activated carbon, both with and without copper and chromium oxide
catalysts, while being heated in a quartz reaction vessel by microwaves. The temperature during oxidation was determined to be about 350°C, which is significantly
lower than that required for conventional incineration processes.
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Investigation of microwave heating to regenerate the carbon beds was also
conducted. Although some regeneration was possible, the chlorine adsorbed on the
carbon bed was not easily removed. Regeneration of the beds is critical to the efficiency of the process, and further work in this area is needed.

2.3. Paramagnetic separation of wastes
A key aspect of the DOE Defense Programs approach to the management of
mixed and hazardous wastes is the development of substitute or modified processes
resulting in a reduction of waste materials requiring treatment, storage and disposal.
R&D studies involving paramagnetic separations indicated a potential waste minimization process [8]. Laboratory scale tests of pretreatment by magnetic separation of
process wastes containing magnesium fluoride contaminated with uranium have
shown a reduction in the level of contamination comparable with that obtained from
the present chemical refinery process while generating no additional wastes.
Although the remaining concentrated material must be further processed to obtain
pure uranium for reuse, the reduced quantity of magnesium fluoride-uranium to be
chemically processed would result in decreased amounts of acid and organic wastes.
Estimates. show that for every kilogram of contaminated material entering the
refinery, 7 - Ю kg of low level radioactive wastes requiring disposal are now generated. Thus, in addition to reducing chemical waste disposal costs, magnetic separation pretreatment has the potential to reduce radioactive waste storage and disposal
costs. Laboratory tests of the paramagnetic separations will be followed by pilot
scale testing and demonstration of the effectiveness of this technology.
Laboratory scale tests using a superconducting magnetic separation system to
separate uranium from magnesium fluoride have been successfully performed.
Samples of this waste were collected from the Feed Material Production Center at
Fernald, Ohio. A commercially available magnetic system specially made for dry
separation was utilized. Coiled wires immersed in a liquid helium bath provide a
cylindrical magnetic field gradient that separates particles passing through the centre
into a Spectrum representative of the magnetic susceptibilities of the particles. The
paramagnetic materials are pulled towards the outer portion of the core while the
diamagnetic materials are forced towards the centre. The particles with a magnetic
susceptibility near zero are unaffected.
Separations from magnesium fluoride were also studied on the laboratory scale
magnet in free fall mode using grinding techniques. Free fall tests performed on a
wire mesh feed with a concentration of 0.9% uranium resulted in a spectrum of
concentrations from 8.5 to 0.4% uranium. The resulting fractions are not as pure
as those obtained from open gradient separations, which have been as low as 0.04%
uranium. This separation mode may be utilized, however, where a higher uranium
concentration is tolerable.
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Initial gradient tests have been performed on a calcium oxide-uranium
mixture. Open gradient chromium separations from a pond sludge were also
attempted. The technology may have a number of applications as a tool for waste
minimization.

2.4. Waste acid detoxification and reclamation
Because DOE nuclear fuel fabrication and reprocessing operations result in
significant quantities of metal bearing waste acid effluents, HAZWRAP initiated a
project to detoxify waste acid by removing heavy metals and radionuclides and
recovering the acid for reuse [9]. Where economically justified, the metals can also
be recovered for reuse. As a result of these recycling efforts, acid waste streams can
be greatly reduced in volume.
Laboratory scale experiments were conducted using a waste stream from a
DOE uranium fuel fabrication operation at the Hanford facility in Richland,
Washington. Usually, the acid is discharged as waste when the concentration of
metal impurities reaches a maximum limit. Three waste acid solutions were
processed during the tests: a chemical milling solution containing nitric and sulphuric
acids with uranium as the major metal contaminant, a strip solution containing nitric
acid with copper as the major metal impurity, and an etch solution containing
hydrofluoric and nitric acids with zirconium as the major metal impurity.
The milling solution is routinely neutralized and the uranium precipitated out
as sodium diuranate for recovery. The strip and etch solutions are also neutralized
for disposal, while the copper and zirconium precipitates are disposed of as waste.
The reclamation of these acids would significantly reduce waste generation. In addition, the large volume of nitrates currently requiring disposal could be reduced or
eliminated, removing a potentially mobile contaminant from the environment.
The waste acid detoxification and reclamation project was only moderately
successful with respect to the etch solution because of difficulty in removing the
zirconate salt. Future plans include improvement of this process. Reclamation of the
strip solution was more successful, with an average of approximately 75% of the
nitric acid regenerated and an average of 88% of the copper removed. Distillation
tests using the milling solution were somewhat successful, with the concentration of
the recovered nitric acid related to the initial concentration and dependent on the
addition of sulphuric acid to the waste stream.
The highly corrosive nature of the acids was considered in the testing of candidate materials, mainly plastics, for construction of a pilot scale acid reclamation
system. Many plastics survived an ambient temperature, 76 day immersion test in
the acids, while several survived a 10 day test at a temperature of 100°C, indicating
the feasibility of constructing a reclamation system from readily available plastic
materials. Future plans include refinement of the reclamation techniques investigated
to eliminate problems encountered and additional work on survival of materials.
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2.5. Nitrate destruction in an elutriated fluid bed calciner
In neutralization and disposal of waste acids, sodium nitrate is a major constituent of the wastes. The nitrate waste from DOE operations is often contaminated
with other hazardous chemicals and toxic and radioactive metals. HAZWRAP determined that a cost effective method of converting the nitrate ions to elemental nitrogen
gas and water would not only reduce the volume of wastes requiring disposal but
would provide for an improved waste form when the wastes were mixed with grout
or glass.
The calcining of sodium nitrate waste was tested at the laboratory scale using
a surplus calciner [10]. Although initial runs resulted in destruction of over two
thirds of the nitrate, the calciner became clogged when more material was added in
an attempt to increase the destruction efficiency. A test run with copper nitrate
showed greater than 99% destruction efficiency. Future plans include redesign of the
calciner configuration to increase efficiency in processing sodium nitrate waste.

2.6. Improved treatment/disposal of reactive metals
Another wide ranging waste problem in the DOE Defense Programs has been
the treatment and disposal of waste reactive metals, primarily sodium (from sodium
cooled fast breeder nuclear reactors). The basic approach used in this HAZWRAP
sponsored R&D project was to convert the reactive metal (in preliminary work,
sodium contaminated with small quantities of both radioactive and non-radioactive
materials) to a glass form by reacting it with silica sand along with additives to impart
the desired mechanical and chemical integrity to the waste form [11]. A high soda
silicate glass was initially selected with small quantities of additives to yield acceptable resistance to leaching by groundwater and other environmental stresses.
Various glass formulations were developed and subjected to testing. Differential thermal analyses with varying compositions of sodium dioxide, silicon dioxide,
calcium dioxide and magnesium oxide showed that the primary glass forming reactions occur at less than 300°C. A series of glass samples was produced in a laboratory furnace and qualitative glass characteristics were determined. Appropriate
leaching tests were carried out.
Planning ahead to a pilot plant and/or demonstration phase, the investigators
have designed a process for waste reactive metal conversion incorporating a high
temperature cyclone reactor. A commercial firm with considerable experience in
such design has expressed interest in working with the DOE contractor to build and
test a prototype demonstration system.
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2.7. Innovative encapsulation methods
To protect public health and the environment and to ensure public safety in
both the short and the long term, HAZWRAP has initiated R&D on technologies that
treat hazardous chemical and mixed wastes by chemical fixation and/or solidification
methods [12, 13]. The objective is to convert the hazardous wastes to a form suitable
for disposal in landfill sites or radioactive burial sites. The DOE researchers are
looking at materials and processes that have the potential to encapsulate 'problem'
waste streams, employ simple and economical procedures, result in environmentally
compatible forms during storage, transportation and disposal, and demonstrate
compliance with waste form performance and disposal criteria.
Solidification materials currently in use in commercial or DOE facilities
include cement, asphalt, vinyl ester styrene and gypsum. In the R&D various modifications or additions to these agents are considered as well as an array of nontraditional agents such as polyethylene, sulphur cement and polyester styrene. In
addition to the characterization of the materials under test in combination with various waste forms, the project examines the design and engineering of systems to
deliver and mix the wastes and binders.

3.

TECHNOLOGY DEMONSTRATION

When R&D on a new and innovative technology has progressed to the point
where a demonstration with an actual waste stream can be accomplished, the DOE
investigators, in collaboration with the commercial sector when applicable, plan and
execute a full field experiment at the appropriate site. Planning includes completing
the necessary activities for permitting and documenting technology transfer to all
parties interested in waste management. Several demonstrations are already under
way through HAZWRAP sponsorship. For these initial demonstrations, much of the
laboratory scale development work had already been performed by the DOE or
commercial vendors. In contrast, each of the development projects described in the
previous section will progress and evolve to a similar demonstration phase.

3.1. Mixed waste sludge detoxification
The sludge detoxification demonstration is being conducted at Oak Ridge and
constitutes the first technology demonstration selected by HAZWRAP. In this example, a private sector contractor with technology for the treatment of mixed waste
sludges will carry out the work. The sludges result from treatment of various
wastewater streams at the Y-12 Plant and the Oak Ridge Gaseous Diffusion Plant.
The process involves thermal treatment of the sludges to remove water and organic
materials followed by fixation of the dried solids in a cement based grout matrix.

IAEA-SM-303/134

413

Water separated from the organic materials will be used as an ingredient in the
cement. Disposal of the organic materials is not a part of the demonstration at this
stage. A key part of the project will be an attempt to 'delist' the dried solids under
applicable Resource Conservation and Recovery Act provisions through the US
Environmental Protection Agency. A contract has been executed and the permitting
activities are under way.

3.2. Biodegradation of polychlorinated biphenyls
The objective (short term) of this demonstration project is to determine the
feasibility of using biodégradation as a treatment method for sites contaminated with
PCBs at the Y-12 Plant in Oak Ridge. The study represents another aspect of the
strategy involved in HAZWRAP sponsored work, that is, co-operative efforts
between DOE installations (Oak Ridge National Laboratory and the Y-12 Plant),
universities (University of Tennessee) and the private sector (Oak Ridge Research
Institute). Lysimeters have been installed along a PCB contaminated creek bank for
an in situ study of biodégradation. In addition, soil samples have been collected for
chemical and microbial analyses. A slurry bioreactor is being operated for the study
of biodégradation under controlled conditions. In the field tests, the soil will be
characterized according to microbial population and community structure, levels of
PCBs and other contaminants and mobility of the contaminants. Controlled additions
to the lysimeters will be monitored by leachate and soil analyses.

3.3. Gasoline spill remedial process
The objective of this project is to develop appropriate processes and process
concepts to demonstrate the in situ mobilization and removal of volatile fuel hydrocarbons (gasoline) from both deep intervals of contaminated, saturated soils and the
affected interstitial groundwater. The gasoline spill at the Lawrence Livermore
National Laboratory site (Building 403) hàs resulted in relatively high concentrations
of fuel hydrocarbon contaminants trapped in the saturated soil. The selected remedial
treatment processes for the contaminated soil and groundwater are: (1) dewatering
of the saturated soil, (2) induced soil venting, (3) air or vacuum stripping of the
extracted groundwater and (4) incineration of gaseous effluent from the venting and
stripping operations. The investigators are attempting to develop a system capable
of reducing volatile hydrocarbon levels to < 1 ng/g in the anticipated large volumes
of groundwater. Two modifications were studied: spray aeration in a partial vacuum
and stripping in a vacuum degasifier. Vacuum degasification yielded stripping efficiencies of about 99.99% when used with a packed tower of smaller volume than
required for conventional air stripping. The demonstration is in progress.
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CONCLUSIONS
T h e H A Z W R A P a p p r o a c h a t t e m p t s to s o l v e w a s t e t r e a t m e n t p r o b l e m s w i t h a

p r o g r e s s i o n f r o m t h e n e e d e d d e v e l o p m e n t w o r k to o n - s i t e d e m o n s t r a t i o n o f t h e
a p p l i c a b i l i t y of t h e t e c h n o l o g y . I n f o r m a t i o n o n t h e p e r f o r m a n c e , a c c e p t a b i l i t y , c o s t s
a n d r e g u l a t o r y i m p a c t of i n n o v a t i v e t e c h n o l o g i e s will b e g a i n e d . S i g n i f i c a n t e n v i r o n m e n t a l a n d h e a l t h p r o b l e m s w i t h i n the D O E D e f e n s e P r o g r a m s will b e s o l v e d . T e c h n o l o g y t r a n s f e r o f this i n f o r m a t i o n to t h e s c i e n t i f i c a n d e n g i n e e r i n g c o m m u n i t y f o r m s
t h e final a n d k e y a s p e c t of this p r o g r e s s i o n .
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LA COLLECTE ET LE TRAITEMENT
EN FRANCE DES DECHETS RADIOACTIFS
DE FAIBLE ACTIVITE EN PROVENANCE
DES PETITS PRODUCTEURS
D. ALEXANDRE
Agence nationale pour la gestion des
déchets radioactifs (Andra),
Paris, France

Abstract-Résumé
T H E C O L L E C T I O N A N D T R E A T M E N T IN F R A N C E O F LOW L E V E L RADIOA C T I V E WASTES F R O M S M A L L P R O D U C E R S .
There are numerous radionuclide users in France. In addition to the 'big producers'
involved in the various stages of the fuel cycle, there are also at present some 300 'small
producers' of low level radioactive wastes. The wastes are classified at the production sites
according to the half-life of the radionuclides they contain and their physico-chemical
characteristics. Wastes containing short lived ( < 6 d) radionuclides are considered safe after
a decay period of two months. The other wastes are collected and brought together at two
sites covering the northern and southern halves of the country, respectively. At these two
sites, the wastes are inspected on delivery and then divided into batches. The ultimate disposal of each category of waste and the various treatment methods used are described.
L A C O L L E C T E E T L E T R A I T E M E N T E N F R A N C E DES D E C H E T S RADIOACTIFS
DE FAIBLE ACTIVITE E N P R O V E N A N C E D E S PETITS P R O D U C T E U R S .
Les utilisateurs de radioéléments sont très nombreux en France. Outre les «gros
producteurs» intervenant dans les différentes étapes du cycle du combustible, on recense
actuellement environ 300 «petits producteurs» de déchets radioactifs de faible activité. Sur
les lieux de production, les déchets sont classés en fonction de la période des radioéléments
contenus et de leurs caractéristiques physico-chimiques. Les déchets contenant des radioéléments de courte période ( < 6 d) sont banalisés à l'issue d'une période de décroissance de
deux mois. Les autres déchets sont collectés et rassemblés sur deux zones de regroupement
qui drainent respectivement les moitiés nord et sud du territoire. Sur ces deux zones de
regroupement, les déchets sont soumis à un contrôle recette, puis constitués en lots. Le
devenir de chaque catégorie de déchets est précisé et les différents traitements qui leur sont
appliqués sont définis.
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1.

ALEXANDRE

DEFINITION DES PETITS PRODUCTEURS

On appelle «petits producteurs», par opposition aux «gros producteurs» qui
interviennent dans les différentes étapes du cycle du combustible, tous les utilisateurs
de radioéléments, réguliers ou occasionnels, tels que les centres de recherche, les
établissements hospitaliers et les industriels.
Les petits producteurs présentent les caractéristiques suivantes:
— une grande dispersion sur l'ensemble du territoire;
— l'absence de moyens propres de traitement;
— une faible capacité d'entreposage;
— une faible activité des déchets produits;
— la présence de risques associés (chimiques, infectieux).
Environ 300 petits producteurs sont recensés annuellement sur le territoire
national. Si l'on raisonne en volume de déchets produits, les secteurs les plus importants sont représentés par les services hospitalo-universitaires (52%) et les
laboratoires de recherche (43%). Si, par contre, on se base sur la radioactivité
rejetée, le secteur hospitalier ne représente plus qu'à peine 20% des déchets produits,
les laboratoires de recherche 51%, l'industrie et les autres utilisateurs totalisant
29%.
Si l'on s'attache à la nature physique des déchets produits, la répartition est
à peu près la suivante (exprimée en pourcentage du nombre de colis collectés):
— solides
35,6%
— liquides aqueux
21,6%
— liquides organiques
3,9%
— liquides de scintillation
36,5%
— déchets putrescibles
0,3%
— sources scellées
2,1%
Il est intéressant de mettre en évidence la part prépondérante du carbone 14
et du tritium dans les radioéléments rejetés. A titre d'exemple, au cours de
l'année 1986, pour 6300 colis collectés, 1,6% ne renfermaient que 14 C, 16,5% ne
renfermaient que 3 H et 23,4% contenaient à la fois les deux radioéléments.

2.

ASPECT REGLEMENTAIRE

1)
La loi générale (loi 75-633 du 15.07.75) relative à l'élimination des déchets
et à la récupération des matériaux s'applique aux déchets nucléaires. Ce texte stipule
en particulier:
— que tout producteur de déchet est tenu d'en assurer ou d'en faire assurer
l'élimination;
— que les entreprises qui produisent des déchets sont tenues de fournir à
l'administration toutes les informations concernant l'origine, la nature, les carac-
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téristiques, les quantités, la destination et les modalités d'élimination des déchets
qu'elles produisent;
— que, pour certaines catégories de déchets, ceux-ci ne peuvent être traités que
dans , des installations pour lesquelles l'exploitant est titulaire d'un agrément de
l'administration (décret du 19.08.79 dont la procédure n'est pas actuellement formellement appliquée aux déchets radioactifs).
2)
Le décret (86-1103 du 02.10.86) relatif à la protection des travailleurs contre
les dangers des rayonnements ionisants s'applique aux petits producteurs (établissements autres que ceux où sont implantées une ou plusieurs installations nucléaires
de base). L'article 57 mentionne qu'un arrêté précisera dans quelles conditions et
selon quels critères de tri des matières radioactives les déchets ou résidus devront
être recueillis. L'arrêté en question n'a pas encore été publié.
3)
Les producteurs s'appuient sur un «avis aux utilisateurs de radioéléments
soumis au régime d'autorisation prévu par le code de la santé publique relatif à
l'élimination des déchets radioactifs» publié par le Ministère de la santé (J;0. du
06.06.70) qui précise notamment que:
«Sont considérés comme déchets radioactifs et ne peuvent être évacués directement dans le milieu environnant ou avec les ordures conventionnelles, les déchets
dont l'activité massique est supérieure à 74 kBq/kg (2/tCi/kg) et ceux dont l'activité
totale est supérieure à
— 3,7 kBq (0,1 /¿Ci) pour les radionuclides de radiotoxicité très élevée (Groupe I);
— 37 kBq (1 /¿Ci) pour les radionuclides de radiotoxicité élevée (Groupe II.A);
— 370 kBq (10 /xCi) pour les radionuclides de radiotoxicité modérée
(Groupe II.B);
— 3700 kBq (100 /¿Ci) pour les radionuclides de radiotoxicité faible (Groupe III).»
L'avis précise le tri qui doit être effectué entre:
— liquides aqueux
.
— solvants
— huiles
— solides compressibles
— solides combustibles non compressibles
— solides organiques.
En ce qui concerne les déchets susceptibles d'être évacués avec les déchets ou
effluents conventionnels, les activités totales rejetées journellement ne doivent pas
excéder les activités ci-dessus.. Des activités dix fois plus élevées peuvent être
incinérées dans un incinérateur ordinaire.
Pour les rejets gazeux, les concentrations aux points d'évacuation doivent être
inférieures aux concentrations maximales admissibles pour les personnes non
exposées professionnellement. Au-delà de ces valeurs, les déchets doivent faire
l'objet d'une demande de prise en charge par le Service central de protection contre
les rayonnements ionisants. Cependant, les radionuclides de période inférieure à
100 jours peuvent être stockés en attente de décroissance jusqu'à ce que l'activité ait
atteint les niveaux indiqués ci-dessus.
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De plus, dans le cas du rejet dans les égouts, des activités supérieures peuvent
être évacuées à condition que la quantité totale soit inférieure à 37 GBq (1 Ci) par
an, et que la quantité journalière ne conduise pas à une concentration moyenne dans
les eaux usées de l'établissement supérieure à la concentration maximale admissible
pour un travailleur exposé 40 heures par semaine.

3.

ORGANISATION DE LA COLLECTE ET DE L'ELIMINATION

L'Agence nationale pour la gestion des déchets radioactifs (Andra), créée au
sein du Commissariat à l'énergie atomique, «est chargée conformément aux dispositions législatives et réglementaires, et en application de la politique générale définie
par le gouvernement, des opérations à long terme de gestion des déchets radioactifs»
(J.O. du 10.11.79).
C'est dans le cadre de cette mission générale, et à la demande du Service
central de protection contre les rayonnements ionisants (SCPRI) que l'Andra assure,
en France, la collecte et le traitement des déchets radioactifs des petits producteurs.

3.1. Le classement des déchets
La première opération consiste pour le producteur à effectuer sur le site de
production un tri préalable de ses déchets. Le tri est effectué en fonction de deux
critères essentiels:
— les caractéristiques physiques des déchets qui déterminent le type d'emballage
utilisé et à terme, une fois la collecte effectuée, les traitements d'élimination ou de
conditionnement qui leur seront appliquées;
— les caractéristiques radiologiques des déchets, principalement la nature du ou
des radioéléments contenus, et le niveau d'activité qui déterminent les possibilités et
les conditions de mise en œuvre d'un entreposage intermédiaire de décroissance
permettant la banalisation du déchet au bout d'une période de temps déterminée.
3.1.1. Le tri des déchets
Il est demandé aux producteurs de déchets de respecter les catégories
suivantes, qui correspondent chacune à un mode de conditionnement particulier et
à une identification précise de l'emballage au moment de la collecte:
— SO (déchets solides putrescibles): cadavres d'animaux, litières, matières organiques; ils sont conditionnés par lots de 5 kg dans des sacs de polyéthylène et
congelés;
— SC (déchets solides incinérables): solides pouvant présenter des risques
chimiques ou biologiques (infectieux); ils sont conditionnés en futs de 100 ou
200 litres garnis intérieurement de sacs de polyéthylène;

IAEA-SM-ЗОЗ/ ISO

421

— SP (déchets solides non putrescibles): déchets solides non infectieux,
ou rendus tels, ne présentant pas de risques chimiques et-dont l'activité est
inférieure à 0,19 X 10 6 Bq/kg (5 /¿Ci/kg) pour les émetteurs alpha et à
7,4 x 10 6 Bq/kg (200 /¿Ci/kg) pour le 3 H; ils sont conditionnés en fûts de 100 et
200 litres garnis intérieurement d'un sac de polyéthylène;
— SL (déchets mixtes): flacons de volume inférieur à 20 ml, contenant des
liquides de scintillation contaminés (essentiellement 3 H et 14 C); ils sont conditionnés en fûts métalliques de 100 et 200 litres garnis intérieurement d'un sac de
polyéthylène;
— LA (liquides aqueux): solutions aqueuses, non putrescibles, non infectieuses,
ne contenant pas de solvants, conditionnés en bonbonnes de 30 litres et subdivisés
en deux sous-catégories en fonction de leur activité: LA! quand
< 3 , 7 GBq/m 3 (100 /xCi/L) et LA 2 quand < 3 , 7 x 10 3 GBq/m 3 (100 mCi/L);
— LS (liquides organiques): liquides organiques non putrescibles, non infectieux,
respectant les spécifications suivantes:
• teneur maximale en fluor
50 ppm
• teneur maximale en chlore
20%
• teneur maximale en phosphore
0,1%
• activité en émetteurs bêta-gamma
< 3 , 7 GBq/m 3 (100 fiCi/L)
60
dont Co
< 1 , 5 GBq/m 3 (40 ¿iCi/L)
Conditionnés en bonbonnes de 30 litres et classés en deux sous-catégories en
fonction de leur activité en 3 H: LS t quand < 3 7 MBq/m 3 (1 цСi/L) et LS 2 quand
< 3 , 7 GBq/m 3 (100 ¿iCi/L);
— LH (huiles): minérales ou organiques, non putrescibles, non infectieuses,
conditionnées en bonbonnes de 30 litres; '
— SX (sources scellées):
• solides émetteurs alpha (américium-plutonium), émetteurs alpha bêta gamma
(radium), émetteurs bêta gamma (iridium, cobalt), émetteurs de neutrons
(américium + béryllium);
• sources gazeuses (tritium, krypton);
Elles sont conditionnées dans leurs emballages d'origine.

3.1.2. L'entreposage

de

décroissance

De façon à faciliter la mise en œuvre des entreposages de décroissance, il est
proposé aux producteurs de classer leurs déchets en fonction de trois catégories
correspondant aux périodes radioactives des principaux radioéléments utilisés.
Cette classification n'a aucun caractère réglementaire et ne prétend satisfaire
qu'à des objectifs purement pratiques.
Les trois catégories ainsi définies sont détaillées dans le tableau I.
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TABLEAU I. CATEGORIES DE DECHETS POUR L'ENTREPOSAGE DE
DECROISSANCE
Définition

Catégorie
TYPE 1

Période très courte (inférieure
à 6 jours)
Entreposage de'2 mois avant
banalisation

Radionuclide

Période

99Tcm

6h
12,4 h
13,3 h
15 h
24 h
64,2 h
78 h
90 h
2,7 d
2,81 d
3d
5,3 d

42K
123j
24

Na
Hg

197

90y
67

Ga
Re
198
Au
11
'In
l86

20ljj
133

Xe

TYPE 2

Période courte (inférieure à
71 jours)
Entreposage de 2 ans avant
banalisation

131

8d
9,4 d
14,3 d
'27,8 d
44,6 d
60 d
71 d

I
Er

169

32p
51

Cr
Fe

59

125j
58

Co

TYPE 3

Période longue (supérieure à
7l jours)
Enlèvement obligatoire

35

S
Ca
• ,92Ir
57
Co
22
' Na
3
H
14
C
45

•

87 d
165 d
194 d
270 d
2,58 a
12,26 a
5640 a

Seules les catégories correspondant aux radioéléments de types 1 et 2 peuvent
faire l'objet d'un entreposage de décroissance.
3.2. La collecte
Les petits producteurs émettent une demande d'enlèvement sur imprimé
normalisé qu'ils adressent au SCPRI, qui les transmet ensuite à l'Andra. La collecte
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est effectuée, régulièrement en fonction de la réception des demandes d'enlèvement
et d'une optimisation informatique des circuits de collecte, effectuée à partir du
bureau des petits producteurs à Paris.
Les colis collectés sont envoyés sur deux zones de regroupement qui drainent
respectivement les moitiés nord et sud du territoire. La zone de regroupement nord
est implantée dans l'enceinte du Centre d'études nucléaires de Saclay. La zone de
regroupement sud est implantée sur la zone du Tricastin dans l'enceinte de la société
SOCATRI qui est une installation nucléaire de base.
Dès leur prise en charge chez le producteur, les colis de déchets sont introduits
dans un système de gestion informatique qui permet d'assurer le suivi individuel de
chaque colis jusqu'au moment de son élimination définitive. Toutes les informations
recueillies sont archivées. Sur les zones de regroupement, les colis sont soumis à leur
arrivée à un contrôle recette qui porte sur les points suivants:
— conformité administrative: cohérence de la demande d'enlèvement avec l'identification du colis;
— conformité du déchet: cohérence du contenu du colis avec l'identification qui
en est faite, contrôle du pH, présence d'eau ou de solvants, etc.;
— contrôle de l'activité.
Les résultats de ces contrôles sont reportés sur la fiche signalétique du colis
et sont utilisés pour établir la facturation de l'enlèvement et le certificat de prise en
charge qui est remis au producteur. Les colis sont alors constitués en lots homogènes
en fonction de leurs caractéristiques et orientés vers les différentes filières
d'élimination.
3.3.

L'élimination

Les traitements d'élimination qui sont appliqués sont définis par les dispositifs
de traitement disponibles soit à l'Andra, soit dans les différentes installations du
Groupe CEA.
. .
Les déchets liquides aqueux, suivant le niveau de leur activité, sont soit traités
par passage sur échangeurs d'ions, soit adressés aux stations d'épuration de centres
d'études nucléaires.
Les déchets liquides organiques et les huiles sont incinérés après séparation de
phases.
s • •*
Les déchets mixtes (principalement constitués de flacons pleins de liquides de
scintillation) sont soit incinérés en l'état, soit broyés dans un appareil permettant de
collecter séparément les broyats solides et les phases liquides.
Les déchets putrescibles sont incinérés.
Les déchets solides sont compactés, bloqués dans du béton et envoyés au
Centre de surface de la Manche.
Les déchets particuliers (déchets tritiés de forte activité,- sources scellées) sont
reconditionnés si nécessaire et placés en entreposage dans les installations
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appropriées lorsqu'ils ne satisfont pas aux normes d'acceptation du site de stockage
de surface.

4.

CONCLUSION

Si, en règle générale, et mis à part le cas particulier des sources scellées, les
risques présentés par les déchets radioactifs des petits producteurs sont relativement
faibles, il semble indispensable, l'utilisation des radioéléments dans les pays
occidentaux tendant naturellement à se développer, de pouvoir disposer au niveau
d'un pays comme la France d'un système de gestion des déchets de ce type, bien
organisé et parfaitement efficace. Nous sommes en effet placés dans une situation
telle que le moindre incident à connotation nucléaire, même dénué de conséquences,
a dans le public, et du fait de l'amplification que lui apportent les média, une résonnance immédiatement catastrophique. Quelques récents exemples d'absence de gestion viennent malheureusement conforter l'opinion dans cette impression.
Un système efficace doit s'appuyer sur quelques éléments facilement
identifiables:
— une réglementation situant clairement le niveau des responsabilités, obligeant
les détenteurs ou les utilisateurs de radioéléments à assurer une gestion rigoureuse
de leurs produits et à confier l'élimination de leurs déchets à un organisme compétent
et agréé; la réglementation est assortie d'un contrôle;
— la formation et l'information des personnels utilisateurs de radioéléments et
leur sensibilisation aux quelques règles élémentaires qui président à la gestion des
déchets radioactifs;
— la mise à disposition des utilisateurs, sur les lieux de production des déchets,
des moyens matériels minimum indispensables au respect de ces règles: conteneurs
adaptés, locaux d'entreposage suffisants, etc.;
— la mise en œuvre de moyens de collecte, de traitement et de conditionnement
adaptés à la nature de ces déchets et à leur niveau de radioactivité, généralement très
faible; cette adéquation a des répercussions évidentes sur les coûts d'élimination qui
doivent rester raisonnables et compatibles avec les moyens financiers des utilisateurs
de radioéléments.
Sur ce dernier point, l'Andra, très consciente des problèmes auxquels sont
confrontés les petits producteurs, se doit d'améliorer le système existant. Le tri
amont des déchets qui est imposé aux producteurs et qu'il apparaît très difficile de
faire respecter pourrait être simplifié. Il pourrait être limité à quelques catégories
simples dans la mesure où les filières d'élimination seraient moins spécifiques.
Les installations de traitement utilisées pour l'élimination des déchets des petits
producteurs ont la plupart du temps été conçues pour le traitement de déchets
beaucoup plus radioactifs. Elles sont souvent mal adaptées au problème, trop
sophistiquées et présentent des contraintes de fonctionnement incompatibles avec la
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nature des déchets traités (contraintes de débits, spécifications des produits
introduits, etc.). Les coûts d'élimination restent en conséquence disproportionnés si
on les compare au coût de fourniture du radioélément à l'origine.
L'Andra s'efforce donc de promouvoir la mise en place, pour l'élimination des
déchets de petits producteurs, d'une installation simplifiée, basée sur l'incinération
généralisée des déchets solides et liquides incinérables et sur l'évaporation des
liquides aqueux.
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ОПЫТ ЭКСПЛУАТАЦИИ И ОСНОВНЫЕ ТЕХНОЛОГИЧЕСКИЕ ПОКАЗАТЕЛИ ОБЕЗВРЕЖИВАНИЯ ЖИДКИХ
РАДИОАКТИВНЫХ ОТХОДОВ НА МОСКОВСКОЙ
СТАНЦИИ ПЕРЕРАБОТКИ
Б.В. МАРТЫНОВ, А.Е. БАКЛАНОВ, В.В. ТУГОЛУКОВ,
A.B. СИБИРЕВ, Н.П. ТРУШКОВ, В.М. ШИШМАРЕВ,
B.П. КЕРМАНОВ, Б.Е. РЯБЧИКОВ, Л.М. СМИРНОВ
Государственный комитет по использованию атомной
энергии СССР,
Москва,
Союз Советских Социалистических Республик

Abstract-Аннотация
OPERATIONAL EXPERIENCE AND BASIC TECHNICAL DATA REGARDING LIQUID
RADIOACTIVE WASTE MANAGEMENT AT THE MOSCOW REPROCESSING PLANT.
The treatment facilities of the Moscow Reprocessing Plant became fully operational in
1976. Liquid radioactive wastes, after preliminary conditioning, are treated using coagulation and filtration methods, with subsequent two stage ion exchange treatment using either
KU-2-AN-2F and KU-2-AN-3I or KU-2-AN-3I and KU-2-AN-3I as the ion exchangers; the
regenerating solutions are evaporated and removed for burial. The paper gives the results of
research into the characteristics of ion exchangers after long periods of use and of optimization of the evaporation process, and also basic technical data on the processing of liquid
radioactive wastes in the Moscow Reprocessing Plant. The treated water has a residual beta
activity concentration of 2 0 - 4 0 Bq/L and a specific electrical conductivity of
( 3 ± 1 ) X 10" s S/cm. Treated materials with a beta activity concentration of 10 6 Bq/L
and an alpha activity concentration of 1 0 3 - 10" Bq/L are sent for burial. The volume of
wastes in relation to the total volume of liquid radioactive wastes treated is 0.2-0.22%.

ОПЫТ ЭКСПЛУАТАЦИИ И ОСНОВНЫЕ ТЕХНОЛОГИЧЕСКИЕ ПОКАЗАТЕЛИ
ОБЕЗВРЕЖИВАНИЯ ЖИДКИХ РАДИОАКТИВНЫХ ОТХОДОВ НА МОСКОВСКОЙ
СТАНЦИИ ПЕРЕРАБОТКИ.
Очистные сооружения Московской станции переработки (МСП) введены в
постоянную эксплуатацию в 1976 г. Очистка жидких радиоактивных отходов (ЖРО)
после их предварительного кондиционирования осуществляется методами коагуляции и фильтрации с последующей двухступенчатой ионообменной очисткой на ионитах КУ-2-АН-2Ф и КУ-2-АН-31 или на КУ-2-АН-31 и КУ-2-АН-31, регенерационные
растворы упариваются и вывозятся на захоронение.

В докладе представлены

результаты исследований свойств ионитов после длительной эксплуатации, оптимизации
процесса упаривания, а также основные технологические показатели переработки
ЖРО на МСП. Прошедшая очистку вода имеет остаточную объемную ^-активность
2 0 - 4 0 Б к / л и удельную электрическую проводимость (3 ± 1) X 10~5 См/см. На захо-

427

428

МАРТЫНОВ и др.

ронение направляется продукт с объемной ß-активностью Ю 6 Б к / л и а-активностью 1 0 3 - Ю 4 Бк/л.

Объем отходов, по отношению к общему объему очищенных ЖРО,

составляет 0,2-0,22%.

1.

ИССЛЕДОВАНИЕ СВОЙСТВ ИОНИТОВ ПОСЛЕ ДЛИТЕЛЬНОЙ
ЭКСПЛУАТАЦИИ
Двухступенчатая ионообменная очистка ЖРО осуществляется на

стационарных фильтрах, загруженных ионитами КУ-2-АН-2Ф (1-я ступень)
и КУ-2-АН-31 (2-я ступень) или КУ-2-АН-31 (1-я ступень) и КУ-2-АН-31
(2-я ступень).
Регенерация катионита КУ-2 проводилась 2,0 N раствором азотной
кислоты, анионитов 1-й ступени — 0,5 14 2-й ступени — 1 N раствором
гидроксида натрия. Объем регенерационных растворов для катионита
на 1-й ступени составляет 2,5 колоночных объема Vk , (Vk — объем раствора
в колонне, равный объему смолы), на 2-й ступени — 1 Vk , промывка всех
ионитов проводится 5V k обессоленной воды.
Изменение свойств ионитов после их длительного использования
определяли путем сравнения с товарными ионитами. Для исследований из
колонн отбирались пробы из верхнего слоя и с глубин 0,5;

1,0;

1,5 м.

К моменту отбора проб на ионитах первой ступени проведено 100 фильтроциклов, на второй ~ 15. В среднем длительность фильтроцикла на 1-й
ступени составляет 120 V k , на 2-й — 720. Таким образом через исследованные иониты прошло ~ 12 000 колоночных объемов.
Одним из параметров, характеризующих возможность длительного
использования ионитов, является их механическая прочность.

Косвенно

о механической прочности можно судить по изменению гранулометрического состава. Определение гранулометрического состава проводилось в
соответствии с ГОСТ 10 900-74. Пробы ионитов весом 200 г рассеивались на калибровочных ситах с размером отверстий: 0,25;

0,50;

0,60;

0,75; 1,0; 1,50; 1,75 и 2,00 мм. Полученные результаты приведены
в табл.1. Как видно из табл.1, уменьшение диаметра зерен катионита
КУ-2 и увеличение коэффициента неоднородности призошло в верхнем
слое до глубины 0,5 м и в большей степени на первой ступени ионирования. Опыт эксплуатации показал, что механические потери катионита
КУ-2 составили на 1-й ступени 15% от исходного количества, на 2-й — практически отсутствовали.

Как видно из табл. I, средний диаметр зерен

анионита АН-31 уменьшился на 30—45% на 1-й ступени и на 20—35% —
на 2-й ступени, а коэффициент неоднородности возрос в 1,2—1,6 раза.

ТАБЛИЦА I. ИЗМЕНЕНИЕ ГРАНУЛОМЕТРИЧЕСКОГО СОСТАВА ИОНИТОВ
Ионит

1-я ступень

Свежая
смола

Глубина (м)

Верхний
слой
0,5
КУ-2

АН-31

АН-2Ф

Средний диаметр
зерен, мм
Коэффициент неоднородности
Средний диаметр
зерен, мм
Коэффициент неоднородности
Средний диаметр
зерен, мм
Коэффициент неоднородности

* Данные взяты из [2].

2-я ступень

0,66*
0,85

0,53*
0,35

0,45

3,1*
1,85

3,4*
2,4

1,1

1,0

Верхний
слой
1,5

0,71*
0,7

0,7

2,2

2,5*
2,2

2,2

0,6

0,55

0,75

2,4

4,0

3,6

3,0

0,82*
0,8

0,42*
0,8

3,0

3,0

-

-

-

-

Глубина (м)
0,5

1,0

1,5

_

_

_

_

0,4

0,6

0,7

0,7

-

-

2,5

-

2,2

-

1,95

1,95

-

0,7

0,75

0,9

0,9

-

3,0

3,0

2,8

2,8

-

-

-

-

-

-

0,79*
0,4

-

-

-

-

-

—

3,2

—

-

—

—

-

-

ТАБЛИЦА И. ПОКАЗАТЕЛИ РАБОТЫ ИОНИТОВ
Ионит

1-я ступень

Свежая

2-я ступень

смола
Глубина (м)

Верхний

Верхний
слой

слой

КУ-2

0,5

1,5

2,0

200

200

Глубина (м)
0,5

1,0

1,5

210

210

210

210

Количество V^
250

165

200

проводимость, См/см

7,9X10"«

2,4 X 10~'

2,9 X 10"'

1,9 X 10"'

1,5 X 10"'

8,7 X 10"6

2,2 X 10"'

1,9 X 10-'

2,0X10-'

ДОЕ, мг-экв/л

2500

1650

2000

2000

2100

2100

2100

2100

2100

170

90

150

150

140

150

150

150

до проскока pH
Удельная электрическая

АН-31

Количество V^
до проскока pH

-

Удельная электрическая
проводимость, См/см

7 X Ю-6

1,4 X 10"*

7,5 X 10"'

2,9 X 10"'

0,05

0,4

0,27

0,05

-

2050

1080

1800

1800

-

-

2,5 X 10~ !

1,2X10"'

1 X 10"'

1 X 10"'

0,05
1700

0,05

0,05

0,05

1800

1800

1800

Остаточная концентрация
хлорид-иона, мг-экв/л
ДОЕ, м г о к в / л
АН-2Ф

Количество V^
210

-

-

75

2 X 10"'

-

-

хлорид-иона, мг-экв/л

0,05

-

-

ДОЕ, м л о к в / л

2520 '

-

-

до проскока pH
Удельная электрическая
проводимость, См/см

90«

-

-

-

-

2X10"'

1,7 X 10" !

-

-

-

-

0,05

0,05*

-

-

-

-

900

1090*

-

-

-

-

Остаточная концентрация

* Регенерация проведена SVj. IN раствора NaOH.
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10"

КУ-2
3

У

10"

1,0
0,8

•

i

100

200

100

200

У

AH-31

0,8

0,4
0,2

1,0

0,8

АН-2Ф

0,6

0;4
0,2

200

100
РИС. 1. Зависимость физико-химических
пропущенного

свойств фильтрата от объема

раствора.

Количество нетоварной фракции (менее 0,4 мм) на поверхности загрузки
— около 12%, а на глубине 0,5 м не превышает 8%;

потери АН-31 соста-

вили 40%. Средний диаметр зерен анионита АН-2Ф уменьшился в 2 раза,
коэффициент неоднородности увеличился незначительно (табл. I).

Рабочая

фракция анионита АН-2Ф составляет 92%, потери — 30%.
Одним из основных технологических показателей ионитов является
их обменная емкость и эффективность очистки от солей и радионуклидов.
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Определение динамической обменной емкости (ДОЕ) проводилось в соответствии с ГОСТ 20255.2-74. Для определения ДОЕ катионита использовался раствор гидроксида натрия концентрацией 10 мг-экв/л, анионита —
раствор, содержащий по 2 мг-экв/л серной, соляной и азотной кислот.
ДОЕ катионита и анионита, количество колоночных объемов V k до проскока pH, удельная электрическая проводимость фильтрата ( к , См/см), а
также концентрация хлорид-ионов (С с 1 , мг-экв/л) (по ГОСТ 15 615-79)
в фильтрате после анионитов, представлены в табл. II и на рис. 1. Как
видно из табл. II, ДОЕ катионита КУ-2 1-й и 2-й ступени снизилась примерно на 20% (для поверхностного слоя 1-й ступени примерно на 35%), а
удельная электрическая проводимость фильтрата увеличилась в 2—3 раза.
Учитывая незначительное снижение ДОЕ, продолжительности фильтроцикла
и удельной электрической проводимости (рис. 1), катионит КУ-2
оставлен на МСП для дальнейшей эксплуатации. ДОЕ анионита АН-31
1-й и 2-й ступени уменьшилась примерно на 12% (для поверхностного
слоя 1-й ступени примерно на 50%). ДОЕ анионита АН-2Ф 1-й ступени
снизилась в 2,8 раза. Из сравнения показателей работы свежих и бывших
в эксплуатации анионитов- (рис. 1) видно, что проскок хлорид-иона на
1-й и 2-й ступени анионита АН-31 бывшего в эксплуатации, наступает
немного раньше (примерно на 20 V k ) .

Значительно хуже работает

верхний слой анионита 1-й ступени, где наблюдается заметное сокращение
продолжительности фильтроцикла и отмечено увеличение концентрации
хлорид-иона в фильтрате (до 0,4 мг-экв/л)'. Значительное снижение емкости
анионита АН-2Ф (рис. 1) свидетельствует о нецелесообразности его
дальнейшего использования.
Известно, что при длительной эксплуатации на ионитах наблюдается
необратимая сорбция радионуклидов [1]. Результаты измерения у- излучения исследуемых образцов ионитов после их. регенерации приведены
в табл. III (измерения проводились на у- анализаторе NOKIA 4900 с
германиевым детектором ДГДК 60-В). Как видно из табл.III на катеоните КУ-2 1-й и 2-й ступени содержание
одинаково и достигает по
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134

Cs и

137

Cs приблизительно

Cs примерно (7—10) X 105 Б к / к г ; на

катионите 1-й ступени ^ С о в 2,5 раза больше, чем на 2-й ступени. На
анионите АН-31 1-й и 2-й ступени содержание

125

Sb Приблизительно

4

одинаково ( 4 - 8 ) X Ю Б к / к г , а ^ С о на 2-й ступени в 6 раз больше, чем
на 1-й ступени. Анионит АН-2Ф содержит наряду с
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Cs и
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Со и
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Sb и изотопы •

Css что связано с наличием в ионите фенольных групп,'способных
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ТАБЛИЦА III. СОСТАВ И КОНЦЕНТРАЦИЯ РАДИОНУКЛИДОВ В
ИОНИТАХ
Ступень Ионит

Концентрация радионуклидов X 10 3 , Б к / к г

Глубина,

ионного

м
131

обмена
О
КУ-2

Cs

134

Cs

60

Со

850

120

220

0,5

1300

240

155

1,0

1100

160

170

1,5

850

120

170

ср.

1025

160

180

,îs

Sb

1-я
0

-

0,5
АН-31

АН-2Ф

КУ-2

-

33

25

67

26

1,0

-

34

89

1,5

-

-

44

44

ср.

-

-

55

44

ср.

4,1

0,34

1,9

0

1200

300

130

0,5

1150

80

63

1,0

850

НО

63

1,5

550

70

48

ср,

930

140

74

-

17

26

-

6

16

9

19

1,9

2-я

О
АН-31

0,5

-

1,0

-

1,5
ср.

-

7

17

10

20

Отмечено, что на ионитах 1-й ступени распределение радионуклидов
по высоте колонн достаточно равномерное, а на ионитах 2-й ступени радионуклидов в верхней части колонны гораздо больше, чем в нижней.
Как видно из табл. III, по концентрации радионуклидов смолы
(в соответствии с НРБ-76) относятся к категории твердых отходов
низкого уровня активности.

Наличие жесткого (3- и у- излучений и отно-
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сительно большого объема (приблизительно 20 м 3 в каждой колонне)
требует тщательного соблюдения техники безопасности при выполнении
работ по замене, перегрузке и транспортировке смол к месту захоронения.
Результаты проведенных исследований позволяют сделать следующие выводы:
1. Механические потери анионита АН-31 составили 40%, анионита
АН-2Ф— 30%, катионита КУ-2 1-й ступени 15%, уменьшение объема
КУ-2 2-й ступени не отмечено.
2. Значительное уменьшение Д 0 Е , примерно на 50% наблюдается
в верхнем слое анионита АН-31 и примерно на 60% во всем
объеме анионита АН-2Ф. ДОЕ катионита КУ-2 на 1-й ступени
уменьшилась на 20%, а на 2-й ступени соответствует обменной
емкости свежего катионита.
3. Необратимая сорбция радионуклидов достигает

1,5Х106Бк/кг

ионита. Полностью не десорбируются радионуклиды цезия и кобальта
из катионита КУ-2 и радионуклиды кобальта и сурьмы из анионитов АН-31 и АН-2Ф.

2.

МОДЕРНИЗАЦИЯ ВЫПАРНОГО ОТДЕЛЕНИЯ СТАНЦИИ
По технологии, применяемой ранее, кислые и щелочные регенерацион-

ные растворы смешивались и, после предварительной обработки (нейтрализация и умягчение), подвергались упариванию. Такая обработка регенерационных растворов требовала затрат значительных количеств гидроксида и карбоната натрия и приводила к образованию осадков карбонатов
кальция и магния. Их объем достигал 45% от объема всех отправляемых
на захоронение отходов.
Объем отходов, подлежащащих захоронению, может быть существенно уменьшен, если кислые и щелочные регенерационные растворы упаривать
раздельно. Однако переход на такой вариант переработки регенерационных растворов требует проведения физико-химического обоснования
этого процесса, которое должно включать: изучение поведения при
упаривании отдельных компонентов в солевых системах типа
NaCl—Na2 S 0 4 - N a N 0 3 - N a O H - H 2 О и N a N 0 3 - C a ( N 0 3 ) 2 - M g ( N 0 3 ) 2 - H 2 0 ;
определение растворимости в части этих систем при различных температурах;
оценку летучести азотной кислоты;
кристаллизации растворов.

определение температур кипения и
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Щелочной регенерационный раствор после небольших упрощений
можно свести к модельной системе, состоящей из
Na2 S0 4 — NaN0 3 — NaOH—Н 2 0. Изучение растворимости в части этой
системы проводили при температуре 25°С и температуре кипения.
Результаты исследований показали, что жидкая фаза равновесна с сульфатом
натрия. Последний сохраняет свою склонность уменьшать растворимость
с ростом температуры и ограничивает растворимость в системе до уровня,
приближающегося к его растворимости в воде, равной 21,4% масс, при
25°. Изотерма растворимости в системах такого типа, как показано нами,
может быть рассчитана по методу Здановского [2].
Следовательно, используя данные по растворимости при различных
температурах, полученные экспериментальным или расчетным путем,
можно выбрать степень упаривания щелочного регенерационного раствора, при которой исключается инкрустация поверхности нагрева водорастворимыми солями.
Упаривание кислых регенерационных растворов по сравнению с
щелочными имеет ряд специфических особенностей. Наряду с данными
по растворимости, необходимы сведения по летучести азотной кислоты, '
изменениям ее содержания в кубе выпарного аппарата й соковых парах
в процессе упаривания. Только на основе этих экспериментальных данных можно рассчитать процесс упаривания растворов, степень регенерации
кислоты, выбрать и рассчитать ректификационную колонну, обеспечивающую получение азотной кислоты, пригодной для повторного использования.
Кислый регенерационный раствор представляет собой раствор азотной кислоты, содержащий нитраты Ca и Na. Растворимость в части системы '
Ca (N03)2— NaNC>3— HNO3— Н2О определяется основными закономерностями,
характерными для ее составляющих простых систем
( C a ( N 0 3 ) 2 - HNO3 — Н 2 0 , NaN0 3 - HN0 3 - Н 2 0 и C a ( N 0 3 ) 2 - Н 2 О и т.д.),
т. е. с уменьшением доли менее растворимого нитрата в их смеси общая
растворимость в системе увеличивается ; смесь нитратов имеет значительную "прямую" растворимость: так, при увеличении температуры
на 10° С равновесная концентрация солей в жидкой фазе возрастает
примерно на 2,5% масс. ; азотная кислота уменьшает растворимость
нитратов. Применительно к регенерационным растворам МСП, где
соотношение Ca(N0 3 ) 2 :NaNC>3 составляет 2:1 и кислотность раствора
не превышает 3,9% масс., растворимость при 40°С достигает 60% масс.
На рис.2 представлены экспериментальные зависимости
YV = f (n), TK = f (n), XQ= f (n), полученные при полупериодйческом
упаривании кислого регенерационного состава (YV — концентрация азот-
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РИС.2.

Зависимость

ной кислоты в соковых парах;

T^.XQ,

Yv от степени

упаривания.

XQ — концентрация азотной кислоты в

кубе выпарного аппарата: Тк— температура кипения раствора;

п — степень

упаривания раствора).
Как видно из рис. 2, полный цикл полупериодического упаривания
(исходный раствор подается непрерывно, слив кубового остатка осуществляется периодически по достижении необходимой степени упаривания)
от ni до n k можно разбить на два этапа. На первом этапе, при увеличении п о т 1 до 8, наблюдается рост концентрации азотной кислоты в паре
с Yn=

х

= .0,1% до Y n = g = 3,8%.

На втором этапе от п = 8 до n k = 18

крнцентрация азотной кислоты в паре остается постоянной.
Кривая XQ = f ( n ) проходит через максимум при п = 8.

Восходящая

ветвь кривой связана с накоплением кислоты в растворе вследствие того,
что на первом этапе Yv < XQ- Нисходящая ветвь кривой объясняется
высаливанием азотной кислоты из кубового остатка в условиях стабильности состава паровой фазы и увеличивающейся концентрации солей на
втором этапе. Кривая T k = f ( n ) имеет излом, который объясняется тем,
что увеличение Т к с ростом концентрации солей частично компенсируется
на втором этапе (при п > 8 уменьшением содержания кислоты в кубе
выпарного аппарата). При достижении п = п к основные характеристики
процесса упаривания остаются постоянными.
Таким образом, на колпачковую колонну при полупериодическом
процессе упаривания до п = 8 поступают пары азотной кислоты переменной концентрации от Y v = 0,1% до Y v = 3,9% и постоянной Y v = 3,9% при
дальнейшем упаривании.
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Используя эти данные по известным методикам [3] можно провести
расчеты ректификационной колонны, обеспечивающей концентрирование
азотной кислоты до концентрации, пригодной для повторного использования.
Полученные выше данные позволяют выбрать оптимальные режимы
процесса упаривания кислых и щелочных регенерационных растворов, обеспечить максимальную степень упаривания, высокий процент отгонки
азотной кислоты при низкой кислотности кубового остатка, оценить
степень загрязнения конденсата.
После проведения опытно-промышленной проверки на стендах, на
станции была реализована технологическая схема, предусматривающая
раздельное упаривание кислых и щелочных регенерационных растворов.
В процессе испытаний была показана целесообразность упаривания щелочного раствора с гидроокисной пульпой, образующейся на стадии коагуляционной очистки ЖРО низкого уровня активности [4].
При работе по этой схеме получен значительный экономический
эффект в связи с тем, что:
1. Уменьшается объем отходов, направляемых на захоронение.
2. Отпадает необходимость в применении реагентов для обработки
регенерационных растворов.
3. Сокращается расход азотной кислоты для регенерации ионообменных фильтров за счет возвращения в цикл кислоты, получаемой
при упаривании кислого регенерационного раствора.
4. Устраняется возможность накипеобразования.

3.

ТЕХНОЛОГИЧЕСКАЯ СХЕМА ПЕРЕРАБОТКИ ЖИДКИХ РАДИОАКТИВНЫХ ОТХОДОВ
На основании результатов физико-химических исследований по обосно-

ванию метода раздельного упаривания регенерационных растворов, учета
опыта эксплуатации ранее существующих очистных сооружений, были внесены изменения в технологическую схему переработки жидких радиоактивных отходов на МСП. С 1974 г. по настоящее время на МСП принята
приведенная на рис. 3 технологическая схема.
Жидкие отходы по напорным трубопроводам поступают в две по
500 м 3 приемные емкости (1) с коническими днищами и перемешивающими
устройствами. Причем в одну емкость принимаются жидкие отходы,

U>
оо
сточные воды

NaOH
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Я
О
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РИС.3.

Технологическая

схема переработки жидких радиоактивных

отходов.
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а из другой, после усреднения, корректировки pH и отстаивания, они
направляются на очистку. Накопленный в конической части емкости
осадок периодически отправляется на захоронение.
Процесс коагуляционной очистки проводится в вертикальных отстойниках (2) со встроенной'водоворотной камерой хлопьеобразования. В
качестве коагулянта используется раствор сульфата железа с дозировкой
50—75 мг/л. Величина pH корректируется раствором 5% MacC:NaOH.
Гидроокись железа через шламоуплотнитель ежедневно поступает на
концентрирование методом упаривания.
После отстойников окончательное удаление взвешенных веществ из
осветленной воды достигается путем ее фильтрации на фильтрах (3) с песчаной загрузкой (песок фракции 0,5—1 м м ) .

Промывка фильтров осуще-

ствляется осветленной водой, которая возвращается в емкости ( 1 ) .
Глубокая очистка жидких отходов низкого уровня активности
достигается путем последовательного фильтрования и х через четыре
ионитовых фильтра. Первый (12) и третий (14) фильтры заполнены катиони- .
том КУ-2-8-чс, а второй (13) и четвертый (15) слабоосновным анионитом
АН-31. Высота слоя ионитов в каждом фильтре — 2 м. Первые два
фильтра (1-я ступень) поглощают до 80-90% всех растворенных примесей,
содержащихся в отходах. Третий и четвертый фильтры (2-я ступень) осуществляют доочистку воды от всех радионуклидов ниже предела допустимых
концентраций. Коэффициент очистки на 2-й ступени составляет 15—20.
Продолжительность фильтроцикла колонн 2-й ступени ~ в 6 раз больше,
чем первой. На регенерацию отключают оба фильтра первой ступени
одновременно и вместо них в работу вступают отрегенерированные
резервные фильтры (18, 21). В качестве регенерирующих агентов используются растворы гидроксидов натрия и азотной кислоты. Причем регенерационные растворы разделены на порции с таким расчетом, чтобы первая ..
порция наиболее загрязненная сбрасывалась на переработку, а вторая
порция и первая промывная вода доукреплялась и использовалась в новом ,
цикле. На отмывку ионита в одном фильтре расходуется до 5 У к очищенной воды, которая направляется в емкость (1). Отрегенерированные и
отмытые иониты выводятся в резерв. Кислые и щелочные регенерационные растворы через промежуточные емкости (19, 24) направляются на
упаривание.
Процесс упаривания осуществляется при атмосферном давлении в
выпарных аппаратах с вынесенной'зоной кипения (11), что обеспечивает
устранение инкрустации поверхности нагрева. Степень концентрирования
растворов определяется растворимостью в системе и температурой кри-

ТАБЛИЦА IV. ПРОДОЛЖИТЕЛЬНОСТЬ И ЭФФЕКТИВНОСТЬ РАБОТЫ ОЧИСТНЫХ СООРУЖЕНИЙ ЗА ОДИН
ФИЛЬТРОЦИКЛ
Исходный раствор
pH

Твердый

Окисляе-

остаток,
г/л

мость,
мгО,/л

Механический фильтр

Cl ,

УЭП*Х 1 0 \

ß^KT. X 10" :',

мрокв/л

См/см

Бк/л

Прошло
раствора,

pH

Твердый
остаток,

м3

г/л

ОкисляеCl,
мость,
мгокв/л
MrOj/л

УЭП* X 10>\
См/см

/Ьакт. X 10":
Бк/л

17
14

1,0.
0,8

9

16

300

7,4

0,86

11

1,0

10

5

11

300

7,9

0,64

7

0,9

ТА

9

16

0,7

5,7

9

300

8,5

0,63

8

7

0,7

4,3

12

300

7,6

0,53

10

0,7
0,8

7,3

6,3

0,49
0,37

7,1
7,3

0,98
0,43

14

0,8

4,5

11

300

8,6

0,51

9

0,52

8
10

6,1
5,7

0,9

7,3

0,38 .
0,34

0,47

8

0,9

6
5,4

11
9

-

1,0

6,3

11

5,8

0,77

6,5

0,43

7,2

7,1

14

ТАБЛИЦА IV.

pH

-

12

0,8

5

18

300

16

0,8

13

300

8,85
8,7

40

0,8

4,5
4

12

300

8,4

-

0,8

8

(продолж.).

КУ-2

Прошло
м3

.

11

АН-31

0-акт. Х'Ю" 2 . pH
Бк/л

Cl,
мпокв/л

УЭП*Х10\ 0-акт. X 1 0 " V
См/см
Бк/л

300

2,35

14

4,8

0,06

7

300

2,45

10

5,5

11

300

2,35

10

5,5

300

2,55

10

4,6

0,1
0,07
0,07

300

2,5

12

5,2

0,03

5,9

8,2
9

АН-31

КУ-2

.

4,8
5,9

pH

(iaKT.X 10" ! ,

рн

18
21

5,3
4,4

0,07

2,8

21

0,07

3,1

18

5,3

0,06

3

23

5,15

3,5

12
8,1
6,7

Бк/л

3,8

4,25

14

8,1
3,8

См/см
2

14

3,6

3,1
2,3

уэп x io*, 0-акт. X 1 0 " \

0,06
0,07

3,4

4,1

Cl,
М1*экв/л

Бк/л

300

2,6

0,3

8,2

6,7

4,5

0,07

4

37

4,2

0,35

7

2,5
2,6

3,5

2,5

11
12

4,4

300

3,2

7,8

4,6

2,9

10

3,9

0,35

8

2,3

3,5

5,9

4,8

3,1
3,2

33

300

0,1
0,07

* УЭП — удельная электрическая проводимость.
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РЕЗУЛЬТАТЫ АНАЛИЗОВ КОНЦЕНТРАЦИЙ РАДИОНУКЛИДОВ В СРЕДНЕМЕСЯЧНЫХ ПРОБАХ

РАСТВОРОВ ДО И ПОСЛЕ ИОНООБМЕННОЙ ОЧИСТКИ
Радионуклиды

Май
Объемная 0-активность
137
Cs
,M
Cs
40
Со
144
Се
131
1
50
Sr
Объемная активность

Очищенный раствор, Бк/л

Исходный раствор, Бк/л
Май

Сентябрь

Январь

Сентябрь

Январь

5,9 X 1 0 '

5,2 x 103

5,6 X 103

17

3

3

3,2 X 1 0 3

12

7'

7

1,1 X 1 0 3

1,1 X 1 0 3

1,1 X 1 0 3

7

7

7

25

1,5 X 1 0 3

25

12

12

12

12

19

-

1

1

1

1

.21

-

0,1

0,1

0,1

0,2

0,2

0,2

нет

нет

0,1

4,1 X Ю

3,0 X 1 0

5,2 X 103

4,4 X 1 0 '

нет

11 X 1 0 1

-

1,5 X

Ю3

18

19

Значения < 7 ; < 12; < 0,2; < 0,1 означают, что объемная концентрация того илиионого радионуклида ниже предельной чувствительности метода
-анализа. Используемые методики контроля описаны в [5).
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сталлизации кубового остатка. Для предотвращения загрязнения конденсата вторичного пара радионуклидами между выпарным аппаратом и
конденсатором установлена очистная тарельчатая колонна (6) . Содержание солей и радионуклидов в конденсате контролируется непрерывно.

При

упаривании кислого регенерационного раствора, наряду с очисткой паров,
происходит концентрирование паров азотной кислоты.

Концентрация

азотной кислоты на сливе с нижней тарелки колонны достигает 240 г/л,
что позволяет использовать ее повторно (10).
После завершения процесса упаривания регенерационных растворов,
кубовые остатки из выпарных аппаратов сливаются в реактор ( 2 5 ) , где
охлаждаются при непрерывном перемешивании, образующаяся при этом
пульпа с солесодержанием 600—900 г/л отправляется на захоронение (27).

IV.

ОСНОВНЫЕ ТЕХНОЛОГИЧЕСКИЕ ПОКАЗАТЕЛИ ОБЕЗВРЕЖИВАНИЯ И КОНЦЕНТРИРОВАНИЯ ЖИДКИХ РАДИОАКТИВНЫХ
ОТХОДОВ
В табл. IV приведены результаты, характеризующие продолжительность

и эффективность работы очистных сооружений за один фильтроцикл по
стадиям очистки. В табл. V, выборочно, представлены среднемесячные результаты анализов концентраций радионуклидов в растворах до и после ионообменной очистки.
Как видно из табл. IV, объемная /3-активность поступающих на
очистку растворов достигает 2 Х 1 0 4 Б к / л . Основной вклад вносят долгоживущие радионуклиды цезия-137, 134;

кобальта-60;

стронция-90

(табл.У). В растворах могут присутствовать радионуклиды РЗЭ, циркония (ниобия)-95, иода-131, селена-75, ртути-203, a-излучатели (а-излучатели
в растворах не идентифицируются, дается лишь оценка их объемной радиоактивности) .
Из результатов, представленных в табл. V, следует, что прошедшая
очистку вода имеет объемную /3-активность 2 0 - 4 0 Б к / л и концентрацию
по отдельным радионуклидам значительно меньшую предельно допустимой,
установленной в Советском Союзе по нормам радиационной безопасности
(НРБ-76). Остаточное солесодержание определяется удельной электропроводностью, находящейся в пределах (3 ± 1) X 10" 5 См/см.
Конечным продуктом переработки МСП является смесь нейтрализованных кубовых остатков (плотность — 1,4 г/см 3 , ß-активность —
1 0 6 Б к / л , а-активность - 10 4 —10 3 Бк/л). Средний объем отходов,
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н а п р а в л я е м ы х на з а х о р о н е н и е , п о о т н о ш е н и ю к о б щ е м у о б ъ е м у о ч и щ е н н ы х
Ж Р О , с о с т а в л я е т 0 , 2 — 0 , 2 2 % , т. е. д о с т и г а е т с я с т е п е н ь с о к р а щ е н и я о б ъ е м а
отходов в 450—500 раз.
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Abstract
T R E A T M E N T A N D C O N D I T I O N I N G OF I N S T I T U T I O N A L WASTES IN BRAZIL.
An important condition for the expansion of electricity generation by nuclear reactors
in the near future is improved control of the nuclear fuel cycle. An important part of this cycle
is the management of radioactive wastes. Brazil has one nuclear power plant in operation
(626 MW(e)); a uranium mining and milling industry; a nuclear fuel fabrication plant; three
nuclear research institutes, one of which includes a radioisotope production facility; several
particle accelerators; and about two thousand institutions (in medicine, industry and agriculture, research centres, etc.) throughout the country utilizing radionuclides on a large scale.
In Brazil a final repository to receive the radioactive wastes produced in the country has not
yet been defined. Instead, all radioactive wastes produced must be treated in such a way that
the waste volume is minimized as much as possible, the release of radionuclides into the
environment is as low as possible, and the radioactive materials are immobilized for safe
storage over long periods to prevent them from entering the biosphere. The paper discusses
the Brazilian nuclear power policy and the waste treatment research programme carried out
by the Instituto de Pesquisas Energéticas e Nucleares, the scientific branch of the Comissäo
Nacional de Energia Nuclear.

1.

INTRODUCTION
P r o d u c t i o n of r a d i o i s o t o p e s f o r m e d i c a l a n d i n d u s t r i a l p u r p o s e s , a n d e x p e r i -

m e n t s in r e a c t o r p h y s i c s , n u c l e a r p h y s i c s , e t c . , f o r p e r s o n n e l t r a i n i n g w e r e initiated
in B r a z i l in t h e m i d - 1 9 5 0 s u s i n g t h e e x p e r i m e n t a l r e a c t o r I E A R - 1 - 5 M W l o c a t e d in
Saö Paulo.
Small amounts of wastes have been p r o d u c e d since then and so far have been
k e p t u n d e r r a d i o l o g i c a l c o n t r o l . W i t h t h e i n t r o d u c t i o n of t h e B r a z i l i a n n u c l e a r p o w e r
p r o g r a m m e a n d a n i n c r e a s e in t h e u s e of r a d i o i s o t o p e s in i n d u s t r y , m e d i c i n e a n d
o t h e r fields, a n d w i t h g r o w i n g i n t e r e s t in p r o t e c t i n g p u b l i c h e a l t h a n d e n s u r i n g p u b l i c
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TABLE I. SEALED SOURCES USED IN INDUSTRY, RESEARCH AND
MEDICINE RECEIVED BY THE IPEN
Source

H-3
Co-60

Source strength

Half-life

(GBq)

(a)

1-1000
< 4 x 10

3

Principal applications

12.3

Production of neutrons by (D,T) reactions

5.3

Radiotherapy, industrial radiography, level
gauge

Kr-85

0.1-50

Sr-90

0.1-2

Cs-137

< 4 x 10

3

10.7

Paper thickness measurement

28.6

Paper thickness measurement, beta therapy

30.2

Radiotherapy, industrial radiography,
density gauge, level gauge

Pm-147

1-10

Am-241

1-10

432

Density gauge, lightning rod

0.1-50

432

Moisture detector, hygrometer, petroleum

Am-241-Be

2.6

Paper thickness measurement

detector

safety, a regulation was established covering all aspects of thé use of radioactive
materials in the nuclear fuel cycle as well as in nuclear activities resulting from the
non-nuclear fuel cycle.
For wastes from the nuclear fuel cycle great emphasis is given to volume
reduction, while for wastes from industry, medicine and research outside the nuclear
fuel cycle volume reduction is not critical because the volumes generated are so small
that they do not justify investment in a volume reduction facility, although they may
be sent for treatment in institutions which already possess such facilities.
In Brazil the main sources of radwastes generate low level wastes (LLW) and
only in a few cases intermediate level wastes (ILW). The wastes mainly originate
from: one nuclear power plant in operation (626 MW(e)); the uranium mining and
milling industry; a nuclear fuel fabrication plant; three nuclear research institutes,
one of which includes a radioisotope production facility; several particle accelerators; and about two thousand establishments (in medicine, industry and agriculture,
research centres, etc.) throughout the country.
Since at present there is no permanent site to receive the radioactive wastes
produced in the country, the LLW and ILW must be treated and stored appropriately,
under the supervision of the Comissäo Nacional de Energía Nuclear (CNEN), by the
producers or sent to the Instituto de Pesquisas Energéticas e Nucleares (IPEN),
which is in charge of receiving wastes when the radioisotope producer is not able
to handle them (Table I).
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This paper discusses the Brazilian nuclear power policy and the research and
development programme carried out by the IPEN, as well as plans for final disposal
in the near future.

2.

CLASSIFICATION OF WASTES

The official classification of wastes in Brazil originates from the standards laid
down by the International Atomic Energy Agency (IAEA) and is entitled Gerencia
de Rejeitos Radioativos em Instalaçôes Radioativas (CNEN-NE-6.05-Nov/1985).

TABLE II. CLASSIFICATION OF RADIOACTIVE WASTES IN BRAZIL
Beta/gamma emitters

Alpha emitters

( a emission < 3.7 X 10 s Bq/m 3 )

( a emission > 3.7 X 1 0 8 B q / m 3 )

Surface exposure rate, X

Concentration, с

Category .

(/лС • kg "1 • h "1 ) •

I.

(Bq/m 3 )

Solid wastes

Low level
Intermediate level
High level

3.7 x 10 8 < с < 3.7 x 1 0 "

X < 50
50 < X < 500

3.7 x 1 0 " < с < 3.7 x 10 13

X > 500

с > 3.7 x 10 13

Concentration, с
(Bq/m 3 )

II. Liquid wastes
Low level
Intermediate level
High level

с < 3.7 x 10'°
3.7 x 10'° < с < 3.7 x 10

13

с > 3.7 x ÎO 13

III. Gaseous wastes
Low level
Intermediate level
High level

с < 3.7
3.7 < с < 3.7 x 10 4
с > 3.7 X 10 4

3.7 x 10 8 < с < 3.7 x
3.7 x 10

10

10ю

< с < 3.7 x 10 13
с > 3.7 x 10 13
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The classification is based on health and safety requirements established according
to practical experience at waste treatment plants in other countries and applies to
existing national and international regulations for the safe transport of radioactive
materials.
The wastes are classified according to their physical state, the nature of the
radiation, radionuclide concentration and exposure rate. Primarily the wastes are
classified on the basis of their physical state, i.e. liquid, solid or gaseous. Another
very important distinction is the presence or absence of alpha emitters in the waste
stream. On the basis of this classification a more appropriate treatment method can
be assigned. In addition, there is a more detailed classification on the basis of the
radiological properties of the wastes. For liquid and gaseous wastes this classification
is made according to specific activity while for solid wastes the classification is based
on the exposure rate. The classification used in Brazil for solid, liquid and gaseous
wastes according to their radiation contents is presented in Table II.
The elimination of certain wastes from any installation is subject to special
authorization from the CNEN. The upper limit for the specific activity of solid
wastes permitted to be disposed of in the urban refuse collection system is 74 Bq/g
(2 nCi/g), while for liquid and gaseous wastes allowed to be eliminated in sewage
or the atmosphere a table containing this information for each radionuclide is
provided in the regulation mentioned at the beginning of this section.
According to this regulation persons engaged in activities involving radioactive
materials must provide complete information and technical data on training,
experience, safety procedures, the interim storage system and disposal of effluents,
as well as a detailed analysis of the proposed activity.
A person applying to use radioisotopes may request the CNEN for specific
approval of a proposed procedure to dispose of licensed radioactive materials in a
manner other than that generally authorized in the regulation. If necessary, meetings
are held between the CNEN staff and the applicant to solve specific questions.
To assure compliance with the approved conditions all licensees are subject to
periodic inspection. Radioactive wastes which can no longer remain under the
responsibility of the applicant are collected by the CNEN inspectors and sent to the
IPEN for necessary treatment and intermediate storage.

3.

RADIOACTIVE WASTES IN BRAZIL: GENERAL SITUATION

3.1. Wastes from institutions (medicine, industry, agriculture, etc.)
The wastes arising from the application of radioisotopes in the medical and
biochemical research fields as well as in clinical medicine, together with the wastes
resulting from the application of radioactive materials in industrial processes, are
treated as follows:
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— For short lived radionuclides such as 125I, 131I, 67 Ga, 201T1, 32 P, 35 S and
99
Tc m , the majority of the wastes from medical and research institutions are
subjected to a decay treatment method followed by disposal into the sewage
system.
— Solid wastes contaminated by traces of short lived radioisotopes with a specific
activity not exceeding 74 Bq/g (2 nCi/g) can be sent to a municipal refuse
disposal plant.
— The excreta of patients who have received therapeutic doses in excess of
555 MBq (15 mCi) have to be collected in bags and, after decay, emptied into
a special sink.
— Radiotherapy sources, including sources used in sterilization, must be returned
to the country of origin.
— Sources generally used in industrial equipment, such as for foil thickness
measurement, level detection, gauging, quality control and smoke detection,
are generally sent to the IPEN for treatment.
— Exhausted 192Ir sources, mostly used in non-destructive testing, are also sent
to the IPEN for recovery.
3.2. Wastes from research institutes
The principal waste forms generated by the research institutes are
miscellaneous liquids, trash, biological wastes, scintillation vials and sealed sources
and targets. Miscellaneous liquids containing short lived isotopes or small concentrations of radionuclides are generally released to the sewer. Trash, sealed sources and
targets are normally packaged in 100 or 200 L drums. The IPEN gives special attention to the users of 3 H and 14C contained in liquid scintillation vials and some
animal carcasses, in order to ensure compliance with the regulations on radiation
protection, transport and management of radwastes.
3.3. Wastes from the Brazilian nuclear power plant Angra I
The operation of nuclear power plants does not produce excessive amounts of
wastes when considered in relation to the total fuel cycle; most of the wastes
produced by them fall exclusively in the low and intermediate level waste categories.
In spite of this in Brazil the nuclear power plant Angra I is the most important waste
source. Table III indicates the approximate volumes of radioactive wastes generated
by Angra I up to the end of 1987.
3.4. Wastes from the fuel fabrication plant
Up to now only contaminated trash, packaged in 200 L drums, has been
generated. At present there are only four drums in the interim storage area of the
facility.
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TABLE III. WASTES GENERATED BY ANGRA I
Number of drums containing:

Total number

Year

of drums
Filters

Evaporator

Non-compressed

Spent

Compressed

concentrates

wastes

resins

wastes

1982

14

41

1983

17

14

1984

8

1985

10

1986
1987

4.

—

6

—

74

129

—

272

309

26

73

135

242

23

32

60

116

241

22

52

63

2

341

480

11

129

111

138

389

—

—

WASTE MANAGEMENT AT THE IPEN

4.1. Historical development
As a consequence of the small amount of wastes generated until recently in
Brazil, the function of waste management at the IPEN was performed mostly by the
health physics personnel. Since 1983 a department has been in existence with the
following functions:
— To process and treat all kinds of waste generated by the IPEN and some smaller
producers;
— To develop new processes or implement processes for treatment of all kinds
of radwaste produced in Brazil;
— To realize an extensive research, development and demonstration (RD&D)
programme in the field of radioactive waste treatment and disposal.
The Radwaste Department has two branches: one responsible for treatment,
conditioning, transport and interim storage, and the other responsible for the RD&D
programme and devoted to making available techniques for the treatment of all kinds
of waste as well as to implementing a quality assurance programme and performing
some waste disposal activities.
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4.2. Solid waste treatment facilities at the IPEN
The radwastes generated at the IPEN as well as all the wastes received from
medical applications, industry and other institutions are treated by compaction,
cementation or incineration or by special techniques developed for specific types of
waste.

4.2.1.

Compaction

facility

Before the installation of the compaction facility the amount of wastes was
small and had concentrations below the limits indicated by the radiological regulation. The applied treatment technique was delay and decay prior to disposal to the
environment. Later on the solid wastes produced at the IPEN or arriving from other
institutions, whether combustible or not, were mostly reduced in volume by simply
compacting them directly in the waste drums with a press strength of 10 t. The drums
are those used commercially by the chemical industry (200 L capacity). Although
compaction results in an average volume reduction factor of only 4 it has low
operating costs.
Solid radioactive wastes are produced mainly during cleaning and decontamination activities and consist of rags, paper, cellulose, plastics, gloves, clothing, overshoes, etc. Laboratory materials such as cans, polyethylene bags and glass bottles,
as well as bulky exhaust air filters contaminated by the activity adhering to dust
particles and aerosols, also contribute to the solid waste inventory.
Small parcels of non-compactible long lived wastes are also produced and
received for treatment. They include wood pieces, metal scrap, defective components and tools, and debris from dismantling and decontamination operations. These
wastes usually are put in 200 L drums and immobilized by pouring cement paste into
the voids.
Because of the widely divergent nature and quality of solid wastes, they must
be graded correctly at the place of origin to facilitate optimum treatment. This
requires not only separation of combustible and non-combustible items but also a
clear separation and classification of beta/gamma and alpha contaminated solid
wastes.
Which radionuclides are present in the wastes received at the compaction
facility depends on the originating laboratory. The main radionuclides present are:
3
H, , 4 C, 24 Na, 32 P, 35 S, 42 K, 5 l Cr, " C o , 82 Br, 85 Sr, 90 Sr, 95 Mo, 9 9 Tc m , 103 Ru,
106RU) 125I; 125Te> 127Te> 129TC) 131^ 1 3 4 ^ HOj^ 192^ 198ди> 226Ra> ц ^ a n d
Th nat ; in addition there are minor quantities of other radionuclides.
The radioactive wastes are collected at the IPEN in 40 L paper bags which are
then placed inside polyethylene bags of 0.2 mm thickness. The closed bags are transported weekly to the treatment fácility for compaction and afterwards to interim
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storage. The non-compactible wastes are also collected in polyethylene bags and
labelled for special treatment.
All radioactive waste bags are identified at the waste sources. This is doné
by the health supervisor, who attaches a properly annotated tag to the transfer bag
with the following information: (a) dose rate; (b) radioactive isotopes present;
(c) estimate of quantity (Bq or Ci); (d) general description of waste; and (e) location
of waste producer.

4.2.2.

Exhausted or defective radioactive

sources

Sealed radiation sources are used in a large variety of equipment in industry,
research and medicine and will sooner or later become waste. Most of the sealed
sources represent a radiological health problem even when the equipment is no
longer in use. For some of the sealed sources used in Brazil the licensees are required
by contract with the supplier to take the source back later when the source becomes
waste. This is what happens, for instance, with the sources sold by the IPEN, 60 Co
and 192 Ir, or with high activity sources for radiotherapy. A wide variety of sealed
radioactive sources (listed in Table I) are sent to the IPEN for treatment. Usually,
they are immobilized in concrete drums with their original container.
For gaseous or radium sources specially developed packages were designed.
As in other developing countries, Brazil has made extensive use of radium sources
in medicine for treatment of cancer tumours. Industrial applications have included
radium for radiography, certain electronic valves, switches and luminous paints. The
use of radium in all of these applications has been reduced greatly with the growing
availability of safer and cheaper radioactive materials, although many radium applications still exist. Owing to the long half-life and decay mode, sealed radium sources
will never be disposed of as exempted wastes. Special care has to be taken in order
that in interim storage they do not present a hazard to man.
A special package was developed for interim storage, transportation and final
disposal of radium sources which can be used for gaseous sources. This special
package conforms to the Type A specifications of the IAEA Regulations for the Safe
Transport of Radioactive Material [1]. As the final disposal site for LLW and ILW
has not yet been defined, the adopted criterion for the package design was that the
source should be kept in a form that would not be readily dispersible and that the
package could be stored temporarily before transport to the final repository without
any hazard to the operating personnel of the interim storage. The package was
designed in such a way as to accommodate radium sources of up to 20 GBq
( - 0 . 5 Ci) with a leakage rate lower than 5 x 10" 10 kPa-L-s" 1 to ensure radiological safety.
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Incineration facility for solid wastes

A system for incinerating combustible solid wastes has been developed in order
to achieve higher mass and volume reduction of the wastes generated at the IPEN
or received from other institutions. The primary aim of this facility, however, is to
burn carcasses of animals used in quality control of radiopharmaceuticals production. This facility, with a designed capacity of 5 kg/h, includes two combustion
chambers: an incinerator chamber and an afterburning chamber to ensure complete
combustion of gases. The electrical heating adopted provides additional operational
safety compared with a gas or oil fired furnace, yielding a further reduction in the
volume of off-gases to be treated. The off-gas system utilizes dry treatment and
consists of one cyclone, an electrostatic precipitator, a condenser, and an activated
carbon filter followed by one HEPA filter. Inactive tests using animal carcasses and
before the off-gas system was complete resulted in a burning rate of 2.7 kg/h.
The facility is not yet in operation owing to the need for some major changes
in the off-gas system to eliminate flaws. It is expected that it can be put into operation
by the end of 1988.
4.3. Liquid waste treatment facilities at the IPEN
A limited volume of liquid wastes containing small quantities of radionuclides
is produced at the IPEN as a result of research or radioisotope production activities.
This reduced volume results from the optimization of processes to keep the wastes
generated to a minimum. Moreover, since most of the radioisotopes handled at the
IPEN are short lived the delay and decay technique of treatment is still valid.
Usually the liquid wastes which are not allowed to be discharged directly to
the environment are collected in containers and stored for an appropriate time so that
the activity decays to an acceptable level. In special circumstances collecting vessels
with a maximum capacity of 10 m 3 are constructed in order to permit larger
volumes to be managed. Before discharge to the environment some chemical adjustment of the effluent is made; this generates small volumes of sludge but reduces the
activity even further below the authorized discharge limits.
4.3.1.

Evaporator-crystallizer

unit

Owing to the characteristics of the iodine production process at the IPEN
around 300 L of liquid wastes contaminated with long lived tellurium isotopes are
generated annually. Up to now the wastes have been collected in polyethylene bottles
and these placed inside steel containers for a decay period of about five years. Evaporation without previous treatment or immobilization was not considered owing to the
presence of 1311 volatile and high sulphate concentration. The option followed was
waste alkalization to p H l l to prevent 131I volatilization and equipment corrosion.
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Afterwards an evaporation process is applied for water removal to achieve salt
crystallization; this is followed by decay storage in sealed containers. With this
procedure the wastes produced in one year can be safely contained in 14 drums.
4.3.2.

Volume reduction of scintillation vials

Around 3000 L of liquid scintillation vials, used in diagnostic applications and
mainly contaminated with 3 H, l4 C or l25 I, are received annually at the IPEN. The
total , activity is usually lower than 74 MBq (2 mCi).
Because of the small radiological hazard, the current method of treatment, for
small quantities, is dilution and dispersion, with care being taken that chemical and
radiological discharge limits to the environment are observed. When great volumes
are involved the most recommended technique is incineration, if this is available.
Special tricks have to be used, however, in order that the long lived radionuclides
be trapped in the filters or high dilution be achieved.
A distillation technique is normally used in order to recover solvents (toluene).
Quality control procedures show that the recovered solvent is of analytical grade and
has no activity, permitting reuse for the same purpose.
4.4. Research and development of techniques for waste treatment
and characterization
4.4.1.

Cemented waste

characterization

As soon as activities started in the field of radioactive waste treatment and
disposal, some effort was devoted to establishing criteria to control the quality of
waste forms.
Cementation was considered a quite reliable process which should be considered for waste immobilization of several types of waste stream in Brazil. Some of
the parameters considered for quality control of the immobilized wastes were:
homogeneity, solids content, compressive strength, setting time, leach rate,
porosity, radiation damage and thermal conductivity. Also considered was the addition of special additives to improve the degree of fixation and the mechanical properties of the solidified products.
One of the most fundamental physical properties required for any kind of
immobilized waste form is homogeneity, which is important for the solidification
process and long term storage, so it is necessary to specify and define chemical and
physical properties such as density, porosity, leach rate, compressive strength,
thermal conductivity and radiation damage, which cannot be studied if the matrix is
not homogeneous.
Thus, in order to evaluate the degree of homogeneity of simulated wastes
immobilized in cement matrices, produced by using a planetary paddle mixer, the

T A B L E IV.

HOMOGENEITY STATISTICAL TESTS FOR H Y D R A T E D C E M E N T BLOCKS3 WITH DIFFERENT

W A T E R / C E M E N T R A T I O S A N D N a N 0 3 C O N C E N T R A T I O N S IN W H I C H U R A N I U M T R A C E R W A S U S E D

Number of
Water/cement
hydrated
ratio
cement blocks

a

Solids
content
(wt%)

x2 test

Average ± standard
deviation
(X ±

'

(A)

(ppm)

x

2

Kolmogorov test
(B)

(A)

X (95%)

2

N" DN

2

(B)
N

I/2

D N (95%)

Von Mises test
(A)

(B)

Nw 2

NW2(95%)

2

0.30

3.6

106.73 ± 5.96

0.332

5.991

0.52-

1.36

0.041

0.461

3

0.30

7.5

' 124.32 ± 9.42

6.322

7.815

0.52

1.36

0.055

0.461

5

0.35

3.6

101.55 ± 6.47

1.730

.5.991

0.83

1.36

0.139

0.461

6

0.35

7.5

95.62 ± 4.91

2.121

7.815 .

0.56

1.36

0.035

0.461

8

0.40

3.6

99.01 ± 6.51

0.270

5.991

0.51

1.36

0.020

0.461

9

0.40

7.5

110.15 ± 6.14

1.274

5.991

0.64

1.36

0.065

0.461

.

Number of concentration analyses for each block: 100.
(A) Experimental result.
(B) Theoretical limit.
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highly sensitive delayed neutron detection technique was used to measure the distribution of very small quantities of soluble uranium salt or insoluble thorium oxide in
powder form [2]. With this procedure the uranium and thorium distributions in the
waste form were measured and confirmed to be homogeneous after appropriate
statistical tests. These tests are the same as those used to test the distribution of
pseudo-random numbers generated by special computer algorithms. The x2>
Kolmogorov and Von Mises tests were applied, and some results are shown in
Table IV.
After the homogeneity of the waste form has been confirmed other properties
are analysed to ensure compliance with a set of specified waste form characteristics.
The other characteristics measured for simulated nitric wastes immobilized in cement
with different solids contents and water/cement ratios were: setting point, compressive strength, hydration temperature, porosity and leach rate of radionuclides.
A study is being carried out to establish a correlation between radionuclide
leaching from small scale and large scale specimens. Another study is also in
progress where a correlation between porosity and leach rate is proposed that takes
into account the actual sample geometry.
In all these studies some effort has been made to evaluate the influence of variations in cement composition; therefore, the chemical composition is always
measured.

4.4.2.

Organic

solvents

With the purpose of gaining competence in the treatment of organic solvents
remaining after purification of uranium or solvent extraction processes, a well
known technique using the incorporation of the solvents in plastics is being studied
and tested.

4.4.3.

Final waste

disposal

Some studies are being performed at the IPEN to establish criteria for the land
disposal of radioactive wastes. Although some preliminary parameters have already
been settled, the final criteria will be available only when the site has been
established. Laboratory measurements of radionuclide sorption and migration by
batch and column techniques are in progress in order to support the studies for site
selection. Long term integrity studies of concrete packages for final disposal are also
in progress. More details concerning the final disposal of radioactive wastes in Brazil
are presented in another paper at this symposium [3].
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