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FOREWORD 

The International Symposium on the Back End of the Nuclear Fuel Cycle: 
Strategies and Options was organized jointly by the International Atomic Energy 
Agency and the Nuclear Energy Agency of the OECD and held in Vienna from 
11 to 15 May 1987. 

The Symposium addressed a vital and common subject for all countries 
developing nuclear power, namely, what to do with nuclear fuel after its discharge 
from the reactor. The Symposium was attended by more than 200 specialists from 
29 countries and 5 international organizations and included 80 scientific presenta-
tions of which 29 were posters. It provided a forum for the exchange of information 
on analysis and selection of spent fuel management, national strategies and incentives 
for international co-operation, as well as on the various technical, safety, economic, 
environmental, legal and regulatory aspects associated with spent fuel and high level 
waste (HLW) management. 

The papers presented at the Symposium showed that selection of a strategy for 
the back end of the nuclear fuel cycle by each individual country depends on a num-
ber of subjective and objective factors. The subjective factors are dictated, as a rule, 
by the national situation — the availability of uranium resources, the level of indus-
trial development, the size of the nuclear programme, the socio-economic and politi-
cal conditions and the commercial interests. The objective factors reflect the status 
of the world's nuclear fuel cycle, including the availability of nuclear fuel cycle serv-
ices and existing international agreements. 

Some countries, including China, the Federal Republic of Germany, France, 
Japan, the United Kingdom and the USSR, are committed to continuing reprocessing 
of spent fuel, or to starting it once facilities are available, and to utilizing the reco-
vered uranium and plutonium in thermal reactors and, in the long run, in fast breeder 
reactors. At the same time, these countries are increasing their spent fuel storage 
capacities in order to provide better flexibility of the nuclear fuel cycle. Other coun-
tries such as Canada, Czechoslovakia, Finland, Italy, Spain, Sweden and the United 
States of America are pursuing the alternative of long term spent fuel storage as a 
necessary step before direct disposal. Final disposal of spent fuel and conditioned 
HLW is expected in the period 2000-2020. 

There was a general consensus that feasible and proven technologies have 
already been developed and exist for spent fuel and HLW handling, conditioning, 
transportation, short and long term storage, as well as for reprocessing of spent fuel 
and recycling of recovered plutonium and uranium. Technological and engineering 



development and safety assessment of spent fuel and HLW disposal into deep geolog-
ical formations are areas in which intensive research and development are being 
carried out on national and international levels with a view to proving their feasibility 
and guaranteeing long term safety. 

It is hoped that the Proceedings will constitute an important source of informa-
tion to a wide community of scientists, decision makers and representatives of the 
industry dealing with the management of spent fuel and HLW. 

EDITORIAL NOTE 

The Proceedings have been edited by the editorial staff of the IAEA to the extent 
considered necessary for the reader's assistance. The views expressed remain, however, the 
responsibility of the named authors or participants. In addition, the views are not necessarily 
those of the governments of the nominating Member States or of the nominating organizations. 

The use of particular designations of countries or territories does not imply any judge-
ment by the publisher, the IAEA, as to the legal status of such countries or territories, of their 
authorities and institutions or of the delimitation of their boundaries. 

The mention of names of specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part of the IAEA. 

The authors are responsible for having obtained the necessary permission for the IAEA 
to reproduce, translate or use material from sources already protected by copyrights. 
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Abstract—Resume 

THE FRENCH PROGRAMME FOR THE BACK END OF THE NUCLEAR FUEL 
CYCLE. 

Simultaneously with the implementation of its nuclear programme, France is firmly 
committed to immediate reprocessing of spent fuel. The Commissariat a l'6nergie atomique 
(CEA) attained industrial maturity in the reprocessing of spent metallic fuels from gas cooled 
graphite moderated natural uranium reactors with the commissioning of the UP1 plant at 
Marcoule in 1958 and the UP2 plant at La Hague in 1966. The option in favour of PWRs, 
made by Electricity de France (EDF) in 1969, induced the CEA to adapt the UP2 plant in 1976 
for reprocessing of LWR fuels. This experience forms the basis of the new plants UP2-800 
and UP3, which are now under construction at the La Hague site. The scenario for the back 
end of the fuel cycle evolved in the 1970s reserved the plutonium produced from reprocessing 
for use in breeders. Without prejudging the development of fast reactors other than 
Superph6nix-1, it can now be said with certainty that there will be no large scale industrial 
development of this reactor type in France before the year 2000. This being so, EDF took 
the decision in 1985 to maintain the policy in favour of immediate reprocessing of PWR fuels 
and to make the best possible use of the recovered material, including recycling of plutonium 
in its PWRs. After unloading, the spent fuel assemblies are to be left for about 1 year in the 
reactor pool for preliminary cooling. The spent assemblies will then be shipped to La Hague 
and stored for 2 years in one of the pools there before reprocessing. The high level 
reprocessing waste is to be vitrified and kept provisionally in specially designed facilities, 
pending final disposal in suitable deep geological formations. 

LE PROGRAMME FRAN^AIS CONCERNANT LA PARTIE TERMINALE DU CYCLE 
DU COMBUSTIBLE NUCLEAIRE. 

Parallfclement k la mise en ceuvre de son programme nucl6aire, la France s'est 
r6solument engag6e sur la voie du retraitement imm6diat des combustibles nucl6aires irradids. 
Le Commissariat k l'6nergie atomique (CEA) a acquis la maitrise industrielle du retraitement 
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des combustibles métalliques irradiés de la filière uranium naturel-graphite-gaz, avec la mise 
en service de l'usine UP1 à Marcoule en 1958 et de l'usine UP2 à La Hague en 1966. Le choix 
de la filière des réacteurs à eau sous pression (REP), fait par Electricité de France (EDF) en 
1969, a conduit le CEA à compléter l'usine UP2 en 1976 en vue du retraitement des 
combustibles eau légère. Cette expérience est à la base des nouvelles usines UP2-800 et UP3, 
actuellement en cours de construction sur le site de La Hague. Le schéma de fin de cycle du 
combustible REP, conçu dans les années 1970, réservait le plutonium issu du retraitement à 
l'alimentation des surgénérateurs. Sans préjuger de la réalisation de réacteurs à neutrons 
rapides autres que Superphénix-1, il est désormais certain qu'il n'y aura pas de large 
développement industriel de cette filière en France avant l'an 2000. Dans ce contexte, EDF 
a pris la décision, en 1985, de conserver l'orientation en faveur du retraitement immédiat des 
combustibles REP et d'utiliser au mieux les matières récupérées, notamment en recyclant le 
plutonium dans ses REP. Après leur déchargement, les assemblages irradiés doivent passer 
environ un an dans la piscine du bâtiment combustible du réacteur pour assurer un premier 
refroidissement. Les assemblages irradiés sont ensuite transportés et stockés pendant deux ans 
dans l'une des piscines de La Hague en attendant leur retraitement. Les déchets de haute acti-
vité produits à l'issue du retraitement sont vitrifiés et conservés provisoirement dans des instal-
lations spécifiques, en attente de leur stockage définitif en profondeur dans des formations 
géologiques appropriées. 

1. LE CHOIX DU RETRAITEMENT EN FRANCE 

L'année 1974 a marqué un tournant dans la politique énergétique française: la 
décision de faire appel à l'énergie nucléaire pour la quasi-totalité des investissements 
de production d'Electricité de France (EDF) est prise et se traduit par l'engagement 
de 12 réacteurs à eau sous pression (REP) de 900 MWe, plus 4 options. Ensuite, 
le rythme d'engagement s'est maintenu de façon soutenue jusqu'en 1981 (environ 
5000 MWe par an). En 1976, EDF annonçait le passage au palier REP 1300 MWe, 
et c'est en 1982 que le principe du palier N4 (1400 MWe) a été retenu. 

Cette décision a résulté d'une analyse complexe intégrant notamment le faible 
volume de nos réserves en combustibles fossiles, notre souci d'accroître notre 
indépendance énergétique vis-à-vis de l'étranger, les perspectives d'évolution de nos 
besoins en électricité, et le coût relatif de l'électricité d'origine nucléaire par rapport 
aux autres sources d'électricité. 

Pour tenir ce pari énergétique et en assurer la complète maîtrise industrielle, 
la France s'est dotée d'une industrie du cycle du combustible nucléaire regroupant 
un ensemble de structures assurant l'approvisionnement et la fabrication des 
combustibles neufs et le traitement des combustibles usés. 

Si les principaux pays producteurs d'énergie nucléaire disposent désormais de 
toute ou partie de l'infrastructure nécessaire au fonctionnement de l'amont de la 
chaîne de production nucléaire, c'est-à-dire de l'approvisionnement en uranium 
naturel, de l'enrichissement et de la fabrication du combustible, l'aval de la chaîne 
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nucléaire a donné lieu jusqu'à présent à des réalisations beaucoup moins 
nombreuses. 

Dès les premiers développements industriels de l'énergie nucléaire en France, 
11 a été jugé essentiel d'accorder une attention toute particulière au devenir des 
combustibles irradiés: parallèlement à la mise en œuvre de son programme 
nucléaire, la France s'est résolument engagée sur la voie du retraitement immédiat 
des combustibles nucléaires irradiés. 

L'intérêt du retraitement repose à la fois sur l'économie des matières énergé-
tiques et sur le devenir des combustibles irradiés. Au terme des opérations qu'il met 
en jeu, le retraitement aboutit en effet à un tri des matières radioactives permettant: 

— d'améliorer le rendement énergétique total du combustible initial par le 
recyclage de l'uranium et du plutonium, ce qui revient à accroître la production 
d'électricité par tonne de minerai d'uranium disponible; 

— d'améliorer le confinement des autres éléments radioactifs par la mise en 
œuvre de méthodes spécifiques de solidification et d'enrobage adaptées aux 
exigences de durée de vie des radioéléments (vitrification des solutions de haute 
activité par exemple). 

2. HISTORIQUE DU RETRAITEMENT EN FRANCE 

Dès 1949, le Commissariat à l'énergie atomique (CEA) a entrepris un impor-
tant programme de recherche et développement concernant le retraitement des 
combustibles irradiés. Le procédé de retraitement mis au point sur des installations 
pilotes entre 1949 et 1956 et, en particulier, sur un pilote industriel démarré à 
Châtillon en 1952, a été appliqué à l'usine UP1 de Marcoule mise en service en 1958. 
Le CEA a ensuite réalisé un second centre de retraitement, l'usine UP2 de La Hague 
mise en exploitation en 1966. Ces deux usines étaient destinées à retraiter des 
combustibles métalliques provenant de réacteurs de la filière uranium naturel-
graphite-gaz (UNGG). 

Depuis son démarrage jusqu'à fin 1986, l'usine de Marcoule a retraité plus de 
12 000 t de combustibles UNGG. 

Le choix effectué en 1969 par EDF de développer la filière des réacteurs à eau 
sous pression a conduit le CEA à modifier et compléter l'usine de La Hague par la 
construction d'un atelier de tête supplémentaire, l'atelier Haute Activité Oxyde 
(HAO), permettant le retraitement des combustibles issus de cette filière, en alter-
nance avec des campagnes de retraitement de combustibles UNGG. Ces nouvelles 
installations de réception et de cisaillage-dissolution, d'une capacité nominale de 
400 t/a, ont été mises en service en 1976. 

L'exploitation de l'usine de La Hague a permis au CEA et à la Cogéma 
d'acquérir une expérience industrielle importante dans le retraitement des 
combustibles eau légère: l'usine UP2 a retraité à ce jour plus de 1700 t de tels com-
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bustibles, en provenance de r6acteurs frangais et 6trangers. L'adaptation du proced6 
Purex au retraitement des combustibles eau 16gere est desormais demontree. 

Cette experience est a la base de la conception de nouvelles usines de retraite-
ment de combustibles eau 16g&re, actuellement en cours de construction sur le site 
de La Hague: 

— l'usine UP3, totalement nouvelle, d'une capacity de 800 t/a, qui entrera en 
service au debut de l'annde 1989; 

— l'usine UP2-800, dont la mise en service est prevue en 1992, sera constitute 
de nouveaux ateliers se greffant sur l'usine UP2 existante pour porter sa capacite a 
800 t/a; ce projet de transformation et d'agrandissement de l'usine UP2-400 a ete 
con?u de fagon que le demarrage de certains ateliers puisse etre anticipe afin de rem-
placer ou completer le plus tot possible les installations existantes d'UP2; l'usine 
UP2-800 b6n6ficiera de toutes les innovations technologiques du complexe UP3; 

— a cet ensemble sont associ6s de nouveaux dquipements pour le traitement des 
effluents qui serviront pour les deux usines UP3 et UP2-800. 

Parmi les caracteristiques techniques d'UP3 et d'UP2-800, on peut noter: 
— chaque tete d'usine comporte deux lignes paralfeles utilisant une cisaille a 

magasin horizontal et un dissolveur rotatif continu; 
— l'intervention sur les composants standard de l'usine (vannes, pompes, etc.) est 

basee sur des echanges sous enceintes de protection permettant de garder en perma-
nence un double confinement; 

— les dechets sont conditionn6s en ligne, a 1'exception des produits de fission qui 
seront stockes sous forme liquide avant d'etre vitrifies. 

Une etape importante dans l'histoire de l'usine de retraitement de La Hague 
a 6te franchie le 31 janvier 1987, lorsque le dernier barreau combustible de la filifcre 
frangaise UNGG est tomb6e dans le dissolveur, la Cogema fermant definitivement 
la tete originelle de l'usine UP2. En 20 ans, l'usine UP2 aura retrain au total 4894 t 
de combustibles UNGG provenant des centrales d'EDF et du r6acteur de Vandellos, 
le relais etant pris par les nouvelles installations de reception et de degainage des 
combustibles UNGG adjointes a l'usine UP1 et constituant l'usine MAR-400 de 
Marcoule, qui a demarre en 1983. 

L'usine UP2 devrait dtsormais retraiter essentiellement des combustibles eau 
l£gfcre. Toutefois, le retraitement d'une quantity limitee d'assemblages irradies dans 
les r6acteurs k neutrons rapides peut y etre envisage (cela a 6t6 fait pour 10 t de com-
bustibles Ph6nix), dans l'attente de la mise en service d'une usine specialement 
construite et optimiste pour ce type de combustible. 

3. LA POLITIQUE D'EDF CONCERNANT L'AVAL DU CYCLE DES REP 
JUSQU'EN 1983 

La strategic globale de fin de cycle du combustible REP, 61aboree au debut des 
anntes 1970, s'appuyait sur une politique de d6veloppement claire: 
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— le developpement imminent des reacteurs a neutrons rapides (RNR) etait le 
moteur des obligations sur l'aval du cycle des REP; 

— les quantites de plutonium necessaires pour ces RNR s'en deduisaient directe-
ment ainsi que les programmes de retraitement souhaitables; 

— en cas d'avance des programmes de retraitement sur les besoins en plutonium, 
l'ajustement permettant d'eviter le vieillissement des stocks de plutonium pouvait 
etre realise par le recyclage du plutonium dans les REP. 

Ce schema, certes toujours valable sur le plan technique, est devenu 
improbable dans les prochaines annees. 

Sans prejuger de la realisation de RNR autres que Superphenix-1, il est 
desormais certain qu'il n'y aura pas de large developpement industriel de cette filiere 
en France avant l'an 2000. 

Certes, le couplage au reseau de la centrale de Creys-Malville a montre la 
viability industrielle de la fili&re RNR: ce reacteur, qui est le prototype industriel de 
surgeneration le plus puissant du monde (1200 MWe), a fonctionne pour la premiere 
fois a pleine puissance en fin d'annee 1986. 

Cependant, la revision a la baisse operee ces dernieres annees sur les previ-
sions de consommation d'electricite, associee a l'abondance actuelle de l'uranium, 
sont autant d'elements incitant a la prudence quant au developpement de la filiere 
surgeneratrice dans les annees a venir. 

Dans ce contexte, il convenait done de definir un nouveau cadre de developpe-
ment du cycle du combustible. 

4. LES DECISIONS PRISES EN 1985 CONCERNANT L'AVAL DU CYCLE 
DES REP ET LE RECYCLAGE DU PLUTONIUM DANS LES REP 

En 1984, EDF a juge necessaire de reexaminer avec ses principaux fournis-
seurs l'ensemble des problemes pos£s par l'aval du cycle du combustible REP. 

Les choix ont 6t6 guides par le souci essentiel de rechercher un cout global 
minimum pour la collectivite sur longue p6riode, tout en restant prudent vis-a-vis des 
developpements nucleaires a venir. 

Une etude a conduit a comparer, du point de vue de l'economie frangaise, deux 
types de scenarios: 

— retraitement-recyclage: ach&vement des travaux d'extension d'UP2-800, 
retraitement des combustibles EDF en fonction des besoins en plutonium en vue du 
recyclage immediat des matieres recuperees dans les REP d'EDF; 

— retraitement dijfere-stockage: arret des travaux d'extension d'UP2, mise a 
l'arret de l'usine actuelle, demantfclement des installations, stockage des combusti-
bles irradies et retraitement differe apres 40 ans de stockage. 

Cette etude a montre qu'il n'y a pas d'incitation Sconomique a remettre en 
cause l'orientation en faveur du retraitement imm6diat. Cependant, si le bilan de 
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1'option «retraitement-recyclage» est positif, ce resultat est tres sensible a la date du 
debut du recyclage dans les reacteurs d'EDF. Aussi, des juin 1985, EDF decidait 
de proceder au recyclage du plutonium dans ses REP. 

Cette decision, justifiee par l'environnement economique et industriel, avait 
ete preparee de longue date sur le plan technique: un groupe de travail CEA-EDF 
concluait en mai 1983 que le recyclage du plutonium dans les REP ne se heurte a 
aucune impossibility technique. Les conclusions de cette etude ont ete confirmees et 
affinees par une etude de faisabilite, menee conjointement par Fragema, la Cogema 
et EDF en 1985; en analysant en detail l'incidence du recyclage du plutonium a cha-
cune des etapes du cycle, cette etude a demontre le respect total de tous les criteres 
de surete. 

Le combustible au plutonium est obtenu par melange des oxydes U02 et Pu02 

et est communement appele combustible a oxyde mixte (MOX). L'uranium support 
utilise pour le melange U02-Pu02 est de l'uranium appauvri a 0,225%. Dans ces 
conditions, pour un assemblage suppose homogfcne, la teneur moyenne en plutonium 
est d'environ 5% pour avoir un assemblage MOX energetiquement Equivalent a un 
assemblage a l'uranium enrichi a 3,25%. 

Les crayons combustibles MOX sont, dans un premier temps, fournis par le 
Groupement d'interet economique COMMOX constitu6 de Cog6ma et de 
Belgonucleaire qui s'appuie sur les moyens de fabrication existants de 
Belgonucleaire (usine de Dessel) et du CEA (complexe de fabrication de Cadarache). 
Ces crayons sont ensuite assembles par la soci6t6 FBFC dans ses usines. Dans une 
seconde etape, et des que les besoins depasseront les capacites des moyens de fabri-
cation existants, l'usine MELOX sera mise en service. La Cog6ma a entrepris l'6tude 
du projet de cette usine dont la mise en service est pr£vue en 1993. 

Le calendrier prevu pour le recyclage du plutonium dans les REP est le suivant: 
— une premiere operation consistera, en fin d'ann^e 1987, a introduire, dans le 

reacteur 900 MWe de Saint-Laurent Bl, 16 assemblages au plutonium dans une 
recharge de 52 assemblages, soit un taux de recyclage de 30%; 

— une seconde recharge sera introduite, en 1988, dans ce meme reacteur, ainsi 
qu'une premiere recharge dans un autre reacteur; 

— entre 1989 et 1993, trois ou quatre recharges par an pourraient etre chargdes 
dans divers reacteurs; apres 1993, la mise en service de l'usine MELOX permettra 
de subvenir aux besoins d'une dizaine de recharges par an. 

5. LE RECYCLAGE DE L'URANIUM DE RETRAITEMENT 

Le choix par EDF du recyclage du plutonium dans les REP s'est accompagn6 
de la decision de recycler l'uranium recupere au retraitement (URT). 

Compte tenu des specificites de l'URT, le cycle du combustible associe conduit 
a des preoccupations particulieres: 



IAEA-SM-294/28 9 

— d'ordre technique, concernant la faisabilite du recyclage de l'URT en reacteur 
et notamment les possibilites d'enrichissement et de fabrication des combustibles a 
l'URT, 1' impact sur 1' exploitation des reacteurs charges d'assemblages a l'URT et 
les nouveaux developpements technologiques attendus (enrichissement par laser); 

— d'ordre economique, concernant les principes de valorisation de l'URT; 
— d'ordre strategique, concernant les meilleures strategies d'utilisation de 

l'URT. 
Ces differents aspects ont ete etudies par un groupe de travail «URT» auquel 

ont participe le CEA, la Comurhex, la FBFC, Fragema, la Cogema et EDF. 
Ce groupe de travail, qui a depose ses conclusions au mois d'octobre 1985, 

a montre l'interet technico-economique du recyclage de l'URT et sa faisabilite aux 
differentes etapes du cycle du combustible. 

Deux strategies s'offrent a EDF quant au recyclage de l'URT: le recyclage 
immediat ou bien le stockage en attente de l'avenement du procede d'enrichissement 
par laser. Le choix d'une option depend non seulement des hypotheses technico-
Sconomiques retenues par EDF ainsi que de sa politique de stock strategique, mais 
tgalement des attitudes des difftrents industriels du cycle du combustible a l'egard 
de l'URT. Ceux-ci sont actuellement en train de definir leur position en prenant 
notamment en compte le march € potentiel represent^ par ce produit. 

Par ailleurs, le groupe de travail «URT» m&ne actuellement une experimenta-
tion destinee a amSliorer sa connaissance des aspects techniques li6s au recyclage de 
l'URT dans les REP et a valider les etudes de faisabilite precedemment cities: au 
deuxieme trimestre 1987, quatre assemblages a l'URT pur ainsi que quatre assem-
blages a l'URT dilu6 dans de l'uranium naturel vont etre charges dans le REP 
900 MWe de CRUAS 4. 

La fabrication de ces assemblages a deja permis de demontrer qu'il n'y aurait 
aucun obstacle pratique a 1'Elaboration du combustible; a chaque stade, on a pu 
constater des facteurs depuration importants des isotopes «genants» generes lors de 
l'irradiation (234U et 236U neutrophages; 232U et ses descendants, radioactifs). 

6. L'ORGANISATION ACTUELLE DE LA GESTION DU COMBUSTIBLE 
IRRADIE EN FRANCE 

La gestion industrielle du combustible irradi6 repose sur le schema general 
suivant: apr^s leur d6chargement, les assemblages doivent passer environ un an dans 
la piscine du batiment combustible du reacteur de fagon a assurer un premier 
refroidissement. Les assemblages irradies sont ensuite transportes a La Hague et 
stockes pendant deux ans environ dans l'une des piscines du site dans 1'attente de 
leur retraitement proprement dit. 
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Capacity totale des piscines 

Stock total de combustibles Irradi6s 

FIG. 1. Capacite totale des piscines et stock total de combustibles irradies a La Hague. 

6.1. Le transport du combustible irradie 

Les assemblages irradies sont transportes entre les reacteurs d'EDF et l'usine 
de retraitement dans des emballages speciaux appeles «chateaux», contenant chacun 
12 assemblages en ambiance seche qui sont refroidis par des ailettes metalliques 
exterieures dissipant la chaleur emise par la decroissance radioactive. 

Les emballages destines au transport des assemblages 900 MW, de type TNI2 
ou LK 100 suivant les constructeurs, p&sent environ 100 t (110 t pour les emballages 
utilises pour les assemblages 1300 MW). 

lis sont transportes en position horizontale et charges ou decharges en position 
verticale. 

Les assemblages endommages par suite d'une rupture de gaine sont introduits 
au prealable dans des dispositifs particuliers denommes «bouteilles» dont le nombre 
par emballage est limits a quatre. 

6.2. Le stockage des assemblages irradies en piscine & La Hague 

Les usines de La Hague disposent d'importantes capacites de stockage sous eau 
d'assemblages irradies. 

Quatre piscines sont actuellement en exploitation: 
— l'atelier HAO precite possede une piscine d'une capacite de 300 t U; 
— trois piscines de 2000 t U chacune: NPH (Nouvelle Piscine de La Hague), C et 

D ont et6 mises en service respectivement en 1981, 1984 et 1986. 
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Une cinquième piscine (piscine E), d'une capacité de 4000 t U, sera mise en 
service en 1988. 

La capacité totale de stockage de combustibles irradiés à La Hague dépassera 
donc 10 000 t U, répartie par moitié entre UP3 et UP2-800. 

Si la piscine H AO est reliée à la seule usine actuelle UP2-400, les quatre 
piscines NPH, C, D et E, étant toutes interconnectées, pourront indifféremment 
alimenter les deux usines UP3 et UP2-800. 

L'orientation prise en faveur du retraitement immédiat ne rend pas nécessaire 
aujourd'hui le développement de nouvelles capacités de stockage comme le montre 
le graphique de la figure 1 confrontant les besoins de stockage avec les capacités 
disponibles. 

Si l'accroissement de ces capacités de stockage devenait nécessaire, la capacité 
nominale de chacune de ces piscines pourrait être augmentée par densification des 
paniers de stockage, et d'autres solutions pourraient être envisagées: conception de 
nouveaux paniers ou démantèlement des assemblages par exemple. 

7. LE TRAITEMENT ET LE STOCKAGE DES DECHETS 

Les usines de retraitement produisent des déchets classés en plusieurs 
catégories: 

— des déchets de faible et moyenne activité (FMA) contenant soit uniquement des 
radioéléments émetteurs bêta et gamma, soit également des radioéléments émetteurs 
alpha; 

— des déchets de haute activité (HA). 
Pour les déchets FMA, les procédés développés sont notamment: 

— le bitumage pour les boues résultant des déchets liquides; 
— l'incorporation dans des ciments ou des matrices métalliques (fûts, caissons, 

etc.) pour les déchets technologiques. 
A la sortie du retraitement, les concentrats de produits de fission HA sont 

stockés une année sous forme de solutions nitriques dans des cuves agitées et 
refroidies en permanence. 

Lorsque ces déchets ont atteint un niveau de refroidissement suffisant, le mode 
de confinement adopté en France est leur immobilisation dans des matrices solides 
caractérisées par une grande inertie chimique (verres borosilicatés). 

La vitrification des produits de fission a atteint un stade industriel avec le fonc-
tionnement de l'Atelier de vitrification de Marcoule (AVM) traitant les solutions en 
provenance de l'usine de Marcoule. Cet atelier, construit par le CEA et la Cogéma 
de 1974 à 1976, a été mis en service en 1978. Quelque 1100 m3 de produits de 
fission ont été vitrifiés à ce jour à l 'AVM sous la forme de 1400 conteneurs. Pour 
le moment, ces verres sont stockés sur le site de Marcoule dans des puits en béton 
ventilés (220 puits pouvant contenir 10 conteneurs chacun). 



12 BENISTAN et al. 

L'experience acquise a Marcoule va deboucher sur la realisation des deux 
ateliers de vitrification de La Hague de trois chaines chacun: 1'atelier R7 (UP2-800) 
devrait entrer en service en 1988, T7 (UP3) etant prevu pour 1990. Ces ateliers 
disposeront de capacites de stockage provisoire des verres dans l'attente de leur 
stockage definitif en profondeur dans des formations geologiques appropriees. 

Des 1958, les pouvoirs publics ont charge le CEA d'etudier le stockage des 
dechets radioactifs. En 1979, il a ete cree, au sein du CEA, une Agence nationale 
pour la gestion des dechets radioactifs (Andra) qui a pour mission d'assurer la 
conception, 1'implantation et la gestion de centres de stockage et de definir, en liaison 
avec les producteurs, les specifications de conditionnement et de stockage des 
dechets. 

L'Andra dispose aujourd'hui d'un centre de stockage de surface (situe dans le 
departement de la Manche, pres du site de La Hague) d'une capacite voisine de 
400 000 m3 et dans lequel peuvent etre stockes sous forme definitive des dechets 
FMA ne contenant pas d'emetteur alpha. Par ailleurs, des dechets FMA contenant 
des emetteurs alpha y sont stockes provisoirement. 

Pour l'avenir, deux nouveaux centres de stockage de surface d'une capacite 
unitaire de 1 000 000 m3 sont envisages. Pour l'un d'eux, situe dans le departement 
de l'Aube, la procedure d'autorisation administrative est engagee et ce centre 
pourrait entrer en activite au debut de la prochaine decennie. 

Enfin, pour la fin du siecle, 1'Andra entreprend la recherche et la qualification 
d'une site geologique en vue du stockage definitif des verres et des dechets contenant 
des emetteurs alpha. 

8. LES BESOINS FRANCAIS EN RETRAITEMENT ET LES CONTRATS 
PASSES PAR LA COGEMA AVEC LES ELECTRICIENS ETRANGERS 

EDF a passe avec la Cogema un contrat portant sur un tonnage total a retraiter 
a UP2 de l'ordre de 8000 t, les assemblages associes etant livres a La Hague entre 
1981 et la fin de l'annee 1994. 

D'autre part, la Cogema a signe avec des electriciens etrangers, dans les 
annees 1970, un ensemble de contrats portant sur environ 1100 t de combustibles 
irradies a retraiter a UP2, complete par une nouvelle tranche de 700 t en 1986. La 
majeure partie de ces combustibles a deja ete retraitee. Grace a ces contrats, la pleine 
capacite de 1'usine UP2 est assuree avant que le retraitement des assemblages EDF 
ne vienne prendre le relais a partir de 1988. A compter de 1989, l'usine UP2 sera 
essentiellement consacree au retraitement des combustibles EDF. 

La puissance totale du pare REP installe en France en debut d'annee 1987 est 
d'environ 42 GWe et devrait atteindre 65 GWe en 2000. Les quantity cumulees de 
combustibles irradies correspondantes s'elevent a 3000 t debut 1987, 5500 t en 1990 
et 8000 t en 1995 (fig. 2) et la capacite necessaire a la France a 1'horizon 2000 se 
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y Production de combustibles irradi6s 

— — Capacity de relraitement 

FIG. 2. Production cumulee de combustibles irradies REP d'EDF et capacites cumulees de 
retraitement disponibles pour EDF a La Hague. 

EXPLOITATION 
REACTEUR 17,2% 

COMBUSTIBLE HORS RETRAITEMENT 

FIG. 3. Repartition du cout moyen actualise du kilowatt-heure produit par un REP de 
1400 MWe. 
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situe aux alentours de 1000 t/a. La réalisation d'UP3 s'inscrit donc bien dans un 
programme d'ensemble correspondant aux besoins français à terme. 

Cependant, dans une période intermédiaire, environ jusqu'à 1999, les 
capacités de cette seconde usine sont disponibles pour des électriciens étrangers ne 
disposant pas d'installation de retraitement: des contrats ont été passés entre la 
Cogéma et des électriciens de nombreux pays (RFA, Pays-Bas, Suisse, Suède, 
Japon, Belgique, etc.) représentant un total de 7000 t. 

9. PERSPECTIVES 

Le retraitement dépasse aujourd'hui largement le but qui lui fut initialement 
assigné, à savoir la récupération de matières fissiles dans les combustibles usés. Il 
permet en effet d'assurer la fermeture complète du cycle du combustible REP et de 
favoriser l'émergence de la filière des réacteurs à neutrons rapides; d'autre part, il 
est à la base d'une gestion optimisée des déchets, conditionnés et stockés suivant 
leurs caractéristiques. 

D'un point de vue économique, le retraitement représente un peu moins de 
30% du coût moyen actualisé à 8% du combustible afférent à un REP de 1400 MWe, 
soit environ 7% du coût total du kilowatt-heure produit par un tel réacteur. La 
figure 3 précise la décomposition de ce coût de production en parts investissements, 
exploitation et combustible (coût amont et coût aval). 

Si les bonnes performances d'UP2 observées depuis quelques années se main-
tiennent dans l'avenir et sont confirmées avec UP3, le coût de retraitement pourra 
probablement diminuer à nouveau, les charges fixes étant réparties sur des quantités 
plus importantes que celles envisagées initialement. Cette tendance s'accentuera 
encore à la fin du siècle avec l'amortissement des investissements les plus 
importants. 

Avec le souci de maintenir au meilleur niveau le respect des critères de sûreté, 
de fiabilité et d'économie qui ont toujours présidé au développement industriel de 
la partie terminale du cycle du combustible nucléaire, le CEA et la Cogéma préparent 
maintenant l'étape suivante: celle du retraitement industriel des combustibles 
provenant des réacteurs à neutrons rapides. 
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Abstract 

STATUS OF THE CANADIAN NUCLEAR FUEL WASTE MANAGEMENT 
PROGRAMME. 

Canada has a well advanced programme to manage nuclear fuel waste. Used fuel is cur-
rently stored in water filled bays at the reactor sites and facilities meet storage needs until the 
mid-1990s. New water filled bay storage capacity can readily be added. As an alternative, dry 
storage technologies are being developed. Technology for large scale used fuel transportation 
is also being developed. Storage can continue for many decades, allowing adequate time for 
an integrated nuclear fuel waste disposal system to be established. Permanent disposal of 
nuclear fuel waste deep in plutonic rock of the Canadian Shield is being assessed. Three 
research areas in the Canadian Shield have been extensively characterized, both geologically 
and hydrogeologically. An underground research laboratory is at an advanced stage of con-
struction in a previously undisturbed granite batholith. 

1. INTRODUCTION 

Nuclear fuel waste has been managed safely in Canada since the mid-1940s 
when the first waste was produced: first, at the Chalk River Nuclear Laboratories 
and, more recently, at each of the nuclear electric generating stations. The waste 
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producers recognized from the beginning that permanent disposal would be neces-
sary as the final management step. 

In the mid-1970s, the Department of Energy, Mines and Resources initiated 
a study, led by F.K. Hare of the University of Toronto, to identify disposal methods 
suitable for implementation in Canada. The study concluded [1] that underground 
disposal in geological formations was the most promising option within Canada and 
that igneous rocks were the preferred geological medium. Surface disposal was 
rejected because it would leave to future generations the duty to keep watch on the 
waste, and would be more vulnerable to man-made hazards. It was accepted that if 
something should go wrong with a deep geological disposal site, it would be difficult 
to rectify; nevertheless, if done correctly, such disposals could be forgotten by future 
societies. 

Based on the recommendations of the Hare Study, the Governments of Canada 
and Ontario launched the Nuclear Fuel Waste Management Programme in 1978 [2]. 
Atomic Energy of Canada Limited (AECL) was given the responsibility for assessing 
the concept of disposal of nuclear fuel waste deep in plutonic rock of the Canadian 
Shield, and for developing and demonstrating the associated technologies. Ontario 
Hydro was given the responsibility for developing the technologies for interim 
storage and transportation of used fuel. The status of the programme is highlighted 
below. 

2. STORAGE AND TRANSPORTATION 

Canada's commitment to nuclear power is now 15 500 MW(e) of installed 
capacity, almost entirely in the Province of Ontario. More than 20 years' experience 
shows that the used fuel can be safely stored in water filled storage bays at the reactor 
sites for periods of at least 50 years [3]. Ontario Hydro's current on-site storage 
capacity for used fuel eliminates the need for large scale shipments of fuel at this 
time. Implementation of high density storage methods at the Pickering Generating 
Station has demonstrated that a 50% increase in storage capacity can be achieved [4]. 
Also, new water filled bay storage capacity can readily be added. Thus, used fuel 
storage at the reactor sites can continue for many decades, thereby allowing adequate 
time for developing an integrated disposal strategy. 

Ontario Hydro has examined four dry storage systems as alternatives to storage 
in water filled bays [4, 5]: convection vaults, concrete canisters, concrete integrated 
cask and metal casks. 

The results of the studies showed that site specific dry storage facilities can be 
competitive with water filled bays. The next phase of the development programme 
involves the design, construction and demonstration of the key technological features 
of dry storage, specifically, the fuel transfer system which involves loading used fuel 
from water pools and dry transfer to demonstration areas at reactor sites. The con-
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crete integrated cask programme is focused on developing a concrete cask for 
storage, transportation and disposal. The initial phase of the programme is directed 
at establishing feasibility and testing of the key performance parameters. A joint 
AECL/Ontario Hydro experimental programme on concrete canisters has been under 
way for 8 years. These studies are providing information on the long term behaviour 
of used fuel stored under both dry and moist conditions [3]. 

Concrete canisters, developed at the Whiteshell Nuclear Research Establish-
ment [6], are in use at the Douglas Point and Gentilly-1 Generating Stations to store 
410 Mg of used CANDU fuel and 48 Mg of used CANDU fuel, respectively. 

Ontario Hydro is continuing its programme to develop and demonstrate the 
technology for large scale transportation of used fuel [5], The first step of this 
programme is to design, license and construct a cask for road transportation. The 
reference cask design has a two module (192 bundle) pay load, rectangular geometry 
and a monolithic stainless steel wall construction. The heat dissipation capabilities 
of the reference cask have been investigated in a full scale simulation using electri-
cally heated, simulated fuel bundles, and experimental results indicate that fuel 
sheath temperatures can be maintained at less than 200°C. Should sheaths fail under 
accident conditions, only a small fraction of the contained radionuclides would be 
released. One-seventh scale models are being used for the 9 m drop and 1 m punch 
test as a rehearsal and confirmation of theoretical analysis before construction and 
testing of large scale prototypes. Completion of design, construction and licensing 
of a full sized cask is scheduled for 1988. 

3. DISPOSAL CONCEPT 

3.1. Geological medium 

The concept of using a multibarrier system involving a geological medium in 
combination with engineered systems has gained strong technical support as the most 
feasible method for nuclear fuel waste disposal [7]. There are a variety of potentially 
suitable geological media, such as plutonic rock, bedded salt and volcanic tuff, all 
of which can, under the right conditions, provide an acceptably safe site for a dis-
posal vault. 

The defining criteria for appropriate geological media include: 

(1) Many potential sites in the geographical region of interest 
(2) Geological stability for hundreds of thousands of years, and freedom from eco-

nomically attractive concentrations of minerals, making future subsurface 
exploration unlikely 

(3) Groundwater transport times of hundreds of thousands of years from deep in 
the rock mass to the surface 
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FIG. 1. Some geological formations in Canada of potential interest for nuclear fuel waste 
disposal. 

(4) Geological and hydrological characteristics that can be readily determined 
using the available technology and that lend themselves to mathematical 
description. 

Figure 1 shows the location of geological formations in Canada, with attributes 
of potential interest for nuclear fuel waste disposal, salt basins and the Precambrian 
Shield [8]. Most of the salt basins are located outside the provinces with established 
nuclear power programmes, and most coincide with petroleum and potash produc-
tion activities. As a result, selection of salt as a disposal medium would severely limit 
both the geographical location of a site and the number of potential sites. 

In contrast to the relatively limited geographical distribution of salt, plutonic 
rocks of the Precambrian Shield are predominant over much of the Province of 
Ontario, where the majority of Canada's nuclear power plants are located. Further, 
plutonic rocks extend beneath sedimentary rocks over much of North America. 
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Selection of plutonium rock as a disposal medium provides a wide range of potential 
geographical locations and a large number of potential sites. 

The Canadian Shield has been relatively stable for at least 600 million years, 
and most of the Shield has not had major orogenic activity for 2.5 billion years.1 

Therefore, it is not a large extrapolation to infer that the region will remain stable 
for the required lifetime of a disposal vault. Also, regional topographical gradients 
in the Shield are low, about 1 m/km. As a result, the natural driving force for 
groundwater flow deep in the rock should be weak. Further, field investigations indi-
cate that there are large plutonic rock masses with extremely low porosity and 
permeability. These would serve to limit access of groundwater to the waste, thereby 
slowing its deterioration and inhibiting the movement of radionuclides through the 
rock. Also, the minerals in plutonic rock are known to react with many of the 
radionuclides in nuclear fuel waste, further retarding their movement. 

The broad classification of plutonic rock includes all rocks crystallized from 
a molten state deep within the earth's crust. Large individual intrusives, known as 
plutons, have been the main focus of our research because these bodies tend to be 
of relatively uniform composition and high structural integrity. These plutons fall 
within the mineralogical spectrum that ranges from granites, relatively high in quartz 
and feldspar, to gabbros, relatively enriched in minerals containing magnesium and 
iron. Therefore, we decided to study both granitic and gabbroic plutons. However, 
it should be emphasized that our field research has not been confined to plutons, but 
has included the metamorphic rocks into which they have intruded. 

3.2. Acceptance criteria 

To determine the acceptability of a disposal concept, the following are 
required: 

(1) The criteria that define what is acceptably safe 
(2) The methodology to evaluate proposed disposal systems against the safety 

criteria 
(3) The technology to site and build a disposal vault that satisfies the safety criteria 
(4) The confidence that an acceptable site can be found. 

The criteria that define an acceptably safe disposal system are the responsibility 
of regulatory and environmental agencies. The basic criteria to be adopted in Canada 
for the long term management of radioactive waste have recently been issued by the 
Atomic Energy Control Board [9, 10]. 

The methodology to assess the performance of a proposed disposal system 
against the basic safety criteria is being developed and validated as part of our 
research programme, and consists of an integrated programme of laboratory and 

1 1 US billion is one thousand millions. 
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field analysis, engineering design and mathematical modelling. Although some 
details are specific to plutonic rock, the methodology can be adapted to any geologi-
cal medium. 

The technology to site and construct a disposal system is most dependent on 
the geological medium. In our programme, technology has been developed to: 

(a) Determine the geological and hydrogeological characteristics of plutonic rock 
masses to depths up to 1000 m 

(b) Determine the thermal-mechanical response of a rock mass to the excavation 
of a disposal vault and to the heat produced by emplaced fuel waste, with par-
ticular emphasis on how these changes might affect groundwater flow and 
radionuclide migration 

(c) Obtain the geotechnical information required to support the engineering design 
of the disposal system. 

This technology can generally be applied to plutonic rock, whether it is 
exposed at the surface or whether it is beneath a layer of sedimentary rock. The 
major impact of thick overburden or sedimentary cover is additional cost associated 
with extra hydrogeological testing and monitoring in boreholes drilled and 
instrumented in the overburden. These are required to relate the groundwater flow 
system in the sediments to that in the underlying rock mass. 

3.3. Conceptual design of the disposal facility 

Either used fuel bundles or immobilized reprocessing waste would be sealed 
in corrosion resistant containers. Figure 2 shows a conceptual design for a thin 
walled, particulate filled container containing 72 CANDU fuel bundles. Prototype 
containers of this design, with a 4 mm thick titanium alloy outer shell, have with-
stood external pressures up to 10 MPa at 150°C, meeting the primary structural 
requirements for disposal in a vault at a depth of 1000 m [11]. Titanium alloys have 
been found to have sufficient corrosion resistance to provide leaktightness for at least 
500 years, the time during which the hazard is greatest [12]. Corrosion experiments 
indicate that copper would also be an acceptable material for the outer shell. 

The disposal vault, shown in Fig. 3, would resemble a conventional mine in 
hard rock, although the quality of the excavation would be superior to that normally 
required in a conventional mine. A 2 km square network of disposal rooms and 
access tunnels would be sufficient to dispose of about 190 000 Mg of used CANDU 
fuel (10 million bundles). It would take about 40 years to fill the vault. Note that the 
committed 15 500 MW Canadian nuclear electric generating system, if operated to 
the year 2050, would produce about 120 000 Mg of used fuel. 

The waste containers would be lowered through a vertical shaft to rooms exca-
vated in the rock mass, 500 m to 1000 m beneath the surface, and placed in holes 
bored into the floor of the rooms. Before receiving the waste containers, the holes 
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top lid. 4.76mm thickness 

fuel. 

would be filled with a mixture of sodium-bentonite clay and sand, mechanically 
compacted and then rebored to provide a central hole. The clay-sand buffer would 
act as a diffusion barrier to the movement of groundwater, inhibiting the transport 
of radionuclides away from the container [13]. The clearance space between the con-
tainer and the buffer would be filled with sand. 

When filled with waste containers, each room would be backfilled and sealed. 
The backfilling would be done in two stages: first, the lower portion of the room 
would be filled with a mixture of clay and crushed granite, which would then be 
mechanically compacted; second, the remaining space would be filled, probably 
pneumatically, with a mixture of granite aggregate and bentonite-clay. To close the 
vault, the access tunnels would be backfilled in a manner similar to the disposal 
rooms, and the access and ventilation shafts would be fitted with a series of 
bentonite-clay/concrete seals separated by a backfill mixture of compacted clay and 
crushed granite. 

The research programme recognizes that the physical and chemical processes 
that might lead to the release of radioactive materials and to their transport back to 
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the surface would evolve over thousands of years. Therefore, it is not possible to 
provide a direct physical demonstration of the concept's safety. The approach we 
have adopted is to base the demonstration of safety on long term predictions using 
mathematical models that represent the various components of the disposal system, 
including the waste material and the plutonic rock mass. The research programme 
is designed to provide a thorough understanding of the underlying physical and 
chemical processes, to develop appropriate models and to validate them against care-
fully integrated laboratory and field experiments. 
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Aspects of our geoscience research are highlighted below, including the 
methodology to characterize the hydrogeology of a rock mass, the Cigar Lake ura-
nium deposit which is being studied as a natural analogy for disposal vault 
geochemistry, and the status of the our underground research laboratory. A compan-
ion paper in these Proceedings [14] describes research directed at determining the 
long term behaviour of waste forms, containers and buffer, backfill and other sealing 
materials. 

4. FIELD RESEARCH AREAS 

4.1. Canadian Shield areas 

Figure 4 shows the locations of three field research areas which have been 
established in the Precambrian Canadian Shield: in the Atikokan and East Bull Lake 
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regions of northern Ontario, and in the Whiteshell region of southeastern Manitoba. 
Since 1978, these research areas have been extensively characterized from a geotech-
nical perspective, and monitoring of the groundwater flow system in each area is 
continuing via instrumented networks of boreholes. Field work on a smaller scale 
is also continuing at AECL's Chalk River site. 

The Whiteshell research area (see Fig. 5) is now the main focus of our field 
studies. This region contains the Whiteshell Nuclear Research Establishment and 
AECL's underground research laboratory, and provides a unique opportunity to vali-
date site characterization methodologies at the scale now thought necessary to 
characterize a candidate disposal site. The region is situated on the Lac du Bonnet 
Batholith, a large granite pluton similar to many found in the Canadian Shield. There 
is a moderate topographical slope across the region of about 50 m from the southeast 
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to the northwest. The Winnipeg River provides stable hydrological boundaries; 
along the east side of the region the river is controlled at about 273 m, along the 
south at about 273 m and along the west at about 254 m. 

The field work completed to date provides a detailed understanding of the 
hydrogeology of the research areas and has led to the development of an innovative 
methodology for characterizing the hydrogeology of plutonic rock masses. This 
methodology is derived from a structured process which integrates the various 
geoscience disciplines: 

(1) The geological features of the rock mass that control the groundwater flow and 
the associated physical, chemical and hydrological characteristics are deter-
mined from field investigations 

(2) These geological features and their characteristics are interpreted to establish 
a conceptual model of the groundwater flow system 

(3) On the basis of the conceptual model, a detailed three-dimensional mathemati-
cal model of the flow system is used to predict changes caused by natural and 
artificial perturbations of the rock mass and flow system 

(4) Comparisons are made between predicted and measured responses to test the 
conceptual and mathematical models and to refine them so that, together, they 
provide a realistic representation of the actual groundwater flow system. 

The methodology has been successfully applied to characterize the site for the 
underground research laboratory to a depth of 500 m [15 -18 ] . To test the methodol-
ogy to a depth of 1000 m, we have begun an investigation of the entire Whiteshell 
research area to a depth of at least 1000 m. The scope of the field investigations 
includes: conducting additonal detailed geological and geophysical surveys in the 
region; drilling, logging and instrumenting a network of deep boreholes; and 
monitoring the groundwater chemistry and hydraulic head fluctuations in the net-
work of boreholes. The areas of particular interest are: the boundary of the batholith; 
major surface features which are possibly structural discontinuities such as faults or 
fracture zones; and the subsurface geological structure and groundwater head 
distribution. 

4.2. Cigar Lake 

The Cigar Lake uranium deposit is located in northern Saskatchewan and is the 
focus of a study aimed at gaining insight into long term geochemical processes [19]. 
The ore body has survived for 1.3 billion years in a relatively open groundwater sys-
tema and has no direct chemical or physical signature at the surface. 

The deposit is situated at a depth of 430 m at the interface between the host 
sandstone formation and the underlying basement rock of the Archaean Shield. The 
ore body is lens shaped (2000 m long, 100 m across and 20 m thick at mid-length) 
and is capped by a 5 to 30 m thick clay rich halo. An iron oxide/hydroxide rich zone 
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FIG. 6. Cigar Lake uranium deposit: a natural analogue for some aspects of disposal vault 
geochemistry. 

forms the contact between the high grade ore and the clay rich halo. The average 
ore grade is 14% U308 , with local concentrations as high as 60%. 

Figure 6 shows a cross-section of the deposit in the north-south direction, 
which coincides with the present direction of groundwater flow. Near the ore body, 
groundwater flows along a zone of relatively high hydraulic conductivity between 
the sandstone and the basement rock. The ore body is situated at the intersection of 
the interface with a number of near vertical fractures. The local alteration of the 
sandstone and the uranium mineralization is attributed to hot, reducing water dis-
charged from the basement rock into the sandstone through these fracture conduits. 
The most plausible mechanism for the formation of the deposit is the precipitation 
of dissolved uranium from local groundwaters caused by interaction with the hot, 
reducing water discharged from the basement rock. Alteration of the sandstone is 
characterized by changes in its colour and by the clay content. Quartz, in solution, 
migrates down the thermal gradient and precipitates in the cooler, less altered sand-
stone to form the quartz outer layer of the cap. 

The composition of the ore body is relatively simple: a high concentration of 
uranium, very small concentrations of other actinides and lanthanides, and extremely 
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small concentrations of radionuclides formed by uranium decay and by natural fis-
sion of uranium. The higher uranium concentrations within the quartz cap are consis-
tent with the hydrothermal process that resulted in the formation of the cap and the 
ore body. There has been no enrichment of uranium on secondary minerals found 
on open surfaces of fractures in the sandstone further away from the quartz cap. 

The geochemical questions of particular interest are: How did the ore body sur-
vive for so long in such an open system saturated with groundwater? What transport 
and fixation mechanisms influenced the migration of radionuclides in the host rock? 
Answers to these questions are the focus of our ongoing investigation at Cigar Lake, 
and will provide insight into the processes expected to control radionuclide move-
ment in a disposal vault. 

5. ENVIRONMENTAL AND SAFETY ASSESSMENT 

The systems variability analysis methodology, which is the basis of the 
SYVAC computer model [20], is now widely accepted and well established as the 
preferred method of assessing the long term performance of a disposal vault. The 
results of our second interim assessment of disposal in plutonic rock [21] indicated 
that there would be no consequences for tens of thousands of years after closure; only 
a small fraction of maximum individual doses exceeded 1 % of that received anually 
from the natural background radiation. Iodine-129 was found to be the most impor-
tant contributor to the dose and the geosphere was the most important barrier. 

Our recent work on SYVAC has focused on improving the modularity, effi-
ciency and accuracy of the code, and on implementing rigorous quality assurance 
procedures. Also, improvements have been made to the submodels describing physi-
cal and chemical processes in the vault, geosphere and biosphere, particularly the 
sophistication with which important features of the real systems can be represented. 
The vault submodel includes improved descriptions of the rate of failure of con-
tainers, of the release of radionuclides from waste forms based on reaction kinetics 
and thermodynamic equilibria, of concentrations of dissolved radionuclides based on 
solution equilibria, and of the coupling between the vault and the geosphere. The 
geosphere submodel has been modified to include migration along major fracture 
zones, providing a description of the rock mass that is more consistent with our 
understanding of groundwater systems in plutonic rocks of the Canadian Shield. 

6. UNDERGROUND RESEARCH LABORATORY 

Construction of the underground research laboratory is now at an advanced 
stage. It is being constructed in a part of the Whiteshell research area which had not 
been previously disturbed. The excellent outcrop in the area facilitated geological 
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characterization of the site. The location of the access shaft and underground labora-
tory rooms was based on knowledge of the underlying geological structure and 
groundwater flow system derived from extensive geological and hydrogeological 
characterization, beginning in 1979. Characterization of the granite rock mass and 
excavation of the shafts and rooms contributed directly to development of a compre-
hensive methodology to characterize disposal sites and to evaluate their isolation 
potential. To date, work at the underground research laboratory has provided unique 
information on the response of the rock mass and its groundwater flow system. Con-
struction of the underground research laboratory has also allowed us to test excava-
tion techniques that could be used to construct a disposal vault, particularly drilling 
and blasting procedures that minimize damage to the rock near excavation surfaces. 

The present state of underground development at the underground research 
laboratory is shown in Fig. 7. The excavations include a 3 X 4 m rectangular access 
shaft and a 2 m diameter ventilation shaft, both 250 m deep, and laboratory rooms 
excavated at a depth of 240 m. Preparations are under way to extend the access shaft 
to a depth of 455 m as part of an agreement with the United States Department of 
Energy. The shaft extension will pass through a highly permeable fracture zone just 
below the 255 m level and work is under way to characterize and grout this zone 
before beginning the excavation. Excavation of the shaft extension will take place 
in the period June 1987 to September 1988 and its geotechnical characterization is 
expected to be completed by September 1989. The rock mass around the shaft at the 
455 m level will also be characterized to select sites for experiments. Included will 
be experiments to study how the rock mass responds to heating, how contaminants 
and groundwater move through the rock mass, and how various sealing methods 
perform. 

7. CONCLUSIONS 

Used fuel can be economically and safely stored in water filled bays and con-
crete canisters for many decades, thereby providing adequate time to develop an 
integrated nuclear fuel waste disposal system. 

An understanding of the basic physical and chemical processes has been 
derived from laboratory and field investigations and incorporated into a mathemati-
cal model that describes the complete disposal system for assessments of long term 
safety. This model of the disposal system links together individual mathematical 
models for the vault, rock mass and surface environment to provide an estimate of 
the range of possible effects to individuals at some future time from implementation 
of the disposal technology. This methodology has been developed to conform with 
the basic safety criteria and we are confident that it will provide an accurate assess-
ment of the disposal concept's safety. 
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An innovative methodology for characterizing the hydrogeology of a plutonic 
rock mass has been successfully applied and validated in the field to a depth of 
400 m. This methodology is now being applied at a regional scale comparable to that 
required to characterize a candidate disposal site. On the basis of our experience to 
date, we are confident that the process by which detailed in situ measurements are 
used to develop a conceptual model of the hydrogeology of a site and then idealized 
into a three-dimensional description is generally valid. 

Our field investigations in the Canadian Shield, supported by assessments of 
conceptual disposal vault designs, give us confidence that there are a large number 
of locations which, after detailed examination, will provide disposal sites that meet 
the basic safety criteria. 
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Abstract 

SPENT FUEL MANAGEMENT STRATEGY IN THE UNITED KINGDOM. 
The spent fuel management strategy for commercial reactors, Magnox and AGR, in the 

United Kingdom is summarized. The reasons for following a reprocessing strategy for spent 
fuel from each reactor type are discussed, and also the rationale for the UK Generating 
Boards' proposal to build an AGR dry buffer store. Current developments in reprocessing 
facilities are described, notably waste treatment plants at the British Nuclear Fuels' Sellafield 
site. By the 1990s this investment programme will be complete, discharges to the sea will be 
near zero and solid waste will be converted to a more stable form, easier for long term storage. 
Also in the 1990s an integrated uranium recycling service will be established in the UK. 

1. INTRODUCTION 

The main elements of the spent fuel management strategy for commercial 
reactors in the United Kingdom are given in Fig. 1. The paper describes the place 
each element has in the strategy and outlines current developments and future 
proposals. A major consideration is the importance of meeting very high safety and 
environmental standards, as required by regulatory bodies and in order to maintain 
public acceptance of the reprocessing and waste management strategy and to improve 
public support for nuclear power in general. 

33 
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FIG. 1. Spent fuel management strategy. 

2. MAGNOX REPROCESSING 

The nuclear engineers who established the UK's Magnox programme in the 
late 1950s and early 1960s thought uranium supplies would prove limited and 
increasing prices would lead to the early introduction of fast reactors. So the Magnox 
fuel cycle was designed and put into operation on the basis of early reprocessing, 
with wet storage of spent fuel. Although reprocessing had been undertaken at 
Sellafield since 1952, a new chemical separation plant was commissioned in 1964 
to meet the increase in arisings of spent fuel as the UK Generating Boards proceeded 
with the Magnox station programme. This plant, B205, is expected to continue 
operation to the end of the Magnox programme early in the next century. 

Although the timing of the commercial deployment of fast reactors has 
receded, the need to take a long term perspective of energy resources — the potential 
value of the uranium and plutonium in spent fuel and the benefit of independence 
of uranium supply — strongly supports maintaining the UK's reprocessing 
capability. In addition, technical considerations concerning the corrosion of Magnox 
fuel in water lead to the need for prompt reprocessing. The chemical reactivity of 
the Magnox fuel can and uranium metal cast serious doubts on the acceptability of 
the direct disposal option and would also require all stations except Wylfa to be back-
fitted with dry handling and storage facilites. In contrast, reprocessing is well 
proven, with over 25 000 t U already reprocessed and with facilities in place. 
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Although the B205 plant and supporting facilities exist, investment is required 
to assure operations to the end of the Magnox programme. Refurbishing or replacing 
the plant is planned to meet the increasing safety and environmental standards and 
to advance waste treatment towards waste disposal. A major capital programme to 
reinforce Magnox reprocessing will be complete in the early 1990s. The main 
projects are: 

(1) A new storage and decanning facility, commissioned in 1985. Operations 
are automated to the greatest extent possible. Throughput is higher, which is impor-
tant to reduce Magnox fuel stocks and minimize corrosion. Dose uptake to operators 
and discharges of activity to the sea are lower. 

(2) A refurbished dissolver, to be available from 1991. Experience has shown 
that the useful life of the dissolvers in B205 is about 15 years. The current operating 
dissolver is the second, originally the stand-by. British Nuclear Fuels (BNFL) plans 
to decontaminate and replace the original dissolver and refurbish the associated 
plant. 

(3) General refurbishment of the chemical separation plant B205 and its 
associated facilities. 

(4) Waste treatment and storage facilities (discussed in later sections). 

3. OXIDE REPROCESSING 

Spent AGR fuel has been arising since the late 1970s and is currently stored 
underwater at Sellafield. The AGR stations have small ponds where the fuel is held 
for a short period before transport. Although the AGR fuel cladding and structural 
components are of stainless steel, some of this material is sensitized in the reactor 
such that it is prone to corrosion when stored in water, although corrosion is much 
slower than with Magnox fuel. Reprocessing has a strong technical advantage in the 
management of older spent fuel, which has had prolonged underwater storage. AGR 
fuel will be reprocessed in a thermal oxide reprocessing plant (THORP), scheduled 
to start operation in 1992. THORP will further develop the UK's reprocessing 
experience and help contribute to future energy independence through the recovery 
of uranium and plutonium contained in spent AGR fuel. 

BNFL's reprocessing contract with the UK Generating Boards covers the first 
10 years' (base load) operation of THORP. Further business will depend upon 
BNFL's performance. Subject to this being good and the negotiation of satisfactory 
commercial terms, the UK Generating Boards have declared their intention to take 
further business. Additionally, two-thirds of the THORP base load capacity has been 
sold to overseas utilities, making oxide reprocessing one of the UK nuclear 
industry's most successful exports. Further commercial development of oxide 
reprocessing in THORP will include prices about one-third lower for LWR fuel and 
with the reprocessor bearing more of the commercial risk. 
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The status of the THORP programme is as follows: 

(1) About 35% of the UK fuel and 45% of the overseas fuel committed to the 
THORP base load has already been delivered 

(2) The AGR fuel dismantler, which prepares the fuel for shearing by removing 
the graphite sleeves and stainless steel structural components of AGR fuel and 
repacking the pins closely together, has just commenced operation 

(3) The THORP receipt facility and storage pond are due to start operation in early 
1988 

(4) The THORP head end and chemical separation plant is due to start operation 
in 1992. 

4. PWR FUEL 

In March this year the Central Electricity Generating Board was granted per-
mission to proceed with the construction of the first PWR station in the UK, at 
Size well. The UK design of the PWR includes at-reactor wet storage facilities which 
are capable of holding at least 18 years' spent fuel arisings. The long term storage 
capability of PWR fuel linked with this large capacity provide great flexibility in the 
management of spent PWR fuel and the timing of the reprocessing operation. 

5. DRY BUFFER STORE 

In contrast to PWR fuel, AGR fuel is prone to corrosion when stored under-
water and it is appropriate to reprocess to an early time-scale to avoid potential 
operational difficulties. Delays to the reprocessing operation may occur for a number 
of reasons during the lifetime of the AGR stations, for instance, if THORP needed 
repair or refurbishment. Additionally, AGR stations are designed to be steadily 
refuelled on-load and have a very small at-reactor storage capacity. Thus, AGR 
generation is wholly reliant on BNFL's ability to continuously accept AGR fuel for 
storage and reprocessing. The UK Generating Boards propose to build an AGR dry 
buffer store to introduce flexibility into the fuel cycle, such as exists with LWR spent 
fuel management. The store would be a modular vault design with the fuel being 
dried before insertion into a mild steel container which would be filled with an inert 
gas before seal welding. The containers would be cooled by natural air convection. 

6. WASTE TREATMENT 

Maintaining high standards in the management of radioactive waste is an essenT 
tial part of Sellafield operations. BNFL's aim is that a member of the public in the 
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critical group (which may also change with the dominant stream) should receive no 
more than 0.5 mSv/a. This is 10% of the International Commission on Radiological 
Protection's recommended target maximum dose. Additionally, in response to public 
pressure, the UK Government requires further reductions in alpha discharges, 
although the associated expenditure is a questionable use of national resources — 
there being no cost effective justification for lower discharge levels. 

The plant installation programme for the treatment of liquid waste includes: 

(1) Additional filtration and ion exchange of purge water from the spent fuel 
storage ponds. The site ion exchange plant was commissioned in 1985 and has 
achieved a decontamination factor for caesium of over 900, which is well above the 
design value. 

(2) Concentration of salt bearing liquid waste by evaporation. This allows a 
major proportion of alpha activity previously discharged to the sea to be stored for 
treatment by floe precipitation at a later date. The salt evaporator was also commis-
sioned in 1985. Subsequent treatment will be in the enhanced actinide removal plant 
(EARP), to operate from the early 1990s. EARP will also treat routine arisings of 
alpha active liquid waste. The floe from EARP will be dewatered and converted to 
a long term stable form by immobilizing it in a cement matrix. 

(3) Replacement of the facility in which very low active effluent is neutralized 
and monitored prior to sea discharge. 

These and other measures will reduce discharges in the early 1990s to 
0.74 TBq/a alpha and 300 TBq/a beta. 

A major investment programme is also under way at Sellafield for the treat-
ment of solid waste and highly active (HA) liquid waste. Wastes will be converted 
to a stable form for long term storage and ease of handling for disposal. The 
programme covers fresh arisings, past arisings (which will be retrieved) and arisings 
from decommissioning operations. The main projects are: 

(a) Two plants to encapsulate intermediate level waste, such as Magnox fuel 
cladding and oxide fuel hulls, in a cement matrix. They will be operational in the 
early 1990s. Both plants will be able to treat fresh Magnox arisings, so giving the 
assurance of throughput necessary for Magnox reprocessing with only minimal 
buffer storage. One plant will treat fresh oxide arisings and the waste accumulated 
from past reprocessing operations, treatment of which can be readily interrupted if 
necessary. Encapsulation will make the waste stable for long term storage and 
compatible with future transport and disposal operations. 

(b) The waste treatment complex, for plutonium contaminated materials. The 
first phase is due to start operation in 1988. This will sort, shred (soft waste) and 
redrum waste in order to achieve an overall volume reduction and to meet current 
standards for waste containment. A second, later phase will cater for large crated 
items of equipment which require size reduction to produce waste compatible with 
proposed disposal packages of standard size. 
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(c) The Windscale vitrification plant, due to start operation in 1990. This plant 
will immobilize HA liquid waste by vitrification. It will deal with fresh arisings and 
progressively empty the old liquor storage tanks, leaving some of the later tanks as 
an interim buffer between the reprocessing and vitrification operations. 

7. SOLID WASTE DISPOSAL 

At present, the main development in solid waste disposal in the UK is in the 
area of low level waste. The standards of the disposal site at Drigg near Sellafield 
are being further improved by emplacing the waste in engineered trenches with 
concrete floors and walls, capping the trenches with impermeable materials and 
compacting and packaging waste as appropriate. Trench drainage will be improved 
with direct, monitored discharge by pipeline of trench leachate to the sea. 

The UK nuclear industry has established an organization, UK NIREX Ltd, to 
seek new sites for low and intermediate level radioactive waste disposal. Low level 
waste arises not only from the nuclear power programme, but also from research, 
medical and industrial users of radioactive materials. The first priority is for a new 
low level waste disposal site, so that Drigg can be reserved for Sellafield waste. 
NIREX have identified four promising sites for low level waste disposal on clay beds 
in central and eastern England and in 1986 began detailed geological analysis. 
NIREX expect to be able to identify the preferred site in 1988; this will be followed 
with a public inquiry. The site should be operational in the early 1990s. The next 
step in the strategy will be to establish a disposal site for intermediate level waste. 
Although NIREX are concentrating their efforts on the low level waste site, studies 
of the potential areas for the deep disposal of intermediate level waste are proceed-
ing, together with conceptual work on repository designs. Finally, government 
policy is for vitrified waste to be stored for at least 50 years. This will allow heat 
and radiation to reduce and time for evaluation of options for disposal. 

8. URANIUM AND PLUTONIUM RECYCLE 

The UK has extensive experience of recycling uranium recovered by 
reprocessing. Over 15 000 t U recovered by reprocessing the UK Generating 
Boards' spent Magnox fuel has been converted by BNFL to UF6 and enriched U. 
Approximately 1500 t U of new AGR fuel, some three-quarters of the AGR fuel 
needs to date, have been made from recycle material. It has achieved a performance 
equivalent to that of fuel manufactured from natural uranium. BNFL's associate 
company URENCO has enriched some 80 tonnes of ex-oxide uranium. Small quanti-
ties of ex-oxide reprocessed material have been fabricated and irradiated 
successfully. 
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The greater activity of ex-oxide material requires dedicated plant management 
in some fuel cycle areas and close co-ordination of the process stages between 
reprocessing and fuel loading at the reactor. From the early 1990s BNFL and 
URENCO will offer: 

(1) A recycle hexafluoride conversion plant able to accept uranium from fuel 
with a burnup of 50 GW-d/t and a 1.25% 235U assay. Operator exposure to radia-
tion will be minimized by remote handling plus high standards of containment and 
shielding. 

(2) Use of current and planned URENCO enrichment plants. The small size 
of the centrifuge production units allow units to be dedicated to recycle material; 
alternatively, the low in-process holdup means recycle material can be enriched in 
the main plant with little contamination of natural material. 

(3) A new U02 powder plant able to handle recycle material and, later in the 
1990s, a full fuel manufacturing facility able to produce both AGR and PWR fuel 
from ex-oxide uranium. 

Significant experience has also been gained in the use of plutonium in both 
thermal and fast reactors, and in the 1990s BNFL expects to install a commercial 
size plant for the fabrication of mixed oxide fuel (MOX) from plutonium recovered 
from reprocessing. These plans depend upon the progress made in MOX fuel use; 
in the UK, for instance, recycle is likely to be deferred until PWRs are established 
in operation. The UK is a major participant in the European fast reactor programme. 

9. CONCLUSIONS 

The UK policy is to continue to reprocess Magnox fuel and to reprocess AGR 
fuel in THORP when it becomes operational. This is for technical reasons unique 
to the Magnox and AGR fuel designs and because reprocessing is a proven spent fuel 
management which maintain's the UK's ability to exploit the enormous energy 
potential of the uranium and plutonium contained in spent fuel. Magnox reprocessing 
needs to operate to the highest possible standards to maintain public acceptance and 
to maintain the security of Magnox station operation. A major capital investment 
programme aimed at ensuring that Magnox reprocessing operations continue uninter-
rupted through to the end of the Magnox programme will be completed early in the 
1990s. The commissioning of THORP in 1992 will mark the start of AGR fuel 
reprocessing; pond storage and dismantling facilities are already in operation. The 
proposed introduction of a dry buffer store into the AGR fuel cycle will provide 
greater flexibility in spent AGR fuel management, placing it in a similar position to 
that available for PWR fuel. Commercial developments associated with oxide fuel 
reprocessing will commence in the 1990s with the establishment of uranium and later 
of plutonium recycle services. 
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Abstract 

MANAGEMENT OF NUCLEAR WASTE IN SPAIN. 
The responsibility for radioactive waste management in Spain was assigned to the 

Empresa Nacional de Residuos Radiactivos SA (ENRESA) in 1984. The policy adopted by 
ENRESA, which has been in operation since mid-1985, is to define and control the activities 
to be developed by other companies, especially engineering and service firms. In accordance 
with the Royal Decree which authorized its establishment, ENRESA is bound to submit within 
the first semester of each year a 'Plan General de Residuos Radiactivos' (PGRR) to the 
government for approval. This plan reviews the necessary actions and the appropriate 
technical solutions in order to achieve safe and efficient management of radioactive waste, 
including an economic and financial study on which these actions are based. The volume of 
waste to be managed has been estimated in the first PGRR submitted; it amounted to 
276 000 m3 of LLW and ILW, 6000 t U of spent fuel and 90 m3 of vitrified waste originat-
ing from the reprocessing of Vandellds I graphite-gas fuel in France. The general line of 
action and the strategies foreseen for the management of these wastes are: (1) final storage 
at El Cabril (Cdrdoba) of LLW and ILW, containing short lived beta-gamma emitters, and 
a limited amount of alpha emitters, in accordance with ENRESA's acceptance criteria for 
these installations; storage will consist of shallow burial concrete facilities; (2) an increase in 
the temporary storage capacity for spent fuel, until final storage facilities are available; (3) 
selection of sites for final disposal of spent fuel and HLW in deep geological formations (salt, 
granite and clay); (4) an experimental underground pilot facility (IPES) in granite, to be con-
structed in Spain in collaboration with the European Economic Community; (5) dismantling 
of nuclear installations, decommissioning of the old Andujar (Jaen) uranium mill, including 
dismantling of the installations and the remedial actions necessary to stabilize the uranium tail-
ings in dykes; (6) establishment of an R&D programme; (7) international co-operation; (8) 
financing of ENRESA's activities. Financing can be divided into: (a) the total estimated cost 
of radioactive waste management: Ptas. 750 000 million (1986), i.e. US $5750 million 
(1986); (b) the cost of waste management, which is totally supported by the waste producers; 
this will be carried out on a contractual basis between ENRESA and the producers for the exe-
cution of activities; (c) the financing of reactor waste management by levying a percentage 
of the total electricity generated, based on the calculations and estimations given in the PGRR; 
the current percentage is 1.4; (d) billings for services rendered to other waste producers, 
based on unit rates; (e) the percentage and rates, which are approved by the government on 
a yearly basis. 
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1. INTRODUCTION 

The responsibility for radioactive waste management in Spain was assigned to 
the Empresa Nacional de Residuos Radiactivos SA (ENRESA) and established by 
Royal Decree 1522/1984. The first Board of Directors meeting took place on 
7 June 1985. The legal status of ENRESA is that of a limited liability company, the 
two shareholders being the Centro de Investigation Energetica Medio Ambiental y 
Tecnologica (DIEMAT/JEN) and the Instituto Nacional de Industria (INI), both of 
which are autonomous agencies under the Ministry of Industry and Energy. 
CIEMAT/JEN and INI hold, respectively, 80% and 20% of ENRESA's share 
capital. Representatives of CIEMAT/JEN, INI, the Ministry of Industry and Energy 
(MIE) and the Ministry of Economy and Finance are members of the Board of Direc-
tors of ENRESA. ENRESA's responsibilities, as defined in the above mentioned 
Royal Decree (1522/1984), are as follows: 

(1) Treatment and conditioning of radioactive waste, in the cases and circum-
stances to be defined 

(2) Identification of sites, and the design, construction and operation of facilities 
for temporary and final storage of low, intermediate and high level radioactive 
wastes 

(3) Management of activities related to the decommissioning of radioactive and 
nuclear facilities 

(4) Establishment of the required systems for the collection, transfer and transport 
of radioactive waste 

(5) In the event of a nuclear emergency, support to civil protection services in the 
manner and circumstances required 

(6) Conditioning in a definitive and safe way of uranium mining and milling tail-
ings, when required 

(7) Ensuring the long term management of any waste storage facility 
(8) Carrying out relevant technical, economic and financial studies, taking into 

account the deferred costs of radioactive waste management in order to estab-
lish an appropriate financial policy 

(9) Any other activities required to accomplish the company objectives. 

Additional norms and regulations have been developed which provide 
ENRESA with the relevant economic and technical resources to enable achievement 
of its objectives. 

2. ORGANIZATION OF ENRESA 

ENRESA is organized as a management company. Its policy is to define and 
control the activities to be developed by other companies, especially engineering and 
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service firms. In accordance with this concept, it aims at reducing staff, but of those 
personnel employed there must be a large percentage of graduates of a high profes-
sional level. 

The management of ENRESA covers four main areas: technical, financial, 
legal, and communications and public information. 

3. PLAN GENERAL DE RESIDUOS RADIACTIVOS (PGRR) 

In accordance with Royal Decree 1522/1984, the general line of action of 
ENRESA is to be defined in the PGRR (General Waste Management Plan), which 
has to be submitted within the first semester of each year for government approval 
and subsequent presentation to the Spanish Parliament. The proposal for the first 
plan has already been accomplished by ENRESA and is now being evaluated by the 
Ministry of Industry and Energy. 

The main goals of the proposed PGRR are as follows: 

(1) Analysis of the situation; volume of waste to be disposed of 
(2) Evaluation of technical alternatives and establishment of waste management 

strategies 
(3) Establishment of an R&D programme 
(4) Public acceptance of waste management activities 
(5) Definition of the activities of the different organizations involved and their 

reciprocal relationships 
(6) Cost estimation of waste management and establishment of rates for services 

provided by ENRESA to the waste producers. 

4. ESTIMATION OF THE TOTAL VOLUME OF RADIOACTIVE WASTE 
TO BE DISPOSED OF 

Estimation of the total amount of waste to be managed by ENRESA is based 
on the Plan Energetico Nacional (PEN) 1983-1992. The quantities are as follows: 

(1) Uranium mining and milling tailings 

Mining tailings 
Milling tailings 

3.2 x 108 m3 

0.5 x 108 m3 
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(2) Low and medium level wastes (conditioned) 

Reactor operation (up to the year 2020) 
Dismantling of nuclear installations 
(up to the year 2034) 
Other waste 

100 000 m 
130 000 m 

3 

3 

46 000 m 3 

276 000 m 3 

(3) High level waste 

Spent fuel (LWR) 
Vitrified HLW (from reprocessed GGCR fuel) 

6000 t U 
90 m 3 

4.1. Low and intermediate level wastes 

Conditioning of waste generated by small producers (hospitals, agriculture and 
industry) is being carried out by ENRESA at the CIEMAT/JEN facility; later, when 
its own facilities are available, conditioning will be carried out there. 

Other waste producers (nuclear power plants, Empresa National del Uranio 
SA (ENUSA) and CIEMAT/JEN) treat and condition their waste according to the 
specifications and acceptance standards laid down by ENRESA and following the 
safety and radiological protection criteria imposed by the safety authorities for the 
final disposal of these wastes. 

Temporary storage of these wastes by nuclear power plants, ENUSA and 
CIEMAT/JEN will take place at their own facilities for a limited period of time, 
except in cases of limited capacity when the ENRESA facility in Sierra Albarrana 
(Cordoba) will be used. 

In addition, construction of new facilities for final storage of these wastes is 
planned at El Cabril (Sierra Albarrana), which has a capacity of approximately 
60 00 m3; they will be of the shallow burial concrete type. This will cover the 
needs up to the year 2000. These installations are planned to enter into service at 
the end of 1989. 

4.2. High level waste 

According to PEN 1983, all spent fuel discharged from the reactors is consi-
dered to be waste, with the exception of fuel from the Vandellds I Nuclear Power 
Plant (CGCCR) which is being reprocessed, given its technical characteristics and 
singularity. 

Spent fuel discharged from LWRs is stored at reactor pools, which have an 
average capacity of about 10 years. To cover additional storage needs, away-from-
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reactor intermediate storage facilities are foreseen. For this purpose a comparative 
study of existing technologies has been undertaken. In early 1987, ENRESA sub-
mitted to the Ministry of Industry and Energy the intended strategy for this type of 
storage. The preferred technical options are wet storage (water pools) and dry 
storage in metallic containers. 

For the final disposal of high level waste, geological formations in salt, granite 
and clay are being considered, but no special preference has yet been defined. Selec-
tion of several potential sites is foreseen around the year 2000 and final characteriza-
tion of the chosen site is planned for the year 2010. This would eventually permit 
operation of the facility after the year 2015. 

ENRESA also intends constructing an experimental pilot facility for demon-
stration purposes in a granitic formation in the Province of Salamanca. This implies 
an ambitious long term R&D project which includes characterization of the granitic 
formation and an extensive programme of geological research, as well as handling 
of the simulated waste. This underground laboratory project will be carried out 
within the framework of the European Economic Community programme of 
research and development. 

5. DECOMMISSIONING OF RADIOACTIVE AND NUCLEAR 
INSTALLATIONS 

At present, the pilot uranium mill (Fabrica de Uranio Andujar (FUA)) in 
Andujar (Jaen), which has a capacity of 80 t U/a and was decommissioned in 1981, 
is being dismantled. This includes decontamination and dismantling of the process 
equipment and conditioning of the dykes, which hold 1 200 000 tonnes of uranium 
tailings, undertaking at the same time the remedial actions required for the dykes. 

Dismantling of nuclear power plants is not contemplated before the year 2025. 
Accordingly, the activities of ENRESA in this field are limited to following up the 
technical developments made by other countries and the projects undertaken by 
multilateral organizations (Nuclear Energy Agency of the OECD, EEC, etc.). 

6. R&D AND INTERNATIONAL CO-OPERATION 

Some of the activities related to the management of nuclear waste and the back 
end of the nuclear fuel cycle still require R&D activities. To carry out the relevant 
research activities to be applied on an industrial scale in Spain, an important research 
programme is being developed with the participation of research centres and univer-
sities, as well as engineering and service firms. 

ENRESA attaches special importance to international co-operation which, to 
a great extent, conditions the success of a waste management programme. For this 
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TABLE I. PERCENTAGE DISTRIBUTION OF COSTS (%) 

Final disposal of spent fuel and vitrified HLW 

Dismantling of installations 

Intermediate storage of spent fuel and vitrified HLW 

Reprocessing of spent GGCR fuel 

Final disposal of LLW and ILW 

Research and development 

Transport 

Other costs 

22 

33 

13 
10 

7 

4 
6 

5 

reason the radioactive waste programme includes the development of a joint R&D 
project with firms and organizations of others countries, as well as active participa-
tion in projects undertaken within the framework of multilateral agencies or organi-
zations (EEC, IAEA, OECD/NEA, etc.). 

7. FINANCING OF ENRESA'S ACTIVITIES 

The total estimated cost of ENRESA's activities, for the above mentioned 
volumes of waste, amounts to Ptas.750 000 million (1986), i.e. approximately 
US $5750 million (1986). The estimated percentage distribution of these costs is 
given in Table I. 

The total cost of radioactive waste management activites is supported by the 
waste producers. ENRESA executes its activities on a contractual basis with the 
wastes producers, subject to the approval of the Ministry of Industry and Energy. 

In the case of nuclear power plants, the tariffs for services rendered are fixed 
as a percentage of the electricity rates in order to finance the management of reactor 
waste, including spent fuel, decommissioning and closure of installations. To estab-
lish this percentage, an estimation of all the above mentioned expenses are taken into 
account according to ENRESA's calculations; the percentage is directly proportional 
to the electricity generated and assigned only to nuclear stations. 

The percentage applied to the total value of electricity generated is 1.4%, 
which is equivalent to Ptas.0.52 (1987)/kW-h. This enables establishment of a fund 
which provides the necessary resources for all the expenses involved, including those 
that are deferred. The accumulated funds are supervised by ENRESA and are exclu-
sively used for radioactive waste management activities. Financial management is 
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subject to control by the Ministries of Economy and Finance and Industry and 
Energy. Any revenue that accrues from investments will be integrated back into the 
fund. 

Taking into account that the waste management costs of the various nuclear sta-
tions have a very large range of variation (ratio of minimum to maximum cost is 1:6) 
and in order to stimulate optimization of global waste management, a system of cost 
imputation has been established for the waste management of each nuclear station. 

For the remaining waste producers, tariffs have been established which relate 
directly to the cost of the services rendered by ENRESA; the amounts charged are 
determined by the type of waste and are quoted per unit of volume for solids and 
liquids and according to activity in the case of sources. 

The above mentioned prices and tariffs are revised annually in the PGRR and 
are subject to yearly government approval. They were established to ensure that the 
billings for services are sufficient to cover the integral waste management costs, 
including those derived from the closure of installations, as well as those from the 
sealing of storage facilities and their institutional surveillance. 
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Abstract 

BACK END OF THE NUCLEAR FUEL CYCLE: NATIONAL PROGRAMME OF THE 
UNITED STATES OF AMERICA. 

The Nuclear Waste Policy Act (the Act) of 1982 provided the United States policy for 
the safe storage and permanent disposal of spent nuclear fuel and high level radioactive waste. 
The Office of Civilian Radioactive Waste Management (OCRWM) was established within the 
United States Department of Energy (DOE) to carry out the mandates of the Act, including 
the accumulation of funds for the OCRWM programme through a fee on the net electricity 
generated from nuclear power. In June 1985, a Mission Plan was submitted to Congress which 
included the overall goals, objectives and strategy for the disposal of spent fuel and high level 
waste. As outlined by the plan, the 1990s will be a key period for the programme. The 
culmination of activities leading to the first deep, geological repository and the monitored 
retrievable storage (MRS) facility will prepare the DOE to accept spent fuel for storage and 
disposal by 1998. The following major goals are expected to be completed during the 1990s 
for the waste management system: (1) site characterization and selection of a first repository 
site from three candidates; (2) waste package design and testing; (3) repository design, regula-
tory authorization and construction; (4) siting, design and construction of an MRS facility if 
approved by Congress; (5) preparation of transport casks and a transportation fleet; and 
(6) industry use of interim dry surface storage or at-reactor rod consolidation to alleviate 
special storage needs for spent fuel. The Act also authorized siting, but not construction, of 
a second repository. On 28 May 1986, the Secretary of Energy announced that site specific 
activities for a second repository would be postponed indefinitely on the basis of new projec-
tions reflecting reduced amounts of spent fuel and other factors; however, development of 
generic technology will be continuing in the 1990s to support both the first and second reposi-
tories. Beneficial international co-operation and collaboration will be used to gain additional 
experience to better ensure the overall safety and environmentally acceptable performance of 
geological repositories as well as to ensure economic methods for construction. An overview 
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of the strategy, goals, objectives and achievements to be anticipated in the 1990s for the 
DOE's Civilian Radioactive Waste Management Program are provided. The issues and 
policies to be considered in the 1990s are described. 

1. INTRODUCTION 

The United States of America now has over 100 operating nuclear power 
plants and another 25 under construction. The safe management and disposal of the 
spent fuel from these power plants is, of course, essential for the continued use of 
nuclear power in the future. Consequently, we are seeking a suitable first site for 
disposal of spent fuel and other solidified high level waste. 

While the disposal of low level radioactive waste and transuranic waste is also 
being pursued actively in the United States, this discussion will cover only spent fuel 
and high level waste in order to provide a current perspective on this crucial part 
of our radioactive waste programme. 

2. NUCLEAR WASTE POLICY ACT 

In 1982, the Congress and the President of the United States decided to proceed 
with the development of a national high level radioactive waste disposal system 
through the passage of the Nuclear Waste Policy Act of 1982 (the Act) in order to 
close the back end of the nuclear fuel cycle. The Act provided the United States with 
a definitive policy and specific programme activities towards permanent disposal of 
spent fuel and high level radioactive waste. Of major importance in this legislation 
was the decision, after years of public debate and scientific studies, that the long term 
solution to waste disposal should be accomplished through the use of deep, mined 
geological repositories. 

In summary, the Act provides for: 

(1) The DOE to be responsible for carrying out the mandates assigned to it by the 
Act 

(2) A process by which the President, Congress, affected Indian Tribes, States, 
government agencies and the public can co-operate in the siting, design, 
construction and operation of geological repositories 

(3) A method of funding radioactive waste disposal through assessment of a 
1 mill/kW-h of net electricity generation by nuclear power1 

1 mill ( = US $10~3 = 0.1 C). 
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(4) An organization for the management of the programme 
(5) Target schedules for the planned accomplishment of the programme 
(6) Basic steps and requirements towards achieving site selection, licensing, 

construction, operation and closure of a geological repository 
(7) A development programme to ensure sufficient storage capacity of spent fuel 
(8) A transportation programme to ensure safe transport from the nuclear reactor 

to final disposal. 

In implementing the Act the DOE is committed to: 

(a) Protecting the public health and the environment 
(b) Ensuring that present generations who received benefits from the production 

of nuclear power resolve the management and disposal of radioactive waste 
produced by that nuclear power 

(c) Establishing and maintaining technical excellence 
(d) Conducting the waste disposal programme to neither subsidize nor penalize 

nuclear power as an energy source 
(e) Carrying out the responsibilities in a cost effective manner with full cost 

recovery from the owners and generators of spent nuclear fuel and high level 
radioactive waste. 

These challenges and goals provide an extraordinary opportunity to bring 
together technical and institutional solutions that can lead to safe and socially 
acceptable methods for long term disposal of spent nuclear fuel and high level waste. 

The 1990s will be a key period for our radioactive waste management 
programme. The culmination of activities will lead to the first deep geological 
repository and to an MRS facility, if authorized by Congress. These facilities will 
permit the DOE to accept spent fuel or high level waste for storage and disposal. 

The following major goals are expected to be completed during the 1990s for 
our national spent nuclear fuel and high level waste management system: 

(i) Characterization of three sites and selection of a first repository site from three 
candidates 

(ii) Design and testing of waste packages 
(iii) Design of a repository and its support facilities 
(iv) Authorization by the United States Nuclear Regulatory Commission (NRC) for 

construction of a repository 
(v) Siting, design and construction of an MRS facility for packaging and 

temporary storage of spent fuel before shipment to the repository, if approved 
by Congress 

(vi) Preparation of transport casks and a transportation fleet 
(vii) Use of interim dry surface storage and/or at-reactor rod consolidation to 

provide special storage capacity for spent fuel. 
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3. PROGRESS 

We are pleased with the progress made to date under the Act. At the same time, 
we must mention that progress does not come easily, because waste disposal is one 
of the most contentious issues of our time. For example, our progress includes: 

(1) Establishment of environmental standards for the disposal of spent nuclear fuel 
and high level radioactive waste by the United States Environmental Protection 
Agency (EPA) 

(2) Establishment of criteria for the disposal of high level radioactive waste by the 
NRC 

(3) Establishment of siting guidelines by the DOE 
(4) Publication by DOE of a Mission Plan, a Project Decision Schedule, and a 

Transportation Business and Institutional Plan 
(5) Publication of environmental assessments on five sites to support the choice of 

three sites as candidates for the first repository 
(6) Application of a multi-attribute utility analysis method to guide the selection 

of candidate sites and the selection of three sites as candidates for 
characterization 

(7) Through systems analysis, development of a recommendation on an MRS 
facility and its proposed site for use as a receiving, packaging, storage and 
shipment centre. 

In May 1986, the President approved the Secretary of Energy's recommenda-
tion of three sites for detailed site characterization as candidates for the nation's first 
geological repository. These candidate sites are in Nevada (tuff), Texas (salt) and 
Washington State (basalt). We have finally passed beyond the crucial decision of 
where to focus our repository siting efforts. This achievement follows years of 
scientific research, field study, data collection and analysis and hundreds of 
thousands of pages of documentation based on standards and criteria established as 
a result of the Act. 

The significance of the selection of the three candidate sites cannot be over-
emphasized. The selection of these three sites now permits us to thoroughly 
investigate, characterize and compare the geological, environmental, transportation 
and safety factors at each of the three candidate sites. Site characterization involves 
the sinking of exploratory shafts to the proposed repository depth, and construction 
drifts for characterizing the hydrology and the rock at a depth suitable for a 
repository. 

4. SITE CHARACTERIZATION PLANS FOR THE FIRST REPOSITORY 

Site characterization activities will be described in Site Characterization Plans 
(SCPs) as required by the Act. Site characterization is expected to take approxi-
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mately 7 years, depending on the candidate site. It includes laboratory investiga-
tions, surface based data collection activities such as geological mapping and seismic 
surveys, studies conducted through the drilling of boreholes, and extensive studies 
conducted in the candidate host rock in an exploratory shaft facility at the three 
candidate sites for a repository. 

The main purpose of site characterization is to determine whether a candidate 
site is suitable for a repository and to provide the bases for selection of a site for 
the first repository. Information from site characterization will be used for requesting 
construction authorization from the NRC. None of these tasks have ever been done 
for a high level waste disposal facility. 

The Act requires that an SCP be prepared for each candidate site, be made 
available to the public and be subjected to public hearings to be held by the DOE 
in the vicinity of a candidate site before proceeding to sink the exploratory shafts at 
the site. 

The SCPs are key documents and of major importance to States, Indian Tribes 
and the public — as well as to the NRC and the DOE. These plans will contain: 

(1) A description of site characterization activities and the conceptual waste 
package; a description of the relationship among the waste form, waste 
package and the geological media; and a conceptual design related to site 
specific requirements 

(2) A description of the technical issues for resolution and the methods to be used 
for resolution. 

There is intense interest in the SCPs, since they will guide the DOE during the 
site characterization phase until a licence application is submitted to the NRC. The 
SCPs and periodic progress reports that DOE will be making, will play a vital role 
in interactions with the NRC, and serve to present information to the States, Indian 
Tribes, Congress, utlities and to the public. 

5. SECOND REPOSITORY 

The Act also authorized siting, but not construction, of a second repository. 
On 28 May 1986, the Secretary of Energy announced that siting activities for a 
second repository would be postponed indefinitely on the basis of new predictions 
of lower rates of spent fuel generation than forecast earlier, and the recognition that 
spending millions of dollars now in siting a second repository would be premature 
and unsound fiscal management. 

Meanwhile, development of generic technology will be continuing to support 
both the first and second repositories. We have not abandoned a second repository. 
We are continuing studies for a second repository, as required by the Act. These 
studies include non-site specific investigations of potential host rocks in alternative 
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geological media, such as crystalline rock, to determine their suitability for hosting 
a second geological repository, and the development of analytical approaches to 
evaluate possible geological settings in terms of potential performance in ensuring 
waste isolation. 

A significant portion of these generic studies is expected to involve working 
with other countries through continuation of existing international agreements, such 
as that with Canada where we are participating in the extension of the depth of the 
shaft at its underground research laboratory in the Province of Manitoba. 

6. MISSION PLAN AMENDMENT 

We now have some experience with managing the Civilian Radioactive Waste 
Management Program under the Act and have a more realistic recognition of what 
can be done. In January 1987, because of many changes proposed in the programme, 
a draft amendment to the Mission Plan was prepared and released for a 60 day 
comment period. The purpose of the Mission Plan amendment is to keep Congress, 
as well as others, informed on progress in the programme and to advise Congress 
of important changes in the programme. 

When the Mission Plan was issued in 1985, it was our best estimate of the 
scientific, engineering and institutional information needed to make informed deci-
sions as we proceed with developing our radioactive waste management and disposal 
system. Now, with some experience, we believe we have a new insight into what 
is achievable. Our objective is to conduct a credible programme. If necessary, as we 
have stated before, the schedules will be changed to ensure that the appropriate work 
is done. 

The experience gained in obtaining approval of candidate sites for characteri-
zation and the advances made in planning the technology of the programme have led 
us to reassess the programme and schedule for the first repository. The new 
schedule, as presented in the Draft Mission Plan Amendment, shows a 5 year 
extension of the date for operation of the first repository, from 1998 to 2003. 

The 5 year extension is primarily a result of the additional time needed in the 
near term for several reasons: 

(1) Experience to date shows that more time has been required than planned earlier 
to involve States and Indian Tribes in review and discussion 

(2) Recognition that more time should be provided in the future for consultation 
and interaction with the States, affected Indian Tribes and other parties 

(3) Recognition that more time is needed to carry out extensive characterization 
programmes, and to prepare planning documents to comply with requirements 
of the NRC. 
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Since passage of the Act, many parties have insisted that, given the controver-
sial nature of the programme, the schedule specified in the Act was not realistic and 
not achievable. On several occasions, the schedule and processes prescribed in the 
Act have been extended to provide additional time for input by affected and 
interested parties, for additional review of DOE actions or documents and for 
incorporation of comments or resolution of issues. 

7. MONITORED RETRIEVABLE STORAGE (MRS) 

By the year 2020, nearly 400 000 individual spent fuel assemblies will have 
been discharged from United States reactors. Each will have to be individually 
inspected, accounted for, handled, stored for some period of time, transported, 
secured into an appropriate disposal package and finally emplaced in a repository. 
These spent fuel assemblies represent a wide range of characteristics and will 
originate from more than 30 different states. Some spent fuel may have been recon-
figured and consolidated at utility sites and /or stored outside of the water pools in 
various types of dry storage modules. 

On the basis of our system analysis work, we continue to believe that an MRS 
facility should be an integral part of the waste management system. We believe that 
an MRS facility centrally located in relation to the majority of the spent fuel genera-
tion would enhance the disposal system by receiving and consolidating the spent fuel 
into fewer packages before bulk shipping to the repository. 

Such a facility would in no way take the place of deep, geological disposal, 
but it would enhance the disposal system by making transportation of spent fuel more 
efficient. The MRS would be a surface facility. All of the spent fuel would require 
a packaging operation, for example, in an MRS, before disposal. We are proposing 
that if Congress approve such a facility, it should not be licensed to begin receiving 
spent fuel until a construction authorization for the first repository is received from 
the NRC. Further, we are proposing that the capacity of the MRS be limited to 
15 000 tonnes of spent fuel — about 5 years' worth of spent fuel generation. 

8. TRANSPORTATION 

Another integral part of our disposal system is one that may concern more 
people than any other component of the system — transportation. Whether a state 
or community has a nuclear power plant with spent fuel, a defence facility with 
defence high level waste, or it is chosen to host a repository or host an MRS facility, 
spent fuel or high level waste will pass through states and communities near the 
repository. 
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We are actively identifying institutional issues on transportation and working 
with many interested parties around the country to address these issues. In addition, 
new transportation casks must be designed, tested and fabricated so that we will have 
the equipment as well as the operational procedures in place when we begin receiving 
waste for disposal. Our emphasis is to rely on the capabilites of private industry to 
provide the equipment and services for the DOE. 

9. AT-REACTOR STORAGE 

One of our tasks is to provide technical assistance to utilities for the develop-
ment of technology for interim storage of spent fuel at utilities that will have a 
shortage of storage capacity. Utilities should have sufficient capacity for storage 
before the Federal Government begins to receive the spent fuel for permanent 
disposal. In this regard, we have focused our efforts on providing the analytical 
tools, research data and demonstrations of technical and economic feasibility needed 
for utilities to have licensed options available for increasing their at-reactor storage 
capacity. 

In late 1986, we reached major milestones with two utilities, Virginia Power 
and Carolina Power and Light. Through a co-operative agreement with each of these 
utilities, two different independent spent fuel storage installations have been licensed 
by the NRC for dry storage and are now available for use, if needed, by other 
utilities. 

We have worked closely with the utilities and the NRC to provide meaningful 
demonstrations at our Idaho facility, at West Valley, New York, and at commercial 
sites using actual spent fuel. In addition to the dry storage accomplishments, several 
rod consolidation efforts are under way which are looking at methods to dismantle 
the spent fuel assemblies and consolidate the fuel rods into canisters for storage and 
disposal. 

A number of industrial firms are participating in a prototype project in the 
Idaho National Engineering Laboratory (INEL), designing equipment for consolida-
tion of spent fuel rods in a hot cell. The competition will be narrowed down with 
the goal of selecting one system for hot demonstration in INEL by 1989. Assuming 
successful demonstration for that system, the DOE expects to use the same 
equipment at a repository or at the MRS facility. 

Also in INEL, we have developed a remote dry consolidation system that will 
be tested with spent fuel using assemblies from Florida Power and Light and Virginia 
Power. Unlike in-pool systems, this dry consolidation system will pull rods one at 
a time horizontally and place them into a storage canister. A non-radioactive test of 
the system was completed in September 1986 and consolidation is planned to begin 
in mid-1987. 
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10. INTERNATIONAL CO-OPERATION 

It has been United States policy for many years to exchange information and 
to co-operate with foreign countries and international organizations to further the 
technology for storage, transportation and disposal of spent nuclear fuel and high 
level radioactive waste. Several nations and organizations maintain sophisticated 
waste management programmes that can enhance our awareness of technical 
developments in the radioactive waste management field. Consequently, active 
participation in co-operative activities has been and will continue to be of mutual 
benefit to the United States and other members of the international community in 
their respective waste management programmes. 

By recognizing the incentives for co-operating in the development of radio-
active waste disposal systems, nations can: 

(1) Exchange experimental data, repository siting technology and experience with 
test equipment 

(2) Develop an international consensus that analytical methods are accurate and 
reliable and thus improve confidence in the safety of each national disposal 
system 

(3) Share the high cost of underground test programmes. 

11. TRANSFER OF TECHNOLOGY ACTIVITIES UNDER SECTION 223 
OF THE NUCLEAR WASTE POLICY ACT 

Transfer of technology for spent fuel storage and disposal is being conducted 
under Section 223 of the Act. Section 223 authorizes the DOE and the NRC to offer 
technical assistance to non-nuclear weapon states on power reactor spent fuel storage 
and disposal. More specifically, this includes assistance in the fields of at-reactor 
spent fuel storage, away-from-reactor spent fuel, monitored retrievable spent fuel 
storage, geological disposal of spent fuel, and the health, safety and environmental 
regulation of such activities. In general, the assistance involves discussions, visits by 
an inquiring country and the provision of available technical information on spent 
fuel storage and disposal. 

12. CONCLUSIONS 

If the United States and other members of the international community are to 
succeed in their respective national radioactive waste disposal programmes, we 
believe that all of us must continue to recognize the mutual benefits of international 
co-operation and technical information exchange. We have much to gain from each 
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other's experience towards closing the fuel cycle. Continuing co-operation is essen-
tial in our search to find suitable solutions to the important programmatic, technical 
and institutional challenges. While we in the United States are making progress, we 
also note the progress being made by other national programmes. We are confident 
that continuing patience, persistence and technical excellence on the part of all of us 
will lead to accomplishment of waste management programmes today and to total 
closure of the full cycle in our generation. 
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SOME ASPECTS OF THE BACK END OF 
THE NUCLEAR FUEL CYCLE IN CHINA 

Dexi W A N G 
Institute of Atomic Energy, 
Beijing, China 

Abstract 

SOME ASPECTS OF THE BACK END OF THE NUCLEAR FUEL CYCLE IN CHINA. 
The policy concerning the back end of the nuclear fuel cycle in China requires 

reprocessing of the spent fuel from LWRs, removal of over 99.9% of the actinides in HLW, 
and burial of the properly conditioned HLW and alpha wastes deep underground in suitable 
geological formations. The head end of the existing Purex process is to be intensely modified 
to deal with Zircaloy clad low enriched uranium oxide fuels. Efforts are being focused on the 
development of partition and purification methods that will produce the least amount of liquid 
waste and that will be critically safe, as well as equipment that will prove to be more efficient 
and easy to operate and service. Solvents have been found that can remove 99.99% Pu and 
99.9% Am from the HLW; recovery of the noble metals contained therein is also being inves-
tigated. R&D is continuing for the vitrification of HLW, as well as the incorporation of 
radwastes in bitumen, cement and plastics. Laboratory scale experiments concerned with the 
final disposal of nuclear wastes have started, including studies of the adsorptive behaviour of 
various types of host rocks for radionuclides and the behaviour of actinides in underground 
water near the site for the final disposal of radwastes. For a viable civil programme, the 
processes to be developed have to be economical, energy saving and hazard proof against 
undetected dispersion of radioactivity. In China, however, priority has always been given to 
safety. 

1. POLICY A N D ITS BASES 

1.1. Policy 

The policy concerning the back end of the nuclear fuel cycle in China is based 
on reprocessing the unloaded spent fuel from LWRs with a burnup of 
33 000 MW-d/ t . Furthermore, HLW from reprocessing is to be stripped of the 
remaining actinides contained therein to the extent that what remains can be 
converted into non-alpha waste of less than 10 nCi/g solid.1 This requires removal 
of over 99% of the Pu and Am in the HLW. HLW from the transplutonium extrac-
tion plant, which at present mainly consists of fission products, is then vitrified to 

1 1 Ci = 3.70 X 1010 Bq. 
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borosilicate glass contained in stainless steel vessels which are stored for some time 
before being finally deposited 600 metres deep underground in suitable geological 
formations. As a supplementary barrier, a backfill of adsorptive material is added 
to fill in the gap between the glass containers and the host rock. The Am, Cm and 
Np recovered from the reprocessing and transplutonium extraction plants are to be 
temporarily stored in a retrievable depository. 

1.2. Bases 

The above policy is based on the following considerations. 

1.2.1. Safety in the management of nuclear wastes 

A policy of 'safety first and quality first' has always been followed by the 
Chinese nuclear industry. This is based on the conviction that not only safety in the 

FIG. 1. Ingestion hazard index versus time [1]. 
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Years after discharge f rom reactor 

FIG. 2. Percentage contribution of Ac versus time [2]. 

operation of nuclear power plants but also safety in the handling and management 
of nuclear wastes are of paramount importance in maintaining a viable nuclear power 
programme. One of the guidelines followed is that the final disposal of nuclear 
wastes should permit no radioactivity to escape into the biosphere other than that 
which is expected from natural uranium deposits, even after thousands of years of 
storage. 

Using the Levi plot shown in Fig. 1 [1] (ingestion hazard index versus time 
after discharge from reprocessing, which starts 150 days after the unloading of the 
spent fuel), it can be seen that for HLW to decay to such a level a time span of around 
500 to 10 000 years is needed. However, after about 1000 years, over 90% of the 
radioactivity would arise from the actinides. Figure 2 shows a plot of the percentage 
contribution of Ac in the total radioactivity of HLW, based on the data of 
Lipschutz [2]. Therefore, removal of 99% of the actinides would result in a 
considerable reduction in the time span required, i.e. from a few hundred to 
1000 years. 

In China, because of archaeological findings, people are confident that technol-
ogy can be developed that could make the barriers for final disposal impenetrable 
for thousands of years. In recent years, a number of ancient tombs have been 
unearthed and it has been found that the corpses and objects were perfectly 
preserved. This means that no water or air had penetrated the tombs for more than 
2000 years. One of the barriers is a type of clay that is extremely resistant to water; 
in some tombs charcoal was found to be one of the buffer materials. It is believed 
that if people 2000 years ago could develop such a technique for a burial ground that 
was not very deep, then there is no reason why a similar technique could not be 
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developed today to bury packed HLW glass safely at a much deeper level. Thus, 
reprocessing plus removal of 99% of the actinides from HLW should make it 
possible for the radioactivity of the buried HLW glass to decay to the level of natural 
uranium deposits in a few thousand years. 

1.2.2. Economy in the utilization of uranium 

Although the current nuclear power programme in China is rather limited (it 
will amount to 10 GW(e) from plants in operation or under construction by the end 
of this century), a three- or fourfold increase in nuclear power capacity is projected 
for the first 15 years after 2000. At this time, it will probably be difficult to satisfy 
the increased fuel demands from domestic uranium resources. Therefore, breeder 
reactors must be developed to solve the uranium supply problem. R&D has already 
begun on an FBR programme and an experimental fast breeder reactor is scheduled 
for construction by the turn of the century. Recycling of Pu in LWRs is also being 
considered before a commercial nuclear power plant based on the FBR is put into 
operation. 

1.2.3. Experience and expertise gained in reprocessing 

China has had about 20 years' experience in the reprocessing of low burnup, 
aluminium clad U fuels using a Purex solvent extraction process. The Purex process 
has also successfully been demonstrated for reprocessing high burnup, Zircaloy clad 
low enriched uranium (LEU) oxide fuels in both commercial and pilot plants in 
France and other countries. 

In China, a great deal of R&D is being carried out to modify the existing Purex 
process so that spent fuels from LWRs can be processed, and a pilot plant is to be 
constructed and put into operation by the early 1990s. Some of the work being 
carried out is reported here. 

1.2.4. Recovery of noble metals 

Faced with a shortage of the noble metals essential to the petrochemical 
industry, extraction of noble metals from HLW has been studied and preliminary 
work shows that Pd can be recovered from HLW with a 90% overall yield and 
99.95% purity. None of the long lived radionuclides is present in the product [3, 4]. 
If this technique can be realized in the reprocessing plant, then beginning in 2015, 
a few thousand kilograms of noble metals could be obtained per year from HLW in 
China. This process can be incorporated into the same extraction plant for Am and 
Cm, whose capital cost is estimated to be one-fifth of that of the corresponding 
reprocessing plant; the sale of noble metals may possibly compensate for this 
additional investment. 
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2. R&D RESULTS 

2.1. Reprocessing 

R&D is focused on head end processes, development of a salt free process and 
more efficient contactors, and the control of criticality. A few examples are given 
in the following subsections. 

2.1.1. Head end processes 

The results of cold and hot experiments have shown that in order to avoid a 
peak evolution of gases, which would certainly cause overfoaming, dissolution of 
spent fuel should be carried out at a temperature a few degrees below the boiling 
point of the solution [5]. 

Residues in the dissolved solution have been found to consist of particulates 
of Pu, U, Sb, Co, Ru, Pd, Zr, Nb, Mo, Sn and Pb, 92% of which are smaller than 
5 pm in size. In our experience, high clarity of feed solution is essential for proper 
operation of solvent extraction contactors, therefore a centrifuge and sintered 
stainless steel filters are being developed for this purpose. 

A highly efficient Ag coated silica gel for the removal of iodine in off-gases 
has been developed that can remove 99.9% of the inorganic and organic iodine, with 
an adsorptive capacity of 200 mg iodine per gram adsorbent. 

2.1.2. Salt free process 

Various approaches have been pursued to develop a salt free process in order 
to decrease the volume of liquid wastes. Electrolytic reduction and oxidation were 
investigated in some detail, resulting in the design of a new mixer-settler cell [6]. 

Investigations carried out on the kinetics of the reduction of Pu(IV) with 
hydroxylamine confirm that the rate of reduction decreases rapidly with the increase 
in hydrogen ion concentration. Therefore it cannot be used in first cycle extraction, 
where high acidity is needed to accomplish good decontamination of Ru. 

Use of U(IV) as the reductant for Pu(IV) is satisfactory in the first cycle for 
LWR fuels with a burnup of 33 000 MW-d/t, and various photochemical methods 
for the preparation of U(IV) have been studied in the laboratory [7, 8]. 

Furthermore, use of hydrazine carbonate for washing spent solvents and 
recycling of liquid effluents back into the process also contribute to a reduction in 
the volume of waste liquids. 

2.1.3. More efficient contactors 

One of the reasons for developing more efficient contactors for solvent extrac-
tion is to lessen the degree of radiolysis of organic solvents. 
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Excessive crud formation is detrimental to proper operation of solvent extrac-
tion equipments. This phenomenon is closely related to the species carried over by 
the feed solution and insoluble degradation products of solvents through radiolysis. 
Even with a carefully clarified feed solution, serious crud formation sometimes 
occurs in the first cycle because of the presence of strongly complexing species in 
the degradation products of organic solvents. Recent studies identified the presence 
of long chain monoalkyl phosphates in the degradation products of tributyl 
phosphate, which has an even higher HF index than dialkyl phosphate and is difficult 
to remove by scrubbing with alkaline carbonate [9]. However, at a lower dosage of 
irradiation this strongly complexing compound would not be produced. Therefore, 
it is important to shorten the time of exposure of solvents to radiation by using more 
efficient extraction contactors. 

It has been found that centrifugal contactors perform fastest, but that they are 
too sensitive to operating conditions to be suitable for use in first cycle extraction. 

On the basis of the results of studies made on the hydrodynamic performance 
of various types of sieve plate pulsed columns, a new type of pulsed column equipped 
with a dispersion-coalescence cartridge has been developed which gives very good 
separation efficiency at a rather high throughput [10, 11]. 

2.1.4. Control of criticality 

Dissolved poison has been considered for criticality control of the dissolution 
of spent fuel and first cycle extraction. For this purpose, the distribution ration of 
Gd(IH) in two phases of the first cycle is being studied [12]; also, a method for the 
recovery of this rare element in the waste liquid is being developed. 

In the Pu tail end, a continuous precipitation process is to be developed in order 
to ease control of criticality; it has been shown that Pu(III) oxalate can be precipitated 
directly from the Pu(HI) solution obtained from third cycle purification. If the condi-
tions of precipitation are properly controlled, quite large and easily filterable crystals 
of Pu(ffl) oxalate can be obtained, making it more suitable for use in a continuous 
process than Pu(IV) oxalate [13]. 

2.2. Waste management 

2.2.1. Extraction of Am and Cm from HLW 

Two different kinds of solvents are being developed for this purpose: 
DHDECMP (dihexyl N,N' diethyl carbamyl methylene phosphonate) and TRPO (tri-
alkyl phosphine oxide). Under proper conditions, both can give 99.99% extraction 
of Pu and 99.9% extraction of Am and Cm, with good decontamination from fission 
products. The former is expensive when sufficiently pure but can be used at high 
acidity, whereas the latter can be synthesized from cheap petroleum products but 
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FIG. 3. Adsorption of 90Sr on rocks. 

functions only at low acidity and denization of the HLW is necessary before the 
extraction operation. The final choice may have to be determined by the method 
chosen for the recovery of noble metals from HLW [14-16]. 

2.2.2. Vitrification of HLW 

With an experimental furnace that can handle up to 0.01 m3/h of HLW, 
several kinds of borosilicate glass have been developed that can be used as the basis 
for vitrification of HLW. One of the compositions which can be used for HLW 
containing sulphates consists of 65.7% Si02, 18.8% B203, 11.2% Na20 and 
4.3% Li20; the glass is made by melting the ingredients at 1100 to 1160°C. It can 
incorporate 20 wt% HLW solids and has a leach rate of 1.5 /xg-cm~2-d_1 for Sr 
and 2.49 ng-cm~2-d~l for Li after being soaked for 379 days at 70°C [17, 18]. 

2.2.3. Adsorptive behaviour of rocks for fission products 

For the purpose of preliminary screening of sites to be considered for 
the final disposal of vitrified HLW, the adsorptive behaviour of fission product 
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FIG. 4. Adsorption of 137Cs on rocks. 

radionuclides on several kinds of rock samples are being examined. From the 
experimental results it can be seen that the sorption ratio, Rd, follows the order: 
90Sr: tuff > shale > basalt > gneiss > granite; 137Cs: clay > shale > basalt 
> gneiss=tuff > granite. The data for three of these host rocks are plotted in 
Figs 3 and 4. As can be seen from these plots, tuff is quite good for both ^Sr and 
137Cs [19, 20]. 

Also, six kinds of minerals to be considered as buffer materials are being 
examined for their sorptive power of " T c and 125I. It has been found that the sorp-
tion ratio of stibnite for " T c is high but that its Rd for 125I is low, whereas galena 
is very good for the adsorption of 125I. Therefore, a mixture of stibnite and galena 
might be a candidate for the buffer material for packed HLW glass in the final 
depository [21]. 

2.2.4. Behaviour of Ac and a new dry storage facility 

Besides the above work, a programme for studying the behaviour of Ac in 
underground water near the site of final repository has begun quite recently ; Np is 
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the first Ac to be chosen for study. Also, a retrievable dry storage experimental 
facility for storing 500 tonnes of spent fuel is being tested. 
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Abstract 

STRATEGY FOR SPENT FUEL MANAGEMENT IN A SMALL NUCLEAR POWER 
PROGRAMME. 

The strategy of spent fuel management of the Olkiluoto power plants (2 x 710 MW(e)) 
owned by Teollisuuden Voima Oy is presented. The reference plan comprises intermediate 
storage of spent fuel at the power plant site for 40 years and final disposal of spent fuel assem-
blies in Finnish crystalline bedrock. Cost analysis shows that this solution increases the price 
of electricity by about 10% (FIM 0.012/kW-h, equal to US $0.003/kW-h). In the future, 
alternatives to the reference plan could be reprocessing with, or without, the responsibility of 
taking back the wastes and transferring the spent fuel irretrievably abroad into an international 
repository. An alternative solution should not make the spent fuel management technically 
more complicated than the reference plan and the price level should be competitive with that 
of the reference plan. 

1. INTRODUCTION 

The first nuclear power plant was commissioned in Finland in 1977. In the 
early 1970s, when decisions on the commencement of nuclear energy production 
were made, the spent uranium fuel of power plants was not considered a problem. 
In fact, at that time spent fuel was estimated to have a positive economic value due 
to the unseparated uranium and plutonium. 

Today, one-third of the electricity consumed in Finland is produced by nuclear 
power. In spite of this high share, the number of power plant units in operation is 
only four, with a total capacity of 2310 MW(e) (Fig. 1). 

The owner of the Loviisa power plants, Imatran Voima Oy, returns spent fuel 
to the Soviet supplier of the reactors. The owner of the Olkiluoto plants, 
Teollisuuden Voima Oy (TVO), needs its own strategy for the management of spent 
fuel. The total amount of spent fuel will be 1300 t U during the estimated operation 
time of the power plants. Although the amount is very small, a safe and technically 
feasible solution is needed for spent fuel management. At the same time, the strategy 
has to guarantee an economic solution which does not excessively increase the price 
of electricity. 
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OLKILUOTO 
• TVO I, 710 MW(e), COMMISSIONED 1978 

TVO II, 710 MW(e), COMMISSIONED 1980 

• OWNER: TVO 

• BWR 
SUPPLIER: AB ASEA-ATOM 

LOVIISA 

• Lo 1,445 MW(e), COMMISSIONED 1977 
Lo 2, 445 MW(e), COMMISSIONED 1980 

• OWNER: IVO 

• PWR 
HELSINKI SUPPLIER: V/O ATOMENERGOEXPORT 

FIG. I. Nuclear power plants in Finland. 

2. OBLIGATIONS OF THE WASTE PRODUCERS 

Finnish legislation defines the responsibility for nuclear waste management to 
the waste producers. The most important obligations are determined in the decision 
in principle made by the government in 1983 [1]. 

According to the decision, the waste producer has to follow closely the possi-
bilities of transferring the spent fuel irretrievably abroad. As long as such possibili-
ties do not exist and agreements on the transfer have not been signed, the waste 
producer has to make preparations for interim storage and final disposal of the spent 
fuel in Finland. Preparedness for commissioning of a final repository shall be from 
the year 2020 and a suitable site has to be selected by the end of 2000. 

In addition, according to the decision made in 1983, the following time 
schedule has to be followed: 

(1) By the end of the year 1985, a number of feasible areas had to be selected for 
a site characterization programme. By the same date, the technical plans for 
final disposal had to be updated. 

(2) By the end of the year 1992, preliminary site investigations must be carried 
out on several areas and the most appropriate ones selected for detailed investi-
gations. Also, the technical plans have to be updated in the light of scientific 
information obtained from the site characterization studies. 
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(3) By the end of the year 2000, detailed site investigations must be carried out 
and, on the basis of the results, one acceptable site selected for the final 
repository. A technical plan shall be drawn up for this site. 

The obligations of the government's decision are included in the operation 
licences of the power plants. In addition, provisions for the financial reservation of 
waste management costs are defined in the licences. 

A new nuclear energy act is under preparation in Finland. It will include new 
and more detailed stipulations concerning nuclear waste management, e.g. financial 
reservation. Furthermore, annually the authorities give specific orders in connection 
with the review of annual waste research programmes or the review of final reports 
of the research projects. 

3. SPENT FUEL MANAGEMENT STRATEGY 

The most essential starting point in the management of spent fuel from TVO's 
Olkiluoto power plants is to create a readiness for all phases of spent fuel manage-
ment using domestic resources. This is necessary, since the future availability and 
price level of international services is unknown. By creating a domestic reference 
plan for spent fuel management it will be possible in the future to make comparisons 
between this reference system and other available alternatives, e.g. international 
services. 

To be able to follow up long term development of international solutions and 
services, construction of an intermediate storage capacity for several decades is of 
great importance. This also makes it possible to carry out a long term site characteri-
zation programme in Finland, as well as other research work needed for guarantee-
ing a high level of safety for domestic final disposal. In the case of TVO, the essential 
factors facilitating site selection are favourable geological conditions — stable 
Precambrian crystalline bedrock — and a low population density in many parts of 
the country. 

In a small nuclear energy system it is necessary to avoid too many types of 
nuclear wastes in order to keep the waste management plan technically feasible and 
economic. Both spent fuel assemblies and vitrified waste blocks would require their 
own types of encapsulation stations and final repositories. Consequently, if an agree-
ment on reprocessing is made, it should include all the spent fuel of a small 
programme in order to avoid the need for several parallel waste management 
facilities. 

As a result of these factors, the reference plan for the management of TVO's 
spent fuel is intermediate storage and final disposal in Finland. This plan also 
provides a basis for financial reservation of the future waste management costs. 
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However, the status of international services in the back end of the fuel cycle is 
continuously followed. Final decisions on different phases of spent fuel management 
are not made earlier than necessary. 

4. REFERENCE PLAN 

4.1. Time schedule 

The phases and time schedule for intermediate storage, encapsulation, final 
repository and research work are shown in Fig. 2. The main goals are selection of 
the repository site by the year 2000, start of construction of the final repository by 
the year 2010 and commissioning by the year 2020. 

4.2. Intermediate storage 

Figure 3 shows the water pool storage facility (KPA STORE) constructed at 
the power plant site of Olkiluoto. It will be commissioned by the end of 1987. The 
pools of the first construction phase will have a storage capacity of more than 
1000 t U. 

4.3. Final repository 

Figure 4 shows a generic design of a final repository for spent fuel. The reposi-
tory is located at a depth of several hundred metres in crystalline rock. The spent 
fuel assemblies are emplaced in the repository in metal canisters, in total about 
900 canisters. The area of the repository is 400 X 500 m. 

4.4. Feasibility 

The repository plan has to be feasible with regard to technology, safety and 
costs. In the long term, public acceptance is also needed for final disposal, since 
acceptance of the location community is a necessity before construction of the 
repository can be started. 

The technology is based on that currently available in Finland. The safety 
analyses show that the present technical plan is very safe and may offer possibilities 
of optimizing the engineered barriers [2], 

The costs of final disposal calculated at the price level of the year 1986 are 
shown in Table I. The influence of these costs on the price of electricity is about 
FIM 0.012/kW-h (US $0.003/kW-h). 

Regarding public acceptance of final disposal, there are still significant 
problems in Finland, as in most other countries. Systematic public information is 



IAEA-SM-294/14 73 

1980 2000 2020 2040 2060 
POWER PLANT UNITS 

• OPERATION 

INTERIM STORAGE FACILITY 
• CONSTRUCTION 
• OPERATION 

ENCAPSULATION AND FINAL 
DISPOSAL 

• SITE INVESTIGATIONS 
• SITE SELECTION 
• ADDITIONAL INVESTIGATIONS AND 

DESIGN 
® CONSTRUCTION 
• OPERATION 
• SHUTDOWN AND SEALING 

FIG. 2. Time schedule of TVO's reference plan for direct disposal of spent fuel in Finland. 

FUEL HANDLING MACHINE TRANSFER CASK 

STORAGE \ / 
POOLS V I / 

FUEL RACKS FUEL ASSEMBLY 

FIG. 3. Overall layout of the interim storage facility for Olkiluoto spent fuel (KPA STORE). 
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ENCAPSULATION 

FIG. 4. Design for a final repository in Finnish crystalline rock. 

TABLE I. ESTIMATE OF FUTURE COSTS FOR 
SPENT FUEL MANAGEMENT IN FINLAND3 

Phase Costs 
(FIM million)b 

Intermediate storage0 720 

Transport 164 

Encapsulation and final disposal 

Design and constructiond 846 
Operation (including canisters) 1186 
Closure 257 

Total 3173 

a Price level of 1986. 
b Excluding the construction costs for the years 1984-1987 (ca. 

FIM 200 million). 
c Excluding the site characterization and other research costs up to the 

year 2000 (FIM 200-300 million). 
d FIM 1 = US $0.2. 
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TABLE II. BENEFITS TO THE COMMUNITY FROM THE FINAL 
DISPOSAL OF SPENT FUEL 

Years Phase No. of jobs Annual tax income 
(FIM million) 

1987-2010 Site studies 5-10 0.05-0.1 

2010-2020 Construction ca. 100 1-2 

2020-2050 Operation ca. 100 2-3 

FIG. 5. The areas selected in 1987for site characterization studies of a final repository. 
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needed in order to increase acceptance in the long term. In this work the construction 
and commissioning of the low and intermediate level waste repository at the 
Olkiluoto power plant site [3] and the progress of the site characterization 
programme are utilized. 

The benefits gained by a community from the final disposal of spent fuel 
influence the interests of the community and also public acceptance. An estimate of 
the number of jobs created by the different phases of final disposal in the location 
community, as well as estimates for annual tax income to the community, are shown 
in Table II. Especially in the construction and operation phases, the economic 
benefits would be significant for most Finnish communities. 

4.5. R&D 

R&D is directed towards areas in which work is most needed in Finland. The 
focal areas are outlined in the site characterization studies [4] and the performance 
assessment of a Finnish repository system [2]. The research work will also include 
optimization of the final disposal concept by studying different technical options such 
as alternative encapsulation processes, canister materials and repository types. 

The main topic in the research programme is the start of the drilling 
programme. In April 1987, five areas were selected for preliminary field investiga-
tion. The location and main rock types of these areas are shown in Fig. 5. Field work 
started with geophysical surface measurements in the Hyrynsalmi and Kuhmo areas; 
in 1988 it will start in the Sievi, Konginkangas and Eurajoki areas. 

5. ALTERNATIVES 

5.1. Current situation 

Since the 1970s, TVO has closely followed the development of international 
services of spent fuel management. So far, international services have been scanty 
and limited, mainly concerning reprocessing with the responsibility of taking back 
high level and other wastes. There were no services available which would have been 
justified with regard to the technology and costs of TVO's overall fuel management 
system. 

Concerning the time schedule of the reference plan (Fig. 2), the last possible 
date for decision making regarding the use of international services is between the 
years 2000 and 2010, as according to the plan the final decision for repository 
construction will be made by the year 2010 in Finland. The main alternatives to the 
domestic reference plan may be use of reprocessing services and international final 
disposal services (Fig. 6). 
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FIG. 6. Reference plan and options for the management of Olkiluoto spent fuel. 

5.2. Reprocessing 

At present, there are two major problems in the reprocessing alternative 
for TVO's spent fuel. The first is the complexity of the waste management chain. 
In the reference plan — direct disposal in Finland — the back end comprises 
the following phases: (1) storage in the reactor building, (2) transfer to intermediate 
storage, (3) intermediate storage, (4) transport to the encapsulation station, 
(5) encapsulation, and (6) final disposal. 

In the reprocessing alternative there are more phases and longer transport 
distances involved: (1) storage in the reactor building, (2) transfer to intermediate 
storage, (3) intermediate storage, (4) transport to the reprocessing plant, 
(5) reprocessing, (6) solidification of wastes, (7) transport of several types of waste 
to the original country, (8) encapsulation and packaging, and (9) final disposal. 
Also, use of separated plutonium would be difficult for a small country outside the 
Euratom area. 

A factor that would make reprocessing technically more attractive to small 
countries is development of a waste management policy. If the reprocessor could also 
offer services for the final disposal of wastes, the complexity of the reprocessing 
alternative would be eased. Furthermore, the possibility of returning enriched 
uranium instead of plutonium to small countries should be considered. 

The second problem is the current level of reprocessing costs. For the time 
being, the reprocessing alternative would at least double the costs of TVO's spent 
fuel management when compared with the costs of the domestic reference plan. 
Delayed reprocessing might offer benefits through discounts, especially if the 
reprocessing costs fall and the uranium prices rise. 
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5.3. Transfer of spent fuel abroad 

At present, there are no established international services available for the final 
disposal of spent fuel. The only exception is the Soviet Union, which takes back 
spent fuel from the reactors they have supplied to other countries. In addition, a few 
years ago China announced that it was prepared to negotiate with other countries on 
final disposal of spent fuel. 

From the viewpoint of small countries, the most practical starting point for the 
development of international services would be that countries with large nuclear 
programmes, and eventually also reprocessing plants, would offer final disposal 
services to the waste producers of smaller countries. The amount of spent fuel from 
small nuclear programmes would increase the size of repositories of the large 
programmes only marginally. 

6. DISCUSSION 

Planning of a strategy for the management of spent fuel is complicated by the 
fact that there are not too many realizable alternatives available nowadays. The need 
for development of a domestic plan for the back end is equally as important in a small 
as in a large nuclear energy country. It has also been necessary for small countries 
to develop their readiness to carry out all phases of the back end. 

In the case of TVO, with a total amount of spent fuel of 1300 t U, it has been 
shown that it is possible to dispose spent fuel in a safe domestic manner. The share 
of spent fuel management is moderate, about 10% of the total electricity production 
costs from nuclear power. 

Although plans have been made for direct disposal in Finland, use of interna-
tional services has been continuously considered and in the future development of 
these services will be closely followed. In principle, a larger system could offer 
economic benefits. The results of research work done in other countries are needed 
in order to be able to concentrate Finnish research resources on specific subjects, 
e.g. sites, safety. 

Regarding the development of international co-operation and services in the 
field of nuclear waste management, one of the main problems is the lack of public 
and political acceptance. Consequently, it is difficult to aim at international reposito-
ries in the short term. Of greater importance would be to commission national reposi-
tories — for low and intermediate level wastes and spent fuel/high level wastes — 
and with their aid increase the general acceptability of nuclear waste management. 

International organizations should offer support to the national programmes, 
e.g. for site characterization programmes in which the acceptability problems are 
culminated. Furthermore, in order to open the way for the future of tentative interna-
tional repositories, systematic continuation of international co-operation in the field 
of research would be valuable. 
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Abstract 

BACK END OF THE FUEL CYCLE IN THE FEDERAL REPUBLIC OF GERMANY: 
STRATEGY AND CURRENT STATUS. 

Reliable waste management, including reuse of residues and disposal of radioactive 
waste, is a prerequisite for the peaceful use of nuclear energy in the Federal Republic of Ger-
many. The basic principles for the strategy have been laid down in relevant acts and 
ordinances. Implementation of the strategy is progressing and relies on reuse of residues such 
as reprocessing of spent fuel, interim storage of radioactive waste and final land based dis-
posal. Entrepreneurial tasks such as reprocessing and interim storage are assigned to the 
nuclear industry, whereas the responsibility for construction and operation of repositories for 
final disposal belongs to the Federal Government pursuant to the Atomic Energy Act. Expen-
diture for the repositories is allocated to the waste producers; fees are levied as prepayments. 
Interim storage capacity has been made available on the basis of the estimated spent fuel and 
radioactive waste that will arise in the future. Schemes for the reprocessing plant and the dis-
posal repositories are progressing; the Konrad repository is currently being subjected to the 
licensing procedure; two shafts are being sunk at the Gorleben salt dome for site characteriza-
tion and startup of the Gorleben repository for all categories of radioactive waste is expected 
at the turn of the century. 

1. INTRODUCTION 

A reliable fuel cycle, including a safe back end and the disposal of radioactive 
waste, is a prerequisite for the peaceful use of nuclear energy in the Federal Republic 
of Germany. From as early as the 1950s consensus was established on the need for 
appropriate treatment of radioactive residues and waste. Early predictions on the 
production of radioactive waste and the expansion of nuclear power in nuclear 
programmes have proved helpful in the efforts to demonstrate an appropriate back 
end. Techniques and strategies have been developed for the treatment of residues in 
spent fuel elements and the disposal of radioactive waste, as well as their reuse in 
fresh fuel elements for nuclear power plants. 
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2. LEGAL PRINCIPLES AND REQUIREMENTS FOR WASTE 
MANAGEMENT 

The principles and basic requirements mandatory to the use of ionizing radia-
tion, for operators of nuclear facilities as well as for the authorities, are laid down 
in the Atomic Energy Act and the Radiation Protection Ordinance (referred to here-
after as the Act and the Ordinance, respectively). 

The rationale behind the legal terms passed by the constitutional bodies of the 
FRG are: 

(1) To protect the personnel and the public, to prevent any unnecessary radiation 
exposure and to keep any inevitable radiation as low as possible 

(2) To reuse residues arising from the peaceful use of nuclear energy 
(3) To diminish the production of radioactive waste by avoiding wastes where 

possible 
(4) To take care of appropriate disposal, or as long as final disposal is not feasible, 

to provide interim storage facilities 
(5) To pursue the 'polluters pay' principle 
(6) To assign the construction and operation of final repositories for radioactive 

waste to the Federal Government. 

Whoever applies radioisotopes and nuclear materials has to examine whether 
residues (e.g. dismantled components, spent fuel, radioactive substances) can be 
reused without harmful effects, in line with the safety objectives of the Act and the 
Ordinance. They have to appropriately dispose of residues as radioactive waste if 
reuse is not feasible because of the state of the art or if it is not economically justified. 

The operators of nuclear power plants and other commercial nuclear facilities 
have to establish their own interim capacities. Regarding the final disposal of radio-
active waste, the Act places the responsibility for establishing and operating facilities 
for the disposal of radioactive waste on the Federal Government. 

In line with the Ordinance concerning the financial contribution of waste 
producers, prepayments are levied for the construction of disposal repositories by 
the Federal Government. Unlike several countries in which waste producers pay into 
a fund for financing R&D work and the planning and construction of a repository-to-
be, in the FRG prepayments are levied on the waste producers according to the actual 
expenditures in each fiscal year. 

The apportionment of expenditures, i.e. the fee levied, amounts to: 

(a) 75.5% to reprocessing plants with a throughput of more than 50 t/a 
(b) 17.5% to nuclear power plants of more than 200 MW(e) 
(c) 4% to reprocessing plants with a capacity of up to 50 t/a 
(d) 3% to others (fuel element manufacturers, research facilities, etc.). 
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Prepayments will be reimbursed to the extent that will appear to be inequitable once 
the repositories are in operation and a different apportionment of the costs would 
appear to be more appropriate. 

In the past, the legal terms have proved to be effective. Hence, in the course 
of amendment of the Ordinance, the Federal Government is basically proposing to 
retain the regulations, although it wants to improve the wording and logical sequence 
of the terms. 

3. ENTSORGUNGSKONZEPT: BASIC POLITICAL DECISIONS AND 
TIME SCHEDULE 

Since 1973, the concept of reprocessing being one constituent of the back end 
of the fuel cycle has repeatedly been confirmed by politicians. Hence, in principle, 
this concept still applies. In 1979, the heads of the Federal and State Governments 
confirmed that a reliable back end is an indispensable prerequisite for the utilization 
of nuclear energy. They emphasized the need to enlarge interim storage capacities, 
to expeditiously construct a reprocessing plant, and to characterize the site of the 
repository at Gorleben. 

Simultaneously, investigation of alternative disposal techniques, such as direct 
disposal of spent fuel without reprocessing, was requested to enable a decision to be 
made as to whether decisive safety related advantages would result from direct dis-
posal. In 1985, on the basis of an evaluation of the scientific findings, the Federal 
Government found that there were no decisive reasons for dispensing with 
reprocessing. 

In particular, the Federal Government resolved: 

(1) That it would stand by its judgement on the need for fast implementation of 
a reprocessing plant since there was no rational motive to change the concept 
or the principle of spent fuel reprocessing. 

(2) That the question posed by the heads of the State and Federal Governments in 
1979 as to whether decisive safety related advantages could result from direct 
disposal rather than reprocessing had to be answered with 'no'. 

(3) That, in the light of today's state of the art, it would not permit employment 
of direct disposal techniques to demonstrate the required evidence of back end 
provisions for LWRs; that, in principle, direct disposal was technically feasible 
but that it needs further R&D work; that it would continue to develop direct 
disposal techniques in addition to implementation of the back end with 
reprocessing, taking into consideration international developments. 

(4) That it would continue to apply direct disposal techniques for spent fuel where 
reprocessing is economically not justified. 
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In line with the legal requirements, political decisions and current status, the 
concept comprises treatment of spent fuel and disposal of radioactive waste. 

The time schedule for implementation of the Entsorgungskonzept requires that 
all the facilities should be available by the turn of the century at the latest. In particu-
lar, the following should be carried out: 

(1) As soon as possible, enlargement of storage capacities for spent fuel in nuclear 
power plants, construction of AFR facilities, enlargement of interim storage 
capacities for radioactive waste, construction of a reprocessing plant, charac-
terization of the salt dome at Gorleben and a positive report on its suitability 
as a repository. 

(2) At the beginning of the 1990s, startup of the Konrad repository for radioactive 
waste with a negligible heat generation. 

(3) By the mid-1990s, startup of the Wiederaufarbeitungsanlage Wackersdorf 
(Bavaria), the deep injection facility for disposal of tritiated water, and the pilot 
plant for conditioning and consolidating of radioactive waste and spent fuel at 
Gorleben. 

(4) By the end of the 1990s, startup of the repository at Gorleben for the disposal 
of all categories of radioactive waste. 

The Act assigns the responsibility for construction and operation of the reposi-
tories to the Federal Government and the other constituents of the Entsorgungskon-
zept to the industry which operates the nuclear facilities and produces the radioactive 
waste. Hence, apart from the repositories, implementation of the concept is the 
responsibility of the waste producers. As a licence will only be granted if a reliable 
back end can be demonstrated, the nuclear industry is anxious to implement the Ent-
sorgungskonzept. Currently, operators of nuclear power plants are obliged to 
demonstrate 6 years in advance what they intend to do with their spent fuel. Thus, 
the quantities of spent fuel and radioactive waste have to balance with the requested 
capacities for residues and waste. 

4. SPENT FUEL AND RADIOACTIVE WASTE 

4.1. Waste producers: nuclear power plants and facilities 

Currently, 21 nuclear power plants are in operation, with a total capacity of 
about 20 000 MW(e); four are under construction (SNR-300 (Kalkar), Isar-2, 
Neckar Westheim-2, Emsland), with a total capacity of approximately 4200 MW(e). 
Applications for seven nuclear power plants have been submitted to the licensing 
authorities; however, at present they are not being dealt with. Six nuclear 
power plants have been decommissioned: Versuchsatom-Kraftwerk, MZFR, 
Gundremmingen-I, Lingen, HDR-Grofl welzheim, Niederaichbach. 
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TABLE I. BREAKDOWN OF THE ENERGY SUPPLY IN THE FEDERAL 
REPUBLIC OF GERMANY (%) 

Oil 55 42 43 

Coal 22 20 20 

Natural gas 10 15 15 

Nuclear energy 1 11 10 

Brown coal 9 9 9 

Others 3 3 3 

A breakdown of the energy supply in the FRG is given in Table I. In 1986, 
nuclear energy supplied more than 30% of the total electricity demand. 

The nuclear fuel cycle facilities in the FRG are listed in Table II. The list 
includes the waste producers and facilities which handle and manage the radioactive 
waste. Current and future enrichment and fuel element manufacture will not contrib-
ute greatly to the generation of radioactive waste. Their combined contribution will 
amount to about 2% (see Table EI). Roughly the same applies to the state collection 
facilities in which radioactive waste from medicine, small scale research and small 
scale industrial application is stored; in a strict sense, this waste does not belong to 
the nuclear fuel cycle. The chief contributors are the nuclear power plants and the 
reprocessing plant. The interim storage facilities and repositories handle the manage-
ment and disposal of radioactive waste. 

In May 1986, application was made for a licence for the pilot plant to consoli-
date spent fuel elements and condition radioactive waste. 

4.2. Spent fuel 

In the FRG spent fuel is considered to be a reusable residue rather than a radio-
active waste to be disposed of. Table IV shows three scenarios of the quantities of 
spent fuel from LWRs in 1986 and the expected quantities until the year 2000. The 
figures indicate that by 2000 the expected amount of spent fuel will not be strongly 
affected by the chosen scenario, since the power rates available by 1995 from nuclear 
power plants currently under construction have already been taken into account. The 
chosen power rate of 30 200 MW(e) in the year 2000 (scenario C) presupposes the 
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TABLE II. NUCLEAR FUEL CYCLE FACILITIES IN THE FEDERAL 
REPUBLIC OF GERMANY 

Capacity/remarks Operation/remarks 

Enrichment facility at Gronau 400 SWU/a 14 Aug. 1985 

Fuel element manufacture 
(six facilities) 

Manufacturing of MOX, 
U02, U+Th elements 

Facility startup 
in 1962 

Interim storage for spent fuel elements 

Ahaus 1500 t heavy metal 
(dry storage) 

Partly constructed; 
halted by court decision 

Gorleben 1500 t heavy metal 
(dry storage) 

Ready for operation; 
startup dependent on 
injunction for immediate 
opreration 

Interim storage for radioactive waste from nuclear power plants 

Gorleben 
Mitterteich 

35 000 drums 
40 000 drums 

1984 
1986 

Storage of radioactive waste from Storage of waste from operation of nuclear power 
nuclear power plants on the sites plants; storage of AVR fuel elements (balls) 
of the nuclear power plants and 
nuclear research centres 

Reprocessing plants 

WAK (pilot facility) 0.175 t/d (ca. 40 t/a) 1 Sep. 1971 
WAW 2 t/d (ca. 350 t/a) Licensing procedure 

progressing 

Pilot plant for developing consoli- 35 t heavy metal Application: 6 May 1986 
dation of spent fuel elements throughput per year 

Collection facilities of the states 
(Lander) 

Storage of radioactive waste from medicine, 
small scale research and small scale industrial 
application 
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TABLE II (cont.) 

Capacity/remarks Operation/remarks 

Repositories for final disposal 

Pilot repository Asse Disposed of: 
124 500 LLW packages; 
1300 MLW packages 

Operational licence 
expired 1978; 
currently R&D work 

Konrad repository 

Gorleben repository 

Up to 500 000 m3, no 
heat generated waste 

All categories of 
radioactive waste 

Application: 
31 Aug. 1982; 
substantiated application 

Site characterization 
afoot; construction of a 
characterization mine 

immediate construction of additional nuclear power plants. Hence, the most serious 
figure will lie between about 23 600 and 27 500 MW(e), with about 11 000 t U in 
spent fuel. 

4.3. Radioactive waste 

Since 1985, on behalf of the Bundesministerium fur Umwelt, Naturschutz und 
Reaktorsicherheit, the Physikalisch-Technische Bundesanstalt has been carrying out 
a survey on the amount of radioactive waste produced in the FRG and the expected 
quantities of radioactive waste that will arise in the future. 

The survey indicates that: 

(1) Approximately 61 500 packages have been conditioned and are being stored; 
this corresponds to a volume of about 30 000 m3 packaged radioactive waste; 
a slight decrease in the annual quantity indicates the efforts that are being made 
to reduce the annual number of waste packages 

(2) The volume of primary (unconditioned) waste amounts to 6300 m3 

(3) The annual quantities estimated by the waste producers are higher than the 
actual quantities of radioactive waste. 

Future developments of the nuclear fuel cycle have been taken into account for 
a prognosis until the year 2000. The chief developments and assumptions will be: 
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TABLE III. BREAKDOWN OF THE QUANTITIES OF RADIOACTIVE WASTE 
IN THE FEDERAL REPUBLIC OF GERMANY (CONDITIONED WASTE, 
NEGLIGIBLE HEAT GENERATION) 

Waste producer 

Nuclear 
power 
plants 
(%) 

Repro-
cessing 

(%) 

Research 
centres 

Nuclear 
industry 

(%) 

State 
collection 

Others Total Nuclear 
power 
plants 
(%) 

Repro-
cessing 

(%) (%) 

Nuclear 
industry 

(%) 
facilities 

(%) (%) (%) (m3) 

Amount by 
31 Dec. 1985 

33.5 19.5 37.8 3.0 6.0 0.2 100 30 000 

Annual 
arisings in 
1985 

55.7 14.1 24.4 4.1 1.4 0.3 100 4600 

Estimated 
annual arisings 
in 1986 

49.3 10.1 33.1 1.8 5.5 0.2 100 6400 

Estimated 
amount by 
the year 
2000 

38.5 
(+ 2.2 

from de-
commis-
sioning) 

35.4 19.5 2.1 1.9 0.4 100 228 000 

startup of the reprocessing plant, Wideraufarbeitungsanlage Wackersdorf (WAW); 
decommissioning of the pilot reprocessing plant Wiederaufarbeitungsanlage Karls-
ruhe (WAK); return of radioactive waste from reprocessing abroad; availability of 
a nuclear power capacity of up to 30 000 MW(e); and radioactive waste from dis-
mantling some research and demonstration reactors, e.g. the FR-2 at Karlsruhe, the 
HDR at Groflwelzheim, the KKN at Niederaichbach, the VAK at Kahl and the AVR 
at Julich. 

If the assumptions are correct and the annual amount of radioactive waste 
produced from other nuclear facilities is similar to that of today, the prognosis for 
the year 2000 will be about 230 000 m3 of conditioned radioactive waste. This 
volume of waste with a negligible heat generation is lower than that estimated in 
1983. The decrease is partly caused by the efforts made by the waste producers to 
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TABLE IV. THREE SCENARIOS OF THE QUANTITIES OF SPENT FUEL 
FROM LWRs UNTIL THE YEAR 2000 

Scenario A Scenario B Scenario C 

Until the Estimated Quantities Estimated Quantities Estimated Quantities 
end of installed of spent installed of spent installed of spent 
year nuclear power fuel nuclear power fuel nuclear power fuel 

(MW(e)) (tU) (MW(e)) (tU) (MW(e)) (tU) 

1986 19 600 2500 19 600 2500 19 600 2500 

1990 23 600 4600 23 600 4600 23 600 4600 

1995 23 600 7500 24 900 7500 24 900 7500 

2000 23 600 10 400 27 500 10 600 30 200 10 800 

reduce the volume of primary waste and to improve the techniques for compaction 
and packaging. 

Table III presents an analysis of the quantities, current and future, and the per-
centages of radioactive waste produced by the waste producers. The figures do not 
include the tritiated effluents discharged from reprocessing, which are expected to 
be disposed of in a deep geological formation by injection of the heat generating 
radioactive waste produced from reprocessing. 

By adding tritiated water immobilized in cement and heat generating waste 
from reprocessing to an estimated volume of 228 000 m3 in the year 2000, the 
quantities of radioactive waste will amount to about 242 000 m3. 

5. MANAGEMENT OF SPENT FUEL AND RADIOACTIVE WASTE: 
BALANCE OF ARISING AND REMOVAL 

5.1. Management of spent fuel from LWRs 

In pursuing the technical needs and according to the legal principles, the 
strategy for the back end can be summed up as follows: (1) interim storage of spent 
fuel; (2) reprocessing of spent fuel; (3) interim storage of radioactive waste as long 
as necessary; and (4) final disposal in a repository. The notion 'necessary' includes 
both the need for interim storage until a final repository is available and the appropri-
ateness of interim storage prior to disposal of heat generating waste, especially high 
level waste. 



\D o 

TABLE V. PROGNOSIS ON THE MANAGEMENT OF SPENT FUEL UNTIL THE Y E A R 2000 
(Power rate in the year 2000: 27 500 MW(e); LWRs; status: 30 June 1986) 

By the end 
of the 
year 

Power 
rate 

(MW(e)) 

Spent fuel 
( tU) 

Available 
capacity for 
storage in 

nuclear 
power plants 

(tU) 

Stored in 
nuclear power 

plants 
(tU) 

Capacity of 
AFR facilities 
+ entry store 

of WAW 
(tU) 

Spent fuel (t U) 
at 

Reprocessed 
spent fuel 

in WAW and WAK 
(tU) 

By the end 
of the 
year 

Power 
rate 

(MW(e)) 

Spent fuel 
( tU) 

Available 
capacity for 
storage in 

nuclear 
power plants 

(tU) 

Stored in 
nuclear power 

plants 
(tU) 

Capacity of 
AFR facilities 
+ entry store 

of WAW 
(tU) 

Interim storage 
Gorleben, Ahaus; 

entry stores at 
WAW and WAK 

Cogema 
and 

BNFL 

Reprocessed 
spent fuel 

in WAW and WAK 
(tU) 

1986 19 600 2470 3420 740 1500 100 1630 15 

1990 23 600 4550 4360 1240 4500 270 3040 80 

1995 24 900 7430 4670 2500 4500 970 3960 170 

2000 27 500 10 580 5290 3900 4500 2540 4140 1700 
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TABLE VI. INTERIM STORAGE CAPACITY FOR RADIOACTIVE WASTE 
FROM THE NUCLEAR FUEL CYCLE AND IN STATE COLLECTION 
FACILITIES 

Interim storage 
Storage 
capacity 

(m3) 

Degree of 
occupation 

in 1986 (%) 

Planned 
enlargement 

(m3) 

Still available 
(m3) 

(including planned 
enlargement) 

Nuclear power plants 22 000 41 — 13 000 

Research centres 
and WAK 

46 300 41 850 28 000 

Other nuclear 
industries (enrichment, 
fuel element manufacture) 

1230 80 104 350 

Interim storage facilities 
at Gorleben and 
Mitterteich for nuclear 
power plant radioactive 
waste 

ca. 
22 000 3 — 

ca. 
21 500 

Total 80 000 — 954 62 850 

State collection 
facilities 

8100 26 1200 6200 

The major part of the spent fuel elements is obtained from LWRs. The fuel 
elements of HTGRs (e.g. from HTR, AVR) cannot be reprocessed economically; 
hence, this kind of spent fuel is regarded as radioactive waste that should be disposed 
of. For spent fuel from the fast breeder SNR-300 at Kalkar, special arrangements 
have been made. 

Table V reflects the overall balance between the quantities produced and the 
removal of spent fuel at a power rate of 27 500 MW(e) until the year 2000. The 
balance relies on: 

(1) The on-site storage capacity in nuclear power plants 
(2) The AFR storage capacity in the interim storage facilities at Gorleben and 

Ahaus, with a capacity of 1500 t U each 
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TABLE Vn. MAIN FEATURES OF THE KONRAD AND GORLEBEN 
REPOSITORIES 

Feature Konrad Gorleben 

Geological formation Oxford Salt dome 
(marl, iron ore) 

Current status Licensing procedure Characterization 
afoot afoot 

Startup 1991 2000 

Categories of waste Radioactive waste All categories, 
for disposal with negligible heat including HLW, 

generation HTR fuel elements 

Capacity 500 000-1 000 000 m3 Millions of cubic metres, 
depending on emplace-
ment strategy 

(3) The storage capacity in the entry stores of WAW, with an annual throughput 
of 350 t U, and WAK 

(4) Reprocessing contracts with the Compagnie generate des matieres nucleaires 
(Cog6ma) and British Nuclear Fuels (BNFL) 

(5) Domestic reprocessing, especially at WAW up to and after the year 1995. 

5.2. Management of radioactive waste 

Radioactive waste is to be stored in interim storage facilities until final dis-
posal, for example, in a repository, when available. Table VI describes the capacity 
of facilities which are currently operating in the FRG. As mentioned in Section 4.1, 
the storage capacity of state collection facilities is of little interest for waste from the 
nuclear fuel cycle. 

Assuming an annual radioactive waste production of about 6000 m3 with the 
breakdown given in Table V (nuclear power plants: ca. 50% = 3000 m3/a; 
research and WAK: ca. 43% = 2600 m3/a; nuclear industry: ca. 
2% = 120 m3/a), from 1986 onwards 10 years' storage will be available for 
nuclear power plants, research and WAK, and about 3 years for the nuclear industry. 
It should be mentioned that the quantity of radioactive waste to be stored by the 
nuclear industry is small compared with the total quantity produced, therefore it is 
unlikely that this will be a serious issue for those facilities that are running short of 
storage capacity. 
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Regarding the long term capacity for waste returning from abroad, it is esti-

mated that the waste volume from spent fuel elements will amount to about 
34 000 m3 by the year 2000. We assume that the waste will not be returned until 
the early 1990s, which is after the startup of the Konrad repository where the waste 
will be ultimately disposed of without being subjected to interim storage. However, 
this strategy does not apply to heat generating waste, which is expected to be 
disposed of in the Gorleben repository. According to the time schedule, it will start 
operation at the turn of the century. Table VII describes the main features of the Kon-
rad and Gorleben repositories. Detailed descriptions of the two repositories were 
presented at the IAEA Symposium on Siting, Design and Construction of Under-
ground Repositories for Radioactive Wastes held in Hannover in 1986. 

The capacity of the repositories guarantees an adequate emplacement volume 
for disposal. More than 95% of the waste volume arising by the year 2000 can be 
disposed of in the Konrad repository. The period of operation before closure depends 
on the emplacement strategy, the number of shifts during operation and the amount 
of radioactive waste arising beyond 2000. In principle, the same applies to the Gorle-
ben repository, which will largely dispose of high level waste. 

The reprocessing plant will produce tritiated effluents. Plans are being made 
to inject this tritiated water into deep geological formations. Startup of the injection 
plant is expected to take place at the same time as that of the reprocessing plant. 
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Abstract 

CURRENT ONCE-THROUGH FUEL CYCLE AND FUTURE TRENDS. 
The once-through fuel cycle in the LWR has come into focus over the last 10 to 

15 years. It has been adopted as the preferred option in several countries. Interim storage 
periods in the range of 10 to 50 years have been proposed in various countries. This provides 
flexibility with respect to the final choice of disposal method and allows the residual heat and 
radiation from the fuel to decay, thus facilitating final disposal. Extensive studies of spent fuel 
leaching are in progress and are expected to make more accurate quantitative prediction 
models available in the early or mid-1990s. Several materials for encapsulation are being 
studied in several countries. Selection of material will depend on the particular conditions in 
the geological environment selected for the repository. The once-through fuel cycle is 
economically attractive in Sweden and several other countries under current conditions. 

1. INTRODUCTION 

The Swedish nuclear power programme started in the mid-1960s with the first 
order of an LWR for the Oskarshamn site. The programme then expanded to the 
mid-1970s, when the last two units in the 12 reactor programme were ordered. 
Throughout this first decade of expansion the planned option for spent fuel handling 
was reprocessing and recycling of the recovered uranium and plutonium from the 
spent fuel. The non-recycling option was never seriously considered, neither in 
Sweden nor in other countries which had opted for LWRs. The expected expansion 
of the nuclear programme, the expected development and introduction of the breeder 
reactor on the nuclear power market and the expected conditions on the nuclear fuel 
cycle market made the reprocessing and recycle option the obvious choice. The 
major point of discussion was whether plutonium should be recycled in LWRs or 
whether it should only be used as fuel for breeder reactors. 

However, developments since the mid-1970s have changed this picture drasti-
cally. Expansion of the nuclear power programme has slowed down or even stopped. 

95 
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In Sweden 12 reactors with a combined capacity of about 9600 MW(e) have been 
built and are in operation. In 1986 these 12 reactors supplied slightly more than 50% 
of the electric energy used in Sweden. According to a decision made by the Swedish 
Parliament following the 1980 referendum, no new nuclear power reactors will be 
constructed and the existing units should be decommissioned by no later than 2010. 
The slowdown in the expansion of nuclear power has also delayed the development 
of breeder reactors by at least several decades compared with the projections some 
15 years ago. 

These developments have of course also influenced the nuclear fuel cycle 
market — uranium prices are relatively low, and the enrichment capacity is more 
than sufficient. At the same time, the burnup achievable in LWRs has increased sub-
stantially above previously expected values and the reprocessing of LWR fuel has 
turned out to be considerably more difficult and expensive than anticipated. The 
technical and economic incentives for reprocessing and recycling have disappeared 
in many countries. 

In conjunction with these technical and economic changes, growing political 
concern has developed on proliferation of the fissile material in general and of 
plutonium in particular. This concern has contributed to a widespread preference for 
the once-through fuel cycle, in particular in some countries without domestic 
reprocessing facilities. 

The technical, economic and political developments over the last 10 to 
15 years have thus put the once-through fuel cycle in the focus of the nuclear 
technology and market. In some countries, e.g. Sweden and the United States of 
America, it is indeed the preferred option and is given almost all resources for 
research and development. 

2. ONCE-THROUGH FUEL CYCLE 

A comparison between the once-through fuel cycle and the uranium and pluto-
nium recycle options for an LWR is given in Fig. 1. The figures shown were taken 
from a study that was carried out in the Federal Republic of Germany [1]. A 
comparison between the two options shows that with recycling the demand for 
natural uranium decreases by about 35% and for enrichment services by more 
than 25%. The figures in the example are for a PWR, but similar figures hold for 
a BWR. Thus, the front end requires more resources for the once-through fuel cycle 
than for the recycle option. On the other hand, the back end includes fewer 
steps — facilities for reprocessing, MOX fuel fabrication and special treatment of 
recycle uranium are not required. In a limited nuclear power programme, such as 
that in Sweden, this is of great importance. 

The current Swedish programme of 12 reactors will need about 35 000 tonnes 
of natural uranium if all the reactors are operated to the year 2010. They will then 
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FIG. 1. Mass flow in two PWR fuel cycle options normalized to 1 GW-a [1]. 

produce some 1900 TW-h of electric energy and give rise to almost 78001U in spent 
nuclear fuel. As conditioned waste this will be around 12 000 m3. If all the fuel had 
been reprocessed, the volume of the waste would have been about 3000 m3 HLW 
glass and about 50 000 m3 low and medium level wastes, of which about 50% 
would be alpha contaminated. 

The main steps in the back end for a once-through fuel cycle are: (1) interim 
storage of the spent fuel for some years; (2) conditioning and encapsulation of the 
fuel assemblies in a corrosion resistant and leaktight canister; and (3) disposal of the 
encapsulated fuel in a deep repository. 

After discharge from the reactor the fuel is stored in the storage pools of the 
nuclear power stations for at least 6 months. This period can be extended up to 
several years, provided that there is enough space available. 

The fuel is then transported to a central interim storage facility. During trans-
port the fuel is enclosed in a special shipment cask which meets the requirements of 
international recommendations and regulations. Transportation can be made by sea 
or by rail or by truck. In Sweden sea transportation is used as all the facilities are 
located at the coast. A specially built ship is used for the transportation of all wastes 
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FIG. 2. Decay heat in spent juel and HLW from a PWR. 

from nuclear power plants. Terminal handling of transport casks is made by special 
vehicles. 

After the interim storage period the spent fuel is shipped to the encapsulation 
plant and after encapsulation to the repository. The encapsulation plant could be 
located on the same site as the interim storage facility, or at the repository, or at some 
other place. To maintain flexibility in the final choice of disposal method it does, 
however, seem advantageous to delay fuel conditioning and encapsulation as long as 
possible. Early encapsulation of the fuel would make it more difficult to include new 
developments in the waste management and disposal technology. 

3. INTERIM STORAGE OPTIONS 

An interim storage period for the spent fuel provides some considerable advan-
tages for the waste management system, e.g. (1) it provides time and flexibility 
before the final choice of waste treatment and disposal method; and (2) it makes final 
disposal easier as the radiation and residual heat from the fuel decrease with time. 

For spent LWR fuel with a high burnup (about 40 MW • d/kg U) the residual 
heat decreases by about a factor of 10 from 1 year to 40 years after it has been 
unloaded from the reactor. After 40 years the decrease is rather slow and to achieve 
another factor of 10 in the decrease one would have to wait for 500 to 1000 years. 
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Figure 2 gives the decay heat curves for spent fuel and HLW from a PWR. The 
interim storage period proposed in various countries is usually in the range of 10 to 
50 years. There does not seem to be any technical obstacle to a substantially longer 
period if this should prove to be desirable. In Sweden we are at present planning for 
a 40 year interim storage period. 

Several options are available for interim storage. All nuclear power plants with 
LWRs have spent fuel storage pools. The capacity of these pools was originally only 
sufficient for 1 or 2 years' temporary storage. This capacity has, however, been 
increased in many plants, and they can now store all the spent fuel from 5 to 
10 years' operation, in some cases even longer. If one aims for a longer interim 
storage time than 10 years the common solution is to build a special interim storage 
facility. This can be based on wet or dry storage of the spent fuel. 

In Sweden a wet interim storage called CLAB has been built at the site of the 
Oskarshamn Nuclear Power Plant on the Swedish east coast. The facility was taken 

< /1 

FIG. 3. CLAB storage section, stages I and 2. 
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into operation in 1985 after a 5 year construction period. CLAB has a capacity of 
3000 t U in spent fuel in four storage ponds located in an underground cavern with 
about 25 m hard rock above. The fuel receiving, unloading and handling systems are 
located in ground surface buildings. The spent fuel from all Swedish nuclear power 
reactors will be shipped to CLAB for interim storage. Thus, the capacity must be 
increased in about 10 years' time. This can be done by building additional under-
ground storage caverns, as illustrated in Fig. 3. 

An interim storage facility based on dry storage has been built in the Federal 
Republic of Germany at the Gorleben site. The capacity of the facility is 1500 t U. 
The fuel will be stored in cast iron containers which are designed for storage and 
transportation purposes (Castor containers). The cylindrical containers will stand 
upright on the concrete floor and be air cooled by natural convection. 

4. SPENT FUEL AS A WASTE FORM 

The waste form is given in the once-through fuel cycle. It is not possible to 
adjust the chemical-physical properties of the spent fuel rods as they leave the 
reactor unless some sort of reprocessing scheme is introduced. Studies of spent 
nuclear fuel in a final repository environment are therefore a very important part of 
the research programme for final disposal. Compared with HLW glass, spent fuel 
is a relatively new waste form; the first studies were published some 10 years ago. 
The major part of the studies on spent fuel have been and are being made in the 
United States of America, Canada and Sweden. Some studies have also been made 
in France and the Federal Republic of Germany. 

Spent nuclear fuel is a rather complicated waste form and current knowledge 
has not yet provided an adequate theoretical understanding of the fundamental 
mechanisms involved in fuel leaching. Nevertheless, a good database is beginning 
to emerge and it is expected that adequate predictive models should be developed in 
the early or mid-1990s. 

The studies made in different laboratories diverge more or less inasmuch as 
the aimed for repository conditions differ. Swedish research is directed towards 
studies of fuel behaviour in reducing or oxidizing groundwaters typical for the 
granitic bedrock found in Sweden. Studies have been made on BWR fuel irradiated 
to about 42 MW-d/kg U. Experiments have been conducted for about 5 years. The 
results so far show that some radionuclides which migrate to the grain boundaries 
and to the gap between the oxide pellets and the Zircaloy cladding (mainly caesium 
and iodine) are leached very quickly. Leaching takes place to a fraction of the inven-
tory correlated with the liberation of fission gas during operation. This means rapid 
selective leaching, from about one-tenth of a per cent to several per cent of the total 
inventory of these radionuclides. 
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FIG. 4. Concentration of uranium in solution as a function of leach time. The concentrations 
refer to a solution that has been filtered to separate particles and colloidal material. 

Under oxidizing conditions uranium rapidly reaches saturation, as illustrated 
in Fig. 4. This experimentally determined solubility limit is about two orders of 
magnitude lower than the one used in the safety analysis in the KBS-3 study pub-
lished in 1983. Plutonium and other actinides also rapidly reach solubility limits that 
in general are much lower than that of uranium. For example, in the case of pluto-
nium the equilibrium concentration lies at around 0.1 to 1 pplO9, which is an order 
of magnitude lower than the Pu/U .ratio in the spent fuel. Other radionuclides such 
as Sr and Tc exhibit leaching behaviours that lie between those of Cs and U. Under 
reducing conditions uranium leaching decreases considerably and generally lies near 
the detection limit for the equipment that was used. 

The studies of spent fuel characteristics and leaching will continue in Sweden 
for several years. Studies of PWR fuel have recently started. The phenomena that 
will be especially studied are: solubility and saturation effects, grain boundary attack 
on the fuel, colloid formation, oxidizing-reducing conditions and radiolysis. 

Special emphasis will also be placed on fuel characterization and model 
development. Within some years work will also have to be done on more complex 
repository simulating conditions involving not only fuel and groundwater but also 
bentonite, corrosion products from the canisters, etc. These efforts should provide 
the knowledge needed for better optimization of the canister design, canister material 
and design of the near field waste package in the final repository. 
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5. SPENT FUEL ENCAPSULATION 

The spent nuclear fuel should be encapsulated in an outer canister before final 
disposal primarily for two reasons. During the handling in the repository the waste 
must be packed into impervious containers that prevent any release of radioactivity. 
After deposition in the geological environment it is desirable that no radioactivity 
should escape from the waste, at least for some considerable period of time. 

A necessary minimum length of the period of zero release cannot be defined. 
It will depend on the properties of the other barriers provided in the repository, in 
particular on the geological conditions. Generally accepted estimates cover a wide 
range, from 1000 to 100 000 years. A 1000 year canister would provide isolation 
for the period when the temperature in the repository is substantially increased due 
to residual heat and when the most toxic fission products, 137Cs and 90Sr, still 
remain. 

Depending on the length of time aimed for, a number of different canister 
materials may be appropriate. For practical reasons, the canister materials may be 
divided into the following groups: (1) completely or partially thermodynamically 
stable material, e.g. copper; (2) passive materials, e.g. stainless steel, titanium, 
Hastelloy, Inconel, aluminium; (3) corroding (sacrificial) materials, e.g. lead, steel; 
and (4) non-metallic materials, e.g. ceramics A1203 (alumina), Ti02 (rutile), 
cement. 

Copper has been used as the reference material in the Swedish studies of spent 
fuel disposal. Different designs have been studied, as illustrated in Fig. 5, which 
shows the two alternatives described in the KBS-3 report [2]. In both cases a 10 cm 
thick cylindrical canister is proposed. In one alternative the canister containing eight 
BWR fuel assemblies is backfilled with lead and sealed by electron beam welding. 
In the other alternative it contains nine BWR fuel assemblies, is backfilled with 
copper powder and sealed by hot isostatic pressing at the same time as the copper 
powder is compacted and sintered to a solid copper matrix with embedded fuel rods. 
In both cases the canister is prefabricated of oxygen free copper. The corrosion life-
time of such a copper canister has been estimated at one or more million years under 
repository conditions. 

Other types of materials for encapsulation have also been studied in Sweden, 
in particular the ceramics A1203 and Ti02. Studies to date show that corrosion-
dissolution is extremely low in granitic groundwater. The largest unsolved problem 
is the risk of delayed fracturing of the canister ceramic material. This problem will 
have to be resolved before any major development of the manufacturing technology 
and encapsulation technique is started. The feasibility of producing large ceramic 
canisters (A1203) has already been demonstrated [3]. 

Many countries have focused their efforts on studies or work on corroding iron 
based materials for waste canisters. This is the reference material used for spent fuel 
in the USA and for HLW glass in Switzerland. It is generally believed that a 
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1000 year isolation lifetime could be achieved by a carbon steel canister. Uncertain-
ties remain, however, concerning local corrosion as well as the influence of 
hydrogen gas evolution on the corrosion process under reducing conditions. Sweden 
has recently started some work on the corrosion of carbon steel. 

Major technological development is required on the encapsulation technique. 
Since the process will have to be a hot cell process, much is to be gained by designing 
a simple process once the material and design of the canister have been selected. In 
particular, development has to address methods for canister sealing, quality control 
and non-destructive testing. 

6. SPENT FUEL REPOSITORY 

Once the fuel is encapsulated the handling and disposal of the waste package 
is very much the same as those for encapsulated solidified HLW from reprocessing. 
The two major differences are that the spent fuel packages will be much larger and 
heavier and that the residual heat wilPbe higher and last longer. These factors will 
have to be considered in the design of the repository. In a system with 40 years of 
interim storage after discharge from the reactor the space requirements for a spent 
fuel repository in granite would be some 10% larger than those for an HLW glass 
repository, assuming the same thermal design criteria are used. The KBS-3 report 
[2] describes one possible design of a spent fuel repository. The copper canisters 
described in Fig. 4 are transferred to a system of tunnels at a depth of about 500 m 
in the bedrock. There they are placed in deposition holes 1.5 m in diameter and 
7.5 m deep, one canister in each hole. The holes are backfilled with blocks of highly 
compacted bentonite, a clay that swells when it absorbs water. The repository is 
sealed by filling all the tunnels and shafts with a mixture of sand and bentonite. 

In the coming years alternatives to this design will be studied in the Swedish 
research programme [4]. 

7. COSTS FOR THE ONCE-THROUGH FUEL CYCLE 

It is not possible to provide a generally applicable account of the costs for the 
once-through fuel cycle. Too many factors differ between various countries, such as: 
the nuclear power capacity and programme, the types of reactor used, the availability 
of domestic reprocessing or reprocessing in other countries, the prices of uranium 
and the domestic uranium supply, the domestic enrichment supply (or not) and the 
breeder reactor programme. 

To illustrate the costs for the various steps undertaken in the once-through 
cycle, costs relevant to Swedish conditions are given in Tables I and II. The waste 
management costs have been taken from the annual report from the SKB to the 
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TABLE I. COSTS FOR DIRECT DISPOSAL OF SPENT NUCLEAR FUEL 

Calculated costs (price level 1986) 

Average for 7600 tonnes 
Marginal for additional quantity 

Relative distribution of these costs 

Transporation 
Interim storage for 40 years 
Encapsulation in copper 
Final disposal 

SEK 3300/kg U 
SEK 1400/kg U 

Average Marginal 
(%) (%) 
10 4 
34 24 
32 39 
24 33 

TABLE n. APPROXIMATE ONCE-THROUGH FUEL CYCLE COSTS FOR 
SWEDISH REACTORS (price level 1986: in SEK/kW-h) 

Natural uranium 0.011 

Uranium conversion 0.001 

Enrichment services 0.012 

Fuel fabrication 0.006 

Spent fuel transportation 0.001 

Interim storage for 40 years 0.005 

Encapsulation of spent fuel 0.003 

Final disposal 0.003 

Total 0.042 

authorities [5], whereas the front end costs are average costs for Swedish utilities 
in 1985. 

The costs given in Table I are specific costs per kilogram of uranium con-
tained. The costs include all relevant costs for spent fuel disposal that are foreseen 
in the Swedish programme, including the R&D costs. The calculated average cost 
for direct disposal of spent fuel, SEK 3300/kg U, could be compared with 
the reprocessing costs for LWR fuel, which are between SEK 4000 and 
SEK 8000/kg U [6]. This indicates that the reprocessing costs alone are higher than 
the costs for direct disposal. In addition, the costs for handling plutonium and for 
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MOX fuel fabrication are not very well known and the costs for disposal of 
reprocessing wastes are at least as high as the disposal costs for spent fuel. Thus, 
under the conditions currently prevailing in Sweden there is no economic incentive 
to reprocess the spent fuel. 

In Table II the approximate values for the once-through fuel cycle costs are 
given in SEK/kW-h (SEK 1.0 = US $0.16). The values given for the back end costs 
have been adjusted to current values, considering the 40 year interim storage period 
and an interest rate of about 2.5 to 3 %. In particular, the costs for encapsulation and 
final disposal are incurred far in the future, which means that the interest rate has 
a large influence on the per kilowatt-hour cost. (It should be pointed out that the 
values given in Table II do not include the costs for reprocessing services (about 10% 
of the fuel and decommissioning of nuclear facilities, etc.). These costs are included 
in the fee of SEK 0.019/kW-h which is paid by the Swedish nuclear utilities per 
kilowatt-hour produced.) 

8. CONCLUSIONS 

The technical, economic and political developments over the last 10 to 15 years 
have made the once-through fuel cycle the preferred option in several countries. For 
a small country with a limited nuclear power programme such as Sweden it is the 
most economic alternative under current conditions. 

Interim storage of the spent fuel for several decades, which is a characteristic 
feature of the once-through fuel cycle, has some considerable advantages. It provides 
time and flexibility before the final choice of waste treatment and disposal method 
is made. This flexibility makes it easy to change routes in the event of a change in 
the fuel cycle market or other conditions. It also eases final disposal somewhat. 

The properties of the spent nuclear fuel are such that the fuel should be encap-
sulated in a canister before final disposal. The canister should provide complete 
isolation of the fuel for a considerable time. Selection of canister material and 
minimum isolation time will depend on the environment in the geological medium 
selected for the repository. Several types of materials are being studied. 

Extensive studies of spent fuel as a waste form are in progress in Sweden and 
other countries. It will take some time before sufficient knowledge has been accumu-
lated to adequately describe the leaching of spent fuel in a repository environment. 
Until then, any safety analysis would have to rely on simplified and conservative 
estimates of the fuel dissolution rate. 

The cost of direct disposal for spent fuel in Sweden has been calculated at about 
SEK 3300/kg U, including transportation, 40 years' interim storage, encapsulation 
in pure copper canisters and final disposal. Taking into account the SEK 0.03/kW-h 
for fresh fuel, the approximate once-through fuel cycle costs at the 1986 price level 
would be about SEK 0.04/kW-h. 
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Abstract- Аннотация 

HANDLING OF LIQUID RADIOACTIVE WASTE FROM THE CLOSED NUCLEAR 
FUEL CYCLE. 

The paper deals with aspects of Soviet policy and practice in handling high level radio-
active waste produced during the reprocessing of spent nuclear fuel. It describes the trends 
in scientific research and experimental design work relating to the handling of high level radio-
active waste and examines the technological processes used in the solidification of liquid radio-
active waste. The results are presented of experimental work to perfect a one-stage process 
to produce phosphate and borosilicate glass in a ceramic melter and the trends in research to 
develop improved technologies for dual-stage waste solidification are described. An evalua-
tion is made of a high frequency induction melter with cooled walls which is being developed. 
This is considered as an alternative method to hot compacting to produce mineralogically simi-
lar forms of solidified waste. The results achieved in producing glass crystalline materials such 
as pyrozene and pyrosilicates, amphiboles and garnets, and titanates and titanosilicates by 
melting in a cold crucible are given. The developments in selecting conditions suitable for the 
temporary storage and final disposal of solidified high level waste are reported and the design 
of a storage facility for solidified waste in deep geological formations consisting of rock salt 
masses and of solid rocks such as granites, porphyrites and clay is described. Alternatives are 
given for possible ways of disposing of radioactive waste in practice in different types of 
repository. 

О Б Р А Щ Е Н И Е С Ж И Д К И М И Р А Д И О А К Т И В Н Ы М И О Т Х О Д А М И В Р А М К А Х К О Н Ц Е П Ц И И 
З А М К Н У Т О Г О Я Д Е Р Н О Г О Т О П Л И В Н О Г О Ц И К Л А . 

В докладе освещаются вопросы политики и практики обращения в СССР с высоко-
активными отходами (BAO), образующимися при переработке отработавшего ядерного 
топлива. Описаны направления научно-исследовательских и опытно-конструкторских ра-
бот по обращению с BAO, рассматриваются технологические процессы переработки жидких 
радиоактивных отходов (ЖРО) в твердые формы. Приводятся результаты опытных ра-
бот по отработке одностадийного процесса получения фосфатных и боросиликатных 
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стекол в керамическом плавителе. Представлены направления исследований по разра-
ботке усовершенствованных аппаратурно-технологических схем двухстадийного процесса 
отверждения отходов. Дана оценка разрабатываемому индукционному высококачествен-
ному гарнисажному плавителю - холодному тиглю, который рассматривается как альтерна-
тива методу горячего прессования при получении минералоподобных форм отвержденных 
отходов. Приводятся результаты по получению плавлением в холодном тигле стекло-
кристаллических материалов, типа пироксенов и пиросиликатов, амфиболов и гранатов, 
титанатов и титаносиликатов. Представлены направления работ по выбору условий вре-
менного хранения и окончательного захоронения отвержденных высокоактивных отхо-
дов. Изложена концепция хранения отвержденных отходов в глубоких геологических 
формациях, представленных массивами каменной соли, сплошных скальных пород типа 
гранитов и порфиритов, а также глин. Приведены варианты возможной практической 
реализации захоронения радиоактивных отходов в могильниках различных типов. 

Основной подход в области обращения с радиоактивными отходами в СССР 
связан непосредственно со структурой замкнутого ядерного топливного цикла. 
Данная концепция не рассматривает твэлы как форму отходов и предусматри-
вает их переработку с целью регенерации ядерного топлива и утилизации ценных 
радионуклидов. Централизованные установки по локализации и обезврежива-
нию образующихся при этом радиоактивных отходов создаются непосредственно 
на местах их образования. 

Политика и практика обращения с радиоактивными отходами в СССР опре-
деляется рядом нормативных документов, предусматривающих охрану окружа-
ющей среды от загрязнения радиоактивными веществами. К таким докумен-
там относятся "Нормы радиационной безопасности", "Санитарные правила проек-
тирования и эксплуатации АЭС" и ряд других. Документы предусматривают 
основные принципы радиационной безопасности при обращении с образующими-
ся ЖРО, главным из которых является их отверждение с последующим захороне-
нием отвержденных отходов вне контакта с биосферой для естественного распа-
да радионуклидов до безопасного уровня. 

В соответствии с принятым санитарным законадательством жидкие отходы 
подлежат переработке, включая низкоактивные. 

Обезвреживание жидких отходов высокого уровня активности предусмот-
рено осуществлять на основе реализации обоснованных технических решений, 
научно-технических и организационных мероприятий, в несколько этапов, вклю-
чающих: 

— концентрирование BAO; 
— временное хранение жидких концентратов; 
— отверждение концентратов высокоактивных отходов ; 
— временное хранение отвержденных отходов ; 
— окончательное захоронение. 
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В качестве метода концентрации ЖРО используется упаривание в выпарных 
аппаратах с выносной греющей камерой и естественной циркуляцией раствора. 
Первичная очистка сокового пара от капельного и аэрозольного уноса обеспечи-
вается использованием в выпарных аппаратах сепараторов, состоящих из жалю-
зийных отбойников и барботажных тарелок сетчатого или колпачкового типа. 

Многолетняя практика эксплуатации выпарных аппаратов подобного типа 
показала, что они надежны в обращении и обеспечивают очистку конденсата от 
радионуклидов на три—четыре порядка [ 1 ] . 

Концентрированные BAO в настоящее время (до промышленного внедре-
ния процесса отверждения) направляются в хранилища. 

Временные хранилища жидких концентратов представляют собой емкости 
с двойными стенками из нержавеющей стали, которые оборудуются устройства-
ми для контроля температуры, отвода тепла, разбавления водорода до безопас-
ной концентрации, аварийного сбора и выдачи отходов и другими устройствами. 

Основным требованием при временном хранении концентратов в емкос-
тях является исключение образования донных отложений, осложняющих усло-
вия хранения и ограничивающих полную выдачу растворов на переработку. 

Для отверждения BAO наиболее проработан процесс получения фосфатных 
и боросиликатных стеклоподобных материалов. Использование в данном про-
цессе печи прямого нагрева из керамических огнеупорных материалов определя-
лось стремлением создать плавитель с долговременным ресурсом [2]. 

Трехлетние испытания экспериментального керамического плавителя и 
последующая более чем четырехлетняя эксплуатация на модельных растворах 
опытной установки такого типа показали возможность промышленного осу-
ществления непрерывного процесса остекловывания. 

Технические характеристики опытного керамического плавителя: 

Производительность установки: 
— по раствору, л/ч — 100—120 
— по стекломассе, кг/ч — 2 0 — 2 5 
Рабочая температура плавителя, °С — до 1200 
Потребляемая мощность, кВт — до 150 
Площадь бассейна печи: 
— варочная зона, м2 — 1,92 
— выработочная зона, м2 — 0,25 

В ходе опытных работ проводилась отработка систем дистанционного 
контроля и управления процессом, уточнялось поведение отдельных компонен-
тов отходов и работоспособность конструктивных элементов печи и вспомога-
тельного оборудования. 

Параллельно в лабораторных условиях проводились исследования на реаль-
ных радиоактивных растворах от переработки топлива из реакторов типа ВВЭР. 
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В настоящее время работы направлены на усовершенствование отдельных 
узлов и увеличение ресурса плавителя за счет использования высокостойких 
огнеупоров типа бакора и возможной замены электродов из молибдена на элек-
троды из диоксида олова или жаростойких коррозионно-устойчивых сплавов на 
основе хрома. 

Проведенные опытные работы и более чем четырехлетняя непрерывная 
работа опытной установки позволяют перейти к разработке установки для отра-
ботки процесса на реальных растворах BAO. 

Наряду с отработкой одностадийного процесса остекловывания в керами-
ческом плавителе, продолжаются работы по изучению и разработке двухстадий-
ного процесса остекловывания BAO, в котором на первой стадии проводится 
сушка и кальцинация, а на второй — собственно остекловывание, что позволяет 
существенно уменьшить габариты используемых аппаратов и создать дистан-
ционно управляемое оборудование. 

Работы проводятся как на лабораторных установках, так и на эксперимен-
тальных стендах, производительностью 50—100 л/ч (по раствору). 

Для реализации первой стадии прорабатывается несколько аппаратов : 
распылительный кальцинатор, вертикальный роторный концентратор, роторный 
кальцинатор как с электропечью сопротивления, так и с СВЧ-нагревом. 

Для стадии остекловывания помимо керамического плавителя разрабаты-
вается высокочастотный индукционный плавитель прямого нагрева с так назы-
ваемым холодным тиглем — водоохлаждаемым секционным металлическим 
тиглем с гарнисажем. 

Рассмотрение метода прямого индукционного плавления в холодном тигле 
позволяет отметить следующие принципиальные особенности процесса: 

— отсутствие непосредственного контакта расплава с тиглем создает усло-
вия для решения проблемы коррозии и достижения высоких темпера-
тур процесса плавления ; 

— объемный характер нагрева расплава высокочастотным полем и ярко 
выраженный эффект циркуляции расплава позволяет интенсифициро-
вать процесс плавления, что способствует созданию высокопроизводи-
тельного и как следствие малогабаритного плавителя, удовлетворя-
ющего требованиям дистанционного обслуживания и замены; 

— процесс индукционного плавления оксидов в холодном тигле надежен 
и устойчив, подводимая мощность легко регулируется в широких преде-
лах; 

— наличие обратной электрической связи "расплав—генератор" является 
хорошей основой для автоматизации процесса плавления. 

Отсутствие ограничений по составу перерабатываемых отходов и по темпе-
ратурным параметрам процесса плавления в холодном тигле позволяет расши-
рить класс и повысить химическую устойчивость отвержденных форм BAO. 
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РИС. 1. Схематическая зависимость глубины разрушения от условий хранения для 

различных форм отвержденных отходов: I - минералоподобные; II - стеклоподобные. 

Это дает основания рассматривать метод прямого индукционного плав-
ления в холодном тигле как альтернативу не только методу остекловывания в 
керамическом плавителе, который позволяет получать только легкоплавкие 
стеклокомпозиции, но и методу горячего прессования при получении минерало-
подобных форм отвержденных отходов. 

В лабораторных условиях экспериментально показана возможность полу-
чения индукционным плавлением в холодном тигле широкого класса стекло-
кристаллических материалов, природные аналоги которых демонстрируют высо-
кую химическую устойчивость: пироксенов и пиросиликатов, титанатов и титано-
силикатов, амфиболов и гранатов. Для сопоставления плавлением был также 
получен материал, по своему составу аналогичный Синрок-С [3]. 

Испытания по экспресс-методике (метод кондуктометрии в дистиллиро-
ванной воде при t = 60°С, время контакта 1 ч) полученных плавленных материа-
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лов указанных выше типов показали их высокую химическую устойчивость, в 
некоторых случаях превышающую устойчивость Синрок-С (Рис. 1). 

На экспериментальном стенде при организации непрерывного процесса 
плавления кальцинированных шихт силикатных составов получена производи-
тельность 14—18 кг/ч по расплаву при температурах процесса 1500—1650°С 
и площади ванны холодного тигля, равной 0,05 м 2 . 

Высокие удельные производительности процесса плавления кальциниро-
ванных продуктов в холодном тигле создают серьезные предпосылки для соз-
дания малогабаритного, дистанционно удаляемого плавителя. 

В настоящее время ведутся исследования по разработке индукционного 
плавителя с холодным тиглем, питаемого от высокочастотного лампового 
генератора колебательной мощностью 160 кВт на частоте 1,76 МГц. 

Вторым этапом обращения с BAO является временное хранение отвержден-
ных отходов в специальных хранилищах с воздушным охлаждением. 

Проводятся расчетная и экспериментальная оценки условий хранения бло-
ков отвержденных отходов в зависимости от их начального тепловыделения. 

Удельное тепловыделение отвержденных отходов принято в широком 
диапазоне в пределах от 5 X 103 до 1 X 105 Вт/м3 , что определяет как темпе-
ратуры саморазогрева блока, так и допустимые диаметры контейнеров. Техни-
ко-экономическая оценка методов хранения отвержденных отходов показывает, 
что увеличение степени концентрирования отходов в процессе отверждения и 
увеличение термической устойчивости отвержденных отходов позволяют сни-
зить приведенную стоимость хранения. 

Заключительным этапом ядерного топливного цикла является изоляции 
образующихся отходов. Разработка методов и способов изоляции отходов 
должна учитывать технические характеристики отходов, их физическое состо-
яние, накапливаемые объемы и регулярность их поступления, тепловые, хими-
ческие и радиационные нагрузки на окружающую среду. 

Таким образом, методы и способы изоляции отходов должны основы-
ваться на особенностях технологического цикла. Принятым у нас в стране 
генеральным направлением решения проблемы является захоронение радиоак-
тивных отходов в геологические формации, способные по своей природе обес-
печить необходимые изолирующие функции и являющиеся основным барьером 
против распространения нуклидов в биосферу. 

При этом необходимо стремиться к сооружению могильников и захоро-
нению отходов на месте их производства. Это в свою очередь накладывает 
требования к местам расположения источников их накопления. 

Учитывая, что подземные могильники для захоронения радиоактивных 
отходов являются ответственными инженерными сооружениями, требующими 
научного обоснования принимаемых решений, необходимо проведение ком-
плекса исследований в натурных условиях. При этом считается допустимым 
временное хранение части отходов в хранилищах поверхностного или припо-
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РИС.2. Вариант конструкции подземного могильника для захоронения отходов различной 
активности: 1 - технологическая выработка; 2 - транспортная выработка; 3 - клетевой 
(воздухоподающий) ствол; 4 — скиповый ствол; 5 - транспортная выработка; 6 - тех-
нологический ствол; 7 - скважины захоронения; 8 - бетонный блок; 9 - бентонит, бетон, 
10 - пенал. 

верхностного типа с обязательной их перегрузкой и захоронением в дальней-
шем в подземные могильники. 

Могильники приповерхностного типа должны быть обеспечены соответ-
ствующими инженерными барьерами, системами контроля за состоянием окру-
жающей среды и инженерным обеспечением на случай возникновения непредви-
денных обстоятельств. 

С учетом изложенного, инженерные барьеры рассматриваются как необ-
ходимые и достаточные меры на период обращения с отходами. 

В качестве сред, пригодных для сооружения подземных могильников, нами 
рассматриваются геологические формации, представленные каменной солью, 
сплошными скальными породами типа гранитов, порфиритов, а также глинами. 
Оценка приемлемости таких пород изложена в работе [4]. 

Наличие природных условий (тип пород, структурные характеристики 
массива, гидрогеологические особенности района), объемы захоронения, радиа-
ционные и химические характеристики отходов, возникающие технологические 
нагрузки определяют тип и конструкцию подземного могильника, что влечет за 
собой требования к форме отверждения отходов, а технологические особенности 
обращения с ними под землей во время размещения, герметизации и консерва-
ции могильника — и к техническим характеристикам упаковок. 

Перечисленные выше вопросы определяют подход к решению проблемы 
окончательного захоронения радиоактивных отходов в геологических форма-
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циях. Главным направлением научно-исследовательских работ является обос-
нование надежности и безопасности принимаемых решений. 

Практическая реализация захоронения радиоактивных отходов в геоло-
гических формациях может быть осуществлена в могильниках следующих 
типов: 

— глубокие буровые скважины в соляных и скальных породах; 
— специальные подземные сооружения в каменных солях с размещением 

отходов в горных выработках или в относительно коротких буровых 
скважинах; 

— в отработанных по специальному проекту соляных или каменных руд-
никах; 

— в подземных емкостях, сооружаемых в отложениях каменной соли; 
— в специально пройденных скальных породах, горных выработках. 

Пример одного из вариантов подземного могильника в каменных солях 
показан на рис. 2. 

В настоящее время проводятся изыскательные работы по выбору локаль-
ных участков возможного размещения могильников, применительно к которым 
выполняется комплекс исследований, связанных с выбором схем захоронения 
отходов, которые учитывали бы указанные выше требования и факторы. 

Принятие решения по конкретному варианту сооружения могильника 
должно проводиться на основе технико-экономических показателей. В этих 
оценках приоритет должен отдавться вариантам, обеспечивающим гарантию 
полной безопасности, имеющим минимальные затраты в общих затратах на еди-
ницу продукции и дающих возможность наиболее полного социально-экономи-
ческого развития региона. 
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Abstract 

JAPAN'S NATIONAL POLICY FOR THE BACK END OF THE NUCLEAR FUEL 
CYCLE. 

Japan has made remarkable progress in the development of nuclear power generation 
through LWRs, as well as in the implementation of nuclear fuel cycle programmes. On the 
basis of this progress, Japan has now entered into the stage of promoting nuclear power 
generation as the main source of electricity and establishing a 'self-closed' nuclear fuel cycle 
utilizing plutonium. The policy for the back end of the nuclear fuel cycle is as follows. 
(1) Utilization of the uranium and plutonium recovered from the reprocessed spent fuel. This 
will greatly contribute towards saving uranium resources and reducing Japan's dependence on 
foreign energy resources. (2) Promotion of plutonium utilization in LWRs and ATRs. This 
will form the basis for plutonium utilization in FBRs, which are expected to become the 
leading nuclear power reactors in place of LWRs in the future. (3) Safe and appropriate treat-
ment and disposal of radioactive waste using suitable methods that correspond to the nature 
of the nuclides. 

1. RATIONALE FOR PROMOTING THE REPROCESSING A N D RECYCLE 
SYSTEM (see Fig. 1) 

The worldwide supply and demand of uranium has eased considerably in recent 
years. This trend is expected to continue for a long time. When we consider that 
LWRs have attained a fair degree of deployment and that their technology is expected 
to become more sophisticated in the future, it appears that the era of nuclear power 
generation based on the uranium LWR system will continue for longer than was 
initially anticipated. This is o f particular interest to Japan, which has limited uranium 
resources. Furthermore, if the current state of technology is taken into consideration, 
economic problems have arisen concerning use of plutonium rather than uranium in 
LWRs. Given these recent developments, we re-examined the fundamental question 
of basing nuclear power policy on reprocessing the spent fuel and utilizing the 
plutonium (i.e. the reprocessing-recycle principle). 
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First, the supply and demand of natural uranium is expected to remain stable 

for a fairly long time. However, when we look at this situation over an even longer 
time span, the following problems appear: (1) it is not clear how much uranium can 
be mined at an appropriate level of economy; (2) there are limits to the amount of 
uranium that Japan can secure; and (3) from mine exploration to ore production 
generally requires between 10 and 15 years. 

In any event, the quantity of natural uranium is limited; eventually there will 
be increased pressure on the supply-demand balance and a rise in price will be inevit-
able. Furthermore, we need to keep in mind the following considerations: 

(a) Stability in the supply of natural uranium is vulnerable because, as with 
other energy resources, it is located outside Japan. In particular, there is a possibility 
that the supply of uranium will be affected by changes in international regulations 
for nuclear non-proliferation. 

(b) Natural uranium and other natural resources are characterized by prices 
that rise sharply due to unforeseen circumstances. If we have an alternative means 
of storing plutonium, when the supply-demand balance for uranium becomes tighter 
we can expect availability of the plutonium to have a restraining effect on the price 
increase. 

For the reprocessing-recycle system, the following points need to be 
considered: 

(i) The once-through method in LWRs is far superior to use of fossil fuel in 
terms of stability of supply; however, there is little difference between using uranium 
or fossil fuels as neither is a domestic resource. In contrast, with the reprocessing-
recycle system it is possible to raise the utilization efficiency of uranium by an order 
of magnitude. Although great care is needed in handling spent fuel from the nuclear 
non-proliferation standpoint, it will be located inside Japan and the recovered 
plutonium and uranium can be considered a semi-domestic energy resource. It is 
precisely for this reason that we consider the reprocessing-recycle system as being 
fundamentally different from fossil fuels and natural uranium. If we draw an analogy 
here, spent fuel is a 'mine' that exists in Japan and the reprocessing technology is 
the 'technique' used to excavate the ore. Additionally, this 'mine' will become larger 
as nuclear power generation increases. When more plutonium is utilized by FBRs 
(although this will require considerable time), we will be able to greatly reduce our 
dependence on imported natural uranium. 

(ii) As indicated above, the nuclear power generation era will last longer than 
was initially anticipated, in which case LWRs and use of uranium will continue to 
play a dominant role. However, this development makes it even more important that 
prices of natural uranium and enriched uranium remain stable for a long time. As 
use of plutonium is steadily increasing, its availability will serve to moderate the 
pressure on natural and enriched uranium demands. At the same time, the effect of 
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having an alternative means of storing plutonium will contribute towards stabilizing 
the prices. 

(iii) While the overall balance of the supply and demand of energy is expected 
to remain stable for the time being, re-emergence of a tight situation cannot be 
precluded in the longer term. Worldwide, Japan can be viewed as a heavy energy 
consuming nation. Further efficient use of energy will help developing countries to 
utilize their limited energy resources more smoothly and easily. From this point of 
view, positive plutonium utilization is significant. 

(iv) The problem of the economy of using plutonium rather than uranium in 
LWRs should be overcome in stages through development efforts in the coming 
years. 

For the reasons outlined above, Japan should seek to establish a plutonium 
utilization system which is superior to that of uranium in terms of both economy and 
safety. The reprocessing-recycle system should become the major approach and all 
developments should be pointed in this direction. 

As Japan is a country which believes in the strict promotion of peaceful uses 
of nuclear power, it must make more effort to enhance the credibility of 
non-proliferation. 

2. BASIC APPROACH TO UTILIZATION OF PLUTONIUM AND 
RECOVERED URANIUM 

2.1. Utilization of plutonium 

As use of plutonium in FBRs involves breeding, it differs fundamentally from 
other forms of uranium utilization. Since it also makes far more efficient use of 
uranium, it is appropriate to utilize FBRs. Thus, we should promote the development 
of FBRs as the mainstay of future nuclear power generation. In other words, we 
should make 'from LWRs to FBRs' the basic strategy for reactor development. 

As discussed later, it will probably take a long time to commercialize FBRs. 
Therefore, at the outset it will be necessary to promote some plutonium utilization 
through systems other than FBRs. This is because of the following: 

(1) We already know that to realize an era of fully fledged plutonium utiliza-
tion we need to develop a whole range of technology systems for plutonium that are 
above and beyond the technology for FBRs, such as reprocessing and MOX fuel 
fabrication. This broad range of technology systems can best be established by 
operating reprocessing plants on a commercial scale and by actually utilizing 
plutonium for a long time, so accumulating know-how. In short, if we expect this 
era to arrive, then we have to experience this development. 
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(2) While the reprocessing technology for spent fuel from LWRs has been 

developed to a more or less practical level, to further improve the economy of LWRs 
and the use of plutonium, a reduction in the reprocessing costs is essential. Thus, 
further advancement of this technology is needed, and such advancement can only 
be effective through operating and mastering reprocessing facilities on a commercial 
scale. 

(3) As we reprocess spent fuel and make progress in utilizing plutonium, 
advances will be made in technology which, in turn, might enable MOX fuel to 
compete effectively against uranium fuel in economic terms. 

(4) We cannot deny the possibility that in the future the energy situation or the 
overall international situation may change suddenly and drastically and that the 
demand for utilization may increase (i.e. the price of natural uranium may rise out 
of all proportion). If we have already developed a plutonium recycle system for a 
commercial scale reprocessing plant and have accumulated the necessary 
technology, we will be able to respond flexibly, so minimizing the impact of such 
a development. 

(5) While the primary significance of reprocessing lies in the supply of pluto-
nium, the need to control and dispose of highly radioactive waste materials in an 
appropriate way is also an important issue. It will be necessary to make timely use 
of the plutonium extracted from reprocessing to effectively utilize resources, to 
reduce the economic burdens involved in the storage of plutonium and to control 
nuclear proliferation. 

For these reasons, utilization of plutonium will be promoted as follows before 
completing the development of FBRs: 

(a) Experience in the use of plutonium in LWRs has been accumulated in 
various countries and a basic technological concept has been established. Existing 
LWRs can handle a load of about one-third of the reactor core without any special 
design changes. Therefore, this path should be pursued steadily. We are now 
examining if the high conversion LWR concept is practicable. It has been found that 
the uranium utilization efficiency is high and, because of the high conversion ratio, 
there will not be any great reduction in the plutonium supplies in the long term. 
These excellent characteristics will satisfy the conditions prevailing in the interim 
period before full utilization of FBRs. Therefore, we will continue R&D efforts in 
this area. 

(b) Advanced thermal reactors (ATRs) have a variety of outstanding charac-
teristics in the utilization of plutonium. In addition, this reactor type has been 
developed with Japanese technology, so there is every reason to continue develop-
ment. Therefore, efforts in this area will continue, while every endeavour will be 
made to improve the economy so that commercial deployment will be achieved. 
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2.2. Utilization of recovered uranium 

Utilization of recovered uranium will be energetically promoted. For the time 
being, temporary storage has been made available. In parallel, suitable utilization 
methods will be studied, for example, as M O X fuel materials, for re-enrichment and 
by direct blending with enriched uranium. For M O X fuel materials, experience will 
be accumulated through the Fugen. For re-enrichment, co-operative technical studies 
between the Power Reactor and Nuclear Fuel Development Corporation (PNC) and 
the utilities will begin for the timely start of operation of the first private sector 
reprocessing plant. In these studies, the economic efficiency must be clarified. The 
applicability of laser technology will also be studied. 

3. PROMOTION OF PLUTONIUM UTILIZATION 

3.1. Plutonium utilization in FBRs 

3.1.1. Basic approach to promoting FBR development 

Development of FBRs has been promoted with the goal of achieving commer-
cial deployment by about the year 2010, and R&D has continued in various areas, 
including the construction of the prototype Monju. Overall, steady progress is being 
made in these fields. However, owing to factors such as the supply and demand of 
natural uranium, the external conditions for achieving commercial development of 
FBRs have become more difficult. In addition, as a result of the progress that has 
been made in technology, even more sophisticated R&D efforts are now demanded 
for commercialization. Consequently, realization of commercial FBRs is expected 
to take longer than expected. 

To bring about commercialization it is important to achieve a level of economy 
which will enable an FBR to compete effectively with an LWR. In this sense, the 
question of achieving commercial FBRs is basically determined by market trends; 
in turn, these are significantly influenced by external factors which have a high 
degree of uncertainty. Because of these factors, at this point in time it is very difficult 
to predict the time-frame for commercialization. On the basis of the uranium 
resources forecast that has been released, by about the year 2030 it will be necessary 
to introduce FBRs into Japan's nuclear power generation system in order to reduce 
the need for uranium. (This forecast, however, is subject to change because of a 
variety of assumed conditions.) The forecast has many uncertainties, e.g. a large 
quantity of unconfirmed reserves as well as the future supply and demand, which are 
intrinsically unpredictable. 

We should turn FBRs into the mainstay of nuclear power generation in the 
future. When we compare an LWR energy generation system using uranium with 
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that of FBRs using plutonium, the latter is more desirable for a resource poor country 
such as Japan if the economy and safety factors are equal. From this perspective, 
we should strive to achieve FBR commercialization at the earliest possible date. 

In promoting the development of FBRs, we should not simply adopt a passive 
attitude of waiting for the economic situation of the FBR system to become superior 
to that of the LWR because of a rise in the price of natural uranium. Rather, our 
basic stance should be one of actively developing a plutonium utilization system 
based on FBRs as a technologically superior system, in terms of both economy and 
safety. 

3.1.2. Implementing FBR development in the long term 

On the basis of the experience gained with the prototype Monju, we will move 
on to the stage in which efforts will be made to demonstrate and master power plant 
technology and to improve the plant performance and economy. By constructing a 
series of reactors, and by accumulating the necessary R&D during demonstration, 
an FBR technology base will be developed which will enable effective competition 
with LWRs. Considering the time factors involved, including the construction period 
for reactors, we aim to establish such a technology base by 2020 to 2030. We hope 
that this time can be shortened by progressive development in the coming years. 

With regard to the reactor type, in the light of the accumulated experience we 
will direct our efforts chiefly towards a sodium cooled reactor using mixed oxide 
fuel. 

3.2. Promoting the use of plutonium in systems other than FBRs 

3.2.1. Utilization in LWRs 

Experience in utilizing plutonium in LWRs has been accumulated abroad and 
a technological basis has been established. If the load is about one-third of the reactor 
core, existing LWRs can use M O X fuel without any special design changes and thus 
respond to the plutonium balance. Therefore, we will strive to steadily promote this 
work. After implementing a demonstration plan with a small number of bundles and 
with a one-third core scale, we will move on to fully fledged utilization. 

In the demonstration plan, a small number of M O X fuel bundles will be irradi-
ated in one BWR and one PWR to check the characteristics of M O X fuel for use in 
LWRs and to accumulate experience in processing and handling. 

In the larger demonstration plan, one-fourth of the reactor core will be loaded 
with M O X fuel in one PWR and one BWR (larger than the 800 M W class) in the 
first half of the 1990s, since this is the target date for checking the operating charac-
teristics of the reactor core and accumulating experience in the processing and 
handling of M O X fuel on a practical scale for use in LWRs. It is hoped that this plan 
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will be sufficiently advanced by the latter half of the 1990s so that full scale 
utilization will be possible. 

Full scale advancement of utilization will be based on the progress achieved 
by the large scale demonstration plan. At this stage, the MOX charge fraction will 
be about one-third of the reactor core. On the basis of the trends shown in the 
plutonium balance, our preliminary calculations indicate that up to six 1000 MW 
class PWRs and BWRs each can be provided with this load. In implementing this 
activity, lead times will be required in order to obtain the necessary permits and 
approval as well as to manufacture the fuel. Because of this, a concrete implementa-
tion plan will be established in the early 1990s, taking into account the trends shown 
in the valid plutonium balance. 

3.2.2. Utilization in ATRs 

Because ATRs use heavy water as the moderator and their structure slows 
down the neutrons in areas other than the fuel, they use plutonium very efficiently. 
In addition, because they can easily burn both recovered uranium and depleted 
uranium and the entire core can be provided with MOX fuel, they have a large degree 
of flexibility in fuel use. 

Furthermore, ATRs have a very good record of utilizing plutonium. Their 
licensability has been demonstrated, and they are the sole domestic power reactor 
type. Through development, knowledge on the ATR has been accumulated in Japan 
and the foundation has been laid to establish a technology distinctive to Japan. 

As stated above, given the special characteristics of ATRs in utilizing pluto-
nium, we will continue development while endeavouring to improve the economy so 
that commercial deployment can be achieved. 

The operational experience gained from the prototype Fugen related to utiliz-
ing MOX fuel and maintaining and controlling ATRs is reflected in the design of a 
demonstration reactor. Moreover, Fugen will be operated as a prototype to further 
improve the irradiation of the fuel for use in the demonstration plant and to confirm 
the reliability and economy of ATRs. 

Plans for constructing the demonstration reactor (with an electrical output of 
606 MW, starting operation in the mid-1990s), which are now being promoted by 
the Electric Power Development Co., Ltd, will be furthered, with the Japanese 
Government providing the necessary support. While the demonstration reactor is 
being constructed, efforts will be made to improve the reliability and economy based 
on the experience and results gained and studies will be undertaken to improve 
safety. 

Any decision to construct reactors after the demonstration reactor will depend 
on factors such as the status of the construction of the demonstration reactor, the 
economy achieved by ATRs, trends in the plutonium balance, etc. 
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4. PROMOTING REPROCESSING 

4.1. Reprocessing of spent fuel from LWRs 

Japan should base the development and use of nuclear power on the reprocess-
ing of spent fuel and the utilization of plutonium. Reprocessing is also important 
from the standpoint of appropriate control and disposal of highly radioactive waste 
materials. 

To ensure independence in the use of plutonium, reprocessing within Japan 
shall be the rule. Spent fuel which is beyond the domestic reprocessing capacity will 
be appropriately stored and controlled until it is reprocessed. The question of 
contracting our reprocessing work abroad will be carefully handled, with full 
consideration being given to domestic and international situations. 

We will energetically tackle development of the reprocessing technique to 
improve the overall economy of the nuclear fuel cycle and to build a plutonium utili-
zation system which is superior to uranium utilization in LWRs. In this way, we will 
seek to establish a domestic technology at the earliest possible date. 

The realization of plutonium recycle at the earliest possible date is also 
important for establishing a broad ranging technology system and for improving the 
overall economy of the nuclear fuel cycle in the long term. To this end, we will 
continue to promote the stable operation of PNC's Tokai Reprocessing Plant, as well 
as the smooth construction and operation of the first private sector reprocessing 
plant. This plant will have an annual reprocessing capacity of 800 tonnes and plans 
are being prepared for startup by around 1995. 

The task of developing a second private sector reprocessing plant will be 
advanced on the basis of plutonium demands in the coming years. It is important for 
this plant to have an outstanding level of economy produced by domestic technology. 
With this as our goal, comprehensive development of technology will be promoted 
with a view to starting operations by around 2010. 

4.2. Reprocessing of spent fuel from FBRs 

FBRs can demonstrate their special characteristic of breeding only when it is 
combined with the reprocessing of the spent fuel. In short, reprocessing the spent 
fuel from an FBR and operating the FBR itself are the two sides of a coin. Therefore, 
development of this reprocessing should be promoted in co-ordination with the 
development of FBRs. 

Given that spent fuel from an FBR has a high plutonium content and that the 
burnup is higher than that of a thermal neutron reactor, continuous efforts should be 
made to develop a satisfactory reprocessing technology, with PNC playing the 
central role. In relation to this task and considering the accumulation of technology 
for the reprocessing of spent fuel from LWRs in our country, development of the 
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particular characteristics of the FBR fuel cycle will be conducted. Therefore, in 
developing the latter technology, it is vital to maintain close linkage with LWR 
technology. 

Since a sodium cooled reactor with M O X fuel will be of the FBR reactor type, 
we will continue efforts to develop a suitable reprocessing technology for this reactor 
type. Regarding other forms of fuel, fundamental research will be promoted, with 
adequate attention being given to FBR development trends as well as those related 
to fuel. 

To develop an economic, reliable and practical reprocessing technology for 
spent fuel from FBRs, it is imperative to develop preprocessing and extraction 
processes. To this end, basic data will be accumulated at the Chemical Processing 
Facility, and process equipment will be developed through cold testing. An engineer-
ing facility for hot testing will also be built, and R&D on process equipment for fuel 
subassembly units will be conducted. Similarly, development of remote controlled 
techniques, materials, etc. that are common to the reprocessing of spent fuel from 
LWRs or extensions thereof and the technology accumulated will be applied to the 
reprocessing of spent fuel from FBRs. 

On the basis of the results of the R&D activities discussed above, a plan for 
constructing a pilot plant will be developed, with the goal of starting operations in 
the early 2000s. At this plant, the spent fuel from the prototype Monju will be used 
to verify the reprocessing technology for spent fuel from FBRs to establish the 
technological and economic prospects of commercialization. 

On the basis of this development, we will endeavour to improve and advance 
base technologies in order to evolve an FBR system which will be capable of 
economic competition with the LWR systems. 

In the international sphere, we will strive to secure and maintain independence 
by paying due attention to the status of development in our country and in so doing 
actively promote international co-operation. Furthermore, we will make every effort 
to ensure that the results of such co-operation will take root domestically. 

5. M O X FUEL FABRICATION 

Technology related to M O X fuel fabrication has basically been established in 
Japan. However, to establish plutonium utilization in the future, a significant amount 
of technology needs to be developed for commercializing MOX fuel fabrication 
including the safe handling of plutonium. In particular, M O X fuel for FBR use has 
the following specific features: it has a high plutonium content, its burnup is higher 
and the diameter of the pellets is smaller. Thus, there is a need to continue 
developing fundamental techniques, including the sintering of pellets. For this 
reason, all work concerned with pellet fabrication and process equipment that aims 
at automation, high throughput and remote control will be continued at PNC. 
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At the Plutonium Fuel Development Laboratory (PFDL) No. 1 of PNC, 

research will be carried out on the manufacture of fuels with new materials, new 
welding techniques and other aspects of plutonium fuel fabrication. At PFDL No. 2, 
development of fabrication equipment and instruments will be carried out. PFDL 
No. 3, which is being built at PNC, will serve as a bridge leading to the commerciali-
zation of MOX fuel processing by establishing remote controlled and automated 
operations as well as better quality control, thus furthering the economy of 
fabrication. 

To obtain MOX fuel for Monju, PNC will promote the construction of the FBR 
line (5 tonnes MOX per year) at PFDL No. 3. The goal is to start operations in 1988 
so as to be able to supply fuel for Monju. It will also be possible to supply fuel for 
demonstration reactors. In addition, we will consider various factors such as: 
manufacturing experience at PNC; extent of progress achieved in the construction 
plan of the demonstration reactors; progress in developing a means of supplying 
MOX fuel through the private sector; and the lead time required to build fabrication 
facilities. On the basis of these factors a definite direction for an actual system to 
fabricate fuel will be established sometime in the 1990s. PFDL No. 2 is currently 
fabricating fuel for the experimental reactor Joyo. However, this task will be shifted 
step by step to the FBR line after it has been completed. 

To provide MOX fuel for ATRs, PNC will advance the construction of the 
ATR line (40 tonnes MOX per year) at PFDL No. 3 so that fuel for the demonstra-
tion reactor will be available for startup in 1991. PFDL No. 2 is now fabricating fuel 
for the prototype Fugen, but work will gradually be shifted to the ATR line after it 
has been completed. 

The present suppliers of uranium fuel and PNC will co-operate and make 
increased use of PFDL No. 3 to manufacture MOX fuel for the large scale 
demonstration of plutonium use in LWRs. The organization for implementing this 
plan should be discussed as soon as possible. In the latter half of the 1990s, fabrica-
tion of MOX fuel that is necessary for full utilization will be carried out as a private 
sector project. Taking into consideration the lead time that is necessary to prepare 
such a fabrication facility, some plans should be formulated by the end of the 1980s 
at the latest if this goal is to be met. 

6. HIGH LEVEL RADIOACTIVE WASTE 

The basic policy for high level radioactive waste separated from spent fuels in 
reprocessing plants is that it is solidified to a stable form, cooled for 30 to 50 years 
and disposed of underground (several hundred metres or more deep). This will 
hereinafter be referred to as geological disposal. 

From the results of R&D on solidification using borosilicate glass, PNC should 
construct and operate a solidification plant, followed by construction of a vitrified 
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waste storage facility. The Japan Atomic Energy Research Institute (JAERI) will 
evaluate the safety of the vitrified waste. These results will be reflected in the 
solidification processes used by the private sector reprocesser. 

The Japanese Government will be responsible for the final disposal of HLW 
because it requires long term isolation. In principle, the necessary costs will be borne 
by the producers themselves. 

Final storage of HLW will be implemented after selection of a suitable 
geological formation (1st stage), selection of a candidate disposal site (2nd stage), 
demonstration of an underground disposal technology at the candidate site (3rd stage) 
and the construction, operation and closure of the disposal facility (4th stage). In the 
2nd stage, the following will be implemented: (1) establishment of an underground 
disposal technology, (2) evaluation of the suitability of the geological environment, 
and (3) selection of the candidate disposal site. Of these, item (1) is most important. 

On the basis of the research made at the 1st stage, construction and operation 
of large scale R&D facilities such as an underground laboratory and an environmen-
tal engineering facility will be systematically promoted, together with the conceptual 
design of a disposal system and in situ experiments. PNC will play the key role, but 
responsibility will be shared with JAERI, the Geological Survey of Japan and others. 

To promote R&D, PNC will co-operate with the private sector (utilities, 
mining companies, civil and construction companies, etc.) and universities, making 
maximum use of their technical abilities; thus, it is essential that they improve their 
engineering abilities for disposal. 

Item (2) will be implemented by PNC. It will carry out document investigation, 
make a general survey on a nationwide scale and, on the basis of the results thus 
acquired, collect documents on the geological environment. It will then implement 
geophysical and borehole drilling surveys to evaluate the suitability of the site. 

Item (3) is the final target of the 2nd stage; it will be carefully performed, 
taking into consideration the economic efficiency, including transport with local 
co-operation. The final disposal site will be selected by the party that will carry out 
disposal. However, the choice of site will be evaluated by the government to verify 
its suitability. 

The government will co-ordinate the implementation programme systemati-
cally and efficiently. Also, it will clarify the technical conditions required for the 
geological environment of the disposal site and study the measures necessary for 
smooth implementation of the construction of disposal facilities. 

The government will be primarily responsible for implementing safe and 
proper waste disposal. Thus, it will nominate the disposal party, giving due 
consideration to the progress made in R&D and investigations. For this nomination, 
the government will pay careful attention to ensure that: (1) the responsibilities of 
the disposal party will be clear and effective for a long period, (2) the R&D and 
investigation results are utilized, and (3) efficient management is exercised. 
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The expenses required for HLW disposal will be borne by those who are 

engaged in nuclear power generation (utilities, etc.). Securement of the funds neces-
sary for disposal must be timely so that they can be equally shared among present 
and future generations. The government will study concrete measures for this need. 
In detail, the government will clarify the scope covered by the fund, prepare the 
latest estimate and, on the basis of the estimated amount, establish concrete measures 
to secure funds, basically at the HLW generation stage, that is, at the stage of nuclear 
power generation. 

At the storage engineering centre that is being planned by PNC comprehensive 
R&D will be carried out as it is considered to be indispensable for establishing under-
ground disposal technologies, including various tests in deep geological formations 
and HLW storage. Implementation of the plan will be steadily promoted as an 
important national project for HLW disposal. 

For efficient HLW utilization and final disposal it is very important to separate 
and recover useful substances included in the waste and to convert long life nuclides 
to short life or non-radioactive ones. R&D for this utilization will be planned and 
promoted mainly by JAERI and PNC. For efficient HLW treatment and disposal, 
basic research for new solidification technologies such as the SYNROC method 
will be promoted, together with future advanced technologies such as deep ocean 
disposal. 
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Abstract 

BACK END OF THE NUCLEAR FUEL CYCLE: ITALIAN POLICY AND 
PROGRAMMES. 

Reprocessing of thermal spent fuel from commercial power stations is generally 
considered to be a strategic option consistent with Italian participation in the common Euro-
pean effort to develop fast breeder reactors. However, the current situation of nuclear power 
in Italy and the National Energy Plan revised in 1986 do not justify realization of a reprocess-
ing plant of even limited capacity before the first decades of the next century. Moreover, tak-
ing into account the nuclear characteristics of recovered Pu, it seems preferable to store the 
spent fuel and to reprocess it only when the need arises. Thus, delayed reprocessing seems 
to be the best approach, which means that a centralized away-from-reactor storage facility has 
to be provided. Current technology permits extended storage (20 to 30 years) of spent thermal 
fuel without major safety, technical and economic problems. However, reprocessing technol-
ogy, as currently applied, presents two somewhat opposite aspects: it has achieved a definite 
degree of industrial maturity, but it requires substantial improvements when applied to thermal 
high burnup fuel or to fast fuel in order to meet the increasingly severe requirements for radio-
logical protection, safety, security and safeguards. In this respect, important R&D 
programmes, mainly oriented to fast fuel reprocessing, are under way in those countries which 
have kept open the reprocessing option. R&D reprocessing activities in Italy have recently 
been revised, taking into account the current situation. A review of the new R&D programme 
is given. 

* Present address: Department of Safeguards, International Atomic Energy Agency, 
Vienna. 
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1. INTRODUCTION 

The energy situation in Italy, now as in the past, is marked by a number of 
features, specifically: 

(1) Very modest domestic resources of economically exploitable energy. The most 
significant, hydroelectricity and natural gas, supplied 17% of the overall 
Italian energy requirements in 1986. Nuclear power accounted for only 1.3% 
of the overall energy balance and 4.5% of the electricity generated. 

(2) Consequently, there is a very heavy dependence on energy imports (81.3% in 
1986). 

(3) A comparatively large share of the electricity is generated by oil and natural 
gas (54.3% in 1986). 

This situation, which is way out of line with that found in the other leading 
industrial countries, has led a succession of governments to approve the passage and 
implementation of National Energy Plans which provide for progressive lessening 
of Italy's reliance on oil in the overall energy balance and, more specifically, in the 
generation of electricity. This is to be achieved by greater use of coal and nuclear 
energy. 

The revised National Energy Plan, passed in March 1986 by the Inter-
ministerial Committee for Economic Planning, called for a substantial short term 
nuclear programme consisting of: 

(a) Completion of the generating stations in upper Lazio (two 1000 MW(e) — 
BWR units) and Piedmont (two 1000 MW(e) — PWR units) 

(b) Construction of an additional capacity of 6000 MW(e) (six 1000 MW(e) 
units), based on the uniform PWR reactor design. 

However, as a result of the Chernobyl accident this entire programme has been 
subjected to renewed questioning in a debate that is still under way. Whatever the 
ultimate outcome of the discussion, there is no doubt that construction of nuclear 
power stations in Italy will suffer further substantial delays and that, at least for the 
foreseeable future, activity in this sphere will continue to be intermittent. 

As a consequence of the various reductions in Italy's nuclear power 
programme, adjustments have had to be made in the preparation of industrial infra-
structures, both for reactor construction and for the fuel cycle. R&D activity has also 
suffered. 

With specific regard to reactor construction, all construction capabilities for 
the nuclear island and auxiliary systems for the planned PWR power stations have 
been brought together under the Ansaldo Group. Despite the discontinuous character 
of the Italian nuclear power plant construction programme, we believe that the capa-
bilities of Ansaldo and its subcontractors will continue to be adapted to requirements 
which, although modest, will nevertheless permit maintenance of the industrial 
infrastructures. 
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Concerning the fuel cycle, the projected size of the Italian nuclear generating 

programme justified, up to a certain date, continuance of the development activities 
that had begun some time ago. 

In particular, in the area o f reprocessing important development efforts have 
been under way since the 1960s with Italy's participation in the international co-
operative projects of Eurochemic and the creation of research laboratories at 
ENEA's Casaccia Centre (near Rome) and the Eurex and Itrec pilot plants located 
in Saluggia (Vercelli) and Trisaia (Matera), respectively. 

Storage of irradiated fuel and processing and conditioning of highly radioactive 
residues were also viewed, from the perspective of industrial development, as 
indispensable activities upstream and downstream of the reprocessing process. 

The scaling down of the nuclear generating programme has pushed the 
prospect of Italian industrial development in fuel reprocessing for thermal reactors 
considerably further ahead in time, with the result that firms active in the field have 
totally lost interest and withdrawn. 

The change in strategy for storage of irradiated fuel and conditioning of highly 
radioactivity residues has been less drastic. In fact, continuation of industrial activi-
ties is still justified, no longer in relation to reprocessing per se but in order to meet 
the real operational needs of Ente Nazionale per 1'Energia Elettrica (ENEL) and 
ENEA. 

2. REPROCESSING 

One must first distinguish between the initiatives taken by the nuclear power 
generator (ENEL), which is the proprietor of the irradiated fuel, and those of the 
country's nuclear research and development agency (ENEA). 

The reprocessing activities of the power station operator, ENEL, depend on 
the possible use of any plutonium produced. It is common knowledge that the pluto-
nium recovered from the irradiated fuel of modern LWR power plants is of a 
perishable nature. Its nuclear characteristics deteriorate quite quickly over time and 
make handling over a lengthy storage period difficult. Furthermore, storage of pluto-
nium oxide involves serious problems of security, safeguards and physical protec-
tion, whose solution imposes substantial costs. It is thus preferable to store the 
irradiated fuel and reprocess it only when the plutonium is actually needed. This is 
all the more true today in view of the delay in the commercial diffusion of breeder 
reactors and the modest economic incentive offered by the recycling of plutonium 
in LWRs, particularly in countries with few such plants. 

Under today's circumstances in Italy this deferred reprocessing has become the 
best strategic option for the management of irradiated fuel. 

With the abandonment of industrial scale up, the R&D reprocessing activities 
being carried out by ENEA are being redirected towards more in-depth technological 
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research that is definitely of interest internationally. In fact, the most realistic 
hypothesis is that any future Italian activities in industrial fuel reprocessing will fall 
exclusively within the framework of international co-operative projects. 

Regarding the reprocessing technology itself, it is in an ambiguous situation 
worldwide. It has undeniably achieved industrial maturity (as the UP2 plant in La 
Hague demonstrates); however, it is still at a stage of relatively rapid evolution, both 
in strictly technical terms and in terms of security and safeguards. In this regard, the 
UP3 and UP2-800 plants under construction at La Hague offer significant improve-
ments to the UP2 plant. The WA-350 plant under construction in the Federal 
Republic of Germany is based on an advanced concept of modular remote operation, 
o f original design. If this is the future line of development, then significant further 
advances in the reprocessing of high burnup thermal fuel, and even more so of fast 
breeder reactor fuel, will be required if we are to meet the increasingly strict 
security, physical protection and safeguards standards. 

These improvements are necessary if reprocessing is to be accepted as the best 
way in which to manage the fission products and fissile materials contained in the 
irradiated fuel. Three areas appear to be promising. 

2.1. The chemical process 

The tested Purex process, based on a liquid-liquid extraction flow, remains 
viable but it needs to be optimized in a number of ways. First, concerning the 
production of radioactive residues, an integrated system for handling the residues 
must be developed in order to minimize the quantity produced, to reduce the number 
of residue streams and to select them by type, with special reference to actinide sepa-
ration. Another essential aspect is plutonium conversion. Here, processes must be 
optimized with a view to automation and remotization. Attention also needs to be 
given to problems of non-diversion and identification of forms of plutonium that 
guarantee that it can only be used for peaceful purposes. A number of advanced 
processes are available. In particular, a potential end product for reprocessing plants 
might be uranium and plutonium in proportions such as to allow direct production 
of a mixed oxide when subjected to the conversion process. Such a U-Pu solution 
could be obtained by suitable modification of the Purex process (or by application 
of new extractor agents), using a number of possible co-processing flow charts. 

2.2. Remote operations and. robot technology 

This area is of crucial importance for eliminating (or at least drastically 
reducing) the physical contact of workers with radiation, particularly during 
maintenance operations. Both the UP3 and the WA-350 plants, although based on 
radically different design philosophies, show significant advances in this regard. 
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2.3. In-line instrumentation and automation 

These systems need to be optimized for purposes of process control and for 
considerations of security and safeguards, especially the latter. 

Major R&D programmes on advanced reprocessing technology are under way 
in the European countries that are in the vanguard of nuclear energy. These 
programmes are directed primarily to the reprocessing of fuel from breeder reactors, 
which is the crucial test for advanced technological concepts. Appropriate co-
operative agreements for R&D and for industrial initiatives have been signed or are 
about to be signed between these countries in order to construct an advanced 
demonstration plant for the reprocessing of fast breeder fuel. 

In Italy the Eurex and Itrec plants, designed and built with the technology of 
the 1960s, are no longer serviceable for the assimilation of innovative technologies 
in the reprocessing sector. In this sense, both plants have to be considered obsolete. 

A new R&D programme on advanced reprocessing technology cannot there-
fore be based on these two plants. Rather, it needs a new, flexible hot facility that 
has yet to be designed and built. The general outlines of this programme have already 
been finalized. Its inception, however, depends on Italy's eventual decisions con-
cerning nuclear energy. The programme focuses on a few areas in which Italy has 
the capability of achieving innovative results thanks to established practices and 
actual work experience. 

Essentially, these areas consist of the development of chemical processes, 
in-line instrumentation systems and automation with special reference to safeguards, 
and specially designed remote handling components. 

Italy is ready to proceed with this programme within the framework of 
European co-operation on advanced reprocessing, its contribution being the efforts 
made on fast breeder reactors. 

3. LOW AND MEDIUM LEVEL RADIOACTIVE WASTES 

In the field of low and medium level radioactive wastes, the experience gained 
and the actions already undertaken by Italian institutions are substantial enough to 
affirm that Italy is already perfectly capable of handling such wastes. Progress has 
been made in a number of spheres: 

(1) A regulatory framework is available. Technical Guide 26, issued by 
ENEA(DISP) in 1985, now lays down the criteria for classification and hand-
ling of low, medium and high level radioactive wastes. 

(2) The capability of characterizing conditioning products exists, using the special 
laboratories created at ENEA's Casaccia Centre. 
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(3) The infrastructures for execution of the first phases of handling (collection, 
treatment and conditioning of waste, temporary storage of the conditioned 
waste) are being strengthened. 

(4) A study of suitable sites for temporary and/or definitive storage of the residues 
has been completed. 

For the conditioning of low and medium level radioactive wastes, so far carried 
out on a small scale, the most common technique has been cementation, both in the 
research centres and at ENEL's power stations. Recently, the government assigned 
to ENEL the responsibility of handling, through the conditioning stage, the low level 
radioactive waste produced by the generation of nuclear electricity. At the same 
time, the government has designated ENEA to handle residues from all sources other 
than ENEL. 

Highly reliable, commonly used techniques are now available internationally 
which are capable of yielding conditioned products that meet the specifications of 
Italian regulations. For the purposes of the successive stages in the handling of these 
materials, and in particular final confinement, work is proceeding to improve the 
solutions now available, focusing particularly on volume reduction using suitable 
packing matrices. 

In this perspective, R&D and industrial promotion of the treatment and condi-
tioning of low to medium level radioactive wastes is continuing. Most of these activi-
ties are carried out by ENEA, often within the framework of the close co-operation 
that has been established at the European Economic Community level. 

As part of this programme, a number of initiatives are aimed at improving or 
optimizing current conditioning techniques. Efforts are being made to develop 
innovative processes, e.g. immobilization in cement impregnated with polymer and 
in Italian patented polyester resins. 

A 1-to-l scale experimental pilot plant for demonstration of these processes is 
now under construction at the Casaccia Centre. The plant is scheduled to become 
operational at the beginning of 1988 and therefore ENEA will be able to make a 
significant contribution towards studies on the various types of conditioned residues 
in order to check their conformity with the standards of acceptability set by Italian 
regulations. This characterization can be carried out on full scale products, which 
makes it especially significant for possible evaluations, from the viewpoint of the 
processes as well as the safety and protection. 

Regarding the confinement of low to medium level radioactive residues, it 
should be noted that the overall output of such residues is comparatively small (about 
800 m3/a after conditioning). Nevertheless, accumulation of residues at some 
production centres has increased the urgency for designation of central sites for their 
temporary storage. Looking to the future, sites also have to be located for the even-
tual definitive final disposal of these wastes. 
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The government has given ENEA the task of locating sites with the necessary 

characteristics. The studies and geological and environmental surveys that have been 
conducted by ENEA for over a decade have succeeded in locating a number of poten-
tially suitable sites for storage facilities for low to medium level wastes. 

Documentation on a typologically diversified series of such sites has been sub-
mitted to the Ministry of Industry. The documents demonstrate the technical 
availability of adequate solutions, and the ability to construct storage facilities that 
are conceptually simple and at the same time secure so that they meet all current and 
future needs. 

ENEA's analyses have entailed a systematic examination of the geological 
formations suitable for surface and underground storage facilities. 

The official qualification and purchase of a site, as well as the construction of 
storage facilities, will be conducted by ENEA as soon as the Ministry of Industry 
has designated the sites. 

4. HIGH LEVEL RADIOACTIVE WASTE 

4.1. Production 

Only a small fraction of irradiated reactor fuel, the main potential source of 
highly radioactive residues, is sent for reprocessing. At present, this consists of fuel 
discharged by the Latina Power Station which is reprocessed at the Sellafield plant 
in the United Kingdom. As a result of this reprocessing it is foreseen that towards 
the end of the century some 30 m 3 o f vitrified residues will be returned to Italy. An 
additional 9 m 3 o f vitrified residues will be obtained from the reprocessing of fuel 
from LWRs; this has already been contracted to British Nuclear Fuels. 

A smaller volume of vitrified residues (at the most 20 m 3 ) will result from the 
conditioning of highly radioactive liquid residues produced by ENEA in the course 
o f the experimental reprocessing exercises carried out at the Eurex and Itrec plants. 
Therefore, in total Italy will have some 60 m 3 of vitrified residues for which suita-
ble storage facilities will have to be created by the end of the century. 

4.2. Conditioning 

The vitrification technique has long been known in Italy, especially as part of 
co-operation within the ambit of the EEC. These activities correspond in part to the 
general objective of technological development and in part to the operational actions 
being taken by ENEA to condition the highly radioactivity residues generated by its 
own experimental reprocessing programmes. 

Another project of more general relevance being carried out by ENEA in the 
field of vitrification is the installation of a glass characterization laboratory at the 
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Casaccia Centre. In addition to meeting the needs that stem from ENEA's 
experimental activities, the laboratory has another specific purpose, namely defini-
tion and checking of the characteristics of the vitrified residues (from the Latina plant 
and eventually from the light water power stations) that will be returned to Italy after 
reprocessing. 

Finally, Italy is working on a declassification process for highly radioactive 
liquid residues. The process consists of separating the isotopes with the longest half-
lives and subsequently limiting the vitrification process only to these isotopes. The 
purposes of these activities are multiple. First, perfection of the process is intended 
to diminish still further the already small volume of ENEA's residues for vitrifica-
tion. It will also — and this is more generally applicable — help to simplify the 
problem of confinement of the vitrified residues in that their volume will be 
decreased. Finally, the process would permit the isolation of particular radioactive 
isotopes that may have potential industrial applications. 

Vitrification is certainly the most common conditioning technique today 
because of the very high level of safety and reliability of the product. This does not 
mean, however, that we should exclude a priori the possibility of achieving still more 
pronounced concentration of final volumes, which would facilitate definitive con-
finement. This might be attainable either by modifying the vitrification technique 
itself or by devising alternative solutions. ENEA is working in a diversified manner 
towards this objective, specifically: 

(1) To further develop, partly within the framework of the EEC, vitreous 
matrices that perform to higher specifications and to study their behaviour in the 
glass-container-clay system 

(2) To develop, as part of an agreement with the Australian Atomic Energy 
Agency, the SYNROC process with the objective of identifying ceramic rather than 
vitreous matrices in which to confine the highly activity residues generated by fuel 
reprocessing. 

4.3. Confinement 

Italy will have to face the problem of a centralized temporary storage facility 
for high level radioactive waste in the relatively near future (1995-2000), in particu-
lar for the comparatively small quantities of vitrified residues generated by 
reprocessing of the fuel from the Latina plant and vitrification of the residues stored 
at ENEA's facilities. As noted in Section 4.1, the total volume will amount to about 
60 m3. The government has mandated ENEA, ENEL and Ente Nazionale Idrocar-
buri (ENI) — under the control of the Nuclear Regulatory Authority (ENEA(DISP)) 
— to develop appropriate methods of temporary storage and subsequent disposal and 
to locate a site for this purpose, either in Italy or abroad. 



IAEA-SM-294/43 139 
For temporary storage (about 50 years), ENEA has long been working with 

the best qualified designers on a number of alternatives, thus developing the real 
qualifications that will be required when, once the site is designated, actual construc-
tion of the storage facility begins. 

Concerning definitive final disposal, orientation is towards disposal of the 
vitrified residues deep underground in proper geological formations. The main 
objective has been to qualify one or more such formations capable of furnishing the 
best possible conditions for isolation of the residues for thousands of years. Many 
of Italy's activities in this field are co-ordinated within the framework of the EEC's 
R&D activities. The type of geological formation upon which exploration has been 
most heavily concentrated is Plio-Pleistocene clays, which are found throughout the 
national territory. 

Using the data gathered, hypotheses have been developed and models drawn 
of the deposits using tunnels deep underground and matrices o f deep wells drilled 
from the surface. This latter option seems to be better suited to Italy's comparatively 
modest nuclear power programme. 

A deep underground experimental laboratory is being finalized in Sicily. The 
laboratory, which will not be used as a confinement site, is designed for research 
in geotechnics, heat diffusion and migration. Study and research are also being con-
ducted to investigate the long term behaviour of the glass-container-clay system. 
ENEA's significant commitment in the exploration of suitable geological formations 
is expected to continue with a variety of research projects, which differ in their 
objectives depending on the time-frame projected. The short term objectives 
(3 to 5 years) are: 

(1) Design and carrying out of underground experiments at a number of sites, 
focusing on migration studies, heat diffusion and the self-sealing capacity of 
the drill holes 

(2) Completion of studies for the models of possible storage facility sites and the 
choice of the best solution (either traditional mines or matrices of deep drill 
holes) 

(3) Preliminary selection of two or three secure clayey basins for the construction 
of storage facilities 

(4) Design of an initial cold demonstration plant. 

The long term objectives are: 

(a) Construction and operation of the cold demonstration plant 
(b) Definitive selection of the site 
(c) Construction and operation, at the site selected, of hot demonstration 

plants. 
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5. IRRADIATED FUEL INITIATIVES 

For the moment, the problem of storing irradiated fuel not sent for reprocess-
ing is being handled by the storage capacity of the pools annexed to the nation's 
nuclear power plants (Caorso, Trino Vercellese, Latina and Garigliano) and that of 
the Avogadro facility created by converting a former research reactor. The current 
total storage capacity for LWR fuel amounts to 490 t U. At the end of 1986, 33% 
of this capacity was saturated (about 162 t U). For the Caorso facility in particular, 
the pool capacity will be saturated by the mid-1990s if the unloaded fuel continues 
to be stored there rather than be sent for reprocessing. 

A first consequence of the delayed reprocessing option is the need to begin the 
design and construction of a central storage facility for irradiated fuel. 

The government has charged ENEL, in co-operation with ENI and ENEA and 
under the control of the nuclear regulatory authority (ENEA(DISP)), with the 
responsibility of creating one or more temporary central storage facilities for the fuel 
unloaded from power stations in excess of the storage capacity of their pools. 

In collaboration with Italian nuclear sector firms, ENEA has been working on 
studies of various aspects of the adoption of engineering structures or dry storage 
containers. These will handle not only the irradiated fuel but also the vitrified radio-
active residues deriving from the reprocessing of the Latina plant's fuel in the UK. 

All the technical elements required to move on to the actual construction of 
temporary storage facilities for irradiated fuel are available in Italy. However, such 
facilities are not expected to be necessary until the second half of the 1990s. 
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Abstract 

A MULTICRITERIA STUDY ON LWR FUEL MANAGEMENT IN COUNTRIES OF THE 
EUROPEAN ECONOMIC COMMUNITY. 

The strategic issues related to the back end of the fuel cycle in LWRs cannot be reduced 
to a cost-benefit analysis. It is commonly known that recycling of fuel has an impact on the 
assurance of uranium supply, and that reprocessing and mixed oxide technologies are impor-
tant prerequisites for starting a commercial fast reactor programme. The choice of best strate-
gies should therefore be guided by simultaneously taking into account several criteria. A 
computational tool called STRANGE (STRAtegy for the Nuclear Generation of Electricity) 
has been developed as a multiple criteria decision aid method. It has been used in the evalua-
tion of possible back end strategies in countries of the European Economic Community, which 
is considered an entity without prevailing national interests. A database was set up from 1985 
onwards to define the LWR fuel cycle in the EEC within a time horizon of 30 years. These 
data are input to a model which combines all the important strategic aspects. Assessments are 
based on three decision criteria: costs, assurance of uranium supply and conservation of 
know-how. The results stress the importance of keeping a constant pace and avoiding any gap 
in the development of recycle and reprocessing technologies. In particular, the current glut 
on the uranium market should not lead to postponements in decisions on recycling. 

1. INTRODUCTION 

This paper presents the main results o f a study contracted by the Commission 
of the European Communities to the Nuclear Engineering and Consulting Services 
of Belgatom in Brussels [1]. 

The aim of the study was to provide the Commission with a decision aid 
method in order to assist in the choice of a strategy for LWR fuel management in 
the intermediate phase of development of nuclear energy until the commercial 
deployment of FBRs, i.e. in the period 1985 to 2015. 
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The study was based on the use of STRANGE (STRAtegy for the Nuclear 
Generation of Electricity), a multiple criteria decision aid method used in the search 
for optimum solutions; it takes into account the various, possibly conflicting, objec-
tives or criteria, copes with uncertain data, and subjects these to a dynamic perspec-
tive over an extended time horizon. 

The work is organized in three parts. The first (Section 2) consists of the 
buildup of a database, which forms the input to the computer code calculations. It 
is made up of data from all the literature at the turn of 1985/1986 concerning the 
nuclear fuel cycle in the 12 countries of the European Economic Community, here-
after referred to as EUR-12. 

The second part (Section 3) is devoted to elaboration and mathematical formu-
lation of the model to be applied in the search for efficient decisions. This is a mass 
flow model which determines the movements of materials through the individual 
cycle processing services, including the main possible subdivisions in the back end 
of the cycle. The hypotheses and the constraints related to the nuclear power 
programme are stated. The following selected objectives, or decision criteria, are 
discussed and formulated: 

(1) The fuel cycle costs, including two contrasted evolutions of costs for the 
reprocessing and once-through options 

(2) The assurance of uranium supply 
(3) The level of know-how/employment in the reprocessing/MOX technology. 

The third and last part of the work (Section 4) presents the results obtained 
from application of the decision aid model STRANGE, as described in Ref. [2]: 

(a) An exploration phase, which yields the range of possible solutions by optimiz-
ing independently each individual criterion 

(b) A compromise solution, which is obtained by minimizing the conflicts and 
aggregating the criteria 

(c) Interactive parametric studies, which are conducted to illustrate the decision 
maker's preferences, reflecting his own priorities. 

2. FUEL CYCLE DATABASE 

The database gathers the relevant technical, economic, capacity and commit-
ment data that are currently available in EUR-12. 

The only reactor technology considered is that of thermal reactors using 
enriched uranium oxide fuel (i.e. LWRs and AGRs), including the predictable 
improvements due to extended burnup from 1995 onwards, and to recycling of ura-
nium and plutonium. 
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TABLE I. UNIT COSTS IN THE BACK END OF THE FUEL CYCLE 
(ECU'/kg HM) (1986) 

Scenario 1 Scenario 2 

850 
Reprocessing 
and conditioning 

—3.5%/a 
(down to 500) 

+ 1.5%/a 
(up to 1150) 

Waste disposal 150 

Once-through conditioning 
and subassembly final 
disposal 

600 
0%/a 

350 
0%/a 

MOX fabrication 690 

In several cases, extrapolation of existing data has to be made: 

(1) As the power programme is an exogenous variable of this problem, it has 
to be extrapolated up to the year 2015. The installed power for LWR type fuel 
(including AGRs) represented about 70 GW(e) in 1985 and the predicted value for 
2015 is 180 GW(e). 

(2) Unit costs and their time evolution throughout the strategy are also 
imposed. To represent uncertainties, two well contrasted scenarios have been chosen 
with regard to reprocessing and once-through options for spent fuel (see Table I): 

(a) Scenario 1, in which, according to a learning curve, a decrease in the 
reprocessing costs is to be expected, while the costs of the once-through option 
are high 

(b) Scenario 2, in which an increase in the reprocessing costs is to be expected, 
while the costs of the once-through option are low. 

(3) An assumption has to be made on the deployment of fast reactors and their 
committed plutonium needs. Analysis over the 30 year time period has been based 
on the assumption that commercial operation of fast reactors will not be significant 
before the year 2015. However, prototypes built before then will be given absolute 
priority for the use of plutonium; their needs have been assessed. 
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3. LWR FUEL CYCLE MODEL A N D DECISION CRITERIA 

3.1. LWR fuel cycle model 

The fuel cycle model determines the movements of materials through the 
individual processing services. This model permits discussion of the basic options 
to be taken. It includes the two well known main subdivisions in the back end of the 
fuel cycle that are related to the disposition of spent fuel: 

(1) The once-through alternative, in which, after a period of interim storage, the 
spent fuel is conditioned and brought to its final disposal 

(2) The reprocessing option, in which uranium and plutonium are recovered and 
possibly returned to the front end of the cycle. 

With regard to the EUR-12 model, the following assumptions have been made 
for the equations of the cycle: 

(a) All resources concerned with installed power, available service and production 
capacities, as well as all contracts within the fuel cycle, have been pooled for 
the 12 countries 

(b) All reactors are assumed to work in base load 
(c) Reprocessed fuel is recycled only once; irradiated MOX fuel is not recycled 

and plutonium recovered from its reprocessing is to be reserved for use in 
FBRs. 

Additional constraints are related to initial stocks, limited production, storage 
capacities and commitments. The commitments imposed on natural uranium, e.g. 
long term contracts, reprocessing contracts, the plutonium need of FBRs, must be 
respected. 

3.2. Decision criteria 

(1) The levelizedfuel cycle costs, which are calculated according to the present 
worth method. Two well contrasted scenarios have been considered with regard to 
the reprocessing and once-through options, as described in Section 2 and Table II. 
For the want of better knowledge of either of the two cost scenarios, equal probabili-
ties have been assumed; therefore, both scenarios have the same relative importance 
in the model. 

(2) The criterion of an assured uranium supply, which is expressed in each 
time period as the ratio between the needs in EUR-12 and the assured supply. The 
needs are calculated as the quantities which have to be purchased in addition to those 
already assured by EUR-12's own production, the strategic stocks and long term pur-
chase contracts. The assured supply is calculated from reasonably assured resources, 
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TABLE II. CHARACTERIZATION OF INDIVIDUAL OPTIMIZATIONS IN 
THE EXPLORATION PHASE 

Situation 
Reprocessing Recycling of MOX 

Situation 
quantities 

Time Quantities 

1 
Cost Scenario 1 

Slightly above 
commitments 

As soon as possible Medium 

2 
Cost Scenario 2 

Commitments only As soon as possible Small 

3 
Assured supply 
of natural uranium 

Largely above 
commitments 

Late, as assured uranium 
supply degrades; uranium 

stockpiling 
Large 

4 
Know-how 

Largely above 
commitments 

As soon as possible Large 

estimated additional resources I up to US $130/kg U and evolution of the total ura-
nium requirements. 

(3) The know-how level, which is represented by the number of highly quali-
fied people involved in developing reprocessing and recycle technologies. 

The following simple assumptions have been made on the basis of a plausible 
scenario: 

(a) In 1985 the average age of the R&D teams was between about 35 and 45 years. 
Owing to ageing and natural departures, as well as the absence of hiring of new 
personnel, an exponential decline (with a half-time of 15 years) will result. 

(b) A minimum level of activity in M O X recycling permits retention of staff; to 
maintain the know-how at a constant level, new hirings in the lower age 
bracket are necessary. 

(c) Above the threshold of minimum activity some growth is possible; this is equal 
to only a fraction,of the declining slope. It is therefore impossible to return to 
the previous level of activity after some decline has taken place. 

(d) Below the minimum threshold new hirings are proportional to the activity level 
(none at zero level); thus they cannot compensate for natural departures. 
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OPTIMI ZATION CRITERIA 
o Cost Scenario 1 

A Cost Scenario 2 

• — Assurance of U Supply 

X Know - How 

COMPROMISE SOLUTION 

FIG. 1. Individual optimizations of MOX fuel loaded in reactors. 
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The choice o f a growth factor and minimum activity thresholds are, o f course, 

largely arbitrary. However, their actual numerical values are not essential in the 
determination of optimal options. 

4. MULTICRITERIA SEARCH FOR EUR-12 STRATEGIES 

4.1. Exploration phase 

Within the range of feasible solutions, the exploration phase delimitates those 
which can be regarded as efficient strategies and are compatible with all the con-
straints of the problem. 

The following individual criteria are examined: 

(1) Where the costs represent either of the two scenarios described in Section 2 
(2) Where supply of uranium is assured 
(3) Where the M O X technological know-how level is represented. 

For these criteria four individual optimizations are given, all of which can be 
assumed to be largely independent. The characteristics of the individual optimiza-
tions are given in Table II in terms of quantity and time evolutions for reprocessing 
and recycle activities. 

Two criteria, those of assurance of uranium supply and know-how, are 
favourable for reprocessing. The latter favours immediate action, and helps stabilize 
the technological know-how level. In the former, delays are acceptable in the first 
half o f the time span because conditions on the natural uranium market are favoura-
ble and large stocks still exist. The preferred policy is therefore to continue strategic 
stockpiling until pressure on the uranium market grows. 

The consequences of this policy for the development of the M O X industry are 
that the know-how level will decrease to somewhat more than one-third of its value 
after 30 years. The late decision to turn to large scale recycling could actually prove 
to be impossible in the real world because of the drain of an important number of 
highly qualified personnel. 

From the purely economic point of view, manifested by the fuel cycle cost 
criteria, solutions ranging from medium to low level reprocessing and recycle activi-
ties are provided. The impact on the technological level is intermediate, i.e. between 
the two extreme cases of stabilization of know-how and assurance of uranium supply. 

The recycled M O X quantities are shown in Fig. 1 for the optimization criteria 
as well as one compromise solution, which is described in Section 4.2. 

In addition, all other decision variables can be displayed. The model also deter-
mines the impact of each policy on all the criteria. For example, regarding fuel cycle 
costs, the least favourable policy represents a 15% increase over the most favourable 
policy in Scenario 1 and a 20% increase in Scenario 2. 
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4.2. Compromise solution 

The different points of view are not totally conflicting. For instance, in striving 
to develop M O X activities, purchases of natural uranium are reduced; this contrib-
utes to a better assurance of supply. It is therefore wise to first reduce the conflicts 
by bringing together the common aims. On the other hand, a strategy could be pro-
posed which lies at the crossing between individual solutions. Such a compromise 
solution is provided in the STRANGE approach, which is closest to the unfeasible 
'ideal' solution where every objective achieves its optimum value. 

Figure 1 shows the results of the M O X reloads. As can be seen, this solution 
contains the components of individual optimizations. In fact, compromise solutions 
have the merit of being better balanced than pure strategies. 

The compromise proposal is to start moderate recycling as soon as the 
materials are recuperated from the plutonium stocks and after reprocessing commit-
ments are fulfilled in about the first 15 years. Later, ever increasing volumes o f 
M O X are loaded, with the dual effect of improving the assurance of supply and keep-
ing the reprocessing/recycle technology at an acceptable level. The increase in costs, 
compared with pure economic optima, amounts to 11% in Scenario 1 and 17% in 
Scenario 2. 

Analysis shows that, except for the first 15 years, this policy has much in com-
mon with the strategy which strives for an optimum assurance of supply. It is, 
however, better balanced, because it takes account of an adequate technological level 
and avoids delays and long storage periods of MOX. 

4.3. Parametric analyses 

In the decision maker's view, the compromise solution might appear to be non-
optimum because of his appraisal of the various criteria in terms of the priorities he 
would attribute to them. He should then be prepared to lose some satisfaction on a 
less important criterion in order to gain on a more important one. Provision is 
included in the multicriteria decision aid method for performing this type of analysis. 

Any one criterion can be relaxed at a time over any range included in the inter-
val starting at the current compromise and ending at the worst value obtained during 
the exploration phase. 

Once a criterion has been relaxed to some fraction of the satisfaction value of 
the compromise, another can be successively relaxed with the restriction that all 
criteria relaxed in previous steps do not worsen any further. However, backtracking 
to a previous step in the sequence is always possible, should the procedure come to 
an unsatisfactory end. 

Convergence is quite rapidly reached. This process is to be interactively con-
ducted by the analyst in close co-operation with the decision maker. 
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FIG. 2. MOX quantities as a function of time and assurance of supply. 

Figure 2 shows a parametric study on the assurance of uranium supply 
criterion. In the foreground, MOX quantities are plotted as a function of time for 
the initial compromise; the criterion has a relative value of 1. As the criterion 
degrades to a value of 0 in the far background (its worst value obtained in the explo-
ration phase), the MOX loading strategy changes. 

To satisfy the decision maker, a modified compromise solution is chosen at the 
position indicated by the arrow on the basis of the values achieved by all criteria. 

5. CONCLUSIONS 

The study presented in this paper stresses the usefulness of the multicriteria 
decision aid method in dealing with the back end of the nuclear fuel cycle. 

The conclusions of the global analysis made of the 12 countries of the EEC 
are only indicative, as interactivity is one of the main features of the approach. 
However, the study shows how an early decision on large scale reprocessing/recycle 
can reconcile — without any large economic penalties — the assurance of uranium 
supply with the conservation of the know-how level necessary for starting commer-
cial fast reactors in the next century. 
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Abstract 

BACK END OPTIONS IN THE FACE OF UNCERTAINTY. 
Economic optimization of the back end of the fuel cycle is discussed. On the basis of 

a simulation model of the LWR fuel cycles an optimum fuel cycle policy is obtained by 
searching the material flow or inventory at each fuel cycle step over a given planning period. 
The optimization algorithm employs mixed linear integer programming. A distinction is made 
between small and large nuclear power generating systems for which the optimum strategy 
is markedly different. Larger programmes naturally favour reprocessing. The effects of 
reduced forecasts are examined and found to represent an insignificant sensitivity to the basic 
decision on whether or when to reprocess. 

1. INTRODUCTION 

No substantial controversy exists any longer on the economic merits of the 
two definitive options of the LWR fuel cycle. If a utility makes its choices on a 
rational basis factors other than short term economics become decisive. These longer 
term considerations include the.size of the installed capacity and its growth rate, past 
investments and the weight given to the assurance of supply. In addition, other 
factors related to the general industrial policy may exist. 

Considerable uncertainty often surrounds decision making. Major uncertain-
ties relate to both economic and technical issues, such as adequacy or price of 
uranium and availability of fuel cycle services. Increasing public concern may also 
influence indirectly the utility policies. For example, reductions in the projected 
installed capacity are likely to occur in the aftermath of the Chernobyl accident. This 
might in turn affect the optimum investment policy of the utilities in those countries 
in which nuclear power faces crucial setbacks. 

While corresponding to the projected needs of a given nuclear power system, 
the selected fuel cycle strategy should remain robust against a variety of changes. 
It is the intention of this paper to discuss the nature of some of the uncertainties and 
to illustrate what their effect could be in terms of the optimum fuel cycle policy. This 
work is an extension of an earlier paper [1] in which some parametric studies were 
presented on the back end policy. 
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2. COUPLING WITH THE FRONT END 

In operating LWRs the main free fuel cycle parameters are concerned either 
with adopting new designs to improve fuel utilization or with the back end. Although 
this paper deals with the back end, we do not propose to depreciate the value of 
improvements in the fuel design. However, these design improvements have only a 
small, if any, impact on the recycle decisions. 

In fuel management one can extend burnup without precluding recycle. 
Correspondingly, the front end can be optimized without impacting unfavourably or 
noticeably upon the back end parameters which affect the decision on whether or not 
to reprocess. Consequently, one can optimize the back end as a subtask of the overall 
fuel cycle planning except for the uranium price and demand. 

Future uranium prices and uranium demand are not mutually independent 
parameters. In the long term, higher uranium requirements and demand can hardly 
imply lower market prices. However, this relation is a very complicated one and, 
fortunately, does not need to be resolved here. For the purpose of this analysis, the 
uranium prices are assumed to vary over a given range. 

3. FUEL CYCLE MODEL 

The analysis has been performed by utilizing a fuel cycle optimization model 
[1]. The material flow sheet of the LWR reactor fuel cycle is schematically depicted 
in Fig. 1. Individual model stages have been assigned to the following operations: 
uranium purchase, enrichment combined with uranium fuel fabrication, MOX fuel 
fabrication, fuel utilization in the reactors, interim storage of spent fuel, repro-
cessing, interim storage of reprocessing waste, plutonium storage, final disposal of 
either spent fuel or reprocessing waste and the corresponding transportation. 

Intermediate conversions are accounted for by including various material 
conversion steps within the prescribed model stages. The key parameters of fuel 
cycle data can be found in Ref. [1]. 

In the subsequent discussion fresh fuel has a 235U content of 3.0%, while 
MOX fuel is assumed to contain 4.0% of fissile plutonium. In recycle uranium the 
236U penalty is set at 0.33%. 

4. OPTIMIZATION PRINCIPLE 

The planning horizon is split into planning periods. The optimum fuel cycle 
policy is obtained by determining which new facilities/capacities are needed and by 
searching the material flow or inventory at each fuel cycle step over a given planning 
period. In practical case studies the length of a single period is set at 5 years. 
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Reprocessed uranium 

FIG. 1. Model flow sheet. 

The choice between the two main back end options is transformed into a 
scheduling decision. This particular feature represents perhaps the greatest over-
simplification in the model. It is tacitly assumed that the two main alternatives remain 
available at no additional cost, even if no investments were made or facilities used 
during a given time step. In other words, no single cost item accounts for the long 
term policy level expenses unless already embedded in the input assumptions. This 
is not the case for the purpose of this paper. 

Investment in all the fuel cycle processes used during a planning period is 
required to be made during the preceding time steps. If the decision on whether or 
not to reprocess is deferred, adequate interim spent fuel storage and transport need 
to be provided. 

The objective is to minimize the total fuel cycle cost. As such, the problem is 
readily amenable to standard linear programming algorithms. However, capacity 
increments are assumed to correspond to a certain minimum which would be 
commercially realistic. Therefore, modelling the investment decisions implies use of 
a mixed integer programme package. 

To establish the objective function the expenses incurred during the planning 
period t must be considered. First, there are investments in new process facilities k, 
corresponding to the capacity uk. If the unit investment cost is denoted by c^, the 
total investment cost u(t) becomes u(t) = E uk(t)cki(t), where the sum is taken over 
all relevant process facilities k. 

Similarly, the fixed operating cost y(t) over the period t is obtained from 
y(t) = 2 yk(t)Cko(t), where the yk's refer to the installed capacities. 
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TABLE I. REPROCESSING COSTS 

Size of programme Investment Fixed operating cost Variable cost 
(million US $) (million US $/a) (US $/kg HM) 

Large3 1500 25 50 
Small — — 900b 

a Capacity increment: 400 t HM; plant lifetime: 15 years. 
Including waste management. 

Finally, the variable operating cost x(t) is proportional to the material flows 
xk(t) through the process steps k, respectively; x(t) is given by x(t) = L x ^ c ^ t ) , 
where ckv is the variable unit operating cost. 

Allowing to to denote a reference time to which the costs are discounted, the 
total cost up to period T can be expressed as 

T—1 
C = 2 d(t, to)(u(t) + y(t) + x(t)) 

t=o 

where d(t, to) is the discounting (time preference) factor. 

A number of additional constraints must be imposed to define the exterior limi-
tations. For example, at the end of the planning horizon a final condition has to be 
set to specify the maximum admissible amount of stored spent fuel. In a model calcu-
lation, just as in reality, it would otherwise always be attractive to delay investment 
as long as possible and to let discounting diminish the present value of the future 
expenditure. 

5. SIZE FACTOR 

In studying the factors influencing the fuel cycle strategy a distinction is first 
made between 'small' and 'large' nuclear power programmes. The boundary 
between these two is drawn by judging the self-sufficiency in terms of the fuel cycle 
facilities that the programme would be able to sustain. 

A particularly good example is the case of reprocessing. It is assumed that, if 
needed at all, reprocessing would be carried out at one's own facility in the large 
nuclear programmes. In the small system reprocessing services would be purchased 
from an outside plant and no capital investment would be made by the utility. 
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The assumed reprocessing cost data are given in Table I. The unit cost data 

for the back end processes had already been assembled from a number of sources 
and the cost assumptions are identical with those listed in Ref. [1]. The data are 
compatible with those published in a recent international study [2]. 

6. CASE STUDIES 

The significance of the decision factors is evaluated in case studies representing 
a large and a rather small nuclear power system. Besides the programmes with a 
growing nuclear power capacity, we also discuss here cases in which orders for new 
reactors are cancelled or postponed. In these examples, the total installed capacity 
will be reduced in time. The capacities of LWRs installed is each case are presented 
in Fig. 2. 

The sensitivity of the decisions to the future prices of natural uranium is studied 
by exploring the price range from a constant value of about US $80/kg U throughout 
the time horizon up to a 4% annual increase. The range is depicted in Fig. 3. 

In the larger programme, in which the nuclear power capacity is assumed to 
reach 75 GW(e), establishing self-sufficiency is an obvious course of action for the 

Year 

FIG. 2. Nuclear power capacities in the case studies. 
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Year 

FIG. 3. Expected range of future natural uranium prices. 

FIG. 4. Parametric study of the break even point between recycle and once-through: (a) large 
system; (b) small system. 
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back end operations. Moreover, it is assumed that the system already has commit-
ment to reprocessing. The minimum capacity of reprocessing facilities installed is 
specified to be 800 t U/a to the year 2000. In other words, this case resembles that 
of France. 

The smaller reference system is assumed to follow the minimum cost policy, 
with no special incentive for the self-sufficiency of uranium or fuel cycle services. 
The marginal size of the programme does not allow development of one's own 
reprocessing capacity. Foreign reprocessing and associated waste management 
services are assumed to be commercially available for the amount of spent fuel 
arising from the system. On the other hand, direct disposal of spent fuel is assumed 
to be feasible only in one's own disposal facility. 

7. RESULTS OF THE CASE STUDIES 

A summary of the results of the case study is shown in Fig. 4. The optimum 
strategy for the large reference system (Fig. 4(a)) involves reprocessing and recycle. 
Direct disposal of spent fuel would be economical only if the uranium price remains 
at its low value. Furthermore, direct disposal would be economically attractive if the 
costs of delayed operations are given a substantial discounting credit. 

In the small isolated programme case (see Fig. 4(b)), reprocessing would be 
profitable only if the price of uranium is escalating very fast and a high discount rate 
is applied. In this case the high discount rate disfavours the direct disposal option, 
which requires heavy investments in repository facilities. 

In the case of declining nuclear power programmes, large scale reprocessing 
should be initiated earlier in order to benefit from separated plutonium and uranium. 
As a consequence, the economic edge of reprocessing diminishes; this holds particu-
larly true for the smaller system, where reprocessing no longer appears to be 
economical within the ranges of the uranium price and discount rate considered. 

A potential future decline of utilization of nuclear power has, however, no 
decisive influence on the relative economics of the fuel cycle alternatives and 
reprocessing still remains a feasible option for the larger system analysed. 

8. CONCLUSIONS 

Energy policy planners have to consider a wide variety of possible implications 
of the recent setbacks to nuclear power. Reduced nuclear power forecasts due to 
imminent cancellations and deferrals of reactor construction projects would, in 
principle, affect the market of fuel cycle services. As far as the back end is 
concerned, however, the results of this paper indicate that the optimum policies seem 
to be rather robust against foreseeable changes in the main parameters. 
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It is, of course, most obvious that reduced forecasts and deteriorating public 
perception are not contributing to the effect that additional utilities would readily 
invest in the reprocessing of spent fuel and the recycling of uranium and plutonium. 
Bearing this in mind, it is particularly interesting to note that, if a nuclear programme 
is large enough, recycle is economically reasonable, even if the capacity would begin 
to decline in the future. 

If the planning horizon extends to 2025, existing plants will have a rather 
limited influence on the overall fuel policy. It is perhaps the existence of the required 
infrastructure that means much more, also in reality. 

In many other respects, our results confirm those of earlier studies. In particu-
lar, the optimum policy may turn out to be markedly different between small and 
large systems. Large programmes favour reprocessing. However, if the uranium 
price does not escalate at all the case for once-through would be even stronger. 

Delayed investment favours once-through as well, but this conclusion is very 
much overshadowed by the ambiguity in assessing who will stand the cost of building 
up the know-how and technology. 
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Abstract 

ALTERNATIVES FOR CLOSING THE NUCLEAR FUEL CYCLE: COMPARATIVE 
ANALYSIS OF THE LONG TERM ASPECTS OF ECONOMY, ECOLOGY AND RISK 
WITH THE POTENTIAL FOR IMPROVEMENT THROUGH MULTINATIONAL 
SOLUTIONS. 

The overall duration of the back end of the nuclear fuel cycle is fixed by the feasibility 
of final waste disposal to be achieved through a waiting period of 30 to 50 years. During this 
period of time the radioactive decay will reduce the radiation and specific heat release of the 
fission products to manageable levels. The necessary waiting period has to be bridged by 
interim storage, either in the form of spent fuel elements or as concentrated high level waste. 
The transition point between these two forms is the reprocessing step. The cooling time 
between unloading the spent fuel elements from the reactor and reprocessing, is the decisive 
variable for optimization. The effect of the cooling time was investigated by studying the two 
boundary cases: 2 years' cooling time as a minimum, and 45 years' cooling time as the practi-
cal maximum. Evidently, deferral of the reprocessing step and general application of interim 
storage for the spent fuel elements offer considerable advantages, mainly a cost reduction by 
a factor of 5 for the back end solution and flexibility; this permits freedom of decision with 
respect to type, time scheduling and location of the subsequent disposal measures. Accord-
ingly, there is no reason to press for a solution. The decisions regarding the principal route, 
strategy and political procedures for the back end of the nuclear fuel cycle must conform with 
the overall objective of developing nuclear energy into a desirable, unrestricted and practically 
unlimited option for the long term supply of electricity to cover the ever increasing demands 
of mankind. To facilitate the necessary transition from ineffective thermal reactor application 
to the fast breeder technique, spent fuel elements from the prevailing thermal reactors must 
eventually be reprocessed and the plutonium reserved as inventory for the startup of breeder 
capacity under conditions that do not result in excessive capital charges. The requirements for 
minimizing the global risk, environmental impact and cost of the back end of the nuclear fuel 
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cycle cannot be fulfilled by relying on individual national solutions. Therefore, multinational 
approaches should be envisaged which are particularly suitable for securing disposal services 
for regions in the world that suffer from unfavourable boundary conditions. 

1. INTRODUCTION 

Closing of the nuclear fuel cycle refers to the arrangements made for the dis-
posal of spent fuel elements. The special features of spent fuel elements are that they 
are waste that must be disposed of, while they also represent a useful source of pluto-
nium and reusable irradiated uranium. Radioactivity brings with it special time 
influences for the handling of the fuel elements, processing steps and reuse of the 
recoverable fissile materials; to determine an appropriate solution is rather a complex 
task. 

2. GENERAL PROBLEMS AND CURRENT STATUS OF SPENT FUEL 
DISPOSAL 

The basic technical procedures for the reprocessing of spent fuel, manufacture 
of plutonium as well as the conditioning and disposal of the wastes were developed 
four decades ago by the nuclear weapon states within the scope of military plutonium 
production programmes and were put to large industrial scale application. However, 
a disposal solution for the purely peaceful use of nuclear energy has hardly passed 
the testing or demonstration stage. In the Federal Republic of Germany, this has 
been interpreted by the public as incompetence or a sin of omission on the part of 
nuclear power plant operators and has resulted in the widespread opinion that an 
immediate solution of the disposal question is an irrevocable prerequisite for the fur-
ther use of nuclear energy. Regarding the general principle of responsibility and obli-
gation for disposal of waste by the producer, creation of the necessary disposal 
facilities was made an official obligation of the electrical utilities. This should be ful-
filled through officially determined step by step goals, the achievement of which will 
be treated as a legal condition for the building permits and operating licences of 
nuclear power plants. 

Analysis of the historical development of nuclear energy in the world shows, 
in general, the following reasons why solutions for disposal lag behind in the peace-
ful application of nuclear energy: 

(1) In the nuclear weapon countries political fears that the course of disposal 
followed exclusively in the past through reprocessing and plutonium recycling 
would increase the risks of proliferation, sabotage and military misuse. 
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FIG. 1. Four basic alternatives for disposal of spent fuel elements in chronological order of 
decision (RU = reprocessed uranium; FE = fuel elements). 

(2) The unsuccessful efforts in the United States of America to transfer the peace-
ful use of nuclear energy, with all the fuel cycle steps involved, to private 
ownership. Ruinous competition, bad experience with technical set-backs, 
extreme difficulties in licensing, and political risks led to a reorientation in the 
competent chemical industry away from the highly ambitious initiatives 
towards absolute disinterest or strict refusal. 

(3) The successful development of techniques for interim storage, making it possi-
ble to store spent fuel safely and economically for several decades. 

(4) The growing awareness that for the moment deferral of controversial fuel 
reprocessing for 30 to 40 years would result in considerable advantages. 

With the exception of certain regional conditions, there is no real reason to 
press for a solution, without appropriately optimizing the approach towards disposal. 
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Owing to the real possibility of covering the long term energy demands of mankind 
and also because of the particular dangers that extend beyond national borders, use 
of nuclear energy has become a global problem requiring worldwide consent and 
co-operation. The most effective way of minimizing the environmental effects, and 
the risks which fuel reprocessing and plutonium manufacture in particular involve, 
would be to restrict these activities to a few large scale supranational centres which 
should be built at sites specially predestined for this purpose. Only in this way can 
acceptable disposal services be made available to all eventual nuclear power plant 
operators in the various regions of the world; these would otherwise be hindered 
because of the fairly large differences that prevail in boundary conditions. 

3. SEQUENCE OF DECISIONS FOR SPENT FUEL DISPOSAL AND BASIC 
POSSIBILITIES FOR SOLUTION 

Figure 1 shows the sequence of decisions for spent fuel disposal, with the 
resulting basic possibilities for solution. In particular, the following questions have 
to be answered: 

(1) Should the spent fuel elements be disposed of through final storage or should 
they be used for the recovery of fissile material through reprocessing? 

(2) In the case of reprocessing, what should be done with the recoverable pluto-
nium and irradiated uranium? 

(3) When must the various disposal facilities be ready for operation and what time 
schedule is to be set for the individual steps towards disposal? 

Besides disposal through final storage, a range of possibilities exists if the 
decision is taken to reprocess. Therefore, the latter can only be made through 
representative examples in order to show the essential differences. The appropriate 
starting point for determining typical cases is the existing boundary conditions with 
their practical prerequisites. 

(a) For irradiated uranium generated from the reprocessing of spent LWR fuel ele-
ments, the economically most favourable procedure is to use it as feed material 
for the enrichment process. 

(b) For the recoverable plutonium, one should consider either recycling for reuse 
in a reactor of the original type, or reserving it as a startup contribution for 
the required plutonium inventory in new breeder reactors. 

(c) The framework of the time schedule is given by the overall duration of the back 
end of the fuel cycle. This is fixed by the feasibility of final storage, which 
must be reached through radioactive decay over a waiting period of 30 to 
50 years. In this respect, there are no differences between the various alterna-
tives for disposal. 
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(d) The necessary waiting period can be bridged by means of interim storage, 

which has to be performed either in the form of spent fuel elements or as con-
centrated high level waste. The transition point between these two forms is the 
reprocessing step, which is fixed by the cooling time between unloading from 
the reactor and reprocessing. 

(e) The effective range of the cooling time can be investigated by studying the rela-
tions between the two boundary conditions. Two years appear realistic for the 
minimum cooling time. The maximum cooling time is set at 45 years and con-
sists of a 5 year period at the nuclear power plant and a maximum interim 
storage time of 40 years in dual purpose casks, as permitted by licensing 
regulations. 

(f) To avoid uneconomical and problematic interim storage of plutonium and 
irradiated uranium, these materials should be reused as soon as possible. As 
long as no real demand for the fast breeder reactor exists, it becomes practi-
cally mandatory to consume the plutonium in LWRs if direct reprocessing is 
used. 

(g) In the case of deferred reprocessing, interim storage is restricted to spent fuel 
elements. With respect to disposal over the next few decades, the solution is 
identical to that of final storage of fuel elements. The necessary decision for 
the next few decades is therefore restricted to the two alternatives: direct 
reprocessing or interim storage of spent fuel elements. 

(h) If interim storage is applied, all choices for disposal remain open. The decision 
concerning the actual disposal needs to be reached only after about 30 years 
between the two possibilities: reprocessing or final storage of spent fuel 
elements. If reprocessing is chosen, an additional decision concerning the 
further utilization of plutonium becomes necessary between the variants: 
Pu consumption in LWRs or reservation for FBRs. 

From the sequence of decisions, it follows that there are four principal possibil-
ities for disposal to be investigated as representative examples: 

(i) Direct reprocessing, with recycling of the plutonium and irradiated uranium 
(after 2 years' cooling time) 

(ii) Deferred reprocessing, with consumption of the plutonium and irradiated ura-
nium in PWRs (after 40 years' interim storage) 

(iii) Deferred reprocessing, with reservation of the plutonium for startup of breeder 
reactors (after 40 years' interim storage) 

(iv) Final storage of the spent fuel elements (after 40 years' interim storage). 
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4. DEPENDENCE OF THE APPLICABLE SOLUTION FOR DISPOSAL 

ON THE REACTOR TYPE 

Formation of the highly radioactive fission products associated with the 
production of a certain thermal energy is independent of the reactor type. In the 
generation of electricity, small deviations are only caused by differences in 
thermodynamic efficiency. 

Fast breeder reactors can only fulfil their function if the spent core and blanket 
elements are subjected to direct reprocessing and the recoverable plutonium is used 
for the immediate production of new core elements. The short cooling times required 
for a minimum plutonium inventory in the fuel cycle, burnups that are about three 
times higher than those in LWR fuel elements, plutonium concentrations of nearly 
20% and eventual difficulties in dissolving the mixed oxide all impose extremely 
high demands on the reprocessing technique for spent core elements, whose feasi-
bility is still to be achieved through special development programmes. 

The alternatives for disposal already discussed in Section 3 are only valid in 
the category of 'thermal reactors'. Here, a distinction must be made between those 
reactors which operate with natural uranium fuel elements and those with enriched 
uranium fuel elements. In the enrichment process for the latter, approximately five-
sixths of the necessary initial natural uranium is transformed into 'tails'. The irradi-
ated uranium in the spent fuel of natural uranium reactors, however, contains so little 
235U that it also has to be treated as waste. In spite of this, because the spent fuel 
has more than double the plutonium content, the profitability of reprocessing is not 
lost. Since the total natural uranium requirements for the two reactor systems are 
approximately the same, there are no large differences with respect to disposal. 

Quantitative comparisons of the disposal alternatives require a uniform refer-
ence basis and a defined reactor type. At present, about 80% of the world's nuclear 
power plant capacity emanates from LWRs. The predominance of the PWRs makes 
this type of reactor the most interesting case. The following analyses are therefore 
based on a nuclear power plant programme exclusively consisting of PWRs. 

5. EFFECT OF THE DISPOSAL SOLUTION ON THE DEMAND FOR 
NATURAL URANIUM AND THE QUANTITIES OF WASTE 

In Table I, the balance of natural uranium for the four basic disposal alterna-
tives is given. As the unit of reference, 1 GW • a of net electricity generation in PWR 
power plants is used. Accordingly, the balance gives the annual mass flow for a 
power station of 1250 MW(e) operating 7000 h/a. Therefore, the following break-
down was used: 

(1) The natural uranium needed for the manufacture of new fuel elements for 
annual reloads 
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(2) The quantities leaving the fuel cycle as uranium waste 
(3) The whereabouts of the remaining uranium as waste in other chemical forms. 

The demand for natural uranium is of importance for the long term fuel supply 
and for the extent of damage to the environment through mining. Alternative 4 men-
tioned in Section 3 corresponds to the normal 'one way or throw away cycle' and 
therefore has the largest natural uranium requirement. In alternatives 1 to 3, a 
savings in natural uranium is made possible through reprocessing, the magnitude of 
which depends on the cooling time applied for reprocessing and on the reuse of the 
recovered fissile materials: 

(a) The combination of direct reprocessing with immediate recycling of the irradi-
ated uranium and plutonium in alternative 1 results in rather rapid equilibrium 
conditions. The necessary annual fuel replacement can then be manufactured 
in constant proportions of natural uranium, irradiated reprocessing uranium 
and mixed oxide. In this way, the demand for natural uranium diminishes in 
about 7 years from 203 to 142 t U/GW-a. 

(b) With both deferred reprocessing variants, the savings in natural uranium are 
only realized with a delay corresponding to the duration of interim storage. 
This is of limited interest for assuring the supply because there is currently a 
surplus of natural uranium on the market, a situation which is expected to con-
tinue for some time. 

(c) While the achievable savings in natural uranium from direct reprocessing 
amounts to 61 t U/GW-a, «30%, it increases to 66 t U/GW-a, =33%, for 
a 40 year reprocessing deferment. 

(d) On the one hand, for alternative 3, with Pu reservation for startup of breeder 
reactors, the attainable savings of natural uranium for PWRs is lower by about 
29 t U/GW-a, « 14%. However, with reserved plutonium, installation of a 
breeder capacity corresponding to 25 MW(e) FBR per GW-year of PWR oper-
ation is made possible. Thus, further generation of electricity in PWRs could 
be renounced. The FBR power generated in its place could then be maintained 
for approximately 5000 years with the exclusive use of tails from previous 
PWR operations. Thus, a permanent savings of about 4.1 t/a would arise in 
the subsequent annual requirements of natural uranium for the overall nuclear 
power generation. 

Also associated with the attainable savings in natural uranium through disposal 
by reprocessing is a corresponding reduction in the uranium waste to be disposed 
of, which should be welcomed because of the general principle of minimizing the 
waste volume. A comparison of the values given in Table I shows the following 
relations: 

(i) For all the disposal solutions, around 98% of the input quantity of natural ura-
nium leave the fuel cycle in the form of uranium waste and are disposed of 
through final storage. 
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(ii) The first problem that arises concerns the uranium tails produced in the enrich-

ment of natural uranium, which amount to around 85% of the original natural 
uranium demand. Thus, this material represents the real quantitative problem. 
Furthermore, it will become acute in a relatively short time. In spite of this, 
little attention has been given to this problem. 

(iii) With the reprocessing alternatives, there is a reduction in the total amount of 
uranium waste which, compared with final storage, amounts to 30 to 33% for 
reutilization of the irradiated U and Pu and diminishes to 18% for Pu reserva-
tion. However, the breeder later makes it possible to generate power without 
uranium waste, thus paying for itself with a decline of about 3.4 t/a in waste 
production. 

Where the 2% residual natural uranium remains is important, especially with 
respect to the risk factor. The actual radioactivity problem stems from the fission 
products and the plutonium, which are therefore listed separately in Table I: 

— Production of 1100 kg of fission products and about 300 kg of plutonium per 
GW-year takes place regardless of the disposal approach. For alternative 4, the 
two materials have to be finally stored as constituents of the spent fuel 
elements. 

— For disposal through reprocessing, the fission products are to be disposed of 
in a concentrated form as high active waste, while the plutonium becomes a 
throughput and inventory item in the outer fuel cycle. 

6. ECONOMIC COMPARISON OF THE ALTERNATIVES FOR DISPOSAL 
OF SPENT FUEL WITH THEIR TIME DEPENDENCES AND 
POSSIBILITIES FOR IMPROVEMENT 

Figure 2 shows the effect of spent fuel disposal costs on electricity generation 
in PWR power plants for the example cases of fuel discharge batches in the refuelling 
years 1990, 2000, 2010 and 2030. Here, the specific disposal costs in pfennig allot-
ted to 1 kW'h on the real value basis of 1990 are plotted in a bar graph for the four 
basic alternatives. The total bar height shows the specific disposal costs expected for 
a national approach under the boundary conditions of large industrialized nations. 
The upper section hatched with vertical lines indicates the improvements achievable 
through a multinational approach. The blank section below the zero line indicates 
separately the proceeds to be gained through the reuse of irradiated uranium and 
plutonium, which are taken into account in the disposal costs for the reprocessing 
cases. The time shifts of the various expenditures were accounted for using the 
present value method with an effective interest rate of 3 %. 
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possibility of improvement through a multinational approach. 
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Disposal of spent fuel is still in an introductory phase; accordingly, the costs 

are relatively high. The anticipated improvements in the boundary conditions for dis-
posal in the form of technical progress, increasing power plant capacities and 
escalating uranium prices will greatly reduce the specific disposal costs with time in 
all cases. 

However, the percentages of decline decrease steadily in the sequence of 
decades, because the limited possibilities for improvement through technical 
progress will gradually be exhausted. Also, approaching the optimum throughput for 
fully utilized disposal facilities, the degression effect ceases, so that finally only the 
increase in value of the recovered fissile materials due to the continuing uranium 
price escalation remains an improvement factor. 

Under the boundary conditions of large industrialized nations, using the alter-
native with direct reprocessing for discharge batches in the year 1990, 1.65 Pf/kW • h 
can be assumed as the disposal cost for electricity generation in PWRs. If one 
chooses the alternative of a preceding 40 year interim storage time, then disposal 
costs of only about one-fifth the above amount can be expected. This difference of 
DM 115 million/GW-a of electricity generation is mainly due to the fact that the 
actual disposal measures will take place under the more favourable boundary condi-
tions which will prevail 40 years later due to deferral. Furthermore, deferral is 
associated with a decay in the radioactivity and the heat generation to below 10%, 
which facilitates or simplifies handling and processing. Finally, postponement of the 
necessary plant investment leads to a substantial savings in capital costs. For later 
discharge batches, this difference will become smaller, but a remaining factor of 3 
after 40 years indicates that the continued application of interim storage will still 
remain attractive in the long term. 

By comparison, the three interim storage solutions exhibit only modest cost 
differences, which are not essential for the decision to be made later. Under these 
circumstances, it should not be difficult to give preference to alternative 3, which 
makes plutonium available for breeder purposes free of charge. From the additional 
disposal costs of alternative 3 as compared with alternative 2, an accounting price 
for plutonium could also be derived on the basis of the achievable savings in the case 
of Pu consumption in PWRs. However, by providing plutonium free of charge, the 
desirable transition to the breeder technique would become much easier. Otherwise 
the fast breeder fuel cycle would be burdened with the capital costs of the plutonium 
inventory, which would greatly detract from its competitiveness with the PWR. 

Irrespective of the fact that the know-how and the national requirements of 
large industrialized countries permit independent solutions for waste disposal, 
improvements can still be achieved through co-operation and common solutions. The 
main effect of such improvements stems from the increased possibilities for site 
selection, through which the erection of large scale integrated disposal centres would 
become feasible. In every respect, this could offer optimum premises. Further 
advantages could lie in an acceleration of favourable boundary conditions, savings 
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in expenditure for development, and pooling of the available know-how and 
experience. The numbered sections of the bars indicate the achievable cost minimum 
for the disposal alternatives analysed; these could be achieved and made applicable 
for all countries without discrimination by way of a multinational approach. 

From developing countries to smaller industrialized nations, the unfavourable 
boundary conditions practically prevent creation of a national disposal solution 
beyond that of interim storage of fuel elements, at least for the foreseeable future. 
In large industrialized nations with their densely populated areas, the erection of 
reprocessing plants and plutonium processing facilities are suffering increasing 
difficulties of public acceptance. Under these circumstances, the multinational 
approach in the spent fuel disposal sector offers the most economical solution and, 
for reasons of environmental protection and securing disposal services for all coun-
tries under equal conditions, it also offers advantages regarding the environmental 
impact and risk. 

7. CONCLUSIONS 

In general, it can be assumed that, for some time to come, only a decision 
between direct reprocessing or interim storage of spent fuel elements must be made. 
Interim storage permits deferment of actual disposal for up to 40 years, without 
causing a delay in the possible closure of the fuel cycle through final storage. In 
detailed studies, it has been established that, in particular, deferral of reprocessing 
results in great improvements in the economy, ecology, risk and long term fuel 
supply. 

Besides its great economy, interim storage of spent fuel offers great flexibility. 
If one makes use of the dual purpose cask technology, then the freedom of decision 
with respect to type, scheduling and location of the subsequent disposal measures is 
enhanced by the unrestricted mobility during the interim storage phase. In this way, 
the option of changing over from thermal reactors to breeder reactors can be held 
open, and large scale multinational solutions can more easily be realized. Thus, the 
services necessary in the nuclear fuel cycle could be made available under 
comparably favourable conditions to all countries of the world. 
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Abstract- Аннотация 

SAFETY EVALUATION CRITERIA FOR THE PROCESSING OF WASTES FROM THE 
FINAL STAGE OF THE NUCLEAR FUEL CYCLE. 

The paper presents the main approaches to the selection of safety evaluation criteria for 
the processing of wastes from the nuclear fuel cycle. On the assumption that safety criteria 
should limit exposure to radiation and predict radiation levels, the author proposes to use 
calculated values of the maximum permissible releases into the atmosphere and into water 
systems. Initial data are determined which could be used to calculate these values in different 
regions of the Soviet Union. 

КРИТЕРИИ ОЦЕНКИ БЕЗОПАСНОСТИ ПРИ ПЕРЕРАБОТКЕ ОТХОДОВ ЗАКЛЮЧИ-
ТЕЛЬНОЙ СТАДИИ ЯДЕРНОГО ТОПЛИВНОГО ЦИКЛА. 

В статье изложены основные подходы к выбору критериев оценки безопасности 
при переработке отходов ядерного топливного цикла. Исходя из предположения о том, 
что критерии безопасности должны ограничивать дозы облучения и давать прогнозную 
оценку уровней облучения, предложено для этих целей использовать расчетные величины 
предельно допустимых выбросов в атмосферу и сбросов в водные системы. Определены 
исходные данные, которые могут использоваться для расчета этих величин в различных 
районах Советского Союза. 

Ядерный топливный цикл состоит из многих этапов, каждый из кото-
рых оказывает определенное воздействие на окружающую природу и насе-
ление. Одним из основных этапов ЯТЦ является заключительная стадия, 
связанная в основном с переработкой отработавшего ядерного топлива и 
отходов для их последующего захоронения. 

Особое внимание к переработке отходов связано, в первую очередь, 
с увеличением доли атомной энергии в общем балансе энергетики. Это при-
водит к постоянно возрастающему поступлению загрязненных веществ в 
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природные объекты со сточными водами и газо-аэрозольными выбросами. 
В состав загрязняющих веществ входит большое число различных радио-
нуклидов, которые в отличие от других химических веществ, имея, как 
правило, большой период полураспада, в течение длительного времени не 
теряют своей радиотоксичности. Поступая в природные объекты, радио-
нуклиды обладают способностью накапливаться в них и оказывать на чело-
века внешнее воздействие, а попадая по пищевым цепочкам во внутрь орга-
низма человека, - приводить к внутреннему облучению. 

Этим во многом объясняется актуальность нормирования поступления 
радионуклидов в окружающую среду на заключительной стадии ядерного 
топливного цикла. 

В настоящее время в мире накоплен большой опыт по разработке крите-
риев оценки безопасности промышленного производства, учитывающий 
объем и состав образующихся отходов, способы их переработки. Учитывая 
этот опыт, а также требования регламентирующих и законодательных актов, 
были разработаны критерии оценки безопасности при поступлении радионук-
лидов в окружающую среду при переработке отходов (заключительный этап 
ядерного топливного цикла) . Данные критерии являются одним из показа-
телей организации производства и создают возможность организовать произ-
водственную программу таким образом, чтобы деятельность предприятий не 
вела к загрязнению выше установленного безопасного предела. Контроль 
за выполнением установленных нормативов и планомерное снижение поступ-
ления радионуклидов в окружающую среду являются одним из показателей 
деятельности предприятия. 

Критерии оценки безопасности должны отвечать следующим основным 
требованиям: 

— производить оценку дозы облучения критической группы населения 
при стабильном режиме работы предприятия; 

— оценивать вклад в дозу отдельных радионуклидов, устанавливать 
критические нуклиды и определять значимость наиболее вероятных 
путей облучения; 

— определять направление и размеры оптимального сокращения и 
выбросов и сбросов; 

— рассчитывать допустимые уровни содержаний радионуклидов в отхо-
дах, обеспечивающих соблюдение установленных дозовых пределов; 

— прогнозировать радиационную обстановку в населенных пунктах, 
удаленных на различное расстояние от источника радиоактивности. 

В значительной мере реализации этих критериев способствуют норма-
тивы, позволяющие учитывать комплексное радиационное воздействие радио-
нуклидов для пределов дозы, устанавливаемых для населения, и отвечать 
требованиям национальных и других нормативных законодательных актов, 
в том числе рекомендациям МКРЗ. 
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Разработка нормативов на базе критериев оценки безопасности основана 
на том, что не должно вводиться каких-либо ограничений, препятствующих 
нормальным условиям деятельности населения и предприятий, как в настоя-
щее время, так и в будущем. 

Для установления нормативов предельного поступления радионукли-
дов в природные объекты проводится сравнение фактического состояния и 
предельно допустимых пределов, рассчитываемых исходя из основного 
дозового предела. С целью постепенного сокращения поступления радио-
нуклидов в природные объекты, предприятию устанавливаются рабочие 
контрольные уровни, которые, как правило, ниже предельно допустимых. 

Так как сбросы после переработки отходов, удаляемые в водные 
системы и в атмосферный воздух, содержат, как правило, смесь радионук-
лидов, то под предельно допустимым поступлением каждого нуклида прини-
мается такое количество, при котором суммарная доза облучения не превы-
сит пределы дозы, установленные для критических органов. 

При расчете предельно допустимых выбросов радионуклидов в атмос-
ферный воздух с учетом требований защиты персонала от воздействия радио-
активных веществ на территории предприятия исходят из условия, что кон-
центрация этих веществ в точках воздухозабора не превышает 0,3 Д К А , а 
приземная концентрация не превышает 4,4 ДК Б . В целом для предприятия 
устанавливаются минимальные значения (ДКА— допустимая концентрация 
для ¡персонала, ДКБ — допустимая концентрация для населения зоны наблю-
дения) допустимого выброса из всех рассчитанных величин с учетом облу-
чения персонала и населения, проживающего в зоне наблюдения. При этом 
учитываются метеорологические особенности района расположения пред-
приятия по переработке отходов, высота источника выброса и целый ряд 
других параметров. Особое внимание уделяется расчету кратковременных 
допустимых выбросов, которые могут возникнуть при аварийных ситуациях. 

ТАБЛИЦА I. ЗНАЧЕНИЕ КОЭФФИЦИЕНТА А ДЛЯ РАЗЛИЧНЫХ 
РАЙОНОВ СТРАНЫ 

Район СССР А 

1. Субтропическая зона Средней Азии 0,24 
2. Казахстан, Нижнее Поволжье, Кавказ, Дальний Восток, 

Средняя Азия 0,20 
3. Север и Северо-Запад Европейской территории СССР, 

Среднее Поволжье, Урал, Украина 0,16 
4. Центральная часть Европейской территории СССР 0,12 
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ТАБЛИЦА II. ВЕЛИЧИНА КОЭФФИЦИЕНТА F 

Условия F 

1. Газообразное вещество и высокодисперсные аэрозоли 
со скоростью осаждения более 0,05 м/с 1 

2. Крупнодисперсные пыли: 
коэффициент очистки > 90% 2 

75-90% 2,5 
< 75% 3 

3. Выброс пыли сопровождается выделением водяного 
пара 3 

В этом случае исходят из того, что кратковременный выброс не должен при-
водить к превышению пределов доз внешнего и внутреннего облучения пер-
сонала и населения при максимально возможной аварии. 

Важной характеристикой, принимаемой при.расчете безопасных уров-
ней выбросов радиоактивных веществ, является метеорологическое разбавле-
ние. Так как полностью предотвратить выброс радионуклидов в атмосфер-
ный воздух не представляется возможным, то вводится понятие — коэффи-
циент метеорологического разбавления, который учитывает большое коли-
чество различных факторов, влияющих на распределение радионуклидов в 
атмосфере в различных точках от источника выброса. 

Минимальный коэффициент метеорологического разбавления радио-
нуклида в атмосфере определяется по формуле: 

H 2¿/vW £ _ 1 
AFmnaP /Po 

— высота источника; 
— объем выбрасываемой воздушной смеси; 
— разница между температурой смеси и температурой атмосфер-

ного воздуха; 
— коэффициент, зависящий от температурной стратификации 

атмосферы и определяющий условия неблагоприятного рас-
сеяния вещества (табл.1) ; 

— коэффициент, учитывающий осаждение вещества (табл. И) ; 
— коэффициенты, учитывающие условия выхода смеси из 

источника; 

где H 
V 
ДТ 

А 

F 
m, n 
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0,2 

a = где 7i — период осреднения (20 мин) ; 
r2 — период осреднения (сутки, месяц, год) ; 

Р/Р0 — показатель, представляющий отношение реальной повторяе-
мости преобладающего ветра за длительный период к пов-
торяемости ветров при условии равновероятности всех нап-
равлений Р0 • 

Расчеты показали, что среднегодовой коэффициент разбавления для 
выбросов из высоких источников в районах СССР с наибольшей повторяе-
мостью аномальных условий (Восточная Сибирь, Закавказье) уменьшается 
в 1,1—1,2 раза. Для других районов эта величина меньше. 

где W — скорость выхода газовоздушной смеси из источника (м/с) ; 
D - диаметр устья источника (м) . 

Расчет коэффициентов тип 

1 
m = 

0,67 + 0,l\/f + 0,34^/f ' 

w2d 
f = 1 0 3 x — (м/с2-град), 

Ы z Л + H2 At 

n = 3 при û u < 0,3 ; 

n = 3 —у/(#м - 0,3) (4,36 - û j при 0,3 < £ м < 2 ; 

n = 1 при > 2 ; 

В случае выброса смеси радиоактивных веществ и наличия нескольких 
путей облучения при расчете допустимых выбросов должны выполняться 
следующие критерии безопасности: 



1 7 8 ШАТАЛОВ и др. 

H п 
2 - S i - + 2 — ^ — ^ 1 (Для населения), 
К ПД; i nrr i i j 

где HK j — эквивалентная доза к-вида внешнего излучения в j-крити-
ческом органе ; 

lïjj — годовое поступление i-вида радионуклида в j-критический 
орган; 

ПДП^ — предельно допустимое годовое поступление (для персонала) 
ПГПу — и предел годового поступления (для населения) i-радио-

нуклида в j-критический орган. 

Допустимая интегральная концентрация короткоживущих радионук-
лидов составляет: 

J c ¡ ( t ) d t = 3 , 1 5 X 1 ( ) Ю ДКви (Ки с / м 3 ) , 

где ^ j - — время, в течение которого человек получает дозу облучения. 

Для долгоживущих радионуклидов, попадание которых в организм 
человека при кратковременном выбросе приводит к облучению критических 
органов в течение всей продолжительности жизни, допустимая интегральная 
концентрация равна: 

J c j ( t ) d t = 103 ^ Д К б п (Ки с / м 3 ) . 

Средняя продолжительность жизни принимается 70 лет (2,21- 109с) 
Загрязнение приземного слоя атмосферы оценивается по величине 

максимальной приземной концентрации примеси 

M 
С = — 

При этом С < ДКБ - С ф . 

Для радионуклидов, осаждающихся на поверхности земли, плотность 
загрязнения поверхности земли составляет: 
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of (t ) = 103 ( l - е-ХэФ V (Ки /м 2 ) , 
ХЭф.1 V ) 

где of — приземная концентрация примеси на расстоянии X от источ-
ника; 

Va — скорость турбулентного осаждения; 
\Эф - константа, определяющая уменьшение активности i-радионук-

лида в поверхностном слое почвы, связанная с радиоактивным 
распадом этого нуклида и его проникновением в почву. 

Важной характеристикой при определении критериев безопасности 
является величина фоновой концентрации. В зависимости от этого можно 
сделать ограничения на производительность перерабатывающего завода, мето-
ды захоронения и локализации отходов, т.е. оказать воздействие на произ-
водственную деятельность. Вполне понятно, что фоновые концентрации 
должны определяться в районе расположения предприятия или мест захоро-
нения отходов. При отсутствии данных о фоновых концентрациях расчет 
критериев безопасности поступления радионуклидов в природные объекты 
проводится эмпирическим путем с учетом данных дозиметрического кон-
троля: 

о i = 
2 H K i _к 
ПДДз 

(для персонала) ; 

F K Í (jj = - j^ j - (для населения), 

где <?i — коэффициент, определяющий вклад внешнего j-облучения 
без учета естественного фона; 

2 HKi— эквивалентная доза облучения j-критического органа I группы 
за счет всех видов внешнего излучения. 

n i j 
g = 2 - — 1 — (для персонала) ; 

i ПДП^ 

П п о2 = 2 (для населения), 
п г п и 

где n¡ j — поступление i-радионуклида в j-критический орган с продук-
тами питания, водой. 
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При расчете дозовых нагрузок в качестве фоновых должны быть учтены 
дозы: 

— от внешнего облучения с поверхности земли; 
— от внешнего облучения от радиоактивных выбросов из всех источни-

ков, кроме нормируемого, входящих в зону наблюдения данного 
источника; 

— от внутреннего облучения при ингаляционном и пероральном поступ-
лении радионуклидов в организм. 

Аналогичный подход предусмотрен и при определении критериев безо-
пасности при сбросе радиоактивных веществ в водные системы. При этом 
также учитывается их рассеивание, перенос и накопление. Кроме того, мас-
штабы радиоактивного загрязнения природной среды заметно увеличива-
ются в результате паводков, разливов рек и т.д., и в конечном итоге опре-
деляют уровни комплексного воздействия на население. 

При продолжительном и постоянном сбросе радионуклидов в речные 
системы между концентрациями нуклидов в различных объектах устанав-
ливается квазидинамическое равновесие. Это дает возможность прибли-
женно описать распределение радионуклидов во внешней среде с помощью 
простой модели, где величины средних концентраций нуклида в объектах 
среды а и b связаны линейными уравнениями типа: 

С ai = ^abi Cbi • 

Таким образом, задача сводится к нахождению коэффициентов Ka b i , 
значения которых определяются экологическими закономерностями. 
Величины экологических параметров зависят от многих факторов, обус-
ловленных как свойствами самого радионуклида, так и свойствами окру-
жающей среды, что предопределяет учет местных условий. 

В зависимости от характера внешней среды, относительно которой 
определяется содержание радионуклида в ее объектах, различают коэффици-
енты первого, второго и третьего рода. 

Коэффициенты первого рода характеризуют величину содержания нук-
лида в объектах внешней среды относительно их содержания в речной воде. 
К коэффициентам второго рода относятся экологические параметры, опре-
деляющие содержание радионуклида в различной сельскохозяйственной 
продукции относительно их содержания в почве. Коэффициенты третьего 
рода характеризуют содержание радионуклида в суточном рационе животных 
и их содержание в молоке и мясе. 

Главным критерием оценки безопасности при переработке отходов 
заключительной стадии ЯТЦ является выбор сброса хранения и обращения 
с отходами, исключение или уменьшение до установленных норм неблаго-
приятного воздействия на человека и окружающую среду. 
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Решение этого вопроса можно осуществить внедрением малоотходных 
и безотходных технологий. Вполне естественно, что перед тем, как решить 
вопрос о хранении отходов, необходимо рассмотреть все возможные пути 
их использования или утилизации непосредственно в производствах ЯТЦ. 

Формулы для вычисления дозы 
при внешнем и внутреннем облучении организма 

1. Доза у-облучения, получаемая во время купания: 

Н = К а и С ы Т Р 1 г (бэр/год) , 

где К — постоянная, учитывающая геометрию облучения, равная соответ-
ственно 4гг при купании и 2тг при плавании на лодках; 

Т — продолжительность облучения (ч/год) ; 
Fir— отношение мощности дозы 7-излучения, обусловленного i-нукли-

дом, к концентрации нуклида в воде (бэр/г, Ки/л) . 

2. Доза 7-облучения, получаемая во время пребывания на участках загряз-
ненной поймы: 

Н = а и С ы К п 1 5 T F i r e - * i t (бэр/год) . 

3. Доза при внутреннем облучении критического органа г i-нуклидом по 
р-пути поступления: 

flipr = Cpi Up F ¡ r (бэр/год) , 

где Cp i — содержание i-нуклида в р-продукции питания ; 
Up — годовое потребление продукта питания; 
F i r — дозовый коэффициент. 

4. Доза, формируемая в органе г i-нуклидом по всем путям поступления 
в организм: 

^ r = 2 C p i U p F i r (бэр/год) . 

5. В случае совместного внешнего и внутреннего облучения критического 
органа г смесью нуклидов по р путям облучения суммарная эквивалентная 
доза: 
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Расчет содержания радионуклидов 
в некоторых объектах внешней среды и продуктах питания (Ки/кг) 

1. В донных отложениях: 

СД1 = CBi • 

2. В речной рыбе: 

Cpi ~ Kpj . 

3. В продуктах растениеводства, получаемых на затопляемых участках речных 
пойм: 

(a) вода—продукция: 

^ci ~ ain CB¡ K c ¡ . 

(b) вода—почва—растения: 

^ci ~ ain CBi Kni K c n i S . 

4. В молоке CMi и в мясе Cri при выпасе скота на затопляемых участках и 
водопое из реки: 

CMi ~ aiM ^Bi KM¡ ; 

^ri ~ aiM ^Bi K r i • 
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Abstract 

SELECTION OF STRATEGIES FOR THE BACK END OF THE NUCLEAR FUEL 
CYCLE IN THE UNITED KINGDOM. 

The paper identifies the technical aspects of the three main options for the management 
of spent thermal reactor fuel in the United Kingdom, i.e. disposal and delayed or immediate 
reprocessing; compares the requirements for the treatment of thermal and fast reactor fuel; 
summarizes the UK position for fast reactor fuel, where reprocessing is the only feasible 
option; and sums up the pressures and trends in reprocessing as shown in current research and 
in the design of the THORP and European Demonstration Reprocessing Plant projects. The 
overall conclusion is that the key question is not simply whether or not reprocessing is 
preferable to disposal, but also the timing of the answer. This will vary between countries. 
For a nation such as the UK, which has no indigenous uranium and is already involved in 
reprocessing, the strategic requirement to maintain the technology seems to take precedence 
over any minor variations which arise from time to time in the current economic balance 
between the options. 

1. INTRODUCTION 

The paper outlines some of the factors which influence the choice of spent fuel 
management strategy. It discusses some points which are specific to the United 
Kingdom, and the differences between the considerations needed for thermal and fast 
reactor fuels. Emphasis is placed on technical options for the back end. There is little 
discussion of the relative economics of the various options. This is partly because 
an economic analysis of the main options for thermal reactor fuel was published 
recently by the Nuclear Energy Agency of the OECD [1], but more importantly 
because economic analyses depend so much on local national factors and trends in 
prices that general conclusions are difficult to establish. 

183 
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For thermal reactor fuel there are three main options: 

(1) Disposal of unreprocessed fuel 
(2) Extended storage, and a later decision between disposal or reprocessing 
(3) Reprocessing and immediate use or storage of the products. 

By contrast, for fast reactor fuel as we know it, reprocessing, refabrication and 
recycle is the only feasible option. The only latitude is a small variation in the choice 
of cooling time before reprocessing. 

The following sections discuss these options for thermal and fast reactor 
fuels, and some possible trends in reprocessing. Where appropriate, the account is 
limited to a brief summary, supported by reference to other UK papers at this 
Symposium [2, 3]. 

2. DISPOSAL OF UNREPROCESSED THERMAL REACTOR FUEL 

2.1. UK policy and direct disposal 

The current UK policy is to reprocess spent fuel, to vitrify the HA waste 
arisings, and to store the vitrified waste for at least 50 years before disposal to a deep 
repository. The alternative of direct disposal of thermal reactor fuel has been 
assessed and accepted in some other countries, but no detailed study has been made 
in the U K of the probable leach characteristics after disposal. However, some 

general technical conclusions can be reached, based on our studies on disposal of 
vitrified HA waste and cemented IL waste. This comparison requires consideration 
of the chemical and radiological characteristics of spent fuel and vitrified waste and 
any special problems which they pose for interim storage and disposal of the 
packaged product. 

2.2. Characteristics of spent fuel and HA waste 

2.2.1. Volume and size 

This comparison considers CAGR and LWR fuel. Magnox fuel is a special 
case and is considered below. Assuming that subassemblies can be dismantled to 
allow a higher packing density of fuel pins, the volume of immobilized fuel will be 
at least 2 to 3 times greater than the corresponding volume of vitrified HA waste. 
The length of PWR pins will also dictate more cumbersome handling and disposal 
arrangements in a repository. However, the effects on the overall repository required 
may well be small [3], and there will be some gains in the lower arisings of medium 
and particularly low active wastes. 
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2.2.2. Heat output 

Differences in specific heat output may again lead to different packing 
geometries in the repository, but the heat output per GW(e)»a will be little greater 
for spent fuel over the important period of the first 100 years. Thereafter, it may be 
up to three times greater than that for vitrified HA waste. 

2.2.3. Radioactivity 

In both cases the total radioactivity and the calculated ingestion toxicity will 
fall with time, but more slowly for spent fuel. They will be about one or two orders 
of magnitude greater for spent fuel over the one thousand to one million year period, 
mainly because of the much higher quantities of plutonium, and the difference will 
increase rapidly thereafter owing to the effects of uranium daughters. Spent fuel 
contains 129I, which is absent from vitrified HA waste. 

2.2.4. Physical form 

There are also differences between the physical forms of fuel and vitrified 
waste. In vitrified waste, the activity should be distributed uniformly throughout the 
glass matrix. In spent fuel there will be some concentration of partially volatile 
fission products at the fuel pellet-cladding interface and there may be some cracking 
of the fuel. In principle, this might lead to a greater release of activity on first 
penetration of the fuel pins by groundwater. 

2.2.5. Effects on waste management 

As with the differences in volume noted above, these differences in heat out-
put, calculated toxicity and physical form are probably not very significant when 
detailed management and disposal conditions are considered. 

2.3. Interim storage 

The basic requirements are an active cell, in which fuel could be dismantled 
and the fuel pins canned for storage, and a storage vault. Cooling would be by natural 
convection but probably with a stand-by forced ventilation/filter system. These 
requirements are similar to those planned for vitrified blocks. For LWR fuel, pond 
storage could be an alternative. 
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2.4. Disposal 

2.4.1. Conditions for disposal of reprocessing waste 

Results from experimental leaching studies of immobilized reprocessing 
waste [4] suggest that conditions for safe disposal could involve: 

(1) Sufficient depth to avoid inadvertent intrusion 
(2) A groundwater flow rate of no greater than 10"10 m/s 
(3) A container life sufficient to allow the decay of soluble species such as 137Cs, 

90Sr and 3T to levels comparable with the toxicity of actinides in the near field 
groundwater (probably about 500 years) 

(4) Reducing and alkaline chemistry in the near field around the waste. 

Under these conditions the activity in the near field groundwater would remain low 
at all times, and when the effects of delay and dilution in the far field are taken into 
account, the risk from the groundwater pathway should be very low indeed. 

2.4.2. Container life and near field chemistry 

Thick copper combined with a lead in-fill, alumina and rutile have been 
suggested as container materials offering a life of up to one million years when used 
for the disposal of spent fuel [5]. However, in the longer term the toxicity of the 
copper and lead may then exceed that of the active waste. Assessments for reprocess-
ing waste show that a container life of about 1000 years will be sufficient to prevent 
contact of the waste with groundwater before the more important soluble species 
have decayed. The corrosion rate of carbon steel is determined largely by the supply 
of oxygen. A thickness of 200 mm would have a high probability of survival for 
1000 years [6]. The long lived species would then be retained in the near field by 
the alkaline reducing environment created by the use of cement as backfill and the 
iron container; these conditions should persist for about one million years. 

2.4.3. Relevance to spent fuel 

The above approach has been designed for the emplacement of immobilized 
reprocessing waste. Immobilization of the long lived activity depends on chemical 
solubilities and sorption conditions in the near field. These in turn depend on the 
chemical conditions created within the repository. The concentration of activity in 
the groundwater is then relatively insensitive to the chemical form of the waste, its 
surface area and the kinetics of the surface dissolution. The approach should 
therefore be equally applicable to spent fuel. 
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2 .4 .4 . Special considerations for spent fuel 

The above analysis suggests that the near field disposal strategy outlined for 
reprocessing waste should also be applicable to spent fuel. Given the much higher 
plutonium content (by at least 1000) it may just be worth considering a container with 
a longer life than 1000 years, although in practice retention by the near field 
chemistry will probably prove to be adequate. Further assessment is also needed for 
the possible long term impact of the soluble long lived isotopes in spent fuel which 
are not present in vitrified HA waste, notably ,29I and perhaps the 226Ra and 210Pb 
daughters of 238U. 

2.5. Radiological impact 

In comparing overall fuel cycles the once-through strategy involves a greater 
mining and milling operation but avoids the fabrication and reprocessing activities 
of thermal recycle. No decisive radiological advantage is reported for either 
cycle [7]. Any difference in operator dose probably falls within the variations for 
different types of reactor. 

2.6. Special issues for spent fuel 

Typically, spent fuel may contain about 1% residual 235U and 0.5 to 
1% plutonium. In principle, a criticality assessment is required for any possible 
changes, particularly concentration processes, that might take place after disposal. 
However, the assessment by ASEA-ATOM suggests that this is not an important 
issue [5]. The possible difficulty of applying safeguards indefinitely after disposal 
also needs consideration. 

Magnox fuel represents a special case in the UK. Although direct disposal 
could be feasible, a combination of uncertainty and logistics seems to rule out this 
option. Investigation would be needed to demonstrate that fuel could be dried safely 
for storage, and that the chemical behaviour of metallic uranium and Magnox is satis-
factory after disposal. By the time these issues had been resolved and a new dry 
storage facility constructed, most scheduled Magnox fuel arisings would have been 
reprocessed. 

2.7. Conclusions on direct disposal 

Although several issues have been noted which need further attention, the 
overall conclusion is that direct disposal should be technically satisfactory for 
thermal oxide fuel, and even for Magnox fuel which has always been in dry storage. 
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As with vitrified HA waste, extended storage would be required until the specific 
heat output had fallen to about 1 kW/t. There could, however, be problems in public 
acceptability of disposal of plutonium and reactive metals. 

It is not the aim of this paper to review economics. However, two publications 
have suggested an economic advantage of about 30% for direct disposal compared 
with reprocessing after allowance for uranium and plutonium credits [1, 7]. This 
corresponds to a reduction of perhaps 1 to 2% in unit generating costs. However, 
this assumes current uranium prices; and uranium resources are finite. In the UK at 
least it seems preferable to maintain reprocessing technology, which cannot be 
switched on and off on even a 10 year time-scale, and to avoid discarding such a 
large energy resource. We are therefore proceeding with the construction of a new 
reprocessing plant (THORP — Section 4.3). 

3. EXTENDED STORAGE OF THERMAL REACTOR FUEL FOR A 
LATER DECISION BETWEEN REPROCESSING OR DISPOSAL 

This option assumes that spent fuel is stored for say 20 to 50 years and so 
allows a later decision between reprocessing and direct disposal of unreprocessed 
fuel. Direct disposal will inevitably require interim storage for at least 50 years and 
has been discussed above. The key question for this section of the paper is therefore 
whether an extensive delay before reprocessing is worthwhile. General technical 
points to be considered are the possible effects of a delay in reprocessing on 
discharges, operator dose, plutonium fuel fabrication and value of the plutonium. It 
is also necessary to consider the technical points which are specific to the UK, and 
the overall economic and strategic implications. 

3.1. Discharges from reprocessing plants 

In principle, an increase in cooling time before reprocessing from 5 years to 
say 20 to 50 years allows active nuclides to decay, and so for a given flow sheet 
could reduce the quantity of activity discharged. In practice, the effect of such a 
delay on the discharge of alpha activity, the basis of a current critical group in the 
UK, is only about 5 to 10%. For beta emitters, the position varies a little with the 
nuclide. For the 95Zr/95Nb activity (half-life 64 days), a delay beyond 5 years has 
a negligible effect. For 106Ru/106Rh (half-life 1.01 years), a short delay beyond 
5 years might be worthwhile, but it is approaching the point of diminishing returns. 
For 137Cs (30.2 years) and 90Sr (28.5 years), the effect of increasing the delay to 
20 to 50 years is to reduce the activity by a factor of 1.5 to 3. Extensive delay is 
therefore a very ineffective method of reducing the total activity in discharges. If 
such a reduction is required, it is better achieved by process design or by the 
introduction of effluent treatment plants. Measures taken and planned at Sellafield 
are summarized elsewhere [2, 8]. 
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3.2. Operator dose in reprocessing 

In principle, a delay might lead to a lower radiation level in the fuel plant. In 
practice, the 5 to 50 year period is one where the decay in total activity is relatively 
slow; the total radioactivity falls by an additional factor of only 1.5 to 3. As plants 
are designed against target dose rates to meet statutory requirements, the effect of 
an extensive delay before constructing a plant might therefore be a marginal saving 
in shielding costs. 

3.3. Plutonium fuel fabrication 

The plutonium isotopes include 241Pu, which decays to 241Am, with a half-life 
of 14.4 years. Americium therefore accumulates in plutonium during storage. Its 
decay modes include gamma emission at 60 keV. Any resultant increases in radiation 
level can be met by attention to shielding requirements during fabrication, but in 
principle there is an advantage in delaying either fuel processing, or at least the 
separation of plutonium, until it is needed for fuel fabrication. 

3.4. Value of plutonium 

As noted above, 241Pu is lost from stored plutonium with a half-life of 
14.4 years. Plutonium-24l has a particularly high fissile worth, and storage of 
plutonium for say 50 years leads to the loss of 30 to 40% of its fissile value for 
thermal recycle in PWRs and 10 to 25% in CAGRs. The reduction for use in fast 
reactors would be over 20%. This argues for early separation and use of plutonium 
but, given a certain date for plutonium reuse, does not have any relevance to the time 
of reprocessing. 

3.5. Technical points specific to the UK 

There appears to be little technical difficulty in storing LWR fuel in water for 
extensive periods, but gas cooled reactor fuel needs special consideration. Magnox 
fuel is quite susceptible to corrosion in water during pond storage, and unnecessary 
delay should be avoided. As discussed earlier, development of an alternative to 
immediate reprocessing might be technically feasible, but it is hardly credible on 
logistic grounds. The cladding of CAGR fuel is sensitized to intergranular corrosion 
by the effects of neutron dose and temperature in some regions of the reactor. This 
fuel can be stored for about 10 years in water, and for much longer times in gas 
cooled vaults, but for fuel which is already significantly corroded early reprocessing 
is the only acceptable option. 
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3.6. Overall economic and strategic position in the UK 

Apart from the fuels which have been corroded, where there is little choice but 
to reprocess, the overall effect of an extensive delay in reprocessing is to allow some 
relaxation in shielding requirements, with corresponding savings in plant costs. It 
might, therefore, be argued that reprocessing should be delayed until the uranium 
price rises to give a significant economic advantage. The additional storage costs 
then have to be balanced against the discounted costs of reprocessing and storing the 
products. However, if the intention is to reprocess eventually, the adoption of a 
storage-only philosophy for 20 to 50 years offers only marginal financial savings and 
risks losing the technology of reprocessing and incurring the inevitable delays and 
higher costs when it has to be reinstated in the future. 

3.7. Shorter storage periods 

The adoption of very short cooling periods before reprocessing is normally 
avoided to restrict problems arising from the high heat output from the fuel, from 
short lived volatile fission products such as iodine and xenon, and from radiation 
damage to the solvent. In the UK the policy for thermal oxide fuel is to store CAGR 
fuel for at least 3 years and LWR fuel for at least 5 years before reprocessing. This 
allows cost savings to be achieved in designing reprocessing plants and trades on the 
very rapid decrease in radioactivity over the first few years. In practice, at least 
initially, thermal oxide fuel in the UK will be reprocessed after even longer cooling 
periods. 

3.8. Storage for operational flexibility 

If required, there should be no difficulty in storing LWR fuel, wet or dry, for 
longer periods, but given the limited storage life of CAGR fuel underwater, con-
struction of a dry store for this fuel is being considered in the UK by the generating 
boards [2]. This would form part of the fuel management system, and would provide 
further flexibility and buffer capacity between the reactors and the reprocessing 
plant. 

4. EARLY REPROCESSING OF SPENT THERMAL REACTOR FUEL WITH 
USE OR STORAGE OF PRODUCTS 

4.1. Reasons for reprocessing 

In an ideal world fuel would remain in a reactor until its burnup was complete; 
it would then be removed and routed to disposal. In practice, the fuel will reach 
performance limits which are related to: 
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(1) The loss of fissile material and accumulation of fission products, leading to a 

poor neutron balance 
(2) The onset of mechanical defects in the cladding 
(3) The onset of fuel swelling. 

The fuel must therefore be removed from the reactor in order to replenish the fissile 
worth and the mechanical structure. Nevertheless, the quest for the ideal is shown 
by the moves towards higher fuel burnup in both thermal and fast reactor fuels. 

Fuel is reprocessed to separate the valuable uranium and plutonium from the 
fission products and cladding and, in the case of UK gas cooled reactor fuel, to limit 
corrosion in pond stores. The value of the recovered materials will vary with current 
uranium prices and with their projected use in a national strategy. Thermal recycle 
of uranium and plutonium could each save about 15 to 20% of the uranium ore other-
wise needed to fuel a set of reactors, and so can be used to reduce purchases of new 
uranium ore. In the UK there has been considerable reuse of uranium — about 
three-quarters of the fuel manufactured to date for CAGR reactors has used depleted 
uranium recovered from Magnox fuel [2, 9] — but plutonium has been reserved for 
the startup of a fast reactor power programme. However, the manufacture and use 
of mixed oxide thermal fuel is now under consideration [2]. This might be 
particularly worthwhile in a UK PWR programme. 

4.2. Thermal reactor fuel reprocessing in the UK 

The first reprocessing plant in the UK was commissioned for Magnox fuel in 
1952. It operated for 12 years using a solvent extraction process based on butex 
(dibutyl carbitol). To meet the higher throughput needed to match the Magnox power 
programme, a second plant commenced operation in 1964 using a TBP/OK process. 
Some experience of oxide fuel processing was obtained by fitting new head end cells 
to the original butex plant, and this facility was used for processing about 90 t of 
fuel. However, the main provision for thermal oxide fuel processing in the UK is 
the third reprocessing plant, known as THORP, which should be operational in 
1992. THORP has a design throughput of up to 1200 t/a. 

4.3. Novel features of THORP [10-12] 

THORP is to a large degree based on evolution from the pre-existing 
reprocessing technology at Sellafield, but novel features include: 

(1) The use of a centrifuge for on-line clarification of liquor from insoluble 
fission products and other particulates. 

(2) A salt free flow sheet to reduce the environmental impact. This uses 
uranium(IV) as the reductant, with a hydrazine stabilizer, in place of the previous 
ferrous sulphamate, and oxides of nitrogen for reoxidizing plutonium to 
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plutonium(IV). One problem that has had to be overcome is the extraction of 
technetium as a complex with zirconium, which led to excessive consumption of 
hydrazine in the partition contactor. 

(3) Replacement of mixer-settlers by pulsed columns to reduce solvent degra-
dation and to provide a more favourable geometry for criticality control when 
processing high burnup fuel. The hydraulic performance of pulsed columns was 
found to be not in accord with theory and required considerable development of the 
control features. 

(4) Use of power fluidic pumps and automatic sampling to reduce operator 
doses. 

5. REPROCESSING OF FAST REACTOR FUEL 

5.1. Reprocessing — an essential requirement of the LMFBR cycle 

For thermal reactor fuel the technical arguments between reprocessing and 
storage or disposal may allow a choice but, by contrast, for an LMFBR power 
system reprocessing is the only option. This is illustrated by the input and output 
balance for an annual fuel cycle supporting 1 GW(e) (Table I). These figures show 
that: 

(1) Over 93 % of fuel required for a new core load is present in the spent core fuel 
(2) For the core and blanket fuel combined, 96% of the uranium required is 

present in the spent fuel, and there is a 7% surplus of plutonium. 

These figures will, of course, need to be considered in relation to the out-of-reactor 
inventory. 

TABLE I. INPUT AND OUTPUT BALANCE FOR 
AN LMFBR POWER SYSTEM (in tonnes) 

Core Blanket Total 

Uranium input 9.5 16.9 26.4 

Plutonium input 2.8 — 2.8 

Uranium output 8.9 16.4 25.3 

Plutonium output 2.6 0.4 3.0 
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The figures also indicate how the thermal and fast reactor fuel cycles are 

complementary. Whichever option is adopted, a thermal power cycle must inevitably 
import 60 to 100% of the uranium fuel requirements as new ore. The resultant opera-
tions create a large store of depleted uranium as tails from the enrichment plant, and 
a plutonium store the size of which depends on the degree to which plutonium recycle 
is adopted. In the UK the policy to date has been to extract residual 235U from 
reprocessed uranium, but to retain plutonium for fast reactors. 

By contrast, the fast reactor cycle draws a 'capital advance' of plutonium to 
provide the initial inventory, and then returns a plutonium 'interest' to the store of 
a few per cent per GW(e)-a generated. Power generation is based on a continuing 
drain of depleted uranium from store, representing about 4% of the reactor inventory 
per GW(e)-a. Thus, in addition to the factors listed in Section 4.1, reprocessing is 
necessary to redistribute plutonium between the core and the blanket. 

5.2. Differences between fast and thermal reactor fuel reprocessing 

The main differences commonly noted between the two fuels are plutonium 
concentration, burnup, heat output and radiation level. There are also differences 
between the mechanical structures of the fuels which will set different duties for the 
head end plants. 

The plutonium concentration in fast reactor fuel may be up to ten times greater 
than that for thermal fuel, and geometric criticality restrictions may then limit the 
capacity of a single line plant by about the same factor. However, the throughput 
of fissile material will be comparable in the two cases. The higher plutonium concen-
tration also has implications in the choice of separation flow sheets. For thermal 
reactor fuel it is possible to recycle sufficient uranium, as uranium(IV), to provide 
a salt free reductant for plutonium. A uranium excess is usually required, typically 
about threefold. This approach does not therefore seem feasible for fast reactor fuel. 

The burnup of fast reactor core fuel is relatively high. Ranges under considera-
tion are perhaps 10 to 20% for fast reactor fuel compared with 3 to 6% for thermal 
fuel. The higher burnup will raise the fission product/heavy metal ratio and in princi-
ple requires a greater decontamination performance. However, the increase is only 
a factor of about three compared with the many orders of magnitude normally 
achieved for decontamination in the solvent extraction process. 

Fast reactor reprocessing plants will also have to be designed to match the 
higher heat output and neutron and gamma emissions expected. However, this 
difference may become less marked as thermal reactors move to the use of mixed 
oxide fuels and higher burnups. Further, while part of the difference, for example 
in neutron emission, will arise from the creation of greater quantities of the higher 
actinides, the key difference determining the higher heat emission and radioactivity 
is the cooling time before reprocessing — in general, this is expected to be shorter 
for fast than for thermal fuel. 
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In contrast to the situation with thermal reactor fuel, the only variable available 
in the management of fast reactor fuel is therefore the cooling time adopted before 
reprocessing. Theoretical analyses of the minimum penetration times of LMFBRs 
into a power system tend to advocate short cooling times, possibly as little as 
6 months. However, a more pragmatic approach is to adopt the longest cooling time 
consistent with the fuel inventory available and the power systems to be supported. 
Extension of the cooling time to 2 to 3 years, or more, has beneficial effects in fuel 
handling, shielding and radiation damage to the solvent'. This is one of the benefits 
of holding a plutonium inventory larger than the minimum required to launch the fast 
reactor programme. 

5.3. Fast reactor fuel reprocessing in the UK 

The original experimental fast reactor (DFR) was supported by a fuel 
reprocessing plant which operated at Dounreay over the period 1964-1975, handling 
over 10 t of highly enriched uranium fuel and over 20 t of breeder fuel. This plant 
was modified to suit the reprocessing of mixed oxide fuel from the prototype fast 
reactor (PFR) and was recommissioned in 1980. Since then, nine campaigns have 
been completed in which 10 t of mixed oxide fuel have been reprocessed with a 
plutonium content of 1.8 t. This process has now been developed as a possible basis 
for a new plant with about ten times the throughput, the proposed European 
Demonstration Reprocessing Plant (EDRP). 

5.4. The EDRP project [13] 

In 1984 an Intergovernmental Memorandum of Understanding was signed by 
the UK and the European nations operating in a West European programme of fast 
reactor system development. Under this Memorandum the signatories have under-
taken to make every effort to promote the concept of a joint project for the design, 
construction and operation of a single intermediate sized reprocessing plant' to 
recover fuel from the reactors planned or operated under the collaboration. To 
ensure that there are no obstacles to constructing such a plant in the UK, if this 
should be agreed, a joint United Kingdom Atomic Energy Establishment/British 
Nuclear Fuels (UKAEA/BNFL) application has been made for outline planning 
permission to build the plant at Dounreay. The plant is being designed with a 
throughput of 60 to 80 t/a of heavy metal to suit the reprocessing of fuel from the 
three large demonstration reactors envisaged in the European collaboration agree-
ment and from the existing Superphenix fast reactor. The plant design is based on 
a series of option studies. Some major conclusions are as follows: 

(1) A key area for cost saving is transport. Savings of up to 6 % of the fuel process-
ing costs can be achieved by relaxing the heat rating of the fuel from 5 to 2 kW 
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per subassembly. This allows use of gas as the heat transfer medium in trans-
port, and eliminates the need for sodium removal facilities at the reprocessing 
plant. 

(2) A dry fuel store has been adopted instead of a pond, with savings in costs and 
in effluent treatment requirements. 

(3) From the various schemes examined, the fuel dismantling process selected is 
based on laser cutting and fuel bundle shearing. 

(4) Batch dissolvers are preferred for throughputs of up to 80 t/a. For higher 
throughputs a continuous dissolver would offer lower costs and simpler 
operation. 

(5) Sulphuric acid is preferred to salt free variants for plutonium partitioning, for 
example, for ease of control. 

(6) Pulsed plate columns are preferred to the alternative solvent extraction 
contactors considered. 

Although these option studies are based on quite rigorous cost estimates, cost has 
proved to be a relatively minor consideration in the selection of processes or equip-
ment other than in the area of fuel transport and storage. Choices are therefore based 
primarily on relative technical merits. 

6. POSSIBLE TRENDS IN REPROCESSING 

Looking ahead, the need to conserve fissile material will eventually become 
paramount: the uncertainty is on timing. Some trends in reprocessing are: 

(1) Engineering improvements to make the process cheaper and to improve 
reliability 

(2) Products tailored to their uses in the 21st century 
(3) Concentration of solid wastes into fewer and more stable types 
(4) Further reduction of active liquid and gaseous, discharges 
(5) Lower irradiation doses to operators. 

These reflect the two main pressures on reprocessing. One is the need to reduce unit 
reprocessing costs, particularly for thermal reactor fuel where direct disposal is an 
alternative. This involves optimization of factors such as capital, plant lifetime and 
availability. The other is the pressure for reduced waste arisings, emissions and 
operator doses. These trends can be seen in the designs for the THORP plant being 
built at Sellafield by BNFL and for the EDPR for fast reactor fuel. Reprocessing 
prices are already predicted to fall by about one-third for LWR fuel by the turn of 
the century, making them competitive with estimates for direct disposal [1, 7]. 
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Topics under consideration by research workers in responding to these trends 
include: 

(a) Avoidance of dusty mechanical steps 
(b) Process intensification 
(c) Fewer separation and purification cycles 
(d) Mixed Pu02-U02 product 
(e) Liquid wastes routed to HLW 
(f) Robotics and teleoperators in maintenance and operation 
(g) Remote viewing improvements. 

Possible research specifically addressing environmental issues is discussed in detail 
elsewhere [3]. 

7. CONCLUSIONS 

Direct disposal and delayed or immediate reprocessing are all technically 
feasible for the management of spent thermal reactor fuel, although there are special 
difficulties in wet storage of the gas cooled reactor fuels on which the UK nuclear 
power programme is based. However, uranium resources are finite. The INFCE 
studies estimated that the then identified uranium resources would be committed by 
thermal reactors ordered before the end of the century [14]. In practice, this time-
scale is extended by the effect of lower rates of ordering nuclear power stations and 
by an increase in uranium resources from exploration or extraction at a higher cost, 
but this simply changes the commitment date by one or more decades. While 
uranium and plutonium recycle can extend the use of uranium in thermal reactors 
by 20 to 40%, the only route to a major extension of uranium as a power source is 
to use 238U in fast reactors. The strategic decision between reprocessing or storage 
of thermal fuel is therefore reduced to one of timing, and this will vary between 
countries. For a nation which currently stores spent fuel, a decision on reprocessing 
might reasonably be delayed. For a nation such as the UK, which is already involved 
in reprocessing and has no indigenous uranium, it is better to maintain the technology 
than to incur the risks and costs of stopping in order to start again after an interval 
which may be quite short when compared with the lead times involved. The third 
UK reprocessing plant, THORP, is therefore under construction for operation in 
1992. The provision of a dry store for CAGR fuel is being considered to provide 
flexibility in the management of the CAGR fuel cycle. For the LMFBR cycle there 
is no choice: reprocessing is an essential component of the cycle, and the only 
variable is the cooling time adopted. For both fuels there are pressures on costs and 
on wastes and discharges. Their effects are seen in the trends in current research and 
in the design of the next generation of plants. 
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Abstract-Аннотация 

THE CZECHOSLOVAK SCIENTIFIC RESEARCH APPROACH TO SPENT FUEL 
HANDLING. 

The paper examines the programme and development prospects for nuclear power in 
Czechoslovakia. It analyses the main features of the treatment of spent nuclear fuel in the 
country. Possible trends in the development of spent fuel handling systems are described, 
taking into account the main factors relating to the construction of the national nuclear power 
industry. 

ПОДХОД ЧЕХОСЛОВАЦКОЙ НАУЧНО-ИССЛЕДОВАТЕЛЬСКОЙ Б А З Ы К ОБРАЩЕНИЮ 

С ОТРАБОТАВШИМ ТОПЛИВОМ. 
В докладе рассмотрены программа и перспективы развития атомной энергетики 

в ЧССР. Дан анализ основных особенностей обращения с отработавшим ядерным топли-

вом в стране. Показаны возможные направления развития системы обращения с отра-

ботавшим топливом с учетом основных факторов строительства национальной атомной 

энергетики. 

1. ПРОГРАММА РАЗВИТИЯ АТОМНОЙ ЭНЕРГЕТИКИ В ЧССР 

Развитие чехословацкой атомной энергетики основано на эксплуатации 
АЭС с реакторами типа ВВЭР. Атомные реакторы эксплуатируются в усло-
виях открытого цикла. В настоящее время в эксплуатации находятся семь 
блоков АЭС с реакторами типа ВВЭР-440; в том числе четыре блока на АЭС 
Ясловске Богунице и три блока на АЭС Дукованы. В 1992 г. на АЭС в Мохов-
це будет введен в эксплуатацию последний блок с реактором ВВЭР-440. В 
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том же году предполагается пуск первого блока АЭС с реактором ВВЭР-1000 
на площадке Темелин. До 2000-го года состав чехословацких АЭС будет сле-
дующий — 12 блоков АЭС с реакторами типа ВВЭР-440 на трех площадках и 
шесть блоков с реакторами типа ВВЭР-1000 на двух площадках. По перспек-
тивным планам в следующем десятилетии намечается строительство новых 
блоков с реакторами типа ВВЭР-1000. Таким образом к 2006 году общая 
установленная мощность АЭС в Чехословакии составит 17 280 МВт(эл). 

Быстрые темпы развития атомной энергетики в стране обеспечивают 
рост доли электроэнергии, вырабатываемой на АЭС, которая превышает сред-
немировой уровень. В 1985 г. доля электроэнергии, вырабатываемой в ЧССР 
на АЭС, составляла 14,6%, в мире — 15%. В 2000 г. в мире в среднем ожи-
дается достичь 40% производства электроэнергии за счет АЭС, в ЧССР — 
53,8%. Среди стран СЭВ по числу работающих АЭС Чехословакия находится 
на втором месте (за СССР) . Это обстоятельство вызывает необходимость 
уделять вопросам экономических условий работы АЭС не меньше внимания, 
чем вопросам строительства новых АЭС. 

Развитие атомной энергетики в ЧССР так же как и в других странах 
СЭВ связано с тесным сотрудничеством с СССР. В соответствии с заключен-
ными договорами о сотрудничестве между ЧССР и СССР о помощи при раз-
витии атомной энергетики и эксплуатации АЭС в Чехословакии, чехословац-
кая сторона приняла некоторые обязанности в определенных этапах топлив-
ного цикла. 

Годовая продукция отработавшего топлива определяется количеством 
работающих блоков АЭС, свойствами ядерного топлива для реакторов типа 
ВВЭР и способом эксплуатации АЭС. В настоящее время в ЧССР работают 
блоки с реакторами типа ВВЭР-440 в трехлетних кампаниях и ежегрдная рав-
новесная загрузка составляет приблизительно 14 т обогащенного урана при 
среднем обогащении 3,3% по U-235. Величина среднего выгорания топлива не 
больше 30 МВт • сут/кг. Судя по тенденциям в направлении исследований по 
усовёршенствованию использования топлива предполагается, что в начале 
90-х годов топливные кампании продлятся до 4—5 лет. Подобные рассужде-
ния ведутся о кампаниях реактора типа ВВЭР-1000. При этих условиях можно 
ожидать величины выгорания топлива на уровне 40—50 МВт - сут/кг. Исходя 
из настоящего способа эксплуатации АЭС, продукция отработавшего топлива 
в 1990 году составит приблительно 130 т, в 2005 году - 570 т. 

2. СУЩЕСТВУЮЩАЯ СИСТЕМА ОБРАЩЕНИЯ С ОТРАБОТАВШИМ 
ТОПЛИВОМ 

2.1. Отработавшее топливо из ректоров типа ВВЭР-440 

Топливо после выгрузки из реактора ВВЭР-440 проходит через кон-
троль герметичности оболочек и транспортируется по технологическим кори-
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дорам в бассейн отработавшего топлива в реакторный зал. Выгруженные 
топливные кассеты, в которых находятся разгерметизированные топливные 
элементы, сначала вкладываются в герметичные чехлы из нержавеющей 
стали и только после этого транспортируются в бассейн отработавшего топ-
лива. Бассейн в реакторном зале имеет вид несимметрического пятиуголь-
ника, где кассеты укладываются в опорную решетку. Емкость бассейна рас-
считана на 303 неповрежденных кассеты, 60 поврежденных кассет и аварий-
ный резерв одной полной загрузки активной зоны. В течение хранения про-
водится контроль состояния топлива в зависимости от активности охлаж-
дающей воды. Поврежденные кассеты вкладываются в защитные чехлы. 
В случае максимального использования бассейна, топливо укладывается в 
два слоя. Рядом с бассейном находится шахта для контейнера транспорти-
ровки отработавшего топлива. Емкость бассейна соответствовала первона-
чальным условиям трехлетнего хранения топлива с последующей транспор-
тировкой в СССР. Ввиду того, что до сих пор нет достаточного количества 
заводов по регенерации топлива, и транспортные контейнеры отработавшего 
топлива типа В (U) могут использоваться только до величины выгорания топ-
лива 24 МВт - сут/кг, срок хранения топлива пришлось продлить. 

Нехватка заводов по регенерации топлива в целом в мире привела к 
необходимости увеличения емкости хранилищ отработавшего топлива прямо 
на АЭС или спецсооружениях. Таким образом идет и развитие в ЧССР. 
Было принято решение о сооружении дополнительного хранилища отрабо-
тавшего топлива на площадке АЭС Ясловске Богунице. Хранилище состоит 
из четырех бассейнов, один из которых является резервным. Емкость каж-
дого бассейна 200 т топлива. 

Отработавшее топливо хранится в корзинах — чехлах, которые пред-
назначены для 30 герметичных кассет или для 18 поврежденных кассет. Эти 
чехлы одновременно используются и в виде внутренней защитной оболочки 
транспортного контейнера, обеспечивающей подкритичность состава кассет 
при транспортировке. Приведенный способ хранения топлива существенно 
упрощает манипуляцию при загрузке и выгрузке контейнера. Контроль гер-
метичности оболочек твэлов проводится при загрузке топлива в хранилище. 
Емкость хранилища составляет 600 т топлива (около 4 800 кассет из реакто-
ра ВВЭР-440). Это соответствует количеству отработавшего топлива за 
10 лет из четырех блоков АЭС. Дополнительное хранилище в Ясловских 
Богуницах будет служить и для двух других блоков с ВВЭР-440. Хранилище 
введено в строй в начале 1987 года. Проект хранилища разработан на основе 
опыта СССР. 

В соответствии с прогнозами предполагается, что до 1993 года емкости 
всех хранилищ будет достаточно, чтобы обеспечить хранение образующегося 
отработавшего топлива. 
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Далее приводится описание компоновки хранилища и манипуляций с 
топливом в нем. 

Отработавшее топливо привозится в транспортном контейнере в отде-
ление приема и перегрузки, состоящего из транспортного коридора и зала 
перегрузки. Транспортный коридор располагается под залом перегрузки 
и соединен с ним закрываемым проемом для передачи контейнеров. В зале 
перегрузки расположены: отсек перегрузки контейнеров, отсек промывки 
и перегрузки кассет, шахты обмывки и дезактивации контейнеров, шахты 
хранения приспособлений и инструментов, а также участок для мелкого ре-
монта технологического оборудования. Отсеки перегрузки и промывки 
соединены передаточным коридором с отсеками хранения отработавших 
кассет. Зал перегрузки оборудован краном с пониженными скоростями 
работы. 

Отделение хранения отработавшего топлива состоит из бассейнов, запол-
ненных водой, и транспортного зала. Бассейны имеют щелевое перекрытие, 
которое образует также пути для крана, обеспечивающего развозку чехлов. 
Щели перекрытия обеспечивают порядок расстановки чехлов в отсеках бас-
сейнов. Над бассейнами находится транспортный зал хранилища. Манипу-
ляции с отработавшим топливом осуществляются в хранилище без посто-
янного присутствия обслуживающего персонала. Основные технологические 
параметры работы хранилища выведены на контрольный панель щита управ-
ления хранилищем. Такими, например, являются: температура воды в бас-
сейнах, уровень воды, параметры работы систем охлаждения и очистки и т.п. 
Защитный слой воды над активной частью кассет в бассейнах имеет толщину 
равную примерно 3 м. 

В пристройке к хранилищу находится отделение необходимых техноло-
гических систем и служб. К ним относятся системы охлаждения и очистки 
воды бассейнов, системы вентиляции, пультовая операторская, санпропуск-
ник и т.п. 

2.2. Отработавшее топливо из реакторов ВВЭР-1000 

Хранение отработавшего топлива из реакторов ВВЭР-1000 предполага-
лось осуществлять аналогичным способом как у блоков ВВЭР-440, т.е. 3 года 
в бассейне выдержки реакторного зала. Для обеспечения пятилетнего хране-
ния был проведен технико-экономический анализ нескольких возможностей, 
а именно : 

(a) строительство дополнительных хранилищ отработавшего топлива, 
как в случае ВВЭР-440 на АЭС Ясловске Богунице; 

(b) повышение количества мест для хранения отраоотавшего топлива 
в бассейне реакторного зала путем осуществления компактного 
хранения; 
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(с) обсуждение возможности использования контейнера типа 
Castor в качестйе дополнительного хранилища на площадке АЭС. 

В ЧССР разрабатываются подходящие материалы для компактных реше-
ток, и различные конфигурации для обеспечения необходимых защитных и 
замедляющих свойств при хранении проверяются путем расчетов и экспери-
ментов. Проводятся эксперименты по нанесению бора на поверхность основ-
ного материала или по применению слоев защитных и замедляющих материа-
лов. На основе результатов анализа и по соглашению с СССР решено для 
обеспечения пятилетнего хранения отработавшего топлива из реакторов 
ВВЭР-1000 реализовать компактное хранение топлива в бассейне реакторно-
го зала. Таким путем можно обеспечить хранение топлива из первого блока 
АЭС Темелин до 1998 года. 

2.3. Перевозка отработавшего топлива 

Перевозка отработавшего топлива в ЧССР осуществляется в соответ-
ствии с "Правилами безопасной перевозки радиоактивных материалов" 
МАГАТЭ 1973 года. Перевозка по железной дороге осуществляется в сотруд-
ничестве с СССР. Поезд состоит из четырех—восьми двенадцатиосных вагон-
контейнеров ТК-6 и двух вагонов сопровождения. В контейнере ТК-6 поме-
щается 30 неповрежденных кассет или 18 поврежденных кассет в чехлах. 
Общий вес контейнера составляет приблизительно 95 т. Контейнер в виде 
цилиндра высотой 4,1 м, диаметром 2,8 м изготовлен из стали. Контейнер 
классифицируется в качестве упаковки типа В (U) и предназначен для топ-
лива с величиной выгорания до 24 МВт* сут/кг. Этот тип контейнера не осна-
щен нейтронной защитой и охлаждается воздухом. Для топлива с выгорани-
ем, превышающим данное значение, в качестве охлаждающей среды исполь-
зуется бихромат, и к контейнеру присоединяется оборудование для сжигания 
гремучей смеси. В случае дополнительного хранилища в Ясловских Богуни-
цах используется контейнер С-30, который по сравнению с контейнером 
ТК-6 легче по весу и проще в обращении. Контейнер С-30 классифицирован 
в категорию В (U). 

Для транспортировки отработавшего топлива из реакторов ВВЭР-1000 
разрабатывается вагон-контейнер ТК-13 (для перевозки 12 топливных кассет 
общим весом 5,3 т). Общее избыточное тепловыделение топлива в контей-
нере не должно превышать 20 кВт. Средняя величина выгорания топлива не 
должна превышать 50 МВт • сут/кг. Остальные условия перевозки и манипу-
ляций с топливом проводятся аналогично, как с топливом из реакторов 
ВВЭР-440. 
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3. ПЕРСПЕКТИВЫ ОБРАЩЕНИЯ С ОТРАБОТАВШИМ ТОПЛИВОМ 

На основе сказанного выше казалось бы, что проблема обращения с 
отработавшим топливом в ЧССР уже решена. 

Отработавшее топливо из реакторов типа ВВЭР-440 хранится в течение 
5 лет на площадке АЭС в бассейнах выдержки реакторного зала и в допол-
нительном хранилище отработавшего топлива. По истечении этого срока 
топливо транспортируется в СССР. Для реакторов ВВЭР-1000 также про-
водятся мероприятия по приспособлению бассейнов выдержки в реакторном 
зале на компактное хранение топлива или по постройке дополнительных 
хранилищ с удлиненным сроком хранения с трех до пяти лет с последующей 
транспортировкой топлива в СССР. Не исключается возможность компакт-
ного хранения топлива на последней площадке ВВЭР-440. 

В настоящее время в Чехословакии в общем плане изучаются различ-
ные варианты системы обращения с отработавшим топливом. Это относится, 
прежде всего, к экономическому анализу вариантов решения в долгосроч-
ной перспективе. В ближайшее время ожидается развитие сотрудничества 
в этой области с СССР и другими странами СЭВ. По этим причинам предла-
гаемые решения в докладе являются в основном мнениями авторов, а не 
принятыми официальными решениями. 

Основным вопросом в этой области является регенерация отработав-
шего топлива. Этот вопрос пока не решен в мире в целом. Принятым фак-
том является то, что отработавшее топливо является источником энергии 
ввиду содержания изотопа урана-235 и возникшего в реакторе плутония. В от-
работавшем топливе находятся также некоторые ценные, редкие элементы и 
радиоизотопы. 

С другой стороны, отработавшее топливо является очень опасным высо-
коактивным материалом, представляющим большую опасность для окружа-
ющей среды. Это имеет место в первоначальном состоянии в виде кассет или 
при регенерации в виде высокоактивных отходов. 

Регенерация топлива является, во всяком случае, необходимостью для 
обеспечения в будущем системы с быстрыми реакторами. 

Определяющим элементом решения вопроса регенерации топлива или 
отказа от нее является экономика этого процесса. В этом случае экономика 
должна включать в себя точку зрения перспективного решения и вопросы 
влияния на окружающую среду. Экономический анализ проводится в основ-
ном в отношении следующих показателей: стоимость уранового сырья, раз-
деления изотопов, изготовления ядерного топлива; расходы на перевозку 
отработавшего топлива, на временное или окончательное хранение отработав-
шего топлива, на регенерацию топлива и хранение радиоактивных отходов. 
С другой стороны, во взаимосвязи со стоимостью вырабатываемой на АЭС 
электроэнергии и стоимостью энергии и топливного сырья в целом рассматри-
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вается также стоимость плутония, расходы на изготовление смешанного уран-
плутониевого топлива, стоимость плутония и т.п. 

Современные тенденции к открытому топливному циклу, т.е. без реге-
нерации отработавшего топлива, являются результатом действия многих 
факторов: 

(a) ограничение программы строительства атомной энергетики во 
многих странах; 

(b) преобладание предложений над спросом в торговле природным 
ураном; 

(c) рост технологических проблем и повышение стоимости регенера-
ции отработавшего топлива; 

(d) отдаление строительства серийных быстрых реакторов. 

В основу наших рассуждений об обращении с отработавшим топливом 
положены стоимость сырья и изготовления топлива на мировом рынке, 
использованы также зарубежные публикации, анализы проведенные в ЧССР 
и удовлетворяющие условиям и перспективам развития чехословацкой атом-
ной энергетики. Надо все время иметь в виду, что развитие нашей атомной 
энергетики реализуется в тесном сотрудничестве с СССР и другими странами 
СЭВ. Это верно также и в отношении топливного цикла. Решения в этой 
области необходимо тесно увязывать. 

Как же мы хотим рассматривать обращение с отработавшим топливом 
в будущем? Фактом является пока невысокая цена природного урана на 
мировом рынке. После нескольких лет относительно высокого уровня в 
конце семидесятых и начале восьмидесятых годов цены на сырье стабилизи-
ровались на уровне приблизительно 30 долларов за 1 фунт U 3 0 8 - Затем 
они довольно быстро понизились приблизительно до уровня 17 долларов за 
1 фунт1 U 3 0 8 . Цены современного рынка закреплены в долгосрочных кон-
трактах. По нашему мнению, настоящее положение является переходным, 
и цены на сырье будут опять возрастать. Стоимость обогащения возрастала 
все время, и в настоящее время появились стагнационные процессы. Здесь 
мы предполагаем в будущем падение стоимости. Новые технологические 
процессы обогащения являются более эффективными и понижают прежде 
всего энергопотребление. Лазерная технология обогащения, в случае ее 
промышленного применения, может быть использована и при регенерации 
отработавшего топлива для получения урана и плутония. 

Одной из основных проблем является хранение отработавшего топлива. 
Открытый топливный цикл предполагает окончательное хранение топлива. 
Реализация технологии регенерации топлива предполагает также кратковре-
менное или долгосрочное хранение. 

1 1 фунт = 0,454 кг. 
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Стоимостные отношения этого процесса достаточно известны. В этом 
случае проблема повышения (понижения) стоимости расходов на хранение 
не является основной, скорее это неопределенность или ширина диапазона 
расходов. Это вытекает из множества альтернатив и потенциальных реше-
ний проблемы временного или окончательного хранения отработавшего 
топлива. В Чехословакии, как уже говорилось ранее, было построено допол-
нительное хранилище для топлива из реакторов ВВЭР-440 и изучается также 
возможность реконструкции хранилищ для компактного хранения. Оба 
этих мероприятия должны обеспечить необходимые условия транспортиров-
ки топлива в СССР. 

Наши дальнейшие рассуждения ведутся в общем плане независимо от 
местоположения сооружения. В случае долгосрочного хранения сравниваем 
мокрое и сухое хранение. Способ мокрого хранения является уже достаточ-
но проверенным, напротив, у сухого хранения оказываются более выгодны-
ми экономические характеристики. Что касается окончательного хранения, 
то, по нашему мнению, нынешный уровень знаний не позволяет с достаточ-
ной точностью определить или серьезно оценить расходы, связанные с окон-
чательным хранением отработавшего топлива. Оказывается, существует 
достаточно сильная зависимость расходов на окончательное хранение топли-
ва и экономики топливного цикла в целом от выбора площадки для этих 
сооружений. 

Расходы на транспортировку отработавшего топлива и других продук-
тов топливного цикла, несмотря на некоторые изменения и улучшения в пере-
возке, считаем постоянными и чувствительные колебания не рассматриваем. 

Более серьезным вопросом в рассуждениях об экономической эффек-
тивности топливного цикла являются расходы на производство и изготовле-
ние ядерного топлива. Стоимость изготовления топлива на основе U02 нес-
мотря на многие технические и технологические усовершенствования, сос-
тавляет около 200 долларов за 1 кг урана. Стоимость изготовления смешан-
ного топлива предполагаем около 500 долларов за 1 кг. Прогноз тенденций 
(рост или снижение) в ценах — неясен, мы предполагаем небольшое понижение. 

Решение, альтернативное окончательному хранению — его регенерация. 
Стоимостные отношения этой технологии очень неустойчивые. Сегодняшняя 
цена превышает на порядок цену, которая имела место 15 лет тому назад. 
Очевидно, что именно высокая стоимость технологии является основным 
тормозом для широкого применения процесса регенерации отработавшего топ-
лива. По нашему мнению, эта обстановка имеет временный характер, и рас-
ходы на регенерацию должны в ближайшее время снижаться. 

Расходы на ликвидацию высокоактивных отходов из процесса регене-
рации можно обсуждать во взаимосвязи с окончательным хранением отрабо-
тавшего топлива. Большое влияние на эти расходы имеет развитие техноло-
гии уменьшения объема ликвидируемых отходов. 
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В конечном счете основным фактором экономики замкнутого топлив-
ного цикла можно считать стоимость плутония и урана, получаемых в про-
цессе регенерации. Стоимость урана можно сравнивать с ураном, получае-
мым из природного сырья, в соответствии с расходами начальной части 
топливного цикла. Стоимость плутония, как энергетического источника в 
будущем, подлежит серьезному анализу. Настоящий, очень незначительный 
рынок плутония не имеет никакого значения. Определенную роль в эконо-
мике топливного цикла могут иметь и приобретаемые в процессе регенерации 
топлива ценные, редкие элементы — радиоактивные изотопы. Остальные 
части топливного цикла, например, конверсия урана при классических процес-
сах обогащения, не имеют существенное влияние. 

С другой стороны, определяющим фактором является готовность 
проектировщиков, изготовителей ядерного топлива, обслуживающего пер-
сонала АЭС и сооружений топливного цикла к работе со смешанным топли-
вом. При регенерации не предполагается использовать только лишь уран. 
Мировой опыт показывает, что замкнутый топливный цикл с регенерацией 
является возможным и перспективным. 

4. ЗАКЛЮЧЕНИЕ 

Из приведенного доклада вытекает, что проблема обращения с отрабо-
тавшим топливом является предметом исследований в наших институтах. 
Нам хорошо известно, что существует много данных и факторов, которые 
образуют множество альтернативных решений и подходов к оценке обраще-
ния с отработавшим топливом. Многие аналитические материалы, которые 
мы имели возможность изучать, предпочитают открытый топливный цикл 
замкнутому топливному циклу с регенерацией топлива. Но существуют и 
противоположные взгляды. 

В настоящее время мы проводим анализ этих материалов и также 
получаем свои результаты. Из этих проработок можно сделать предваритель-
ное заключение, что регенерация отработавшего топлива в ближайшее время 
кажется перспективной. 
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Abstract 
RADIOACTIVE WASTE POLICY OF THE NETHERLANDS. 

In 1984, following the decision to cease dumping of low and intermediate level radio-
active wastes at sea, the Netherlands Government revised its radioactive waste policy. Within 
this framework it was decided that for future decades all radioactive waste should be stored 
in one central land based facility. During this period the options for final disposal are to be 
studied. The site selection procedure for interim storage is described and the results discussed. 
For future final disposal, two options are being studied: geological disposal in the Netherlands 
and possible international waste disposal systems, including subseabed disposal. An overview 
is given of the research programme for geological disposal in rock salt formations. 

1. INTRODUCTION 

The production of nuclear electricity started in the Netherlands around 1970. 
The 54 MW(e) BWR at Dodewaard came on line in 1969 and the 480 MW(e) PWR 
at Borsele in 1973. 

In 1985 the government issued a policy paper on electricity production in the 
1990s [1]. This policy included the installation of at least two large nuclear power 
plants and a maximum of 4000 MW installed capacity before the year 2000. The 
accident at Chernobyl took place on the eve of the planned start of the final 
parliamentary debate on this policy paper. Consequently, the government decided to 
postpone any further decisive steps and to re-evaluate whether or not an expansion 
of nuclear energy in the Netherlands is acceptable and desirable taking into account 
the assessments made of the Chernobyl accident. The re-evaluation is expected to 
be concluded in late 1987 or early 1988. A parliamentary debate could then take 
place. 
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2. WASTE QUANTITIES 

The amount of radioactive waste produced by existing nuclear facilities in the 
Netherlands is in fact quite small. Although the uncertainty concerning further 
development (or considerable expansion) of nuclear power is relatively great, the 
waste quantities will be small enough for strict concentration of waste management 
facilities. The waste quantities that can be expected in future decades are listed in 
the following subsections. 

2.1. Low and intermediate level wastes 

Existing power plants produce about 400 m3/a of conditioned and solidified 
wastes. Industry, medicine and research generate approximately 700 m3 of low 
level waste; this is reduced to some 400 m3/a by treatment and conditioning. If, for 
instance, two more nuclear power plants were to be built, production of waste in this 
category would increase from the current 800 m3/a to a possible 1500 m3/a. 

2.2. Decommissioning waste 

Dismantling the existing power plants would produce about 10 000 m3 of 
waste, of which 10% is expected to be high active. For two additional power plants 
it is expected to increase to about 30 000 m3. 

2.3. Spent fuel, fission waste and reprocessing waste 

Spent fuel from the two existing nuclear power plants is sent to reprocessing 
facilities in France and the United Kingdom. According to the contracts, the resulting 
radioactive waste may be sent back to the Netherlands. Recently, the Compagnie 
generale des matieres nucleaires (Cogema) announced that the return of these wastes 
could start in late 1992. It is estimated that about 20 m3 of high active waste, 
including vitrified fission waste and about 65 m3 of low and medium level wastes 
per production year of the Dutch plants, will be returned, starting in the early 1990s. 
Regarding the possible addition of nuclear power plants, no decisions have yet been 
made concerning the back end of their fuel cycles. 

3. HISTORICAL DEVELOPMENT OF THE WASTE MANAGEMENT 
SCHEME 

Between 1965 and 1982 packaged low level waste was dumped into the 
Atlantic Ocean. Over the last few years this has been carried out with the co-
operation of Switzerland and Belgium under the auspices of the Multilateral Consul-
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tation and Surveillance Mechanism of the Nuclear Energy Agency of the OECD. In 
the late 1970s and early 1980s there was growing opposition to this method of radio-
active waste disposal, in the Netherlands and elsewhere. Moreover, we had de-
veloped an environmental waste management philosophy which, in general, indi-
cated that wastes should be isolated, controlled and surveyed. Owing to these two 
factors a decision was made in 1981 to opt for a different disposal route for low level 
radioactive waste. However, it took until 1983 to put this decision into practice. In 
that year, the village of Petten agreed to receive low level waste for short term 
storage. A small area on the site of the Netherlands Energy Research Foundation 
(ECN) at Petten was made available for this purpose. The government gave assur-
ance that this short term storage would not last longer than 5, at the utmost 10, years. 
A special board was set up to co-ordinate the Petten project. 

4. THE RADIOACTIVE WASTE POLICY PAPER OF 1984 

The radioactive waste policy is only one element of the overall radiation pro-
tection policy, the object of which is to ensure that human beings and their environ-
ment are protected against the harmful effects of exposure to radiation. It must 
therefore satisfy the following requirements: 

(1) Any individual exposure must be as low as reasonably achievable 
(2) The total doses received must not exceed the established limits. 

Radioactive waste must be managed in such a way that these requirements are 
complied with at all times; in particular, uncontrolled discharges of radioactive 
materials into the environment must be prevented. This objective can be achieved 
if the waste is adequately isolated, if the types and quantities are tightly controlled 
and if the disposal process is carefully monitored at all stages. 

The main components of the radioactive waste policy are the isolation, control 
and surveillance of waste material, either until it is no longer radioactive or until it 
has been disposed of in such a way that the likelihood of an unacceptable amount 
of radioactivity finding its way into the biosphere is negligible. 

In 1984, the government issued a radioactive waste policy paper in which these 
principles were adopted [2]. As a consequence, the option of land based interim 
storage for a period of 50 to 100 years is regarded as the optimum for the time being. 
During interim storage the options for final disposal will be studied, and the best 
option will be developed and put into practice when it is judged possible and desira-
ble to do so. 

5. LEGAL ASPECTS 

The Netherlands Nuclear Energy Act of 1963 contains the rules pertaining to 
the nuclear field, makes provision for radiation protection and defines the responsi-
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bilities of the different competent authorities. The responsibility for nuclear activities 
is not centralized, i.e. it is shared by several ministries which issue regulations 
jointly; they are advised by a number of advisory bodies. 

Under Sections 15 and 29 of the Nuclear Energy Act any storage site for radio-
active waste will have to be licensed. Requirements under the Nuisance Act will be 
incorporated in the licence issued under the Nuclear Energy Act, while the require-
ments for public consultation laid down in the Environmental Protection (General 
Provisions) Act will have to be observed as part of the procedure leading to the grant-
ing of a licence. The Nuclear Energy Act procedure for the storage facility will 
include preparation of a statement on the environmental impact. 

6. EXECUTIVE BODY 

For actual management of all radioactive waste in the Netherlands a specialized 
organization was created: the Central Organization for Radioactive Waste 
(COVRA). It was established in 1982 in the form of a limited liability company; the 
shareholders include the state (10%), the two electricity companies owning nuclear 
power plants (30% each) and ECN (30%). According to its statute, the organization 
is responsible for the collection, management, interim storage and final disposal of 
radioactive waste of all categories generated in the Netherlands in accordance with 
the national policy on this matter. The Board of Governors of COVRA is organized 
in such a way as to enable the government representative to veto a decision which 
would be contrary to this policy. COVRA is obliged to conduct its financial affairs 
such that all costs will be covered by the fees paid for the waste transferred to 
COVRA. Included in the fee is an amount which is kept in a provisional fund to 
cover the future costs of final disposal after a period of interim storage. This system 
excludes any carry-back of unforeseen costs. 

7. OPTIONS FOR FINAL DISPOSAL 

During the period of interim storage, the options for final disposal have to be 
studied and developed. Both geological disposal within the Netherlands and possible 
international solutions, including subseabed disposal, are included in the studies. 

The study of international waste repository systems is considered worthwhile 
because international co-operation in final disposal could be advantageous for coun-
tries with small nuclear power programmes in that there could be an overall improve-
ment in the radiobiological safety of a joint regional repository to be used by several 
countries, rather than each individual country building it own, relatively small, 
repository. Furthermore, a reduction in the number of sites also presents a major 
advantage. 
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For these reasons, the Netherlands took the initiative in the Radioactive Waste 
Management Committee of the Nuclear Energy Agency of the OECD (NEA), which 
resulted in a preliminary study being made into the feasibility of an international 
waste repository system. This study, completed in 1986 [3], concluded that, on the 
basis of international studies carried out so far, there are no apparent insurmountable 
safety, technical, economic or institutional reasons why such a project could not be 
seriously considered. Follow-up work by the NEA is under consideration; possible 
IAEA activity in this field could also be of use. 

Concerning possible new nuclear power plants in the Netherlands, the Chinese 
offer to accept spent fuel is also being studied. A third international option, also 
related to new nuclear power plants, could be close bilateral co-operation with reac-
tor vendors. 

In the field of subseabed disposal, the Netherlands participates in the NEA 
Seabed Working Group, notably in the Site Assessment Task Group and in the 
Engineering Studies Task Group. 

Resarch into geological disposal forms the major part of the Dutch efforts 
regarding radioactive waste. The relevant programme is described in Sections 10 
to 12. 

8. ORGANIZATION OF RADIOACTIVE WASTE RESEARCH 

Since 1981, the ILONA Policy Committee (Integrated National Research 
Programme of Nuclear Waste) has advised the government on the research policy 
for radioactive waste, as well as interpreted the results of this research. The research 
programmes for separate fields are co-ordinated by working groups which report 
their findings to the ILONA Policy Committee. This structure is represented in 
Fig. 1. 

FIG. 1. Organizational structure of radioactive waste research. 
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The MINSK Working Group, which studied the technical feasibility of interim 
storage of spent fuel and vitrified fission waste, completed its investigations in 1984. 
As outlined in Section 9, in the same year the government took the initiative of start-
ing the realization process. 

9. INTERIM STORAGE: SITE SELECTION 

In selection of a site for interim storage in accordance with the policy paper 
of 1984, the government appointed a small site selection committee. The members 
were chosen for their extensive administrative and political experience rather than 
any special abilities or experience in waste management or adjacent fields. 

The committee started by selecting about 20 industrial sites with: (a) an area 
large enough to cover the generation of waste for the next 50 to 100 years, and 
(b) discharge possibilities for cooling and process water. A second, closer screening 
reduced the number of potential sites to 12. The next step — in fact the crux of the 
procedure — was to explore the willingness of provincial and local authorities to co-
operate. The committee had no mandate to conclude any agreements. It had to con-
fine itself to a mere fact finding exercise; this was concluded in October 1985. The 
committee's report recommended two potential sites, one located at Borsele and the 
other at Klundert. At a very late stage, an offer was received from the Provinciale 
Zeeuwse Energie Maatschappij (PZEM), which owns the nuclear power plant at 
Borsele, for a third potential site near the nuclear power plant. 

At the same time, the procedure for the Environmental Impact Statement is 
being prepared. This procedure was divided into two stages: first, a non-site specific 
Environmental Impact Statement, which was concluded in October 1985; second, the 
site specific Environmental Impact Statement, which is to be carried out. 

On the basis of the information available it was concluded that there were in 
fact no major differences between the three potential sites. Consequently, the final 
choice was left to COVRA; they decided on the PZEM site at Borsele. COVRA is 
expected to apply for a licence under the Nuclear Energy Act in the second half of 
1987. The site specific Environmental Impact Statement will be presented within the 
framework of this application. 

It should be noted that this procedure has been running much more smoothly 
than expected. Although it is not possible to give an incontestable explanation, it is 
strongly felt that the openness of the procedure, the involvement of provincial and 
local authorities right from the beginning and the lack of ties of the committee mem-
bers with the nuclear industry have been very favourable. 

10. GEOLOGICAL DISPOSAL 

Studies into the feasibility of diposal in Dutch salt domes were initiated in 
1972. Seven years later the Interdepartmental Nuclear Energy Commission (ICK), 
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which co-ordinated the research, presented a synthesis report to the government [4]. 
This included among other subjects assessment of the technical feasibility of a mine 
in a salt dome, a preliminary, general safety assessment and a proposal for test drill-
ing at five selected sites. Furthermore, the ICK presented a set of very rigid criteria 
for the selection of a salt dome. However, at the time the proposed field work could 
not be finished because of strong local and parliamentary opposition. 

Expertise concerning rock sialt was developed further by participation in 
programmes of the Commission of the European Communities (CEC) and co-
operation between ECN and the Gesellschaft fur Strahlen- und Umweltforschung 
(GSF) in the Asse salt mine in the Federal Republic of Germany. In recent years this 
co-operation has been intensified and embedded in a bilateral Federal German/Dutch 
agreement on the exchange of information and co-operation on radioactive waste 
research. 

Meanwhile, the OPLA Working Group prepared a systematic research 
programme on the feasibility of a wide variety of options for disposal in rock salt 
[5]. The working group proposed focusing on rock salt in view of its favourable 
properties regarding waste disposal and because of the practical experience available 
in the relevant research and mining technology. However, the group stressed the 
need to keep a close watch on the results of the studies on waste disposal in clay. 
This is being done through participation in the CEC research programmes and 
through the bilateral exchange of information on radioactive waste research with 
Belgium. The OPLA programme proposal comprises three stages: 

(!) Inventory and comparison of potential disposal concepts and sites. No field 
work will be done at this stage. The following disposal techniques are under 
consideration: 

(a) A conventional mine, consisting of shafts, galleries, deep boreholes for 
the fission waste and chambers for non-heat producing waste 

(b) Deep boreholes from the surface (HLW only) 
(c) Caverns (several types) for LLW and MLW. 

Also, several salt rock formation types are being studied: salt domes, salt pillows 
and layered salt. 

(2) Preliminary field research near sites that may be selected, using the results 
of the first stage. This second stage comprises seismic surveys and other non-
destructive field research as well as geohydrological drilling. The results should ena-
ble the government to decide if and where an extensive survey would be worthwhile. 

(3) Extensive aboveground and underground exploration of a chosen site. 
In 1984, the government decided that the first stage should be carried out; in 

1985, Parliament endorsed this decision. Any further decisions on the execution of 
following stages were postponed until completion of the first stage. The relevant 
decisions taken at that time will be directly related to the expected development of 
nuclear energy generation in the Netherlands as well as to the feasibility of interna-
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tional disposal options, including the subseabed option. Stage 1 has been in progress 
since 1985 and a concluding synthesis report by the OPLA Working Group is 
expected to be published in the first half of 1988. The total cost of the first stage 
will be approximately Dutch guilders 31 million. 

11. ROLE OF THE SAFETY STUDY IN THE OPLA PROGRAMME 

Bearing in mind that the main objective of the research programme is geologi-
cal disposal, which is to isolate the waste as long as its dissemination in the biosphere 
continues to hold unacceptable risks, radiological safety must be the most important 
item. Therefore, the safety study plays a central and co-ordinating role. Other studies 
and laboratory research projects taking place in the fields of geology, geohydrology, 
rheology and mining techniques have yielded input information. The NEA, which 
completed a review of this programme in 1985 [6], endorsed this view in principle 
and advised expansion of the safety study and reinforcement of the relations with 
other studies; these have correspondingly been put into practice. 

The safety study is based on the widely accepted total systems approach: the 
repository, including its artificial barriers, the host rock and the geosphere are consi-
dered as one consistent system of barriers. The effectiveness of the total system is 
to be assessed. The results of this study will consist of possible radiation doses to 
man in the future. These results should be tested against a radiological criterion, e.g. 
a dose limit. Obviously, this approach is not compatible with the application of for-
mal criteria for individual barriers. Acceptance of this system by the government in 
1984 and by Parliament in 1985 implies that the set of formal criteria for the selection 
of salt domes, as presented by the ICK in 1979, no longer forms the guiding 
principle. 

At the general study stage (stage 1), the radiological criterion could be derived 
from foreign or international standards. As the studies become more specific in terms 
of design and site, there will be a growing need for the formulation and acceptance 
of a radiological criterion for the Netherlands. Development of such a criterion was 
initiated recently by the Ministry of Public Housing, Physical Planning and the 
Environment. 

12. OPLA RESEARCH PROGRAMME - STAGE 1 

The first stage of this research programme is aimed at the selection of sites for 
further (field) research at a subsequent stage. Furthermore, it is foreseen that stage 1 
should lead to the choice of a disposal technique for further development at a 
subsequent stage. Studies and research projects are being carried out in the following 
fields: safety, geology, hydrology, rheology and mining techniques. 
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FIG. 2. Time schedule for stage 1 of the OPLA research programme. 

Each subject area comprises several research project; together, they form a 
total of 20 projects (see Fig. 2). Of these, the safety study has to assess the long term 
safety of various disposal concepts in relation to a radiological criterion, as well as 
to determine which elements and phenomena have a relatively strong influence on 
safety (i.e. a sensitivity analysis). 
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The safety study consists of: 
(1) A study of scenarios. A selection of scenarios for normal and altered evolu-

tion has been made on the basis of relevant phenomena and events in the light of pos-
sible releases of radionuclides from the repository. 

(2) A second screening of relevant phenomena. This is now in progress and 
serves to determine which events, phenomena and scenarios need extra attention. 

( 3 ) Calculation of the doses to which man could be exposed in the future as 
a result of possible releases of radionuclides. These calculations will be made for 
the disposal concepts mentioned in Section 10 as well as several scenarios and energy 
strategies. Furthermore, an analysis of the related uncertainties in relevant 
parameters will be made. 

( 4 ) A comparison of the concepts being studied for long term safety in relation 
to a radiological criterion. This is scheduled for the end of 1987. 

The safety study is of deterministic character and will also assess the probabil-
ity of the occurrence of release scenarios. At stage 1, when no specific field research 
will be carried out, the necessary data must be accumulated from the literature. As 
there is no possibility of performing a specific safety study for each site under con-
sideration the sites will be divided into groups and for each group a representative 
model will be defined. Variations within a group are accounted for by means of a 
sensitivity analysis. Nevertheless, this study includes a rather extensive set of calcu-
lations for three formation types, five disposal techniques, eleven scenarios and three 
energy strategies. Evaluation of the results is scheduled for the end of 1987. 

The necessary input information for reliable performance of the safety study 
is obtained from: 

(a) Feasibility studies of disposal techniques. These have already been carried 
out for the two main techniques in combination with the three salt formation types. 
The main techniques are: a conventional mine, and a combination of deep boreholes 
and caverns (see Fig. 3). The study [7] concluded that the two disposal techniques 
are technically feasible in the Netherlands; only dry caverns in deep layered salt for-
mation are not possible because of instability problems. 

(b) Geological and hydrological inventory studies. These studies, which focus 
on describing all the relevant salt formations and characterizing their geological and 
hydrological surroundings, are almost complete. About 35 salt domes and salt pil-
lows and some areas with layered salt in the northern and northeastern parts of the 
Netherlands have already been mapped (see Fig. 4). The results of these two studies 
will also be used for selection of sites for further research (in the field) at any second 
stage of the programme. 

(c) Hydrological studies. Essential input information for the safety must 
originate from the development of a hydrological model (METROPOL) to outline 
the transport of radionuclides in the geosphere. The model is near completion and 
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can be described as successful. Final testing, verification and validation are now in 
progress. These activities form part of international co-operation studies such as 
PAGIS and HYDROCOIN. Geochemical data from ongoing laboratory experiments 
to determine the geochemical processes in relation to the transport of several radio-
nuclides underground will contribute to the reliability of the METROPOL model. 

(d) Rheological studies. Within this field of research four projects focus on 
radiation damage in rock salt and the possible related consequences for the long term 
safety of disposal. Definite results are not yet available. Nevertheless, preliminary 
results of laboratory experiments already indicate that under wet conditions (about 
1 °/0o water content) recrystallization strongly reduces the effect of radiation damage 
in rock salt. Other rheological projects are concerned with the mechanical behaviour 
of rock salt under dry and wet conditions and with the influence of inhomogeneities 
(anhydrite, carnallite, etc.) on the isolation capacity of a salt formation. The former 
study also comprises development of a possible solution for backfill material to be 
used in the closure of repositories. The latter project contributes to the definition of 
geological situations with a relatively low isolation capacity due to the occurrence 
of certain inhomogeneities in the rock salt. 

Apart from these projects, which are strongly related to the central safety 
study, other experiments and studies in the field of mining techniques and survey 
methods form part of stage 1 of the OPLA programme. 

Concerning mining techniques, Dutch participation in the Federal German 
HAW (high active waste) project in the Asse-II mine as well as experiments in 300 
and 600 m dry drilled boreholes in the same mine provide evidence of the strengthen-
ing of international co-operation. 

In view of possible future field work at stage 2, the stage 1 programme also 
includes two desk studies on the possibilities of geophysical and hydrological survey 
methods for reliable detection of salt formations, their internal structure and sur-
roundings. Basic information from these studies can contribute to the setting up of 
efficient and feasible plans for field activities. 

13. FUTURE ACTIONS IN WASTE MANAGEMENT 

Construction of the central interim storage facility is expected to start before 
1990. Decisions concerning possible further research into final disposal options are 
scheduled in 1988 and 1989. Taking into account the foreseeable development of 
nuclear power in the Netherlands by then, the availability of the results of stage 1 
of the OPLA programme, the possible availability of international options and the 
results of the studies by the Seabed Working Group, the government will consider 
whether or not field tests near selected sites in the Netherlands are necessary and 
desirable. For these conclusions parliamentary approval will be sought. 
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Abstract 
THE ECONOMICS OF THE BACK END OF THE NUCLEAR FUEL CYCLE. 

There are many different technical options available for the back end of the nuclear fuel 
cycle, each with its own attraction. The choice between them is dependent on a number of 
factors, one of which is the relative cost of the different approaches to spent fuel and waste 
management. The multiplicity of routes and the fact that most countries are still in the process 
of weighing up the merits of the technically satisfactory alternatives mean that there is no 
definitive set of costs to which one can refer. Ideas change and with them the costs. The 
problem is compounded by wide differences in the scale of the need in different countries with 
differences in financial approaches and factor costs. At this time the available evidence 
suggests that neither the absolute cost nor the difference in costs between the main options 
are large when related to the overall costs of nuclear electricity. However, economic consider-
ations alone would not lead one to reprocess LWR fuel with the specific aim of recycling, 
although recycling of already separated plutonium can produce worthwhile savings. Neverthe-
less, cost trends could make recycle attractive in future and retrievable storage is therefore 
preferable to disposal of spent fuel. 

1. INTRODUCTION 

There are a large number of technically satisfactory options for each stage of 
spent fuel and radioactive waste management that together make up the back end of 
the nuclear fuel cycle. Many of these options are still under active development and 
it is not surprising to find that no countries are irrevocably committed to specific 
narrowly defined strategies, although some major studies have been published to 
underpin national policies in, for example, Sweden and the Federal Republic of 
Germany. 

This paper is concerned mainly with economic issues, but it has to be recog-
nized that these are only one axis of a multidimensional problem. This is explicitly 

* This work was carried out under the aegis of the Nuclear Energy Agency of the 

OECD, Paris. 
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recognized and dealt with in some of the other papers at this Symposium which dis-
cuss approaches to multi-attribute decision analysis. This is something in which the 
United Kingdom also has a major interest, both as an aid to difficult choices in the 
waste management field and as a means of exploring and explaining the issues and 
trade-offs in a manner that can be readily understood by the parties affected by the 
options under review. 

Public confidence is a factor which assumes greater significance in the nuclear 
area than in almost any other. Some countries have been skillful, fortunate, or both, 
in retaining public confidence in the administrative procedures and controls used to 
establish policies for waste management. Others have found their procedures and 
controls questioned vigorously by interest groups, some locally based and others 
organized nationally or internationally. 

Such questioning is probably a good thing in that it ensures that those responsi-
ble for policy are even more alert to any risks or weaknesses attached to their plans. 
However, it can be carried to excess and lead to decisions and choices that involve 
the commitment of resources that could be put to better use elsewhere in the 
economy. 

The work presented here has been undertaken in part for the Nuclear Energy 
Agency of the OECD with the intention of setting the economics of the back end in 
an international framework. This can never substitute for detailed studies related to 
specific national policy choices, but it does help to highlight some of the problems 
that can arise in quantitative analysis. 

2. TECHNICAL CHOICES 

There are three principal choices that have to be made concerning the back end 
of the fuel cycle (Fig. 1). The first is simply whether to make any choice at all at 
the present time. If no positive decision about the route for spent fuel management 
is made, then monitored stores of one sort or another have to be provided and main-
tained, at least until such time as a further decision is made concerning the ultimate 
fate of the fuel. 

The second choice is whether or not to reprocess the fuel and, if reprocessing 
is planned, when this should be done. 

The third major set of choices concerns the routes to be used to dispose of the 
waste or spent fuel. Should these be viewed as monitored retrievable storage or as 
ultimate disposal, and when should the wastes be finally committed. 

3. FACTORS AFFECTING CHOICE 

The choices are not entirely free. Reactor systems determine their fuel, and the 
chemical nature of the fuel and its cladding are important considerations in its 
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FIG. 1. Major decision options. 

handling. Thus, the United Kingdom Magnox fuel is not designed for or suited to 
long periods of pond storage and, although it can be held in dry stores such as that 
at Wylfa, there are no economic or environmental advantages in so doing [1]. 

The need or perceived future need for plutonium to fuel fast or thermal reactors 
for economic or strategic reasons is another important factor. Uranium supplies from 
cheap assured sources are not limitless and abandonment of the ability to recycle 
plutonium and unburnt uranium would severely limit the duration and potential con-
tribution of nuclear power to the world's energy supplies. While the analysis pub-
lished recently by Frisch [2] is not in a form that an economist can accept as realistic 
[3], its general conclusions are nevertheless correct. 

The front end costs can also affect choice, particularly perceptions about the 
future levels of uranium prices and the costs of enrichment. The higher these are the 
greater the economic incentive to reprocess and recycle. 

The other major factors are the environmental and radiological exposure con-
sequences of choices, which are susceptible to analysis, and public attitudes to the 
risks, both real and perceived. 

Clearly all these aspects differ from country to country and small countries in 
particular may have particular constraints imposed on them by their geography and 
geology. However rational it may be to talk in terms of international disposal sites, 
based on regions with particularly favourable geology, the idea has to win public 
acceptance in the receiving nation. This requires a very high level of confidence in 
technologies that have yet to be demonstrated practically and it seems likely that 
countries will have a high degree of self reliance for waste management; this will 
reduce the scope for scale benefits in some cases. 
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4. ECONOMICS 

4.1. Methodology 

The three important components of back end costs are storage, reprocessing 
and waste conditioning and disposal. To examine these and their trade-offs one has 
to take into account the timing of investment as well as its level, not only because 
of the question of the time value of money, which can be reflected by discounting 
procedures, but also because time delays can simplify the handling of radioactive 
materials through reduction of heat output or of high intensity radiation from short 
lived products. They can also complicate handling if decay chains lead to the produc-
tion of isotopes with high gamma emission such as 2 4 1 Am and 2 4 1 Pu or the decay 
products formed from 2 3 2 U . 

Provided these technical factors are taken into account in costs, the simplest 
way to deal with the economics is to apply the levelized cost method in which the 
sum of the discounted present worth of investment, operating and ultimate decom-
missioning costs for a plant, store or repository is divided by the sum of the dis-
counted annual throughput or input. This gives a constant 'average' cost per unit of 
fuel reprocessed, stored or disposed of which, if repaid at the time the fuel or waste 
entered the process, would meet all the costs incurred and provide a return on capital 
equal to the discount rate [4]. 

Different countries use different discount rates in their internal assessments 
(Table I) [5], but the majority of OECD countries use a figure of around 5 % in cons-
tant money terms, which is consistent with the rate of return, net of inflation, on long 
term bonds (Table I). The latter appear to be a not inappropriate comparator when 
looking at major long term low financial risk investments such as electricity produc-
tion and its supporting infrastructure. The overall fuel cycle costs are not very sensi-
tive to the discount rate because its effects on the front end and back end are mutually 
compensating [5]. 

4.2. Cautions 
Relatively little has been published in detail on the costs of the back end stages 

of the fuel cycle. This is not surprising in view of the commercial nature of the serv-
ices provided. Furthermore, there is no well developed international market to which 
one can turn for price information, and in this the back end differs from the front 
end where the supply of uranium, separative work and fuel fabrication all have a 
multiplicity of suppliers competing for business. 

The costs of back end services have therefore to be based on estimates of the 
costs and potential utilization of plants or facilities- which may not have been built 
or, when built, have operated for only a small part of their expected life. The R&D 
backup and experience with similar facilities give grounds for confidence that the 
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TABLE I. DISCOUNT AND INTEREST RATES 2 

Country 
Long term 
bond rate 

(%/a) 

Inflation 

(%/a) 

Real rate 
of return 

(%/a) 

Discoun 
rate 

(%/a) 

Belgium 7.7 0.6 7.1 8.6 

Canada 9.2 4.2 5.0 4.5 
(Central) 

Finland 8.0 3.4 4.6 5.0 

France 9.5 2.1 7.4 8.0 

FRG 6.0 - 1 . 1 7.1 4.0 

Italy 9.1 4.8 4.3 5.0 

Japan 4.6 0 4.6 — 

Netherlands 6.4 - 0 . 1 6.5 4.0 

Norway 12.8 8.9 3.9 7.0 

Sweden 10.8 3.1 7.7 4 - 1 0 

Switzerland 4.1 0 4.1 6.0 

UK 10.1 3.7 6.4 5.0 

USA 7.7 0.7 7.0 5.0 

a Source: OECD Main Economic Indicators, Feb. 1987; Ref. [5]. 

estimates will not be far wrong, but they are still estimates and subject to some 
uncertainty. 

As has been explained elsewhere [5, 6], there are considerable variations in 
capital costs (and hence unit costs) of closely similar major plants between countries. 
These differences arise from a number of factors such as detailed design differences, 
siting differences, scale effects, replication effects, factor costs and financial 
ground rules differences. Additionally, currency exchange rates move in response 
to international trade and confidence factors which do not mirror the true differences 
in construction costs in different countries. Consequently, the apparent price relativi-
ties between them can fluctuate wildly even though there is no change in the activity 
under review [5]. 

These complications mean that one has to be very careful about taking cost data 
from one country and using them to draw general conclusions in the circumstances 
of another. This point is important and cannot be stressed too strongly. 
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TABLE II. BREAKDOWN OF LEVELIZED COSTS 3 FOR REPROCESSING 
(Jan. 1984 pounds sterling/kg heavy metal) 

Discount rate (%) 

Process stage 0 5 10 

Short period storage 25 27 36 

Reprocessing 274 310 393 

Waste conditioning 94 106 135 

HLW disposal 68 76 95 

ILW disposal • 8 9 10 

LLW disposal 4 4 4 

a Discounted to time of delivery to reprocessing plant; source: Ref. [4]. 

A further necessary caution arises from the fact that changes made exogenous 
to the industry, such as the imposition of environmental or safety standards or politi-
cal decisions concerning waste disposal routes, can have a dramatic impact on costs 
overnight. For example, the abandonment of sea disposal for intermediate level 
waste followed by decisions to dispose of all such waste in deep cavities increase the 
costs per unit of intermediate level waste by a factor of 5 [7]. On the other hand, 
a recent UK decision to place low level waste in deep repositories with the intermedi-
ate level waste has only increased costs from a range of pounds sterling 500 to 
1000/m3 (shallow trench burial) to pounds sterling 750 to 1200/m3 (deep burial), 
because the incremental costs are small for schemes where intermediate level waste 
is to take place anyway (at a cost of pounds sterling 2500 to 7000/m3). 

4.3. Reprocessing 

Detailed data on reprocessing costs have appeared in recent years from British 
Nuclear Fuels (BNFL) in the UK in connection with the Sizewell Inquiry [8] and 
from studies in the FRG. 

The BNFL costs for their 1200 t/a oxide reprocessing plant were based on the 
conservative assumption of a 10 year economic life for the plant which was assumed 
to operate at 50% of its design capacity. Low level waste arisings were assumed to 
be disposed of immediately and intermediate level waste after 2 years' storage; high 
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level waste was to be vitrified and stored for 50 years before disposal in deep geolog-
ical repositories. The costings were based on construction of the plant at an existing 
nuclear site with no additional infrastructural costs. Allowance was made for even-
tual decommissioning of the plant, starting 10 years after shutdown and taking 
7 years, with the pessimistic assumption that undiscounted decommissioning costs 
would be 40% of the initial investment costs. 

With all these elements of conservatism the NEA calculated the levelized 
reprocessing costs, which had the breakdown shown in Table II [4]. Discounted to 
the time of delivery of spent fuel to the plant's buffer storage ponds, the calculations 
indicated an overall back end cost, excluding interim storage of spent fuel, of around 
US $750/kg heavy metal (US dollars at 1 January 1984) to yield a 10% return on 
investment or US $570 to yield a 5% return. 

One would expect smaller plants or those built on greenfield sites to have 
higher levelized costs per kilogram. On the other hand, there is no reason to suppose 
that plant lives of 20 years and higher fuel throughputs cannot be achieved given a 
buoyant market, so that costs could easily fall by about 30 to 60% in the future as 
experience increases. 

A reasonable indicative range of costs for the medium term would seem to be 
US $500 to US $1000/kg heavy metal for plants with throughputs in the region of 
1000 t/a, a range that is compatible with what is known of the general level of con-
tract prices, with the data from the FRG study on smaller 300 and 700 t/a plants, 
and with French experience. Costs below this range may be realized in the longer 
term and higher costs might arise if the already stringent environmental standards 
were further tightened. 

Changes to estimates of construction costs since the data were provided for the 
Sizewell Inquiry do not affect this general conclusion, which should also be read in 
the context of the cautions raised in Section 4.2. 

4.4 Spent fuel disposal 
Similar procedures were adopted by the NEA to examine the separate costs of 

final disposal of spent fuel based on the Swedish studies made by the Swedish 
Nuclear Fuel and Waste Management Company [9]. These assumed that the fuel was 
held in interim storage ponds for 40 years to cool, so as to limit the heat removal 
problems in the final repository. The levelized unit costs for spent fuel are illustrated 
in Table in. They include the costs of copper and lead in the disposal canisters and 
the costs of back sealing the tunnels with bentonite. 

The costs are sensitive to the way in which the site is planned and operated 
and the extent to which the investment costs can be modularized. They are also sensi-
tive to the scale of the disposal operation. The detailed Swedish studies give costs 
in the region of US $280 to US $380/kg heavy metal for a 6000 tonne capacity. 
Studies made in the United States of America give much lower costs (US $150) for 
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TABLE III. BREAKDOWN OF LEVELIZED DISPOSAL AND 
STORAGE COSTS 
(Jan. 1983 SEK/kg heavy metal) 

Stage Deposition period (years) 

30 20 10 

Disposal Investment 2110 1650 1340 
Excavation 50 50 50 
Materials (excluding sealing) 265 265 265 
Sealing 165 165 165 
Labour and operations 260 260 260 

Total 2855(380) 2395(320) 2090(280) 

Period of storage (years) 

5 10 20 40 

Storage Investment 251 389 538 618 
Transfer costs 148 126 105 93 
Supervision costs 28 45 65 79 

Total 427(57) 560(75) 708(94) 790(105) 

Notes: SEK = Swedish kronor. 
Figures in parentheses = US dollars in Jan. 1984. 
Source: Ref. [4]. 

a 72 000 tonne repository, while Finnish data for a small 1200 tonne repository give 
US $550/kg, all discounted to the date of receipt of fuel for conditioning before dis-
posal at 10%. The ranges are shown in Fig. 2. 

A significant scale effect is to be expected, since the handling facilities and 
infrastructure needed are much the same regardless of capacity. These figures, which 
for Sweden are split roughly equally between conditioning and disposal, are compati-
ble with the conditioning and disposal costs for the high level waste from reprocess-
ing where costs at the time of the operation were calculated to be US $200/kg and 
US $150/kg heavy metal, respectively, at a scale not dissimilar to that at the Swedish 
facility. 



IAEA-SM-294/21 231 

One has to be particularly careful not to read too much into the comparative 
values from the studies as they are essentially domestic activities and are subject to 
all the cautions about exchange rates, factor costs, etc. listed in Section 4.2. NEA 
used a reference cost of US $350/kg heavy metal within a range of US $150 to 
US $550 [5]. 

4.5. Interim storage of fuel 
The costs of interim storage of spent fuel should be the best defined, since a 

great deal is already in store. However, there are many technical options and the 
intended duration of storage is a major factor. Stores built for short term storage can 
be used repeatedly and the capital costs per unit of fuel are spread over the whole 
throughput, thus being correspondingly reduced relative to the handling and operat-
ing costs. For a first approximation, short term storage costs will be fixed and equal 
to the charge for loading and unloading fuel from the store [5]. For long term 
storage, costs will be proportional to the storage time (s), but with both capital (C) 
and running (p) costs contributing to the unit costs 

cost = k t Cs + k 2ps 

This is because the longer the period of storage the less fuel handled, with an 
increase in the unit share of capital. The fact that stores are reusable can be forgotten; 
this leads to misleading conclusions [7]. 

600 

tn 
D 400 

200 -

1 
Log (Capacity, kt) 

FIG. 2. Disposal costs for spent fuel. 
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The Swedish studies on away-from-reactor spent fuel ponds suggest that costs 
for 40 years' storage are around US $100/kg heavy metal for a 6600 tonne heavy 
metal store that is filled quickly (or built on a modular basis), although this could 
be much higher if large stores were built and filled slowly over their lives 
(US $300/kg). Finnish studies for a smaller 1200 tonne store give similar results, 
while the UK Sizewell case suggests US $50/kg heavy metal for two years' storage 
in a 600 tonne store. On the basis of these and other studies carried out in the USA 
and by the International Atomic Energy Agency, the NEA adopted as a central case 
a fixed cost of US $40/kg plus an annual charge of US $4/kg for pond storage, level-
ized at a 10% discount rate to the time of delivery of fuel to the store. Both fixed 
and variable costs are given an uncertainty range of ±50% [5]. 

The published costs for different approaches to interim wet and dry storage 
vary considerably and again one has to be cautious about generalizations because of 
the problems of factor costs and exchange rates. The costs will also differ with the 
site and its pre-existing infrastructure. New stores at new sites will, in general, be 
more costly. 

4.6. Transport costs 
These are only a small part of the whole cost of the fuel cycle, although they 

may be comparable to short term storage costs at US $40/kg heavy metal within 
Europe. They would be higher where sea transport was required. The fact that con-
tainers and transporters are reusable means that much of the cost is again associated 
with the loading and unloading of fuel and in this it will be similar to a store, so that 
the comparability of costs is not surprising. 

5. OVERALL BACK END COSTS 

The overall levelized cost for the back end will depend on the phasing of 
operations. With the use of discounting, deferment of capital expenditures reduces 
the levelized cost, and delays to final disposal of wastes and delays in reprocessing 
will, in general, be economically beneficial, provided the incremental interim 
storage costs (US $4/kg per annum) are smaller than the interest charges on capital 
for plant or stores. At 5% these amount to around US $20 to US $35/kg per annum 
for reprocessing or US $5 to US $25/kg per annum for spent fuel disposal, so that 
deferment would appear beneficial. 

However, there are two other factors that should be included in the equation. 
First, the value that can be attached to the uranium and plutonium recovered from 
spent fuel, and second, the implications of choices on the levels of occupational and 
public collective radiation dose. The latter would not necessarily figure quantita-
tively in economic assessment and could be taken as a separate facet of a multi-
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attribute analysis. However, the optimization criteria laid down by the International 
Commission on Radiological Protection call for the application of cost-benefit analy-
sis, so that there should be identifiable costs linked to the man-Sv collective doses 
associated with the alternative strategies. 

The value of recovered uranium is related to its fissile content and to its use 
as a substitute for natural uranium as a feed to the enrichment stage of the front end. 
For PWR spent fuel, which contains more 2 3 5 U than natural uranium, the value is 
not insignificant, but the implications of 2 3 6 U and 2 3 2 U in terms of neutron capture 
and handling complications need to be taken into account. 

For recovered plutonium we have seen changing views. In the early days of 
civil nuclear power it was given a high value because of perceived limits to uranium 
availability. As these fears receded its value was linked more to its potential use in 
fast reactors. However, at the current time plutonium surpluses are arising which 
will not be needed for fast reactors for perhaps 20 years or so, thus interest in pluto-
nium recycle in thermal reactors has increased. 

The value of plutonium for thermal recycle depends on its irradiation history, 
on the price of uranium and enrichment services and on the relative costs of fabrica-
tion of mixed oxide and uranium fuel. In the back end cost equation it also depends 
on how soon after recovery it can be recycled, because storage costs are not negligi-
ble and prolonged storage of plutonium from high burnup LWR fuels leads to 
americium accumulation, which adds to the fabrication costs. 

The NEA study concluded that the net value could lie within a wide range from 
US $8/g to over US $50/g of fissile plutonium, depending on the various input costs. 
A plausible average value for plutonium recovered from 33 000 MW • d/t fuel from 
PWRS commissioned in 1995, and which is stored for a few years after recovery, 
would be about US $12/g. This value allows for rather lower separative work costs 
than those adopted by the NEA. 

The credits for recovered uranium and plutonium typically offset about one 
quarter of the reprocessing and waste management costs of the reprocessing cycle 
at current contract prices and using NEA reference assumptions, which in itself is 
not sufficient to swing the balance between the benefits and costs of delay. 

Overall, and without taking environmental considerations into account, the 
NEA reference figures put the current cost of the back end reprocessing option at 
roughly double that for storage followed by disposal, where the reprocessing is 
carried out about 5 years after fuel is removed from the reactor and high level waste 
or spent fuel are disposed of after a further 40 years' storage. 

However, two points need stressing. First, the difference in the reference 
levelized total fuel cycle cost for the two options is small at around 10%, which is 
an even smaller 3% of levelized generation costs. Second, this comparison should 
not be seen as favouring the once-through route. If the reprocessing stage itself is 
deferred, the levelized back end costs for the two routes become closely comparable, 
differing by a few per cent. If, following deferment, the value of the uranium and 
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plutonium at the time of extraction were to increase due to rising uranium prices or 
the likely reductions in reprocessing and mixed oxide fuel fabrication costs, then the 
economic picture could appear very different in the future. Thus, for a large high 
throughput reprocessing plant with lower unit costs and MOX fabrication costs at 
three times those for uranium oxide, only modest increases in uranium prices would 
be needed for the once-through and reprocessing cycles to break even on the NEA 
figures [5]. 

The optimum economic strategy would therefore appear to be one of storing 
LWR fuel with the intention of reprocessing and recycling the uranium and pluto-
nium in fast or thermal reactors when economic or strategic considerations make this 
attractive. 

6. OTHER COST CONSIDERATIONS 

All operations of the nuclear industry, including the fuel cycle, are based on 
the ALARA principle and radiation doses to the workforce and public are kept to 
a minimum. The recommended use of cost-benefit analysis to optimize the design 
of nuclear facilities should logically be extended to cover the whole nuclear fuel 
cycle from uranium extraction to final waste disposal, since the alternative fuel and 
waste management options involve different risks at different times. For example, 
plutonium and uranium recycle decrease the demand for mining and milling of fresh 
uranium and reduce the quantities of actinides ultimately disposed of. 

The industry has, however, to resist the temptation to overinvest in safety just 
to prove how good it is. Use of appropriate values for avoidance of collective dose 
can ensure that expenditures on safety are not disproportionately large or small. To 
spend either too much or too little can have the effect of reducing social welfare and 
of increasing the overall risk to the public, including non-radiation risks from other 
non-nuclear industries. Well meaning actions may have indirect effects that outweigh 
the direct benefit, although this may not be immediately obvious to those 
involved [10]. 

7. CONCLUSIONS 

This paper has dealt with the back end costs in very broad terms. It is impossi-
ble to do otherwise when working in an international context. It has also confined 
itself to LWR fuel. The fuel for gas reactors is subject to different technical 
constraints. 

There remain considerable uncertainties about the costs of the separate back 
end stages, not least because they are still evolving and definitive national policies 
have not been formulated. 
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At present, it appears economic to consider recycling separated 'free' pluto-
nium in LWRs. The medium term needs for fast reactors would not be jeopardized 
by such a move, since plutonium stocks are now growing steadily. It is not evident 
that economic considerations alone would currently lead one to reprocess with the 
specific aim of thermal recycle. At current uranium and enrichment prices this is not 
an attractive option, although the penalty in terms of overall generating costs is not 
large and other non-economic considerations may be judged to merit the few per cent 
of extra cost. 

In the future, uranium prices will rise and separative work costs and mixed 
oxide fabrication costs are likely to be reduced due to new technology and scale 
benefits. Reprocessing costs could also reduce significantly in the 1990s and the 
balance of economic advantage could be reversed. 

Certainly countries not already committed to thermal recycling of plutonium 
and uranium would not benefit from the early disposal of spent fuel and the optimum 
strategy for them would appear to be to opt for retrievable storage until such time 
as the full spectrum of options and their implications has clarified. 
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Abstract 
BACK END OF THE FUEL CYCLE: VARIOUS TECHNIQUES DEVELOPED IN 
FRANCE. 

On the basis of processes developed by the Commissariat a l'energie atomique (CEA) 
and its industrial partners, France has been developing a steady and consistent programme for 
the back end of the nuclear fuel cycle for about 30 years. The data presented by CEA, Com-
pagnie generale des matieres nucleaires (Cogema), Society generale pour les techniques nou-
velles (SGN) and Transnucleaire (TN) include the main results obtained by CEA as far as 
know-how and process are concerned and by Cogema in the industrial field. The paper out-
lines the engineering experience accumulated by Cog6ma and all the industrial companies 
working with it, e.g. SGN for plants and sophisticated facilities and TN for all types of pack-
aging (transport, storage, and both transport and storage). The experience gained has led to 
the development and promotion of: (a) a number of advanced systems for the launching of 
the nuclear programme using reprocessing (transport of spent fuel, pond storage for the 
cooling, reprocessing, recycling of fissile materials (U and Pu) and conditioning of all sorts 
of waste, including HLW); and (b) all systems that are needed by those industries throughout 
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the world which have chosen not to reprocess their fuel immediately and decided either to 
defer reprocessing or eventually not to reprocess. A description is given of: dry and under-
water interim storage; optimum use of storage capacities by compact storage or by consolida-
tion of the fuel; plant design to ensure enhanced performance through an optimized process 
and improved maintenance techniques; and the radwaste conditioning techniques. From the 
experience acquired and the R&D efforts made, the CEA group and all its associated industrial 
partners are in a position to provide safe and economic solutions for spent fuel management. 

1. INTRODUCTION 

1.1. Organization of the French nuclear industry 
For about 30 years France has been developing a steady and consistent civil 

nuclear programme; The organization of the nuclear industry is based on the state 
owned Commissariat a 1'energie atomique (CEA), which is trying to master all 
aspects of the cycle from fundamental research to full scale industrial development. 
A prominent part is now being given to private industry, mainly in the design, con-
struction and operation of the successive fuel cycle steps. 

This paper is presented by CEA, its industrial subsidiary, Compagnie generale 
des matieres nucleaires (Cogema), in the field of the fuel cycle, Societe generale 
pour les techniques nouvelles (SGN), the engineering subsidiary of Cogema which 
specializes in reprocessing and the associated technologies, and Transnucleaire 
(TN), a company in which Cogema is a shareholder and which is involved in the 
engineering of all types of packaging. 

1.2. Back end options 
Management of the back end of the fuel cycle has never been a controversial 

issue in France because reprocessing is considered to be the correct solution to the 
problem. It permits more power to be obtained from the same initial quantity of ura-
nium when recycling U and Pu either in LWRs or in FBRs. It is also believed to 
be the only method for the correct handling of significant quantities of such wastes 
because the cumulative figures for LWR spent fuel could exceed 130 000 tonnes by 
the year 2000 (20 000 tonnes for France). 

2. SPENT FUEL MANAGEMENT 

2.1. An experienced industry 
The current status of back end activities in France has been achieved by efforts 

made in the following fields. 
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2.1.1. Spent fuel transportation 

Over 1800 transportation cask movements carrying more than 5430 tonnes of 
spent fuel from 62 western European and Japanese LWRs have been received at 
La Hague since the startup of operations. Annual deliveries are currently about 
1000 tonnes. More than 1500 tonnes have also been shipped to the British Nuclear 
Fuels plant in Sellafield. To date, shipments by truck, by rail or by sea have been 
performed without incident. 

2.1.2. Spent fuel receiving and storage 

The present 6300 tonne capacity storage pond at La Hague contains 3500 to 
4000 tonnes of spent fuel. This capacity will increase to about 10 000 tonnes by 
1990. 

2.1.3. Reprocessing operations in Cogema plants 

More than 7500 tonnes of GCR spent fuel have been reprocessed in the 
La Hague and Marcoule facilities; however, only the latter still handles this type of 
fuel. The more than 1700 tonnes of LWR fuel reprocessed at the La Hague UP2 
plant and the more than 20 tonnes of FBR fuel passing through the La Hague UP2 
plant and the Marcoule pilot facility constitute world records. Continuous operation 
of the AVM vitrification facility at Marcoule since 1978 has fully demonstrated the 
efficiency of the French process (more than 1100 m 3 of HA liquid waste into some 
1400 canisters). 

2.1.4. Recycling of U and Pu 

Apart from U recycling, which is well known (1300 tonnes recycled) and 
which is now handled by UREP, a joint venture between Cogema and Pechiney, use 
of Pu in LWRs has also been introduced in several reactors; Electricity de France 
has now decided to use it on a large scale. COMMOX, which consists of the joint 
membership of Cogema and Belgonucleaire, has been created to meet the needs of 
MOX fuel fabrication on an international scale (an annual capacity of up to 50 tonnes 
by 1990). 

2.2. Developing sector 

The industrial and commercial experience acquired has strengthened the deci-
sion made in 1977 to build two reprocessing plants at La Hague. The new UP3 plant, 
with a capacity of 800 t/a, is scheduled for commissioning in early 1989. The capac-
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ity of the UP2-800 plant, which is an extension of the existing UP2 facility, will be 
upgraded to 800 t/a in the early 1990s. 

This two-plant project, which is Europe's largest construction site 
(7000 persons), is proceeding within the set budget and on schedule. SGN is respon-
sible for the design, construction and startup. Engineering services represent a task 
force of 2500 working about 24 million man-hours. 

2.3. Economic choice 

Various interesting studies have been published recently on back end eco-
nomics. The well supported 1985 Organisation for Economic Co-operation and 
Development (OECD) study concludes with a slight advantage for the once-through 
cycle, but emphasizes the lack of precision of the results. 

Cogema figures, based on actual industrial experience, fall well within the con-
fidence level fixed by the experts. The trend observed over the last few years con-
cerning a reduction in the reprocessing costs associated with improved operational 
results will be maintained in the years to come and further significant reductions can 
be expected around the turn of the century. On the other hand, the real costs of the 
once-through cycle are subject to great industrial uncertainties, as noted by the 
OECD experts. 

Considering these results, it must be recognized that the economy alone cannot 
justify a decision in favour of or against the reprocessing option. 

Another aspect of the reprocessing route is the recycling of still energetic 
material: 

(1) Recycling of U and Pu means a reduction in natural uranium needs: 12% of 
the uranium needs in 1995 (WOCA countries) could be saved in this way (8% 
with U, 4% with Pu) 

(2) Immediate reuse of plutonium only results in dynamic storage, since unused 
Pu rapidly accumulates undesirable elements, mainly americium). 

3. INNOVATIVE INDUSTRY 

A great deal of experience has been accumulated. The new back end industry 
provides opportunity for many innovations, only some of which are described in this 
presentation. We have emphasized the examples which are of most interest, even to 
those countries whose actual choice is not to reprocess or to delay reprocessing but 
which want to solve the fuel storage problem. Several examples are given for the 
transport and storage of spent fuel assemblies, waste conditioning and reprocessing. 
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3.1. Spent fuel transportation 
Cogema uses dry casks developed by TN for transporting non-encapsulated 

spent fuel. The TN 12 cask, for example, holds 12 PWR fuel assemblies with a ther-
mal release of 85 kW, corresponding to a burnup of 35 000 MW d/t after 240 cool-
ing days. The cask can alternately hold 32 BWR fuel assemblies. About 80 TN 12 
casks are currently used throughout the world under optimum safety conditions. 

The main advantages of these casks are: a large payload, moderate costs, relia-
bility due to the extensive experience gained by TN with respect to fabrication and 
Cogema concerning operation (more than 10 years' experience) and standardization 
of fabrication, operation, maintenance and spare parts. 

3.2. Spent fuel storage 

Two modes of storage for irradiated nuclear fuels have been developed: 
(1) Underwater storage, which is the most widely adopted solution on an industrial 

scale at present 
(2) Dry storage, which is in a pre-industrial development phase. 

As another paper presented by SGN at this Symposium [1] deals with this parA 

ticular subject, we will only mention several interesting examples here. 

3.2.1. A dry storage cask 

Recently, TN developed a new generation of cask for the dry storage and occa-
sional transport of LWR spent fuel which has been cooled for about 5 years, or 
7 years in the case of consolidated fuel rods. 

The TN 24 cask has a capacity of 24 PWR or 52 BWR assemblies, with up 
to twice this capacity for consolidated fuel. It can be transported to a reprocessing 
facility or other ultimate disposal sites and be stored in either a vertical or horizontal 
position, at a covered or uncovered site. It is currently undergoing active testing in 
the Idaho National Engineering Laboratory; its load of 11 tonnes of uranium is a 
world record. 

3.2.2. A natural convection cooled vault for dry storage: the Cascad facility 
at Cadarache 

A dry storage facility for non-standard irradiated fuels is planned at CEAIS 
Cadarache nuclear research centre; it has the following specifications: 
(1) Interim storage for periods not exceeding 50 years 
(2) A storage capacity of 150 to 200 tonnes of fuel, with the possibility of 

extension 
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(3) Reasonable investment costs and minimum operating costs 
(4) A guaranteed permanent double containment barrier between the fuel and the 

working zones. 
This facility will be commissioned at the end of the 1980s. 

3.2.3. Underwater storage 

The irradiated fuel assemblies are immersed in a pond which is continuously 
cooled and decontaminated by filters and/or ion exchange resins. 

Extensive pond storage capacities already exist at La Hague and extensions are 
under way to increase the total capacity to 10 000 t U. The experience gained by 
SGN has made it possible to progressively improve the design of the ponds, with 
each new installation benefiting from previous experience. 

Innovative units for water reprocessing (cooling and ion exchange) have been 
designed by SGN. The former cooling technique removes the heat by circulating the 
water outside the pond in plate type heat exchangers connected to a secondary cool-
ing circuit. The Nymphea cooling unit is immersed in the pond without an external 
flow of water, thus avoiding the risk of leakage and reducing the amount of equip-
ment needed. 

Another similar piece of equipment is designed to treat the pond water. Using 
the same principle, the ionic exchanger Nymphea consists of cartridges fitted with 
cationic and anionic exchange resins. 

Installation of these units started in 1984 and they are in operation in ponds 
C and D at the La Hague reprocessing facilities. 

3.2.4. Spent fuel storage capacity 

One way of increasing the storage capacity is to consolidate the fuel assembly 
itself. TN is proposing to introduce such a modular system to be! set up in the trans-
port cask loading pit at the reactor site. The method will double the capacity of the 
existing pools. Further improvements can also be achieved by using storage racks 
and casks with an internal arrangement specially designed to hold 66 fuel rods 
packed into small canisters. The modular system comprises: a fuel assembly support, 
a top nozzle separator, a fuel rod consolidation unit, a driving out unit, a compacting 
unit and accessories for monitoring, filtering and storage. 

This equipment, which is designed to handle one fuel assembly per hour, will 
be used for active demonstration in the months ahead at an EDF power reactor and 
eventually at La Hague. 

SGN, which has designed a large capacity machine for dry rod consolidation 
for PWR fuel, has also developed a concept for in-pool rod consolidation. This 
system permits operation at a limited water depth and performs NFBC (non-fuel 
bearing components) compaction at the same time. 
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3.3. Reprocessing 

The new La Hague reprocessing facilities (UP3 and UP2-800) now under con-
struction have been designed to ensure production under optimum operating and 
safety conditions and within a reasonable cost. 

To achieve these goals, substantial effort was made at the very beginning of 
the project by all concerned (CEA as process licenser, Cogema as owner/operator 
and SGN as architect/engineer) in order to define design bases for the new facilities 
as well as the associated R&D programme. 

Although the heart of the plant remains the Purex process, major changes were 
made to improve its performance and most of the process equipment was subjected 
to specific development, e.g. the shearing machine; the large capacity, geometrically 
safe, continuous rotary dissolver; a new type of clarification centrifuge; the annular 
and cylindrical pulsed columns; distillation equipment for treating the spent solvent; 
the zirconium acid recovery evaporators; and the waste packaging systems for vitrifi-
cation, cementation, bituminization, etc. 

As an example, a brief description of the continuous rotary dissolver is 
presented; it includes two main parts: a removable rotation wheel divided into 12 
baskets which receive the sheared pieces of fuel from the shearing machine and a 
geometrically safe slab vessel containing the wheel. Dissolution of oxide is per-
formed as a continuous operation in boiling nitric acid solution. 

Another very important aspect of the UP3 and UP2-800 facilities is the main-
tenance concept: plant availability is a function of equipment reliability and main-
tenance capabilities. Highly reliable equipment, corrosion resistant materials and 
new remote maintenance techniques are expected to reduce the irradiation exposure 
of personnel and to decrease the generated technological waste resulting from main-
tenance operations. 

In particular, use of MERC (mobile equipment replacement cask) for the main-
tenance of standard process equipment such as pumps, valves and filters constitutes 
an innovative approach compared with existing plants. 

Standard equipment is specially designed in removable modular form to avoid 
having to disconnect pipes. Removal and replacement of this equipment are per-
formed under shielding, thus preventing the spread of contamination. Containment 
is preserved by an airtight system consisting of coupled doors, with a special gasket. 

Two types of MERC have been developed and are already in operation in the 
UP2 plant: 
(1) The sliding hatch MERC for large equipment (up to 650 mm in diameter and 

2 m high). Two transfer casks are necessary: one to remove the failed equip-
ment and the other to install the new unit. 

(2) The revolving MERC for smaller equipment (less than 150 mm in diameter), 
with chambers that can contain new and failed equipment simultaneously, so 
permitting replacement of equipment in one operation with a single MERC. 
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In summary, it can be said that the UP3 and UP2-800 design concepts have 
benefited from the experience accumulated in existing plants, so creating a coherent 
and complete system. In particular, such concepts will ensure safety and availability 
by reducing personnel exposure, achieving the highest containment for radioactive 
materials, and providing process and equipment reliability, as well as remote main-
tenance of all equipment where necessary, particularly through MERC for standard 
equipment. 

Because these advances in reprocessing technology have produced a high 
degree of confidence, Cogema is able to provide reprocessing services on a fully 
commercial basis. 

3.4. Waste conditioning and storage 

Because of the importance of waste management in the nuclear fuel cycle, 
major efforts have been made to develop, improve and implement various techniques 
for waste conditioning and storage. Examples of this are the French experience 
gained in the vitrification of high level waste and the development of a mobile 
solidification system for medium and low active wastes. 

3.4.1. Vitrification 

Vitrification process development started 30 years ago. A pilot facility (Piver) 
was built by SGN and operated from 1969 to 1973, producing some 12 tonnes of 
glass representing 25 m 3 of high active waste solutions and containing 185 million 
gigabequerels (5 million curies). 

AVM, the Marcoule demonstration plant that started up in June 1978, was the 
second step in the development of the vitrification process. The AVM plant has vitri-
fied 1100 m 3 of fission product concentrates, thus producing approximately 
1430 glass canisters. About 500 tonnes of glass have been produced, containing 
about 200 million curies. The process operated in the AVM included the following 
main steps: 
(1) The fission product concentrates are transferred from stirred tanks into a rotary 

calciner heated by electrical resistors. In the calciner the nitrates are concen-
trated and transformed into dry oxides. 

(2) In the second step, at the outlet of the calciner, the oxides are continuously 
mixed with glass additives and are adapted to the chemical composition of 
fission product concentrates. 

(3) This mixture is continuously fed to a metallic induction heated melting furnace 
from which the glass is poured in batches of approximately 50 litres. The maxi-
mum evaporation capacity of the calciner is 40 L/h and the maximum capacity 
of the melting furnace is around 18 kg/h of glass. 
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(4) The off-gas generated in the melting furnace and in the calciner are treated in 
an efficient purification system, which includes a dust scrubber, a condenser, 
a NOX absorption column, a scrubbing column and HEPA filters. 

(5) The glass is poured in 50 litre batches per 15 to 20 minute runs into refractory 
stainless steel canisters. 

(6) The canisters loaded with 360 kg of glass (150 litres) are then sent to the weld-
ing station. Cleaning is performed in a closed mobile washing tank with high 
pressure water. 
After this operation is completed, the container is transferred to a monitoring 

device, then to the interim storage facility. 
Because of the experience acquired in AVM after 10 years of operation, it can 

be considered that: 
(a) The performance, operability and safety of the process have been fully proved, 

as has the associated maintenance concept for the main removable items of 
equipment which have been dismounted several times. 

(b) The technological wastes resulting from the maintenance operation have rela-
tively low volumes. These wastes (in particular from the melting furnace 
which, on average, should be replaced every 5000 hours) are cut and packed 
in canisters before being routed as glass. The volume of technological wastes 
thus produced represents approximately 6% of the glass volume. 
On the basis of the AVM principle, SGN is currently constructing three new 

industrial vitrification facilities. Two are associated with the new reprocessing plants 
at La Hague (R7 for UP2-800 and T7 for UP3) and one is for BNFL at Sellafield. 

The R7 and T7 facilities will comprise three lines, each with a 60 L/h capacity, 
corresponding to 25 kg/h of glass per line. Active startup of these two units is 
scheduled for 1988 and 1990, respectively. As a continuing example, an interim 
storage facility for vitrified waste has been studied and built. The storage building 
of the T7 facility in the UP3 plant at La Hague is adjacent to the vitrification area. 
It includes 100 air cooled wells. 

3.4.2. MA and LA solidification system 

Another new technology in the waste conditioning area is the concept of a 
mobile solidification unit for LA and MA liquid radwastes; this has actively been 
developed by SGN. It consists of two mobile bitumen solidification systems (TVR 2 
and TVR 3) and cement solidification units. 

Development of this mobile unit concept, which shows great promise and com-
plies with the actual needs of many utility operators, was made possible through 
implementing industrially proved technologies and processes. 
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Typical wastes which can be handled by the TVR system include boric acid 
concentrates, sodium sulphate concentrates, bead and powdered resins, ion 
exchangers, filter demineralizer precoat sludges and decontamination solutions. 

The TVR 2 system is self-contained in five enclosed structural steel modules. 
It comprises a control room, a process module, waste batch tanks, a distillate 
module, and auxiliaries (bitumen storage and heating fluid system). 

The modules are transported separately by truck or by rail. TRV 3 has already 
been used to treat liquid wastes from several power plants in the United States of 
America. Such a unit is able to process about 1700 m 3 of waste per year. 
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Abstract 
ORGANIZATION OF SAFE SPENT NUCLEAR FUEL TRANSPORTATION IN THE 
USSR. 

The main organizational procedures for the safe transportation of spent nuclear fuel 
(SNF) in the USSR are: drawing up of the regulatory documents which control all the activities 
connected with SNF shipments, provision of the vehicles and cask fleet required and the 
shipping practices. Details of the experience gained in solving these issues are given with 
regard to future developments. Emphasis is placed on the particular importance of developing 
high reliability shipping casks to ensure safe transportation. 

Wide range safe transportation of spent nuclear fuel (SNF) is one of the main 
issues in a complex set of tasks connected with the future development of nuclear 
energy in the USSR. 

On the basis of the construction schedules for nuclear power plants in the 
USSR, and in other countries which have guarantees for SNF reception, over 
100 high capacity casks of various types will be required by the year 2000 to 
transport SNF for reprocessing or intermediate centralized storing. On average, 
1000 cask trips a year will be made in 2000 in the USSR, i.e. several SNF casks 
will be involved in shipments every day. 

Such a large number of trips requires that the main problems of safe SNF ship-
ment be efficiently solved, in particular: 
(1) Drawing up of the regulatory documents to control all SNF shipments on a 

state, nuclear industry and utility scale 
(2) Provision of the vehicles and cask fleet required to ship a great variety of spent 

fuel assemblies from operating reactors and eventually from those currently 
under construction 

(3) Optimization of shipping practices to provide highly efficient use of vehicles 
and a reduction in shipment costs. 

249 
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To date, considerable experience has been accumulated from the efforts being 
made to solve these problems. The paper analyses in brief this experience with 
regard to future developments. 

Concerning the regulatory documents, it should be noted that the basic 
standardization and regulatory document for the safety of SNF shipping in the USSR 
is the Basic Safety and Physical Protection Rules for Nuclear Material Shipment 
(BSPR-83), which was put into force in 1983. 

Regarding the safety level, these Rules include practically all the IAEA 
Recommendations given in the Safety Rules for Radioactive Material Shipment, 
which were revised in 1973. They concern the normalized radiation levels and 
permissible losses of radioactive package contents under normal and accident 
shipping conditions, as well as determine these conditions, i.e. the requirements for 
the appropriate package tests. At the same time, according to the BSPR-83 and in 
contrast to the IAEA Rules, shipment of radioactive packages in open vehicles as 
well as the presence of 'non-fixed' radioactive contamination on external vehicle 
surfaces are not allowed; all fissile materials, including SNF, should be transported 
on full load terms with compulsory accompaniment by the person responsible or an 
escort team. 

While developing the BSPR-83 Rules, particular attention was focused on ship-
ping arrangements such as the development and approval of the packaging designs 
and shipping conditions including the interrelations between the authorities and the 
utilities concerned, radiation monitoring and accident measures. In particular, it was 
recognized that it is necessary to introduce into the BSPR-83 Rules the requirements 
for compulsory provision of certificates for the Type B packaging used in the USSR. 
The certificates are issued by the USSR State Committee on Utilization of Atomic 
Energy on the basis of analysis of the appropriate requests made by packaging 
designers, manufacturers and customers. 

For international transportation, taking into account one/multisided approval 
of the system of certificates and the appropriate requests for packagings, it is 
advisable to set up the interrelations, guarantees and responsibilities in order to ease 
the co-ordination procedure. For internal shipping such an arrangement, i.e. 
introduction of additional documentation, may seem needless. Thus, the Unified 
System of Design Documentation in the USSR permits, in general, packaging 
designs that correspond to the requirements of the Rules. Taking into consideration 
the specific and hazardous character of nuclear material shipments and the positive 
world experience gained and in order to stress safety in the development of the 
packaging designs, the BSPR-83 Rules govern the provision of certificates and the 
appropriate requests. These documents provide in a concentrated and complex form 
the principles for providing and approving the safety of designs and their 
correspondence with the Rules and other regulatory documents on transport safety. 

Regarding the interrelations between the authorities and the utilities participat-
ing in shipments, the BSPR-83 Rules specify which utility/plant is responsible for 
shipping safety, but not for rail/road safety. 
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The system of regulatory documents for SNF shipping also includes some 
safety rules on specific questions such as nuclear and radiation safety. In particular, 
the general principles and the main requirements for nuclear safety assurance in the 
design and use of packaging and the co-ordination and approval of packaging designs 
are defined in the Nuclear Safety Rules for Spent Fuel Shipment. For example, a 
nuclear safety analysis should be made when developing the initial specifications for 
the packaging, drawing up the appropriate documents and co-ordinating with the 
authorities. 

State and nuclear industry standards, which define the main specifications for 
SNF shipping packaging and the types and parameters of packaging, and indicate the 
radioactive contamination of packaging and vehicles, as well as other standards are 
used in the USSR. 

To regulate the international transportation of SNF from foreign nuclear power 
plants built with Soviet technical assistance, appropriate rules have been developed 
for safe shipment and specifications for spent fuel deliveries from WWER-440 
nuclear power plants in CMEA Member States and from the Loviisa Nuclear Power 
Plant (Finland). Specifications for WWER-1000 spent fuel deliveries are being 
developed. The shipping safety provision in these documents is based on the 
requirements laid down in the IAEA Rules. 

Concerning the development of Soviet regulatory documentation for SNF 
shipments, work related to the adoption of the Safety Rules for Radioactive Material 
Shipment, IAEA, 1985, has still to be completed. 

Development of high reliability shipping casks is the main task that has to be 
solved for safe SNF transport. This is also determined by the generally accepted 
requirements for safety assurance, mainly due to the reliability of shipping cask 
designs and the considerable and ever increasing costs for their development, 
manufacture a n d use. 

Because of the wide range of reactor types, several types of casks are being 
used for shipping spent fuel from nuclear power plants in the USSR. For initial SNF 
shipping from the WWER-210, WWER-365 and WWER-440 reactors of the 
Novo-Voronezh Nuclear Power Plant, the gas cooled TK-NV cask was used; it does 
not require neutron shielding. After long cooling the fuel was shipped with a decay 
heat release value of up to 5 kW per cask. 

Since 1979, TK-6 casks designed for shipping SNF with a burnup of 
40 GW-d/t and a total decay heat release value of up to 15 kW per cask were put 
into operation instead of the TK-NV cask. They contain 30 WWER-440 fuel assem-
blies, i.e. 3.6 t U. Use of water as a coolant and for neutron shielding is the main 
feature of the TK-6 casks. 

Use of water results in low fuel rod temperatures (not exceeding 90 °C) during 
transportation, eliminates the necessity of cask cooling before refuelling, and permits 
transport of SNF with a burnup of 28.6 GW-d/t (designed for WWER reactors) as 
well as about 1.5 times more than that of the design. Normal radiation conditions 
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are provided during the period of cask handling, SNF charge and discharge and also 
during shipping. The equivalent dose rate on the cask surface is 35 mrem/h and is 
less than 5 mrem/h 2 m away from the container car surfaces. 1 However, the 
specific conditions for using water as a coolant required careful analysis of the 
thermal conditions of the packaging in the case of an abnormal shipping process, for 
example, during long parking of the train with a faulty car body ventilation system 
in summer (air temperature of 38°C, intense insolation) and also during accidents 
(fire, t = 800°C, T = 30 min). Under both conditions the pressure inside the cask 
might exceed the permissible pressure, therefore it was necessary to introduce limita-
tions in the decay heat release of fuel shipped in accordance with the ambient air 
temperature. A similar investigation was performed in order to avoid the possibility 
of water freezing in the cask. This resulted in determining the connection between 
the permissible heat release values in the cask and the minimum permissible tempera-
ture of the ambient air. The limitations that were introduced were not a serious 
obstacle in realizing commercial shipment of SNF with the existing characteristics. 
This has been confirmed by the 5 years' experience gained with shipping SNF in 
TK-6 water filled casks. 

Another problem connected with the use of water in the cask was solved by 
providing 'fire-and-blast' safety measures, with radiolytic decomposition of the 
water and formation of a gas mixture containing hydrogen in the 'compensating' 
volume of the cask not filled with water. To prevent the hydrogen concentration in 
the gas mixture rising above the permissible value, a complex set of measures has 
to be carried out, such as use of chemically pure preheated water to fill the cask, 
use of nitrogen for filling the compensating volume to produce an initial excessive 
pressure of about 0.25 MPa and installation of independently operating hydrogen 
'burners'. The preparatory arrangements carried out in the period of preparation for 
transporting (shipping only) included classification of the TK-6 cask as a Type B(M) 
package according to the IAEA Rules. 

At present, the TK-6 cask fleet permits shipment of the spent fuel from all 
WWER-440 reactors in operation in the Soviet Union and other countries. 

With respect to improving the WWER-440 fuel cycle, the problem of trans-
porting SNF with a burnup of 50 GW-d/t needs to be solved. This could be done 
with the help of TK-6 casks, but would require a reduction in their capacity. Instead, 
we decided to design a new cask, the TK-6 M. The main problem was to design a 
cask that permitted the transport of SNF with no limitation in the air temperature and 
without cooling and heating systems. This is possible if gas is used as a coolant in 
the cask and if solid neutron shielding is provided. Preservation of the cask fuel 
capacity, as with the TK-6 cask, is provided by reducing the space between the spent 
fuel assembly (SFA), which in turn requires use of neutron absorbers to ensure 
nuclear safety. 

1 1 rem = 1.00 x 10"2 Sv. 
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The TK-10 cask has been manufactured for WWER-1000 SNF transportation. 
The cask contains six WWER-1000 SFAs (2.6 t U) with a total heat release value 
of up to 13 kW and a burnup of 30 GW-d/t. An antifreeze agent acts as a neutron 
shield (120 mm thick). It is filled into the space between the outer casing and the 
body (into the jacket). The outer surface of the cask is made of stainless steel and 
has no fins. The pitch of the SFAs is 280 mm, whereas a safe pitch for WWER-1000 
SFAs is 400 mm. Nuclear safety is provided by inserting absorbing nuclear elements 
into the basket construction. These elements are stainless steel (25 mm diameter) 
tubes filled with boron carbide. They are placed around each SFA along its full 
length, except for the points at which the intermediate basket diaphragms are set. 

The TK-10 cask was designed for SFA shipment using water and gas. Accord-
ingly, a special TK-10 container car, which is similar to a TK-6 container car, is 
equipped with heating systems for the cargo regions that have thermal insulation. 
However, unlike the TK-6 container car, the body of the TK-10 is ventilated by 
natural convection. The results of the TK-10 cask thermal-physical tests carried out 
on WWER-1000 reactor SFAs showed a significant heat load allowance. The 
temperature of the fuel elements was calculated at 245 °C (with a 350°C permissible 
level). The radiation level of 50 GW-d/t burnup fuel is 3 mrem/h at 2 m from the 
surface, with a rated value of 10 mrem/h even with a gas coolant in the cask. For 
this reason, a water coolant is not used in the TK-10 cask for WWER-1000 reactor 
spent fuel shipments. 

Analysis of the TK-10 cask test results and its operational experience con-
firmed the possibility of a new cask with twice the fuel capacity. At present, a TK-13 
cask is being tested (for WWER-1000 spent fuel) which permits shipment of 
12 SFAs of the same characteristics, with gas used as the coolant. As with the TK-10 
cask, an antifreeze layer in the cask jacket acts as a neutron shield. To ensure nuclear 
safety, the cask has a basket with boron steel tubes. It should also be noted that the 
design of the TK-13 cask and of the car does not include cask parameter control 
during shipment. Additional organizational-technical measures are not required, 
either at the preparation for shipment stage or during shipment as, for example, is 
the case for TK-6 casks. 

Excluding WWER-1000 reactor spent fuel, TK-10 and TK-13 casks may be 
used for SNF shipments from nuclear heat supply plants with AST-500 reactors. 

For shipping spent fuel from RBMK-1000 and RBMK-1500 reactors, two 
types of casks, TK-8 and TK-11, have been developed. A TK-8 cask of the horizon-
tal type is proposed for shipment of 17 fuel assemblies with cut-off 'dummy end 
pieces' (steel tubes without fuel). However, the main manner in which RBMK reac-
tor SNF is shipped is by using vertical TK-11 casks. An RBMK reactor fuel 
assembly consists of two subassemblies. In the hot cell of a nuclear power plant the 
fuel assemblies are separated into, two parts (two FAs), the dimensions of which 
allow their placement in a vertical cask. Compared with WWER reactor fuel, RBMK 
reactor fuel is of lower initial enrichment, and depending on the burnup rate its 
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gamma — and neutron — activity as well as the decay heat are much lower after 
discharge from the reactor and cooling in storage. These factors resulted in a signifi-
cant increase in the TK-11 cask fuel charge (5.9 t U). The heat load of a cask with 
fuel that has been cooled for 3 years is 10 to 12 kW, making 'dry' cask shipment 
possible. A neutron shield is not required. However, a TK-11 cask and a special 
container car have been designed, taking into consideration the possible use of these 
casks filled with water, based on the same principles for safe shipping as those in 
the TK-6 container car. Structural cask modifications such as those concerned with 
fixtures and heat engineering control devices are aimed at simplifying operation, 
while the purpose of car modification is to reduce the metal content, unify the under-
carriage and increase the reliability of the ventilation heating system. 

Because of a good radiation shield and the possibility of shipping the fuel in 
water, the TK-11 cask may also be used for WWER-440 reactor and BN-350 and 
BN-600 fast reactor fuel shipping. The shipping practice of WWER-440 reactor 
spent fuel is the same as that of TK-6 casks. The fast reactor SNF shipping practice 
depends on the fuel type and uranium fuel is shipped in 'dry' casks. The design 
analysis indicated that in this way SNF with a burnup of 100 GW-d/t may 
be shipped. The cask capacity may reach 54 FAs (1 to 1.5 tU) . Mixed 
uranium-plutonium SFAs should be shipped in water because of the need to decrease 
to the required level the spent fuel neutron fluxes that influence the radiation condi-
tions on the outer side of the cask shielding. In the case of fuel cooled for 3 years, 
36 FAs of the core and 18 FAs of the blanket region (screening FAs) may be shipped 
in a cask, with the latter being placed around the fuel assemblies of the core. 

To ship the spent fuel of future fast reactors a cask is to be designed for fuel 
assemblies that have been cooled for 1 year, with a cask heat load of about 50 
to 60 kW. 

To summarize the USSR experience gained in the development of shipping 
casks, the following trends should be mentioned: 
(1) Use of all-steel (forged) cask bodies, which is rather efficient, most reliable 

from the accident point of view and a technologically optimized solution in 
series production 

(2) Development of maximum fuel capacity designs, which reduce shipment costs 
and increase safety 

(3) Use of gas coolant in the new designs 
(4) Development of Type B(U) casks that do not require control and maintenance 

during shipment 
(5) Use of neutron absorbers in packaging to increase the cask fuel capacity. 

Regarding the neutron shield of the casks, there are no evident advantages of 
solid materials compared with liquid shields, which are simple to fabricate, adaptable 
to manufacture and are inexpensive to produce. 
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It should be noted that development of SNF shipping engineering in the USSR 
is based on the principle of enlarged cargoes. This permits a decrease in the 
probability of route accidents, lowers the shipping costs and ensures better 
organizational-technical measures for safe shipping. 

In the case of preferential use of railway transport, special freight trains are 
used for SNF shipment. These trains only have cars containing SNF shipping casks, 
and escort cars. All special SNF shipments are accompanied by specially trained 
personnel and guards. This increases safety both under normal and accident shipment 
conditions. Details of the technical and economic advantages of special trains for 
SNF shipments in the USSR have already been described in a paper presented at 
PATRAM '86, a Symposium organized by the IAEA and held in Davos in 1986. 

On the basis of the experience gained in solving the main problems of SNF 
shipments as well as that accumulated from shipments fulfilled, a conclusion can be 
reached as to the correctness of the principal statements made to settle the task of 
safe SNF shipment in the USSR. Thus, it may be said that the problem of SNF 
shipment from WWER-440 reactors already in operation is practically solved. More 
than 150 container car shipments have been carried out with no radiation accidents, 
radiation incidents or emergency situations. 

The problem of WWER-1000 reactor SNF shipments has, to a great extent, 
been solved. At present, container cars of relatively small capacity are used; 
however, a TK-13 container car for 6 t of fuel is being developed which ensures 
efficient SNF shipment from domestic and foreign nuclear power plants with this 
type of reactor. A production prototype of this cask series has been manufactured 
and is now being tested. 

A limited number of shipments of RBMK reactor SNF are being carried out 
at present; however, when necessary (non-planned repair of basins, emergency situa-
tions in nuclear power plants, etc.), rapid shipment of large quantities of SNF may 
be arranged. 

SNF from two operating commercial fast reactors is successfully being shipped 
in casks primarily designed for RBMK reactor fuel; this has eliminated the need for 
a new cask design. Moreover, because of the insignificant number of nuclear heat 
supply plants with AST-500 reactors, it has not proved necessary to develop a new 
cask for such plants since AST-500. reactor fuel will be shipped in the casks made 
for WWER-1000 reactor fuel. 

Further activities in connection with SNF shipments are to improve the existing 
transport means and packaging and to increase the economic efficiency of shipments 
to a safety level that is even higher than that which currently exists. 
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Abstract 
ROAD TRANSPORT OF LWR SPENT FUEL IN THE FEDERAL REPUBLIC OF 
GERMANY. 

Since 1967, when fuel from LWRs was first transported by road from the Kahl reactor 
in the Federal Republic of Germany to the Eurochemic reprocessing plant in Belgium, a total 
of more than 400 road transports have been performed without any adverse effect on the 
environment. In the beginning, road transport was the dominant mode. However, in recent 
years large capacity rail flasks with a weight ranging from 80 to 110 tonnes have been put 
into service in order to cope with the increasing demand of transport services and to replace 
existing smaller flasks designed primarily for road transport. Therefore, the number of spent 
fuel transports by road has declined. However, road transport of heavy flasks from reactor 
sites without a direct rail link to a nearby rail terminal has become an important task and a 
number of special problems have had to be solved. The following items are discussed, with 
special emphasis placed on heavy load transports by road from the reactor to a nearby rail 
terminal: design of road transport equipment to meet the requirements of the national traffic 
law; application of technical and administrative procedures to meet the IAEA Regulations; 
transport restrictions due to overload/oversize; transfer of the flask from the reactor to the 
transport vehicle; handling of the flask at the rail terminal; turn-around inspection and periodic 
maintenance of equipment to ensure safe performance of transport; and physical protection 
during transport and handling at rail terminals. 

1. INTRODUCTION 

Over a period of 20 years transport of spent fuel from LWRs in the Federal 
Republic of Germany has been carried out mainly by the Nukleare Transportleistun-
gen (NTL) to the reprocessing plants of the Compagnie generale des matieres 
nucleaires (Cogema) at La Hague, British Nuclear Fuels (BNFL) at Sellafield and 
to the Federal German pilot reprocessing plant at Karlsruhe, as well as, in the early 
days, to the Eurochemic reprocessing plant at Mol in Belgium. In the beginning road 
transport was the dominant mode since the flasks, which did not weigh more than 
40 tonnes, were primarily designed for road movements from the reactor sites to the 
reprocessing plants. However, in recent years large capacity rail flasks with a weight 
ranging from 80 to 110 tonnes have been put into service to replace the smaller 
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flasks. Thus, road transport of heavy flasks from reactor sites without a direct rail 
link to a nearby rail terminal has become an important task and a number of special 
problems have had to be solved. 

2. GENERAL ASPECTS OF ROAD TRANSPORT 

2.1. Applicable regulations 

The transport of dangerous goods by road is covered by the European Agree-
ment Concerning the International Carriage of Dangerous Goods by Road (ADR) for 
Western Europe in general, and by the Regulations concerning the Carriage of Dan-
gerous Goods by Road (GGVS) for the Federal Republic of Germany in particular. 
Both regulations follow the recommendations of IAEA Safety Series No. 6. Owing 
to the overload/oversize of the transport vehicle, the national traffic law for excep-
tional road transports has also come into force. 

2.2. Development of road transport 

In the FRG the first spent fuel was transported by road in 1967 from the small 
pilot reactor at Kahl to the Eurochemic reprocessing plant at Mol in Belgium. 

As the first generation of commercially operated reactors had been put into 
service by the end of the 1960s (Gundremmingen-A, Obrigheim and, a few years 
later, Stade), the number of road transports increased considerably since all these 
reactors could only handle light flasks and were not equipped with compact racks. 
There was also a need to remove the spent fuel from the pond before the equivalent 
number of fresh fuel elements could be loaded into the reactor. This is still valid for 
most of the older Federal German LWR reactors. 

Figure 1 shows the various transport methods used for LWR spent fuel since 
1973. The tendency to minimize long road movements of flasks containing spent fuel 
is also shown in the figure. The only exception was during 1982, when the complete 
reactor core inventory was transported from Gundremmingen-A to the Cogema plant 
at La Hague. Since then, the combined road/rail transport mode has become an 
increasingly important task involving transport of heavy flasks from reactor sites 
without a direct rail link to a nearby rail terminal. 

The following figures demonstrate this development. In 1986, a total of 67 
shipments to and from the FRG was performed by NTL: 46 transports by rail, 6 by 
road and 15 by the combined road/rail transport mode, representing a total 
of 224.4 t U. Of this, 168.8 t U (75%) was transported by rail, 5.4 t U (3%) by 
road and 50.2 t U (22%) by road/rail. However, despite the declining number of 
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FIG. 1. Transport methods used for LWR spent fuel in the Federal Republic of Germany. 

road transports, this mode is still essential for a number of reactor sites and even 
for the spent fuel flask storage facility at Gorleben, which is not equipped with a 
direct rail link. 

3. DESIGN OF ROAD TRANSPORT EQUIPMENT TO MEET THE 
REQUIREMENTS OF THE NATIONAL TRAFFIC LAW 

3.1. General requirements 
The transport equipment required for road transport consists of the transport 

vehicle, with components such as the truck, semi-trailer or trailer, and the flask fixa-
tion system. For light flasks (up to 40 tonnes), semi-trailers are used; for heavy 
flasks, trailers are commonly employed. 

In general, each transport vehicle which exceeds the limits laid down in the 
Federal German Traffic Law, such as weight, size, load of axles and even the curve 
radius, requires a special 'heavy load permit'. This specifies the requirements to be 
met before and during transport for a specific transport vehicle. 

The heavy load permit can only be issued if it is proved that the load to be 
transported is indivisible, that the load cannot easily and economically be transported 
by rail or ship, or that the applicant has met the requirements of a previously issued 
heavy load permit. 
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3.2. Semi-trailer 
For the design of semi-trailers for light flasks, the following parameters are 

important: the maximum flask weight under transport conditions, the maximum 
weight permitted per axle, the maximum speed permitted on normal roads and on 
highways and the acceleration and deceleration forces which determine the flask fix-
ation system. 

A typical example of an improved design of a new three axle semi-trailer under 
manufacture at NTL is shown in Fig. 2. The main characteristics of this design are 
the well placed centre of gravity (very low), the improved and reinforced load bear-
ing frame (no goose neck), fixation of the flask by specially designed supports, the 
maximum load on the rear axles does not exceed 30 tonnes, and the total length is 
shorter than that of the existing semi-trailers. With this new design it is expected that 
the undesirable vibrations transmitted from the semi-trailer (old design) via the goose 
neck to the truck driver will disappear. All the semi-trailers owned by NTL are used 
exclusively for transporting flasks. 

3.3. Trailer 
NTL uses different types of trailers, depending on the weight of the flasks to 

be transported. The design requirements are basically the same as those of semi-
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FIG. 4. Fourteen axle trailer used for the transport of heavy flasks 
(up to 110 tonnes) (in mm). 

trailers. The only difference is that trailers used for the transport of heavy flasks to 
the rail terminals are not used exclusively for these operations. They need a separate 
transport frame on which the flask is fixed during trarlsport operations. 

Figures 3 and 4 show typical trailers used for the transport of flasks weighing 
between 75 and 110 tonnes. The main characteristics are the number of axles, 
depending upon the flask weight (Fig. 3: 10 axles for a 75 tonne flask; Fig. 4: 
14 axles for a 110 tonne flask), the hydraulic steering system, the possibility of a 
certain amount of lifting or lowering of the bearing platform and the permanently 
operating equalizing system which always keeps the load bearing platform in a 
horizontal position. 

3.4. Flask fixation system 

According to IAEA Safety Series No. 37, the typical safe values for tie-downs 
of road transports in Europe are as follows: vertical up: lg; vertical down: 2g; lon-
gitudinal: 2g; and lateral: lg. 

These values provide the basis for the design of the flask fixation system on 
the semi-trailer and for the transport frame fixed on to the trailer. Furthermore, the 
flask fixation system has to be designed in such a way that it can withstand the vibra-
tion and resonant frequencies which may arise during road transportation. 
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4. APPLICATION OF TECHNICAL AND ADMINISTRATIVE 
PROCEDURES TO MEET THE IAEA REGULATIONS 

The IAEA Regulations define the following principal goals to be achieved: 
limitation of exposure of persons to radiation, and provisions to be taken into account 
to protect the population and/or the environment against any harm or damage. Both 
goals are to be achieved during the transport operations by appropriate technical 
measures and administrative procedures. 

4.1. Technical measures 
NTL has always considered use of high quality and regularly maintained equip-

ment as an essential part of its activities to provide a safe and reliable service to its 
customers. The most important barrier against any harm originating from the con-
tents is obviously the flask. All flask types in use have been carefully tested, even 
under accident conditions, and the design has been approved by the relevant compe-
tent authorities. 

All NTL owned semi-trailers and the specially designed frames used for trans-
port with trailers are equipped with completely closed removable canopies. Quality 
control is carried out during the manufacture and periodic maintenance of the trans-
port equipment by the NTL quality assurance sections or by an independent testing 
organization. This provides the basic requirements for safety and security during 
road transport. 

4.2. Administrative procedures 
Before carrying out any road transport, the following basic administrative 

procedures have to be fulfilled: 
(1) Prior notification of the transport to the relevant official bodies 48 hours in 

advance 
(2) Availability of the transport and heavy load permits and verification that the 

requirements of these permits are met 
(3) The communication link between the transport vehicle, the escorting vehicle 

and the communication centre is established and checked 
(4) The armed escort is available and the police is present for traffic control 
(5) The rail transport vehicle is at the rail terminal in the case of short distance 

transport of heavy flasks to avoid any delay at the rail terminal 
(6) The set of transport documents is completed and handed over to the carrier. 
During all road transport, permanent control and physical protection (armed guards, 
etc.) are provided by NTL. 
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5. TRANSPORT RESTRICTIONS DUE TO OVERLOAD/OVERSIZE 

The speed limit for semi-trailers is fixed at 62 km/h. This permits use of high-
ways which normally provide the shortest and quickest connection to the destination. 

The heavy load permit prescribes exactly the time of day when transport cannot 
be performed and gives the days when movements are not allowed, such as on public 
holidays or over weekends. Also, restrictions are sometimes introduced during the 
main holiday seasons. 

In principle, the same restrictions are valid for road transport of heavy flasks 
by trailer to the nearby rail terminal. Under normal circumstances, use of a highway 
is not necessary. Owing to the oversize of the trailer, special arrangements have to 
be made with the local police for traffic control. 

6. TRANSFER OF THE HEAVY FLASK FROM THE REACTOR SITE TO 
THE TRANSPORT VEHICLE 

This section briefly describes the path of the heavy flask after being loaded 
with spent fuel at the reactor site and positioning on to the trailer. 

When the flask is loaded with spent fuel and finally tested, it is lowered on to 
the transport frame of the trailer. In PWR reactors, the flask is usually transferred 
in a horizontal position on to the transport frame fixed to the trailer. In BWR reac-
tors, the flask is usually lowered in a vertical position on to the rear transport frame 
supports and then tilted into a horizontal position. During the tilting operation, the 
trailer normally follows the movement of the flask. To protect the flask trunnions 
and the flask drums against damage during handling, NTL has developed plastic pro-
tectors which are placed over the heads of the frame supports; these are later 
removed. When the flask is loaded on to the trailer, the top and bottom shock 
absorbers are fixed into place and, finally, the removable canopy is closed and 
locked. 

These operations are described in great detail in the flask operating 
instructions. 

7. HANDLING OF THE FLASK AT THE RAIL TERMINAL 

The transfer of heavy flasks weighing up to 110 tonnes from the road trailer 
on to the rail wagon has to be considered carefully before carrying out the transport. 

In principle, it is possible to use one large mobile crane with a capacity of 200 
to 250 tonnes, depending on the length of the jib, or two smaller ones, but there is 
always a risk that they are not folly synchronized. Therefore, in some cases, NTL 
has chosen another alternative: use of a rail crane provided by the Deutsche Bundes-
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bahn (DB). The DB rail crane only needs a very short preparation time and is always 
available, provided that it is not required at the same time for an emergency some-
where else. To transfer the flask from the road trailer on to the rail wagon, the 
horizontal lifting beam owned by the reactor is normally used or NTL provides the 
beam. Another possibility is to transfer the flask from road to rail in a coal power 
station which has a direct rail link. It is even better if the mother company of the 
reactor site also owns the coal power station. In this case, the coal power station has 
the function of the rail terminal. 

8. TURN-AROUND INSPECTION AND PERIODIC MAINTENANCE OF 
EQUIPMENT TO ENSURE SAFE TRANSPORT 

8.1. Turn-around inspection 

In the same way in which the flask is inspected before and after each handling 
operation, the transport equipment is checked on arrival at the reactor site and before 
departure from the reactor site. The same procedure is applied at the reprocessing 
plant. The turn-around inspection comprises visual examination of the main compo-
nents of the transport vehicle, including the braking and hydraulic systems. 

8.2. Periodic maintenance 
All NTL owned semi-trailers are maintained every 10 000 km. Every six 

months, the braking system of the transport vehicles is inspected and tested. During 
the periodic maintenance, the hydraulic system is completely checked and all the 
bearings are examined. The parts which are exposed to wear and tear are usually 
replaced. A certificate is issued by the specialized maintenance shop. NTL has estab-
lished a quality assurance programme which defines in detail the requirements for 
semi-trailer maintenance. Maintenance of the trailers in use is handled in compliance 
with the national law and is the responsibility of the subcontractor. 

9. PHYSICAL PROTECTION DURING TRANSPORT AND HANDLING AT 
RAIL TERMINALS 

In principle, there are two ways of ensuring proper physical protection during 
the road transport of spent fuel flasks and during handling at rail terminals: technical 
provisions and administrative procedures. 
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9.1. Technical provisions 

The following measures are applied: covering of the flask by a canopy for 
physical protection, use of armed escorts for accompanying the transport from the 
reactor site to the rail terminal and surveillance of the transfer operations, and the 
presence of local police during the transport (for heavy loads only). 

9.2. Administrative procedures 

The administrative procedures requested by the relevant competent authorities 
are: establishment of a transport sequence plan, taking into account the safety and 
security measures for the transport route and the rail terminal, and permanent control 
of the transport, through direct linkage of the escort vehicle with the communication 
control centre at Hanau. 

10. CONCLUSIONS 

Transport of irradiated fuel is performed by road, rail or sea. Road transport 
was initially favoured because of its enormous flexibility and the ability to retain con-
trol over each transport through direct contact with the driving personnel. However, 
transport by road has now been considerably reduced, for three reasons: the 
increased security requirements in the FRG, leading to higher costs spread over a 
small payload, use of flasks with a larger capacity, resulting in higher weights, and 
the desire to avoid public highways as much as possible for political reasons. Despite 
these restrictions, the road transport mode will always remain an important factor 
in the nuclear fuel cycle as long as some plants have no direct rail or sea connections. 
NTL, as a company specialized in the field of spent fuel transport in Western 
Europe, is emphasizing the necessity for road transport to remain a real alternative 
to other transport modes. At the moment, further considerations are being inves-
tigated with regard to other effective measures for the physical protection of road 
transport over long distances. 
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Abstract 
DEVELOPMENT OF THE HIGH LEVEL RADIOACTIVE WASTE TRANSPORTA-
TION SYSTEM IN THE UNITED STATES OF AMERICA: TECHNICAL AND 
INSTITUTIONAL ASPECTS. 

A review is given of the programme that the United States Department of Energy's 
Office of Civilian Radioactive Waste Management (OCRWM) is developing to ensure the 
availability of a safe, efficient transportation system for shipping spent nuclear fuel and high 
level radioactive waste to storage and disposal facilities developed under the provisions of the 
Nuclear Waste Policy Act of 1982. The primary equipment requirement is the cask fleet for 
transporting the spent fuel and high level waste. Briefly, the casks to be developed will fall 
into four categories: (1) casks for moving fuel from reactors to a repository or to a monitored 
retrievable storage (MRS) facility (if such a facility is approved by Congress); (2) casks for 
moving fuel from an MRS facility to a repository; (3) casks for transporting non-standard fuel 
and non-fuel components; and (4) casks for transporting defence high level waste. The current 
phase of cask design activity is focusing on the 'from-reactor' casks. The OCRWM has 
initiated several complementary technical programmes that will support the cask development 
process. A stringent quality assurance programmme is being defined to maximize safety and 
efficiency. In addition, a comprehensive cask testing programme is being designed to ensure 
compliance with all safety requirements. The details of the cask fleet acquisition are included 
in a Transportation Business Plan, published in January 1986. The OCRWM has also autho-
rized a study to evaluate the options for managing the operation of the transportation system. 
Options to be considered include management of operations by a full service contractor, by 
several contractors responsible for various transportation activities, and by the Federal 
Government (in the event that either of the private sector options proves unfeasible). To assist 
in the task of establishing the institutional climate needed to permit the smooth development 
and operation of the transportation system, a Transportation Institutional Plan was published 
in August 1986. The Plan sets forth the policies and principles that will guide the establishment 
of the capability to ship the waste, describes the transportation system as it is expected to 
evolve, and discusses the OCRWM's expected interactions with the various affected parties 
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to co-operatively address specific transportation issues throughout the development of the 
transportation system. To reinforce informed programme participation by affected parties, a 
programme plan to develop and disseminate the necessary information resources has also been 
initiated. 

1. OVERVIEW OF THE TRANSPORTATION SYSTEM 

The Nuclear Waste Policy Act of 1982 (NWPA) was the first comprehensive 
legislation for the management of disposal of commercial spent fuel and high level 
waste enacted in the United States of America. Under the provisions of the NWPA, 
the United States Department of Energy (DOE) is developing a transportation system 
to ship spent fuel from commercial nuclear power plants to a permanent geological 
repository. Under subsequent Presidential direction, the same transportation system 
will handle a portion of the high level radioactive waste generated by national 
defence activities. This paper describes the chief features of the NWPA transporta-
tion system and discusses the unique technical, management and institutional 
challenges it presents. 

1.1. A national mandate 
The NWPA created an historic mandate, giving the Federal Government, 

through the DOE, responsibility for permanently disposing of spent fuel from 
commercial nuclear power plants. The NWPA directed that spent fuel, most of 
which is now in temporary storage at reactor sites, be placed in a permanent deep 
geological repository. In addition, the NWPA provided that the President was to 
evaluate options for the disposal of defence high level waste. In 1985, the President 
determined that some defence high level waste would also be stored in the repository. 
By law, programme costs are largely funded by fees assessed against the generators 
of nuclear waste. 

The NWPA established the Office of Civilian Radioactive Waste Management 
(OCRWM) in the DOE to carry out the directives of the Act. After preliminary 
consideration of numerous candidate sites, the OCRWM is now evaluating sites in 
the States of Washington, >Nevada and Texas for suitability as a repository. As 
required by the NWPA, the OCRWM has also submitted to Congress a proposal for 
an intermediate, monitored retrievable storage (MRS) facility — which the OCRWM 
recommended siting in the State of Tennessee. If the Congress authorizes the 
MRS facility, the OCRWM will ship waste from most nuclear power plants to the 
MRS facility for consolidation, uniform packaging and reshipment, principally by 
dedicated trains to the repository site. Defence high level waste, currently stored at 
DOE facilities in the States of South Carolina, Idaho and Washington, would be 
shipped directly to the repository. 
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If an MRS facility is not authorized, the OCRWM will ship the nuclear waste 
from nuclear power plants directly to the repository. Because Congress has not 
yet authorized an MRS facility, the OCRWM must plan for a system with an MRS 
facility and a system without such a facility. 

1.2. Objectives/challenges of the transportation system 

While the engineered geological repository will be the United States' first such 
facility, the national transportation system is an evolution of nuclear materials ship-
ping activity conducted successfully over the last 40 years. An extensive Federal 
regulatory framework has been developed to support such transportation, and is 
embodied in the rules of the United States Nuclear Regulatory Commission (NRC), 
the United States Department of Transportation (DOT) and the DOE. Within the 
context of this framework and of United States' nuclear shipping history, the 
OCRWM seeks to develop a transportation system that meets the following 
objectives: 
(1) Continues safe shipment of nuclear waste 
(2) Safeguards shipments against theft and sabotage 
(3) Responds to fluctuations in waste volume and to programmatic changes 
(4) Is cost-effective, on schedule and accepted by the public 
(5) Involves, in a meaningful and on going way, the States, Indian Tribes and other 

parties affected by transportation activities. 
It should also be noted that the NWPA requires the OCRWM to " . . .utilize by 

contract private industry to the fullest extent possible'' in carrying out all transporta-
tion activities. However, the OCRWM remains responsible for overseeing the 
development and operation of a transportation system that is safe, economical and 
publicly acceptable. A quality assurance plan for the programme is being developed 
to ensure that such requirements are met. 

2. TECHNICAL ASPECTS OF THE PROGRAMME 

Currently (as of April 7, 1987), there are 109 commercial nuclear power 
reactors licensed to operate in the United States, and approximately 15 additional 
plants are projected to start by 1990. To date, commercial nuclear power plants have 
generated approximately 14 000 t U of spent fuel, according to the DOE's Energy 
Information Administration; the spent fuel inventory may reach 106 000 t U by the 
year 2020. 

Some technical challenges to the transportation programme involve the volume 
of waste to be shipped and the number of points of shipping origin. The OCRWM 
must also consider the need for a cost-efficient system and the constraints of a 
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schedule which commits the OCRWM to take title to spent fuel at reactor sites begin-
ning in 1998, with shipments continuing for 30 or more years. Such factors create 
special planning requirements for the timely and cost effective development of 
shipping casks and a management system for transportation operations. 

2.1. Cask acquisition and testing 
One of the current challenges facing the transportation programme is the acqui-

sition of a fleet of shipping casks tailored to the characteristics of the spent fuel and 
the throughput conditions projected for the late 1990s. Under the terms of a 1983 
procedural agreement between the DOE and the NRC, casks used in this programme 
will be NRC certified. Over the lifetime of the repository programme, the cask fleet 
could total up to 300 casks. The casks to be developed will fall into four categories, 
with each category to be adressed by an OCRWM procurement initiative. 

Initiative 1 will centre on from-reactor casks, for movement of spent fuel from 
a reactor to a repository or to an MRS facility, if approved by Congress. Initiative 2 
will address from-MRS casks, which will meet identical interfaces at the MRS 
facility and the repository and will be transported primarily on dedicated trains. 
Initiative 3 will cover development of specialty casks for non-standard fuel and 
radioactive non-fuel components, while Initiative 4 will concentrate on casks for 
shipment of defence high level waste from facilities operated by the DOE directly 
to the repository. 

The first prototype casks for Initiative 1 are scheduled to be available by 1993. 
Multiple contracts are planned, with the first contract projected to be awarded in 
mid-1987. All surface modes of transport (truck, rail, barge) will be addressed in 
the from-reactor cask design. Overweight and legal weight truck options, as well as 
dual purpose (transportation/storage) casks, will be considered. 

Rail casks will have 100 tonne weight limits to ensure a gross vehicle weight 
that will allow unrestricted travel in general commerce. Because not all reactors are 
accessible by rail, truck-cask designs that facilitate intermodal transfer to railcars are 
encouraged. The expected maximum number of from-reactor casks that will be 
required is 120 for the truck mode and 70 for the rail mode. 

The goal of the first cask development initiative is an NRC certified design and 
two full scale prototypes of each design designated by the OCRWM to go through 
the complete development process. The OCRWM has convened a technical review 
group to consider the concepts contained in the proposals of the successful cask 
contractors. This review group consists of experts in all areas of cask design and 
testing, as well as in human factors and security measures. It will provide guidance 
to the planning and implementation of the cask development and acquisition 
programme, including continuous cask design review. 

The second cask design initiative concerns the from-MRS cask. While it is 
labelled Initiative 2, this initiative will not be addressed until Congress authorizes an 



IAEA-SM-294/21 271 

MRS facility. This design effort will confront the OCRWM with somewhat different 
challenges and opportunities than the from-reactor cask work. Since the OCRWM 
would control the design of the shipping facility at the MRS facility and the receiving 
facility at the repository, as well as design of the cask, identical interfaces would be 
achieved. Depending upon the functions assigned to the MRS facility, a uniform 
waste form may be shipped. This uniformity will allow the OCRWM to make 
shipments with a single cask design and will open the door to innovate handling 
techniques involving robotics. 

The logical focus of the from-MRS cask effort would be on rail. Coupled with 
the use of dedicated trains, this approach would significantly reduce shipment miles. 
However, the OCRWM must consider the potential adverse impacts of early 
commitment to one mode of transportation and a limited number of carriers. 

The from-reactor cask initiative is by far the largest in the OCRWM's cask 
acquisition programme. Initiative 3, development and procurement of specialty 
casks, is a small initiative in itself. However, it contributes considerable efficiency 
to the much larger from-reactor cask effort. Adopting a single cask design that could 
accommodate the total range of waste specification, while feasible, would not be effi-
cient. Rather, the OCRWM has chosen to call for from-reactor cask designs that can 
handle the bulk of waste. After contracts are awarded for from-reactor casks, the 
OCRWM will determine which fuels are not covered by this design effort. Those 
fuels, and commercial non-fuel components, will then constitute the basis for 
an initiative to develop and/or procure a specialty cask to handle this non-standard 
waste — waste that the generic cask fleet cannot handle. Whether new specialty casks 
will have to be developed, or whether from-reactor casks can be modified to meet 
special requirements, remains to be seen. The technical review group, mentioned 
previously, will assist the OCRWM in this decision. 

Initiative 4 deals with defence high level radioactive waste that is currently 
generated and stored at DOE facilities. Current plans call for the waste to be immobi-
lized, placed in canisters and shipped to a repository in specially designed casks. A 
great deal of work has gone into the design of a defence high level waste truck cask 
to handle this material, but it is obvious that there is also a need for a rail cask. The 
timing for development of this cask is not as critical as that for the first three initia-
tives, since current plans call for shipping defence waste beginning in the fifth year 
of repository operation. 

The initial effort for this initiative will be to define preliminary requirements 
for the cask and to prepare a schedule and budget estimate for its development. This 
preliminary work will be part of an overall strategy for transporting defence waste 
that will be developed jointly by the OCRWM and DOE's Office of Defense 
Programs. 

The cask acquisition programme employs contracting as a management tool. 
The OCRWM is contracting for not only the development of a range of cask designs, 
but also for the management of this contracting process itself. The OCRWM plans 
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to use a private management team to oversee the activities of up to ten different 
contractors who will develop a range of cask designs. It is also using a technical 
consulting team to help evaluate whether proposed designs are feasible and cost 
efficient. While its use of contractors is extensive, the OCRWM remains responsible 
for actively managing the process. 

2.2. Technical support for the cask acquisition programme 
The OCRWM has initiated several complementary technical programmes that 

will support the cask development process. A stringent quality assurance programme 
is being defined to maximize safety and efficiency. In addition, a comprehensive 
cask testing programme is being designed to ensure compliance with all safety 
requirements. Engineering testing, design verification testing, acceptance testing and 
operational testing will be included in the cask development programme. Engineer-
ing tests will be required on all cask designs to provide data to characterize material 
performance or performance of cask components. Design verification testing of full 
scale component sections or of scale models that are at least one-quarter of the actual 
size will be performed to demonstrate the design safety, and to aid in NRC 
certification. 

After each cask is fabricated, a set of acceptance tests, that are described in 
each cask's safety analysis report, must be performed before shipments can be made 
in the cask. Acceptance testing includes post-fabrication inspections and non-
destructive performance evaluations, e.g. measurement of shielding effectiveness. 
After passing the acceptance tests, the casks will be given operational tests; these 
include handling the cask at a variety of facilities, monitoring cask system perfor-
mance during transit and transferring the cask between transportation modes. In 
addition, a currently unspecified fraction of the prototype casks may be subjected to 
full scale regulatory tests and/or confirmatory demonstrations. 

2.3. Management configuration 
Along with design and acquisition of the cask fleet, the efficient management 

of transportation operations is crucial to the success of the transportation 
programme. The OCRWM recently awarded a contract for a study to examine a 
range of options for managing transportation operations once the system is 
developed. 

The commissioning of the management study is another example of the 
OCRWM's commitment to using private sector input to the greatest extent possible. 
The following issues, which will be addressed in the study, indicate the complexity 
of the planning and management of the transportation system: 

(1) Private sector capabilities. Is the private sector able and willing to provide 
the services needed? 
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(2) Legal implications. What are the anti-trust implications of using a single, 
full service contractor, or only a few regional contractors? If the OCRWM contrac-
tor subcontracts some tasks, what are the implications for legal liability, cost sharing 
responsibility and OCRWM control over those tasks? 

(3) Management control. Would one or a few regional, full service contractors 
help or hinder the OCRWM's management ability? What contractual problems and 
delays might result from particular management configurations? 

(4) Internal conflict. What are the implications for quality assurance of using 
a private firm? How readily could information be shared among highly specialized 
contractors, each carrying out specific and partial system tasks? What paperwork and 
manpower will be needed to facilitate transfers of waste from utility to carrier, from 
one mode of transport to another, from carrier to a possible MRS facility, from an 
MRS facility to the repository? What efforts will be needed to procure vehicles, fuel 
casks, trailers, etc.? How easily can this system be checked? 

(5) Financing. Is adequate private sector financing available for contractual 
roles? What financial arrangements between the OCRWM and contractors would 
protect the government's interests? 

(6) Indemnification. What is the insurability of a single full service contractor 
versus a large number of either regional or specialized function contractors? 

(7) Institutional interaction. How well can various management configura-
tions handle interactions with States, Indian Tribes, local authorities, the DOT, the 
NRC and the Federal Emergency Management Agency? Is a particular management 
configuration limited in its ability to deal with truck, rail, barge or intermodal trans-
portation? Would regional contractors have problems moving waste on more than 
one railway system? 

(8) Business incentives. What are the business incentives and disincentives for 
an integrated, full service contractor versus a contractor who will have to subcontract 
for services? 

(9) Flexibility. If a contractor uses a number of specialized functional subcon-
tractors, how readily will the contractor be able to make changes in system opera-
tions? How would a 5 year government contractor or other procurement limitations 
affect construction lead times, contractual continuity, contractor commitment, 
contractor capital investment, responsiveness to new ideas and capacity for strategic 
planning? 

(10) Labour. What labour structure will particular management configurations 
create and what are the implications for responsiveness, system cost and reliability? 

(11) Cost. If a single, full service or regional full service contractor is used, 
will pricing be competitive? 

These issues suggest that the use of private sector firms to boost the OCRWM 
capabilities can both strengthen and complicate programme management. In this 
respect, management issues themselves become a principal programme component, 
along with technical, operational and institutional concerns. 
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3. INSTITUTIONAL ELEMENTS OF THE TRANSPORTATION 
PROGRAMME 

Historically, the DOE has considerable experience in providing information to 
the public, but relatively little in actively involving the public in developing and 
implementing programmes. The major challenge in implementing the NWPA, then, 
has been that of developing effective means of involving the public. 

Central to this task has been development of a written plan for institutional 
interactions. A draft plan was first issued for public comment in September 1985. 
The OCRWM then held a national Transportation Institutional Workshop, in 
November 1985, at which over 400 persons, working together in small groups, 
formulated recommendations to the OCRWM regarding plan control and manage-
ment of institutional issues. Drawing heavily on the results of the Workshop and 
comments, the OCRWM issued, in August of 1986, its Transportation Institutional 
Plan (DOE/RW-0094). The resulting document: 
(1) Describes the projected transportation programme and plans for its integrated 

development 
(2) Identifies the major participants or communication network in developing the 

programme 
(3) Suggests mechanisms for interaction to provide effective participation in 

programme planning and implementation 
(4) Provides a framework for managing and resolving the issues related to the 

transportation programme 
(5) Discusses specific transportation issues. 

The Institutional Plan serves as an umbrella document that correlates technical 
programme developments with needed institutional activities and defines the process 
for involving the public in the identification, analysis and resolution of issues. 

The Transportation Institutional Plan and the Transportation Business Plan will 
be combined with a third element — transportation operations — into a single 
document, the Transportation Plan. This comprehensive plan, scheduled to be issued 
as a draft in 1988, will be updated periodically to reflect new information, policy 
decisions and comments. The Transportation Plan will be the primary planning 
document for the OCRWM transport of high level nuclear waste and spent fuel. 

3.1. Methods for addressing institutional issues 

In the course of its extensive interaction with the public, OCRWM has 
identified issues of particular public concern, including: 
(1) Prenotification of shipments to State, Tribal and local officials 
(2) Procedures to physically protect shipments from sabotage and theft 
(3) Highway, rail and barge routing 
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(4) Requirements for inspection and enforcement 
(5) Emergency response roles and capabilities at the Federal, State, Tribal and 

local levels 
(6) Liability coverage for transportation 
(7) Cask design and testing 
(8) Feasibility of, and State requirements on, overweight truck shipments 
(9) Modes of transportation to be used for NWPA shipping 

(10) Adequacy of the existing transportation infrastructure for NWPA shipments 
(11) Transportation operational procedures, including management methods, 

material handling procedures, route selection criteria, inspection criteria and 
strategies for negotiating shipping rates 

(12) State, Tribal and local regulation of transportation, which may in some 
instances conflict with Federal requirements. 

These institutional issues range from those having little or no technical implica-
tions to those that go straight to the heart of technical tasks. In some cases, technical 
work may be closely tied to institutional concerns that the OCRWM cannot resolve 
alone. Therefore, in order to advance its programme, the OCRWM has had to 
develop management tools for resolving such issues co-operatively. 

The process of developing transportation policies will depend on whether the 
DOE, some other Federal agency, or State or Tribal Governments has the ultimate 
responsibility for decision making regarding an issue. Where the DOE has this 
responsibility, transportation issues will be evaluated and addressed by the 
OCRWM, in co-operation with interested parties, through a flexible process that 
includes such strategies as the development of transportation discussion papers; 
participation in meetings and workshops; award of co-operative agreements or 
contracts to national or regional organizations or with transportation related 
organizations; interactions with other Federal agencies and with State and Tribal 
Governments; and the development of public information materials. Where another 
Federal agency has primary responsibility, the OCRWM will nonetheless work to 
ensure effective participation and representation of its interests. A number of the 
methods used to foster effective interaction are discussed below. 

3.1.1. Issue discussion papers 

The process for addressing specific transportation issues generally begins with 
the preparation and release for comment of transportation issue discussion papers. 
The papers review OCRWM policy options, constraints to policy decisions and the 
predicted time frame for reaching an OCRWM policy decision. The papers also 
identify opportunities for public involvement in the evaluation of OCRWM policy 
options. The OCRWM included detailed discussion papers on various transportation 
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issues (including those noted above) in an appendix of the Transportation Institu-
tional Plan. It is projected that updated versions of these discussion papers will be 
issued in late 1987. 

3.1.2. Participation in meetings and workshops 

Regional transportation workshops are sponsored by the OCRWM or its 
contractors in an effort to identify and discuss issues and to assist the OCRWM in 
the development of transportation institutional policies. To augment the planning 
process, the OCRWM's personnel meet periodically with representatives of affected 
States and Indian Tribes, utilities and private firms in the transportation industry, and 
participate in meetings and conferences held by professional and technical 
organizations. 

To ensure that technical and institutional issues are integrated in transportation 
planning, the OCRWM also holds meetings of a transportation co-ordinating group. 
The group meets periodically to review, co-ordinate and plan transportation activi-
ties. In addition to the OCRWM and contractor personnel, representatives of States, 
Indian Tribes, utilities and other interested parties are invited to participate in these 
meetings. 

3.1.3. Formation of study groups 

The OCRWM has also initiated a programme of contracts and co-operative 
agreements to promote the study and resolution of regional and specific transporta-
tion issues. Such arrangements may be made with the national laboratories, organiza-
tions of State, Tribal or Local Governments, regional organizations and private 
sector organizations of a transportation related character. 

To date, the OCRWM has made co-operative agreements with two regional 
interstate organizations for the development of reference material on a broad range 
of transportation issues. In addition, the OCRWM recently contracted with an 
organization of State highway inspection enforcement personnel to study the inspec-
tion and enforcement needs of States and Indian Tribes, and to encourage 
co-ordination, uniformity and reciprocity in State and Tribal inspections of highway 
shipments of radioactive waste. 

One of the options being considered for transporting nuclear waste to NWPA 
facilities is the use of overweight trucks. At the request of. the OCRWM, an associa-
tion of State highway transportation officials has formed a task force to evaluate State 
permit requirements. It is expected that the evaluation will assist the OCRWM in 
determining the potential for developing nationally consistent and stable permitting 
requirements and procedures as well as the extent to which the use of overweight 
trucks offers a viable option for NWPA transportation. 
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3.1.4. Public information 

The OCRWM also publishes general publications in response to specific public 
needs for information as the programme develops. As another means of communica-
tion (and as previously noted in Section 3.1.1), the OCRWM will update and 
republish the transportation discussion papers in late 1987. 

3.1.5. Conflict resolution 

The OCRWM recognizes that development of policy for the transportation of 
radioactive waste is becoming increasingly more complicated, partly because of the 
increased participation of various organizations, groups and individuals who have 
differing interests. This increases the likelihood that conflicts will arise over some 
issues, and that the issue resolution process may come to an impasse, impeding issue 
closure and policy decision making. Given the importance of progress towards the 
goals set forth in the NWPA, the OCRWM will encourage approaches that reduce 
the likelihood of an impasse and that will help resolve conflicts if they do occur. Such 
approaches include the potential use of informal negotiation with affected parties on 
specific issues, and the use of a more formal mediation process (where a neutral 
mediator facilitates the review and the acceptance of options by all the parties 
involved). Finally, while it is the intent of the OCRWM to resolve issues without 
resorting to litigation, in some instances litigation may be the appropriate course of 
action for settling disputed issues. 

3.1.6. Issue closure and policy decisions 

After the resolution of specific transportation issues, the OCRWM may deter-
mine that direct action on the part of the DOE is appropriate. Such actions may 
include the development of new operating procedures, with the issuance of related 
orders, recommendations to Congress for new legislation and provision of technical 
or financial assistance. 

4. CONCLUSIONS 

The OCRWM is highly confident that its technical programme will meet the 
challenges presented during the development and implementation of an operational 
NWPA transportation system. An equally important programmatic task is establish-
ing an institutional climate that will permit smooth development and operation of the 
transportation system. The OCRWM hopes that continued co-operative effort in 
implementing provisions of the Transportation Institutional Plan and in addressing 
transportation concerns will facilitate the resolution of issues through a process that 
focuses on communication and constructive interaction rather than conflict. 
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Abstract 

OPTIMUM DESIGN AND SAFETY EVALUATION OF HIGH LEVEL VITRIFIED 
WASTE TRANSPORT CASKS. 

On the basis of the provisional specifications laid down by the Compagnie g£n6rale des 
matures nucldaires (Cog£ma) for a reprocessing plant, a study was made of the design of 
model casks in the 100 tonne class for returned high level vitrified waste. In designing these 
casks, the analytical methods verified through demonstration tests and research on the spent 
fuel packaging, as previously carried out by the Central Research Institute of Electric Power 
Industry, were adopted. As returned high level vitrified waste will be stored and disposed of 
in Japan, it was necessary to confirm its thermal and dynamic behaviour under accident condi-
tions (drop, fire tests) during transport. For these reasons, model casks of actual size contain-
ing dummy vitrified waste were subjected to drop, heat transfer and fire tests. The following 
research was undertaken: (1) Verification of the analytical method and clarification of the 
compound impacts between the vitrified wastes and the effects of the impact between the pack-
ages and the contents when subjected to an accidental drop; also, the effect of the spacers and 
pads made of various materials with different degrees of hardness from the viewpoint of reduc-
ing the impact. (2) Clarification of the heat transfer and the heat resistant characteristics of 
the packages and verification of the analytical method. (3) Ascertaining the soundness of the 
package design from the results of the tests mentioned in items (1) and (2). 

1. OBJECTIVES (FIG. 1) 

There is a possibility that the waste generated in the reprocessing of spent fuel, 
which has been consigned to an overseas reprocessing company, will be returned to 
Japan. Therefore, research work was conducted to .ensure the safe transportation of 
the high level vitrified waste and to prepare the technical data necessary for specifica-
tion approval by the Japanese Government. 

279 
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Completed by 1985 

To be continued 

FIG. 1. Flow chart of the study. 

The following research was undertaken: 

(1) In designing the packaging model for high level vitrified waste, based on 
the provisional specifications laid down by the Compagnie g£n6rale des matures 
nucleaires (Cogema), the analytical methods verified through demonstration tests on 
the spent fuel packaging were adopted 

(2) Drop, heat transfer and heat resistance tests were performed on packages 
of actual size containing dummy vitrified waste and verification of the analytical 
methods used under these conditions 

(3) Re-study of the design, on the basis of the results of the tests and verifica-
tion methods mentioned in item (2) and evaluation of the soundness of the package 
design mentioned in item (1). 

After completion of this research work, a draft of the acceptance criteria for 
the packaging was issued in May 1986 by Cog6ma; the model packaging studied in 
this work does not, however, conform to these criteria. For this reason, design and 
manufacture of packaging which satisfies the acceptance criteria are planned, as well 
as proving tests and analyses. 
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7 5 6 9 Total Length ol Packaging 

FIG. 2. Conceptual design of large packaging (in mm). 

2. DESIGN OF LARGE MODEL PACKAGING (FIG. 2) 

On the basis of the draft specifications presented by Cog6ma, a conceptual 
design was produced for large packaging for returned high level vitrified waste. A 
basic safety analysis was made of the package design which included items such as 
the structural strength, thermal characteristics, shielding properties and sealing 
properties, in order to determine whether this type of packaging will satisfy the per-
formance standards specified in the transportation regulations. The analysis was 
made using the analytical methods developed by the Central Research Institute of 
Electric Power Industry for the packaging of spent fuel. 

Returned high level vitrified waste (hereafter referred to as 'canister') differs 
from spent fuel in that after returning to Japan it will be stored for a long period. 
For this reason, particular attention was paid to resistance to impacts during the drop 
test and to the temperature rise during the fire test. Regarding impacts during the 
drop test, analyses were made of the impacts between the cask and the vitrified waste 
and of the compound impact between the vitrified wastes. Regarding the heat transfer 
and fire resistant characteristics, studies were made to determine the permissible 
temperature for the vitrified waste. 



TABLE I. RESULTS OF THE DROP TESTS 

Item Model 
Material 
of spacer 

Filled material 
of canister 

Drop 
height 

(m) 

Deformation 
of spacer 

Bottom 
canister 

Middle 
canister 

Top 
canister 

Drop test 1 3 stages 
Aluminium 

alloy 
Cement 0.3 No o 0 o 

Drop test 2 2 stages 
Aluminium 

alloy 
Cement 9 Yes o — 0 

Drop test 3 3 stages 
Carbon 

steel 
Cement 9 No X o 0 

Drop test 4 2 stages 
Carbon 

steel 
Glass 9 No X — o 

Drop test 5 3 stages 
Aluminium 

alloy 
Cement 9 Yes o 0 0 

o: No trouble with discharge, 
x: Some trouble with discharge. 
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3. SOUNDNESS OF THE PACKAGES AND VERIFICATION OF THE 
ANALYTICAL METHODS 

3.1. Drop test (Table I, Figs 3 and 4) 

3.1.1. Manufacture of model packaging 

On the basis of the package design mentioned above, manufacture of model 
packaging for the test was carried out in conformity with the following basic 
concepts: 

(1) The model cask will be of two types: one row, two layers, and one row, three 
layers of canisters 

(2) The basket was manufactured taking into consideration the compound impact 
characteristics of the actual package 

(3) The effects of the shock absorber were reflected in the design of the body of 
the cask so that the impact acceleration at drop will be a technically valid value 

(4) The shock absorber was designed not to generate permanent deformation to 
other parts; maximum acceleration of the main body will be around lOOg for 
the 9 m drop test 

(5) The spacer and pad will be made of materials with different degrees of rigidity, 
i.e. carbon steel and aluminium, so that the effects of the two materials can 
be clarified. 

3.1.2. Method 

The canister is structurally weak at the neck and shoulders, thus tests were con-
ducted under the most severe conditions for the shoulder by performing vertical lid 
drops from 1 and 9 m. 

To determine whether the canister was damaged or not helium leak tests were 
conducted before and after the tests. The leaktightness of the cask lid (double 'O' 
ring part) was determined by vacuum tests conducted before and after the tests. 

3.1.3. Results 

(1) According to the results of the compound impacts, the acceleration gener-
ated in the canister is larger than that generated in the body of the cask. With regard 
to canister acceleration, because of the deformation that occurs on the lower layer, 
that on the upper layer is smaller and its waveform is smooth. 

(2) In the case of carbon steel spacers, the canister was considerably 
deformed, resulting in some trouble when taking the canister out of the basket after 
the test. On the other hand, with aluminium spacers which absorb the impact energy, 
deformation of the lower layer of the canister was prevented. 
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FIG. 3. Model for the drop test (in mm). 

Time (s) 

FIG. 4. Acceleration of cask body for the 9 m drop test. 
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(3) By inserting pads between the canisters, deformation of the shoulder of the 
canister was prevented. 

(4) No leakage was observed after conducting helium leak tests on the 
canisters and vacuum tests on the cask lid. The soundness of the seals was thereby 
ascertained. 

3.1.4. Verification of analytical technology 

The improved DYNA-3D impact analytical code of the three-dimensional 
finite element method was adopted to analyse the drop tests. The results obtained 
from testing and analysis were almost identical, which indicates their validity. 

3.2. Heat transfer and fire tests (Fig. 5 and Tables II and III) 

3.2.1. Manufacture of a model cask 

Manufacture of a model cask for testing purposes was carried out with the 
following basic concepts: 

(1) The model cask would be a slice model of actual diameter containing one 
layer of seven rows of canisters 
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T A B L E II. C O M P A R I S O N B E T W E E N M E A S U R E D A N D C A L C U L A T E D 

V A L U E S OF T H E H E A T T R A N S F E R TEST 

Parts 
Direction Calculated value Measured value 

Parts 
(degrees) (°C) (°C) 

0 84.2 84.8 
Top of the fin 90 86.8 85.1 

180 94.4 98.0 

Outer surface of 
the shell 

0 
90 

180 

93.5 
100.2 
109.2 

98.9 
102.8 
118.8 

Inner surface of 
the shell 

0 
90 

180 

102.7 
113.6 
134.1 

107.3 
114.9 
132.0 

Outer surface of 
the basket 

0 
90 

180 

143.7 
145.1 
145.3 

149.1 
148.0 
138.2 

T A B L E III. M A X I M U M T E M P E R A T U R E S OF T H E FIRE TEST 

Parts 
Direction 

Calculated value Measured value 

(degrees) 
Temperature Time 

(°C) (min) 
Temperature Time 

(°C) (min) 

Outer surface of 
the shell 

0 
90 

180 

215.7 50 
244.1 43 
264.7 43 

174.3 50 
195.6 52 
225.8 45 

Outer surface of 
the basket 

0 
90 

180 

189.9 419 
199.9 298 
207.1 215 

178.2 400 
182.9 260 
180.9 200 
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(2) Within the model cask simulating heaters (1 kW x seven units = 7 kW), 
which supply heat that simulates the decay heat to a value equal to that generated 
by vitrified waste in the canister, were inserted to supply heat steadily during the test-
ing period. 

3.2.2. Method of the heat transfer test 

For conducting the heat transfer test, the slice model was laid horizontally in 
a hood where it was exposed to air flowing at a speed of less than 1 m/s and at a 
temperature of 30°C until it attained a steady state. The temperature distribution was 
then measured. 

3.2.3. Results of the heat transfer test 

(1) It took 4 days for the model cask to attain a steady state. The maximum 
temperature of the canister was 289.9°C at the heater and 264.8°C at the centre of 
the basket in which the canister was stored. The temperature is higher at the centre 
region than in the peripheral region, but the results were far below the permissible 
temperatures for the vitrified waste. 

(2) Within the cavity, as the basket was in contact with the body on the lower 
side, the body temperature was higher in the upper part, and the temperatures of 
resin and fins were higher in the lower part. 

(3) The data obtained were satisfactory, even for verification of the heat trans-
fer analytical method. 

3.2.4. Method of the fire test 

After the heat transfer test, the slice model was transferred to the furnace and 
left there for 30 min at a temperature of 800°C. The temperatures of various parts 
of the slice model were measured at this time. 

3.2.5. Results of the fire test 

(1) The resin on the lower external side of the cask burned fiercely, thus rais-
ing the temperature, while in the cavity, as contact was made with the inner surface 
of the cask at the lower part of the basket (in the same manner as in the heat transfer 
test), the temperature was higher in the lower than in the upper side. 

(2) As a result, a maximum temperature of 302.1 °C was recorded in the lower 
side of the canister. The basket in which the canister was stored also attained a maxi-
mum temperature of 204.8°C in the lower part. However, these values were all 
within the permissible limits. 
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(3) The data obtained were useful, even from the standpoint of verifying the 
analytical method for the fire test. 

3.2.6. Verification of the analytical method 

In evaluating the heat transfer and fire tests of the model cask, the thermal ana-
lytical code TRUMP was used. Analyses of the thermal characteristics peculiar to 
the dry cask were undertaken, including the heat flow mechanism of complex multi-
layered structures and the formation of a proper model of the fins. Moreover, in 
analysing the fire test, heat flux was used to simulate the heat input by combustion 
of the resin. 

According to the comparison made between the results of the heat analysis and 
the fire test, similar results were found, therefore validating the analytical code 
TRUMP. 

4. DETAILED DESIGN OF THE ACTUAL MODEL CASK 

From the results of the vertical drop tests carried out with the spacers and pads, 
it was found that in order to extract the canister from the basket after the drop test, 
it was necessary to change the shapes of the upper and lower spacers and to replace 
the material with an aluminium alloy. Also, the shape of the shock absorber was 
changed to a round shape. As a result, the length was increased by 60 cm and the 
weight by around 3 tonnes. 

After consideration of the results of the heat transfer and fire tests, the resin 
material used for the neutron shield in the fin area was replaced with a resin with 
superior neutron shielding properties, i.e. one that contains no chlorine but possesses 
self-extinguishing properties. 

We are planning to fully utilize these results in order to design a cask which 
conforms to the acceptance criteria laid down by Cog6ma in May 1986, and to prove 
the safety of these casks. 
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Abstract 

DEVELOPMENTS IN HIGH LEVEL WASTE TRANSPORT TECHNOLOGY. 
British Nuclear Fuels, with the assistance of Nuclear Transport Limited as contractor, 

is developing and designing a new transport flask in order to be ready for the return of vitrified 
high level waste to customers when the Windscale Vitrification Plant and Vitrified Product 
Store come on stream early in the 1990s. The development and operation of the vitrification 
plant and store are described briefly. The nature of the vitrified residue is discussed, with par-
ticular reference to how it is affected by the different reactor types from which irradiated fuel 
is reprocessed at Sellafield, and the properties of the resulting residue packages or filled con-
tainers in relation to transport are described. The requirements and constraints for transport 
are discussed and the reasons given for designing a new flask rather than adapting an existing 
irradiated fuel flask. The design concept for a flask which maximizes the payload is described, 
paying special attention to the novel arrangement of the internal support structure, and the 
handling arrangements which will allow the flask to be transported using existing rail wagons 
and ships are outlined. The factors considered in the preparation of the concept design are 
listed and a simple test is described which has proved the basic design concept of the internal 
arrangements. Further test work with a more elaborate rig is previewed, which is aimed at 
developing and demonstrating the internal design, and other aspects of detail design requiring 
attention are mentioned. Finally, an indication is given of the time schedule for proving the 
impact resistance and leaktightness of the package, preparing the Design Safety Report and 
obtaining competent authority approval as a Type B(U) package design, and construction of 
the flasks ready for commissioning of the despatch facility at the Windscale Vitrified Product 
Store. 

1. HIGHLY ACTIVE LIQUID WASTE AT SELLAFIELD AND ITS 
TREATMENT 

The highly active liquid waste resulting principally from evaporation of the 
reject stream of fission products and actinides from the first stage of the separation 
process has been safely stored at the British Nuclear Fuel's Windscale works ever 

289 
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FIG. I. Vitrification process. 

since reprocessing began there in the early 1950s. Although the storage tanks incor-
porate comprehensive multiple systems for removing decay heat, keeping any 
deposited solids in suspension and dealing with the unlikely event of leaks, it has long 
been recognized that this waste can be more easily and safely stored, and eventually 
disposed of, if it is converted into a massive solid form. 

Vitrification processes have been studied at Windscale and Harwell over the 
years and the feasibility of a one-step batch process was demonstrated. Meanwhile, 
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the French developed a two-stage continuous vitrification process and by 1978 had 
constructed a full scale active demonstration plant, Atelier de Vitrification 
de Marcoule (AVM). Adoption of this process, combining the French plant design 
with British developments in the glassification of the Windscale waste stream, has 
resulted in a saving of several years in the projected introduction of industrial scale 
vitrification in the United Kingdom in the Windscale Vitrification Plant (WVP). 

The process and its development have been described in detail elsewhere [1-5]. 
Briefly (Fig. 1), the liquid waste with calcination additives is fed to a calciner (a 
rotating inclined tube inside a furnace). The waste travels down the tube and is 
evaporated, dried and thermally denitrated. The dry powder or calcine then flows 
into a melting pot. 

Glass making materials are fed in small batches (a ratio of about 25% waste 
to 75% glass) to the melting pot, which is heated to about 1150°C by an induction 
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FIG. 2. Vitrified Product Store. 
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furnace. The calcine and glass making materials fuse to form vitrified residue that 
is periodically allowed to run through a freeze valve into a container which is large 
enough to hold at least two pours from the melter. 

The temperature of the container is kept at about 500°C before and during 
pouring to minimize thermal shock on the glass and to ensure that the separate pours 
fuse together. Once the container has received its quota of vitrified residue, a lid is 
fitted and sealed by automatic fusion welding, thus completely enclosing the 
contents. 

The welding is checked and the container decontaminated before it is trans-
ferred in a shielded product flask to a natural circulation air cooled store, the 
Vitrified Product Store (VPS), shown in Fig. 2. Here, the containers are stacked up 
to 10 high in stainless steel thimble tubes which are sealed at the bottom to avoid 
the possibility of contamination of the air stream by the containers. 

The containers of vitrified residue can be kept in the air cooled store for a long 
period, until such time as deep disposal is available in the UK. This is still in the 
early stages of investigation. However, such delay is unnecessary for waste of over-
seas origin and it is desirable for commercial and political reasons to return the 
residue at an early stage after vitrification. Accordingly, the store is being con-
structed from the outset with a fully operational despatch facility for loading the con-
tainers into transport flasks ready for despatch on rail wagons from the works. The 
development and design of a flask for this purpose form the main content of this 
paper. 

2. TWO WASTE STREAMS: THEIR EFFECT ON THE VITRIFIED 
RESIDUE 

One feature of the WVP is that it has to handle highly active liquid (HAL) 
waste arising from irradiated metal fuel from Magnox reactors as well as oxide fuel 
from LWRs and AGRs. The specification of the glass sets a limit to the material 
quantity of the HLW incorporated, which is the same for both types of fuel. The low 
burnup (4.8 GW-d/t) and rating (2.3 MW/t) for Magnox fuel compared with oxide 
fuel (33 GW-d/t burnup, 33 MW/t rating) result in 4.5 tonnes of Magnox fuel being 
reprocessed to produce the same amount of HLW as 1 tonne of oxide fuel. The 
susceptibility of Magnox fuel to corrosion means that it must be reprocessed early, 
within 3 years of discharge, whereas oxide fuel is free of this constraint and the 
cooling time is set by economic considerations at 7 years. These specifications are 
also geared to the same maximum heat output of 2.5 kW per canister. 

The shorter cooling time of the Magnox HLW gives rise to a higher gamma 
activity than the oxide HLW, by a factor of 2 in the dose rate from the container. 
Conversely, the high burnup of the oxide fuel results in a higher concentration of 



IAEA-SM-294/62 2 9 3 

actinides, in which spontaneous fission gives rise to neutron dose rates 10 times 
higher from the oxide than from the Magnox derived containers. 

For reasons of operating flexibility and economy, HAL from the reprocessing 
of oxide and Magnox fuels may be held in the same tanks, so that the composition 
can range from that arising from the reprocessing of Magnox fuels to that arising 
from oxide fuels. The plant and transport system must be capable of dealing with 
the radioactivity and neutron and gamma radiation from any combination of fuel 
inputs. This could give rise to problems in collaboration in flask design with 
reprocessors which only have oxide fuel material to consider. 

3. GLASS AND CONTAINER 

The HLW matrix will be a lithia-soda-borosilicate glass incorporating about 
25wt% of waste oxides, of which about 20% will be fission product and actinide 
oxides and about 15% will be inactive additions (process additives, fuel additives, 

FIG. 3. Vitrified waste container. 
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burnable poisons, corrosion products, etc.). The choice of lithia-soda-borosilicate 
glass for the incorporation of HAL wastes is based on the development programmes 
referred to in Section 1, in which the capability of such glass to accommodate 
successfully the wide range of HAL waste compositions arising from the different 
reactor fuels has been demonstrated. 

The transformation temperature of the glass, at which it undergoes transition 
from a liquid to a solid, is 495 to 520°C and the liquidus temperature, above which 
all components are liquid, lies in the range of 975 to 1050°C. The container is fabri-
cated in stainless steel, in accordance with rigid quality assurance procedures, to the 
design shown in Fig. 3. It is designed for easy lid placement and welding, con-
venient, reliable and safe handling with nesting ends to facilitate stacking, and the 
ability to withstand the stresses due to handling and storage conditions. It weighs 
85 kg empty and has a capacity of 169 litres, a diameter of 430 mm and a stacking 
height of 1263 mm. The container is filled with 400 kg of residue (92 kg of waste 
with 308 kg of glass formers) occupying 151 litres, arising from 1.9 t U of LWR 
fuel or 8.65 t U of Magnox fuel to form a 'residue package'. The residue package 
has the strength to withstand the stresses of prolonged storage in a 10 high stack in 
the VPS and of IAEA accident impacts to the transport flask. This has been proved 
by impact tests with inactive residue packages. 

The maximum activity of a residue package is 8.0 X 105 Ci (29.6 PBq) 
beta-gamma, 3.0 X 103 Ci (111 TBq) alpha and the maximum surface dose rates 
will be 3 x 105 rad/h (3 X 103 Gy/h) beta-gamma and 2.5 rem/h (25 mSv/h) 
neutrons. Non-fixed surface contamination, averaged over the surface of the con-
tainer, will not exceed 

10"4 /zCi/cm2 (3.7 Bq/cm2) 0y 

10"5 /iCi/cm2 (0.37 Bq/cm2) a 

The maximum heat output at transport will be 2.5 kW and the average heat 
output for containers to be loaded to a flask will be below 2 kW. 

From the transport point of view the residue packages must be treated as 
'radioactive contents', but in many aspects they are effectively 'special form radio-
active material'. To avoid confusion with the IAEA concept of 'package', the residue 
packages will henceforth be referred to as 'containers'. 

4. TRANSPORT REQUIREMENT 

Since 1977, all new overseas reprocessing contracts for Sellafield include an 
option for the return of residues and it is anticipated that the vitrified waste will be 
returned to its country of origin. The VPS export facility is expected to be available 
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from 1992 and it is estimated that, during the first 10 years, up to 2000 containers 
will need to be shipped overseas, of which approximately 60% will be to Japan and 
the remainder to Europe. 

The mode of transport will be by rail and sea. Curtis et al. [6] described how 
existing irradiated fuel flasks were considered for the transport of HLW containers. 
It was found that: 

(1) The fuel flasks could not carry an economic number of containers 
(2) The neutron shielding of the fuel flasks, being matched to the emission from 

the fuel which peaks axially at the centre, is inadequate at the ends 
(3) The use of water as the heat transfer and shielding medium in the fuel flasks 

is incompatible with the dry handling of the containers in storage and despatch 
(4) The resulting packages would have to be licensed against the 1985 IAEA 

Regulations. 

A new purpose designed transport flask was therefore required. This would be 
designed to carry the maximum pay load within the existing dimensional and weight 
limits of the BNFL/British Rail rail wagon, the Pacific Nuclear Transport Limited 
(PNTL) ships and the handling facilities, and to meet the requirements of the 1985 
IAEA Regulations and the operating rules (with special regard to dose uptake) at the 
despatch and receipt sites. 

5. DESCRIPTION OF FLASK — CONCEPT DESIGN 

The flask concept design proposed for the transport of HLW containers was 
introduced by Curtis et al. [6] at PATRAM '86; the main features are shown in 
Fig. 4. 

The flask carrying 21 HLW containers constitutes a Type B(U) package with 
a gross weight of about 110 tonnes in an envelope of approximately 2.4 metres 
diameter by 5.5 metres long. It consists principally of a one-piece cylindrical body 
and base with a lid attached by about 40 high tensile steel bolts, the lid being set into 
the body to provide protection to the bolts against sideways impact. The flask and 
lid are made from a medium strength carbon steel specially produced to give good 
low temperature toughness. 

The cylindrical surface of the body is surrounded by longitudinal steel com-
partments which encapsulate neutron shielding material; these are embraced by 
circumferential fins which dissipate the 42 kW maximum heat load. Further neutron 
shielding is encapsulated on the outer surface of the lid and inside the base shock 
absorber. 

Protection of the flask against accidental impact damage during handling and 
transport is provided by lid and base shock absorbers, the latter being integral with 
the flask body, and by the cooling fins. The lid shock absorber also protects the lid 
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FIG. 4. Vitrified waste transport flask: part section. 

and its seals against the effects of a fire accident. For lifting and tiedown the flask 
has two pairs of trunnions, and is supported and secured during transport by two 
pedestals attached to the body. The cavity is accurately machined to provide close 
contact with the internal support structure and protected against corrosion by a metal 
sprayed coating. The exterior of the flask is treated with a high quality paint system 
specially developed to give a hard wearing and readily decontaminable surface, 
while surfaces that are vulnerable to damage by handling equipment are protected 
locally by stainless steel overlays. 

The lid has double elastomer facing seals and a plug seal and the interspaces 
between these can be tested via test points in the upper surface of the lid. A shielded 
orifice in the lid gives access to the flask interior for sampling the cavity atmosphere 
during site operations. 

The waste containers are carried in an internal support structure which is built 
up from some 30 individual aluminium segments to form seven longitudinal 
channels, each carrying three stacked containers. This support structure, which is a 
special feature of the design, has a number of advantages over a more conventional 
monolithic structure. Each segment is firmly fixed to the wall of the flask cavity, thus 
maximizing the flow of heat from the contents into the flask wall. The assembly 
clearances between each segment minimize differential thermal expansion effects 
and the relatively small size of the segments simplifies manufacturing and handling. 
The final shape and surface treatment of the segments will be chosen to minimize 
wear and avoid snagging during loading and unloading. The active support system 
can be remotely assembled and dismantled. 
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6. HANDLING ARRANGEMENTS AND TRANSPORT 

The flask as presented for transport is shown in Fig. 5. The method proposed 
for attaching the flask to the transport frame is by captive bolts in the frame which 
engage in grooves in the flask pedestal. This will provide a firm tiedown while 
minimizing the working time spent close to the flask. The frame has standard bolt 
holes to fit the decks of BNFL/PNTL wagons and ships. 

Lifting arrangements are similar to those in established use for BNFL fuel 
flasks. The flask with its transport frame is lifted horizontally by the main trunnions 
at either end. Vertical lifts take place only at the loading and unloading sites and are 
carried out without the lid shock absorber, which is unbolted from the rim of the 
flask and lifted off using its own trunnions. The flask can then be lifted off using 
the lid end trunnions, pivoting on the base end trunnions before being lifted free and 
transferred to a bogie for remote handling into the vitrified product store or 
repository. 

Transport to the British port or to continental repositories will take place on 
the BNFL rail wagons which are constructed to European rail and ferry standards. 
Transport to other European destinations and Japan will be effected using 
BNFL/PNTL's fleet of specially constructed nuclear fuel carriers. 

FIG. 5. Flask as presented for transport. 
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7. DEVELOPMENT OF THE DESIGN 

The preparation of the concept design has entailed consideration, involving 
calculation, where necessary, of thermal behaviour, structural behaviour including 
impact analysis, shielding, activity leakage, manufacturing, maintenance and 
handling. In addition, a basic experimental investigation of the aluminium segments 
and their clamping was necessary before it could be said that the feasibility of the 
design had been established. 

The experimental rig, shown in Fig. 6, consisted of the outer part of one of 
the aluminium segments clamped on to a steel base plate representing the flask shell. 
The heat load of the central and outer waste containers was represented by electric 
heating pads applied to the topmost surface (heater A in Fig. 6) to simulate the 
central container, and to the concave surfaces (heater B) to simulate the outer con-
tainers. The rig was generously fitted with thermocouples, strain gauges and dimen-
sional reference marks, and was lagged on all surfaces except the bottom which 
represented the heat dissipating surface of the flask. 

Heat was applied in cycles to represent loading, transport and unloading. The 
tests showed that: 

(1) The torque required on the clamping bolts to maintain good thermal 
contact between the aluminium segments and the base plate is of a value readily 
achieveable in practice by remote handling 

(2) The temperature rise across the gap between the segment and the base plate 
is not high enough to interfere significantly with heat transfer 

(3) As the aluminium heats up and expands, the gap between the segment and 
the base plate reduces until they come into intimate contact; this obviously, 
contributes to good thermal contact between the segment and the base plate and is 
a good design feature 

(4) Thermal cycling of the rig did not appear to produce any 'creep' or 
'ratcheting' effects. 

The basic design concept of the internals may thus be regarded as essentially 
proven, and the next stage is to continue with the detailed development of the design. 

To assist in the detail design of the interior arrangements, a demonstration test 
rig is being constructed which comprises a short length of the complete section of 
the flask, including one layer of containers with internal electric heaters to simulate 
the uniformly distributed heat output, housed in two layers of aluminium segments. 
The flask is represented by a thin walled cylinder mounted with trunnions in a 
support frame to allow loading and testing in the vertical orientation as well as simu-
lation of transport in the horizontal mode. The cylinder is lagged at the ends but bare 
on its circumference to ailow normal heat dissipation. The rig is to be instrumented 
with a large number of thermocouples and will be used to confirm the thermal 
behaviour of the design under loading, unloading and normal transport conditions, 
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FIG. 6. Experimental rig. 

and to prove the segment clamping system. The tests are to take place during 1987 
so that the results can be fed, along with those from work on emissivity enhance-
ment, into the detail design of the flask which commenced in April 1987. 

Matters to be addressed in detail design include the lid features — sealing and 
bolting, the neutron shielding and its encapsulation, the trunnions and the attachment 
to the transport frame. Although the activity release limits of the IAEA Regulations 
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translate into minute quantities of glassified waste, the high integrity of the con-
tainers under normal and accident conditions, with rigorous quality control of the 
welding of the lid and thorough decontamination of the exterior surfaces of the con-
tainer in the WVP, coupled with the low driving pressure of the dry flask 
atmosphere, make it difficult to conceive a mechanism for activity release from the 
flask. 

The leaktightness of the flask will be demonstrated in a comprehensive series 
of impact tests on scale models. Preparation of the models is scheduled to take place 
concurrently with that of the Design Safety Report during 1988, and the tests are 
envisaged as taking place early in 1989 at one of a number of British establishments 
that are experienced in this type of work, such as the UKAEA Atomic Energy 
Establishment Winfrith, the Central Electricity Generating Board's Structural Test 
Centre at Cheddar, or the laboratories of the International Research and Develop-
ment Company Limited at Newcastle. The complete Design Safety Report should be 
in the competent authority's hands by the end of 1989, with design approval in 1990 
in time to build flasks ready for operation in 1992. 

8. CONCLUSIONS 

BNFL, with the assistance of NTL as contractor, is designing and developing 
an efficient transport flask which will be ready for the return of vitrified high level 
waste to customers when the WVP and VPS come on stream early in the 1990s. 
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ACTIVE DEMONSTRATION OF THE 
TN24 STORAGE AND TRANSPORT CASK 

R. CAGNON 
Transnucleaire, 
Paris, France 

The storage of spent fuel in large metallic casks has recently become a reality 
supported by several active qualification tests. Since only a few commercial 
reprocessing plants are currently in operation and final repositories for spent fuels 
will not be available for at least one decade, some of the existing reactor pools will 
probably soon be saturated. Dry casks will allow the utilities to store their excess 
spent fuel safely either at-reactor or away-from-reactor. 

One of the most important test programmes to date has been initiated by the 
Virginia Power Company and the United States Department of Energy in the Idaho 
National Engineering Laboratory (INEL). Its aim is to demonstrate the performance 
of casks, loaded either with intact or consolidated spent fuels, in terms of: heat trans-
fer, shielding, leaktightness of the containment vessel, fuel integrity and ease of 
operation. 

The data collected will assist in the preparation of safety analysis reports to 
demonstrate conformity with the applicable transport and storage regulations. 

Among the three casks selected for demonstration in INEL is the TN24P. It 
has been loaded with a record 24 PWR fuel assemblies (11 t U) and the programme 
concerning intact fuel was successfully completed in February 1986. After approval 
of the safety conditions for this cask, permission was granted for long term storage 
on the outdoor pad of the facility where, since March 1986, the cask can be seen. 

If it is to be used under optimum economic conditions, this type of cask must 
be suitable for the transport as well as storage of spent fuel. For this reason, a scale 
model of theTN24 concept was fabricated and submitted to regulatory drop tests [1]. 

The TN24 concept has already been described elsewhere [2], but to date only 
few details concerning the various tests it underwent have been presented. It is now 
almost 18 months since the first cask was loaded and the test results have been fully 
analysed. The demonstration is proceeding so well that it has been decided to load 
the cask with 48 consolidated PWR fuel assemblies by mid-1987. 

301 
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IS DUCTILE CAST IRON A SUITABLE 
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Tokyo, Japan 

The purpose of this study was to understand the fracture toughness of ductile 
cast iron (DCI) and to make a safety assessment of a shipping spent fuel container 
produced from DCI under accident limits. 

Storage spent fuel casks made of DCI have been developed and are now in 
operation in the Federal Republic of Germany [1, 2]. However, a 9 m drop test is 
recommended by Appendix B of 10 CFR 71 Section 71.73 or Regulatory Guide 7.8 
of the United States Nuclear Regulatory Commission to guarantee transportation 
casks against brittle failure. No standards exist for DCI in the thickness range used 
for the shipping casks. 

A heavy section ductile cast iron block was cast to simulate production found-
ing conditions (especially the cooling rate). Seven 125 mm thick compact specimens 
(5TCT) were extracted from the test block and fracture toughness tests were con-
ducted at - 4 0 ° C for a wide range of loading rates. Figure 1 shows the critical stress 
intensity factor Klc or Kc of DCI as a function of the stress intensity factor rate K. 
Klc is about 240 kg • mm"3/2 with K being about 103 kg-mm"3/2-s_1, which cor-
responds to the stress rate of the drop test. 
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FIG. 1. Critical stress intensity factor versus stress intensity factor rate (at —40°C, 5TCT). 

If a Weibull distribution is assumed for the scatter in KIc [3, 4], the reference 
fracture toughness KIc R can be determined as 130 kg-mm"3/2 with a 95% confi-
dence limit. 

According to Appendix G of the American Society of Mechanical Engineers 
Boiler and Pressure Vessel Code, Section m, the stress intensity factor Kj for the 
drop test is estimated as 120 kg-mm"3'2, with a postulated surface crack size of 
90 mm long and 15 mm deep. KIc R is greater than Kj, and the safety margin is 
about 3 and 8 on the basis of the stress intensity factor and the crack size, 
respectively. 

As has been pointed out, the root acuity of the notch that will be introduced 
in the cask body for the drop test is one of the important factors for the safety assess-
ment [5]. This problem has been analysed theoretically and the solution justified 
experimentally. 
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RADIOLOGICAL ASSESSMENT OF 
TRANSPORTATION FOR THE CANADIAN 
NUCLEAR FUEL WASTE MANAGEMENT PROGRAMME 

T.F. KEMPE, R.M. ZIMMERMANN, L. GRONDIN 
Nuclear Materials Management Department, 
Ontario Hydro, 
Toronto, Ontario, Canada 

In 1978 the Federal and Provincial Governments of Canada and Ontario agreed 
on a joint programme to assure the safe and permanent disposal of radioactive waste 
from nuclear power reactors. Under this programme, Atomic Energy of Canada 
Limited (AECL) has the responsibility for the development of nuclear fuel waste 
immobilization and disposal technologies, and Ontario Hydro has the responsibility 
for the development of storage and transportation technologies. The programme is 
expected to demonstrate that the concept of deep geological disposal in stable rock 
formations is a fully acceptable method of disposing permanently of high level radio-
active waste. 

Disposal system concept assessment documents prepared by AECL, with input 
from Ontario Hydro, will be submitted at the end of 1988 for regulatory review. 
When this review is complete, a public hearing will be held, followed by a statement 
on the concept acceptability by the Governments of Canada and Ontario. 

Until such time as a decision is made as to whether used fuel will be 
reprocessed or disposed of, fuel will continue to be stored at Ontario Hydro's 
CANDU nuclear generating stations. These stations are located on the Great Lakes, 
and are accessible by road, rail and water. All three modes of transport are being 
considered in the concept assessment. The destination of the shipments, since a 
specific site location has not been selected, is assumed to be a generic disposal centre 
in one of three regions of the Canadian Shield in Ontario, with shipment distances 
by road of 400, 900 and 1900 km. 

A detailed transportation system description has been developed for each of the 
three modes [1] as a basis for analysis of logistics, costs and environmental impacts. 
The road system is based on a tractor/trailer/cask system [2] designed by Ontario 
Hydro. The cask design was submitted to the Atomic Energy Control Board in Janu-
ary 1986, for approval as a Type B(U) package. The cask is transported dry, and 
carries two used fuel transportation/storage modules, each containing 96 fuel bundles 
cooled for 10 years following discharge from the reactor. A reference rail cask has 
been conceptualized, accepting six fuel modules. The barge/tug water transportation 
system concept will accept multiple road or rail casks. 
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Concept assessment is being carried out 'by exception' for vitrified fuel recycle 
waste. 

The transportation radiological assessment makes use of the computer code 
INTERTRAN-I [3, 4]. This code, based on the United States code RADTRAN-H, 
was developed under the aegis of the IAEA to provide a simple, universal method 
for risk analysis of radioactive materials transportation. 

INTERTRAN may be viewed as a framework which enables convenient 
manipulation of the large number of parameters involved in normal and accident 
cases. These parameters include package data such as cask dimensions, inventory 
and transport index, as well as transport environment data such as travel distance in 
rural, suburban and urban zones, population densities and shipment speeds. Data 
used in the accident portion of the code include accident probabilities, package 
behaviour parameters, radionuclide release fractions and atmospheric dispersion 
parameters. 

INTERTRAN uses a severity category scheme to cover the full spectrum of 
potential accidents. The code contains a large number of default parameters, which 
have been replaced as far as possible by data specific to Canadian conditions, and 
to CANDU fuel and the Ontario Hydro cask design. These data were obtained by 
a combination of review of existing classification schemes and previous studies, and 
compilation of Canadian and Ontario statistics, together with data arising from the 
design programme for the Ontario Hydro cask. 

For the accident case, dispersion parameters have been compiled for a range 
of weather conditions, taking account of thermal plume rise. The results will be 
presented as consequence (collective dose) versus, probability. 

The presentation of INTERTRAN results will be supplemented by calculations 
of individual doses. 
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CANDU IRRADIATED FUEL CASK 
IMPACT ANALYSIS AND TESTING 

K.E. NASH, J.F. TANAKA 
Ontario Hydro, 
Toronto, Ontario, Canada 

Ontario Hydro has designed and is in the process of building the first cask for 
large scale transportation of irradiated CANDU fuel. This presentation gives the 
results of a programme to evaluate the performance of the cask under impact condi-
tions and to provide public confidence in its safety. 

CANDU fuel is Zircaloy clad natural U02. Fuel bundles are approximately 
500 mm long by 100 mm diameter. The cask is designed to carry 192 bundles 
(4 t U) of 10 years' cooled fuel in two storage modules. The construction of the cask 
is rectangular, with solid stainless steel walls 270 mm thick. The lid is held in place 
with 32 stainless steel bolts 56 mm in diameter and is protected by a redwood/stain-
less steel impact limiter. Sealing of the lid, drain and vent penetrations is by elasto-
meric 'O' rings (see Fig. 1). 

At the early design stages a review was carried out of the need to exceed the 
requirements of the IAEA Regulations for the Safe Transport of Radioactive 
Materials. In the area of impact performance it was accepted that the IAEA 9 m drop 
and 1 m punch tests were satisfactory standards to guarantee adequate safety. 
However, public attitude research indicated the desirability of providing additional 
safety margins to improve the acceptance of irradiated fuel transportation. 

A theoretical impact analysis was carried out using DYNA-3D and HONDO 
codes. Corner, side, flat bottom and punch drops were analysed. The results showed 
that the integrity of the 270 mm wall was not threatened. The most vulnerable area 
was the lid seal and in this regard the most damaging orientation was a flat bottom 
drop. 

A test rig was constructed to establish the range of conditions under which the 
lid seals would retain their leaktightness. The damage caused by impact was simu-
lated by introducing a gap between the sealing surfaces. Tests showed that the elasto-
meric 'O' rings would seal against a 1.0 mm lid to cask body gap arising from impact 
deformation. 

Small scale drop tests were performed using 1:7 scale models. These tests con-
firmed the strength of the cask structure. Only minor deformation occurred as a 
result of the 9 m corner drop. 

Lid bolts and mating surfaces remained in the elastic range except in the flat 
bottom drop. The lid to body gap opened only a small fraction of that required to 
cause leakage above permeation levels. 
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CAPACITY. APPROXIMATE WEIGHT: 
2 Modules (192 Bundles) 35 Tonnes (39 Tons) Loaded 

FIG. 1. CANDU irradiated fuel road cask. 

Final testing of the cask for licensing was performed on a half scale model. 
A total of six drops was carried out: four 9 m and two 1 m punch drops. The results 
of the 1:7 scale tests were confirmed. Again, the most damaging orientation was the 
flat bottom drop. This resulted in an equivalent of a 0.2 mm lid to body joint opening 
compared with the 1.0 mm required to initiate real leakage. These results demon-
strate that the cask can survive impacts significantly more severe than the regulatory 
requirements. 

As part of an open approach to the introduction of large scale irradiated fuel 
transportation in Canada, Ontario Hydro invited emergency response personnel, 
members of the public and media to the final stages of drop testing. To maximize 
credibility it was considered important to use a first time licensing test rather than 
repeating a proven result. The effect on the invited public and the extent and impact 
of the media coverage was measured by survey. 
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Abstract 

TECHNICAL AND SAFETY ASPECTS OF HANDLING, CONDITIONING AND STOR-
ING SEVERELY DAMAGED NUCLEAR FUEL: THE TMI EXPERIENCE. 

Following the accident at the Three Mile Island (TMI) reactor plant, an extensive 
programme has been developed and implemented to defuel, transport and store the damaged 
reactor core. Phases of the programme included determination of core conditions, develop-
ment of defuelling tooling, fuel storage canisters, a transportation system, core debris condi-
tioning procedures, and preparation of facilities for core storage. Novel means of in situ core 
examination were employed, and a variety of manual defuelling tools were developed. A new 
double containment shipping cask was designed, licensed and fabricated. Means to address 
criticality, pyrophoricity and radiolytically generated gas questions were developed. Decisions 
concerning the final disposal of the core debris will be made subsequently in the context of 
the United States high level waste repository programme. Satisfactory conduct of this 
programme is demonstrating that severely damaged fuel can be safely handled and stored in 
a practical and effective manner. 

1. BACKGROUND 

The accident on 28 March 1979 to the Three Mile Island (TMI) Unit 2 reactor 
plant resulted in uncovering of the reactor core, causing major reactor fuel damage. 
A lengthy, technically demanding and unprecedented programme was needed to 
safely defuel, transport and store the damaged reactor core. This programme con-
sisted of six major activities: determination of the core condition; development of 
tooling to remove the core; development of fuel storage canisters; development of 
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a transportation system; development of core debris conditioning procedures; and 
preparation of facilities for core storage. 

Decisions concerning the final disposal of the core debris will be made subse-
quently in the context of the overall high level waste repository programme. 

2. DETERMINATION OF GORE CONDITION 

After the accident, the ability to monitor conditions inside the reactor was 
severely limited because of lack of access to the containment building and loss of 
instrumentation. A boron poison level sufficient to preclude criticality was estab-
lished in the primary coolant system. Access to the containment building was 
achieved in July 1980 after venting of accumulated fission product activity earlier 
that year. 

In 1982 the first visual examination inside the reactor was carried out. The 
'quick look' programme involved lowering a small video camera through one of the 
control rod positions from the top of the reactor head. The visual inspection revealed 
that the top 5ft of the reactor core had relocated and that starting from that point 
downward to an undetermined depth there existed a debris bed with gravel sized 
pieces of core debris.1 A succession of visual examinations and 'grab sample' 
acquisition over the next 3 years provided increased information on the condition of 
the core. Use of an ultrasonic core topography device revealed that only 19 of the 
original 177 fuel assemblies with greater than 50% of their cross-section were still 
standing. Core sampling showed that some of the material had reached the melting 
point of uranium oxide. Visual examination in the lower plenum region between the 
core support assembly and the lower reactor head revealed significant quantities of-
relocated debris. The largest lumps of debris were 6 to 8 inches in size.2 Visual 
examinations of the lower core region, after holes had been bored by a core boring 
device, revealed regions of intact fuel stubs, fused ceramics and a transition region. 
These observations helped to improve the defuelling operations and the tools 
employed. 

3. DEVELOPMENT OF DEFUELLING TOOLING 

After consideration of several developmental approaches, the key decision was 
made to rely on manual defuelling using long handled tools operated from a rotating 
shielded defuelling platform atop the reactor. 

1 1 ft = 3.048 x 10"1 m. 
2 1 in = 2.54 x 101 mm. 
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Tooling requirements are based on four phases of reactor vessel defuelling, as 
follows: 

(1) Initial defuelling — removal of the fuel element end fittings and other loose 
debris, including vacuumable fines, from the top 2 ft of the rubble bed. 

(2) Core region defuelling — removal of the debris remaining after the completion 
of initial defuelling in the core region (above the support plate). This phase 
differs from initial defuelling in that significant debris sizing operations are 
performed. Removal of the once-molten 'hard crust' is included in this phase. 

(3) Lower head defuelling — removal of debris from the lower reactor vessel head, 
which includes the volume directly below the flow distributor. 

(4) Core support asembly (CSA) defuelling — removal o f debris from the core sup-
port assembly. The CSA consists of bolted, stainless steel subassemblies, 
including the core support shield, core barrel, thermal shield, lower grid, 
incore instrument guide tubes and flow distributor. 

All the defuelling tools are designed for remote manual operation, underwater 
in the reactor vessel, and controlled at or near the main work platform on top of the 
reactor. Most of the tools are hydraulically operated, with 'end effectors' (the 
mechanical devices performing the work) mounted on poles and tool positioners up 
to 35 ft long. 

Although robots have been used elsewhere for decontamination of the plant, 
no robotic devices have been used inside the reactor as yet. A robotic arm has been 
purchased and is expected to be used in the vessel as a light duty defuelling opera-
tions manipulator. 

4. DEVELOPMENT OF FUEL STORAGE CANISTERS 

4.1. Need for canisters 

Because of the diverse nature of the TMI core debris, different types of fuel 
debris canisters were developed. Fuel is loaded underwater in the reactor into these 
canisters. The canisters are stored in the spent fuel storage pool before shipment. The 
canisters are also designed for long term storage of the debris in a water pit in the 
Idaho National Engineering Laboratory (INEL). 

4.2. Canister design 

Three types of canisters were designed, each having the same general external 
appearance — a stainless steel vessel 14 inches in diameter by 150 inches long, and 
with features that ensure safety during transport: 
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(1) Fuel canisters having a square opening into which damaged fuel assemblies and 
other debris up to a full cross-section in size can be lowered. 

(2) Knock-out canisters used in a hydraulic, fines/debris, vacuum defuelling oper-
ation. Water and pieces of debris are vacuumed up with a tool and pumped 
through the canister where pieces of debris settle out of the water and the 
water, with residual debris/fines, leaves the knock-out canister and enters the 
filter canister. 

(3) Filter canisters to collect the fines in the flow stream. 

The canisters consist of a cylindrical pressure vessel encapsulating one of three 
internal modules, depending on the type of canister. Except for top closures, the 
pressure vessel is the same for all three types. All structural components are fabri-
cated from 300 series low carbon stainless steels. 

Neutron absorber materials are built into all three canister types to ensure sub-
criticality of the nuclear fuel. The fuel canisters use a square of borated aluminium 
sandwiched between two sheets of stainless steel. The knock-out canisters use pellets 
of boron carbide. The filter canisters use the mass of the stainless steel filter media 
and boron carbide pellets as neutron absorbers. 

Another generic feature of the canisters is the catalyst recombiner package 
incorporated into the upper and lower heads. The catalyst recombines hydrogen and 
oxygen gases formed by the radiolytic decomposition of water trapped in wet debris. 
This reduces buildup of internal pressure in the canister and keeps gases below the 
flammability limit. Since the catalyst is not effective if submerged in residual water, 
redundant catalyst locations are provided to ensure that an adequate amount of 
exposed catalyst is available in any canister orientation. 

A dewatering system is provided to remove bulk water from all three types of 
canisters before transport. No pyrophoric reaction of the small zirconium pieces 
(fuel rod cladding material) is expected, especially with an argon cover over the 
debris after dewatering. 

5. TRANSPORTATION OF FUEL DEBRIS 

5.1. Shipping casks 

During the planning stages for shipping the core debris, a number of spent fuel 
shipping cask options were investigated. The requirements for TMI-2 debris trans-
port led to the decision to design, license and fabricate new casks for this unique 
project, rather than modify and relicense existing casks. 

While truck mounted casks could transport one to three fuel canisters each, use 
of a rail cask that holds seven canisters has the significant advantage of fewer ship-
ments. Only 35 to 40 rail shipments will be required, compared with the potential 
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for more than 250 truck shipments. Fewer shipments reduce the chances for trans-
port accidents; they also mean fewer loading and unloading operations and further 
minimized radiation exposure to workers. The use of rail casks is also projected to 
be less costly than truck cask shipment. 

For these reasons, two rail shipping casks were designed, procured and 
licensed to transport the core debris. 

5.2. Cask design 

Under United States Nuclear Regulatory Commission (NRC) regulations a 
cask with two barriers is required to transport damaged fuel of this type. Each barrier 
is a specified containment boundary that must meet stringent requirements for struc-
tural strength and demonstrate that uncontrolled release of the contents will not 
occur, even after a sequence of accident conditions. 

Double containment in the NuPac 125B rail cask is accomplished using two 
separate containment vessels, one inside the other, each with a thick lid and seals 
that will be leak tested before each shipment. In addition to the cask inner and outer 
containment vessels, the canisters are another barrier preventing a release of material 
during transport. A complete shipping package includes the double containment cask 
and its canisters, providing three levels of protection to ensure the safety of the 
public. 

Another unique feature of the NuPac 125B rail cask is the very small leakage 
rate of radioactive materials that could occur, even after a sequence of serious acci-
dents. Each of the two containment vessels was designed, built and tested to be 'leak-
tight', even during and after hypothetical accident conditions. Leaktight is defined 
as one-tenth of one-millionth of a cubic centimetre of gas per second at a pressure 
difference of one atmosphere across the containment boundary, or the equivalent to 
about three cubic centimetres in a year.3 This low leak rate applies for leakage from 
the inner to outer containment vessels, as well as from the outer vessel to the 
environment. 

5.2.1. Inner containment vessel 

The inner containment vessel is fabricated starting with a hub and spoke struc-
ture made of stainless steel plates welded together. This structure is welded to two 
large forgings at each end and prevents the enclosed seven canisters and their sup-
ports from crushing during impact accidents. Each canister fits into a stainless steel 
tube welded at the bottom to a thick plate that seals the tube at this end. The contain-
ment boundary is completed with a massive forging to which the tubes are welded, 
and a 5 inch thick stainless steel lid bolted to the forging. Around the edge of the 

3 1 atm = 1.01325 x 105 Pa. 
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lid are two O rings that form the bore seals, which are inspected and leak tested 
before each shipment. 

In addition to the stainless steel plates separating the seven containment tubes, 
1 inch thick plates are welded around the outside to stiffen the inner vessel. A neu-
tron absorbing material that solidifies like concrete is pumped like grout into the 
voids between these plates. The neutron absorber ensures that the canisters remain 
subcritical and that the strength of the material, together with the plates, protects the 
containment tubes from damage should an accident occur. 

Removable energy absorbers located at the end of the containment tubes pro-
tect the canisters by crushing under accident conditions. Each energy absorber is an 
aluminium honeycomb material that limits axial impact forces on the canisters. 

The upper energy absorbers are attached to the bottom of the shield plugs — 
short, solid cylinders of stainless steel — that reduce the radiation from the fuel 
debris to levels that allow workers to replace the inner vessel lid and test the seals 
after the canisters have been loaded into the cask. 

5.2.2. Outer containment vessel 

The outer containment vessel is a composite of three thick layers of metal. Two 
layers are stainless steel shells, one inside the other, with a gap of nearly 4 inches 
between them. Molten lead is poured into the gap between the shells to reduce radia-
tion levels outside the cask to below acceptable levels. After controlled cooling of 
the cask, the shielding effectiveness of the lead is checked with a radiation source 
to ensure that there are no voids in the lead. 

The larger stainless steel shell is 2 inches thick, while the shell that fits inside 
is 1 inch thick stainless steel. Both shells are welded at the bottom to a thick base 
plate and at the top to a large upper forging of stainless steel, where the outer vessel 
containment seal is formed with a 7.5 inch thick lid bolted in place. Two O rings 
around the edge of the lid form the bore seals, which are inspected and leak tested 
before each shipment. 

A thermal shield helps protect the cask in the event of an accident involving 
fire. The thermal shield consists of a wire wrapped around the outer shell every cou-
ple of inches. A thin sheet of stainless steel is welded over the wire, leaving an air 
gap between the thin sheet and the outer shell to reduce heat transfer into the cask 
in the event of a fire. The thermal shield and high heat capacity of the cask keep tem-
peratures low inside the cask in this eventuality. 

Large energy absorbers, called overpacks, are attached to each end of the outer 
shell. Each overpack is made of a thin plate of stainless steel and filled with foam 
that crushes on impact, absorbing energy and protecting the cask body. The effec-
tiveness of the overpacks was demonstrated by a series of drop tests, as part of the 
cask licensing process. 
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5.3. Cask licensing 

Obtaining a licence for the NuPac 125B rail cask required thorough analyses 
of the cask structures, thermal behaviour, containment capability, shielding perfor-
mance and controls that ensure subcriticality. 

The licence is based on an extensive safety analysis report containing the 
results of computer analyses and data from drop tests performed to demonstrate the 
structural integrity of the cask and canisters. The test results demonstrate the amount 
of conservatism used in the structural analyses. 

5.3.1. Cask tests 

To ensure safety in the event of transport accidents, regulations require that 
spent fuel shipping casks survive a series of severe accidents, including two drops 
of the package in an orientation producing maximum damage. The first drop is from 
30 feet on to an unyielding surface, followed by a drop from 40 inches on to a steel 
rod long enough to produce maximum damage. 

Several drop tests were made with a quarter-scale model to show the maximum 
damage to different parts of the cask for different orientations. Three drops were 
from 30 ft on to an unyielding surface. Two of the three drops were conducted at 
a temperature of - 2 0 ° F to simulate an accident at subfreezing temperatures which 
might cause brittle materials to fracture on impact. 

The first 30 foot drop was on to the bottom end of the cask to determine how 
well the cask walls, lids and closure bolts performed and to demonstrate that the 
energy absorbers within the inner vessel adequately protect the canisters. The 
oblique angle drop from 30 feet was on to the lid, at an angle that would maximize 
the stress on the cask body. The side drop from 30 feet was to produce maximum 
loads on the inner vessel. 

The first 40 inch drop on to a puncture rod demonstrated cask side wall 
integrity in an accident where the outer foam overpacks are not effective in absorbing 
energy and the cask wall must absorb the impact of a protruding object. The second 
40 inch drop on to the lid showed how the cask lid would remain undamaged in a 
puncture accident without impact energy reduction by the overpacks. 

After the drop tests, the cask was disassembled and inspected. The cask was 
measured, leak tested and X-rayed to ensure that any structural damage would be 
found. As expected, the test data confirmed the damage predicted by the analysis for 
the drop conditions. 

The tests conclusively demonstrated the cask safety, even in accidents involv-
ing severe impacts. For comparison, the impact of a 30 foot drop on to an unyielding 
surface is about the same as an impact at 90 miles per hour into 2 ft of reinforced 
concrete.4 

4 1 mile/h = 1.609 x 10° km/h. 
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5.4. Transportation operations 

Commercial rail service is being used for the TMI-2 fuel debris shipments. 
Route selection was based on satisfying the United States Department of Transporta-
tion (DOT) guideline for routing large quantities of radioactive materials, to 
minimize time in transit by rail shipment over the shortest distances on high quality 
mainline track. Separate rail shipments of one or both of the casks together have been 
made. An 'expedited rail service' (trains transporting only the TMI casks) has been 
used with each shipment requiring about 4 days one way. 

The Federal Railroad Administration (FRA) has inspected the entire shipping 
route. The rail carriers also routinely inspect the tracks. Shipments are also routinely 
inspected at the TMI site before leaving by the United States Department of Energy 
(DOE), NRC, DOT and FRA. Similar radiological and vehicular inspections are 
conducted at the destination in Idaho. Finally, specific states monitor shipments en 
route in support of local emergency response efforts. 

Surveillance of the shipments is maintained during the trip, and close commu-
nication is maintained between the train and rail carrier's communication centre. 
State and local officials are responsible for the initial emergency response to any 
accident. To support their efforts, a nationwide emergency response system can be 
mobilized to assist with radiological concerns. DOE has eight regional offices that 
provide radiological assistance. Any of these offices can mobilize an emergency 
response team within 2 hours, to arrive at an accident scene within 6 to 8 hours with 
monitoring vans and robotic handling equipment. Nationwide, 28 DOE Radiological 
Assistance Teams (consisting of Federal and contract personnel) are available. In 
addition to DOE assistance and training available to state and local authorities, the 
Federal Emergency Management Agency, DOT and NRC offer guidance and help 
in dealing with accident situations. 

6. CORE DEBRIS CONDITIONING 

6.1. Dewatering 

Canister dewatering is performed in the reactor vessel and in the fuel handling 
building, to remove water from submerged pay load canisters by pressurizing the 
canisters with argon gas. At the dewatering station, the effluent is filtered through 
a 0.5 fxm nominal filter and stored temporarily in a holding tank. The effluent is 
transferred to a defuelling water cleanup system for processing. Final dewatering is 
performed with the dewatering system, which leaves canisters pressurized with an 
argon cover gas at approximately 2 atm. 
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6.2. Testing 

After dewatering, the canisters are placed in fuel canister storage racks for a 
sufficient period to verify performance of the catalytic recombiner. External dose 
rates from the canisters are measured using ion chambers. This source term is an 
indication of the radioisotope quantities contained in each canister. After final 
dewatering, the canister vent and drain connections are capped, and the canister is 
observed for 5 minutes. If visible bubbles appear, the canister sealing is repaired. 

6.3. Weighing 

Weight measurements after dewatering are used to determine the average den-
sity of the canister contents and to verify that the total weight of the canister, contents 
and residual water does not exceed the allowable limit of 1336 kg (2940 lb). 

6.4. Gas generation check 

Before transport, gas samples are taken and analysed or the gas pressure is 
measured to verify that buildup of combustible gases is less than the established 
limits. 

7. CORE RECEIVING AND STORAGE 

When the rail cask arrives at INEL, the overpacks are removed and stored. The 
rail cask and transport skid are transferred from the railcar to a truck transporter. 
The cask is hauled slowly to the hot shop of the storage building where the cask is 
rotated to vertical, lifted from the skid and transporter and placed on a work plat-
form, where it is tested for internal airborne contamination, and opened. All opera-
tions involving manipulation of canisters are conducted remotely behind shielded 
barriers. Each canister is withdrawn from the cask and lowered into a storage module 
in a pool cart at the bottom of the vestibule to the water pit. Each module holds a 
maximum of six canisters. 

When a storage module is full, each canister in the module is vented and filled 
with demineralized water. The module is then conveyed to the water pit for storage 
(rows of these modules are termed the 'storage rack'). Once each module is in place, 
a vent line is connected to each canister. Filling each canister with water and use 
of the vent system preclude accumulation of combustible gas from the radiolytic 
decomposition of water. 

Computer analyses have shown the modules to be siesmically stable and to 
remain subcritical in all accident orientations. To absolutely prevent criticality stem-
ming from a hypothetical earthquake induced pool draining accident, each module 
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of the storage rack in the water pit is equipped with removable and inspectable sheets 
of neutron poison; these provisions are over and above, and take no credit for, the 
neutron poisons in each canister. 

8. BENEFITS OF THE TMI DEBRIS HANDLING PROGRAMME 

Many benefits have been and are being realized from the TMI effort just 
described, notably including: 

(1) Feasibility and economic evaluations of dry loading of nuclear fuel in the trans-
port cycle from reactor to storage facility 

(2) New hardware (canisters, fuel transfer cask and related equipment) developed 
for manipulation of containers filled with damaged fuel 

(3) Development of a rail cask providing double containment for transport of 
damaged fuel 

(4) Acquisition of the NuPac 125B rail cask demonstrates that cask procurement 
and licensing periods can be shortened 

Most importantly, this project demonstrates that damaged fuel, which is per-
ceived by segments of the public as the most hazardous material ever to be managed, 
can be safely handled and stored in a practical and effective manner. 
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Abstract 

DWK PILOT CONDITIONING AND ENCAPSULATION PLANT. 
Application for an atomic licence for the DWK Pilot Conditioning and Encapsulation 

Plant to be built at Gorleben, Lower Saxony, Federal Republic of Germany, was submitted 
to the licensing authorities on 6 May 1986. The pilot plant is designed as a multipurpose 
facility; its main functions are: unloading and loading of spent fuel and radioactive waste 
containers from and into transport storage casks; spent fuel disassembly and encapsulation in 
final disposal casks and maintenance of transport/storage casks. The Pollux cask system which 
has been developed is suitable for final disposal of spent fuel and also for long term storage 
of radioactive material in storage facilities. The system can be adapted to the requirements 
of tunnel and borehole storage in final repositories. The pilot plant consists of a main building 
in which the transport casks are received and dispatched, a T-shaped hot cell arrangement for 
spent fuel disassembly and cask unloading/loading, a buffer storage cell and auxiliary systems. 
The maximum throughput is limited to 35 t HM/a. Hot commissioning is expected to start in 
1994, permitting final conditioning of disposal casks as well as demonstration of the technical 
feasibility and licensability of the total process under hot conditions. 

1. INTRODUCTION 

Spent fuel disposal without reprocessing has been under investigation in the 
Federal Republic of Germany since 1979. These investigations were conducted to 
a large extent in the Project for Alternative Disposal Techniques (PAE), which is 
an R&D programme being carried out by the Bundesministerium fur Forschung und 
Technologie (BMFT); they were co-ordinated by the Kernforschungszentrum 
Karlsruhe (KfK) [1]. 

Within this programme the concept of a production scale conditioning plant 
and final disposal casks for spent fuel were developed by Nuklear-Chemie und 
-Metallurgie (NUKEM) and the Deutsche Gesellschaft fur Wiederaufarbeitung von 
Kernbrennstoffen (DWK). 

A safety related comparison of the two waste management options with and 
without reprocessing has been made by KfK. The results show that direct disposal 
of spent fuel has no significant advantage in comparison to reprocessing. The evalua-
tion formed the basis for a decision made by the Federal Government in January 
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FIG. 1. Perspective of pilot plant for spent fuel conditioning at Gorleben. 
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1985 with regard to future development of direct disposal. It was stated that, in 
addition to the construction of a reprocessing plant, spent fuel disposal without 
reprocessing should be developed to a technical maturity for those fuel elements for 
which reprocessing is neither technically feasible nor economically justifiable, also 
from the viewpoint of political economy. 

As a consequence of this decision construction of a 2 t U/d reprocessing plant 
at Wackersdorf in Bavaria (FRG) was started by DWK. In addition, in 1985-1986 
the conceptual design of a pilot plant suitable for the conditioning and encapsulating 
of all types of spent fuel was drawn up. Although the plant design is flexible, in order 
to accommodate different cask types a reference case for a final disposal cask system 
had to be established. The Pollux cask system was chosen. It is based on the PAE 
cask initially developed by NUKEM/DWK and continued by DWK. In addition to 
application in a repository, the Pollux cask system offers the possibility of long term 
storage of spent fuel AFR and AR [2, 3]. 

2. PROJECT STATUS 

Appplication for an atomic licence for a pilot plant for spent fuel conditioning 
was submitted by DWK to the licensing authority on 6 May 1986. The site selected 
is at Gorleben in Lower Saxony, and is located directly adjacent to the DWK 
1500 t U AFR interim storage facility that is licensed to store spent fuel in special 
transport/storage casks, e.g. Castor casks. A perspective view of the planned pilot 
plant and the AFR facility is shown in Fig. 1. 

The pilot plant is designed as a multipurpose facility, in which the conditioning 
and encapsulation technology for different forms of radioactive material will be 
developed and demonstrated. The techniques should meet the present criteria for 
final disposal in a geological repository in salt formations. The facility's main 
tasks are: 

(1) Conditioning (disassembly/cutting) and encapsulation of spent fuel in final 
disposal casks 

(2) Encapsulation of radioactive waste in a form suitable for final storage 
(3) Unloading of radioactive waste containers, e.g. vitrified high active waste 

concentrates from transport casks into storage casks suitable for interim and/or 
final storage 

(4) Maintenance of transport and storage casks. 

Owing to the pilot function of the facility, the throughput is limited to 35 t U/a, 
which is sufficient for execution of the development programme. 

The safety report was submitted to the licensing authority in March 1987 and 
the public hearing is expected to take place in early 1988, so the first construction 
licence is likely to be issued at the beginning of 1989. 



FIG. 2. Conceptual design of the Pollux cask system. 
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FIG. 3. Tunnel and deep borehole final storage concepts. 

3. FINAL DISPOSAL CASK SYSTEM 

The Pollux containment system (suitable for long term intermediate storage 
and final disposal of spent fuel) is based on a double shell concept, defined by the 
final disposal cask and the shielding overpack. The final disposal cask, consisting 
of a gastight welded steel containment, ensures safe containment of spent fuel, 
protection against mechanical loads and impacts and protection against corrosion, 
which is realized by a Hasteloy C4 resurfacing welding process. In addition to the 
radiation shielding function, the shielding overpack ensures further mechanical 
protection. 

The conceptual design of the Pollux cask system for eight PWR fuel assemblies 
is shown in Fig. 2. The final disposal cask (K) can accept four canisters with fuel 
rods (I). The fuel element skeletons in a compacted form (ratio 8:1) are placed in 
the centre (E), where a low heat producing material is advantageous to avoid 
temperature peaks. The gap between the lost shielding overpack (M) and the 
cask (K) is filled with neutron moderator material and heat conducting fins (L). The 
total weight amounts to 64 Mg for fuel with a 3 year decay time and a radiation dose 
level of 20 mrem/h at the surface.1 

1 1 rem = 1.00 x 10" 2 Sv. 
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FIG. 4. Double lid loading principle of the final disposal cask in the pilot conditioning 
plant. 

The Pollux cask system has the flexibility and potential for borehole or tunnel 
storage in the repository, depending on the fuel mass in the cask and the use of 
shielding overpack as lost shielding. An overview of the tunnel and deep borehole 
final storage concepts using the Pollux system is shown in Fig. 3. 

4. PILOT PLANT LAYOUT 

The layout of the pilot conditioning plant is determined by a number of 
considerations. An essential step — after loading of the final disposal cask with spent 
fuel in consolidated form — is the sealing of the cask, which must meet the require-
ments for final disposal. For this reason a double lid system is used, which permits 
sealing with a primary lid so that the spent fuel cask can be transported to a welding 
gantry where operating staff has access to the cask. Final welding of the second lid 
and resurfacing with Hasteloy C4 can then be performed under direct control. This 
principle is shown in Fig. 4. 
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cask 
discharge 

loading of bins 

rod consolidation 

final closing 
of the Pollux 
by welding 

loading and closing 
of the Pollux 

fuel storage bin storage 

fuel reception preconditioning 
-X -

final 
conditioning 
(Pollux) 

Pollux exit 

FIG. 5. Functional process steps in the pilot conditioning plant. 
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Passage in basement 

FIG. 6. Process scheme for packaging of consolidated LWR fuel in Pollwc casks. 

The functional process steps for spent fuel conditioning in the pilot plant are 
shown in Fig. 5 and can be summarized as follows: 

(1) Arrival of the transport cask at the pilot plant 
(2) Dry unloading of the spent fuel into the hot cell 
(3) Buffer storage of the spent fuel 
(4) Dry fuel rod consolidation and loading of the fuel rods into the containers 

• (5) Buffer storage of the containers 



IAEA-SM-294/62 3 2 9 

FIG. 7. Dry rod consolidation and container loading principle. 

(6) Loading of the containers into the Pollux cask system (final disposal cask and 
shielding overpack) 

(7) Sealing of the final disposal cask with a primary lid 
(8) Transport of the Pollux cask system out of the hot cell to the welding gantry 
(9) Closing of the steel containment by narrow gap welding of the secondary lid 

in the direct operation mode at the welding gantry 
(10) Closing of the anti-corrosive coating at the welding 
(11) Closing of the shielding overpack by screwing on the shielding lid 
(12) Transport to the intermediate storage facility. 

The pilot plant consists of the main building, in which the conditioning process 
takes place, and several service buildings (see Fig. 1). The layout of the main 
building is determined by the T-shaped arrangement of the hot cell, as shown in 
Fig. 6. The approximate dimensions are as follows: length: 59 m; width: 50 m; 
height (above zero): 21 m; total volume: 76 000 m3; hot cell volume: 2000 m3. 

In area A, transport casks are prepared for unloading, which takes place in 
cell (1), where the transport cask is docked to the cell for dry unloading. Spent fuel 
can be placed into buffer storage (2), which is pooled by a passive system. Dry rod 
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FIG. 8. Loading principle of unshielded Pollux cask. 

consolidation and canister loading take place in cells (3) and (4). The principle is 
shown in more detail in Fig. 7. 

After buffer storage (5), the canisters can be loaded into a self-shielded Pollux 
cask, which is docked to cell (6). After the cask is closed with a primary lid, it is 
transported to the welding gantry (A3), where all welding and resurfacing processes 
are performed. 

Loading of unshielded Pollux casks with fuel rods as well as compaction of fuel 
skeletons take place in cell 3, where the hydraulic compactors and fuel rod cutting 
devices are located. The loading principle is shown in Fig. 8. 
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5. CONCLUSIONS 

331 

Although in spent fuel conditioning several steps are already being carried out 
on a routine basis in various areas of the nuclear fuel cycle, final conditioning of the 
disposal casks and demonstration of the complete process have not yet been 
performed with spent fuel. 

The main tasks of the pilot plant are the demonstration of final conditioning 
of the disposal casks, the technical feasibility of the total process and the 
licensability. 

In addition repository related work (e.g. demonstration tests with respect to 
handling, transport and emplacement of final disposal casks in a repository as well 
as design studies on repository concepts) is required; this is co-ordinated by the 
project group PAE of KfK on behalf of BMFT [1]. International co-operation would 
be of benefit to countries involved in the development of technologies for the direct 
disposal of spent fuel. 
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Abstract 

ADVANCED DESIGNS AND SYSTEMS FOR INTERIM STORAGE OF SPENT 
NUCLEAR FUEL. 

Interim storage is required, whatever the approach taken to spent nuclear fuel manage-
ment: direct or deferred reprocessing, or final disposal. Several interim storage methods have 
been developed, including dry storage in casks, vaults or wells and wet underwater storage 
in pools. The advanced designs and systems developed in France for dry vault storage and 
wet pool storage are presented, and a brief comparison is made of the advantages and 
drawbacks of these two methods and dry cask storage. 

1. INTRODUCTION 

On removal from a LWR, spent fuel is stored underwater at the reactor for at 
least 6 months. After this decay or cooldown storage, three approaches to spent fuel 
management are possible: 

(1) Direct reprocessing after additional decay storage for a few years. This 
approach has been adopted by the Federal Republic of Germany, France, Japan and 
the United Kingdom. 

(2) Storage for about 40 years before a decision concerning deferred 
reprocessing or final disposal. This approach has been chosen by Sweden and the 
United States of America. 

(3) Direct transfer to a final repository, again after additional decay storage. 
Still under investigation, this approach has not yet been chosen irreversibly by any 
country. 

Whatever the selected or envisaged solution for the end of the fuel cycle, there 
is a need for interim storage of spent nuclear fuel. 

Four principal methods have been developed by researchers and engineers for 
interim storage: dry cask storage, dry vault storage, dry well storage and underwater 
pool storage. 

This paper presents the advanced designs and systems developed or realized 
in France for dry vault storage and wet pool storage. 

333 
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2. DRY VAULT STORAGE 

2.1. General 

In this method, spent fuel assemblies are stored in wells inside a concrete vault. 
To provide two successive containment barriers in conformity with safety principles, 
the fuel assemblies are placed in leaktight canisters before insertion in the wells. 

Design, construction and operation of a dry storage facility must give due 
consideration to oxidation and corrosion phenomena, especially for clad failed 
assemblies. 

They must also take into account the maximum permissible storage tempera-
ture. Dry storage takes place at a higher temperature than wet storage and the 
thermal power rating of fuel assemblies must be lower. As a consequence, the fuel 
assemblies must be temporarily stored for about 5 years before transfer to the dry 
interim storage facility to reduce their residual power to approximately 1 kW(th) and 
also to reduce the cladding temperature. Research and development are being 
pursued in many countries to define the maximum permissible cladding temperature 
for LWR fuel assemblies before transfer to dry interim storage. The generally 
accepted values at present are 150°C for storage in air and 350 °C for inert gas 
storage. 

Within the dry storage facility, fuel assemblies are cooled by air circulation. 
If the cooling air is in contact with the canisters, it must be filtered. If, however, 
the canistered fuel assemblies are cooled by air circulating outside the storage wells, 
filtering is not necessary and use can be made of natural instead of forced circulation. 
The latter method has been adopted by SGN for its advanced dry vault storage 
system. 

2.2. SGN system (see Fig. 1) 

The SGN system features: 

(1) Dry unloading of the fuel assemblies from the casks 
(2) Dry storage of the fuel assemblies in a helium inert gas atmosphere inside the 

canisters inserted in the wells 
(3) Natural convection (passive) cooling without filtering 
(4) Modular storage capacity and easy extension to match the evolving needs 
(5) Easy fuel assembly recovery from storage for reprocessing or final disposal. 

Dry cask unloading is based on technologies implemented in the To fuel 
unloading and receiving unit at the new UP3 reprocessing plant at La Hague in 
France, which started hot operation in June 1986. 

Each cask is first connected to an unloading cell. After cask opening, the fuel 
assemblies are removed, individually examined by 85Kr counting, and placed in 



IAEA-SM-294/19 335 

canisters which are then filled with inert gas and sealed. The canisters are then 
transferred to the dry storage wells in a shielded hood, which ensures biological 
protection and preserves containment during transfer. 

The wells are held at negative pressure and their exhaust air filtered to avoid 
accidental dispersion of contamination in the storage hall. 

Filling the canisters with helium allows any canister leaks to be quickly and 
efficiently detected by analysing the in-well atmosphere. If helium is detected in a 
well, the damaged canister is replaced. 

Fuel assemblies are thoroughly examined before removal from the dry storage 
facility for reprocessing or final disposal. 

The SGN design ensures subcritical storage conditions at all times. It guaran-
tees two successive containment barriers around the fuel, including clad failed 
assemblies. It employs passive (natural convection) cooling, which is inherently 
more reliable than forced cooling methods. It provides individual detection of failed 
fuel assemblies, and it allows fuel assemblies to be recovered for reprocessing or 
final disposal. 

The design is adaptable to varying requirements, such as the degree of automa-
tion in dry cask unloading or in handling and management of canistered fuel 
assemblies. The factors influencing the detailed design include the specified storage 
capacity, the required maximum annual radiation dose for workers and the duration 
of interim storage. 

A lower cost version called Cascad, of the same design, is being implemented 
by SGN for the French Atomic Energy Commission. 

3. UNDERWATER POOL STORAGE 

Conceptually similar to the spent fuel pits at reactors, water filled pools are 
the most industrially proven approach to interim storage of spent fuel. In particular, 
they have proved their ability to maintain cladding integrity throughout storage. 
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FIG. 2. General layout of receiving and storage installations at La Hague. 

Four general principles are applied in France for design of AFR interim 
storage pools: 

(1) Fuel assemblies are stored in baskets. This reduces the number of fuel 
assembly handling operations and the risk of a fuel drop accident. Two types 
of basket are employed, for PWR and BWR fuel. 

(2) Pools contain 9 metres of water, with 4 metres of water above the fuel assem-
blies. This pool depth considerably simplifies the seismic design and reduces 
the volume of water to be treated. 

(3) Each reinforced concrete pool has a stainless steel liner. 
(4) Each pool has an associated water treatment and cooling system. 

Experience in underwater storage has recently been used by SGN to improve 
construction and to develop an advanced pool design with the following features: 

(a) A stainless steel lining technology that al lows: 

(i) 100% radiographic inspection of welds 
(ii) collection of any water leakage 

(iii) near perfect flatness of pool bottom for fully automatic control of 
handling cranes. 
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(b) An in-pool system called Nymphea for water treatment and cooling. By avoid-
ing construction of an auxiliary building, a 20% reduction in the total volume 
of buildings is achieved. 

(c) Use of viscoelastic supports. Each pool is built in the form of a vessel resting 
on a raft, independent of any adjacent structure, by means of two rows of 
columns overlaid by Neoprene supports. This system is able to absorb stresses 
of thermal origin (temperature of water up to 100°C) and seismic origin 
(intensity VIII on the MSK scale). 

The advanced SGN pool design is employed in spent fuel storage pools with 
a total capacity of 10 000 tonnes at the La Hague reprocessing plant in France (see 
Fig. 2). Three-quarters of this capacity has already been commissioned for hot 
operation. 

At La Hague underwater storage facilities are associated with two separate 
buildings for unloading spent fuel from casks. Both dry unloading and wet unloading 
are employed (see Figs 3 and 4). Table I summarizes the advantages of these two 
methods. 
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TABLE I. ADVANTAGES OF DRY AND WET UNLOADING 

Dry unloading Wet unloading 

Very small volume of liquid wastes All types of shipping casks accommodated 

Limited cask handling operations High flexibility 

Low requirements for cask decontamination 

TABLE II. REQUIREMENTS, ADVANTAGES AND DRAWBACKS OF 
THREE TYPES OF STORAGE 

Requirements Advantages Drawbacks 

Pool Short or long cooling Operating flexibility in More difficult to 
time of spent fuel before spent fuel management modularize 
interim storage 

Substantial industrial High production of 
Large storage capacity experience liquid effluents 

Direct fuel monitoring 

Vault Long cooling time of Low effluent production Canister insertion 
spent fuel (5 years) before 
interim storage Passive heat removal Less industrial experience 

Modular storage capacity 

Cask Long cooling time of Simplified storage Experience limited to 
spent fuel (5 years) design prototypes 

High modular storage Low effluent production Extensive testing needed 
capacity before use for long term 

storage 

4. CONCLUSIONS 

The SGN advanced designs and systems for dry vault storage and underwater 
pool storage permit interim storage of spent nuclear fuel under safe and reliable 
conditions in facilities with modular capacities. 
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Table II compares the advantages and drawbacks of underwater pool storage, 
dry vault storage and dry cask storage. The three technologies have different applica-
tions and are all being, or will be, employed in spent fuel interim storage on an 
industrial scale. 

The optimal technology for each country depends on factors such as the rate 
of spent fuel reception and storage, the required storage capacity, the storage 
duration, the maximum permissible dose rate for operating staff, and political and 
environmental considerations. 

In each case, the choice must be based on a technical and economic study that 
takes all these factors into account. 
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Abstract 
COMPARATIVE ANALYSIS OF DRY AND WET LWR SPENT FUEL STORAGE 
TECHNOLOGIES FOR SELECTING AN OPTIMUM SPENT FUEL MANAGEMENT 
SYSTEM. 

All countries with nuclear electric power generation programmes require spent fuel 
storage facilities. The capacities must be. in accordance with the spent fuel arisings. Wet 
storage has proved to be a reliable approach. Dry storage is also a mature technology as it 
needs only a limited insertion temperature for adequate prestorage underwater. Thus, spent 
fuel storage performance does not preclude any decision on practical storage options. 
However, numerous other criteria may influence the most convenient national solution. Wet 
storage can be performed in ponds at-reactor or in independent pools away-from-reactor. 
Double tiering, densified racks or rod consolidation are ways in which the capacity of the 
available ponds can be increased. For dry storage, different systems, such as casks, silos, 
vaults or dry wells, are currently in use. It is not possible to present a spent fuel management 
scheme that is suitable to all countries. However, in all cases an individually optimized solu-
tion can be identified if the national boundary conditions are known. 

1. INTRODUCTION 

Spent fuel storage is an essential part of the back end of the nuclear fuel cycle. 
All countries with nuclear electric power generation programmes require spent fuel 
storage facilities, e.g. for short term storage prior to reprocessing, or interim storage 
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prior to final disposal in stable geological formations. In most cases, suitable combi-
nations are in use. The capacity of these installations must be in accordance with the 
spent fuel arisings. However, a number of other factors will also influence the selec-
tion of the spent fuel storage technology. Therefore, the paper discusses the compre-
hensive and comparative analysis made of dry and wet spent fuel storage 
technologies to enable selection of an optimized spent fuel management scheme. The 
presentation is limited to LWR spent fuel and discussion of the facilities already com-
missioned or under construction. 

2. SPENT FUEL STORAGE PERFORMANCE 

2.1. Wet storage 

It must be emphasized that discussion is limited to the storage behaviour of 
LWR spent fuel with Zircaloy cladding. The most frequently discussed mechanism 
potentially affecting the integrity of the fuel rod under wet storage conditions is clad-
ding corrosion. From numerous measurements performed on spent fuel rods, a large 
body of data is available on the oxidation of Zircaloy cladding. From these data it 
can be deduced that Zircaloy cladding shows practically no corrosion during wet 
storage. All further mechanisms only have a slight effect on the integrity of the fuel 
assembly during wet storage; the internal pressure load on the cladding tubes is low 
to negligible. The micro- and macrodistribution of hydrogen in the cladding tube are 
stable. Cladding creep does not occur at such low cladding stress and temperature 
levels. Corrosion of the structural components of a fuel assembly — high grade steel 
Inconel, Zircaloy — is also negligible. These results, calculated from material data, 
are confirmed by the experience gained to date from wet storage of LWR spent fuel. 
To underline these very positive results, it should be mentioned that the United States 
Nuclear Regulatory Commission has issued a statement of confidence that spent fuel 
can be safely stored in wet storage for at least 30 years. 

2.2. Dry storage 

The R&D programmes performed cover generic investigations, defect 
mechanism assessments, defective fuel rod behaviour investigations, safety related 
investigations and verification experiments. The fission product release from spent 
U02 is low to negligible. The tritium is distributed between the fuel ( - 6 0 % ) and 
the cladding ( — 40%). Its release can be calculated by the Sievert's law. Oxide and 
crud layers adhere to the fuel rod surface during dry storage. Post-pile creep rates 
are less than or equal to those of unirradiated Zircaloy. The hoop stress in the clad-
ding of LWR spent fuel rods is due to the fuel rod internal end-of-life pressure 
<100 N/mm2 if the maximum storage temperature is <450°C. Therefore, creep 
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deformation remains below 1 %. It is generally accepted that under these conditions 
creep deformation will not result in defective spent fuel rods. I-stress corrosion 
cracking does not affect the integrity of the fuel rods, e.g. operational defects can 
be dried by the standard cask drying procedure. 

Water logging has not been observed. Only a small amount of fission products 
are released in the heatup phase. Release rates of zero are recorded after a few days 
under storage conditions. Verification tests carried out on a single fuel rod and on 
fuel assemblies show that the integral behaviour of LWR spent fuel is safe and 
reliable. Defects during storge in dry and inert atmospheres have not yet been 
observed, even if the storage conditions were beyond the design criteria. 

Dry storage programmes in the Federal Republic of Germany and the United 
States of America have shown that cladding defects do not grow larger during 
storage in an inert atmosphere. However, in air or other oxidizing cover gases, 
U02 exposed at the location of the defects tends to be oxidized to U308 or U03 at 
elevated temperatures, resulting in volume increases that can cause a progressive 
enlargement in the cladding defect. 

Several methods are available to combat oxidation: 

(1) Inert atmospheres within the storage environment 
(2) Storage temperatures (rod temperatures) below the threshold for significant 

U02 oxidation 
(3) Identification and storage of defective fuel in sealed containers in an inert 

atmosphere 
(4) Identification and separation of defective fuel prior to dry storage. 

Table I gives an overview of the R&D activities performed worldwide to 
gather information on spent fuel dry storage performance. 

3. BACK END OF THE FUEL CYCLE 

Optimization of the back end of the nuclear fuel cycle, especially with respect 
to spent fuel storage, depends on many parameters. The criteria for the choice of 
suitable spent fuel storage technology are outlined in Section 5. 

An overview of the different spent fuel storage options is given in Fig. 1. A 
number of technologies can be applied to increase the storage capacity at-reactor 
(AR), either in the reactor pools or in additional installations. In aiming for away-
from-reactor (AFR) storage, transport is an important step and can be optimized by 
using storage casks with a transport licence. At AFR sites the same type of storage 
can be applied, but an increase in capacity must be allowed for so that several reactor 
sites can be served. Finally, spent fuel storage can be performed at the sites of 
reprocessing plants or conditioning facilities, but dry rod consolidation equipment 
must be provided. All the options shown are either already in use or under develop-
ment. Table II gives an overview of the different national management schemes. 
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TABLE II. OVERVIEW OF THE DIFFERENT NATIONAL MANAGEMENT 
SCHEMES 
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FIG. 1. Spent fuel management schemes. 

4. EXISTING TECHNOLOGIES 

4.1. Wet storage 

Most LWR fuel storage pool designs are similar: rectangular, in a horizontal 
cross-section and 12 to 13 m deep. Fuel assemblies are placed in storage racks or 
baskets located at the bottom of the pool. 

The racks hold the assemblies in a vertical position and maintain the prescribed 
spacing between the assemblies to prevent criticality. The assemblies are normally 
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TABLE III. WORLDWIDE STORAGE PRACTICES (COMPREHENSIVE 
OVERVIEW) 

Country 
Wet storage 

(in use) 
AR AFR 

New AFR pools 
(commissioned) 

New AFR pools 
(planned or under 

construction) 

Argentina X X — 1982 — 

Belgium X X — — — 

Bulgaria X X X — X 

CSSR X X — — X 

Finland X X — 1984-1987 — 

France X * X 1981, 1984 X 

FRG X X X — 

GDR X X — — ? 

Hungary X X — — — 

Japan X X X — X 

Spain X X — — — 

Sweden X X — 1985 ? 

Switzerland X X — — — 

USA X X * 
— — 

USSR X X — — X 

x = in use; * = under developed. 

inserted or removed in a vertical position from above the racks, using safety designed 
mechanical handling systems. The approximately 4.5 m long LWR fuel assemblies 
remain submerged during all the fuel handling operations. The minimum shielding 
requirement is about 3 m of water for a high burnup LWR fuel assembly at the time 
of discharge from the reactor. The LWR racks are generally about 4.5 m long; there-
fore, 12 to 13 m of water is ample for fuel insertion. Radiation levels at the pool 
surface from all the stored fuel are very low because a total of 8 m of water shielding 
is generally available. 

BWR pools are filled with demineralized water, whereas PWR pools are nor-
mally filled with a dilute (0.2%) boric acid solution. Even though the design temper-
atures are around 70°C for abnormal operation, most operators indicate pool water 
temperatures of about 40°C, or even less. 
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AFR pools are basically similar to AR pools. They receive fuel from AR pools 
in either wet (H20) or dry (He, N2, or air) casks. Some AFRs store fuel in station-
ary racks, e.g. the Wiederaufarbeitungsanlage Karlsruhe (WAK) pool in the FRG; 
others store it in movable baskets, e.g. in the GE Morris pool in the USA. 

Considerable effort has recently been made to increase the storage capacity of 
existing pools by: 

(1) Storage densification, using compated racks (in use) 
(2) Double tiering, by adding a second level of storage racks (in use) 
(3) 2:1 rod consolidation (under development). 

If the storage site permits, the pools can also be enlarged or further pools can be 
added to the storage facility. 

In theory, wet storage technology has been fully developed. This statement is 
derived frrom the fact that worldwide (see Table III) no new concepts are being 
developed. However, R&D for detailed improvements is still ongoing. New AFR 
facilities have recently been commissioned, e.g. CLAB in Sweden, the pools at 
La Hague in France and at Sellafield, UK. 

4.2. Dry storage 

Dry storage of spent fuel constitutes a technology which is based on the fuel 
cycle experience gained over many years and has proved to be licensable in several 
countries. 

Four dry storage concepts have reached a mature status: dry wells, metal casks 
for storage and transportation, silos and vaults. 

For the storage system design it is essential that the fuel rod hot spot tempera-
ture remains within the temperature limits typical for the individual concept. Also, 
the radiation exposures must remain within the limits laid down by the national 
atomic laws. The inherent safety of the dry storage facility has to be proved in the 
case of internal and external incidents. 

Several dry wells have been tested in the US with LWR spent fuel, for exam-
ple, at EM AD and in the Idaho National Engineering Laboratory (INEL). Dry wells 
need specific geological conditions which are not available everywhere. 

Several types of metal casks have been tested in Switzerland and in the FRG, 
the USSR and the USA. In all cases the design and safety criteria have been met. 
An independent AR cask storage facility has been licensed with Castor V-21 casks 
in the Surry reactor, USA. The first casks were loaded at the beginning of 1987. A 
1500 t U AFR storage facility — also based on Castor casks — has been built at 
Gorleben, FRG; it was licensed in 1983. (This facility is being contested by inter-
veners; a court decision is pending.) 

Silos are used predominantly in Canada for CANDU fuel. However, in the 
USA the NUHOMS can be regarded as the likely concept for the future. NUHOMS 



IAEA-SM-294/2 349 

are modular concrete silos; three silos have been built at the H.B. Robinson site. By 
the end of 1987, 9 t U of spent fuel ( = 18 PWR fuel assemblies) will have been 
loaded into NUHOMS. 

Vaults are mostly used for Magnox fuel or for high level waste in vitrified 
form. Recently, developments were initiated in France, the FRG and the UK to adapt 
the vault type storage concept for LWR spent fuel. 

In contrast to wet storage, new concepts or interesting variations of the existing 
concepts are under development for dry storage because it has only recently been 
recognized as an attractive approach. The possibility of realizing passive systems 
with minimized waste arisings underlines the interesting features of the dry storage 
approach. 

4.3. Rod consolidation 

Considerable interest exists in rod consolidation technologies with respect to 
lowering the costs of interim storage, transportation and final storage by reducing 
the storage volume. 

To increase the reactor pool storage capacity, several wet rod consolidation 
techniques are under development and hot testing in a reactor pool has been or will 
be performed, especially in the USA and the FRG. Fuel assembly repair services in 
reactor pools demonstrate their feasibility. Also, dry rod removal has been demon-
strated over a period of more than 10 years by operation of the WAK reprocessing 
facility (FRG), where more than 100 000 rods were drawn out of LWR fuel rod 
bundles for later cutting in a shear. 

Development of dry rod consolidation in support of the monitored retrievable 
storage project in the USA is being carried out in INEL. Dry rod consolidation is 
also an essential part of the Deutsche Gesellschaft fur Wiederaufarbeitung von Kern-
brennstoffen Pilot Conditioning and Encapsulation Plant planned at Gorleben (FRG); 
it has been in the licensing stage since May 1986. Final storage casks, e.g. 
Pollux, can be loaded with consolidated fuel and are also suitable for interim storage. 

In conclusion, it can be stated that, depending on the boundary conditions, rod 
consolidation technologies can contribute to the optimization of spent fuel storage. 

5. SELECTION CRITERIA FOR SPENT FUEL STORAGE TECHNOLOGY 

The overriding criteria for the selection of a spent fuel storage technology are 
that the confinement, shielding, criticality control and heat removal of the spent fuel 
are ensured under all normal and accident conditions within the limits laid down by 
the respective national atomic energy acts. 

The parameters shown in Table IV must be investigated in detail to assess the 
overriding criteria. 
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T A B L E IV. LIST OF S E L E C T I O N CRITERIA 

1. Spent fuel data 3. 
Type of fuel 
Burnup 
Decay time 
Gamma radiation as a function 

of decay time 
Neutron radiation as a function 

of decay time 
4. 

2. Back end of the fuel cycle 
Fuel to be reprocessed 
Total spent fuel arisings 
Yearly spent fuel arisings 
Spent fuel shipment rate 
Storage period 
AFR or AR storage 
Availability of transport systems 
Fuel to be placed in a retrievable 

storage 

Fuel to be placed into final 5. 
disposal in a deep geological 
formation 

Disposal still undecided 

3. Spent fuel storage 
Experience with existing technology 
Technology under development 
Technology available to user 
Capability of modular buildup 6. 

of capacity 
Frequency of spent fuel handling 
Active or passive cooling system 
Electric power needs 
Maintenance requirements 
Flexibility to different back end 

fuel cycle strategies 

Spent fuel storage (cont.) 
Stability and integrity against external 

and internal events, e.g. thunder-
storms, tornadoes, chemical 
explosions, earthquakes, flooding, 
aircraft crashes; leakages, fire, self-
heating, dropping of heavy loads 

Storage site 
Size 
Ownership 
Geological data 
Meteorological data 
Access to transportation systems 

suitable for heavy loads 
Availability of infrastructure 
Safety relevant external events 

to be considered 

Licensing and construction 
Availability of technology with 

respect to licensability 
Experience in licensing procedure for 

technology to be considered 
Quality assurance requirements 
Sufficient data to meet the require-

ments of a licensing procedure . 

Storage facility operation 
Number of maintenance and 

operating staff 
Qualifications of staff 
Secondary waste generation 
Radiation dose rate to 

operating staff 
Electric power consumption 
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Within the framework of this paper it is not possible to discuss all the criteria 
compiled in Table IV. However, some examples will briefly be dealt with. The 
activity and the decay heat generation influence the decision on wet or dry storage 
for a given time after reactor shutdown. The availability of licensed transportation 
offers the possibility of choosing between AR or AFR solutions (e.g. in France or 
the FRG), whereas lack of licensed transportation largely urges AR facilities (e.g. 
in the USA). Positive decisions on reprocessing or final disposal permit selection of 
firm management schemes (e.g. France, the FRG and Sweden). Pending decisions 
do not ease the situation. Safety issues may recommend passive systems (e.g. in the 
FRG or the USA). The request for minimization of secondary waste favours dry 
storage (e.g. in the USA, Canada and the FRG). The national nuclear policy also 
influences selection of the management scheme, e.g. the Waste Policy Act in the 
USA. In addition, the economic aspects influence the decision parameters, e.g. use 
of dry modular concepts. These economic criteria are strictly related to national con-
ditions. In the past, all approaches failed to define economic guidelines that are valid 
worldwide. National resources and capabilities play an important role in the selection 
of individually optimized spent fuel management schemes. 

6. CONCLUSIONS 

The wet storage performance of spent Zry clad LWR fuel has proved to be 
reliable. No limitations have as yet been identified. Thus, wet storage can be 
regarded as unlimited in time. Analysis of the dry storage performance of Zry clad 
LWR spent fuel indicates only the need to limit the dry storage insertion temperature 
but not the storage time. Thus, the spent fuel storage performance does not preclude 
any decisions on practical storage options. Wet storage can be performed in storage 
ponds AR or in independent pools AFR. Double tiering and specially densified 
storage racks are attractive improvements for wet storage. Dry storage can be per-
formed in casks, vaults, silos or dry wells. Rod consolidation will further reduce 
transportation and interim storage. 

Numerous criteria may influence the most convenient national solution, but not 
all are relevant for each country. Thus, selection of a relevant set of criteria and the 
corresponding weight factors are the most decisive steps in selecting an optimized 
fuel cycle scheme. 

Further R&D work offering more flexible options for spent fuel storage is 
under way, e.g. bunker storage (vault type) in France and the FRG, enlarged trans-
port and storage casks in the FRG and concrete casks, especially for AR storage, 
in the USA. 

Analysis of the spent fuel storage performance provides the basis for the neces-
sary licensing procedure. However, it is not possible to present a spent fuel manage-
ment scheme that is suitable to all countries. In all cases, individually optimized and 
reliable solutions are available if the national boundary conditions are known. 
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Abstract 
TECHNICAL AND ECONOMIC ASSESSMENT OF STORAGE SYSTEMS FOR SPENT 
FUEL FROM COMMERCIAL LWRs. 

The objective of the study was to examine the technical and economic aspects of the 
cask storage system for storing spent fuel in transport/storage casks in Japan, and to compare 
them with those of the pool storage system. The scenarios for the transport and storage of 
spent fuel, and the main characteristics of spent fuel, were established as the basic conditions 
for the present study. On the basis of these conditions, conceptual designs, safety analyses and 
cost estimations of the spent fuel transport/storage casks and the storage facilities were carried 
out. Data were prepared for the pool storage system based on the same conditions. The cask 
storage system was then examined from the technical and economic viewpoint and a com-
parison made with the pool storage system. It was assumed that the transport/storage casks 
which had been developed and licensed in Europe and the United States of America would 
be applicable to Japan. In the present study, conceptual designs of the transport/storage casks 
were made on the basis of the capacity of the existing cranes at the reactor building. With 
regard to the safety (in particular, shielding) and economic aspects, conceptual designs of a 
trench system using truck cranes and an individual shielding type storage system were made 
for AR storage. For AFR storage, a conceptual design of a simple concrete building was 
made. The major results of a shielding analysis and seismic safety analyses are given. An eco-
nomic assessment of the spent fuel management costs for the cask storage system and the pool 
storage system for AR storage of 500 t U and AFR storage of 3000 t U revealed that the costs 
for the cask storage system were lower than those for the pool storage system. 

1. OBJECTIVES 

The objective o f the study was to examine the technical and economic aspects 
o f the cask storage system for storing spent fuel in transport/storage casks in Japan 
and to compare them with those o f the pool storage system. 

353 
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TABLE I. BASIC CONDITIONS FOR THE SPENT FUEL 
TRANSPORT/STORAGE ESTABLISHED IN THIS STUDY 

AR AFR 

Storage capacity 
( tU) 

250 or 500 3 000 

Storage period 30 years maximum 

Spent 
fuel 

Burnup 
(MW-d/t) 

BWR 39 000 (maximum) 
PWR 48 000 (maximum) 

29 500 (average) 
43 000 (average) 

Spent 
fuel 

Enrich-
ment (%) 

3 (BWR) 4 (PWR) 

Spent 
fuel Cooling 

time (a) 
5 

Spent 
fuel 

Storage 
temperature 
(°C) 

380 (in He) 

2. METHODS 

The scenarios for the transport and storage of spent fuel, and the main charac-
teristics of spent fuel, were established as the basic conditions for the present study. 
On the basis of these conditions, conceptual designs, safety analyses and cost estima-
tions of the spent fuel transport/storage casks and the storage facilities were carried 
out. 

Data were prepared for the pool storage system on the basis of the same condi-
tions. The cask storage system was then examined from the technical and economic 
viewpoint and a comparison made with the pool storage system. 
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TABLE II. SPECIFICATIONS FOR THE TRANSPORT/STORAGE CASKS 
ESTABLISHED IN THIS STUDY 

PWR BWR PWR BWR PWR BWR 

Total weight (t) < 7 5 < 1 0 0 <125 

Diameter (mm) 1900 1700 2100 2000 2200 2500 

Length (mm) 5400 5400 5400 5400 5400 5400 

No. of fuel 
assemblies 

7 21 12 32 21 52 

(yen 106) 
C o s t s (US$10 3 ) 

220 
880 

230 
920 

240 
960 

3. RESULTS 

3.1. Basic conditions 

The basic conditions of the spent fuel transport and storage established for the 
present study are shown in Table I. It was assumed that the spent fuel was transported 
from the nuclear power plants to the storage facility in the first 10 years. The subse-
quent 10 years were assumed to be the period of storage only, and the last 10 years 
to be the time when the spent fuel is released from the storage facility and transported 
to a reprocessing plant. The specifications were assumed to be those for spent fuel 
that will be taken out of the reactors in the future. The burnup, for example, was 
assumed to be higher than the present level. 

3.2. Conceptual design of transport/storage cask 

It was assumed that the transport/storage casks which had been developed and 
licensed in Europe and the United States of America would be applicable to Japan. 
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FIG. 1. Conceptual view of a trench type AR cask storage building. 

The greater the cask size, the higher the efficiency of transport and storage and, in 
turn, the lower the cost. The cask size, however, is determined by the capacity of 
the cranes available in the nuclear power plants. In the present study, a conceptual 
design of a transport/storage cask with the specifications shown in Table II was made 
on the basis of the capacity of the existing cranes. 

3.3. Conceptual design of cask storage building 

During transport the cask has a shielding capability which is based on the 
national transport regulations. During storage, however, many casks are arranged 
in a centralized manner, and the cask storage building may require considerable 
shielding capability under some siting conditions. 

With a view to the safety (in particular, shielding) and economic aspects, con-
ceptual designs of a trench system using truck cranes and an individual shielding type 
storage building were made for AR storage (Fig. 1). For AFR storage, a conceptual 
design of a simple concrete building was made. 

3.4. Safety analyses 

Safety analyses were made of the above mentioned cask and cask storage 
buildings. 
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FIG. 2. Results of a shielding analysis of the trench type cask storage system 
(1 rem = 1.00 X i0'2 Sv). 

3.4.1. Shielding analysis 

To examine the shielding performance of the cask storage buildings, the direct 
radiation dose rate at the site boundary and the skyshine radiation dose rate were ana-
lytically calculated. Figure 2 shows the relationship between the distance from the 
building to the site boundary and the dose rate at the site boundary for the trench 
system. The thickness of the concrete ceiling is used as a parameter. The shielding 
of this system is sufficient for skyshine radiation only. 

3.4.2. Seismic safety analyses 

As the casks meet the national transport standards (for example, for the 
9 metre drop test) and have sufficient structural strength, the cask storage buildings 
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FIG. 3. Results of a cost assessment of spent fuel management (based on cost estimates of 
the various systems discussed in this study). 
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TABLE III. ASSESSMENT OF IMPACTS DUE TO THE COLLAPSE OF A 
TRENCH TYPE CASK STORAGE BUILDING 

Mode of (a) Impact acceleration (b) Permissible impact Safety 
collapse to cask acceleration of cask factor 

of building (g) (g) (b:a) 

Longer Roof 16 120 7.5 
side Wall 40 120 3.0 

Short 
Roof 

side 
23 120 5.2 

were designed by considering the structural strength of the casks. In the present 
study, the integrity of the casks was assessed in the case of a total collapse of the 
storage building. 

Table III shows the results of an assessment made of the impact on the cask 
due to collapse of the trench type building. The impact acceleration (or impact force) 
which the cask receives from the collapse is sufficiently small in comparison with 
the permissible impact acceleration (or strength) of the cask; the cask, therefore, 
maintains its integrity. 

If the cask storage building has collapsed and the casks are buried under the 
concrete debris, the heat removal of the cask surface may be degraded. Thermal 
analysis of such cases revealed that the temperature of the spent fuel in the cask 
would not rise to a level sufficient to damage the spent fuel, even if recovery of the 
casks takes place many hours after the collapse. 

3.5. Economic assessment 

The cost of the cask storage system was examined by comparing it with that 
of the pool storage system. The scope of the comparison included all the costs 
incurred from the time the spent fuel is removed and dispatched from an AR storage 
pool, during storage, up to its delivery to a reprocessing plant and storage in a pool. 

The cash flow was calculated for a total period of operation of 33 years: 
3 years for construction of the storage building, and 30 years of operation. The spent 
fuel management costs were then defined and calculated as the total of the annual 
discounted costs divided by the total of the annual discounted quantities of the spent 
fuel under storage (the net present value method). The rate of discount was 8%. 
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Figure 3 summarizes the results of the comparison made of the spent fuel 
management costs of the cask storage system and the pool storage system for AR 
storage of 500 t U and AFR storage of 3000 t U. In both cases, the cask storage 
system proved to be more economical than the pool storage system. 

The reason for the superior economy of the cask storage system is that, 
although its capital costs are higher than those of the pool storage system owing to 
the cask costs, the operating and transport costs are much lower. Further, for AFR 
storage, various types of casks can be received. 
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Abstract 

MANAGEMENT OF IRRADIATED FUEL AT ONTARIO HYDRO'S NUCLEAR 
GENERATING STATIONS. 

Ontario Hydro, a large Canadian utility with a committed nuclear generation 
programme of 13 600 MW(e), currently operates 16 CANDU PHWR nuclear units at two 
sites (Pickering and Bruce) and four more are under construction at Darlington. Ontario Hydro 
uses waterpool technology for storage of all it's irradiated fuel. So far, the utility has relied 
on on-site irradiated fuel bays, i.e. water pools attached to the nuclear generating stations, 
seven of which are in use at Pickering and Bruce and two more are under construction at 
Darlington. Additional fuel storage facilities will be required in the mid-1990s. In view of the 
possibility that decisions on reprocessing and disposal of irradiated fuel or fuel waste may be 
deferred for several decades, Ontario Hydro has been studying various long term storage 
concepts. One such concept using concrete dry storage containers, referred to as concrete 
integrated containers (CICs), has been assessed to be a viable bulk storage alternative to water 
pools, and prototypes are under development. These containers will be transportable and could 
be used as integrated modules for storage and transportation, and potentially for disposal. The 
development of CICs is expected to permit cost effective storage of fuel over a longer term. 
A system based on CICs is inherently flexible, allowing for continued on-site storage as well 
as providing the capability for later transportion of the fuel to a central site for storage, recycle 
or disposal. In parallel with this strategy, advanced water pools with improved characteristics 
of durability, leakage integrity and cost are being researched; these will have a continuing role 
for meeting initial storage needs at the stations. 

1. INTRODUCTION 

Ontario Hydro's nuclear generating stations (NGSs) are powered by C A N D U 
P H W R systems which use natural uranium dioxide fuel. These reactors annually 
generate approximately 140 kg (about six C A N D U bundles) o f irradiated fuel for 
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each MW(e) of installed nuclear capacity. With the completion of the Darlington 
NGSs, 20 CANDU PHWR units with a total capacity of 13 600 MW(e) will generate 
about 92 000 irradiated fuel bundles (2000 Mg) every year. Several millions of these 
fuel bundles will accumulate over the course of the next few decades with the com-
mitted nuclear programme. 

The CANDU fuel provides several inherent advantages in the management of 
the back end of the fuel cycle. Each bundle, only 50 cm long and weighing about 
22 kg, is removed from each reactor by a computer controlled fuelling machine 
which discharges the irradiated fuel into a transfer system. At the irradiated fuel bay, 
the bundles are mechanically loaded into storage containers, which are then passed 
underwater into storage racks where the containers are stacked. By virtue of it's size 
and freedom from criticality hazards in light water, CANDU fuel facilitates use of 
dense storage systems, with the benefit of low storage costs. 

The irradiated fuel is also a potential energy resource, since most of the 238U, 
over 30% of the 235U and nearly 50% of the fissionable plutonium formed during 
the in-reactor phase is retained in the fuel. Although a disposal technology is 
expected to be available following completion of the Canada/Ontario Nuclear Fuel 
Waste Management Programme [1], the decisions for implementing the disposal 
option are likely to be deferred in the light of the future potential for fuel recycle. 
The utility has been reviewing the impacts of such a delay on the management of 
irradiated fuel. 

This paper reviews the management of irradiated fuel to date at Ontario Hydro 
nuclear generating stations as well as the R&D programmes being carried out for 
the storage and transportation of irradiated fuel; it also outlines the studies and plans 
to provide flexibility in management of irradiated fuel for the longer term. 

2. REVIEW OF EXISTING SYSTEMS AND PRACTICES 

Ontario Hydro uses water pool technology for storage of all the irradiated fuel. 
The management of irradiated fuel in on-site fuel bays relies on well established 
practices [2]. Primary bays, i.e. bays used for the on-power defuelling of the 
CANDU reactors, are integral to the four unit stations, shared either by all four units 
(as in Pickering NGSs and Bruce NGSs) or two units each (Darlington NGSs). Aux-
iliary bays are generally built contiguous to primary bays to facilitate underwater 
handling among bays, with the exception of Pickering NGS A, where fuel is trans-
ferred among bays using an on-site cask. Ontario Hydro currently operates seven 
fuel bays and two more are under construction. Wherever viable and economically 
justified, the capacities of the fuel bays have been maximized by conversion to 
improved storage containers and stacking methods. 

Bay designs and the operating technology have been improved over the years. 
Epoxy lining of the bays has been discontinued in favour of stainless steel liners to 
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improve liner durability. Storage density in the bays has been improved with the use 
of a more closely packed irradiated fuel module, achieving storage densities of 
110 bundles/m3 (2.4 Mg/m3). 

The behaviour of irradiated fuel stored in water has been monitored in a long 
range experimental programme for nearly two decades and longer than the storage 
period at the NGS [3]. The evidence to date suggests that pool storage of irradiated 
fuel does not cause any significant deterioration of the integrity of the fuel and that 
pool storage can be used for continued storage of irradiated fuel for several decades. 

3. NEED FOR LONG TERM STORAGE? 

Ontario Hydro, with the completion of the Darlington NGSs,will generate 
nearly 50% of the electricity generated in the Province of Ontario by nuclear 
generating stations. Although in the immediate future the need for additional nuclear 
generating stations seems uncertain, nuclear generation is expected to retain its cur-
rent importance in the future of electric power planning. Canada has the largest ura-
nium supplies in the world as well as large supplies of thorium, another nuclear 
energy resource material. Although Canada is a supplier of this resource material 
to other parts of the world, these resources, along with fissile materials remaining 
in the irradiated fuel such as uranium and plutonium, could fuel Ontario's domestic 
energy systems for several centuries. 

Although CANDU irradiated fuel could be recycled, the need and timing of 
a reprocessing programme cannot be reliably forecast at present. The low natural 
uranium costs as a result of a favourable uranium supply situation in Canada makes 
reprocessing and recycle unnecessary at the present time. It is expected that irradi-
ated fuel from the current reactors will probably require long term storage in order 
that a gradual transition to future fuel recycle can be made. 

4. FUTURE OPTIONS REVIEWED FOR IRRADIATED FUEL 
MANAGEMENT 

4.1. Storage siting 

Ontario Hydro reviewed several siting options with consideration to the con-
tinuing need for storage. The storage requirements included not only the near term 
requirements of additional storage space for Pickering, Bruce and Darlington NGSs 
but potential requirements for long term storage (until 2050). These options were: 

(1) On-site storage of irradiated fuel at the NGS sites 
(2) Centralized storage at one (or two) NGS sites 
(3) Off-site storage (i.e. away from the NGSs). 
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BOLTS FOR 
METALLIC STORAGE LID LID LIFTING 

HEIGHT - 3 .60m 
OUTSIDE DIAMETER _ 2 .60m 

INSIDE DIAMETER _ 1.64 m 
WEIGHT - 66 Ma 

FIG. 1. Concrete integrated container. 

In the on-site storage alternative, additional storage facilities are built at each 
station to cover all future requirements at the respective stations. The centralized 
storage alternative implies that future storage requirements are consolidated at one 
(or two) NGS sites and irradiated fuel is shipped to centralized storage when the 
existing bays at the nuclear stations are filled to capacity, or when the existing bays 
have to be retired for any reason. In the off-site storage alternative, an NGS indepen-
dent irradiated fuel management site is considered which could include any non-
nuclear site owned by the utility, a green grass site, or a potential disposal or 
reprocessing site. The review considered various factors of importance to decision 
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making such as constructability and operability at different sites and site layouts, site 
acquisition needs, off-site transportation impacts, community acceptance factors 
related to storage siting and routing of transportation, and economic factors. 

4.2. Storage systems 

Ontario Hydro also reviewed various technical concepts for storage. It has 
nearly 15 years of design, construction and operations experience in water pool tech-
nology, backed by over 40 years of water pool storage experience in Canada at the 
Chalk River Nuclear Laboratories of the Atomic Energy of Canada Limited. This 
gave the water pool option an inherent advantage over dry storage concepts for 
irradiated fuel. Studies were carried out to improve the water pool concept, such as 
in the areas of construction methods, capacity increases by larger and deeper pool 
sizes, improved leakage integrity with pool concepts that allow double penetration 
welds of liners, etc. 

Although Ontario Hydro has relied solely on water pool technology at the 
nuclear generating stations, other storage concepts such as concrete canisters and 
convection vaults have been evaluated. At least one concept, referred to as concrete 
integrated containers (CICs), has been assessed to be a viable bulk storage alternative 
(Fig. 1). The reference concrete integrated container has a capacity of 384 CANDU 
bundles, is constructed of a specially developed, durable, high density shielding con-
crete, and has steel skins to facilitate loading underwater in the fuel bays. These con-
tainers are intended to be transportable with overpacks, and could be used, following 
prototype development, licensing and testing, as integrated modules for storage, 
transportation and possibly disposal. 

5. RESULTS OF THE REVIEW AND CONCLUSIONS 

Although the conclusions of this review are not yet final for purposes of 
developing acquisition strategies for future storage, the studies have reached a stage 
where sufficient direction is now available for narrowing the options and focusing 
on more detailed work. The major results and conclusions of the review to date are 
the following: 

(1) There are minimal constraints in continuing on-site storage at the NGSs, either 
with water pools or with dry storage systems using CICs. At the Pickering 
NGSs, CICs are preferred over water pools because of constructability factors 
due to lack of contiguous space, interference and access problems. 

(2) Economic evaluations of the water pools and an equivalent system using CICs 
showed that economic differences between the two concepts are insignificant. 
Figure 2 shows present worth cost comparisons of the two approaches for a 
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Year of Expenditure 

Waterpool CIC 

FIG. 2. Cost comparisons of water pools and CICs. 

TABLE I. COST COMPARISONS OF WATER POOLS AND CICsa 

(Can. $ millions (1986)) 

Cost component Water pool CICs 

Direct costs 16.8 29.5 

Cost indirects, engineering, 16.4 6.7 
overheads, and interest 

Contingency 6.6 7.2 

Total 39.8 43.4 

a Based on the provision of a 289 000 bundle capacity. 
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FIG. 3. Cost comparisons of centralized and on-site storage (1 US billion is one thousand 
millions). 

storage system of 580 000 bundles (equivalent of two water pools of the cur-
rent design or 1500 CICs, which amount to the additional storage requirements 
of Pickering NGSs). Although, on the basis of construction costs, the CICs are 
marginally more expensive than water pools (Table I), CICs have a more 
favourable expenditure pattern and on a cost discounted basis (i.e. in terms of 
present worth of future costs) were considered an equal cost alternative to the 
water pool. 

(3) Although the continuation of on-site storage is viable in the near term, a cen-
tralized storage policy may become necessary in the future, in which case the 
Bruce Nuclear Power Development (BNPD) appears to be the preferred choice 
for a site, considering the various factors involved in the siting of a centralized 
storage facility. The BNPD site, where the Bruce NGSs are located, is a large 
Ontario Hydro owned site (890 ha) and has a number of other facilities such 
as a radioactive waste operations site, heavy water plants, a nuclear training 
centre, etc. and also a central operating organization to provide all common 
services to major site facilities. 

(4) The economics of the centralized storage option at the Bruce site was reviewed 
in detail. Figure 3 illustrates the relative costs, including those of transporta-
tion for the committed nuclear programme (Pickering, Bruce and Darlington 
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NGSs). The transportation costs were based on road transportation of irradi-
ated fuel, a prototype cask which is being developed in Ontario Hydro [4]. The 
economic differences between the centralized and on-site options were small, 
and are considered to be within the uncertainties of the estimates. On a cost 
discounted basis, the additional costs of transportation are offset by the savings 
in storage costs from centralization; the differences are considered marginal. 

(5) CICs were found to be the preferred concept for long term storage. The proto-
type demonstration over the next 3 years will provide decisions on acquisition 
strategies for the various storage requirements. An important phase of work 
will be to further assess the transportation of CICs. Experimental designs of 
the CICs have been tested [5] to the requirements of the transportation regula-
tions and it is expected that licensable CIC vehicle configurations can be deve-
loped to fully meet the regulatory requirements. 

(6) Water pools are still considered for initial fuel storage at the NGSs and for aux-
iliary storage needs at the NGSs, if there are no other overriding considerations 
for an early transition to CICs in terms of constructability and other site 
specific considerations. For example, in Bruce NGSs, additional auxiliary bays 
can be constructed contiguous to the secondary bays and space considerations 
even allow banks of several bays for purposes of additional storage. In view 
of the inherent advantage of this concept at some stations, and the need for this 
technology for the future stations at least for initial fuel storage, further 
development of the water pool concept has been undertaken. 
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Abstract 

ROLE OF MONITORED RETRIEVABLE STORAGE IN THE UNITED STATES 
INTEGRATED WASTE MANAGEMENT SYSTEM. 

A monitored retrievable storage (MRS) facility has been proposed by the United States 
Department of Energy as an integral component of the US waste management system. This 
facility, as envisioned, has an important role in the development and control of the total waste 
management system. Located centrally to the US commercial reactor sites, it would serve as 
a receiving point for spent fuel from the reactors, would consolidate the fuel and package it 
in canisters designed for disposal at the repository, and ship the packages to the repository. 
The facility would provide interim storage for any packaged fuel that the repository could not 
accept, until such acceptance could be made. The facility could be brought on line in Janu-
ary 1998, 5 years before the first repository is scheduled to begin operation, meeting the 
government's commitments under its contracts with the utilities. The storage capability of the 
MRS facility would serve as a buffer to compensate for disruptions in the supply and disposal 
of spent fuel. It would provide benefits in improved system development and operation, timely 
acceptance of spent fuel, improvements in spent fuel transportation and early experience in 
institutional interactions. 

1. INTRODUCTION 

The United States Department of Energy (DOE) has proposed [1] that the US 
Congress approve the construction and operation of a facility for the monitored 
retrievable storage (MRS) of spent fuel at a site on the Clinch River in the Roane 
County portion of Oak Ridge, Tennessee. This proposal was prepared in response 
to Section 141 of the Nuclear Waste Policy Act of 1982 (the Act), which directs the 
Secretary of Energy to perform a detailed study of the need for, and the feasibility 
of , monitored retrievable storage and to submit to Congress a proposal for the con-
struction of one or more MRS facilities. 

Unlike the role traditionally assigned to such storage facilities, the very long 
term storage of spent fuel, the DOE has proposed construction of an MRS that is 
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a spent fuel packaging and interim storage facility, fully integrated into the waste 
management system. Although the facility is designed to be fully capable of long 
term storage, the role proposed by the DOE is one of a spent fuel collection and pack-
aging depot to be located central to the bulk of the reactors to package the waste prior 
to shipment to the repository. 

The Act established geological disposal as the national policy with regard to 
the disposition of nuclear high level waste and spent fuel in the USA. The Act 
directed the DOE to also consider MRS as an option to manage the waste. The DOE 
considered principally two roles, backup to the repository and the integral role 
recommended, for MRS in the waste system. Given our confidence that the wastes 
can be safely isolated in a geological repository and the national commitment to that 
goal, the DOE has proposed that Congress authorize construction of an MRS as an 
integral component of the waste management system and that the MRS facility be 
implemented in a manner that will enhance the timely deployment and operation of 
the overall nuclear waste management system. 

2. FUNCTIONS OF MRS 

The principal functions of an MRS, as shown in Fig. 1, are to prepare spent 
fuel for emplacement in a repository and to serve as the central receiving station for 

Reactors 
Storage Until Waste System 
Begins Operation 
Packaging for Transport 
to M R S 
Federal Acceptance MRS Facility 

Repository 
Emplacement 
Long Term Containment 

MRS Monitored • 
Retrievable • 
Storage • 

SF- Spent Fuel • 
• 

Managing At-Reactor SF Acceptance 
Scheduling and Controlling Transport to M R S 
SF Receipt, Inspection and Accounting 
Consolidation, Packaging and Conditioning for Disposal 
Monitored Retrievable Storage 
Controlling Transport to Repository 
Special Packaging, Repair and Testing 

FIG. 1. Distribution of waste management functions in a system with an integrated MRS 
facility. 
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the waste management system. The preparation for emplacement includes removing 
the spent fuel rods from the metal grids that hold them together in a square array 
and consolidating them into a much tighter array. Consolidation offers several 
advantages, such as a reduction in the number of waste shipments to a repository and 
a reduction in the number or size of the waste packages requiring handling and 
emplacement in a repository. After consolidation the spent fuel would be loaded into 
canisters that are uniform in size and free of surface contamination with radioactive 
material. Such canisters would facilitate handling, shipping and further processing 
at the repository. 

In addition to its waste preparation function, an MRS facility would provide 
temporary storage for spent fuel and would contain a storage yard with a capacity 
of up to 15 000 t U. The canisters of spent fuel would be stored above ground in 
concrete casks equipped with monitoring instruments and designed for easy retrieval 
of the spent fuel for shipment to the repository. 

The MRS facility would be designed and operated with the fundamental objec-
tive of protecting the health and safety of the public, the workers at the facility and 
the quality of the environment. As required in the Act, it would be licensed by the 
United States Nuclear Regulatory Commission (NRC). 

3. INTEGRATION OF MRS INTO THE WASTE MANAGEMENT SYSTEM 

To better understand the role of the MRS in the US waste management system, 
it is necessary to describe the various parties involved in the operation of the system 
and what the waste management system must accomplish. In the operating waste 
management system it will be the responsibility of the US Government to take title 
to the spent fuel at the reactor site, arrange for its transportation and safely dispose 
of it in a geological repository. The Act specifies a schedule for particular 
programme milestones leading to site selection and operation of the repositories and 
requires that the Federal Government consults and co-operates with the affected 
States and Indian Tribes during the siting and operating of the repositories. Figure 2 
illustrates the individual facilities that will be involved in the operation of the system. 
As the map illustrates, there are more than 70 reactor sites, mostly located in the 
eastern part of the country, that will be providing spent fuel for disposal at a reposi-
tory to be located at one of three potential repository sites in the west. The preferred 
site for the proposed MRS is located in Tennessee, central to the majority of these 
reactors. The actual repository site will not be specified until 1995 and will not 
receive a construction authorization from the NRC until 1998, according to the 
schedules contained in the DOE's recently issued Draft Mission Plant Amendment 
[2]. The map also shows the individual states located between the reactor sites or the 
MRS and the repository sites. 
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for First Repository 

Proposed 
Site 

MRS Facility 

FIG. 2. Geographical distribution of facilities involved in the US waste management system. 

Most of the specific activities that must be accomplished prior to the emplace-
ment of spent fuel in the repository — the spent fuel transportation, disassembly and 
packaging, and, possibly, storage — have been done previously in the USA and other 
countries, but they have not been accomplished on the large scale that will be neces-
sary for the timely disposal of the spent fuel being accumulated in the USA. The con-
struction and operation of the MRS will materially aid in the early development and 
integration of these functions. 

The MRS relies on engineered features to ensure safe storage of the fuel over 
the relatively short periods of time that fuel would be retained there. It is adaptable 
to a range of site conditions, since it does not rely on specific geological features 
which are vital to a repository. The MRS does not require the lengthy site characteri-
zation and site qualification that is needed for a geological repository, and thus can 
be sited, licensed, constructed and put into operation on a shorter schedule. Such a 
facility could be operational approximately 10 years after Congressional approval, 
about 5 years before the repository [2]. 
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4. BENEFITS OF THE MRS FACILITY 

The MRS facility will improve the development and operation of the US waste 
management system: 

(1) System development is made easier by separating decisions and functions into 
more fundamental and manageable components 

(2) Waste acceptance from utilities begins earlier and at a higher initial rate than 
is possible without MRS 

(3) Operation of the system is made more flexible and reliable 
(4) The transportation system is specified earlier and its operation made more 

efficient 
(5) Early interaction with affected parties, based on more fully developed data, 

will result in greater public confidence, and the experience gained can be trans-
ferred to repository development. 

4.1. Improvements in system development 

Before beginning operation of the waste management system, a wide range of 
technological concerns must be resolved through development and testing, and 
institutional activities necessary to system operation must be completed. These 
activities are involved in every segment of the waste system, covering the accep-
tance, handling, packaging, transportation and disposal of wastes. Currently, the 
area with the greatest uncertainty involves the technological and institutional con-
cerns pertaining to underground geological disposal. An important basis for the 
DOE's proposal to include an MRS facility in the waste management system derives 
from the opportunity that the facility offers for separation of those activities 
associated with development of the underground disposal system from those con-
cerned with development of other components of the waste system. This separation 
permits development and integration of system functions other than disposal indepen-
dently from the uncertainties of siting and licensing the first repository, and allows 
the technical issues associated with geological disposal to be addressed independently 
of the other system functions. 

Two features distinguish the MRS system from the no-MRS system and affect 
development of the waste management system. First, because the MRS site would 
be approved earlier than the repository site, greater lead time would be available for 
route specific planning for spent fuel shipments from the reactors and other interac-
tions between the DOE and State and local governments. Second, the MRS facility 
design would be fully licensed by the NRC years earlier than would the repository's 
surface facility design. As a result, more complete information on facility designs 
and schedules would be available for setting waste acceptance commitments and for 
defining physical specifications, such as for equipment required to handle and unload 
casks between the Federal and utility portions of the waste management system. 



TABLE I. ANNUAL ADDITIONS TO AT-REACTOR STORAGE REQUIREMENTS (t U) 

No Federal 
waste acceptance 

No-MRS system MRS system 

Annual Waste Annual Waste Waste Annual 
Year storage acceptance at storage acceptance acceptance at storage 

requirements3 repositoryb requirements at MRS b repositorybc requirements 

1997 3177d 0 3177" 0 0 3177d 

1998 827 0 827 1200 0 0 
1999 887 0 887 1200 0 0 
2000 1258 0 1258 1200 0 0 
2001 1107 0 1107 1200 0 0 
2002 1282 0 1282 1200 0 0 
2003 1650 400 1250 2000 400 0 
2004 1580 400 1180 2650 400 
2005 1578 400 1178 2650 400 0 
2006 1729 900 829 2650 900 0 
2007 1922 1800 122 2650 1800 0 
2008 1999 3000 0 2650 3000 0 
2009 2113 3000 0 2650 3000 0 

Total 21109 13097 3177 

a Data from PNL-6104 [3], based on the EIA Mid-Case Projection with constant burnup (1986). 
b These schedules reflect expected receipt capability and have been used for analytical purposes. Actual spent fuel acceptance schedules will be set, beginning in 

1991, in accordance with the standard contract with utilities [4]. 
c Waste acceptance at the repository is primarily from MRS. However, in years when repository acceptance exceeds MRS acceptance, the difference is 

attributable to shipments from nearby reactors directly to the repository. 
d Cumulative storage requirements beyond normal reactor pool capacity to 1997. 
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The early accomplishment of these separable steps of the waste management 
process would enhance confidence in the schedule for the operation of the total 
system. 

4.2. Accelerated waste acceptance from the utilities 

The MRC facility would allow the system to begin receiving spent fuel 5 years 
sooner than a system without an MRS facility. It would therefore provide assurance 
that the Federal waste management system will begin operations by 1998 as specified 
[3] in the contracts between the DOE and the owners of spent fuel. 

Locating storage capability at the MRS site would permit a spent fuel receipt 
rate in the initial years of operation that would eliminate the need for additional at-
reactor storage of spent fuel beyond normal capacities of the reactor pools, as shown 
in Table I [3, 4]. This would eliminate the significant costs to the utilities of licensing 
and operating dry storage facilities at-reactor after 1998. Table I indicates a savings 
in at-reactor storage of about 10 000 t U when an MRS facility is included in the 
waste system; this savings could range from about 6500 to 11 300 t U, depending 
on the future operating practices of the utilities. At a total cost of at-reactor storage 
of about US $100 per kg U, a savings of US $1 billion to the utility ratepayers could 
be realized.1 

4.3. Improvements in system operation 

Two features distinguish the MRS system from the no-MRS system and affect 
system operations. First, the MRS facility would provide up to 15 000 t U of buffer 
storage, which would decouple the waste acceptance and waste emplacement opera-
tions. This would allow the reactors to ship fuel on a schedule consistent with their 
operating needs and the repository to receive fuel from the MRS on a regular basis 
consistent with its requirements. This would allow the system to compensate for dis-
ruptions or irregularities in waste shipments from reactors. Storage would also pro-
vide an operational buffer between waste acceptance and waste emplacement 
operations, which would give the overall system greater flexibility and reliability, 
because operating disruptions would not quickly cascade through the system. The 
emplacement operation could also be more efficient because waste package heat 
loads could be tailored to the emplacement characteristics of the repository medium. 

Second, the MRS facility would be located away from the repository site so 
there would be a second facility capable of receiving fuel if one were not operating. 
By locating the MRS facility centrally to the eastern nuclear reactors, it would act 
as a control point and a staging area for transporting spent fuel from reactors to the 

1 1 US billion is one thousand millions. 
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first repository. Having a control point closer to the reactor would simplify the con-
trol of the transportation function compared with the no-MRS system. Another 
important advantage would be the capability of the MRS, as a single shipping point, 
to supply waste to the respository on a regular schedule. The staging function would 
significantly reduce the number of cross-country shipments to the repository through 
the use of large rail casks and multicask shipments. The overall transportation activi-
ties would be reduced, although waste transportation activities would increase in the 
area immediately surrounding the MRS facility. 

Furthermore, the repository would receive fewer separate shipments; the waste 
canisters received from the MRS facility would be uniform in size and free from sur-
face contamination with radioactive material; and a large portion of the inventory 
accountability function would be performed at the MRS facility. These factors would 
also enhance the efficiency of repository operations. 

4.4 Improvements in the specification and performance of the 
transportation system 

By shipping consolidated spent fuel in dedicated trains, the MRS facility would 
reduce the number of shipments to the repository and reduce the distances of spent 
fuel shipments in less efficient truck mounted casks. Being centrally located for most 
reactors, it would serve as a hub for transportation operations, focus the control and 
management of transportation operations, and reduce the number of cross-country 
shipping routes. Moreover, by allowing early identification of routes to the MRS 
site, the MRS facility would provide institutional benefits because it would increase 
the time available to work with the States, Indian Tribes and the public on route 
specific planning. 

4.5. Institutional benefits 

Development of the MRS facility would produce institutional benefits through 
the experience gained from interactions with the host State and other parties as well 
as by allowing the DOE to demonstrate earlier that is is willing and able to be a 
responsible corporate citizen and neighbour. Early progress in waste management, 
starting with the designation of a specific site and facility construction, would help 
provide the needed momentum for implementing the entire system. 

5. ALTERNATIVES CONSIDERED 

Studies performed for the MRS proposal show that, although there are other 
ways to achieve some of the advantages of an integral MRS facility, none of the alter-
natives examined in the need and feasibility study present the same range of benefits 
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while also providing the equivalent benefits in terms of feasibility, flexibility, system 
development and managerial control. Some of the fuel management alternatives 
investigated include: 

(1) At-reactor consolidation of spent fuel and its associated hardware 
(2) Storage of all spent fuel at-reactor prior to its shipment to the repository 
(3) Emplacement of the consolidated spent fuel (and hardware) into repository 

ready canisters at reactors prior to shipment 
(4) Upgrading of reactor plants currently without rail shipment capability, to pro-

vide essentially 100% shipment by rail 
(5) Utilization of multiple cask shipments, through assembly of casks at marshall-

ing yards or by storing the loaded casks at reactor sites until a multiple cask 
shipment is assembled. 

Individually, some of these alternatives have attractive features that may come 
into play in spent fuel transportation systems. However, for the alternatives studied 
the apparent advantages to the system are diminished or negated by the costs of 
upgrading the reactor systems or of providing the large cask fleets required for ship-
ment, by the system management complications of performing work preparatory to 
fuel storage at many different locations, or by the implications of increased govern-
mental intrusion into operations of the utilities and rail lines. In addition, alternatives 
which concentrate the handling of spent fuel in reactor pools, as opposed to hot cell 
facilities, involve increased occupational exposure to radiation fields. Although in no 
case would radiation doses be encountered which exceed or even approach the safe 
limits, this increase would run counter to the efforts being made in the nuclear indus-
try to reduce radiation exposure to the minimum. 
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+ The author died in early 1987. 

Pursuant to the Nuclear Waste Policy Act of 1982, the United States Depart-
ment of Energy (DOE) is conducting a programme to develop the technology to per-
form dry consolidation of multiple commercial nuclear spent fuel assemblies into 
canisters for potential interim storage and eventual disposal in deep geological 
repositories. 

This programme is made up of two major projects. The dry rod consolidation 
technology project has utilized a DOE national laboratory operating contractor (EG 
and G Idaho) to design, fabricate and test hardware and software for the dry, 
horizontal consolidation of up to 48 Westinghouse 15 X 15 PWR fuel assemblies. 
Each subcycle of operation will consolidate two fuel assemblies into an 
8.5 inch X 8.5 inch x 13 foot long canister.1 The hardware will be operated in an 
existing hot cell located in the Idaho National Engineering Laboratory (INEL). The 
consolidation system consists of a fuel assembly and canister handling subsystem, 
an end box removal subsystem, and a fuel rod extraction and placement subsystem. 
The fuel assembly and canister handling subsystem provides remote, manual move-
ment and positioning of intact fuel assemblies, empty canisters, canisters full of con-
solidated fuel rods and empty fuel assembly skeletons (non-fuel bearing 
components). It also provides restraint against forces developed during rod extrac-
tion. Removal of the fuel assembly upper end box is accomplished by sequential 
internal cutting of each guide tube below the upper grid spacer. Subsequent to the 

1 1 in = 2,54 x 101 mm; 1 ft = 3.048 x 10"1 m. 
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cutting of the guide tubes, the end box and upper grid spacer are pulled away from 
the fuel assembly. Removal is then accomplished by use of in-cell manual manipula-
tors. The fuel rod extraction and placement system sequentially (starting at the lower 
left fuel rod and progressing horizontally, then vertically) grips, pulls and places 
individual fuel rods from the fuel assembly into the canister. The placement system 
and canister design results in a close packed, triangular pitch array of fuel rods in 
the canister. A computerized control system, capable of manual intervention, per-
forms all rod pulling and placement operations. 

Of the 48 fuel assemblies to be consolidated using the dry rod consolidation 
technology project, 19 have experienced significant periods of storage in air. The 
other fuel assemblies have undergone normal burnup, storage in a spent fuel pool, 
and shipment and storage for approximately 1 year in an inert atmosphere. They have 
experienced some minimal exposure to air during remote transfer operations. 

During the consolidation process, measurements, observations, analysis, and 
photographic, video and written documentation will be used to develop and dis-
seminate the technology associated with dry, commercial spent fuel consolidation. 
The technical data collected will include: rod pulling forces, crud collection and 
characterization, airborne particulate measurements, pyrophoricity of zirconium 
chips generated during guide tube cutting, gamma scanning of non-fuel bearing com-
ponents, and techniques for decontamination and decommissioning the hardware and 
hot cell following the consolidation campaign. 

The resultant canisters of consolidated fuel rods will be utilized in a dry storage 
cask testing programme. 

The prototype consolidation demonstration programme is using phased, com-
petitive procurement to involve private industry in phased design, fabrication and 
demonstration of production oriented prototype consolidation equipment for use at 
a monitored retrieval storage facility and/or repository. The equipment to be deve-
loped will be required to operate in a dry environment at rates scaled to approximate 
the waste management system acceptance rates. The system will consolidate 
750 tHM/aof commercial spent nuclear fuel. It will package all rods from two PWR 
fuel assemblies or four BWR fuel assemblies into a canister approximately 
8.75 inch x 8.75 inch x 14 feet. The system will be capable of remote automatic 
or semi-automatic operation during normal and off-normal conditions. With minimal 
changes of tooling the machine will be capable of handling all fuel types that will 
constitute more than 1 % of the total US spent fuel inventory by the year 2000. 

Five vendors are currently proceeding with a preliminary design. Up to three 
of these will be selected for completion of the final design. Two of these designs will 
be fabricated and cold tested using mock-up fuel representative of the fuel types to 
be consolidated. One of the fabricated prototypes will be selected for installation and 
operation in an existing hot shop in the INEL. Operation of the hardware will be 
demonstrated by consolidation of approximately 100 PWR fuel assemblies and 
approximately 100 BWR fuel assemblies. 
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Following demonstration operations, the equipment will be decontaminated 
and decommissioned. 

The technology being developed by the dry rod consolidation technology 
project will be utilized by the prototype consolidation demonstration project during 
the design process. Additional technology developed during the prototype consolida-
tion campaign will be documented and utilized throughout the DOE commercial 
spent fuel management programmes. 

IAEA-SM-294/73P 

DEVELOPMENT AT SELLAFIELD IN SUPPORT OF 
THE WINDSCALE VITRIFICATION PLANT 
FOR HIGH LEVEL WASTE 

M.J. LARKIN, W. SMITH, 
C.E. MAGRABI, R.G. FITZSIMONS 
British Nuclear Fuels pic, 
Sellafield, United Kingdom 

Since the decision to implement a vitrification process for high level waste at 
Sellafield was taken in 1972, an extensive glass technology programme has been 
undertaken, and since 1983 a full scale inactive facility for process development has 
been available. A major objective of this development programme has been to estab-
lish the maximum waste incorporation levels, and the manufacturing behaviour, 
reaction kinetics and stability of the candidate glasses. Thus, the limits for acceptable 
glass formulation have been established, as well as the flow sheet and process 
tolerances. 

Glass formation is governed by three basic parameters: the glass composition, 
the process temperature range and the residence time. The objective has been to 
design a flow sheet which gives a consistent and durable glass within the constraints 
imposed by the waste composition, the temperature limitations of the process and the 
available residence time. The qualities of the glass as a function of the composition, 
the temperature of formation and the time of formation have been determined. From 
these, the boundaries of the envelope of operating conditions within which an 
acceptable product is obtained have been determined. 

The precision with which the composition of the feeds can be determined and 
maintained, and the precision of control of the plant operating parameters have been 
established and sensitivity analyses have been performed to estimate the variations 
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which will take place under normal operation. It has been shown that the process is 
more than sufficiently tolerant to ensure that normal control procedures will secure 
an acceptable product, and that product checking and provision for recycle or further 
conditioning is unnecessary. 

The effect of breakdown or maloperation is also being studied, and the methods 
of recovery from such situations have been established. Experience so far has shown 
that the Windscale vitrification plant process is stable and robust, and that recovery 
from events such as total power failure or temporary failure of a feed is readily 
accomplished. 
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Керамические композиции, в частности, на основе природных глинистых 
материалов, пользуются определенным вниманием исследователей как перспек-
тивные матрицы для фиксации радиоактивных отходов. Одной из привлекатель-
ных сторон керамики на основе глинистых материалов является возможность 
включения в нее отходов различного вида с широким спектром химических и 
радиохимических свойств. При этом вариации в составе отходов можно ком-
пенсировать, регулируя соотношение компонентов в глинистой массе и темпе-
ратуру обжига таким образом, чтобы получить в результате продукт с заданны-
ми свойствами. 

Исследования показывают, что в керамику могут быть включены твердые 
мелкодисперсные продукты различной природы: оксиды, гидроксиды и 
некоторые соли металлов, а также неорганические фильтрующие материалы, 
золы от сжигания радиоактивных отходов и т.д. 

Керамические матрицы в качестве формы локализации радиоактивных 
отходов по сравнению со стеклоблоками обладают определенными преимущест-
вами, обусловленными физико-химическими свойствами керамики. 

Известно, что из-за метастабильности стеклообразного состояния при 
повышенных температурах, развивающихся в стеклоблоках при их получении 
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и хранении, может происходить процесс кристаллизации стекла, в результате 
чего его химическая устойчивость снижается в десятки раз. Керамика в этих 
же условиях обладает более высокой термодинамической и термической устой-
чивостью. 

При получении керамики компоненты сырьевого материала и отходов не 
должны образовывать гомогенный расплав, спекание шихты происходит в гете-
рогенной системе, поэтому в керамику можно включать также эти отходы, 
остекловывание которых затруднительно. 

При обжиге керамики узлы оборудования, работающие при высокой 
температуре, менее подвержены коррозии, т.е. отсутствует непосредственный 
контакт агрессивного расплава с поверхностью конструкционных материалов. 

Отсутствие свободной жидкой фазы и, следовательно, конвекционного 
перемешивания, является одной из причин меньшего перехода радионуклидов 
в газовую фазу. Таким образом, осуществляется более полное включение 
отходов, особенно летучих, уменьшается нагрузка на систему газоочистки и 
количество вторичных отходов. 

В настоящем докладе рассмотрены два варианта фиксации радиоактив-
ных отходов в керамических материалах: 

(1) смешивание мелкодисперсных отходов : золы от сжигания, неорга-
нических фильтрующих материалов, либо продукта кальцинации с 
глиной до получения пластичной (при влажности 25—30%) массы, 
пригодной для экструзии с последующим обжигом сформованных 
гранул; 

(2) использование пористых неорганических материалов для абсорбции 
глубоко упаренных жидких отходов с последующей сушкой, каль-
цинацией и превращением "насыщенного окислами" продукта в 
плотную керамику методом горячего прессования. 
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IAEA-SM-294/20P 

HIGH SENSITIVE ANALYSIS SYSTEM OF 
ALPHA EMITTERS IN RADIOACTIVE WASTE 

Y. BEROUD 
Societe generate pour les techniques nouvelles (SGN), 
Saint-Quentin-en-Yvelines, France 

1. INTRODUCTION 

The diversity of waste and the new requirements in the field of low level waste 
disposal have induced the Societe general pour les techniques nouvelles (SGN) to 
develop two sensitive analysis systems. 

The first, based on the total neutron counting technique, is better adapted to 
waste of known chemical composition. It permits, through simple and low cost 
devices, plutonium measurement with a sensitivity limit of 10"2 Ci/t.1 

The second, based on the neutron interrogation technique, is a general and 
complete analysis system with a sensitivity limit of 10~3 Ci/t. It offers the possibil-
ity of monitoring light or heavy density drums and provides direct knowledge of 
fissle isotopes (uranium or plutonium). 

2. TOTAL NEUTRON COUNTING SYSTEM 

Knowledge of the waste chemical compositions provides the possibility of 
using a simple, low cost and sensitive system to estimate the mass of plutonium in 
waste. This patented method is based on the following principle: for a fuel of known 
chemical form and inside a limited band of its burnup rate, the neutron emission is 
constant (i.e. non-dependent on the isotopic composition). 

The total neutron counting technique consists of detecting spontaneous fission 
neutrons as well as alpha-n reaction events without discrimination to estimate the 
mass of plutonium in waste. The accuracy depends on the burnup rate uncertainty 
taken into account. 

The experimental sensitivity limit is 10 mg Pu (PWR) in a 220 L drum, with 
a density of 0.2 g/cm3 and an estimated burnup rate of 25 000 to 32 000 MW'd/t. 
The accuracy is 20% and the measurement time is 20 minutes. 

1 1 Ci = 3.70 x 1010 Bq. 
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Under the conditions of a low background measurement room, the system is 
easy to operate. It is well adpated to waste of known chemical forms in small or large 
containers. 

Since it is based on passive neutron counting, such a system cannot be used for 
uranium measurement. 

Several systems are in operation at the La Hague and Marcoule centres. 

3. NEUTRON INTERROGATION TECHNIQUE 

The sensitivity of passive methods (gamma spectroscopy or neutron counting) 
greatly depends on the nature of the waste, the chemical and isotopic forms, the 
matrix composition and the spatial location of the waste nuclei in the drum. 

SGN, in collaboration with the Commissariat a 1'energie atomique, perfected 
a more sensitive and general system in order to reduce the uncertainties related to 
the nature of the waste and to reach lower sensitivity limits in compliance with the 
new regulations. 

The system is based on the neutron interrogation technique, which consists of 
irradiating the fissile sample with an external neutron generator and detecting prompt 
fission neutrons. Fission neutron counting provides knowledge of the amount of 
fissile material present in the drum. 

The system is designed to possibly combine active and passive techniques. The 
amount of non-fissile isotopes can be determined by passive neutron measurements, 
including total counting (spontaneous fissions and alpha-n reactions), passive neu-
tron coincidence (spontaneous fissions) and neutron multiplicity determination. The 
neutron multiplicity measurement is of use in identifying which spontaneous fission 
isotopes are present in the drum. 

The heart of the system is a rectangular chamber built to accommodate 220 L 
drums. The neutron generator and drum are positioned inside the chamber. The walls 
are made of graphite and polyethylene, materials which serve to moderate the fast 
neutrons produced by the neutron generator and also provide personnel shielding. 

The interrogating neutrons are provided by a pulsed D+T (deuterium+ 
tritium) neutron generator (Sodern) which produces 14 MeV neutrons at 108 n/s 
equivalent continuous emission and 1011 n/s peak pulse emission. The pulse repeti-
tion is adjustable from 20 to 10 kHz and the typical useful pulse width is 10 to 20 /xs. 
The neutron emission is stable during the whole useful lifetime of the tube, i.e. 
greater than 1000 hours. 

The pulsed neutron flux, after slowing down in the monitoring chamber walls, 
induces fission reactions in the fissible material. The prompt fission neutrons are 
selectively detected through the time correlation technique and by the cadium 
shielded packages of 3He counters located in each vertical wall. To monitor both 
thermal flux and drum absorption, two 3He counter tubes are placed in the 
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chamber. The amount of fissile material is obtained by the ratio: prompt fission to 
interrogating flux count. The drum monitor response permits software corrections. 

The calibration curve obtained with a sample placed in the centre of the light 
density drum (0.21 g/cm3) gives a sensitivity limit at 2a estimated at 3 mg 239Pu 
(PWR). 

SGN also provides the associated automatisms (drum rotation, drum presenta-
tion, etc.) and custom systems with chambers adapted to withstand a high level of 
gamma radiation. 

The SGN analysis system for transuranic isotopes in solid waste has the follow-
ing advantages: general and detailed analyses; high sensitive measurements 
(10~3 Ci/t); monitoring of light or heavy density drums with or without the inter-
ference of gamma radiations; and direct knowledge of the fissile isotopes. 

IAEA-SM-294/58P 

ECONOMIC EVALUATION OF VARIOUS 
MANAGEMENT STRATEGIES FOR 
ALKALINE SOLVENT WASH WASTE 

L. CECILLE, R.A. SIMON 
Commission of the European Communities, 
Brussels 

Under the Commission of the European Communities' second R&D 
programme on radioactive waste management, a study was carried out on the impact 
of three principal management strategies for alkaline solvent wash waste (ASWW) 
on the total management costs of all the low level liquid waste and medium level 
liquid waste (LLLWand MLLW) arising from reprocessing operations. This study, 
performed with the assistance of several consultants, was based on the experience 
gained in France, Belgium, the Federal Republic of Germany and the United 
Kingdom. Typical waste compositions including radionuclide inventories were 
defined. 

The study assessed the total management costs for LLLW and MLLW from 
their origin to final disposal, i.e. including treatment, conditioning, packaging and 
the transport steps. Depending on the specific activities of the resulting waste 
products, different disposal modes were considered (deep geological formations, sea 
dumping, shallow land burial). Since the discharge limits associated with a site may 
affect the treatment flow sheet, two different sites (coastal and inland) were consi-
dered for the location of the reprocessing plant. 
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TABLE I. AMOUNTS OF BITUMINIZED WASTE PRODUCTS PRODUCED IN 
THE THREE ASWW MANAGEMENT ROUTES FOR 30 YEARS' OPERATION 

Bituminized waste (220 L drums) 

ASSW route 
Geological disposal 

Shallow land burial 
or sea dumping 

Total 
ASWW 

contribution 
Total 

ASWW 
contribution 

1 (coastal site) 43 950 6510 — • — 

1 (inland site) 43 950 6510 189 480 7062 

2 (coastal site) 25 170 1316 — — 

2 (inland site) 25 170 1316 182 880 6978 

3 (coastal site) 25 607 890 — — 

3 (inland site) 25 607 890 169 294 6433 

TABLE II. ANNUAL DISCHARGES OF LIQUID EFFLUENTS INTO THE 
ENVIRONMENT FOR THE THREE ASWW MANAGEMENT ROUTES 
(1 Ci = 3.70 x 1010 Bq) 

ASWW route 
Liquid water discharges 

ASWW route 

Ci(T)/a Ci(0,7)/a 

1 (coastal site) 7.6 3040 

1 (inland site) io-4 5 x 10'2 

2 (coastal site) 7.5 1600 

2 (inland site) 10"4 2 X 10"2 

3 (coastal site) 4.8 1500 

3 (inland site) 10"4 2 x 10"2 
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C = coastal site 
I — inland, site 

Q] disposal costs 
by shallow 
land burial 

disposal costs 
in geological 
formation 

transport 
costs 

treatment/con-
ditioning 
costs 

Route No. 

FIG. 1. Total management costs for LLLW and MLLW (30 years' operation). 

In a first step, a reference management strategy for all the LLLW and MLLW 
generated in a reprocessing plant was drawn up. This involved treatment by chemical 
precipitation, possibly combined with ion exchange and evaporation, conditioning 
into bitumen, packaging into Type A or B containers and transportation by rail or 
road of the packaged waste to the three disposal options considered. 

Within this reference management strategy, three basic options were consi-
dered for AS WW management: 

Route No. 1: Common treatment of ASWW along with MLLW 

Route No. 2: Splitting at source of the ASWW into a high level fraction added to 
the high level liquid waste (HLLW) stream for vitrification and treat-
ment of the low level fraction as LLLW 

Route No. 3: Actinide recovery from ASWW, possibly combined with interim 
storage prior to treatment as LLLW or MLLW. 

On the basis of current technology, treatment and conditioning flow sheets and 
engineered flow diagrams were drawn up. This led to the quantification of volumes 
of waste products as well as discharges of liquid effluents for each principal route 
considered. The typical figures for waste arisings and radioactivity discharges are 
quoted in Tables I and II, respectively. 

Economic assessment took into account the capital and operating costs itemized 
according to each intermediate management step. Actualization of the cost compo-
nents was made according to the net present value method. This assessment resulted 
in the drawing up of diagrams such as that reported in Fig. 1. 
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In a second step, a sensitivity analysis was carried out for the main parameters: 
discharge limits, actinide losses in ASWW, disposal concepts and criteria, decon-
tamination performance and size of the nuclear park. This permitted identification 
and costing of nearly 100 management variants for LLLW and MLLW. The advan-
tages and disadvantages of each main management option in relation to a given set 
of basic parameters could then be highlighted and weighted, mainly in terms of cost 
but also with respect to their radiological impact resulting from liquid discharges. 

IAE A-SM-294/42P 

APPLICATION OF THE GEL SUPPORTED 
PRECIPITATION PROCESS IN THE NUCLEAR FIELD 
Conversion of U-Pu solutions for (U, Pu)02 

pellet fabrication and immobilization of 
high level waste in SYNROC ceramics 

P. GERONTOPOULOS 
AGIP SpA, 
Milan •-••>. 

V. LUPPARELLI, A. NOBILI 
Fuel Cycle Department, 
Comitate Nazionale per la Ricerca e per lo 

Sviluppo dell'Energia Nucleare e delle 
Energie Alternative (ENEA), 

CRE Casaccia, 
Rome 

Italy 

Various conversion methods have been applied to the U-Pu nitrate solutions 
arising from spent fuel reprocessing. 

The gel supported precipitation (GSP) method developed by ENEA and AGIP 
consists of a particular co-precipitation process where, by using a supporting agent 
such as methocel, gel granules of controlled dimension are obtained. The GSP 
process facilitates the introduction of automation and remote controlled operation 
systems. The GSP product shows the same advantages as those resulting from other 
co-precipitation processes; moreover, the granulometry of the powders obtained 
from the GSP product is such that it limits transfer operations and considerably sim-
plifies the subsequent ceramic pellet fabrication step. 
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The GSP method, developed within the framework of an agreement between 
AGIP, ENEA and CEA (France), has reached a level of technological development 
such that it can be now considered a valuable alternative to the well known oxalate 
precipitation for Pu nitrate conversion. The main results of the experimental activity 
show the advantages of the GSP process and underline its higher warranties regard-
ing safety and radiological protection. 

The SYNROC process was proposed in 1978 by A.E. Ringwood (Canberra 
University, Australia) as a means of immobilizing high level radioactive waste in a 
multicomponent crystalline-like ceramic matrix. 

Such crystalline structures are able to incorporate, in a solid solution, most of 
the toxic radionuclides contained in the high level liquid waste (HLLW). 

Comparative studies show that the SYNROC process produces a product with 
better characteristics than those based on glass, but it is a more complicated process. 

Application of the GSP technique to the SYNROC process could help simplify 
the technological difficulties. An agreement between ENEA and Australian Atomic 
Energy Commission has been signed for the development of the method. 

In a cold plant granules of inert oxides are produced (precursors) which have 
a size of 100 to 200 /mi. Solidification of HLLW is performed by impregnation-
evaporation in a rotating evaporator containing precursors. 

The granules are successively calcined in an inert atmosphere at 600 to 800°C, 
pressed and sintered. 
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IAEA-SM-294/26P 

DRY STORAGE FACILITY FOR IRRADIATED FUELS 
OR HIGH ACTIVITY NUCLEAR WASTE 

J. TEULON 
CEA, Centre d'etudes nucleaires de Cadarache, 
Saint-Paul-les-Durance 

L. CHAUDON, J.-C. FABRE 
CEA, Centre d'etudes nucleaires de 
Bagnols-sur-Ceze 

J. GEFFROY, M. DOBREMELLE 
CEA, Centre d'etudes nucleaires de 
Gif-sur-Yvette 

France 

la Vallee du Rhone, 

Saclay, 

1. INTRODUCTION 

A dry storage facility for irradiated fuels is now under construction by the 
CEA, with the following specifications: 

(1) Interim storage for periods not exceeding 50 years 
(2) Storage capacity: 150 to 200 tonnes of fuel 
(3) Reasonable investment costs and minimum operating costs 
(4) Guaranteed permanent double containment barrier between the fuel and the 

inactive zones. 

2. DESIGN OF THE FACILITY 

The storage method used is applicable to all types of spent fuel and waste in 
sealed containers, provided the dimensions and residual heat are compatible with the 
design of the facility. The storage facility design is based on two fundamental princi-
ples: fuel containment and adequate cooling. 

2.1. Fuel containment 

Fuel containment integrity is continuously maintained during storage by means 
of two static barriers: the fuel cladding and the well, or a leaktight fuel canister and 
the well. 
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1. Cask receiving 
2. Cask entry into inspection cell 
3. Activity verification and 

preparation for unloading 
4. Introduction of cask into 

handling cell 

5. Opening of cask 
6. Transfer of fuel, assembly 

by assembly, into wells 
7. Installation of shielding plug 
a Installation of well leaktight 

closure plate 
9. Closure of cask 

10. Transfer of cask into 
inspection cell 

11. Cask inspection before 
evacuation 

12. Exit of cask from inspection cell 
13. Evacuation of cask 

FIG. 1. Sequence of operations. 

2.2. Cooling system 

The storage wells are cooled by a single natural convection system. This 
system is self-regulating so that air flow is matched to the heat load of the facility. 
The cooling system includes: a cool air inlet circuit, the storage area and a hot air 
exhaust stack. 

3. MAIN SPECIFICATIONS 

3.1. Capacity 

The Cascad facility includes 319 stainless steel wells designed to receive spent 
fuel or waste. 

3.2. Heat capacity 

The facility is designed for a heat capacity of 200 kW. 
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3.3. Verification of leaktightness 

The internal atmosphere of the wells is air. The fuel canisters are filled with 
helium, thus providing an excellent means of leak detection by analysis of the well 
internal atmosphere. 

4. OPERATIONS (Fig. 1) 

A comparative assessment of the available solutions (cask, pool, vault and con-
crete canister designs) indicated that the option consisting of metal wells inside a 
vault with a natural convection cooling system best complied with the French safety 
criteria and cost requirements. 

It was decided to build a vault facility at the Cadarache Nuclear Research 
Centre; it will be operational by the end of the 1980s. 

IAEA-SM-294/13P 

TVO KPA STORE - FINNISH WET INTERMEDIATE 
STORAGE FACILITY FOR SPENT FUEL 

J. KANGAS 
Teollisuuden Voima Oy, 
Olkiluoto, Finland 

Teollisuuden Voima Oy (TVO) has operated two 710 MW ASEA-ATOM type 
BWRs since 1978 on the west coast of Finland. Together they produce about 20% 
of the electricity in Finland. 

In 1980, TVO started a study on different types of intermediate storage for 
spent fuel. On the strength of the results of this study, TVO decided to construct a 
wet intermediate storage facility. The main reasons for wet storage were: the proven 
technology, the lack of reference for dry storage of LWR fuel in operation, and the 
relatively low investment costs for a wet storage facility designed and constructed 
in Finland. 

All the spent fuel produced by the TVO I and II reactors can be stored in the 
storage facility and the storage capacity can easily be enlarged for future purposes. 
In the first phase, there will be three storage pools with a total storage capacity of 
1200 tonnes of uranium. The design lifetime of the storage facility is 60 years. This 
will give TVO the time and the possibility to develop the back end of the fuel cycle 
in an optimum way. 
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The TVO storage facility fulfils the criteria laid down by the Finnish authori-
ties, and also meets the requirements of the American National Standards Insti-
tute/American Nuclear Society criteria as well as the United States Nuclear 
Regulatory Commission's regulatory guides. 

The KPA Store has the following time schedule: 

(1) Design phase: middle o f 1981 to end o f 1983 
(2) Construction work: beginning o f 1984 to end o f 1985 
(3) Installation: end o f 1985 to end o f 1986 
(4) Commissioning: 1987. 

The construction and design of the KPA store has been carried out, and most 
of the components have been delivered and installed by Finnish companies. Only the 
fuel transport casks have been fabricated totally outside of Finland. In the project 
design phase, TVO used the Finnish Imatra Power Company as the 
architect/engineer. In all other respects, the project has mainly been handled by 
TVO's own personnel. 

In the first phase, the KPA Store will be run by TVO I personnel. After 
decommissioning of the power plant units, some extra process systems and opera-
tional personnel will be needed in the KPA Store. 

The investment costs in the first phase will be roughly FIM 200/kg U 
(US $40/kg U). Later, when the storage facility is independent, the unit costs will 
increase slightly. 

TVO's aim is to transfer the first fuel assemblies from the power plant units 
to the KPA Store in late 1987. 

IAEA-SM-294/93P 
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цикле, одним из важнейших компонентов которого является регенерация 
отработавшего топлива на радиохимических заводах. 

К оборудованию для радиохимических производств, помимо общетех-
нических, предъявляются еще и специфичекие требования. Это — эксплуатация 
в условиях многозональной компоновки производственных помещений и обес-
печение условий ядерной безопасности. 

Основополагающими принципами при создании радиохимического обору-
дования являются: 

— дистанционное обслуживание и ремонт; 
— обеспечение длительного межремонтного цикла; 
— преимущественное применение непрерывнодействующего оборудо-

вания, что позволяет наиболее полно автоматизировать его; 
— применение специальных механизмов для замены и ремонта аппаратов ; 
— использование только коррозийно-устойчивых металлов и сплавов; 
— обеспечение ядерной безопасности за счет использования соответству-

ющих геометрических параметров ; 
— конструирование комплексных установок; 
— использование робото-технологических комплексов для обслуживания 

и ремонта оборудования. 

Для разделения суспензий на различных операциях ядерного топливного 
цикла указанные требования проще всего выполнить, используя центробежные 
машины. Благодаря высокой движущей силе процесса, их можно создавать 
компактными и полностью автоматизированными и реально перейти к техноло-
гии без обслуживания человеком. 

В этих аппаратах центробежное поле может быть использовано как для 
разделения суспензий, так и для их приготовления и транспортировки. 

Созданы аппараты такого типа, позволяющие осуществлять дистанцион-
ный монтаж и демонтаж, а также дистанционную разработку и сборку. Центри-
фуги имеют следующие особенности: 

— исполнены в виде блочной конструкции; 
— значительно сокращено количество узлов и деталей, что уменьшило 

площадь поверхностей, подлежащих дезактивации; 
— крепежные детали, обслуживаемые дистанционно, выполнены невыпа-

дающими, и количество их минимально. 
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Abstract 

DEVELOPMENT OF OXIDE FUEL REPROCESSING AT SELLAFIELD. 
A thermal oxide reprocessing plant (THORP) is currently under construction at 

Sellafield to reprocess oxide fuel irradiated in thermal reactors. A description is given of the 
development work that has been carried out for the head end and solvent extraction processes. 
THORP will have facilities for fuel receipt, storage, shearing, dissolution, feed clarification, 
accountancy, solvent extraction, uranium and plutonium conversion and medium active liquid 
effluent evaporation. Other facilities on the Sellafield site will process the high and low level 
liquid effluents and the solid waste. Two-thirds of the baseload is from overseas LWRs and 
one-third from UK reactors. The plant is designed to have a maximum daily throughput in 
the head end of 7 t U/d and in the solvent extraction process of 5 t U/d. The direction of the 
development work has been strongly influenced by the desire to reduce the environmental 
impact and the operator radiation dose. This led to the use of salt free flow sheets to assist 
in waste management. For the head end, development has covered shearing, dissolution, 
dissolver off-gas treatment and feed clarification. The development of bulk shear and remote 
maintenance facility is described. Development of the solvent extraction flow sheet has been 
carried out on a small scale counter-current pulsed column and mixer-settler equipment under 
alpha active conditions with plutonium and uranium and fully active conditions with irradiated 
fuel. The salt free flow sheets were developed to the point where the conventional third cycles 
for uranium and plutonium purification could be eliminated. The fully active work showed 
unpredicted behaviour of the fission product technetium in the highly active cycle. The 
technetium complexed with zirconium and co-extracted into the partition contractor, where it 
reacts with the hydrazine added to stabilize the reductant. Extensive development of both flow 
sheets and process equipment was necessary as a result of this discovery to minimize the effect 
of the reactions. 

1. INTRODUCTION 

A third reprocessing plant is currently under construction at Sellafield to 
reprocess oxide fuel from thermal reactors. This plant, known as THORP (thermal 
oxide reprocessing plant), will have facilities for fuel receipt, storage, shearing, 
dissolution, feed clarification, accountancy, solvent extraction, uranium nitrate 
conversion, plutonium nitrate conversion and medium active liquor evaporation. 
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Other facilities on the Sellafield site will be used to process the high and low level 
liquid effluents and the solid waste. The plant will have a baseload of 6000 t in the 
first 10 years of operation. 

2. HEAD END DEVELOPMENT 

The head end process in THORP is based on the traditional shear/leach 
approach, but much of the equipment design is novel and has required extensive 
development. As a result of the projected lower availability of the mechanical 
sections of the head end plant, a design throughput of 7 t U/d has been specified to 
match the 5 t U/d achieved in the solvent extraction plant. 

After delay cooling, fuel is to be transferred from the main storage pond into 
the THORP feed pond. Here the fuel is removed, monitored radiometrically and 
transferred to the dry shear cave. The fuel is fed incrementally to the shear and the 
chopped pins fall into a dissolver basket containing hot nitric acid. On charging a 
complete batch, the dissolver temperature is raised to reflux in order to complete the 
dissolution process. 

After transferring the dissolver product solution, coarse particles at the base 
of the dissolver are removed for washing and decantation. The basket of empty hulls 
is washed with the incoming batch of fresh acid before being removed fcr residual 
fuel monitoring and dispatched to a separate encapsulation process. Off-gases 
generated during the dissolution process are treated in a condenser, followed by a 
series of counter-current scrubbing operations designed to remove nitrous oxides, 
129I and 14C. 

Dissolver product liquor contains fine particles of insoluble fission products 
and cladding debris which have to be removed in order to avoid potentially hazardous 
accumulations in the downstream plant. Clarification is achieved in THORP by a 
suspended bowl centrifuge, the centrifuge cake being routed to the encapsulation 
plant. 

Virtually all aspects of the THORP head end have required some development 
work. This paper concentrates on the development of the bulk shear and remote 
maintenance facility. 

The experience gained during operation of the first head end plant at Sellafield 
between 1969 and 1973 has had a major influence on the design of the THORP shear 
system. In particular, in the interests of reduced personnel radiation dose uptake, 
hands-on maintenance operations have been avoided. Also, the horizontal shear 
layout has been abandoned in favour of a vertically oriented machine. 

Remote maintenance is clearly beneficial in terms of reduced operator dose, 
but it has to be achieved on a time-scale that does not prejudice the availability of 
the shear. This constraint has been met by use of a single THORP shear machine 
which accommodates one of three available in-cave modules known as shear 'packs'. 
Each pack can be maintained off-line in a purpose designed remote maintenance 
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facility, thereby minimizing the down-time associated with replacement of worn 
components. 

The shear pack is of modular design and can readily be broken down into its 
major subassemblies for easy access to the worn components in the maintenance 
facility. It also minimizes the number of horizontal surfaces where fuel dust can 
accumulate, thereby easing the problems of contamination in the maintenance suite. 
Most importantly, however, the combination of horizontal fuel feed and vertical 
blade and gag operation has led to the adoption of a vee-shaped anvil, which allows 
the diverse range of feed stock for THORP to be accommodated in a universal feed 
system. 

Shear pack development has been performed on a full scale prototype pack 
which was comprehensively instrumented to facilitate measurement of shearing loads 
and pack deflections. Dummy fuel elements of each major fuel type (PWR, BWR, 
AGR) were used in the trials. To avoid the need for uranium active facilities, the 
fuel pins were filled with ceramic 'steatite' pellets, which have very similar mechani-
cal properties to U02. In some cases, work hardened Zircaloy pins were used to 
simulate the increased tensile strength and brittleness of irradiated LWR elements. 

Early development work was aimed at establishing the peak load for shearing 
each type of element. Heavy side loads are exerted on the blade during shearing; the 
extent of these loads was measured in order to establish the load transmitted to the 
main shaft bearings. One of the main aims of the development work was to optimize 
the shape of the gags for each major type of fuel. AGR fuel is fed as dismantled pins 
contained in slotted cylindrical cans, in four-can batches. Development has shown 
that reversing the sequence of the inner and outer gags is beneficial at the intersection 
of each can in order to avoid premature displacement of pin ends out of the shear. 
The square sectioned PWR and BWR fuel has to be gagged and sheared across-
corners in a vee-shaped anvil. Development has shown that the function of the outer 
gag should be to gather the pins centrally in the anvil while applying gradual 
compaction; the major compaction is performed subsequently by the flat inner gag. 

Blade wear tests would be prohibitively expensive on the full scale shear 
because of the quantity of dummy fuel required. Hence, comparative trials of a range 
of tool steels have been performed at a reduced scale and this work will be extended 
to investigate the influence of blade geometry on wear rate. 

Development of the maintenance facility was done with full scale mock-ups of 
the maintenance bulges and equipment proposed for THORP. The concept is to have 
one bulge dedicated to breakdown of the shear pack into its major subassemblies, 
followed by two smaller bulges where individual components can be removed and 
replaced within the subassembly. Operations within each bulge are performed by 
purpose designed tools op the end of a powered mast. The shear pack or subassembly 
is mounted on a bogie in the bulge, so that alignment of the tool with the workpiece 
can be achieved by a combination of linear motion of the bogie and circular motion 
of the mast, which is mounted on a turret. 
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Operations in the bulge are controlled from a viewing window, supplemented 
by three closed circuit TV cameras inside the bulge with monitors adjacent to the 
operator. A major part of the development work has been to perform the complete 
sequence of dismantling and re-building operations, covering the moving blade, 
fixed blade, gag tips and bearings, in order to ensure that viewing positions are 
optimized and operations can be performed as intended. This has been an iterative 
process, with many improvements being identified and fed back into the design as 
development work has progressed. 

3. SOLVENT EXTRACTION DEVELOPMENT 

The oxide fuel for THORP will have a plutonium content five times greater 
than the Magnox fuel currently reprocessed at Sellafield and this led to a re-appraisal 
of the type of solvent extraction contactor to be used. Mixer-settlers, with their high 
volume to surface area ratio, would have required excessively dilute feed solutions 
to maintain plutonium criticality safety under all operating conditions. Pulsed, perfo-
rated plate columns, on the other hand, have low volume to surface areas ratios and 
have no moving mechanical parts, a major attribute for a radioactive plant. Solvent-
aqueous contact times are also substantially less than in an equivalent mixer-settler, 
thus minimizing the solvent degradation caused by the higher specific activity and 
plutonium content of the oxide fuel. 

Pulsed columns were therefore selected as the solvent extraction contactors for 
the first, highly active cycle and the plutonium purification cycle of THORP. This 
section describes some aspects of the development work carried out at Sellafield on 
the highly active (HA) cycle and illustrates how this work has influenced the design 
of this part of THORP. 

Preliminary trials at Sellafield, using the initial chemical flow sheet and a 
150 mm diameter single pulsed column, allowed the internal plate design of the 
THORP HA cycle columns to be specified and estimates to be made of the required 
heights and diameters. Since then, detailed chemical flow sheet testing and large 
scale equipment testing have proceeded in parallel, each influencing the other, using 
a range of inactive, alpha active and fully active test rigs, including: 

(1) A 1/6000 scale alpha active rig for process chemistry flow sheet development 
(2) A 1/6250 scale fully active miniature pilot plant for process chemistry proving 

under highly active conditions 
(3) A 1/1 scale pulsed column test rig which uses uranium and is a full size replica 

of the THORP HA cycle 
(4) A 1/250 scale alpha active rig for process chemistry and scale-up studies. 
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4. PROCESS CHEMISTRY FLOW SHEET DEVELOPMENT 

The pattern of work has been to develop the chemistry of the flow sheet on 
the 1/6000 scale alpha active test rig, to test this flow sheet under fully active condi-
tions using the miniature pilot plant, and finally to confirm the chemistry using the 
intermediate scale alpha active rig. 

4.1. Effect of technetium on plutonium-uranium separation 

It was recognized that particular attention would need to be paid to certain 
partially extractable fission products. In particular, " T c was of concern because it 
was known that, in the U(IV) reductive separation of U and Pu, it catalysed the 
destruction of the hydrazine stabilizer by nitrate ions by taking part in a complex 
cycle of reactions. 

Alpha active work showed that 30% of the " T c in the feed solution would be 
carried in the solvent into the IB plutonium-uranium reductive separation system, 
but it was shown that this could be allowed for by an increase in the hydrazine input 
to the system. 

Trials of the flow sheet using irradiated fuel in the miniature pilot plant 
showed, however, that all of the technetium was carried through to the IB system. 
Detailed chemical investigation showed that this was due to technetium forming a 
complex with zirconium, which is completely extracted in the HA pulsed column [1]. 

Although stability of the IB system under these new conditions could be estab-
lished by an increase in the amount of hydrazine fed to the system, it was judged 
undesirable that a large proportion of the stabilizer should be consumed by side 
reactions. Accordingly, methods to limit the extent of the Tc-hydrazine reaction 
were examined. 

Reagents such as thiocyanate, thiourea and ascorbic acid, which reduce 
technetium and render it inextractable, were rejected because they can complex 
uranium and plutonium and will also form undesirable breakdown products. 
Zirconium is complexed by fluoride, sulphate and oxalate [2], which would prevent 
the co-extraction of technetium and zirconium. However, potential plant corrosion 
problems and the complexing of plutonium with oxalate led to the rejection of these 
methods. 

Introduction of further solvent extraction steps to backwash technetium prior 
to the 1BX column was considered but rejected because of the increased mechanical 
complexity introduced and the production of an extra waste stream. 

Reducing the temperature of the 1BX/1BS system for 35 to 20 °C was found 
from trials on the alpha active and highly active miniature rigs to give about a 
threefold reduction in the rate of the Tc-hydrazine reaction (activation energy 
76 kJ-mol -1), but in the 1BX column the plutonium-uranium separation efficiency 
was also degraded. 



404 TAYLOR et al. 

It had been realized that axial mixing in the 1BX aqueous continuous column 
was likely to be significant because of the unfavourable phase ratio and hence low 
aqueous superficial velocity and that limitation of it would be necessary to obtain 
satisfactory plutonium-uranium separation behaviour. Trials of the 1BX column at 
35 °C on the full size pulsed column rig showed that control of the dispersed phase 
hold up (DPHU) and interface position was also difficult because of the high solvent 
to aqueous ratio. 

It was found that the 1BX column would operate stably in either high (more 
than 50%) or low (less than 30%) DPHU regimes, depending on the throughput and 
pulse energy [3, 4]. Operation in, or passage through, the transiton region between 
the two regimes, however, led to wide and erratic variations in DPHU which made 
column control very difficult. A similar phenomenon has been reported by other 
workers [5]. Reducing the 1BX temperature to 20 °C exacerbated these difficulties 
by lowering the pulse energy and throughput boundaries at which the transition 
region was entered. Thus, low temperature operation of 1BX was rejected on both 
chemical and hydrodynamic grounds and solvent continuous operation of the column 
to reduce the aqueous residence time was investigated. 

4.2. Solvent continuous operation of the 1BX column 

Initial trials on the pulsed column test rig showed that the aqueous DPHU 
would be approximately 10%, giving a low aqueous residence time. The superficial 
velocities of both phases in the column are high, leading to a minimization of axial 
mixing, and it was found that the column operated very stably with none of the 
DPHU transitions and interface control difficulties experienced with aqueous 
continuous operation. 

There was initially uncertainty whether acceptable plutonium-uranium separa-
tion efficiencies could be achieved across 1BX and whether hydrazine, which is 
inextractable, could adequately scavenge nitrous acid from the bulk solvent phase 
and hence stabilize the system. Trials carried out under alpha active conditions 
showed good chemical stability and overall plutonium decontamination factors in 
excess of the flow sheet requirement. Hydrazine consumption was shown to be 
lowered, so that the full size 1BX/1BS system would require only 50 to 60% of the 
hydrazine input of the original flow sheet. Trials under fully active conditions 
confirmed these findings, while the full size trials confirmed increased throughput 
capacity of the solvent continuous column. 

An extensive series of detailed investigations of the mechanism of consumption 
of hydrazine, the yield and routing of hydrazine decomposition products and the 
factors affecting plutonium-uranium separation efficiency were then carried out 
using the 1/6000 scale and 1/250 scale alpha active rigs and the highly active 
miniature pilot plant. These trials have shown good plutonium-uranium separation 
efficiency and a stable and robust flow sheet. 
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5. EQUIPMENT DEVELOPMENT 

Equipment development for the THORP HA cycle has been centred on the full 
scale pulsed column test rig (PCTR) at Sellafield. The rig consists of four full scale 
pulsed columns constructed in stainless steel and equipped with sampling points for 
the individual phases and for the emulsion to provide mass transfer and dispersed 
phase hold up data. The internal components comprise stainless steel nozzle or sieve 
plates with 4.5 mm diameter holes, a 23% free area and spaced at 50 mm intervals 
throughout. Air lifts transfer liquor from one column to another under flow control. 
Instrumentation is provided to measure the column temperature and hydrostatic head 
and to detect and control the solvent-aqueous interface in each column. 

The PCTR was commissioned in 1981 and ten experimental compaigns each 
of 40 to 50 days continuous operation have been carried out. As well as the initial 
requirement to confirm the mass transfer and throughput performance of the THORP 
columns, an equally important aim of the test work has been to develop control 
equipment which does not require maintenance or replacement over the expected 
plant life and which is unaffected by high radiation fields. 

In general, the four pulsed columns of the PCTR have performed as predicted 
from the smaller scale trials, but there have been a number of unexpected findings 
in relation to DPHU, interface control and aqueous feed distribution. 

5.1. Aqueous feed distribution 

Initial mass transfer trials using uranium in the solvent continuous HA column 
of the PCTR showed that the flow sheet aqueous raffinate uranium concentration of 
0.002 g/L could be met, but that to do so, almost all the column height of 6 m was 
required. In addition, temperature profile monitoring of the HA columns showed a 
rather lower than expected temperature peak due to the exothermic extraction of 
uranium into solvent. The original feed arrangements for the uranium containing 
aqueous feed were simple, with a 50 mm diameter inlet on the side wall of the 
column, aligning with suitable plates and spacers within the column. Trials using a 
glass pulsed column showed that a satisfactory dispersion of the aqueous phase in 
the solvent was only achieved with this arrangement some 1 to 2 m below the 
aqueous feed point. 

A novel distributor was designed and tested, using the glass column, and 
showed excellent distribution immediately below the unit. This reduced the overall 
column height needed to meet the flow sheet and increased the magnitude of the 
uranium extraction temperature peak. 

5.2. Interface detection and control 

The position of the interface between the two phases in a pulsed column must 
be regulated to ensure stable operation and satisfactory mass transfer performance. 
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To achieve this it is necessary to specify a means of detecting the interface, a means 
of regulating the aqueous flow leaving the bottom of the column and a controller 
characteristic. 

Detection of the interface and regulation of the aqueous flow leaving the 
column are not, in an active plant, trivial problems. No moving part systems must 
be used and instrument systems must be remote from the column behind the radiation 
shielding. For interface detection a 'pneumercator' system is used, involving the 
measurement of the differential pressure between two tubes used to bubble air into 
the column above and below the interface. Such systems have been used routinely 
in the nuclear industry for many years, but application to pulsed columns is difficult 
because of the interference with the small differential pressure caused by the much 
larger pulsing pressure applied to the column. The effect of the pulsing pressure is 
to cause liquor to oscillate within the pneumercators interrupting the regular aspira-
tion of air from them. Extensive theoretical assessment and experimental trials have 
now allowed the development of a mathematical model of this liquor movement so 
that the pressure signals can be interpreted and a reliable interface position signal 
derived. 

For the regulation of aqueous flow from each column, air lift control systems 
have been developed. Extensive trials on air lifts as metering devices have been 
carried out on a separate test rig and we are now able to specify with confidence the 
optimum pipe bore sizes, air inlet point, air and liquor flows and liquor flow stability 
for interface control air lifts. 

Theoretical and experimental studies of the controller characteristics required 
showed that for satisfactory column operation the rate of movement of the interface 
is far more important than its actual position, so that conventional set point control 
is not appropriate. Work on the PCTR has allowed development of a microprocessor 
based control system which can be programmed with the physical characteristics of 
each column, e.g. the continuous phase residence time and the ratio of liquor move-
ment between the column and the phase disengagement section. These factors can 
then be used to limit controller action so that the rate of interface movement does 
not unacceptably disturb the operation of the column. 

These measures have now allowed the stable and satisfactory operation of the 
four PCTR pulsed columns as a unit and this, in turn, has provided the design 
confidence for THORP in this area. 
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Abstract-R6su m£ 

RESEARCH AND DEVELOPMENT RELATING TO REPROCESSING AND WASTES 
AT THE COMMISSARIAT A L'ENERGIE ATOMIQUE (CEA). 

In view of the progress made in studies on reprocessing and wastes during the last 
decade, and with a view to industrial development, most R&D work on the back end of the 
fuel cycle at the CEA has been concentrated in a unit devoted specifically to this activity. The 
work on reprocessing is divided into different steps: hot laboratory studies, chemical enginer-
ing studies, technological development and prototype testing, and active pilot plant experi-
ments. The main purposes of these studies were — and still are — extension of the La Hague 
plant (UP3 and UP2-800) and reprocessing of FBR fuels. The renovated Marcoule pilot plant, 
now under testing, is designed specially for such fuels. A branch has recently been established 
for qualification of remote control techniques. Programmes are being developed for moderni-
zation of the existing plants and for future plants. A specialized department is in charge of 
all studies on waste treatment, conditioning and storage, including the design and behaviour 
of artificial barriers and characterization of the conditioned waste. In connection with these 
programmes, work is also being done on materials, corrosion and analysis. A review is given 
of the major R&D activities. 

LES RECHERCHES ET DEVELOPPEMENTS SUR LE RETRAITEMENT ET LES 
DECHETS AU COMMISSARIAT A L'ENERGIE ATOMIQUE (CEA). 

Etant donne Involution des etudes sur le retraitement et les dechets depuis une dizaine 
d'annees et dans l'optique du developpement industriel, la plupart des R&D portant sur la fin 
du cycle du combustible ont ete structures, au CEA, au sein d'une unite dont c'est la mission 
principale. Les travaux sur le retraitement sont articul6s selon les differentes etapes suivantes: 
Etudes en laboratoires chauds, etudes de g£nie chimique, developpements technologiques et 
experimentation de prototypes, experimentation en pilote actif. Les principaux objectifs de ces 
Etudes ont ete — et sont encore — les extensions de 1'usine de La Hague (UP3 et UP2-800) 
ainsi que le retraitement des oxydes rapides. L'Atelier pilote de Marcoule renove, en cours 
d'essais, est plus specialement consacre a ces derniers combustibles. Une antenne a ete cr66e 
recemment pour la qualification de la robotique. Des programmes sont en cours de developpe-
ment pour la modernisation des usines et pour les usines futures. Un departement specialise 
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est charge de toutes les etudes sur le traitement, le conditionnement et le stockage des dechets, 
comprenant la conception et le comportement des barri&res artificielles et la caract£risation 
des dechets conditionnes. En relation avec ces programmes, des travaux sont 6galement men6s 
sur les materiaux, la corrosion, l'analyse. Les principales actions de R&D sont passees en 
revue dans ce memoire. 

1. ORGANISATION 

Le groupe CEA est engage depuis plusieurs annees, par 1'intermediate de ses 
filiales, la Cogema (Compagnie generale des matieres nucleaires) et 1'Andra (Agence 
nationale pour la gestion des dechets radioactifs), dans d'importants programmes sur 
la fin du cycle du combustible nucleaire. Ces programmes sont notamment lies a la 
decision de construire sur le site de La Hague deux usines de retraitement pour les 
combustibles des reacteurs a eau, l'usine UP3, entierement nouvelle, d'une capacite 
de 800 t/a, qui doit etre mise en service debut 1989, et l'usine UP2-800, extension 
de 1'usine actuelle UP2 dont la capacite sera portee a 800 t/a au debut des annees 
1990 par la mise en service de nouveaux ateliers. 

Par ailleurs, il existe un projet d'usine specifique d'une capacite de 50 t/a pour 
les combustibles des reacteurs a neutrons rapides. 

Pour ces usines, comme pour d'autres installations du cycle du combustible, 
est prise en compte la gestion des dechets. 

La realisation de tels programmes necessite un support de R&D particuliere-
ment important, impliquant une organisation pour coordonner les differentes actions 
a mener et assurer 1'adequation aux besoins des differents projets. 

En plus de ces actions directement liees aux projets industriels, des etudes, 
certes limitees, sont en cours pour les usines futures. 

Les unites de R&D travaillant sur la fin du cycle sont concentrees, au CEA, 
au sein de l'lnstitut de recherche technologique et de developpement industriel 
(IRDI) et, pour l'essentiel, dans une de ses divisions, la Division d'etudes de retraite-
ment et des dechets et de chimie appliquee (DERDCA). Pres de 90% des moyens 
de cette division, qui compte plus de 1400 personnes, reparties sur sept centres du 
groupe CEA, sont affectes a la fin du cycle. Elle se compose de trois departements 
de R&D specialises respectivement pour le retraitement, la gestion des dechets et les 
activites support-corrosion et analyse. Un quatrieme departement est specialement 
charge de 1'interface entre les unites de R&D et les «clients» (Cogema et Andra) ainsi 
que d'etudes technico-economiques. 

2. PRINCIPALES ACTIONS DE R&D SUR LE RETRAITEMENT 

Un important programme de R&D systematique a ete mis en place, articule 
selon les etapes suivantes: 
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1) Les études à l'échelle du laboratoire, comprenant les recherches de base per-
mettant d'acquérir les données nécessaires à la conception des procédés et, avec l'ex-
périence provenant de l'exploitation des usines et pilote actif, d'élaborer les schémas 
de procédé pour les projets d'usine. Ces études comprennent également les essais de 
vérification des schémas proposés, en a, puis en cc(3y sur combustibles représenta-
tifs. Elles permettent de nourrir et de qualifier les codes de calculs pour la modélisa-
tion des opérations mises en œuvre, indispensables pour l'optimisation des schémas 
et les études de sûreté. 
2) Les études de génie chimique destinées à fournir les règles et les modèles 
indispensables pour la conception et l'extrapolation des appareils sensibles à partir 
d'essais en maquette. 
3) Les développements technologiques et l'expérimentation d'appareils proto-
types (échelle 1 de l'usine). Malgré le coût élevé en investissement et exploitation, 
et malgré la difficulté de simuler en inactif un fonctionnement réel en actif, une telle 
étape est parfois indispensable pour vérifier les solutions technologiques et les 
dessins de l'ingénierie et y apporter, le cas échéant, des corrections. 
4) L'expérimentation en pilote actif. Le CEA dispose de l'Atelier pilote de 
Marcoule, en cours de rénovation et d'extension, qui doit redémarrer en actif 
prochainement (mi-1987). Capable de traiter 5 t/a de combustibles rapides de type 
Phénix, il offre la possibilité d'expérimenter et de qualifier en actif, dans des condi-
tions voisines de celles des usines, des procédés et des appareillages pour le retraite-
ment de combustibles eau légère (au plutonium ou non) ou rapides. 

Il n'est pas possible de décrire dans un tel exposé l'ensemble des sujets étudiés. 
Nous n'en évoquerons que les plus importants. 

2.1. Traitements mécaniques 

2.1.1. Désassemblage 

Les assemblages «rapides» doivent être démantelés afin qu'il ne soit pas néces-
saire de tronçonner leur tube hexagonal épais. Cette opération comprend des 
découpes transversales et longitudinales de ce tube afin de séparer les pièces mas-
sives d'extrémité et d'avoir accès aux aiguilles. On a cherché à éviter de projeter des 
poussières et d'endommager des aiguilles. 

Deux procédés ont été développés pour la découpe transversale: le fluage en 
chauffage électrique haute fréquence et la fissuration. 

La découpe longitudinale est réalisée avec le second procédé, dont le principe 
consiste à effectuer une mauvaise soudure en introduisant dans la zone fondue un 
métal étranger provoquant une fissure. 

Quatre assemblages irradiés de Phénix ont été ainsi ouverts en 1983 et 1984. 
Ce procédé est appliqué pour l'équipement d'un banc de démantèlement pour sur-
veillance des assemblages irradiés de Superphénix-1. 
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2.1.2. Cisaillage 

La R&D sur le cisaillage des assemblages entiers des reacteurs a eau a porte 
sur la definition de la lame (lame a crocs) permettant une diminution des efforts de 
coupe, ainsi que sur le dimensionnement et le positionnement des galets et des rails, 
la ventilation interne et la jonction vers les appareils chimiques. Tous ces developpe-
ments ont ete effectues en utilisant des materiaux de simulation, aussi representatifs 
que possible, sur des bancs d'essais instruments. 

2.2. Dissolution 

Les etudes de dissolution realisees en chaines blindees portent sur la cinetique 
de dissolution (en mode discontinu et continu), la formation de mousses et de Pu(VI), 
la quantification et la caracterisation des insolubles, la caracterisation des coques. 
Ces etudes sont realisees sur des combustibles representatifs de la filiere a eau 
ordinaire (avec ou sans plutonium recycle) et de la filiere a neutrons rapides. 

Afin d'evaluer le comportement du combustible a la dissolution dans les 
usines, des mesures granulometriques ont ete effectuees a la fois sur des preleve-
ments operes lors du cisaillage industriel a La Hague d'un assemblage REP, et en 
laboratoire lors d'essais de cisaillage de crayons irradies de REP. 

Un effort important a ete consacre a la mise au point de dissolveurs fonction-
nant en continu: dissolveur continu rotatif pour les extensions de La Hague, et dissol-
veur continu helicoidal pour les combustibles rapides. 

Les essais se poursuivent sur une derniere version du prototype rotatif tenant 
compte des dernifcres contraintes de l'ingenierie. 

2.3. Les extractions 

Les codes de calcul elabores a partir des donnees de base et qualifies en actif 
ont permis de definir le schema du premier cycle d'extraction d'UP3, minimisant les 
problemes lies a la presence de technetium. L'experimentation de ce schema sur 
combustibles irradi6s a confirm^ les valeurs donnees par le calcul. 

Une installation de colonnes pulsees de petit diam&tre (15 a 25 mm) a ete mon-
tee pour verifier le comportement du plutonium dans les operations d'extraction en 
colonnes pulsees et, en particulier, la partition U-Pu pour le projet UP2-800. 

On dispose de trois installations inactives de colonnes pulsees: 
1) Une installation comprenant des colonnes pulsees de differents diametres 
utilisee pour des etudes de genie chimique et de modelisation. Elle a permis de 
donner le dimensionnement des colonnes puisnes des cycles de purification du pluto-
nium d'UP3. 
2) Un pilote comprenant un cycle complet d'extraction a une echelle tres voisine 
de celle des cycles plutonium d'UP3, ou sont verifiees les valeurs donnees pour les 
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caractéristiques des colonnes, de leur garnissage et de leurs annexes pour les cycles 
plutonium d'UP3, et où sont définis les domaines et les procédures de fonctionne-
ment des différentes colonnes. Cette installation sert également aux études de 
commande-conduite. 
3) Une installation de colonnes puisées annulaires permettant de s'affranchir des 
problèmes de criticité, proposées par le CEA et faisant l'objet d'études technolo-
giques importantes à l'échelle 1. Le développement a essentiellement porté sur la 
comparaison des différents garnissages possibles, l'étude de la dérive des perfor-
mances dans le temps suite à la variation de mouillabilité des plateaux et des moyens 
à mettre en œuvre pour s'en prémunir, la mise au point du contrôle-commande qui 
fait appel aux apports les plus récents de l'informatique et, enfin, des organes 
périphériques et de leur fiabilité (pulseurs, etc.). 

Pour le plus long terme, des recherches sont lancées sur de nouveaux solvants 
en remplacement du TBP. 

2.4. Le traitement du solvant 

Le traitement du solvant pour recyclage a fait l'objet d'études et de développe-
ments très importants. 

Une installation pilote froide à l'échelle 1/20 d'UP3 a été montée pour tester 
le procédé de régénération du solvant par distillation proposé pour UP3. 

Une unité prototype capable d'évaporer 500 L/h d'un mélange TBP + diluant 
a été réalisée en vraie grandeur. Le procédé, qui fonctionne sous pression réduite, 
met en œuvre des technologies particulières assurant de très faibles temps de séjour 
du solvant pour minimiser sa dégradation thermique. 

2.5. Dissolution du P u 0 2 

Le procédé de dissolution de l'oxyde Pu02 en milieu nitrique en présence 
d'ions argentiques régénérés électrolytiquement est expérimenté à l'échelle prévue 
dans UP3 (de l'ordre du kg par lot) pour la reprise de rebuts de Pu02 ou de lots 
hors normes. 

Ce procédé est utilisé également pour récupérer le plutonium contenu dans les 
cendres d'incinération. 

3. PRINCIPALES ACTIONS DE R&D SUR LE CONDITIONNEMENT 
ET LE STOCKAGE DES EFFLUENTS ET DECHETS 

Pour les déchets, en plus des études sur leur traitement et leur conditionne-
ment, qui sont conduites selon le même schéma que celles sur le retraitement, des 
actions sont menées sur la caractérisation des déchets conditionnés, et, pour le 
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stockage, sur la conception et le comportement des barrieres artificielles et naturelles 
et sur 1'aspect technico-economique de la conception de stockages a long terme. 

3.1. Vitrification 

On exploite a Marcoule une installation prototype de vitrification, reproduction 
de l'appareillage specifique qui est mis en place dans les ateliers de vitrification 
d'UP2 et d'UP3 (pour les etudes de fiabilite du procede et les etudes de variations 
de composition — etudes de sensibilite). 

Des developpements sont en cours pour augmenter la capacite unitaire des 
appareils de calcination (utilisation d'un evaporateur de tete, chauffage par induction 
teledemontable) et de fusion du verre (fusion en autocreuset par induction directe 
dans le verre). 

La renovation de 1'installation pilote active Piver, en relation avec l'Atelier 
pilote de Marcoule, est envisagee (projet Piver II). 

3.2. Bitumage 

La R&D comporte des etudes a l'echelle du laboratoire, a l'echelle quart de 
grand et a l'echelle 1 pour l'enrobage par le bitume des boues de coprecipitation et 
des concentrats d'evaporation (effluents de faible et moyenne activity. 

3.3. Fusion des coques 

Un procede de fusion en autocreuset des coques (en acier inoxydable ou en Zir-
caloy) est en cours de developpement. Des lingots de 20 cm de diametre et de 1 m 
de haut sont obtenus dans une installation prototype. Ce procede sera teste dans 
1'Atelier pilote de Marcoule. 

3.4. Incineration 

L'incineration des dechets riches en emetteurs alpha est etudiee et experi-
mentee a Marcoule dans des installations de R&D et en prototypes. 

3.5. Caracterisation des matrices et enrobes 

Un programme important est consacre a la caracterisation des differentes 
matrices ou colis produits dans l'industrie nucleaire: liants hydrauliques pour l'en-
robage de coques, cendres et concentrats et le blocage des dechets de faible activite, 
bitumes, polymeres en melange ou non avec un ciment pour les resines echangeuses 
d'ions, les cendres d'incineration de solvants et les dechets technologiques, sans 
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oublier evidemment les verres pour 1'incorporation des produits de fission et des 
insolubles de dissolution. 

Les essais de caracterisation portent notamment sur la tenue du materiau et le 
relargage de radionuclides en fonction du milieu. 

Le Bureau devaluation et controle des confinements (BECC) de Cadarache, 
rattache au Departement charge des etudes de dechets, est charge de la caracterisa-
tion des colis de dechets dans les conditions prevues pour leur entreposage et leur 
evacuation definitive, apres definition du protocole des essais en concertation avec 
les differents organismes de surete. 

3.6. Stockage des dechets 

Les etudes portent notamment sur les stockages: 
— en surface (dechets miniers, de reacteurs et de retraitement): etudes de vieil-

lissement et de degradation des betons des conteneurs et des structures (modelisation 
pour les etudes de comportement a long terme), et etudes de retention du site; 

— en sites geologiques profonds: etude des barrieres ouvragees utilisees pour 
accroitre le confinement entre le colis et le milieu geologique d'accueil et retarder 
ainsi le plus possible la migration des radionuclides (etudes de laboratoire, 
maquettes et terrain), prevision par modelisation de la migration jusqu'a la biosphere 
sur de tres longues durees, etc. 

4. ROBOTIQUE 

Un effort non negligeable est entrepris pour le developpement des moyens de 
teleopdration. Une plateforme d'essais installee a Pierrelatte va permettre d'ex-
perimenter differents types d'appareils de robotique. 

II est egalement prevu d'experimenter, dans une cellule de 1'Atelier pilote de 
Marcoule, le telemanipulateur MA 23 M. 

5. ETUDES DE CORROSION 

Tous les problemes de corrosion sont etudies dans un service specialise. 

5.1. Retraitement 

1) Les aciers inoxydables sont largement utilises dans les usines de retraitement. 
Depuis plusieurs annees, des programmes systematiques ont ete menes pour preciser 
le comportement de ces materiaux dans les milieux nitriques en fonction de divers 
parametres: concentration de l'acide, temperature, presence d'especes oxydantes 
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(Fe 3 + , Cr(VI), Pu(VI)), de fines de dissolution (platino'ides), de depots, etc. On a 
ainsi abouti a choisir la nuance d'acier la mieux adaptee ou a ecarter certaines 
nuances pour des conditions donnees tenant compte des differentes formes de corro-
sion (uniforme, intergranulaire, par piqures, en tunnel, par effet de crevasses). Des 
essais de qualification ont ete et restent activement menes, pour chaque nuance, sous 
les differentes formes metallurgiques habituellement rencontrees. 
2) Le developpement de l'emploi du zirconium est lie au fait qu'il presente 
globalement une tres bonne resistance chimique dans des conditions oxydantes. En 
particulier, contrairement aux aciers inoxydables, il concilie 1'absence de risque de 
corrosion intergranulaire et de corrosion uniforme notable. Certains points par-
ticuliers doivent cependant etre surveilles, comme la teneur en fluor et la contamina-
tion en azote du metal. Quant au risque de corrosion sous contrainte, des essais 
specifiques ont montre qu'il ne serait a craindre que pour des concentrations en acide 
nitrique tres elevees (superieures a 70%), non rencontrees dans les operations de 
retraitement. Un programme systematique se poursuit cependant sur ce point. 
3) Le titane est interessant en presence de milieux tres oxydants ou tres acides; 
il peut cependant etre attaque notablement par les condensats en etat de ruissellement 
continu. 

5.2. Gestion des dechets radioactifs 

Trois actions principales sont menees dans ce domaine: 
— 1'evaluation de la resistance a la corrosion de conteneurs de dechets vitrifies 

pendant leur entreposage (maquettes exposees a La Hague); 
— 1'etude, a l'aide de la technique electrochimique, du comportement a la corro-

sion de surconteneurs en acier non allie pour le stockage en site granitique; 
— l'etude des problemes de corrosion dans les unites d'incineration de dechets 

alpha. 

6. RECHERCHES ET DEVELOPPEMENTS ANALYTIQUES 

L'ensemble de la R&D dans ce domaine, en fonction des besoins des installa-
tions actuelles ou futures, est effectue dans un service specialise. 

6.1. Les principaux besoins 

1) Etablir le bilan des matieres fissiles et fertiles. L'objectif vise est de pouvoir 
realiser les bilans a 0,1 % pres au moins. II devient done indispensable de mettre en 
oeuvre une veritable metrologie des concentrations elementaires, des capacites des 
cuves-bilans, toutes operations qui impliquent la connaissance exacte des parametres 
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physiques (temperature, masse volumetrique). Un laboratoire de metrologie des 
matures nucleaires a ete cree a cet effet a Fontenay-aux-Roses. 
2) Verifier les specifications des produits finis. 
3) Bien controler le fonctionnement du proc^dd, les rejets (effluents gazeux, 
liquides ou solides), les matieres premieres et les reactifs. II s'agit de definir et d 'ex-
perimenter de nouvelles methodes plus performantes, plus rapides et autant que 
possible automatisables ou en ligne. 
4) Ameliorer les connaissances sur la chimie du procede. 

6.2. Quelques progres accomplis dans les methodes d'analyse 

La spectrometrie de masse a thermo-ionisation est evidemment la methode de 
choix, du fait de sa sensibilite et de la precision des techniques de dilution isotopique. 
Des progrks importants ont ete realises avec la multicollection automatique et l'utili-
sation d'un etalon interne pour les analyses isotopiques d'uranium et de plutonium. 
En outre, des automates d'introduction des echantillons sont maintenant au point. 

Le couplage chromatographie-spectrom6trie de masse organique est trfcs per-
formant pour 1'etude des solvants. 

Dans les solutions d'entree, le dosage de l'acidite libre peut maintenant etre 
realise par une titrimetrie specialement adapt6e, ainsi que le dosage du Pu(VI) par 
spectrometrie optique. 

6.3. La recherche analytique h moyen et long terme 

La tendance est evidemment a l'automatisation des appareils analytiques, en 
vue d'assurer leur fonctionnement en continu, de liberer des operateurs, d'eliminer 
les risques d'erreurs, de reduire les couts de fonctionnement, de limiter les rejets chi-
miques ou radioactifs. Elle vise & la generalisation de l'analyse en ligne. Ainsi, un 
prototype de spectrometre de masse c o m p l e m e n t automatique (depuis le pr£feve-
ment de solution jusqu'au resultat) est en cours d'experimentation. A long terme, 
cette demarche debouche sur le controle continu du proc6de par voie analytique. 

Des techniques nouvelles sont particulierement considerees dans le domaine de 
la gestion des dechets, comme par exemple la spectrometrie laser, dont la sensibilite 
et la specificite permettent de gagner un facteur 100 a 1000 en limite de detection 
par rapport aux meilleures techniques classiques (mesure de traces d'uranium et de 
produits de fission ou de transuraniens dans les eaux — methode dite de «lentille ther-
mique» ou «thermal lensing»; controle continu de l'iode dans les effluents gazeux — 
fluorescence laser; determination des formes chimiques des elements en solution). 

II faut egalement signaler: 
— le developpement d'une source d'ions utilisant un laser pour la spectrometrie 

de masse, permettant de disposer d'une sensibilite exceptionnelle pour l'analyse 
d'ultratraces; 
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— les possibilites de la microsonde nucleaire, notamment pour preciser revolu-
tion de la surface des verres lors de leur lixiviation, par le trace des profils de 
concentration. 

On notera aussi le developpement en cours de l'utilisation de fibres optiques. 

7. TRANSFERT DE CONNAISSANCES 

Un departement est charge d'assurer 1'interface entre les unites de R&D et les 
clients: definition des besoins du client, transfert des connaissances du CEA, bailleur 
de procede, a la Cogema (ou a l'Andra) en tant que proprietaire et exploitant, et a 
l'ingenierie. II assure egalement le retour vers les unites de R&D de 1'experience 
industrielle des procedes mis en ceuvre avec son concours. 

8. CONCLUSION 

Etant donne les enjeux industriels, des moyens de R&D importants ont ete mis 
en place et organises au CEA pour la partie terminale du cycle du combustible 
nuclSaire. Le role de la R&D est en effet capital dks le depart et a toutes les phases 
des travaux pour la realisation des differents projets. 

Si l'effort de R&D porte actuellement essentiellement sur ces projets, des 
actions sont entreprises pour le moyen et le long terme, en cherchant notamment a 
ameliorer les procedes existants, leur mise en oeuvre, leur suivi et la gestion des 
dechets. 
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Abstract 

INFLUENCE OF R&D RESULTS ON THE ENGINEERING OF THE WIEDERAUF-
ARBEITUNGSANLAGE WACKERSDORF, FEDERAL REPUBLIC OF GERMANY. 

The design concept of the first commercial Wiederaufarbeitungsanlage (reprocessing 
plant) at Wackersdorf, Federal Republic of Germany, is based on over 10 years of R&D work 
done in the field of nuclear reprocessing and waste management. Basic and detailed engineer-
ing work, which is being performed by a consortium led by Kraftwerk Union, is supported 
by the extensive experience gained during the operation of pilot plants as well as the results 
of R&D programmes which have already been concluded or have now reached an advanced 
stage, for example, tests on full scale mock-ups. A general review is given of the main 
programmes, of current and, in some cases, already historical results and their influence on 
the design of the plant, which has already reached an advanced stage of planning. A variety 
of characteristic examples are presented, ranging from the current experience gained in fuel 
storage to the redesigning of process equipment in the main process building, e.g. the remote 
maintenance equipment modules, the electrolytic extraction components and the high level 
waste vitrification ceramic melter. The effects of the R&D results on the component design 
and the process flow sheet are reported with reference to the current project schedule. 

1. INTRODUCTION 

Compared with the original concept for a nuclear reprocessing plant with a 
capacity of 1400 t U/a at the Gorleben site, the design of the Wiederaufarbeitungsan-
lage (reprocessing plant) Wackersdorf (WAW) has undergone considerable 
modifications. 
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FIG. 1. Technology for the industrial reprocessing of spent fuel (BLG = Brennelement-
Lager, Gorleben; DWK = Deutsche Gesellschaft jur Wiederaufarbeitung von Kernbrenn-
stoffen, Hannover; HDB = Hauptabteilung Dekontaminationsbetriebe; TEKO = Technikum 
fur Komponentenerprobung (test facility); TUM = Technische Universitat Munich; 
IHCh = Institut fur Heifie Chemie, Karlsruhe; LAF = Labor fur Aerosol-und Filtertechnik; 
INE = Institut fur Nukleare Entsorgungstechnik, Karlsruhe). 

In the meantime, the conceptual design and detailed planning phases have been 
completed. To conclude these two first phases, transfer of knowledge from the 
Eurochemic reprocessing plant in Mol was essential. Also, the operating experience 
gained at the Wiederaufarbeitungsanlage Karlsruhe (WAK) and the waste processing 
plants run by the Kernforschungszentrum Karlsruhe (KfK) proved extremely 
valuable, since it could be used to verify the chemical process flow sheets for the 
Purex process and the waste treatment system, as well as for the plans for the main 
and auxiliary process buildings at W A W (see Fig. 1). 

The well known Purex process, which is to be employed at W A W , is a proven 
industrial process. However, scaling up, which is aimed at increasing throughput by 
a factor of 5 to 10, has nevertheless required a thorough reassessment of both the 
chemical process and the equipment used. 

Construction is at the beginning of the erection phase. Integrated into the 
detailed planning activities are a wide range of results, for example: 

(1) The original wet pool fuel storage concept was abandoned because of the 
technical and economic advantages demonstrated by the dry storage cask concept and 
because the first AFR 1500 t U facility at Gorleben is ready for operation. 

(2) Basic research and experiments in the laboratories and test rigs of the KfK 
led to improvements in the extraction equipment, the chemical flow sheet and the 
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off-gas clean-up process. Verification using full scale models as well as the ongoing 
technological development of prototypes, e.g. the bundle shear and the liquor clarifi-
cation centrifuge, were carried out at the Technikum fiir Komponentenerprobung 
(TEKO) test facility. Some of the improvements have already been successfully 
incorporated into W A K , e.g. iodine filters, electrolytic mixer-settlers and flow sheet 
modifications. 

(3) As a result of the tests performed at the Institut fur Nukleare Entsorgungs-
technik (INE) of the KfK on a non-radioactive mock-up of a ceramic lined electric 
glass melter intended for the Wackersdorf vitrification facility and the operating 
experience accumulated at the PAMELA hot pilot plant in Mol, Belgium, it was 
decided that the ceramic melter concept for HLLW solidification could be applied 
as a proven hot process step and that the previously planned Atelier de vitrification 
de Marcoule (AVM) concept could be abandoned. 

(4) The concept and further development of the FEMO remote maintenance 
technique (using remote controlled equipment modules) and the practical experience 
gained in the design and operation of remote handling equipment at the test facility 
in Lahde had the most far reaching consequences on the Wackersdorf design. 

2. EFFECTS OF THE DEVELOPMENT PROGRAMME RESULTS ON 
THE PLANNING OF WACKERSDORF 

2.1. Fuel storage 

Industrial scale dry storage trials have been carried out using intact and defec-
tive fuel elements loaded and stored in different types of Gesellschaft fiir Nuklear 
Service and Transnuklear storage/transport casks [1]. 

The results revealed that dry storage of Zircaloy clad LWR fuel in different 
types of casks does not cause any significant cladding failure. The dry storage cask 
demonstrations involved approximately 3000 fuel rods at temperatures of 250°C to 
about 400°C. No rod failure was observed. There is, therefore, no limitation on the 
dry storage of fuel rods with reactor induced defects and no need for special retrieval 
operations or methods to manage radioactive materials in the Wackersdorf unloading 
station. 

2.2. Solvent extraction 

Axial and radial mixing effects must be taken into consideration in designing 
industrial scale extraction columns (see Fig. 2). The design of the HA pulsed column 
for the separation of uranium and plutonium from fission products on an industrial 
scale did not originally consider radial mixing effects. It was found that the nozzle 
plates probably supported channelling effects over the entire active length of the 
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FIG. 3. Improving mass transfer in a HA pulsed column. 

column. Radial mixing could be improved by installing louvre (or baffle) plates or 
regular packings at certain sections of the cartridge [2]. 

As can be seen from Fig. 3, redesigning of the HA column has improved mass 
transfer (uranium from the aqueous to the organic phase) significantly. The 
implementation of distribution plates or regular packings considerably enhances the 
mass transfer and thus influences the uranium concentration by significantly reducing 
the active length required in the extraction column. This results in safe and stable 
operation of the column, even in the case of process disturbances [3]. 
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FIG. 4. Electrolytic reduction pulsed column (IHCh-KJK). 

The same dispersion and mixing phenomena investigations have been 
performed for: the BX pulsed column for U-Pu separation and the C pulsed column 
for back extraction o f uranium from the organic to the acqueous phase (see Fig. 2). 

In the Purex process, the organic solutions containing uranium and plutonium 
are loaded with tritium. The Wackersdorf chemical f low sheet is designed to avoid 
the spread o f tritium throughout the process. Basically, two types o f HS2 extractors 
are available for tritium scrubbing in the first extraction cycle: a pulsed column and 
a multistage mixer-settler. 

Both types have been tested in full scale models and their performance 
compared with the Wackersdorf f low sheet requirements o f tritium (decontamination 
factor > 40). The deuterium simulate test runs proved that both extractors fulfil 
these requirements. Because o f the advantage o f having five highly efficient stages, 
as well as the stable operation and the small amount o f control equipment needed, 
the five stage mixer-settler with internal recycling of the aqueous continuous scrub 
phase was selected for Wackersdorf. 

As a new process step, electrochemical in situ reduction o f plutonium and 
uranium for plutonium purification was developed at the Institut fur Heifie Chemie 
(IHCh) o f the KfK [4]. This electrolytic reduction process was first tested using 
laboratory scale mixer-settlers and then on an industrial scale in W A K , with the 
mixer-settlers installed in the second plutonium cycle (2B-EMMA) and in the first 
cycle ( I B - E M M A ) , where it has been successsfully in operation since 1979 and 
1986, respectively. 
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FIG. 5. Flow sheet of second and third plutonium cycles at Wackersdorf. 

Since the concept o f a commercial reprocessing plant is based on the use o f 
pulsed columns, development work was continued to adapt the electrolytic plutonium 
reduction process for use in pulsed columns. The basic design principle (see Fig. 4) 
o f an electrolytic reduction type pulsed sieve plate column can be summarized as 
follows: 

(1) Casing and sieve trays are made o f titanium and serve as the cathode 
(2) The platinum coated tantalum central rod serves as the anode 
(3) Isolation between the cathode and the anode is achieved by using sintered 

ceramic material 
(4) The electrode gas generated by the process contains hydrogen and is separated 

from the liquid phases by means o f metal plates in the top settler and diluted 
with air for safe operation. 

A test column made o f titanium and designed for a throughput of 10 kg o f 
plutonium per day, which corresponds to 1 t U/d (half the capacity o f W A W ) , has 
been in operation at the PUTE test facility o f IHCh since 1982. Parallel to this, a 
process was developed for continuous electrolytic re-oxidation of plutonium in a 
compact once-through process; the resulting R O X I cell was also installed at W A K 
in 1979. 

Because o f the excellent results obtained with the electrolytic re-oxidation 
system at W A K and the hot trial runs with the electrolytic Pu reduction column 
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carried out by IHCh, the Deutsche Gesellschaft fur Wiederaufarbeitung von Kern-
brennstoffen ( D K W ) and the Errichtungskonsortium Wiederaufarbeitungsanlage 
Wackersdorf ( E W W ) decided to install these processes in the plutonium cycles at 
Wackersdorf (see Fig. 5). By installing the electrolytic pulsed columns in the second 
and third Pu purification cycles, the BS scrubbing columns could also be abandoned. 

2.3. High level waste treatment 

As a result o f the progress made in high level waste vitrification by the 
P A M E L A process, which was developed from a laboratory prototype to an industrial 
scale process at the INE, it was decided that this technique should be used at 
Wackersdorf. 

Following a 12 month cold trial run using a simulated waste solution, the 
vitrification system was placed in hot operation at Mol in 1985. In the first campaign, 
approximately 50 m 3 o f high level liquid waste (HLLW) was immobilized in 
glass [5]. 
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The major component of the PAMELA process is a joule heated glass melter. 
A simplified schematic is given in Fig. 6. The melter is lined with a ceramic refrac-
tory containing 30% chromium oxide that is resistant to corrosion from the molten 
borosilicate glass. The entire melter is housed in an airtight stainless steel contain-
ment box to minimize in-leakage of air as the melter is operated under a slight 
vacuum. The joule heating for melting the glass is provided by four pairs of 
electrodes. During HLLW processing, bulk glass temperatures are in the range 
of 1200°C. 

The throughput of the PAMELA plant corresponds to half the capacity of the 
W A W vitrification system, which totals 72 L HLLW/d. The PAMELA glass melter 
for hot operation has a melt surface area of 0.74 m 2 . 

From the hot campaigns using the PAMELA system a wide range of informa-
tion has been acquired. This has been taken into account in the planning of the vitrifi-
cation plant at Wackersdorf, as the following two examples show: 

(1) To reduce or even prevent the deposition of solids (noble metals, dust 
particles and glass) in the off-gas line between the furnace and the wet scrubber, 
process modifications (film cooling) and improved pipe routing are being consi-
dered, in particular to optimize the cleaning of this line and to be able to recycle 
deposits to the ceramic melter. 

(2) Plans are under way to increase the slope of the bottom of the ceramic 
melter in order to prevent plugging of the bottom drain caused by, for example, 
metal deposits when heavy phases of high viscosity are being handled. 

A large scale melter with a 1.4 m 2 melt surface is being tested at INE. This 
melter serves as an experimental non-radioactive mock-up melter for industrial 
vitrification at Wackersdorf. The melter design is primarily based on the current 
PAMELA melter, but has some additional improvements, such as those described 
above, and a simpler design. The design throughput is 72 L/h, corresponding to a 
31 kg/h glass production rate. 

In general, the campaigns verified the technical feasibility of vitrifying highly 
radioactive fission product solutions using the PAMELA process envisaged for 
Wackersdorf. 

2.4. Remote maintenance technique 

The maintenance concept planned for the high and intermediate level wet 
process cells at Wackersdorf is based on a remote handling and modular design 
approach called the FEMO technique. 

The main features of this remote maintenance system include the following [6]: 

(1) An arrangement of process components in modules of standardized shape 
and dimensions (3 X 3 x 13 m) positioned along the walls of the two FEMO cells 
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FIG. 7. FEMO cells and service area. 

and separated by a centre aisle containing the handling equipment, A service cell is 
located above and across the centres of both the FEMO cells (see Fig. 7). 

(2) Pipe jumpers form a detachable connection between the wall and the top 
of each module, between adjacent modules, or between each module and the wall 
pipe curtain behind the modules. Exchange components (pumps, control valves or 
other components which are subject to wear and tear) are installed at the front of the 
modules. All connecting flanges can be opened or closed with an impact wrench. 

(3) Remote cranes and manipulator systems for replacement of exchange 
components and complete modules. 

(4) The handling system for FEMO maintenance (see Fig. 8) consists not only 
of a FEMO cell crane but also a crane-like transport system with a power manipula-
tor or an electric master-slave manipulator and TV cameras: the manipulator 
transport system (MTS). 

(5) A completely new, basic feature of the cell crane and the MTS with regard 
to the maintainability of these systems is that they are constructed from standardized 
subassemblies which are remotely replaceable using an overhead service area crane 
and an impact wrench. 

After the basic design principles for the special flanges to be provided on the 
pipe jumpers and exchange components had been formulated by the Engineering 
Division (IT) of the KfK, prototypes were tested on mock-ups. 
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FIG. 8. Manipulator transport system (MTS): prototype. 
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Full scale functional models of the handling equipment for remote replacement 
of exchange components and modules as well as the process modules which deter-
mine the size of the main process cells were then tested. The complete FEMO system 
has been tested at the remote maintenance test facility at Lahde. 

The following results have been obtained from the tests that have been 
completed to date, and they can now be directly incorporated into the detailed 
planning of the Wackersdorf plant. 

2.4.1. Module system 

(1) All process components can be accommodated in a standard module frame 
configuration 

(2) The exchange components are located within easy reach, preferably at the front 
of the module 

(3) Modules can be connected by standard piping 
(4) It was possible to reduce the large number of piping connections to a limited 

number of standardized joint types that no longer require individual in situ 
adaptation 

(5) The minimum jumper lengths and shapes required for accommodating 
tolerances as well as expansion occurring during operation have been 
established 

(6) It has been found that gaskets will have to be used at pipe joints, i.e. the metal-
to-metal sealing has proved to be insufficient for piping diameters above a 
certain size. 

2.4.2. Handling equipment 

(1) Handling operations using the crane and the impact wrench have proved 
successful 

(2) Remote handling of entire modules or individual components can be done by 
a crane or the MTS operated from a remote control room with the aid of video 
cameras 

(3) Data are now available on the minimum lighting requirements inside the main 
process cells. 

Furthermore, a full scale operational prototype of an evaporator module was 
installed in 1986 to check the effects of service temperature and other operating 
conditions on the jumpers and flanges, especially those with large diameters. 

Handling of exchange components and trials with the remotely replaceable 
subassemblies of the MTS will be performed in 1987 with an MTS prototype. The 
system is computer controlled and automatic system positioning will be possible 
before the operators take over. 
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FIG. 9. General time schedule of Wackersdorf: main process building and mock-up tests. 

3. FUTURE PROSPECTS 

Figure 9 shows the time schedue for the development activities which have 
been presented here and the way in which they are integrated into the overall 
construction schedule for W A W [7]. 

Detailed planning has been well under way since 1985. The results of proto-
type tests of, for example, bundle shears, pulsed columns, a Wackersdorf scale 
ceramic melter and prototype monitors (e.g. a burnup monitor and a cladding 
monitor) will be taken into consideration up to 1988. Operating experience from 
prototype FEMO tests of the MTS and the evaporator module will be incorporated 
into the design of the corresponding Wackersdorf components until 1989. The sensi-
tive Purex equipment will be checked during the final testing of original Wackersdorf 
components before the component and corresponding module are installed in the 
process building. Cold, warm and hot startups are planned until 1996. Wackersdorf 
is expected to commence hot operation in 1997. 

Because of the systematic development work carried out, including baseline 
data acquisition, process flow sheet studies and their implementation at all levels, as 
well as the technological investigations performed up to the testing of industrial 



IAE A-SM-294/65 431 

prototypes, the safe and satisfactory operation of Wackersdorf will be guaranteed. 
However, only a few examples of the results yielded by the development 
programmes have been outlined here. 
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Abstract 

DEVELOPMENT AND IMPROVEMENT OF REPROCESSING TECHNOLOGY AT THE 
TOKAI REPROCESSING PLANT. 

A description is given of the operational experience gained at the Tokai Reprocessing 
Plant since the start of hot testing, including the history of the reprocessing campaigns carried 
out and the experience accumulated from major interventions, radioactive discharges and radi-
ation controls. An outline of the development and improvement programmes is also presented. 

1. INTRODUCTION 

The reprocessing project of the Power Reactor and Nuclear Fuel Development 
Corporation (PNC) was started in September 1956 when the Atomic Energy Com-
mission (AEC) of Japan decided that reprocessing of spent fuel and treatment of 
radioactive waste should mainly be done by the Atomic Fuel Corporation (AFC), the 
predecessor of PNC. 

In 1959, an Advisory Committee for reprocessing was formed within the AEC 
to formulate a guideline for development of the reprocessing technology. In conjunc-
tion with the recommendations put forward by a survey team which visited overseas 
reprocessing plants, a decision was made to construct a reprocessing pilot plant using 
the advanced technology developed by other countries. 

In 1963 the AFC entered into a contract with the Nuclear Chemical Plant (UK) 
for a preliminary design of the plant, and in 1966 a detailed design was started by 
the Societe generale pour les techniques nouvelles (SGN), France. Since 1968 and 
in parallel with the ongoing detailed design, the governmental licensing procedure 
has been followed and. permission for plant construction was granted by the Japanese 
Government in 1970. 

433 
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TABLE I. T O T A L A M O U N T OF SPENT FUEL REPROCESSED A T TOKAI 

Fuel 
type 

Reprocessed 
uranium 

(t U) 

Maximum 
burnup 

(MW-d/t) 

Average 
burnup 

(MW-d/t) 

Cooling 
time 

(years) 

BWR 182.3 28 200 15 300 1.2-10.6 

PWR 111.7 34 500 22 400 0.9-9.0 

ATR 5.2 13 500 9 800 6.0 

Total 298.3 34 500 17 900 0.9-10.6 

Fig. I. Operation of the Tokai Reprocessing Plant. 
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Plant construction was started in 1971 as a joint venture of SGN-JGC (Japan 
Gasoline Corporation). The plant was completed in 1974 and hot testing started in 
September 1977 after completing the U testing using unirradiated uranium. Up to the 
end of 1986 the total amount of reprocessed fuel from LWRs and the ATR Fugen 
(advanced thermal reactor using heavy water as the moderator) was about 300 tonnes 
(see Table I and Fig. 1). 

The amount of plutonium nitrate recovered as a final product was about 
1.9 tonnes, most of which has already been refabricated into mixed oxide fuel for 
the ATR Fugen and the experimental fast breeder reactor Joyo. 

These operations verified: 

(1) The soundness and practicality of the adopted flow sheet, i.e. the chop and 
leach + Purex process for reprocessing oxide fuel 

(2) The capability of processing maximum burnup (350 000 M W d/t) fuel using 
mixer-settlers 

(3) Fulfillment of the required specifications for the uranium and plutonium 
product 

(4) Restriction of the radioactive discharges to well below the limit 
(5) Appropriate health physics control and the low exposure rate of operators in 

the facility. 

It is now almost 30 years since the AEC decided to construct a reprocessing 
plant and almost 10 years since the start of hot testing. We believe that it is essential 
to look back over the last decade in order to be able to plan for the future. Recently, 
the site for a new commercial reprocessing plant was chosen at Shimokita by the 
Japan Nuclear Fuel Services (JNFS), which was established in 1980 by Japanese 
utility companies. 

It has become an important task for PNC to assist in the day by day design and 
construction of the JNFS plant so that the experience gained with the Tokai Plant 
and the R&D results achieved from the reprocessing project can be fully utilized. 
The plant is scheduled to start hot operation around 1995. 

2. OPERATIONAL EXPERIENCE 

2.1. Reprocessing campaign 

The hot operation schedule was somewhat influenced by the negotiations that 
took place between the United States of America and Japan on the operation of the 
Tokai Plant. In September 1977, after both governments had agreed on the terms and 
conditions of plant operation, the first hot testing campaign was started with spent 
fuel from the Japan Power Demonstration Reactor (JPDR). 
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About 1 year later, during the final stage of hot testing, a minor leak was 
detected which was caused by a small defect in the acid recovery evaporator. Subse-
quently, plant operation was stopped for about 1 year to replace the evaporator. 

Operation started again in November 1979, and a pre-guarantee test (PGT) 
was carried out to confirm the new evaporator's performance and the operators' 
proficiency. The final stage of hot testing (the G T - P W R campaign) was started in 
January 1980 and progressed very smoothly, thereby confirming that the plant could 
be operated safely and effectively. 

Owing to a revision in the law for the regulation of nuclear source material, 
nuclear fuel material and reactors, additional reprocessing campaigns (C-l and C-2) 
were enforced in order to complete the commissioning tests for governmental inspec-
tion. Again, it was confirmed that the plant could be operated safely and effectively. 
A government certificate for regular operation was issued on 25 December 1980. 

The plant was commissioned in January 1981. The first campaign of regular 
operation (designated 81-1) started in the same month, but it was interrupted by the 
corrosion of steam lines in the acid recovery distillation column. This took 2 months 
to repair; the 81-1 campaign was resumed in May 1981. In accordance with the 
above mentioned law, the first regular inspection was started on 6 August 1981. 
After the government certificate for regular inspection was received, the latter half 
of the 81-2 campaign (81-2B) was carried out from November to December. The 
annual amount of reprocessed spent fuel was about 41 tonnes during 1981. 

The first 1982 campaign (designated 82-1) was started on 28 January 1982. 
Unfortunately, in April a small amount of radioactivity was found in the steam con-
densate from a dissolver. After confirming that one of the two dissolvers had small 
defects, operation was resumed using another dissolver; this continued until June. 
As a result of detailed inspection of the dissolver, it was found that pin holes in the 
welds on the barrel of the dissolver had caused the defects. 

The second 1982 campaign (82-2) for regular inspection was started in the mid-
dle of September and completed at the beginning of December, using only one 
dissolver. The annual amount of spent fuel reprocessed during 1982 was about 
51 tonnes. 

The 83-1 campaign was started on 15 February 1983. However, 3 days later 
a small amount of radioactivity was found in the steam condensate of the second dis-
solver. Only 1 day later, a similar incident occurred in the boiler region of the acid 
recovery evaporator. 

The remote repair technology that had been developed for the first defective 
dissolver could be applied to the second. It was also decided to install an additional 
dissolver of high chromium and nickel content austenite stainless steel, with 
improved design features. 

Remote repair work for the two existing dissolvers was successfully completed 
and a test campaign was carried out in December 1983 using 2 tonnes of spent fuel. 
Because the third dissolver was being installed, the facility did not operate again until 
January 1985. 
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Operation was restarted in February 1985, and has since run smoothly. The 
annual amount of spent fuel reprocessed in the fiscal year 1985 was 73 tonnes. 

Additional repair of the welding lines of the old dissolvers was carried out 
during the first half of 1986 and the amount of spent fuel reprocessed in the fiscal 
year 1986 was about 70 tonnes. 

As the Tokai Plant was designed as a pilot scale reprocessing plant, no spare 
acid recovery evaporator is available. Furthermore, in the event of equipment failure 
it is not possible to operate the plant using an alternative method, such as bypassing 
the acid recovery process, because of the strict radioactive discharge controls. As 
a result, leakage in the acid recovery evaporator subsequently became a serious 
problem at Tokai. 

Leakages in the two dissolvers occurred rather unexpectedly; however, after 
successful development of the remote repair technology the two dissolvers are now 
in operation. A new dissolver (R12) was fabricated with improved material and the 
welding lines were eliminated from the design of the inside steam jacket. 

We are now convinced that major interventions can be avoided in future by 
applying remote maintenance technology, using new corrosion resistant material, 
and by installing spare equipment for critical parts. 

2.2. Interventions 

The Tokai Plant was designed to adapt the maintenance philosophy to decon-
tamination, but excluded work in the mechanical process area using a manipulator 
and an in-cell crane. Through these major interventions, valuable experience was 
accumulated over the 10 year operational period. 

One of the most difficult tasks was gaining access to the dissolver loading cell 
(R131) to connect the shoot piping between the sheared fuel distributor and the newly 
installed dissolver (R12). 

The radiation dose rate of the cell floor surface was very high (several thou-
sand rem/h). Therefore, the decontamination procedure was divided into three stages 
to obtain a final dose rate of 100 mrem/h which permits personnel intervention.1 

The first stage was to remove the surface contaminant on the cell floor with a scraper 
and a brush; the second stage was to use the electrical decontamination method; and 
the third stage was to introduce a movable decontamination robot into the cell. The 
robot has a manipulator arm with tongs which grip the water jet or brushes that wet 
or wash the cell floor and wall. The manipulating arm has six degrees o f freedom. 
The driving force for manipulting the arm and moving the robot was hydraulic pres-
sure (see Fig. 2). 

However, the radiation dose level in the cell was still not permissible for per-
sonnel intervention, but after lead shielding plates were placed on some equipment 

1 1 rem = 1.00 x 10"2 Sv. 
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FIG. 2. Schematic diagram of the decontamination robot. 

which could not be removed remotely the dose rate decreased drastically, allowing 
personnel to enter the cell. 

Manual decontamination was done by wearing airline masks, limiting the inter-
vention time and setting the personnel alarm dosimeter value. In general, brushing 
was used; for local hot spot cleaning a reagent was applied; finally, lead sheets were 
placed on the hot spots. The original value of 100 mrem/h was achieved after 
10 days. Throughout this 4 month decontamination period (beginning in March with 
remote intervention and ending in June with manual intervention) valuable decon-
tamination know-how was acquired. 

The maximum personnel radiation dose was 1.5 rem, and the accumulated 
dose was 134 man-rem (335 persons) during the whole third dissolver period. 

2.3. Radioactive waste discharge 

Approximately 310 m 3 of high level liquid waste (HLLW) had been gener-
ated by the end of 1986; it is stored in stainless steel tanks. During the course of 
operation of the HLLW evaporator, the iron content in the HLLW must be carefully 
controlled to prevent excessive corrosion of the evaporator. The iron concentration 
in the evaporator is limited to less than 8 g/L. 

HLLW will be converted into vitrified waste at a solidification pilot plant 
which is now undergoing the licensing procedure; construction is scheduled to start 
in 1988 at a site adjacent to the Tokai Plant. At the Chemical Processing Facility 
process feasibility testing and characterization and evaluation testing of waste forms 
have been started using this HLLW. 
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At the initial stage of design adaptation of the flocculation method was foreseen 
so that the waste treatment process could meet a discharge limit of 70 Ci/d.2 

However, PNC hopes to add the waste evaporation process to the detailed design in 
order to decrease the discharge to 0.7 Ci/d (260 Ci/a). 

Furthermore, in accordance with the A L A R A principle, which aims at one-
tenth of the modified value, a second (E facility) and a third (Z facility) waste evapo-
rator were constructed. The annual total beta activity discharged into the sea is now 
around several millicuries. 

A de-oiling facility, designated the C facility, was also built to remove 
entrained TBP before sea discharge. 

Concentrates from the evaporators and sludge from the flocculator are fixed 
into bitumen by extrusion at the bituminization demonstration facility. Hot testing 
at this facility was started in October 1982 and ended in March 1985. Since comple-
tion of this testing, we have treated about 1921 m 3 of concentrate; by the end of 
1986 it had been solidified into 8808 drums. 

The diluent waste has since been incinerated and the solvent waste stored in 
tanks. These organic solvent wastes are treated by the Kernforschungszentrum 
Karlsruhe method, which is based on the separation of TBP from dodecane. 
Construction of this facility was started in May 1982 and completed in October 1985. 

Radioactive contamination appears in gaseous streams as a result of shearing, 
dissolving, distillation, evaporation, vessel ventilation, etc. As far as possible active 
aerosols and particles are removed by washing and filtration. 

Following engineering experiments a pilot plant, based on the cryogenic 
method, was constructed to demonstrate the krypton removal technology for antici-
pated future use. This facility is currently undergoing cold testing. 

2.4. Radiation control 

The main feature of the radiation control method is to separate the plant area 
into four radiation zones. The white zone is the no-control area with regard to health 
physics and the green zone is defined as an area in which the external radiation level 
is less than 1.25 mrem/h, i.e. where air contamination is not foreseen under normal 
operating conditions. The amber zone is the maintenance area in which the radiation 
level is set at less than 50 mrem/h; the dose rate for the expected high frequency of 
access is limited to 2.5 mrem/h, as the possibility of slight air contamination exists. 
The radiation level of the red zone, usually the cell area, is more than 50 mrem/h; 
air contamination is not unusual. 

The radiation control o f operators is carried out strictly in accordance with the 
plant security regulation and standards for radiation control. When someone receives 
300 mrem in 3 months, an investigation must be carried out to determine the cause 

2 1 Ci = 3.70 x 10 1 0 Bq. 
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of exposure. It is also necessary to formulate a special radiation work plan when it 
is foreseen that the exposure rate of an operator will exceed 100 mrem/week during 
radiation work. 

Through this strict method of radiation control, the exposure rate of personnel 
is kept low during normal operations or even at major intervention periods, i.e. 
around 100 to 200 man-rem annually. 

3. R&D PROGRAMMES TO DEVELOP A N D IMPROVE REPROCESSING 
TECHNOLOGY 

The various R&D programmes that have been planned and carried out at Tokai 
and the main items to be developed are as follows: corrosion problems using an acid 
solution; clogging problems caused by undissolved sludge, hulls, fines, etc.; the in-
service inspection technique necessary for early detection of failure; the remote 
maintenance technique necessary for failed equipment; and an improved process 
control system. 

EDF-III (engineering demonstration facility-Ill), completed in 1986, was 
designed to make effective use of the knowledge acquired during operation of the 
Tokai Plant for the ongoing R&D activities. 

3.1. Development of corrosion resistant material 

Leakages of dissolvers R10 and R l l due to corrosion occurred in April 1982 
and February 1983, respectively. All the leakage points, one for R10 and two for 
R l l , appeared on the welding lines of the dissolvers. To certify the validity of the 
remote repair technique, extensive corrosion tests were carried out in the laboratory. 
After these tests, the basic corrosion behaviour of the dissolver material was deter-
mined and the soundness of the repaired welding lines of the dissolver was assured. 

The first leakage in the acid recovery evaporator occurred in August 1978 after 
about 6000 hours of operation. Five pin holes were detected, all of which were 
located on the welding lines. 

The leaking evaporator was replaced but a second leakage occurred in 
February 1983 after 13 000 hours of operation. Inspection revealed that the leakages 
were caused by two defective heating tubes in the reboiler due to corrosion of the 
base metal. 

It is well known that the life of stainless steel is not very long in the severe 
environment of the acid recovery process. New corrosion resistant materials were 
tested and compared for ease of material production, corrosion resistance and quality 
assurance of fabrication. 

The Titan-5 % Tantal alloy was selected for use in the pilot scale acid recovery 
evaporator manufactured in 1985. In 1988 a new acid recovery evaporator and a Pu 
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concentrate evaporator will be installed using the Titan-5% Tantal alloy metal. 
Studies were also carried out on adding corrosion inhibiting NOX gas to the dissolver 
or to changing the heating condition of the barrel, and operating the evaporator under 
a reduced pressure during the acid recovery process. 

3.2. Development of a preventive technique for clogging 

Clogging of the steam jets occurred because of plugging caused by hull chips 
at the nozzle of the steam jet which sometimes happens during the transfer of a dis-
solved solution; this results in stoppage of plant operation. 

To prevent this clogging, a mock-up test was carried out for remote exchange 
of the strainer, which is installed in the suction pipe to capture the chips; a better 
developed steam jet is scheduled for installation in 1988. 

During the clarification process, undissolved sludge trapped in the pulsed filter 
is transferred to the H A W evaporation process via the buffer storage tank. Clogging 
of the transfer line is possible due to the presence of sludge; a mock-up test using 
simulated Zircaloy fines was performed to investigate the mechanism of clogging 
and to develop a preventive method. A new device is scheduled to be installed at the 
H A W solution transfer line to prevent this clogging. 

3.3. In-service inspection 

A drip tray was installed in each cell containing equipment that handles high 
active material to hold the liquid in the event of leakage. 

To inspect the surface of the drip tray, floor rambling type remote inspection 
equipment (FLORA) and multiple armed type remote inspection equipment 
(MARIE) were developed and used in routine inspections; a cell penetration tube was 
used. FLORA consists of four components: an inspection vehicle, a backup camera, 
an inserting device and an operating board (see Fig. 3). MARIE consists of three 
components: a multiple arm, a housing box and an operating board. The multiple 
arm has several joints and an ITV camera covered with touch sensors to prevent 
mechanical damage due to clashing. 

The H A W evaporator is very difficult to repair or exchange because of the high 
radiation environmental conditions that prevail; thus, it is one of the few pieces of 
equipment which has a spare available. The development programmes for ultrasonic 
inspection of the steam heating coils in the evaporator and for visual inspection of 
the H A W evaporator are in progress using a spare evaporator. 

3.4. Remote maintenance technique 

As mentioned in Section 3.1, dissolver leakages occurred in April 1982 and 
February 1983. To overcome the problem, remote devices were developed to inspect 
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FIG. 3. Floor rambling type remote inspection equipment (FLORA). 
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and repair the leaking parts inside the barrel of the dissolvers. Five remote devices 
were developed: a periscope, a grinding device, welding devices, dye penetrant test-
ing devices and ultrasonic testing devices. All were installed at the opening of the 
dissolver barrel by means of an in-cell crane, hoists and manipulators. The lifting 
devices mounted on the barrel have a specialized hoisting mechanism, and the head 
assemply can be lowered by telescopic operation into the barrel so that it can reach 
the repair areas (see Fig. 4). 

The development programme to exchange dissolvers in the event of failure 
which cannot be repaired remotely is in progress with a view to shortening the time 
of exchange and reducing the exposure of personnel. The main effort is directed 
towards development of an effective decontamination method and remotely operated 
devices for dismantling the dissolver. 

The general purpose of the remote system for pipe cutting and welding is to 
facilitate the exchange of components and equipment inside the cell. 

3.5. Development of an advanced process control system 

The main function of the process control system is to handle the diverse 
process data and information produced from plant operation using a computer. 
Introduction of this system promotes effective and rapid utilization of process data. 
The process information derived from instrumentation and analysis equipment is col-
lected into the system on real time and is displayed at CRT terminals or issued in 
printout form. These output data are not only helpful to operators for controlling the 
plant but are also of use for compiling daily or monthly operational reports, knowing 
and analysing the operational status of the plant, assisting in nuclear material control 
and maintaining the condition of the equipment. 

The present system will be further advanced to the instruction system for oper-
ational support, which will have the function of judgement and interpretation. 

3.6. R&D activities at EDF-III 

The full scale mock-up test facility EDF-in, situated to the north of the Tokai 
Plant, was completed in 1986. It has a floor space of 3000 m 2 , half of which is 
allotted to R&D activities for LWR fuel reprocessing, and the other half to FBR and 
waste vitrification. The full scale mock-up tests for the advanced, automated samp-
ling system (high active process) and the modified pulsed filter system are already 
in progress. 

The following tests are planned at EDF-III: a mock-up test for tilting the fuel 
assembly underwater, development of an advanced remote repair device for the dis-
solver, a mock-up test for an acid recovery evaporator operated at reduced pressure, 
development of predictive and preventive devices to hinder clogging of the 
instrumentation system dip tubes, a mock-up test for in-service inspection devices, 
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operation of a small mock-up evaporator using new corrosion resistant materials, 
etc. 

The knowledge and experience gained in operation of the Tokai Plant are 
directly fed back into the R&D activities; in turn, the results thereof are of benefit 
to the Tokai Plant. 

4. CONCLUSIONS 

Through almost 10 years' operational experience PNC has accumulated valua-
ble experience which has been fed back into the development and improvement of 
the reprocessing technology. Until the startup of a new plant the Tokai Reprocessing 
Plant remains the sole reprocessing plant in Japan. It is able to partially fulfil domes-
tic demands for reprocessing and to supply the plutonium needed for the ATR and 
FBR development programmes; it also contributes to the reliability of the reprocess-
ing technology by providing steady operation of the plant. 
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Abstract-Resumen 

THE ARGENTINE REPROCESSING PROGRAMME. 
The Argentine reprocessing programme has two main objectives: (1) to provide Argen-

tina with the experience in all aspects of reprocessing technology which will enable it to make 
its own decisions if it decides to set up an inductrial scale plant; and (2) to purify enough pluto-
nium to implement a demonstration mixed oxide recycling programme at the Atucha I Nuclear 
Power Plant. A pilot reprocessing plant is in the final stage of construction. This plant is 
designed to treat the spent fuel elements of Argentine power reactors and will have a capacity 
of 20 kg of uranium per day. The spent fuel will be dissolved by the chop leach system, fol-
lowed by a three cycle Purex process. The Pu will be separated in the second cycle using a 
reducing agent and will finally be purified with anion resins. Mixed oxide conversion will take 
place in another part of the plant. A pretreatment stage for liquid waste using cascade evapora-
tors is also foreseen. The commissioning of the Radiochemical Processing Laboratory is in 
its initial stages and it is hoped that the first spent fuel element will be dissolved in 1990. 

EL PROGRAMA DE REPROCESAMIENTO ARGENTINO. 
El programa de reprocesamiento argentino tiene dos objetivos principales: 1) adquirir 

la experiencia necesaria en todos los aspectos de la tecnologfa del reprocesamiento con el fin 
de alcanzar capacidad de decisi6n autdnoma en el caso de que se decida instalar una planta 
industrial de este tipo; y 2) purificar suficiente cantidad de plutonio para llevar a cabo un 
programa demostrativo de reciclado de 6xidos mixtos en la central nuclear Atucha I. Una 
planta piloto de reprocesamiento se encuentra actualmente en la fase final de construction. 
Esta planta esta disenada para tratar elementos irradiados de los reactores de potencia argen-
tinos y tendra una capacidad de 20 kg de uranio por dfa. El combustible irradiado sera disuelto 
empleando el sistema "chop leach", seguido de un proceso Purex de tres ciclos. La particidn 
del Pu se realizard en el segundo ciclo utilizando un agente reductor, y finalmente se purificara 
con resinas anidnicas. En otra parte de la planta se hard la conversion a dxidos mixtos. Se 
prev6 ademds una etapa de pretratamiento de residuos lfquidos vali6ndose de evaporados en 
cascada. La puesta en marcha del Laboratorio de Procesos Radioqufmicos (LPR) se encuentra 
en las fases iniciales y se espera que la disolucidn del primer elemento irradiado se realice 
a finales de 1990. 
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1. INTRODUCCION 

La Argentina reprocesó en los años 1968-69 elementos combustibles de un 
reactor tipo Argonauta (RA-1), en una planta a escala de laboratorio (PR-1), con un 
proceso Purex simplificado. 

Se recuperó el plutonio de 11 kg de uranio enriquecido al 20%, irradiado en 
dicho reactor. Como dato anecdótico cabe señalar que hoy se están elaborando 
elementos combustibles para el reactor demostrativo RA-6, utilizando el uranio 
recuperado entonces. 

La experiencia obtenida durante la campaña de reprocesamiento permitió for-
mar un pequeño grupo de profesionales y técnicos que se volcaron a estudiar un 
proyecto para una planta piloto. 

Los objetivos que se fijaron fueron: construir una planta con una dimensión 
tal que permitiera tratar los elementos combustibles de los reactors experimentales 
argentinos, y procesar además algún elemento combustible de los reactores de 
potencia. 

Esta planta debería permitir hacer una experiencia representativa, en todas las 
fases del proyecto, que fuera extrapolable a la eventual decisión futura de construir 
una planta industrial o semiindustrial. 

Se iniciaron conjuntamente con la ingeniería de la instalación piloto una serie 
de actividades en el desarrollo de equipamientos y sistemas. 

Cambios producidos en el planeamiento nucleoenergético, avatares de la polí-
tica interna argentina, redefiniciones de los objetivos concretos de la planta piloto 
(capacidad) son algunas de las razones que han retrasado el inicio de la operación 
de la planta. 

2. SITUACION ACTUAL 

En 1979 se inició la construcción del Laboratorio de Procesos Radioquímicos 
(LPR), nuestra instalación piloto de reprocesamiento. 

El estado de avance de la obra, en lo que se refiere a lo civil, a las celdas de 
proceso y a los servicios es superior a un 80%. 

El diseño para el "cask" de transporte del elemento combustible (EC) irradia-
do ha entrado en la etapa de ingeniería de detalle. 

Las instalaciones para el pretratamiento de los residuos radiactivos se hallan 
en la fase de ingeniería básica avanzada. 

Ya se iniciaron las actividades de la puesta en marcha y se ha avanzado en los 
procedimientos de licénciamiento. Está por ser emitido el Informe final de 
seguridad. 
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3. BASES DEL PROGRAMA DE REPROCESAMIENTO 

Los objetivos del programa de reprocesamiento son fundamentalmente dos: 

— Adquirir la experiencia necesaria en todas las fases del reprocesamiento, 
proyecto, construcción, licénciamiento, operación, gestión de residuos radiac-
tivos y desmantelamiento, con el fin de alcanzar capacidad propia de decisión 
para cuando sea necesario encarar esta actividad industrialmente, insertada en 
nuestro ciclo de combustible nuclear. 

— Separar la cantidad de físil que posibilite completar el programa de demostra-
ción de reciclado de óxidos mixtos, en la central nuclear Atocha II. 

Es importante señalar que se espera realizar más del 90% de la inversión del 
LPR con la industria nacional. 

En un país como Argentina, la gestión de un proyecto como este, con los 
requisitos de calidad que son necesarios, tiene una incidencia importante para el 
desarrollo de la industria local. 

La puesta en marcha y operación del LPR completarán el primer objetivo 
mencionado. 

El programa para el cual se licenciará inicialmente la instalación es el 
siguiente: 

— Reprocesar elementos irradiados de la central nuclear Atocha I con un que-
mado inferior a 6000 MW-d/t y con un decaimiento superior a los 10 años. 

— Operar la planta a su capacidad de proyecto por un período equivalente a 
5 años. 

El licénciamiento que se gestiona con el elemento combustible de referencia 
tiene por objeto disminuir el riesgo inicial de la puesta en operación de una instala-
ción nueva, con personal en formación, acortando además los tiempos necesarios 
para la puesta en marcha. 

Se ha evaluado que operar en estas condiciones permitirá alcanzar 
adecuadamente el primer objetivo. 

Para dar cumplimiento al segundo objetivo, el plutonio que purificará el LPR 
será llevado a óxido, mezclado con el óxido de uranio, transformado en pastilla y 
envainado en una instalación que funcionará en el mismo edificio de la planta. El 
ensamble se hará en la fábrica de combustibles nucleares. 

La experiencia de reciclado de plutonio en el reactor de Atocha se hará con 
la técnica de "spiking". Esta central permite con facilidad modificar el régimen 
hidráulico canal por canal. 

Por último, como un objetivo a más largo plazo del LPR, no se deja de analizar 
la posibilidad de producir alguna cantidad de físil para una "facilidad crítica" de un 
reactor rápido, que el país está estudiando. 



00 

FIG. 1. Vista en planta —nivel 0,00— del Laboratorio de Procesos Radioquimicos (LPR). 
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FIG. 2. Corte de planta del Laboratorio de Procesos Radioquímicos (LPR). 

4. EL PROYECTO LPR 

Como se dijo en la Sección 1, esta planta fue concebida como multipropdsito 
(uranio natural de reactores de potencia y uranio enriquecido al 90% de reactores 
MTR). 

La capacidad del proyecto, para uranio natural, e$ de 5 t por 250 d/a. 
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4.1. Descripción de la instalación 

El proyecto LPR está conformado por tres edificios perfectamente diferen-
ciados, emplazados en el Centro Atómico Ezeiza, en un predio de 8 hectáreas. 

4.1.1. Descripción de los edificios (Figs. 1 y 2) 

El primero de ellos, el edificio de apoyo, está construido en tres niveles. En 
planta baja se encuentra la guardia de control de acceso, los vestuarios activos, la 
sala de primeros auxilios y lavanderías. En el primer piso se encuentra la sala de con-
trol y un sector administrativo de oficinas. Finalmente en el segundo piso se encuen-
tra la sala de preparación de soluciones para el proceso y dos sectores 
complementarios de oficinas. 

El segundo edificio es el correspondiente a procesos, que a su vez se puede 
separar en dos módulos. El primero de ellos corresponde al proceso propiamente 
dicho y el segundo a los laboratorios auxiliares y de control analítico. 

El módulo de procesos comprende al área de recepción y almacenamiento en 
pileta de los elementos combustibles irradiados, las celdas de proceso mecánico y 
químico con sus galerías operativas y de acceso restringido en dos niveles, y el área 
de muestreo de recipientes ubicada en un tercer nivel. En este módulo se encuentran 
también la sala de tratamiento final de Pu y la sección para la concentración de uranio 
empobrecido. 

El módulo de laboratorios auxiliares y de control analítico comprende tres 
niveles. En el primero de ellos se encuentran los laboratorios de control analítico, 
los locales de transferencias de residuos sólidos, descontaminación y talleres activos 
de mantenimiento. En el segundo nivel se encuentra el sistema de tratamiento de 
gases del proceso y el laboratorio de coversión del Pu a pastillas de óxidos mixtos. 
En el tercer nivel se encuentran las instalaciones de extracción y filtrado absoluto 
de los sistemas de ventilación de la planta. 

Por último, en el tercer edificio se encuentra la sala de máquinas para genera-
ción de los servicios y la sala de inyección de los sistemas de ventilación. 

La sección de almacenamiento de soluciones radiactivas se encontrará en un 
edificio a construir adyacente a la planta. Las celdas blindadas que contendrán los 
tanques de almacenamiento se ubicarán bajo el nivel del terreno. 

4.1.2. Descripción del proceso 

Los elementos combustibles irradiados (ECI) provenientes de la central nuclear 
Atucha I (CNAI) llegarán en un contenedor blindado a la pileta de almacenamiento 
de la planta, donde serán descargados y almacenados transitoriamente. Desde la 
pileta, el ECI es transferido hacia la máquina de corte, utilizando herramienta espe-
cial. La máquina de corte se encuentra alojada en una celda blindada que permite 
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el corte del elemento combustible por cizallamiento, la transferencia de los trozos 
de vaina (hulls) dentro del disolvedor, la evacuación de los hulls lixiviados y el man-
tenimiento de la propia máquina. El disolvedor es del tipo batch. 

La planta tiene dos sistemas independientes de "of f -gas" , uno para el sistema 
de disolución, con filtro para yodo, y otro para los recipientes del resto de la planta. 

El producto de la disolución pasará luego por una etapa de clarificación. Para 
ello se utilizará una centrífuga Robatel de 4000g. El clarificado, previo ajuste de 
concentración y valencia, será alimentado al I o ciclo de extracción. 

Se utilizarán tres ciclos de extracción, en un esquema Purex clásico que per-
mitirá obtener un factor de descontaminación global para el uranio de 107. 

La partición U/Pu se realizará en la 2a batería del 2 o ciclo, con la ayuda de 
un reductor. 

El tercer ciclo es solo para la purificación final del uranio. 
El solvente es reciclado en cada uno de los ciclos y lavado en contactores tipo 

"Holly Mott" con solución alcalina. 
La solución de plutonio que deja el mezclador-decantador de partición sufre 

una ulterior purificación, fuera de celda, en el local de tratamiento final de Pu. Este 
tratamiento consistirá fundamentalmente en la preconcentración de la solución, el 
pasaje de la misma a través de resinas aniónicas para la purificación propiamente 
dicha y la simultánea concentración final. El producto aquí obtenido, aprox-
imadamente 70 g/L, será transferido en botellas especiales al laboratorio de conver-
sión de Pu a óxidos mixtos. 

Todas las operaciones del tratamiento final de plutonio se llevarán a cabo en 
cajas de guantes. 

Los residuos ácidos de media y alta actividad (refinados) serán concentrados 
en una celda de proceso, utilizando una cascada de evaporadores operados a presión 
atmosférica, y construidos en material especial resistente a la corrosión. El producto 
de la concentración será almacenado. El evaporado (bajísima actividad), previo 
acondicionamiento, serán descargado en el medio ambiente. 

Los residuos salinos de media actividad se concentrarán en una celda de 
proceso, y el producto se almacenará en una instalación adecuada. El evaporado es 
tratado ulteriormente en la cascada de evaporadores de los residuos ácidos. Los resi-
duos provenientes de la centrífuga serán directamente almacenados,, lo mismo que 
los solventes orgánicos agotados. 

Los residuos sólidos generados en la planta son principalmente: 

— Hulls lixiviados (a, (3 y y alta/media actividad). 
— Residuos de las celdas analíticas (a, j3 y 7 alta/media actividad). 
— Residuos de caja de guantes analíticos y de conversión de Pu. 

Los hulls, los residuos de celdas analíticas y los filtros del sistema de ventila-
ción de la máquina de corte serán inmovilizados en el LPR dentro de recipientes blin-
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dados y luego transferidos a un almacén intermedio. Los residuos sólidos a serán 
transferidos a un sector encargado de su gestión. 

La planta contará con un sistema centralizado de control y adquisición de datos 
para las variables de proceso, monitoreo y para los servicios, principalmente 
ventilación. 

4.2. Puesta en marcha 

En 1987 se iniciaron las pruebas fluidodinámicas y para finales de ese año se 
espera contar con el suministro de todos los servicios. 

En 1988 se harán las pruebas químicas en frío y se completará el montaje de 
la máquina de corte. 

Durante 1989 se deberá completar la instalación de la sección de almacena-
miento y se iniciarán las pruebas en caliente. 



IAEA-SM-294/63 

POTENTIAL FOR THE DEVELOPMENT 
OF AN ENVIRONMENTALLY OPTIMIZED 
REPROCESSING PLANT 

N.R. GEARY 
Macclesfield, Cheshire, 
United Kingdom 

Abstract 

POTENTIAL FOR THE DEVELOPMENT OF AN ENVIRONMENTALLY OPTIMIZED 
REPROCESSING PLANT. 

The normal approach to optimizing reprocessing development and design is to take cost 
reduction and throughput as 'objectives', with the radiation dose to workers and the environ-
mental impact as 'constraints'. The purpose of the project has been to examine the following. 
(1) What would be the nature of a reprocessing plant and process if reduction of the environ-
mental impact and the radiation dose to operators were taken as prime objectives, with the 
constraints that they must be economic and must meet the expected programme? (2) What 
development programme would be required for such a plant to be operated shortly after the 
year 2000? International discussions have shown that there is little reason to depart from the 
Purex process, but that there are many aspects, chiefly related to engineering, in which the 
plant and the process could be improved. To determine what an environmentally 'improved' 
plant would be, it was necessary to formulate seven Guidelines to avoid the inconsistencies 
in current programmes. The engineering development required to pursue these experiments 
would cost millions of pounds sterling per annum and it is unlikely that a commercial 
reprocessing organization would be prepared to undertake the financial commitment before 
firm orders had been received; there would then be no time to do the work. It might prove 
necessary for the United Kingdom Department of the Environment to require that the industry 
should do the work. Development areas in which little or no environmental advantage would 
be shown include: actinide separation, non-Purex processes and processes to reduce waste 
volumes and to transfer actinides (including neptunium) from one stream to another (providing 
that none of the streams is to be dispersed). Areas in which development is already taking 
place, but where emphasis may be needed from the Department of the Environment, include: 
dry pre-head end processes, fuel dissassembly and fuel penetration, feed clarification, com-
pact contractors, plutonium finishing, simplified product specifications and maintenance 
methods. Areas in which further, possibly expensive, development is still needed include: 
plant and process robustness, presence of solids and crud formation, solvent degradation and 
washing, and plant and building construction methods. 
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1. INTRODUCTION 

This paper is derived from the report, DOE/RW/87-006 [1], which was pre-
pared under contract to the United Kingdom Department of the Environment. Its 
findings will be used in the formulation of government policy but the views 
expressed are not necessarily those of the department or the government. 

The traditional bases for the development of a reprocessing process and the 
design of a reprocessing plant have been against optimizations which had reduction 
of costs (particularly capital costs) and achievement of output as 'objectives'. Limita-
tion of the environmental impact of wastes and of radiation dose have, together with 
product specifications, been taken as 'constraints'. 

This project inverts this approach by asking: 

"What reprocessing process and plant design would you have if improvement 
of waste management and reduction of environmental impact and radiation 
dose were regarded as the main objectives, while meeting the constraints that 
the plant had to produce a product to specification, to programme and at a not 
uneconomic cost? 
What development programme would you require to be able to construct and 
operate such a plant shortly after the year 2000?" 

Such a plant will be referred to in this paper as an Environmentally Optimized 
Reprocessing Plant. 

2. SCOPE 

The requirements of the United Kingdom Department of the Environment for 
this study were: 

Task 1. To review current international research into the optimization of reprocess-
ing flow sheets and technology, including the head end, separation and finishing 
aspects. 
Task 2. To review and contrast the reprocessing technology applied, or to be 
applied, by different countries and, on this basis, outline the possibilities for optimiz-
ing reprocessing technology in the United Kingdom, from the waste management 
point of view and with the objective of radiation dose minimization. 
Task 3. To make recommendations to the Department of the Environment on priori-
ties for research on the longer term development of fuel reprocessing with respect 
to radioactive waste management. 
Task 4. To review and discuss international research on the separation, fixation and 
isolation of long lived isotopes. 
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3. METHODS 

The three aspects of this project have been: a literature survey, direct, personal 
discussion and analysis and appraisal. 

While a great deal of information has been published over the past decades on 
reprocessing research and development, little of the information gained proved of 
value to this project. Published papers are usually devoted to recording what has 
been accomplished rather than setting out what might be undertaken; most organiza-
tions regard such information as commercially sensitive. 

This put greater emphasis on direct personal contacts. Approaches were made 
to the major reprocessing organizations and personal discussions were held with 
senior members of staff who proved ready to co-operate. 

The third component, analysis and appraisal of potential lines of research and 
development, included procedures to secure implementation. 

4. PROBLEMS IN CURRENT REPROCESSING 

The conclusion which has been reached in the discussions with reprocessing 
organizations is that the Purex process offers the best performance and potential for 
the future. Examination of alternative processes for this study reaches the same con-
clusion. However, there are aspects of a Purex based reprocessing plant which 
appear less than satisfactory. 

(1) Liquid effluents — large volumes of contaminated water frequently requiring 
evaporators or effluent treatment plants. Much of this water arises from the storage 
ponds and the associated fuel receipt facilities. 
(2) Head end processes — giving rise to considerable quantities of U 0 2 dust and 
Zircaloy dust, which demands a substantial flow of air through/into the dissolver. 
(3) Fines and cruds — which can give rise to major problems and which play a 
major role in the formation of interfacial cruds. 
(4) Solvent degradation and washing — which is not yet completely understood. 
(5) Difficult chemical species — notably neptunium, which appears in several plant 
streams, and technetium, which catalyses the destruction of the hydrazine. 
(6) Plant size and complexity — which have resulted in plants lacking what will 
be referred to in this paper as 'robustness'. 

The fundamental chemistry of the Purex process is not seriously deficient. 
Many of the troubles are in associated processes and are linked to the way in which 
the plant is engineered. 
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5. GUIDELINES FOR REPROCESSING 

Definition of an Environmentally Optimized Reprocessing Plant has required 
the delineation of a set of Guidelines, since discussions revealed a number of incon-
sistencies due to: 

(1) Partial rather than complete systems being considered 
(2) The difficulty of evaluating immediate hazards to a limited group against risks 

to a large population, at a far future date and extending over a prolonged period 
of time 

(3) The desire of some workers to ensure safety by considering the worst possible 
case without recognizing when the arguments have been reduced to the absurd 
or when a 'good' procedure has been abandoned in the pursuit of a hypothetical 
'best'. 

5.1. Dispersal and disposal 

In dispersal the wastes are, with or without prior dilution, released into the 
biosphere. In disposal the waste is consigned, usually after conditioning and packag-
ing, to some location, usually subterranean, selected to ensure that the material does 
not return to the biosphere at a dangerous concentration. 

It is clear that, with only a few exceptions (possibly 85Kr and 3H), contain-
ment and disposal is preferable to dispersal and that the latter should be avoided. 

Guideline 1 — Containment and disposal is preferable to dispersal: the latter should 
be avoided with few exceptions, usually for specific isotopes. 

5.2. Activity of wastes 

The objective of 'reducing the total activity of wastes' is illusory. It is often 
based on the concept that what goes forward in the plutonium product will be totally 
used up in some fuel recycle programme. In fact, as has been shown for 'nuclear 
incineration', product recycling is of little significance to the problem of disposal. 

Many programmes to reduce the actinide contents of certain wastes and 
transfer the material to the product are of little consequence to the environment since 
both the waste and a significant part of the product have to go for disposal (possibly 
to the same repository) and the processing, itself, may have adverse effects (vide 
infra). (This does not refer only to streams which will be dispersed.) 

Guideline 2 — In assessing the environmental consequences of any process it should 
be recognized that the total activity of waste for ultimate disposal is effectively fixed 
once the material leaves the reactor. There is no significant benefit in processing to 
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divide this activity between different wastes and products, providing that none of 
these is to be treated by dispersal. 

5.3. Dispersal from processes 

All processing o f radioactive materials involves at least potential dispersal of 
material and radiation dose to the operators. 

Guideline 3 — No unnecessary process should be introduced or conducted. Where 
the reason for the process is economic or strategic, examination must show that the 
detriment is justified by the gain. 

5.4. Waste volume 

The reduction of waste volume is frequently accepted without question as an 
objective for waste management. However, environmentally, reduction of volume 
is usually irrelevant or even unhelpful. There is little difference to the environment 
between a large quantity of fission products in a small unshielded package, in a sub-
terranean vault and the same quantity of fission products dispersed in a large package 
in the same vault. 

The volume of arisings can be environmentally important, since it is generally 
easier to manage small volumes than large ones, with less tendency for dispersal and 
for dose to operators. 

The disposed volume, i.e. the volume which must be maintained, intact and 
without intrusion, in order to preserve the safety of the biosphere, is of long term 
environmental importance. 

This volume is very must greater than the volume o f arisings or the package 
volume. For a subterranean repository it includes the whole volume of clay, rock 
or salt which surrounds the repository and on which safety depends. 

Guideline 4 — Effort should be deployed to limit the volume of radioactive waste 
generated. Further processing to reduce the volume before disposal may have little 
long term environmental benefit and other gains must be evaluated. 

5.5. Present certainty and future probability 

Attention has already been drawn to the difficulty of comparing short and long 
term detriments. Perhaps, because of the widely held fears of the long term conse-
quences of radioactivity, there may have been a tendency to give emphasis to these. 
It may, therefore, be helpful to state: 
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Guideline 5 — If in risk assessment the long and short term detriments are approxi-
mately equal, preference should be given to the avoidance of immediate, certain 
detriment rather than hypothetical, future hazards. 

5.6. Diversity of waste streams 

Since the resources, to investigate and ensure the safety of all forms of nuclear 
waste presented for disposal, are finite it would be beneficial to keep the number and 
forms of waste streams to a minimum. 

Guideline 6 — The number and form of wastes presented for disposal should be 
minimized. 

5.7. Public perception and plant robustness 

The actual danger of a serious accident to a reprocessing plant is anticipated 
and limited by the meticulous procedures imposed by the Department of the Environ-
ment and the Nuclear Installations Inspectorate. However, there is considerable pub-
lic anxiety and mistrust which has been reinforced by a succession of incidents, many 
of them of no consequence. 

The quality of a plant or process which prevents it from mishaps, whether seri-
ous or not, may be described as its robustness; this is clearly an aspect which should 
command attention. 

Guideline 7 — In developing, designing, constructing or operating radioactive 
processes or plant, the robustness, not only to major accidents but also to minor inci-
dents, should be maximized. 

5.8. Use of Guidelines in this project 

It would have been difficult to draw up a precise specification for an Environ-
mentally Optimized Reprocessing Plant other than in idealistic but impractical terms 
(zero dispersal, zero return to the biosphere and zero radiation dose). What was 
done, therefore, was to examine potential developments to determine the extent to 
which the implementation of their results would be in conformity with the 
Guidelines. An Environmentally Optimized Plant would be considered to be the 
result of the developments thus selected. 

6. AREAS FOR POSSIBLE PROCESS IMPROVEMENT 

The full examination is set out in DOE/RW/87-006 [1], but the following sub-
sections outline the considerations. 
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6.1. General process aspects 

6.1.1. Actinide separation 

Many studies have been made of the separation of actinides from various waste 
streams. The purpose of this has not always been clearly identified but the reasons 
include: 

(1) To recover plutonium for its economic value 
(2) To allow a large volume waste to be disposed of in a less expensive repository 
(3) To facilitate short term waste management with no long term environmental 

advantage sought 
(4) To diminish the environmental impact of the disposal of actinides. 

The advantage to be gained, in this fourth objective, would be clear if the 
actinides could be eliminated by placing them in nuclear reactors to convert them to 
short lived isotopes. Studies of nuclear incineration have concluded that only a small 
proportion of the actinides could be consumed in one pass through the reactor and, 
during this irradiation, the reactor would be generating further actinides. Reprocess-
ing and refabrication of the fuel elements would then be necessary and further 
actinide contaminated wastes would be generated and the actinides would be 
dispersed. The multiple recycling would have a diminishing return and the most 
optimistic estimates are that, after perhaps as long as a quarter of a century, the total 
actinide inventory would be reduced by a factor between 50 and 100 [2]. This 
presents no significant improvement to the problem of actinide disposal. 

The objective o f allowing actinides to be disposed of without the heat from 
beta/gamma emitters can best be dealt with by the UK policy of allowing the heat 
generating isotopes to decay in storage, for at least 50 years, before disposal. 

Under this policy actinide separation can benefit the environment only if, in 
the absence of fission products but not in their presence, it is possible to place a sig-
nificant proportion of the actinides within a matrix and/or a geological formation 
which significantly reduces the probability or extent of the return to the biosphere. 
Against this must be set the detriment of performing the separation and conducting 
the necessary development. 

All of the many assessments to date, e.g. Refs [2—4], have concluded that the 
benefits are unlikely to outweigh the detriment. Further investigation of actinide 
separation processes would be a misdirection of effort and it would be hard to justify 
even the small hazard to personnel and to the environment inevitably incurred in con-
ducting the development work. 
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6.1.2. Non-Purex processes 

Studies by all the reprocessing organizations have concluded that no reason can 
be seen to depart from Purex. 

There is a remarkable consensus on the use of TBP in the solvent extraction 
process. A wide range of other solvents have been suggested and many of them have 
been investigated. McKay [5] reviewed many of these and concluded "There seem 
to be few alternative extractants to TBP for which a reasonable case can be made. 
The most likely are DBBP and the amides...however, it remains to be seen whether 
serious snags come to light later as their study proceeds." This view applies, a for-
tiori, to the present study. 

There is not the same consensus about diluents. McKay [5] noted that there was 
still doubt as to the criteria which should be applied in the choice of diluents. From 
the discussions for this project it would not be too harsh to conclude, perhaps, that 
operators use a particular diluent without any clear concept of the total role it may 
play or the real relative merits of alternatives. 

6.1.3. Fast reactor, MOX and combined flow sheets 

Once the fuel has been dissolved, fast reactor and thermal oxide fuels differ 
only in the former's higher fissile and fission product contents. However, if the fuel 
is allowed to cool for 3 to 5 years or more, the activity of the fission products is not 
materially different from that of thermal fuel. The problems of the higher fissile con-
tent and of the concentration of inactive fission products, of course, remain 
unchanged. 

The potential environmental advantages of reprocessing at lower activity are: 

(1) Potential radiation dose and dispersal of radioactivity could be reduced 
(2) Damage to solvent would be less, with less 'smearing' of fission products and 

actinides through the plant 
(3) Apart from vitrified highly active waste, the heat generation from solids would 

be reduced to negligible levels 
(4) A number of troublesome, short lived isotopes would be eliminated or signifi-

cantly reduced 
(5) Depending on where the additional fuel store was provided, the safety of 

irradiated fuel transport could be ensured more simply 
(6) The possibility of operating combined plants for fast and thermal reprocessing 

would be increased (vide infra). 

It appears, therefore, that the utilities should be asked to demonstrate that there 
is any need to reprocess fast reactor fuel at less than 5 years' cooling, until such time 
as the rate of installation of fast reactor stations became limited by the availability 
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of plutonium from fast reactor fuel reprocessing. It seems unlikely that this would 
be before the first decades of the next century. 

The environmental arguments in favour of combining uranium oxide 
reprocessing with that for M O X and/or fast reactor fuels are: 

(a) Since only one plant would have to be provided, the task of decommissioning 
and the volume of waste from such decommissioning would both be reduced 

(b) Reprocessing experience would be concentrated in one operational and 
management team with greater opportunity for learning from experience. 

The arguments against are: 

(i) The designs of thermal and fast fuel are very different and entirely separate 
head end facilities would be needed, 

(ii) The accommodation of different types of fuel in a single plant would require 
operation in campaigns or with blending. (It has to be noted, however, that a 
'thermal only' plant would also be faced with different fuel types of fuel and 
the same type of decision would be required.) 

(iii) The technical requirements of reprocessing these three types of fuel are so 
different that combination would result in technical and economic compromise 
and disadvantage. 

6.1.4. Process robustness 

The problem is not one which has been studied before and it would first be 
necessary to determine why it arises. The approach would be to anticipate less 
important but more probable occurrences than those considered in safety studies. The 
programme required is discussed in the following section. 

6.2. Unit processes and detailed aspects 

6.2.1. Pre-head end operations 

Experience has shown that this can be a troublesome stage of reprocessing. The 
difficulties can probably be attributed to the large mass of objects being manipulated, 
most notably the transport flasks, and the large volumes of contaminated water which 
can be involved. If the fuel elements are kept dry, any surface contamination will 
pass to the dissolver. Use of dry stages is, therefore, to be favoured. If it should 
prove necessary to wet the elements, the volumes of liquid used should be kept to 
a minimum and processes should be used to decontaminate the liquids and fix the 
activity in situ. All the equipment required has already been developed. It is neces-
sary, therefore, only to commend its use for the Environmentally Optimized Plant. 
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6.2.2. Head end processes 

The head end processes being studied include: 

(1) Single pin shearing 

The advantages of single pin shearing are: 

(a) The reduction (even possibly, the elimination) of cladding fines, with a 
similar reduction in fuel fines 

(b) The reduction in the volume of ventilation gas and hence in the volume 
of dissolver off-gas 

(c) Reduced contaminated structure for decommissioning 
(d) Reduced (it is claimed by some) shear blade maintenance 
(e) The ability to close couple a small shear with a single dissolver, thus 

providing an almost sealed system. 

Single pin shearing would require disassembly development and the design and 
handling of an easily dismantled fuel assembly would have to be studied. 

(2) Dissolver design 

The presence of dissolved poison does not significantly affect the disposal of 
vitrified waste and, in consequence, the choice between different dissolver systems 
appears to be operational and economic. 

(3) Non-shearing fuel penetration 

Schemes proposed for fuel disruption and penetration without the use of shears 
include laser cutting, electrochemical cutting [6—8] and embrittlement followed by 
pin cracking. Some of these offer the possibility of reduced plant size and reduced 
dust formation. Most schemes are subject to commercial secrecy but the advantages 
offered are sufficient for the continuation of these investigations to be encouraged. 

(4) Total fuel element dissolution 

Schemes for the total dissolution of fuel (fuel and cladding) are being studied 
in the UK for both thermal and fast fuel and in the Federal Republic of Germany 
for fast fuel. Such schemes offer the avoidance of the awkward mechanical disrup-
tion step, the elimination of dust and the elimination of hulls as a waste stream for 
disposal. The work is not very advanced in either country but it is promising and 
should be encouraged for this project. 

6.2.3. Feed clarification 

THORP, UP-3 and Wackersdorf all plan to use centrifuges for feed clarifica-
tion with filtration as the alternative. 
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In the FRG, it is claimed, that significant problems result from particles small 
enough to pass either the THORP or the UP-3 machines. Neither the work to prove 
this nor the development of an industrial centrifuge or filter, capable of removing 
such particles, has yet progressed far, but the implications are of sufficient impor-
tance for the progress of these investigations to be followed with close interest. Simi-
lar improvement is reported, from the United States of America, using a diato-
maceous earth filter [9]. 

6.2.4. Separation equipment 

There is a very substantial volume of development in progress on equipment 
auxiliary to reprocessing, much of which could have effects on radiation dose and 
waste disposal problems. 

Commercial and economic motives will ensure the continuation of develop-
ment without intervention from this project. 

For main line extraction equipment compact extractors could reduce the 
volume of decommissioning waste. 

Development of this type of equipment is subject to commercial security and 
further detailed discussion is not possible here, but the difficulty of funding appropri-
ately scaled engineering development in adequate time for construction of a new 
plant will be shown to be of importance in this context. 

6.2.5. Neptunium management 

It might be said that neptunium represents the only fundamental failure of the 
Purex type flow sheet. The process chemistry of neptunium has been extensively and 
internationally studied (e.g. Refs [10—17]), but it is complex and no method of 
unambiguously routing neptunium to any particular stream has yet been found. 

Assuming, however, that this task is not impossible, three possibilities should 
be considered: 

(1) Routing neptunium to the highly active waste 
(2) Routing neptunium to the plutonium product 
(3) Allowing the neptunium to pass to a number of streams, operating with a salt 

free process, gathering together the neptunium bearing waste streams and, 
after evaporation, sending them with the highly active waste for vitrification. 

It has been suggested that the second of these choices results in a lower ultimate 
detriment than the first. In the terms set out in the Guidelines for this project there 
is little to be said for this view. It is based on unrealistically pessimistic simplifying 
assumptions regarding deep repository disposal of neptunium, ignores the fact that 
a significant part of the product must itself go for underground disposal, does not 
recognize that some processes (namely, oxalate precipitation) do not pass neptunium 
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to the plutonium product, and fails to take account of the fact that any procedure 
which passes neptunium forward in the process risks the possibility of part of it 
reaching the uranium product. A better representation would be that neptunium may 
be allowed to go to either the plutonium product or the highly active waste but that 
no operator dose commitment or potential dispersal should be allowed in order to 
favour one or the other. 

Providing that the collecting together of waste streams in the third scheme is 
adequately comprehensive, it is difficult to find substantial reason to favour the first 
scheme over the third. If a method of directing neptunium into the highly active 
raffinate is found, it might be worth introducing, providing that implementation 
carried no penalties in terms of radiation dose, dispersal or increase in decommis-
sioning waste. 

6.2.6. Presence of solids and crud formation 

The solids in the Purex process merit attention for the Environmentally 
Optimized Plant. 

Remarkably little has been published in relation to the nature [18] and handling 
of interfacial cruds. Several of the comprehensive process reviews and plant descrip-
tions to which reference is given in this document do not find it necessary to make 
reference to the requirement and procedures for plant wash-out. Interesting work 
carried out in the FRG [19] indicates that solids alone may give rise to crud formation 
and that the role of solvent degradation products may be less, in this respect, than 
has been previously envisaged. 

A materially improved approach to this problem would require both highly 
active and large scale work for its satisfactory pursuit; these are both expensive. 

6.2.7. Solvent degradation/washing 

It is widely admitted [20] that neither the causes nor the effects of solvent 
degradation are properly understood. Part of this is the lack of understanding of the 
full role of the diluent already noted. 

Some hold that, within reasonable limits, solvent degradation is of little impor-
tance, but attention has been drawn to the disadvantages of accepting the effects of 
degraded solvent [21] and there is some promise that improvement of quality would 
prevent activity spreading around the processing system and hence reduce potential 
dispersion and radiation dose. 

Most organizations are working on hydrazine carbonate, or similar washes, but 
none are yet at the point of routine implementation. Such a change is to be 
encouraged. 
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6.2.8. Alternative processes 

An alternative process has been suggested for the product purification stages 
of the Purex process and possibly the purification stages of plutonium finishing [22]. 
A single cycle of TBP extraction and backwash is to be followed by fractional crys-
tallization, under first reducing and then oxidizing conditions. 

If this process is proved, it might not only improve the management of neptu-
nium and of effluents but offer a dramatic reduction in the size of plant. 

6.2.9. Plutonium finishing 

Plutonium finishing is of importance to an Environmentally Optimized Plant, 
since many of the processes give rise to dust-like powders which are a potential 
hazard to workers. Further, the solubility of plutonium in any recycled fuel is very 
dependent on the method of plutonium finishing which was used prior to fuel fabrica-
tion. In both these cases, the engineering of the plant is as important as the process. 
However, the conclusion reached, both from the little that is published and from the 
privileged discussions of this project, is that the current development programmes 
will be adequate for environmental objectives. 

6.2.10. Product specifications 

All current and planned Purex plants produce a plutonium product which is 
extremely pure, free of uranium and very low in fission products. This is done 
despite the facts that all intended uses of civil plutonium will involve it being remixed 
with uranium to form a reactor fuel and that the beta/gamma activity of the actinides, 
remaining in or growing into the plutonium, will require that any refabrication 
process is conducted behind shielding; the alpha activity of the plutonium, of course, 
requires that many of the fuel manufacturing stages should be carried out in sealed 
units. 

Many of the simplifications and condensations of reprocessing which might 
be contemplated could not produce a product to this tight specification. If one of 
these new processes were really in prospect, Guideline No. 3 would require that a 
more logical attitude should bef adopted and a re-examination o f the plutonium 
specifications should be conducted or demanded by the authorizing departments. 

It might appear that the same type of argument might be deployed in relation 
to the uranium product. Here, however, the case is much less clear and depends on 
the fate of the material. 
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6.3. General engineering aspects 

6.3.1. Construction methods 

Despite the proportion of the total capital costs which must be allocated to the 
concrete and steel structure o f a reprocessing plant, few design and construction 
methods have been evolved which are specifically addressed to the requirement and 
there is little to be found which anticipates the eventual tasks of decommissioning 
and demolishing. 

Few engineers believe that this area could not be improved upon but problems 
do exist: 

(1) The investigation and development of new structural design and construction 
methods would be costly to conduct and prove. 

(2) A project engineer has construction to budget, time and specification as his pri-
orities and is unwilling to undertake construction for which there is no estab-
lished code. Such codes take time and money for their formulation and 
acceptance. 

(3) Development workers favour programmes in interesting, more academic, 
areas which show prospects of publishable results. 

Many authors have set out the features of a reprocessing plant design to facili-
tate decommissioning and diminish the volume and activity of the resultant waste, 
but not all of these have been incorporated into current designs, some of which have 
made no special provisions or plans for decommissioning. 

The situation is not clear cut. Some designers argue that the design features 
which are otherwise provided (e.g. against spillages) will limit the spread of con-
tamination and, hence, ease decommissioning. Further, as indicated above, the 
volume of waste is relatively unimportant, even though it is generally agreed that it 
is easier to handle a small 'volume of arisings' with less risk of radiation dose. 

6.3.2. Maintenance methods 

There is a major schism in maintenance philosophy which is of importance to 
this project. The reprocessing plants under construction or planned in the UK and 
France all utilize decontamination and 'hands on' maintenance for the majority of 
plants with remote maintenance only for some mechanical sections, notably the 
shear. 

The Wackersdorf plant, in contrast, will utilize the FEMO principle [23—26] 
derived from the US canyon and REMOTEX concepts. The claims for and against 
FEMO have well been publicized and proof will come only when the FEMO system 
is built and operated. If it is successful, it will have substantial environmental benefit 
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and, probably, will change constructional philosophy for the future; designers will 
have to justify not adopting it for any new plant. 

7. SELECTION A N D IMPLEMENTATION OF A DEVELOPMENT 
PROGRAMME FOR A N ENVIRONMENTAL PLANT 

7.1. Role of the industry's development programme 

Very few topics do not appear or have not at some time appeared in the 
programmes of British Nuclear Fuels (BNFL) and/or the United Kingdom Atomic 
Energy Authority (UKAEA). It might therefore be asked why these developments 
have not already taken place in existing programmes. BNFL is required to be a com-
mercial organization, operating within the safety and environmental limits set by the 
authorizing ministries. It must maintain a prudent attitude to spending money for 
which, no matter how obtained, it is responsible to the public. 

While no nuclear work is ever inexpensive, the scale of equipment and the 
duration of programme for exploratory development are such that the cost and effort 
are relatively low. This stage has been completed for many development areas; in 
fact, there is very little scope for laboratory or small scale work in any sector of 
interest to this project. In contrast, implementation development requires large scale, 
if not full scale, rigs and very substantial engineering, design, scientific and labora-
tory services, as well as instrumentation and operational support. A full scale, inac-
tive rig, simulating the first cycle of a reprocessing plant, will take several years to 
design and build. It can cost more than one million pounds sterling to construct and 
as much for each year of operation. Similar costs are likely to be incurred for each 
of the other plant stages. 

A commercial organization will be unwilling to undertake such a commitment 
until the recovery of the money is guaranteed by firm orders; there is then no time 
to do more than determine the design parameters for the plant to be constructed. 

This has happened in the past and it is likely to be what will happen to the 
development under discussion, in the absence of strong pressure for environmental 
optimization. 

7.1.1. Commercial security 

In many of the above areas, BNFL in the UK and the equivalent organizations 
abroad have programmes which are well advanced, at least in the exploratory 
development phase. Commercial interest will mean that they will not be prepared to 
release the information for use in an 'open' programme. On the other hand, it would 
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be a waste of time, effort and money for any other organization to undertake develop-
ment work without building on the progress already made; the danger would be not 
only that of 'reinventing the wheel' but also, perhaps, that of doing it badly. 

7.1.2. International co-operation 

While it would be very beneficial if the heavy costs of this type of work could 
be shared by collaboration between countries. Although there has been very exten-
sive international exchanges, these have rarely progressed beyond the exchange of 
information which has indicated alternative lines of work or has confirmed workers 
in the line they were pursuing. A real exchange would be for a country to refrain 
from building a costly development rig and, instead, share the use of one constructed 
in another country. For a variety of reasons this has never happened. Very substan-
tial transfers of technology have taken place, but only under full commercial con-
tracts and for a substantial fee. 

The inference from this situation is that, for the type of development required 
for an environmentally orientated programme, it is unlikely that technology could be 
obtained from outside the UK, other than by purchase. 

7.2. Potential for a development programme 

Taking into account that nearly all of the development needed would require 
substantial engineering study, design and construction, any programme addressed to 
the construction of a plant in the early years of the next century would have to com-
mence in the immediate future. 

7.2.1. Plant robustness 

(1) A study could be conducted, in the UK, to investigate both recent incidents and 
incidents which occur during the study, to determine the factors which have 
contributed 

(2) Discussions could be held with reprocessing plant managers in other countries, 
both on incidents which they had encountered and the different standards 
applied to such matters as design and operator training 

(3) In parallel with these investigations the need to take robustness into account 
should be pressed on those conducting both process and design development. 

Investigation in the UK could start as soon as desired and would last 2 to 
5 years. The level o f additional effort required would depend on how far the data 
collection and analysis could be mounted as an extension of the present incident 
information system. 

Collection of information from other countries would take some time to 
negotiate, but the data collection would be less prolonged than the first investigation. 
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7.2.2. Pre-head end operations 

All of the technology required to use dry systems of transport, reception and 
storage already exists. Investment in current technology would, however, exert a 
considerable inertia to change and early notice would need to be given of a regulatory 
preference for dry systems. 

7.2.3. Head end processes 

The UKAEA (with BNFL) already have a number of improved fuel penetration 
schemes under investigation. The problem, for a new project, would be to ensure 
that engineering development is undertaken at a sufficiently early stage. 

If fuel bundle disassembly formed part of the selected scheme, there should be 
no insurmountable difficulty in introducing demountable fuel for a plant coming on-
line not less than 15 to 20 years ahead. 

7.2.4. Feed clarification 

Work being carried out in the FRG, which will indicate whether there is sub-
stantial improvement from improved feed clarification, should be available in the 
next 2 years. It will then be possible to assess the environmental consequences, if 
any, and a decision could be taken on whether a similar process could be developed 
for the Environmentally Optimized Plant. 

7.2.5. Compact contactors 

In view of the development already in progress in the UKAEA/BNFL 
programme, no separate encouragement is required. Once again, however, it will be 
necessary to ensure that the large scale, costly engineering work is started suffi-
ciently early. 

7.2.6. Neptunium management 

The current knowledge of neptunium process chemistry is probably adequate. 
A firm declaration o f disposal policy would almost certainly be beneficial, if only 
in halting nugatory work. 

7.2.7. Presence of solids and crud formation 

This is one of the two areas in which some laboratory work might help this 
project. Analysis and characterization of process solids, together with some study of 
their behaviour, could be done in part on a small scale; albeit, this would be under 
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highly active conditions. However, realistic study of the role of solids, after the first 
cycle, could only be undertaken with a fully active miniature pilot plant. 

Unless laboratory scale work eliminates solid and crud formation, full scale 
investigation of their accumulation and removal will have to be undertaken. 

It should not be concluded that there will not be considerable attention to this 
topic in the industry's programme. It is suggested that Department of the Environ-
ment attention should be directed to this topic, in particular to ensure that adequate 
large scale investigation is carried out and, further, it is suggested that this would 
be area for particular attention in relation to robustness. 

7.2.8. Solvent degradation 

Almost all of the above paragraphs on solids can be paralleled for solvent 
degradation. There is, however, substantial evidence that some of the effects of sol-
vent or diluent degradation are only manifested with operation on a large scale and 
requires to be investigated in long, large scale experimental runs; such work is 
expensive. 

7.2.9. Construction methods 

The task of preparing structural and plant design codes which take account of 
all o f the requirements, including decommissioning, and all of the hazards in an 
integrated and systematic manner would require substantial theoretical and design 
engineering efforts. The duration of the design programme which would be needed 
should not be underestimated. 

7.2.10. Maintenance methods 

Development of specific remote and hands-on maintenance techniques will 
continue in the industry. If FEMO proves to be successful, the design of the Environ-
mentally Optimized Plant would have to be reappraised. 

7.3. Implementation of a development programme 

Implementation of a development programme would require substantial 
involvement in the engineering aspects of reprocessing. The financial demands, even 
of some of the individual sectors, would need sums which would be reckoned in mil-
lions of pounds sterling per annum. It may well be that such sums could be found 
only if there was a potential strategic or commercial interest in the technology 
developed. If this were the case, consideration might be given to making the pursuit 
of environmental protection objectives a condition o f the continuation of reprocess-
ing. The cost would not represent a significant margin on the cost of electricity and 
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consideration could be given to securing a formula which caused this sum to be 
spread through the nuclear power generation industry rather than letting it fall as a 
surcharge on reprocessing. 
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SOME ASPECTS OF THE FUEL REPROCESSING 
DEVELOPMENT STRATEGY FOR 
SYMBIOTIC NUCLEAR ENERGY SYSTEMS 

G. CSOM, S. FEHER 
Nuclear Training Reactor, 
Technical University of Budapest, 
Budapest, Hungary 

To date, nuclear energetics can mainly be characterized by the once-through 
fuel cycle. However, better utilization of natural uranium resources will require 
closing of the fuel cycle and it will probably be necessary to establish some kind of 
symbiotic nuclear energy system in the first decades of the next century [1-3]. Since 
the development of technologies for nuclear energetics usually takes a long time — 
around 10 to 20 years — it is reasonable to analyse the fuel cycle of symbiotic 
systems for facilitating the selection of strategies and options related to the back end 
of the nuclear fuel cycle. Our investigation covers the symbiotic systems based on 
the U-Pu fuel cycle. 

A general mathematical model was developed for quantitative analysis of all 
the practicable recycle schemes for fissile and fertile materials in an energy system 
composed of thermal and fast breeder reactors. Both the transient period leading to 
the equilibrium state and the symbiotic state itself were investigated. Only those 
energy systems composed of thermal and fast breeder reactors in operation or under 
development were calculated. Load and discharge data of fissile fertile materials for 
all the reactors considered were taken from the literature [4, 5] as inputs of the 
calculation. 

The main system characteristics obtained are as follows: 

(1) The annual natural uranium demand per unit energy produced 
(2) The integrated natural uranium demand for the whole system as a function of 

the time 
(3) The capacity ratio of thermal and fast breeder reactors in the system. 

These multiparameter system characteristics were mainly investigated as a 
function of the overall time spent by the fuel material out-of-core and of the rate of 
system capacity extension. 
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FIG. 1. Natural uranium utilization as a Junction of the rate of system capacity extension in 
three different symbiotic system cases: (1) LMFBR/2 and PWR/Pu: out-of-core time 
(T) = 3 years; (2) LMFBR/1 and PWR/Pu: T = 3 years; (3) LMFBR/1 arid PWR/Pu: 
T = 1 year. LMFBR/1 = MOX fuel LMFBR for the period 2000 to 2025 (breeding 
ratio = 1.32) [4]; LMFBR/2 = metal Juel LMFBR (BR = 1.58) [4]; PWR/Pu = plutonium 
burner [5]. 

As is well known, in the case o f a symbiotic nuclear energy system, or o f any 
other mixed system, there are two main variants to improve natural uranium utiliza-
tion, namely: 

(a) To increase the breeding ratio of fast reactors and/or the conversion ratio o f 
thermal reactors 

(b) To shorten the time spent by the fuel material out-of-core. 

One o f our most interesting conclusions can be derived from Fig. 1 [4, 5], i .e. 
reducing the out-of-core time from 3 years to 1 year will result in a higher increase 
o f natural uranium utilization than an improved breeding ratio with selected time and 
reactor combinations. 

This suggests that development o f reprocessing technologies that, accomplish 
high activities may be favoured for the selection o f strategies related to the back end 
o f the nuclear fuel cycle. Such a selection might be more economic than any develop-
ment aimed at an equivalent increase in the breeding ratio. 
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ADVANCED SEPARATION PROCESSES 
FOR SPENT FUEL REPROCESSING 
Italian experience 

T. CANDELIERE, G.M. GASPARINI, 
G. GROSSI, F. POZZI, A. MOCCIA 
Fuel Cycle Department, 
Comitato Nazionale per la Ricerca e per lo 

Sviluppo dell'Energia Nucleare e delle 
Energie Alternative (ENEA), 

CRE Trisaia, 
Policoro (Matera), Italy 

Within the framework of the Italian R & D programme on reprocessing 
technology, a relatively large amount of work has been devoted to chemical separa-
tion processes over the last decade. Experimental work has been aimed at optimiza-
tion and/or simplification of the Purex process in view of its application to high 
burnup LWR and FBR fuels; special reference has been made to the safeguards/non-
proliferation aspects and to the waste management options, and practices. Some 
separation processes that differ from the classical TBP based Purex process have also 
been developed and tested. 
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Experience has been gained during the implementation of the following 
processes: 

(1) The CANDU-EUREXprocess (Fig. 1) — selective separation of plutonium by 
long chain tertiary amines 

(2) The AMDEXprocess (Fig. 2) — straight chain N, N' dialkyl aliphatic amides 
as an alternative to TBP for the Purex type process 

(3) The PAMIDEX process (Fig. 3) — Pu(IV)/U(VI) partition, based on the use 
of branched chain N,N' dialkyl aliphatic amides, having an enhanced selec-
tivity towards hexavalent actinides compared to the tetravalent ones 

(4) The CO-PROCESSING processes — using both TBP (Fig. 4(a)) or amides 
(Fig. 4(b)) to obtain a final product with a pre-established ratio mixture of ura-
nium and plutonium 

(5) Some combinations of the processes mentioned above — iterated co-
decontamination cycles with TBP and amides, plus a final step of elemental Pu 
enrichment (Fig. 5). 

The results of these processes have been obtained using some new equipment, 
advanced instrumentation and an automated control system. 

IAEA-SM-294/71P 

CORROSION CONTROL EXPERIENCE AT THE 
SELLAFIELD NUCLEAR FUEL REPROCESSING PLANT 

R.D. SHAW 
British Nuclear Fuels pic, 
Sellafield, United Kingdom 

Nuclear fuel reprocessing plants are designed for operational lives over several 
decades with little or no repair. Since most plants are not operated in a highly 
mechanically stressed or moving mode, corrosion of the plants and the associated 
structures (e.g. the concrete shielding or supporting framework) is a predominant 
wear-out mechanism. 

Sellafield has over 30 years' experience in operating stainless steel (and, to a 
much lesser extent, titanium and zirconium) plants for Magnox fuel reprocessing in 
the nitric acid solvents of the Purex process. Plant inspection by closed circuit TV, 
conventional photography and direct examination after decontamination has shown 
that fuel dissolvers, evaporators and disentrainment-demisting column packing are 
most vulnerable to corrosion attack. 
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Occasionally, there has been some indication that the local lake waters (6 to 
10 mg/L chloride) used to provide process cooling may have caused corrosion attack 
on the stainless steel plant materials. It is believed that this is caused by ferruginous 
sludges adsorbing chloride, beta-gamma radiation altering the chemistry of the 
waters, as well as the existence of pre-existing, crevice-like defects within the plant. 

The accumulated experience with Magnox reprocessing has allowed the formu-
lation of a materials selection strategy for the new THORP complex, i.e. use of: 

(1) 304L stainless steel (DIN 1.4306n) for general plant construction 
(2) 'Nitric acid grade' 304L (e.g. DIN 1.4306s) for a highly active reprocessing 

plant 
(3) 310L stainless steel for constructing fuel dissolvers 
(4) Zirconium alloys for the most corrosive conditions. 

Titanium has shown certain deficiencies in corrosion performance in Magnox 
plants and will not be used in THORP. 

Corrosion control in the reprocessing plants is important. However, corrosion 
control of fuel stored prior to reprocessing is of equal importance, since it dictates 
the feasibility of reprocessing and the operational strategy and time-scales to be 
adopted. Design of fuels is set by the reactor operational parameters and the 
reprocessing plant or fuel store operator has little influence on materials selection. 
The only scope for modifying irradiated fuel corrosion prior to reprocessing is to 
control the storage environment. At Sellafield, the current practice is to store fuel 
in metal 'containers' in storage ponds, allowing control of the surrounding water 
chemistry. Sodium hydroxide dosing has been shown to be an effective corrosion 
inhibitor for Magnox and AGR fuels stored in water. Water reactor fuels have, to 
date, shown no significant corrosion when stored in demineralized water. 

Increasingly stringent aerial and liquid effluent limits, set by authorizing 
departments, have led to closer attention being given to corrosion control within 
effluent treatment plants. Here, there is a different impetus to control corrosion than 
in other plants in that the incentive is to minimize corrosion product pick-up, allow-
ing greater evaporative concentration factors and, hence, lower volumes of storage 
capacity required in downstream plants. Sellafield is currently undertaking an 
exercise to replace stainless steel packing rings with zirconium in an M A evaporator 
disentrainment column to reduce iron pick-up. 

Containers for the long term storage of radioactive waste at the reprocessing 
plant site pose difficult problems in corrosion control, as they need to remain integral 
over much longer periods (30 to 50 years on-site, indefinitely in final disposal) than 
has, hitherto, been usual when making predictions of corrosion performance. After 
examining many options, British Nuclear Fuels (BNFL) has decided that steel and 
stainless steel are the most appropriate and economical choices for the outer 
container for site storage of radioactive waste. Where a drum life of many hundreds 
of years is required (e.g. for final disposal), materials such as copper, lead, titanium 



483 POSTER PRESENTATIONS 

and high nickel alloys may also be required. The BNFL view is that the wide range 
of wastes, encapsulation media and storage environment make it unlikely that any 
one drum material will be appropriate for all cases. 

IAE A-SM-294/17P 

RESEARCH AND PRACTICE IN THE FIELD OF 
THE BACK END OF THE NUCLEAR FUEL CYCLE 

M. KYRS, Z. DLOUHY, J. MOLTASOVA 
Institute of Nuclear Research, 
Rez, Czechoslovakia 

Research in the following fields is being carried out: laboratory practices with 
Purex reprocessing of irradiated nuclear fuel in the hot and semi-hot cells at the 
Institute; laboratory scale research on the processes of isolating caesium, strontium, 
rare earths and other valuable components by solvent extraction methods using 
halogenated dicarbollides as reagents and mixtures of nitrobenzene and carbon 
tetrachloride as the solvent; laboratory scale research on the fluoride reprocessing 
method and on model samples of U 3 0 8 ; evaluation of the experience obtained with 
dry storage of spent fuel elements from the research type nuclear reactor at the 
Institute. 

Laboratory practices with Purex reprocessing of the irradiated fuel were 
developed between 1974 and 1975. Reprocessing was carried out using two cycles 
based on 30% TBP in n-dodecane and one cycle of Pu purification using an anion 
exchanger. The whole complex of equipment was manufactured at the Institute and 
the analytical, radiometric and dosimetric checking methods required have been 
developed [1]. 

Research work using a dicarbollide extractant is being performed in collabora-
tion with the V.K. Khlopin Radium Institute in Leningrad [2]. The advantages o f the 
method are that it is possible to omit salting out reagents in the waste solutions, that 
the reagent has a high degree of radiation and chemical stability and that the same 
reagent can be used for the isolation of several fission product elements [3]. 

Research work on fluoride reprocessing is being conducted in conjunction with 
the Institute of Atomic Reactors in Dimitrovgrad [4]. Several types of new equip-
ment have been developed which represent the 'uranium side' o f the reprocessing 
line [5]. 
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POUR LA SURVEILLANCE DU PROCEDE ET LE CONTROLE 
DES DECHETS 
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France 

1. BESOINS D ' U N E USINE DE RETRAITEMENT EN CONTROLES 
CONTINUS 

Une usine de retraitement de combustibles irradies comporte des ateliers 
specialises dans diverses fonctions: stockage, traitement mecanique, dissolution 
chimique, cycles de purification, traitement des effluents, conditionnement des 
dechets. 
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Aux differents stades du retraitement, la connaissance d'un grand nombre de 
parametres est une necessite permanente pour s'assurer que chaque atelier fonctionne 
dans des conditions satisfaisantes. 

D'une maniere generate, une usine de retraitement comporte trois categories 
de mesures: 

— les mesures liees a la maitrise des conditions de surete, qui sont reparties dans 
l'ensemble des ateliers; 

— les mesures necessaires a la connaissance des caracteristiques du combustible 
et des flux de matiere, qui se situent en tete d'usine et sur les flux annexes que consti-
tuent les dechets divers et les effluents; 

— les mesures necessaires a la surveillance des performances du procede, qui se 
trouvent essentiellement dans les unites chimiques: dissolution, purification, traite-
ment des effluents. 

2. CHOIX DES METHODES 

Pour des raisons li£es aux projets d'usines fran?aises, le CEA a developpe des 
mesures et des concepts technologiques aptes a satisfaire les besoins exprimes. 

Les methodes de mesure retenues sont exclusivement des methodes non des-
tructives et, chaque fois que possible, on a developpe des methodes evitant de per-
turber le procede ou d'entrer en contact avec les constituants du procede. 

Ces methodes de mesure peuvent etre de deux types: 
— mesures passives (Emission de neutrons ou gamma); 
— mesures actives (Emission de neutrons de fissions induites prompts ou 

retardes). 
Dans les autres cas, on a d6velopp6 des dispositifs de mesure impliquant 1'in-

trusion d'un capteur dans le procede, generalement a proximite ou dans la solution 
active. 

Pour resoudre les contraintes de ce type d'installation (interventions, main-
tenance dans des conditions radiologiques satisfaisantes), on a mis au point des 
appareils de type modulaire. Ces modules de petite taille peuvent etre changes de 
mantere semi-automatique sous protection radiologique, avec maintien du 
confinement. 

Ces appareils sont done accessibles a partir des zones d'intervention et sont 
alimentes par un circuit special adapts aux conditions de mesure et d'installation. 

Dans la categorie des mesures de surete, le CEA a developpe: 
— une m6thode de contrdle d'integrite des circuits de chauffage ou de 

refroidissement; 
— deux methodes de non-accumulation de la matiere fissile dans les installations 

(version passive et version active). 
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Dans la categorie des mesures necessaires a la connaissance des caracteris-
tiques des combustibles et des flux de matiere, le CEA a developpe: 

— deux methodes de controle de la combustion massique des combustibles irra-
dies (version passive et version active); 

— deux methodes de controle de la matiere fissile dans le flit contenant les dechets 
de structure ou les dechets technologiques (version passive et version active). 

Dans la categorie des mesures necessaires a la surveillance des performances 
du procede, le CEA a developpe: 

— deux methodes de mesure des concentrations en U et/ou Pu (version absorp-
tiometrie 7 et version fluorescence 7 -X ) ; 

— une methode de mesure du facteur de decontamination 7; 
— une methode de mesure de la teneur en plutonium dans les raffinats; 
— trois methodes de mesure des caracteristiques physico-chimiques des solutions 

(version pH, version Redox, version conductivity). 

3. NIVEAU D'EXPERIMENTATION DES DISPOSITIFS DE MESURE 

Toutes les mesures developp6es sont basees sur des methodes deja experimen-
t6es, parfois de longue date, dans des usines de retraitement ou dans des milieux 
radioactifs divers. 

II a ete necessaire cependant d'avoir recours a des essais particuliers sur des 
combustibles reels dans des installations pilotes, a l'aide de prototypes ou de 
maquettes. 

Ces experimentations ont servi dans plusieurs domaines, par exemple: 
— a valider des codes de calcul, des correlations, des systemes de traitement; 
— a mesurer des efficacies, rendements, performances, precisions, etc.; 
— a definir les conditions normales et limites de fonctionnement de la mesure 

elle-meme ou des fonctions annexes. 

4. CONCLUSIONS 

L'ensemble des contr61es d£veloppes ont trouve ou trouveront prochainement 
leur place dans une usine de retraitement de combustibles irradies. 

Les experimentations effectuees constituent le degre de qualification indispen-
sable pour des materiels et des dispositifs avant leur installation en milieu radioactif. 

La gestion des donnees de mesures et les correlations effectuees au-niveau du 
systeme de conduite (ou dans un calculateur specialise) permettent de suivre l'etat 
des installations au plan de la surete, de la gestion des matieres et des performances 
du procede. 
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USE OF XAD-2 AND XAD-4 RESINS FOR 
TBP REMOVAL FROM AQUEOUS SOLUTIONS 
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Buenos Aires, Argentina 

Experiments have been performed to remove dissolved TBP in synthetic Purex 
solutions. Static and dynamic analyses were carried out for the sorption of 32P 
labelled TBP in XAD-2 and XAD-4 resins, which proved to be the best of the differ-
ent sorbents tested. 

In the batch series of experiments, increasing amounts of resins were placed 
in contact with a 300 ppm TBP-32 nitric acid solution kept at 25 to 50°C. 
Equilibrium supernatant samples were beta counted and the TBP content determined. 
Distribution curves were obtained for each resin at each working temperature. 

Dynamic experiments were run by passing the TBP solutions through a 
microcolumn glass device containing a small amount of sorbent. All the parameters 
were kept such as to obtain the necessary conditions for treating the system as a TBP 
diffusion in a bed of homogeneous spheres. 

The TBP-32 was measured while the solution flowed through the column by 
means of a beta counter specially adapted to the glass device. 

The mean values of the diffusion coefficient were calculated and possible vari-
ations were analysed. XAD-2 resin (a polystyrene-divinylbenzene matrix) showed 
better retention of dissolved TBP and was selected for plant column operations. 
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Abstract 

INCENTIVES FOR RECYCLING FISSILE MATERIALS IN THERMAL AND FAST 
REACTORS IN JAPAN. 

It is 30 years since full scale development of nuclear energy was started in Japan. 
During this period, significant progress has been made, including popularization of the 
generation of atomic power and materialization of the nuclear fuel recycle plan. On the basis 
of the progress and use made of atomic energy so far, the Atomic Energy Commission of 
Japan is promoting nuclear energy as a major power source. It is also encouraging independent 
nuclear fuel recycling and use of plutonium in LWRs, and will target further development in 
these fields in the 21st century. This R&D work will play a key role in international relation-
ships. Nuclear fuel recycling has been studied from the viewpoint of improved use in LWRs 
and development of the plutonium system. Concerning nuclear fuel recycling for LWRs, 
further improvements are anticipated which will lessen Japan's dependence on overseas 
resources. Since 1977, the Tokai Reprocessing Plant has processed approximately 300 tonnes 
of spent fuel, thereby obtaining 2 tonnes of plutonium. The first commercial reprocessing 
plant (capacity, 800 t U/a) is now being designed by the Japan Nuclear Fuel Service Company 
Limited and should start operation around 1995. The prototype FBR Monju is now under 
construction and first criticality is expected in 1992. In 1988, MOX fuel needed for its opera-
tion will be fabricated at the Plutonium Fuel Production Facility at PNC's Tokai Works. 
About 83 tonnes of MOX fuel have been fabricated in Japan, mainly by PNC, for the FBR 
and ATR. 

491 
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1. NUCLEAR FUEL RECYCLING 

1.1. LWR fuel recycling 

Nuclear fuel recycling, which supports the LWR power generation system, is 
nearing commercialization. Because LWRs are expected to remain in operation for 
a long time and in order to further increase energy independence, plans have been 
drawn up to establish a nuclear fuel recycle system based on the following policy 
items: 

(1) To generate LWR power that is suitable for Japan, it is necessary to secure 
natural and enriched uranium, both of which are required for operating LWRs. 

(2) Spent fuels are to be reprocessed. The plutonium and recovered uranium 
can therefore be regarded as pseudo-domestic energy resources. Since this will aid 
the effective use of uranium resources and lessen the degree of Japan's dependence 
on overseas resources, use of fissile materials from the reprocessing is to be actively 
encouraged. 

(3) Promotion of the use of plutonium for LWRs is important because it will 
form the basis of a new system that is expected to replace that of LWRs. 

(4) Radioactive waste, which is generated in the process of nuclear power 
development and utilization, will be adequately and safely treated and disposed of. 

1.2. The reprocessing-recycle policy 

This policy can be described as follows. 

The once-through system used in LWRs is far superior to that using fossil fuels 
because of the stability of supply. However, as Japan has to import all its resources, 
there is no fundamental difference between the two systems. On the other hand, the 
reprocessing-recycle system does differ in that it drastically enhances the efficient 
use of the uranium recovered which, according to the non-proliferation concept, 
requires careful monitoring. Plutonium and uranium do exist in Japan and can be 
recovered from these spent fuels as pseudo-domestic energy resources. Figuratively 
speaking, spent fuels are the 'mines' of the energy resources in Japan; reprocessing 
should be regarded as the means of exploiting such 'mines'. Regular use of 
plutonium in the FBR could greatly lessen Japan's dependence on overseas natural 
uranium. This may, however, take a considerable period to achieve. 

Use of uranium in LWRs is expected to continue for a longer period than was 
formerly thought. Therefore, the long range stability of natural and enriched 
uranium prices will become increasingly important. As utilization of plutonium 
increases, the pressure of demand for natural and enriched uranium will decrease to 
a certain degree. This may result in the need for substitutes, and consequently 
contribute to a stability in price. 
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Although it is believed that the worldwide energy demands can be met for the 
time being, it is inevitable that in the long term supplies will be insufficient. From 
the standpoint of the worldwide supply and demand of energy, Japan can be viewed 
as a heavy energy consuming nation. Further efficient use of energy will help 
developing countries to better utilize their limited energy resources. From this point 
o f view, positive use of plutonium is significant. 

It is believed that the economic problem of using plutonium rather than 
uranium in LWRs can be overcome in development stages. 

2. USE OF PLUTONIUM AND RECOVERED URANIUM 

2.1. Use of plutonium 

Using plutonium in the FBR is fundamentally different because of fuel breed-
ing. The fact that the FBR is overwhelmingly superior to other reactors in the 
efficient use of uranium will, in principle, justify the utilization of plutonium. 

Therefore, since the FBR will obviously play a major role in the future genera-
tion of atomic power, a prototype FBR, Monju, is now under construction; first 
criticality is expected in 1992. In short, the fundamental strategy is ' from the LWR 
to the FBR'. 

It is believed that it will take a long time before the FBR is put into commercial 
use. It is therefore necessary to promote small scale utilization of plutonium in other 
types of reactors as soon as possible. 

To start regular utilization of plutonium for the future FBR, establishment of 
a wide range of technical systems is needed, e.g. FBR related technologies, 
reprocessing technology, M O X fuel processing technology, etc. Approximately 
83 tonnes of MOX fuel have been fabricated in the PNC facility. Establishment of 
these wide ranging technical systems can effectively be achieved through long term 
accumulation of experience in operating a commercial reprocessing plant and the 
practical use of plutonium. Such know-how is essential if plutonium is to be used 
on a regular basis in the future. 

PNC's Tokai Plant has processed about 300 tonnes of spent fuel from LWRs. 
In the course of further development, a major reduction in reprocessing costs is 
necessary. To achieve this aim, further effort is required. Improvements in the 
technology can be effectively realized through the skills gained in operating a 
commercial scale reprocessing plant. 

Technical developments will proceed as the reprocessing practices and use of 
plutonium progress. Consequently, it is expected that M O X fuel will become 
economically competitive with uranium fuels. 

There is a possibility that the demand for plutonium utilization will increase 
(or that the price of natural uranium will rise) if there is a sudden change in the 
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energy situation and thus in international circumstances. Even so, a minimal 
plutonium recycle capability (with a commercial reprocessing plant and a workable 
technology) will make it possible to cope with such a drastic change and to minimize 
its influence. 

Although reprocessing is mostly associated with plutonium, it is also important 
for the control and disposal of high level radioactive waste. Use of plutonium from 
reprocessing is necessary for the effective use of resources, for a reduction in the 
plutonium storage costs and for nuclear non-proliferation. 

Plutonium has already been used in LWRs overseas. This is feasible from a 
technical viewpoint because existing LWRs do not require any special design 
changes, e.g. both systems have a one-third load in the reactor core. Large scale 
PWR and BWR demonstrations are planned, beginning in the 1990s. 

On the basis of the current concept, the high conversion LWR is considered 
to have the best characteristics for meeting the conditions that are expected to last 
until the FBR is put into operation, mainly because it uses uranium efficiently. 
Initially, the large plutonium charging rate will slightly lower the plutonium stock, 
although in the long term the high conversion rate will not greatly reduce the 
plutonium stock. An investigation is being carried out to ascertain if this concept can 
be realized, but further studies and development will be necessary. 

The ATR has various superior characteristics regarding plutonium use. It has 
been developed with Japanese technology and further development is being promoted 
to improve the economy so it can be used in future power systems. 

2.2. Use of recovered uranium 

Temporary storage of the recovered uranium will be required until such time 
as the best practical use for it can be found. Investigations will be made into the use 
of M O X fuel, re-enrichment, and direct blending of the recovered and enriched 
uranium. Regarding M O X fuel, maximum use of the recovered uranium as fuel for 
the Fugen will be maintained. 

Use of re-enriched uranium will coincide with the start of the first commercial 
reprocessing plant. Therefore, PNC and the electric power companies are 
co-operating in technical investigations, clarification of the economic feasibility and 
actualization of the use of re-enriched uranium. Studies will also be made into the 
advantages of using lasers for re-enrichment of the recovered uranium. 

3. TREATMENT AND DISPOSAL OF HIGH LEVEL 
RADIOACTIVE WASTE 

As a fundamental policy, high level radioactive waste separated from spent fuel 
at a reprocessing plant will take a stable and solid form, will be stored afterwards 
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for 30 to 50 years for cooling, and will then be disposed of into rock layers deeper 
than 100 metres (geological disposal). 

PNC will conduct a survey on the developments so far achieved with the 
solidifying technique using borosilicate glass. It will construct and operate a vitrifica-
tion plant and will also build a vitrified waste storage plant. 

The government will be responsible for the final disposal of high level radio-
active waste as it requires long term isolation and the expenses incurred will have 
to be borne by those who have produced the waste. 

Regarding geological disposal of the high level radioactive waste, a four phase 
development programme will be started. Phase 1, Survey on Potentially Suitable 
Geological Disposal, will be based on the practical experience gained so far. This 
will be followed by Phase 2, Selection of a Candidate Disposal Site, Phase 3, 
Demonstration of a Disposal Technology for Installing Disposal Facilities at the 
Disposal Site and, finally, Phase 4, Disposal of Actual Waste and Closing of the 
Disposal Facilities. 

Phase 2 will include: R & D for the establishment of a geological disposal tech-
nology, investigation of the geological environment and selection o f a disposal site. 
Of these, R&D is the most important. On the basis of Phase 1 investigations, 
construction and improvement of large scale research facilities (an underground 
research laboratory, environmental engineering test facilities, design of the disposal 
system, and on-site testing) will be promoted. 

At the appropriate time, a disposal executing party will be nominated. This 
party will be responsible for long term disposal, ensure research continuity, further 
investigations and maintain efficient operations. 

The costs involved in high level radioactive waste disposal are to be borne by 
those who generate atomic power, i.e. the electric power companies. A budget to 
match these expenses should be secured as soon as possible and should be based on 
the principle of fair cost sharing among the different utilities. The government is to 
establish these measures. It will therefore have to study all the information available 
on disposal activities and estimate the costs involved so that a timely and secure 
budget is available. 

PNC's storage and research centre plans include: (a) establishment of a general 
research centre for the research and development of deep geological formation tests 
which are essential for disposal in a deep geological formation, and (b) storage of 
high level radioactive waste. Steady planning is necessary so that measures can be 
drawn up for the handling of high level radioactive waste. 

Concerning recycling of high level radioactive waste and efficient final 
disposal, it is extremely important to study the separation and recovery of any useful 
material in the high level radioactive waste, to make effective use of it, and to 
convert long lived radioactive nuclides into short lived or non-radioactive nuclides. 
Systematic R&D will be done by the Japan Atomic Energy Research Institute and 
PNC. For high level radioactive waste disposal technologies, fundamental studies 



TABLE I. DEVELOPMENT PROGRAMME OF FUEL CYCLE TECHNOLOGY 

T e d r a k ^ " _ _ F i s c a l y e a i ^ 1985 1986 1987 1988 1989 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Operation 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Conceptu al design Basic design 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Basic design 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Consti notion U test Oper ation 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

_ W V 
Operation 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Operation (UFj) 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Operation 
) 

( 
n (U02) 

Oper ation 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Oper 
i. 

ation 
) 

( 
n (U02) 

Oper ation 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

vJ (J 
Operatic 

) 

( 
n (U02) 

) 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Desig 

< 

n/licensing/appli 

Design Manufacture of equipment 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Desig 

< 

n/licensing/appli 

) 

cation 

r 

Construction 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Desig i/licensing appli cation 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 

Consti •uction Operation 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility Operation 
(J 

Reprocessing 

For LWRs 
Tokai Reprocessing Plant 
JNFS Reprocessing Plant 

For the FBR 
FBR Fuel Recycling Pilot Plant 

Plutonium Juel fabrication 

Plutonium Fuel Production Facility (for Monju) 

Plutonium Conversion Development Facility 

Recovered uranium: recycle 

Uranium Conversion Test Facility (CTF-II) 

Re-enrichment test 
Cascade 

Pilot plant 

Continuous Denitration Test Unit 

Uranium Conversion Facility 

Waste management 

High level waste 
Tokai Vitrification Facility 

Storage pilot plant 

Low level waste 
Plutonium Contaminated Waste Treatment Facility 

Waste Dismantling Facility 
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should be made on new solidification techniques such as SYNROC, as well as new 
and future seabed disposal techniques. 

4. CURRENT STATUS OF THE NUCLEAR FUEL RECYCLE 
TECHNOLOGY (Table I) 

In parallel with the development of the FBR and ATR, PNC is playing a 
leading role in the development of nuclear fuel recycling. PNC has completed the 
experimental FBR Joyo and the prototype ATR Fugen. It is also developing 
techniques for uranium prospecting, refining, conversion, enrichment (by means of 
the centrifugal method), reprocessing of spent fuel, conversion, plutonium fuel fabri-
cation and waste management, and investigating a fuel recycle system that is suitable 
for the existing conditions in Japan. 

Technical development in the use of recovered plutonium and uranium as well 
as the disposal of radioactive waste is discussed in the following subsections. 

4.1. Reprocessing 

For effective use of uranium resources and to achieve the least dependence on 
overseas resources for atomic power, spent fuels are to be processed in Japan. The 
resulting plutonium and recovered uranium are to be used for positive purposes. For 
these reasons, reprocessing will be carried out. 

Currently, most reprocessing is handled overseas. However, as part of the 
above mentioned policy, construction of a private reprocessing plant is now under 
way as an addition to the PNC Tokai Plant already in operation. 

On the basis of the experience accumulated in the design, construction, opera-
tion and technical development of the Tokai Plant, PNC has been developing the 
LWR fuel reprocessing technique and establishing the fuel recycle system. It is also 
developing the FBR fuel reprocessing technique for the time when the FBR will be 
put into operation. 

The Tokai Plant is capable of processing 0.7 t/d of spent fuel. Since start of 
hot operation in 1977, it has reprocessed about 300 tonnes of spent fuel and reco-
vered about 2 tonnes of plutonium. This achievement is second only to that of the 
La Hague UP-2 -HAO. The processed fuel includes about 5 tonnes of spent fuel 
from the prototype ATR Fugen. Part of the recovered plutonium has been charged 
in the core of Fugen, thus nuclear fuel recycling has already started. 

Also, on the basis of the experience gained at the Tokai Plant, process technol-
ogy, process equipment and remote controlled maintenance technology have been 
developed through regular scale tests and small scale hot tests. To further this 
development as well as the economic efficiency, a test facility for various machines 
and equipment using hot and actual working conditions is being planned. 
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Construction and operation of a private reprocessing plant in Japan is currently 
being planned by the Japan Nuclear Fuel Service Company Limited (JNFS). It will 
have a capacity of 800 t/a and its basic design will be implemented by 1988. From 
the results of construction, operation and reprocessing of the Tokai Plant, PNC is 
now able to offer JNFS experienced consulting and technical personnel, as well as 
technical information services. 

4.2. Plutonium fuel fabrication 

4.2.1. Fabrication of plutonium fuels 

The study and development of the fabrication of uranium-plutonium mixed 
oxide (MOX) fuel have been carried out since 1965 at PNC's Plutonium Fuel 
Development Facility (PFDF). The Plutonium Fuel Fabrication Facility (PFFF), 
which started operation in 1972, has an ATR fuel fabrication line and an FBR fuel 
fabrication line; it is the only M O X fuel fabrication facility in Japan. It supplies the 
fuel necessary for operation of the Fugen and the Joyo. About 83 tonnes of M O X 
fuel have been fabricated since 1986. Of this, about 980 kg Puf have been supplied 
from the Tokai Plant to the MOX fabrication facility. 

In parallel with the construction of Monju, construction of the Plutonium Fuel 
Production Facility (PFPF) (FBR line) (production capacity: 5 t MOX/a) was started 
in July 1982. It was designed to develop the fuel fabrication technology as well as 
to fabricate fuels for the reactor core of Monju. Construction was completed at the 
end of September 1984. The processing equipment used for fuel fabrication has been 
manufactured and installation has been under way since October 1984. Uranium and 
plutonium runs for Monju fuel fabrication will follow in 1987 and 1988. 

Fabrication of demonstration ATR fuel (ATR line) (production capacity: 
40 t MOX/a) in the PFPF is in the preparatory stage. 

Remote control and automatic operation techniques, which are indispensable 
for a regular M O X fuel fabrication facility, are being used in the PFPF. Although 
it has a direct maintenance system, personnel do not normally have approach to 
nuclear materials. This is unique to Japan and has been achieved through various 
tests carried out at the PFFF. 

4.2.2. Plutonium conversion 

To use the plutonium and recovered uranium obtained through the reprocess-
ing of spent fuel, the development of conversion technology is essential, together 
with the reprocessing and the MOX fuel fabrication technologies. PNC is the first 
company in the world to develop the co-conversion technology using the microwave 
heating denitration process (MH method). This method was developed from the 
negotiations that took place between Japan and the United States of America on the 
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operation of the Tokai Plant. Compared with the conventional method, it is a simple 
process and generates less liquid waste. 

The Plutonium Conversion Development Facility (PCDF) (conversion 
capacity: 10 kg MOX/d) , designed for demonstrating the co-conversion technology 
by the MH method, was completed in February 1983. It received plutonium nitrate 
and converted a mixture of plutonium nitrate and uranyl nitrate solution; by the end 
of July 1986 it had produced about 1270 kg of MOX powder. About 1040 kg from 
the converted M O X powder were transported to the PFFF and are being used for 
fabrication of MOX fuel for the Fugen. 

4.3. Recovered uranium conversion and re-enrichment 

4.3.1. Conversion using the MH method 

Part of the recovered uranium obtained at the Tokai Plant has already been 
converted into U 0 2 at the PCDF and fabricated into MOX fuel for the Fugen at the 
PFFF. It was loaded into the core in May 1984 and is being used as the seventh core 
reload. 

With respect to the recovered uranium conversion facility (conversion 
capacity: 10 to 40 t U0 2 /a ) , to ensure continuous mass production using the 
MH method in preparation for a large recovered uranium conversion facility, design 
studies will be made using the technical development results achieved in the labora-
tory scale Co-conversion Test Unit (conversion capacity: 2 kg MOX/d) and the 
Continuous Denitration Test Unit (conversion capacity: 3 t/a). 

4.3.2. Uranium hexafluoride conversion of recovered uranium 

The Conversion Test Facility (CTF-II), with a capacity of 4 t U/a, was built 
in 1985 and since then various tests have been performed; 4.6 t U (UF6) have been 
obtained, of which about 3.2 t U were supplied to the enrichment facility. 

4.3.3. Re-enrichment 

The nuclear fuel cycle can be established by charging uranium recovered from 
the reprocessed spent fuels into the reactor after re-enrichment, conversion and 
fabrication. 

Re-enrichment tests were made using small quantities of uranium recovered 
from the Tokai Plant: 150 kg U (about 2 .5% enrichment) were obtained using gas 
centrifuge separation cascade test equipment; 400 kg U (about 3.9% enrichment) 
were obtained at the pilot plant of PNC's Ningyotoge Works. The above re-enriched 
uranium was delivered to an electric power company in July 1986. 
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Various valuable data for recovered uranium re-enrichment and much 
experience for establishing a nuclear fuel cycle in Japan are being accumulated. 

4.4. Waste treatment and disposal 

PNC generates many kinds of waste, since it carries out R&D in all fields 
except LWR and uranium processing. It has ensured the safe storage of such waste. 
It has also conducted R&D on volume reduction, solidification, storage and disposal 
of waste. 

4.4.1. High level radioactive waste storage and disposal 

In the interim report issued in 1984 by the Advisory Committee on Radioactive 
Waste Management of the Atomic Energy Commission of Japan, the following 
points were made: (1) waste should be vitrified with borosilicate glass; (2) it should 
be stored for 30 to 50 years to lessen the decay heat of the radioactive nuclides in 
the vitrified waste placed in the base rocks in deep geological formations; (3) it 
should be stored in a multiple barrier (a combination of natural and engineered 
barriers) located in over several hundred metre deep geological formations to isolate 
the waste from the human environment for a long period of time. 

To demonstrate solidification disposal, the Tokai Vitrification Facility is being 
designed. Construction will start in 1987 and operation in 1991. 

Vitrification hot testing was started in December 1982 at the Chemical 
Processing Facility using liquid waste from the Tokai Plant. To date, vitrified blocks 
equivalent to 3700 Ci have been produced.1 

The design and R&D of a storage plant for storage and effective use of vitrified 
waste is under way; it is scheduled to start operation in 1992. 

4.4.2. R&D of low level radioactive waste disposal 

Low level radioactive waste (or transuranic (TRU) waste), including TRU 
nuclides that need long term management, e.g. high level radioactive waste, are 
generated mainly from the Tokai Plant and the PFFF. 

Construction of the Plutonium Contaminated Waste Treatment Facility was 
started in January 1985 to demonstrate the reduction, immobilization and stabiliza-
tion of disposal of TRU waste through processing plutonium waste. This is scheduled 
to start operation in 1987. 

1 1 Ci = 3.70 x 1010 Bq. 
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The Waste Dismantling Facility (WDF), designed for development of the 
decontamination and preprocessing of solid waste before it is transported to the waste 
processing facilities, started in October 1984 using radioactive waste. By 30 June 
1986 it had compacted and disassembled 12.4 tonnes of waste generated at the Oarai 
Engineering Centre. The WDF is actively developing remote plasma cutting 
techniques using robots. 

4.4.3. Radioactive storage and research centre 

The centre is designed to store radioactive waste. It is also PNC's central 
research facility for processing all the technological developments achieved. The 
main roles of the Storage Technological Centre are: storage of vitrified high level 
radioactive waste, storage of low level radioactive immobilized waste, research on 
effective use of heat and radioactivity generated from the vitrified waste, and 
research on disposal. 

Two research facilities, designed for research on disposal techniques, are 
planned. One is an underground research laboratory and the other is an environmen-
tal technology research laboratory. 

5. REPROCESSING OF FISSILE MATERIALS AND ECONOMIC 
EVALUATION OF RECYCLING 

5.1. Options for reprocessing and recycling 

For evaluation of the various options for processing fissile materials and for 
recycling, a total fuel cycle cost per unit electricity generated by the LWR is used. 
It should be mentioned that recycling of such materials is necessary from the 
economic point of view. 

Various options have been discussed: 

Option 1. Spent fuels are reprocessed after 30 years' storage; plutonium 
recovered from the reprocessing is recycled to LWRs 

Option 2. Spent fuels are cooled for 5 years and then reprocessed; the 
recovered uranium is enriched and recycled to LWRs; plutonium is stored for 
25 years, and then recycled 

Option 3. Spent fuels are reprocessed; the recovered uranium and plutonium 
are then recycled; in addition, spent M O X fuels are recycled 

Option 4. The same as Option 3, except that spent MOX fuels are stored for 
30 years. 
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TABLE II. ASSUMED UNIT PRICES 

Case 
Case 1 Case 2 

Component 

Uranium US $32 US $32 
(lb U308)a (escalation: +2%) (escalation: +2%) 

Conversion 
(kg U) 

US $6 US $6 

Enrichment 
(kg SWU) 

US $130 US $130 

U0 2 fabrication 
US $190 

yen 87 900 
(kg U) 

US $190 
(escalation: —3%) 

MOX fabrication 
(kg HM) 

US $760 US $760 

Spent fuel transport 
(kg U) 

US $40 yen 30 000 

Spent fuel storage 
(kg U) 

US $40 + US $4/a US $40 + US $4/a 

Spent fuel storage for MOX 
(kg HM) 

US $48 + US $4.8/a US $40 + US $4.8/a 

U0 2 reprocessing 
(kg U) 

US $750 US $750 

MOX reprocessing 
(kg HM) 

US $900 US $900 

Waste disposal 
(kg HM) 

US $150 US $150 

Pu storage 
(g Pu) 

US $1.5/a US $1.5/a 

Am removal 
(g Pu) 

US $6 US $6 

1 lb = 0.4536 kg. 
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5.2. Calculation conditions 

5.2.1. Calculation method 

The discounted fuel cycle costs are calculated. A discount rate of 5% per 
annum in real terms is assumed. 

5.2.2. Reactor and fuel data 

The reactor adopted for the cost calculations is a 1100 MW(e) BWR. During 
the equilibrium cycle, a reload of 31 t HM, with an enrichment of 3.1 %, is charged. 
The spent fuel is removed at a burnup level of 29 500 MW-d/t . Plutonium 
(170 kg Puf) is recovered from reprocessing a spent fuel batch and recycled to 
BWRs in the self-generating recycle mode. 

5.2.3. Unit prices 

The unit prices for the component stages of each fuel cycle are shown in 
Table II. Different sets of unit prices are assumed. 

5.2.4. Credits for uranium and plutonium 

The uranium credit is based on the 235U content of the recovered uranium. 
The plutonium credit is regarded as a 'free' material, because fuel reprocessing has 
already been paid for and plutonium is recycled in the self-generating recycle mode. 

TABLE III. FUEL CYCLE COSTS (yen/kW-h) 

Unit price 
Fuel 
cycle option 

Case 1 Case 2 

Option 1 1.25 1.60 

Option 2 1.43 1.78 

Option 3 1.36 1.68 

Option 4 1.25 1.58 
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5.3. Results 

The overall fuel cycle costs for each option and unit price set are shown in 
Table III. 

The delay in reprocessing results in a reduction in the overall fuel cycle costs, 
because the additional cost for spent fuel storage is offset by the postponement of 
payments for reprocessing and waste management. 

Prompt processing and recycling lead to early savings of natural uranium and 
enrichment by using recovered uranium and plutonium. Thus, this is the most 
favourable option. 

It is not possible to state definitely which is more favourable, the temporary 
storage option or the prompt reprocessing option, because the unit price of each stage 
of processing differs between the unit price sets assumed. 
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Abstract-Resume 

ACTIVITIES AND EXPERIMENTS CONDUCTED IN FRANCE FOR THE INTRODUC-
TION OF PLUTONIUM IN PWRs. 

Direct replacement of 235U by plutonium in the existing standard PWRs reduces the 
efficiency of the absorber bundles so that it is impossible to replace all U0 2 fuel assemblies 
by U0 2 -Pu0 2 (MOX) assemblies without modifying the core control mechanisms. 
Moreover, the faster kinetics of a core containing mixed oxide fuels requires careful analysis 
of reactivity insertion accidents. Generic studies of in-core plutonium management in PWRs 
have been carried out in three stages: (1) from 1975 to 1980, under a Commission of the Euro-
pean Communities research programme, the Commissariat a l'6nergie atomique and Electri-
city de France (EDF) conducted neutron experiments and control and safety studies, which 
established that in a core comprising 48 control rod assemblies 30% plutonium fuel was via-
ble; (2) from 1980 to 1985, research activities were concentrated on the development of core 
loading schemes and software; and (3) in 1985, the decision was taken to recycle plutonium 
in EDF's water reactors; EDF and French industrialists prepared a generic report on the safety 
and feasibility of this operation, to begin at the end of 1987. Future management studies will 
deal with the increase in discharge burnup caused, for example, by quarter core refuelling. 

505 
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ACTIONS ET EXPERIMENTATIONS MENEES EN FRANCE POUR L'lNTRODUC-
TION DU PLUTONIUM DANS LES REP. 

La substitution directe de l'uranium 235 par le plutonium dans les REP standard exis-
tants se traduit par une reduction de l'efficacite des grappes d'absorbants telle qu'il s'avere 
impossible de substituer la totalite des assemblages a combustible U0 2 par des assemblages 
a combustible U0 2 -Pu0 2 (MOX) sans modifier les dispositifs de commande du coeur. En 
outre, la cinetique plus rapide d'un coeur comportant des combustibles a oxyde mixte implique 
l'examen attentif des accidents lies a des insertions de reactivite. Les etudes generiques de 
gestion en pile de plutonium dans les REP se sont deroulees en trois etapes: 1) de 1975 a 1980, 
dans le cadre d'un programme de recherche de la Commission des Communautes 
europeennes, le Commissariat a 1'energie atomique et Electricite de France (EDF) ont realise 
des experiences neutroniques et des etudes de controle et de surete qui ont permis d'etablir 
qu'avec 48 grappes de controle un coeur a 30% de combustible au plutonium etait viable; 
2) de 1980 a 1985, les efforts de recherche ont porte essentiellement sur la qualification des 
schemas et moyens de calcul; 3) en 1985, la decision de recycler le plutonium dans les 
reacteurs a eau d'EDF a ete prise; EDF et les industriels frangais ont etabli un dossier gene-
rique de surete et de faisabilite de cette operation qui debutera a la fin de 1987. Les etudes 
de gestion a venir porteront sur 1' augmentation des irradiations de decharge entrainees, par 
exemple, par les rechargements par quart de coeur. 

1. INTRODUCTION 

Lorsque le recyclage du plutonium dans les reacteurs a eau sous pression 
(REP) a ete envisage, le producteur frangais d'electricity nucleaire, Electricite de 
France (EDF), a demande que: 
— la chaudiere ne soit pas modifiee; 
— la manceuvrabilite et la souplesse d'utilisation des tranches soient conservees; 
— la surete des tranches soit assuree. 

Or le plutonium produit par irradiation de l'uranium 238 dans les REP possede 
des proprietes neutroniques sensiblement differentes de celles de l'uranium 235. 

II s'est done avere necessaire de mener des etudes generiques de gestion en pile 
du plutonium dans les REP, pour cerner de fagon precise les difficultes de mise en 
ceuvre, adapter les codes et les methodes de calcul et qualifier les donnees de base 
et les schemas de calcul. 

Pour la France, on peut distinguer trois grandes etapes dans la conduite de ces 
etudes: 
1) De 1975 a 1980, un programme commun Electricite de France-Commissariat 
a 1'energie atomique (CEA) de travaux sur le recyclage du plutonium s'est deroule 
dans le cadre d'un programme de recherche de la Commission des Communautes 
europeennes (CCE). 
2) Entre 1980 et 1985, l'effort de recherche a porte essentiellement sur la qualifi-
cation des moyens et des schemas de calcul. 
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3) En 1985, EDF a decide de recycler le plutonium dans ses REP, le premier 
chargement de combustible mixte etant prevu pour 1987. 

EDF et les industriels frangais (Framatome, Fragema, Cogema) ont done etabli 
un dossier de faisabilite et un dossier generique de surete de cette operation. 

2. PARTICIPATION DE LA FRANCE AU PROGRAMME D'ETUDES DE 
LA CCE (1975-1980) 

2.1. Experiences neutroniques 

La plupart des experiences de neutronique pour la qualification des calculs de 
recyclage du plutonium dans les REP ont ete effectuees dans le cadre d'un contrat 
entre le CEA, EDF et la CCE. Elles sont decrites ci-apres. 

2.1.1. Mesures de distribution de puissance et d'effet en reactivite [1] 

Ces mesures ont ete realisees dans le reacteur experimental Minerve a 
Cadarache a l'aide du massif Melodie qui se compose d'un reseau de 801 cellules 
entourees de blocs d'aluminium. II est place au centre du coeur de Minerve qui est 
constitue avec des elements a plaques de type NTR fortement enrichi en 235U. 

Le reseau interieur est a pas carre de 1,26 cm. Les combustibles ont un 
diametre de 8 mm et possedent un gainage au Zircaloy et une surgaine en aluminium. 

Le rapport eau-combustible est voisin de celui des REP a chaud. 
Cinq configurations ont ete realisees: 

— une configuration referencee avec combustible U 0 2 et 9 trous d'eau dans la 
partie centrale constitute par 13 X 13 crayons; 

— une configuration referencee avec combustible U 0 2 et des crayons argent-
indium-cadmium places dans les trous d'eau; 

— une configuration ou la partie centrale (13 x 13 crayons) est chargee avec des 
crayons U 0 2 - P u 0 2 (2 zonages) et 9 trous d'eau; 

— une configuration ou la partie centrale est chargee avec des crayons 
U 0 2 - P u 0 2 et des crayons argent-indium-cadmium places dans les trous d'eau; 

— enfin, une configuration ou deux assemblages de 9 x 9 cellules U 0 2 - P u 0 2 

sont placees en damier au centre du reseau U0 2 . 
L'interpretation de ces experiences neutroniques a permis de qualifier les 

schemas de calcul et de determiner en particulier les puissances et les facteurs de 
points chauds avec une incertitude de l'ordre de 3% en 1'absence de grappe de 
controle et de 5% en presence d'une grappe. 

Pour les schemas de calcul de projet, il est apparu necessaire d'utiliser des 
schemas de calcul plus complexes que pour les cceurs U 0 2 . 
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2.1.2. Mesures du coefficient de temperature du moderateur 

Ces mesures ont ete realisees en utilisant la boucle Creole qui pouvait contenir 
une grappe de 200 crayons et fonctionnait entre 20°C et 300°C, jusqu'a 120 bar de 
pression. 

Cette boucle, specialement construite pour ces mesures, a ete placee dans le 
reacteur experimental Eole (Centre d'etudes nucleaires de Cadarache), au centre 
d'une zone nourriciere constitute par un reseau a combustible U 0 2 faiblement 
enrichi. 

Des mesures entre 20°C et 300°C, des mesures d'effets de densite d'eau a 
froid, des mesures d'etalonnage par du bore ainsi que des mesures de distributions 
axiales et initiales de puissance ont ete realisees dans ces configurations. 

II ressort de Interpretation de ces experiences que, pour le calcul de l'effet 
du moderateur, il ne convient pas de modifier les conclusions generates utilisees dans 
les projets quand un oxyde mixte est utilise a la place de l ' U 0 2 . 

2.1.3. Mesures de I'effet Doppler 

Ces mesures ont ete realisees au centre de 1'assemblage Melodie dans le reseau 
de reference a l'uranium, par oscillation de combustibles ayant ete chauffes. 

Un dispositif special, comportant un four haute frequence et place au-dessus 
du cceur du reacteur, permet le chauffage des echantillons. Le suivi des temperatures 
en cours de mesure est assure par des thermocouples places sur la gaine de l'echantil-
lon. Des essais speciaux et des etudes theoriques permettent ensuite de correler les 
temperatures precedentes avec les temperatures des echantillons et de determiner la 
temperature effective pendant les mesures avec une precision de ± 2 0 ° C . 

Alors que l'incertitude admise sur les effets Doppler dans les etudes de projet 
etaient de l'ordre de ± 2 0 % , les experiences effectuees dans Minerve ont montre que 
les calculs de type Apollo sous-estiment en moyenne les effets Doppler des echantil-
lons oscilles de 3% ± 3% pour les U 0 2 et de 10% ± 3% pour les U 0 2 - P u 0 2 . 

2.1.4. Mesures des sections efficaces de Pu, Am, Cm 

Ces mesures sont realisees en irradiant des isotopes separes de Pu, A m et Cm 
dans un spectre de reseau eau legfcre. 

Les taux de captures sont deduits en mesurant les isotopes formes par capture. 
Le dispositif d'irradiation est constitue par un reseau de 5 x 5 crayons U 0 2 

enrichis a 2,8% et places dans le reacteur d'irradiation Melusine a Grenoble. 
Les isotopes separes sont introduits sous forme de dopant dans des pastilles 

U0 2 . 
Les pastilles U 0 2 dopees sont empilees dans une aiguille et placees au centre 

du dispositif. 
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Le taux d'irradiation est de l'ordre de 1000 MW-d/t . 
Les differents taux sont normalises aux taux de fission de 235U. 
La precision des mesures des sections efficaces varie de 1 a 3 % pour la capture 

des isotopes du Pu (239, 240, 241, 242) et des isotopes de l 'Am (241, 243). Elle 
est de 5% pour la capture du 244Cm. 

2.2. Etudes de controle et de la surete du recyclage du plutonium dans un REP 
de type Bugey [2] 

Les etudes de controle et de securite concernant le recyclage du plutonium dans 
les REP peuvent etre decomposes en trois parties: 
— etudes de cycles; 
— etudes de controle; 
— etudes d'accidents. 

Le reacteur de reference est le reacteur electrogene de Bugey, REP de 
900 M W e a trois boucles. Sur ce reacteur, on dispose de 48 grappes de controle. 
II est possible d'y implanter 8 grappes supplementaires, ce qui permettrait de 
controler plus aisement les coeurs a taux de recyclage plus eleves. 

L'etude des premieres charges n'a pas ete entreprise, ni celle du multi-
recyclage du plutonium. 

2.2.1. Etudes de cycles 

Le cceur tout uranium de reference est charge d'assemblages UO2 enrichis a 
3 ,1%, pour une irradiation moyenne de rejet d'environ 31 800 MW-d / t U en trois 
cycles. 

Le plutonium a ete recycle dans des assemblages composes avec des crayons 
combustibles U 0 2 - P u 0 2 (support d'uranium naturel) avec un zonage a quatre 
enrichissements. L'enrichissement moyen est de 4,05% en plutonium total, soit 
2,88% en plutonium fissile. 

Trois taux de recyclage ont ete etudies: 30%, 70% et 100% d'assemblages au 
plutonium. 

A Tissue de 1'etude de cycles, il apparait que seul le cceur tout plutonium 
s'ecarte assez notablement du cycle de reference, du point de vue de la duree, du 
titre en bore initial et des facteurs de forme, pour justifier a priori quelque reserve. 

2.2.2. Etudes de contrdle 

Elles consistent d'abord en 1'evaluation des parametres cinetiques et des 
coefficients de reactivite, et en l'etablissement du bilan de reactivite caracterisant les 
cycles a l'6quilibre definis precedemment: cceur tout uranium et taux de recyclage 
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de 30% et 70%. Ceci afin d'estimer le taux de recyclage maximal admissible compte 
tenu des marges imposees par 1'analyse de surete et des incertitudes. 

L'efficacite du bore soluble est nettement reduite, mais le titre en bore critique 
en debut de cycle augmente moderement. L'effet Doppler change peu et le coeffi-
cient de temperature du moderateur est plus negatif pour les chargements mixtes en 
debut et en fin de cycle. 

L'efficacite des 48 grappes est reduite. Pour estimer l'efficacite minimale de 
47 grappes, de nombreux calculs de cceur entier ont ete necessaires. lis ont montre 
que la perte de controle due a la grappe la plus penalisante supposee bloquee hors 
du cceur dependait fortement de la gestion adoptee. 

II est interessant d'estimer l'influence des incertitudes concernant l'ensemble 
des effets de reactivite sur le taux de recyclage admissible. Pour ce calcul de sensibi-
lite, une augmentation de 10% de la valeur des coefficients de reactivite a ete adop-
tee. Pour cette hypothese basse, la limite du taux de recyclage est d'environ 60%, 
au lieu de 80% en hypothese courante, avec 48 grappes (le taux de 30% correspon-
dant approximativement a l'autorecyclage). 

L'introduction de 8 grappes supplementaires augmente l'efficacite du controle 
d'environ 20%, ce qui permettrait d'assurer un taux de recyclage superieur. 

2.2.3. Etudes d'accidents 

Elles completent les etudes de cceur en regime stationnaire par la comparaison 
du comportement au cours d'accidents des coeurs tout uranium et de ceux a charge-
ment mixte, ceux-ci pouvant paraitre specifiquement penalisants pour le recyclage, 
a cause de la valeur plus faible de la fraction de neutrons retardes, ou a cause de 
coefficients de temperature superieurs et d'une efficacite de bore soluble inferieure: 
rejection d'une grappe et la rupture d'une tuyauterie de vapeur. 

Compte tenu de la difficulte de controler le cceur a 70% et du peu de liberte 
dans le repositionnement des assemblages, la comparaison a ete realisee sur le cceur 
tout uranium et le coeur a 30% d'assemblages Pu02 . 

L'etude d'ejection d'une grappe, dans le cas envisage (debut de cycle, puis-
sance nulle) et avec la gestion adoptee, ne conduit pas a depasser les criteres de 
surete etablis. Cependant, la sensibilite du resultat a la gestion et au pilotage (posi-
tionnement des assemblages, insertion maximale des grappes) rend la transposition 
delicate a 1'ensemble des cycles envisageables pour les deux configurations etudiees. 
A fortiori, il parait peu realiste d'extrapoler les resultats pour definir une limite au 
taux de recyclage admissible. 

La rupture d'une tuyauterie de vapeur a ete etudiee en fin de cycle, avec une 
insertion de reactivite maximale, a partir de 1'arret a chaud et avec la barre la plus 
antireactive supposee bloquee hors du cceur. 

Dans les cas etudies, le combustible ne subit pas de dommages selon les cri-
teres consideres dans cet accident. Le cceur a 30% de Pu02 est plus affecte que le 
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coeur tout uranium. Le comportement du cceur au cours du transitoire est sensible 
aux proprietes locales et depend done a la fois de la fraction d'assemblages charges 
en Pu et de la gestion. II est done difficile d'etablir une limite superieure au taux de 
recyclage a partir des resultats obtenus sur le cas etudie. 

3. PROGRAMME FRANCAIS DE QUALIFICATION DES MOYENS ET 
SCHEMAS DE CALCUL (1980-1985) 

Comme on l'a dit precedemment, le chargement d'assemblages crayons 
U 0 2 - P u 0 2 dans les reacteurs a eau du pare electronucleaire frangais est actuelle-
ment limite a 1/3 du cceur. La necessite de faire voisiner dans un meme coeur des 
assemblages uranium et plutonium represente une des contraintes marquantes du 
recyclage du plutonium du point de vue des schemas de calcul neutronique. Un calcul 
precis des distributions de puissance a 1'interface U-Pu constitue done un point tres 
important et egalement tres complexe, du fait des proprietes neutroniques tres 
differentes de 1'uranium et du plutonium. La plus grande partie des etudes d'optimi-
sation et de qualification des schemas de calcul ont porte sur ce point. 

Les calculs de coeur de type «projet» doivent etre a la fois peu couteux et faciles 
a mettre en oeuvre. lis sont realises d'une maniere generale en theorie de la diffusion 
et utilisent des sections efficaces issues de calculs de transport en milieu infini, 
homogeneisees et condensees a deux groupes d'energie. 

Chaque etape de calcul entraine des approximations et des erreurs qu'il est 
necessaire de chiffrer par comparaison a des calculs de reference afin de definir un 
schema capable de restituer avec la precision requise les distributions de puissance 
entre assemblages uranium et plutonium. 

Le code de cellule utilise en France pour la generation des sections efficaces 
est le code Apollo [3] qui resout 1'equation du transport en theorie multigroupe a 
l'aide d'un formalisme de probabilites de collision. Apollo travaille a 99 groupes 
d'energie et dispose d'une bibliotheque de sections efficaces qualifiees sur les resul-
tats d'experiences critiques et d'analyses de combustibles irradies [4, 5]. 

Les etudes realisees ont porte sur la discretisation energetique et la position de 
la coupure thermique, la discretisation spatiale et l'utilisation de zones tampons de 
part et d'autre de l'interface. 

Les differents modules multicellules disponibles dans le code Apollo ont ete 
testes et il est apparu qu'il etait necessaire de differencier, pour le traitement de 1'in-
terface U-Pu, le flux angulaire sur chaque cote de la cellule. 

II a ete montre, par contre, que les autres approximations du schema de calcul 
(condensation energetique, discretisation spatiale, approximation de la loi de Fick) 
n'engendrent que des erreurs limit6es (inferieures a 2% dans tous les cas) sur les dis-
tributions de puissance a condition d'optimiser la position de la coupure thermique 
dans les schemas de projet a deux groupes d'energie. Une valeur de coupure a 
0,6 eV permet en particulier d'obtenir de bons resultats. 
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4. ETABLISSEMENT DU DOSSIER DE FAISABILITE ET DU DOSSIER 
GENERIQUE D'EVALUATION DE LA SURETE 

Compte tenu des connaissances acquises et des actions engagees precedemment 
en France, le combustible mixte U0 2 -Pu02 (MOX) ne peut etre considere comme 
un produit vraiment nouveau. La mise en reacteur prevue fin 1987 d'une premiere 
recharge comprenant 16 assemblages M O X sur 52 assemblages ne devrait pas 
soulever de difficultes techniques particulieres. 

Toutefois, lorsqu'en 1985 la decision du recyclage a ete prise, les partenaires 
frangais concernes ont decide, pour le mener a bonne fin dans une optique indus-
trielle, d'elaborer un dossier de faisabilite afin d'examiner 1'implication du recyclage 
sur l'ensemble du cycle du combustible, de la mise k disposition de l 'oxyde de pluto-
nium au retraitement du combustible irradie (centrale de reference: REP 900 MWe). 

4.1. Le dossier de faisabilite 

II etablit l'inventaire des differences par rapport au cceur U 0 2 afin de mettre 
en lumiere les principaux problemes, d'en resoudre certains et de preciser les 
moyens a mettre en oeuvre pour resoudre les autres. II enonce d'une fagon generale 
les bases servant a la conception des assemblages MOX et a celle des coeurs les 
contenant. II donne, d'autre part, les principales caracteristiques de conception, de 
fabrication et d'exploitation de ces assemblages. 

Ce document precise les mesures liees a la surety prises tout au long de la vie 
des assemblages: transport et stockage de l 'oxyde de plutonium, conception, fabrica-
tion et transport des assemblages neufs, leur manutention et stockage en centrale, 
leur irradiation puis leur evacuation pour retraitement. 

Les assemblages a combustible M O X sont de conception Framatome (type 
AFA) . lis ont une geometrie en tout point identique a celle des assemblages AFA 
a oxyde d'uranium. lis n'en different qu'au niveau de la pastille. La teneur moyenne 
en plutonium des assemblages M O X est choisie de fagon a ce que, a l'equilibre, en 
gestion 1/3 de coeur et avec un taux de recyclage de 30%, les performances attendues 
de la chaudiere soient equivalentes a celles des coeurs charges entierement en U 0 2 . 
Les crayons M O X sont repartis dans 1'assemblage en trois zones de teneurs 
differentes afm d'eviter l'apparition de pics de puissance trop eleves. Les teneurs 
sont fonction de la compositon isotopique des matieres combustibles. Le cas traite 
dans ce dossier considere le recyclage de plutonium issu de combustible U 0 2 

irradie dans un REP de 900 M W e k un taux d'irradiation de 33 GW-d/t , dans une 
matrice d'uranium appauvri. 

Les etudes de conception neutronique et de gestion en rtacteur ont montr6 la 
faisabilite du recyclage du plutonium en campagnes annuelles. En partant de la situa-
tion d'equilibre d'un coeur, l'analyse a porte sur plusieurs recharges successives. 
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L'equilibre atteint, l'analyse s'est poursuivie par le retour a un cceur entierement 
charge en uranium. 

Le comportement cinetique des coeurs a combustible M O X traduit le durcisse-
ment du spectre de neutrons par rapport aux coeurs UO2: 
— concentration en bore critique plus £levee; 
— coefficients de temperature plus negatifs; 
— efficacite des poisons moindre. 

Les etudes de surety n'ont pas mis en Evidence de difficultes particulieres. Tou-
tefois, afin de respecter plus facilement la marge d'antireactivite (souplesse de choix 
du plan de chargement) et eviter un possible retour en puissance apres une rupture 
de tuyauteries vapeur, il a 6t6 decide de rajouter quatre grappes de commande sup-
plementaires. Les huit emplacements qui avaient ete prevus a 1'origine pour cet usage 
seront occupSs: en effet, on deplace les quatre grappes du groupe d'arret central SA 
vers les emplacements dits «plutonium exterieur» et on ajoute les quatre grappes dans 
les positions «plutonium interieur». La premiere operation apporte un gain de 
200 pcm sur l'efficacitS de l'arret d'urgence (grappe la plus antireactive coincee) et 
la deuxfeme 300 pcm, soit environ 500 pcm au total. Ces gains permettent dans tous 
les cas de garantir la marge d'antireactivite requise car 1'effet du plan de chargement 
est de l'ordre de 300 pcm entre deux situations extremes: l'une ou 24 grappes 
descendent dans des assemblages M O X , 1'autre ou seules quatre grappes sont dans 
cette situation. 

Les scenarios de reception en centrale et de chargement-dechargement dans le 
cceur des assemblages ont et6 examines, et les procedures et mesures necessaires a 
la protection du personnel definies. 

Les etudes de faisabilit6 menses sur le retraitement des combustibles M O X 
montrent qu'une telle operation ne souleve pas de difficultes de principe, tant sur le 
plan du procede que sur celui de la surety, pour autant que la solubilite du plutonium 
atteigne une valeur acceptable. Les procedes de fabrication retenus pour la realisa-
tion des pastilles M O X prennent en compte cette exigence. 

Le dossier de faisabilite soumis aux autorites de surete a ainsi demontre que 
le recyclage du plutonium avec un taux de 30% dans les REP de 900 M W e ne sou-
16ve pas de difficultes particulferes. 

L'organisation des Etudes de gestion des cceurs a combustible M O X est calquee 
sur celle mise en ceuvre pour les etudes de gestion classiques; son articulation est 
la suivante: 
— optimisation d'un plan de chargement; 
— dossier specifique de surety de la recharge; 
— calculs prSvisionnels relatifs aux essais de red6marrage; 
— etudes de fonctionnement-pilotage. 

En ce qui concerne 1'evaluation de la surety de la recharge, qui constitue un 
dossier capital et qui a ce titre est transmis aux autorites de surete avant red6marrage, 
il est hors de question d'etablir pour chacune des campagnes d'irradiation un 
nouveau rapport de stiret6 ou meme un addendum a ce rapport. 
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4.2. Le dossier generique devaluation de la surete des recharges (DGS) 

II apporte la demonstration que le nouveau type de gestion envisage ne remet 
pas en cause les conclusions du rapport de surete de la centrale concernee. A cet 
effet, une etude de capacite de puissance et un certain nombre d'etudes de fonc-
tionnement incidentel et accidentel sont effectuees, ce qui permet d'etablir un jeu de 
parametres cles qui determinent le respect des criteres de surete. Ce document est 
instruit avec les autorites de surete. Dans le dossier specifique de surete de chacune 
des recharges, on s'assure que les parametres cles ainsi definis sont bien respectes. 

Les accidents de refroidissement du cceur tels que la rupture de tuyauterie a 
vapeur qui mettent en jeu un coefficient de temperature defavorable et une efficacite 
de barres minoree ont ete plus particulierement analyses. Dans ce cas, il est difficile 
de determiner des parametres cles enveloppes car les situations penalisantes vis-a-vis 
des differents parametres (par exemple coefficients moderateur et Doppler) ne sont 
pas toujours coherentes, et l'empilement de ces situations penalisantes non 
coherentes entrainerait un non-respect des criteres (notamment le critere relatif au 
minimum de DNB). Le combustible et le cceur consideres dans le DGS sont com-
parables a ceux consideres dans le dossier de faisabilite. Les resultats issus de ce 
dernier font ainsi partie integrante du DGS. 

Pour elargir le domaine de validite du DGS: 
— plusieurs compositions isotopiques du plutonium recycle sont envisagees 

(origine REP et UNGG); 
— les plans de chargement ne considerent aucune contrainte vis-a-vis des grappes 

de commande; 
— des anticipations d'arret et des prolongations de campagnes font l'objet 

d'etudes. 
Les etudes de capacite de puissance montrent que les fonctionnements: 

— en base, 
— en suivi de charge, 
— en reglage de frequence, 
— prolonges a puissance reduite grappes inserees ou extraites, et 
— en prolongation de campagne 
sont autorises et que, moyennant quelques amenagements des specifications tech-
niques, il n'y a pas lieu de modifier les domaines de fonctionnement et de protection 
malgre une legere augmentation des facteurs de point chaud de conception pris en 
compte. Ce resultat est du a un gain de stabilite du cceur vis-a-vis des oscillations 
xenon et a une forme axiale legerement moins penalisante que dans les gestions 
standard. 

Le recyclage du plutonium dans les REP de 900 MWe va se poursuivre par 
la realisation du dossier specifique de surete de la premiere recharge qui sera 
introduite dans la premiere tranche de Saint-Laurent B fin 1987. 
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Les essais de redemarrage puis 1'exploitation devraient confirmer qu'une telle 
operation ne pose pas de probleme particulier et peut etre etendue a d'autres tranches 
et d'autres types de gestion (quart de cceur, taux de recyclage superieur a 30%, etc.). 

5. PROGRAMMES FUTURS DE RECHERCHES ET DEVELOPPEMENTS 

L'introduction massive du plutonium dans les reacteurs a eau vers les annees 
1991 coincidera avec le passage en gestion quart de coeur de la majorite des reacteurs 
du pare frangais. Les taux de combustion vises seront de l'ordre de 42 000 MW-d/t . 

Par ailleurs, on envisage de concentrer le recyclage sur un minimum de sites, 
e'est-a-dire d'augmenter le nombre d'assemblages M O X recharges a chaque 
campagne. 

Cette introduction massive necessitera d'ameiiorer les codes de calcul et de 
diminuer les incertitudes: 
— sur le calcul de l'efficacite des moyens de controle: grappes et bore soluble; 
— sur le calcul des coefficients de temperature; 
— sur la perte de reactivite par cycle; 
— sur le calcul des pics de puissance. 

Un programme d'experiences est en cours d'elaboration. II est base sur 
l'etude: 

— de configurations dans Eole; 
— de mesure de produits de fission et de 1'equivalence du plutonium dans 

Minerve; 
— de la connaissance de revolution des combustibles grace a des irradiations 

speciales et des mesures de combustibles irradies en reacteur; 
— et, bien entendu, sur les essais et le suivi des centrales ou des combustibles 

M O X seront introduits. 

6. CONCLUSION 

Malgre les particularites defavorables du plutonium vis-a-vis de l'efficacite des 
grappes, les etudes de faisabilite ont montre que la gestion avec un taux de recyclage 
de 30% permettrait de respecter 1'ensemble des criteres de surete pour un REP de 
900 MWe. Pour s'affranchir autant que possible de 1'influence du plan de charge-
ment sur la marge d'antireactivite, il a ete decide d'ajouter quatre grappes dans le 
coeur qui en comportera done 57. 

Les aspects favorables lies a la physique du plutonium, tels que la plus grande 
stabilite vis-a-vis du xenon, permettent d'envisager une manceuvrabilite du reacteur 
equivalente a celle de la gestion standard. En particulier, les domaines de fonctionne-
ment autorise sont de meme dimension dans les deux cas. 
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Toutefois, seul le retour d'experience acquis en reacteur permettra de 
confirmer ces premieres conclusions des etudes de faisabilite. 

Les etudes de gestion a venir devront s'interesser au recyclage du plutonium 
associe a 1'augmentation des irradiations de decharge entrainee, par exemple, par les 
rechargements en quart de cceur. 
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COLLABORATION BETWEEN 
FRANCE AND BELGIUM 
ON PLUTONIUM RECYCLE* 

H. BAIRIOT, G. LEBASTARD 
C O M M O X Brussels Office, 
Brussels, Belgium 

Over the last 30 years Belgium and France have pursued a policy of Pu re-
utilization in power plants. During recent years evolution of the reprocessing indus-
tries and the plants that are on-line or are likely to be put on-line in the future has 
placed emphasis on M O X fuel utilization in LWRs. The mutual background of the 
two countries and the complementary existing technology have led to close collabo-
ration and resulted in a M O X fuel which is commercially attractive. 

M O X fabrication technology is based on the experience gained with the opera-
tion of two plants: Dessel (Belgonucleaire) and Cadarache (Commissariat a l'energie 
atomique). The fabrication processes have been modified (reference, MIMAS and 
MIGRA processes) and the manufacturing capacity progressively adapted to 
demand. Existing references and the commitments progressively being fulfilled are 
providing the best evidence that M O X fuel is already a commercial nuclear fuel. 

The main differences between M O X and U fuels lie in the thermal-mechanical 
characteristics of the fuel rods and the nuclear characteristics of the fuel assembly. 
The accumulated database and the good performance are showing that M O X fuel can 
be utilized under current operating conditions. 

Another specific aspect is the transport of M O X fuel from the manufacturing 
plant to the power plant and of spent fuel from the power plant to the reprocessing 
plant. 

The reprocessing industry is making preparations to handle M O X fuel and is 
conducting the necessary licensing actions and supporting R&D to accumulate a 
proper database. 

Some earlier information presented at the Stockholm Symposium on Improve-
ments in Water Reactor Fuel Technology and Utilization [ 1 , 2 ] has been updated, 
and a perspective is drawn of the C O M M O X contribution to activities presented 
more specifically in companion papers in these Proceedings [3-9]. 

* Only a summary appears here, since the full text of the paper was not available. 

517 



518 BAIRIOT and LEBASTARD 

REFERENCES 

[1] BAIRIOT, H., et al., "LWR MOX fuel experience in Belgium and France with special 
emphasis placed on the results obtained in the BR3 PWR", Improvements in Water 
Reactor Fuel Technology and Utilization (Proc. Symp. Stockholm, 1986), IAEA, 
Vienna (1987) 363-383. 

[2] DERAMAIX, P., CHARLIER, A., "MOX fuel concepts for PWRs and BWRs", 
ibid., p. 537. 

[3] KUNSCH, P., et al., " A multicriteria study on LWR fuel management in countries of 
the European Economic Community", Paper IAEA-SM-294/11, these Proceedings. 

[4] VERGNES, J., et al., "Actions et experimentations menees en France pour 1'introduc-
tion du plutonium dans les REP", Paper IAEA-SM-294/75, these Proceedings. 

[5] CASTELLI, R., et al., "Le combustible au plutonium de Fragema dans les REP", 
Poster IAEA-SM-294/18P, these Proceedings. 

[6] TRAUWAERT, E., et al., "Recent progress made in the manufacture of plutonium 
fuel for recycling in LWRs", Poster IAEA-SM-294/9P, these Proceedings. 

[7] LENAIL, B., "Back end of the fuel cycle: Various techniques developed in France", 
Paper IAEA-SM-294/21, these Proceedings. 

[8] BOURGEOIS, M., et al., "Les recherches et developpements sur le retraitement et les 
dechets au Commissariat a 1'energie atomique (CEA)", Paper IAEA-SM-294/27, these 
Proceedings. 

[9] BAUMIER, J., "Aspects economiques du recyclage du plutonium dans les REP", 
Paper IAEA-SM-294/22, these Proceedings. 



IAEA-SM-294/75 

RECYCLED URANIUM — 
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Urenco Limited, 
Mariow, United Kingdom 

Abstract 

RECYCLED URANIUM — A VALUABLE COMMODITY. 
The recycling of reactor fuel is now well under way or at an advanced stage of planning 

in several countries throughout the world. Utilities that hold recycle contracts are having to 
decide how to use the uranium and plutonium arising from these contracts. It is now possible 
for utilities to consider recycling the uranium back into their reactors after conversion, enrich-
ment and fuel fabrication. However, recycling is unlikely to take place unless the utility 
foresees a net economic benefit. Some of the difficulties involved in the enrichment of 
recycled uranium are examined, as well as the economic benefits arising when uranium 
recycling is undertaken. 

1. INTRODUCTION 

Since the start o f civilized life, man has sought to initially develop and use 
resources and subsequently to conserve these resources by more efficient use. 
For minerals and metals this efficient use has frequently meant recycling o f the 
material. Normally, the criteria o f economics dominate the decision to recycle, but 
conservation and insufficient supply can also be important considerations. 

Recycling o f nuclear materials in the nuclear fuel cycle has been a main objec-
tive since the early 1970s. This objective has been given added stimulus by the desire 
to reprocess spent fuel, both as a means o f waste management and to utilize further 
the recycled products (plutonium and uranium), thus closing the fuel cycle. 
Recycling o f fissile material from spent fuels was also identified in the INFCE study 
as a contribution towards ensuring the peaceful use o f the material by incineration 
in reactors. This is being undertaken in the use o f mixed oxide elements. 

With reprocessing services now well established in the United Kingdom and 
France and with further capacity planned in the Federal Republic o f Germany and 
Japan it is now timely for all participants in the fuel cycle to understand more fully 
the technical problems and economic benefits of recycling uranium. 

Recycling o f uranium and its reuse in a second cycle can be seen to constitute 
a form o f renewable energy, albeit man made. It is essential, however, that each 
constituent activity at the front end o f the fuel cycle is capable and prepares for the 
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recycling of uranium. To this end, Urenco has examined the technical and economic 
impact of enrichment using gas centrifuge technology on uranium recycling and 
reports on some of the conclusions in this paper. 

2. TECHNICAL ASPECTS OF RECYCLED URANIUM 

Recycled uranium will differ significantly from natural uranium. The principal 
differences between recycled uranium and natural uranium are as follows. 

The isotope 232U, which does not occur naturally, is present in recycled 
uranium and it is strongly radioactive relative to 235U. The 232U decay chain 
includes a number of gamma emitters, notably 208T1, which is a strong emitter. 
Thus, the gamma activity of recycled uranium is higher than that of natural uranium 
and steadily increases, reaching an equilibrium value after about 10 years. 

The isotope 234U is a naturally occurring alpha emitter. It is enriched in the 
fuel before irradiation and is only partly burnt out; hence, there is a higher concentra-
tion in the recycled uranium. As a result, the alpha activity of recycled uranium is 
also higher than that of natural uranium. 

The concentration of 235U, the fissile isotope, is likely to be in the range 0.6 
to 1.25 wt%. The actual concentration in a delivery of UF6 for enrichment will not 
only depend on the initial enrichment and burnup of the original fuel, but also on 
its subsequent processing and blending through the reprocessing and conversion 
plants. Production scheduling will be much more complicated because of the wide 
range of feed assays and the desire not to randomly mix feed concentrations, thus 
incurring separative work losses. 

The 236U isotope is only present in recycled uranium. It is a strong neutron 
absorber and reduces the reactivity of the recycled uranium. 

The transuranic elements neptunium and plutonium are also not present in 
natural uranium but result from the irradiation of the fuel assemblies. These elements 
are alpha emitters. In addition, fission products such as 106Ru and " T c will be 
present in recycled uranium and will contribute towards the gamma and beta activity 
of the material. 

These differences between natural and recycled uranium require that the 
enricher has to adjust its standard enrichment process for natural uranium in order 
to process recycled uranium. These modifications will include protection against 
radiation and compensation for the 236U neutron absorption effect. 

3. URENCO'S TRIAL PRGRAMME ON RECYCLED URANIUM 

In the mid-1970s Urenco recognized that enrichment is the key element in 
recycling uranium and therefore started preparing for the use of recycled uranium. 
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The first deliveries of recycled uranium were then expected in 1981. Accordingly, 
a technical programme for feeding recycled uranium into Urenco plants was 
scheduled with the purpose of confirming its technical ability to meet contractual 
obligations. 

Three main objectives had to be achieved: 

(1) The technical data relevant to the use of recycled uranium in centrifuge plants 
had to be determined 

(2) The effects on plant design and operational procedures had to be identified 
(3) The specifications for recycled uranium had to be determined. 

Execution o f this programme involved Urenco and its three shareholders, 
Uranit in the FRG, Ultra-Centrifuge Nederland in the Netherlands and British 
Nuclear Fuels (BNFL) in the UK, and a number of theoretical studies and experi-
ments were undertaken which finally led to the following trials: 

(a) Recycled uranium, which had already been upgraded in the BNFL 
Capenhurst diffusion enrichment plant to the level of natural uranium, was enriched. 
The feeding of this 'CDP material' to the plants is now daily routine at the Urenco 
Almelo and Capenhurst centrifuge enrichment plants. To date, more than 
2000 tonnes of this type of feed has been processed. After enriching the CDP, the 
relevant cascades have been used to enrich natural uranium without any adverse 
effects or contamination of the enriched uranium. 

(b) Uranium in the form of uranium hexafluoride recycled from Magnox fuel 
elements with 235U assays of about 0.45 wt% was directly fed into the plant and 
enriched up to the 235U levels suitable for UK AGRs. From this experience, Urenco 
is now scheduled to enrich significant quantities of this type of recycled uranium in 
the early 1990s. 

(c) The next group of trials utilized recycled uranium originating from LWR 
oxide fuels. This uranium was enriched directly to the assays required in LWRs and 
has subsequently been used in a number of European reactors. 

The results of these trials confirmed Urenco's technical ability to accept 
recycled uranium, process the material and produce enriched material to the utilities' 
requirements. On the basis of these trials Urenco has and is developing measures and 
procedures to handle the enrichment of recycled uranium on a larger scale. Such 
large scale operation will have to reflect the technical aspects of recycled uranium 
and to achieve optimization of the economics. 

Formulation of specifications has major implications for all the fuel cycle 
operators and must be agreed upon on an industrywide basis. Accordingly, Urenco 
first directed its attention to confining its technical abilites with respect to the then 
current United States Department of Energy UF6 specifications, but it is now 
actively participating in the American Society for Testing and Materials discussions 
towards agreeing upon specifications which will be more generally applicable in the 
future. 
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4. RECYCLED URANIUM ENRICHMENT IN PRACTICE 

4.1. Radiation 

The increasing gamma radiation of recycled uranium requires that the 
material is enriched as soon as possible after conversion, at which stage the 232U 
daughter products' gamma emitters are at very low levels. In addition, it may be 
necessary to install shielding around equipment with large hold-ups of solid UF6, 
e.g. desublimers and take-off stations. In addition to minimizing the impact, and 
hence the cost of handling the material, it is intended that the recycled uranium 
should be segregated within the plant to ensure that product quality for customers 
using natural feed will not be affected. The additional measures taken and the extra 
operations necessary for recycled uranium will lead to a small surcharge, currently 
D M 9/kg U of feed material. 

4.2. 236U compensation 

Enrichment of recycled uranium is also more complicated than that of natural 
uranium because of the presence of 236U. The problems associated with 236U in the 
recycled uranium are twofold. 

First, the isotope is a neutron absorber which effectively reduces the reactivity 
of the material, i.e. it effectively reduces the ' 2 3 5 u concentration'. This necessitates 
additional 235U enrichment to compensate and it has been suggested that the 
compensation factor (i.e. the amount of additional 235U concentration required per 
unit of 236U concentration) for LWRs will be in the range 0.15 to 0.25. This will 
lead to a need for some 10 to 20% extra separative work. This is roughly equivalent 
to the separative work already contained in the recycled uranium, because the 235U 
assay is normally greater than that occurring in natural uranium. 

Second, the 236U present in the recycled uranium will be enriched. This will 
consume separative power and will increase the cost of enrichment by about 1 %. 

Since enrichment is essentially a continuous process, it is unlikely that the 
operator will be able or wish to fully segregate each container of recycled feed from 
all other containers of the material. It is therefore likely that enrichers, in order to 
optimize their production flexibility, will mix feeds with similar 235U assays but not 
necessarily similar 236U assays. This means that some customers are likely to 
receive products with a slightly higher 236U value than anticipated and some with a 
slightly lower value. It has therefore been necessary to devise a model that will still 
give a utility a useful product at a fair price. This has led to the introduction of the 
concept of equivalent reactivity. 
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FIG. 1. Equivalent reactivity. 

4.3. Equivalent reactivity 

The equivalent reactivity of product material containing 2 3 5 U and 2 3 6 U is that 
2 3 5 U concentration which, in the absence of 2 3 6 U , would have the same neutron 
reactivity as that of the product. In effect, it is the 2 3 5 U enrichment with the 2 3 6 U 
neutron absorption effect discounted. This effect is diagrammatically illustrated as 
line A-B in Fig. 1 for the simple case where the compensation coefficient is a 
constant (i.e. not dependent on the 2 3 5 U concentration). 

The product anywhere along the line A-B will have the same reactivity in a 
reactor and is therefore of equal value. It is proposed that utilities should define the 
line A-B when ordering the product. In this way the enrichment supplier will ensure 
that the 2 3 6 U compensation in the fuel is correct for the reactor performance; this 
will avoid post-enrichment blending at the fuel fabricator. It is also intended that the 
utility should be charged as if the feed it provided had been enriched to the equivalent 
reactivity curve. In this way, utilities will not pay for the mixing of feed types. 

4.4. Utilities/fuel cycle interfaces 

It has been noted above that the presence of 2 3 2 U in the recycled uranium 
encourages swift recycling of the material. If this is delayed, the gamma dose rate 
of the material will increase, which will lead to higher processing costs. While this 



TABLE I. COST PER KILOGRAM U OF FINISHED FUEL (LWR) 

Natural uranium 

Yellow cake Conversion Enrichment Fabrication Total cost 
(US $30/lb) (US $6/kg U) (US $110/SWU) (US $165/kg U) (US $) 

645 50 518 165 1378 

Recycled uranium ^ 
s 

Feed 235U assay 236U Conversion Enrichment Fabrication Total cost ^ 
(0.5 wt% 236U) compensation (US $18/kg U) (US $110/SWU + (US $195/kg U) (US $) g 

US $5/kg U surcharge) £2 
: : : 3 

0.8% 0.15 132 564 195 891 

0.25 139 604 195 938 

1.0% 0.15 94 445 195 734 

0.25 98 472 195 765 

1.2% 0.15 72 359 195 626 

0.25 75 380 195 650 
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is important at the conversion/enrichment step, it is more important at the enrich-
ment/fabricator step because of the higher concentration of 2 3 2 U after enrichment. 
It will therefore be necessary for all the converters, enrichers and fabricators to work 
in close co-operation with the utilities to optimize material scheduling. 

5. ENRICHMENT AS PART OF THE ECONOMICS OF RECYCLED 
URANIUM 

It is now possible to enrich recycled uranium for gas cooled and water cooled 
reactors. Assuming that converters and fabricators will also be in a position to handle 
recycled uranium when it becomes available, a utility has to decide whether to 
recycle uranium, to store the material, or to sell or trade the recycled uranium. To 
decide which of the above alternatives would best suit the economics of a particular 
utility, it is necessary to determine a value for the material. 

The cost-benefit of recycled uranium can be determined by subtracting the 
costs of fabricating fuel elements using the recycled material from the costs of 
manufacturing fuel elements using natural uranium. 

In determining the value of the recycled uranium, a utility will use the costs 
payable under its existing or planned contracts. The value of the recycled uranium 
is likely to vary considerably from one utility to another because of their different 
contract conditions. For example, the following costs to utilities and conditions could 
be assumed for the analysis: 
(1) U 0 3 or UNH has a zero value on leaving the reprocessing plant 
(2) UF 6 conversion costs: (a) US $6/kg U for yellow cake 

(b) US $ 18/kg U for recycled uranium 
(3) SWU costs are US $110 with a US $5/kg U surcharge for recycled feed 

material 
(4) The tails assay is 0.3 wt% 2 3 5 U 
(5) Fuel fabrication costs for LWR fuel: (a) US $165 for natural UF 6 

(b) US $195 for recycled UF 6 

(6) An enrichment level of 3.7 wt% 2 3 5 U equivalent will be required for the 
reactor; for recycled feed the 2 3 6 U content in the feed is 0.5 wt% 

(7) Two alternative 2 3 6 U compensation coefficients have been considered: the 
first at 0.15 and the second at 0.25 

(8) 2 3 5 U assays of 0.8, 1.0 and 1.2 wt% are assumed for the recycled feed 
material. 
Table I shows the cost of finished fuel with a yellow cake price of US $30/lb 

and for the various recycled uranium conditions.1 

1 1 lb = 0.4536 kg. 
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TABLE II. VALUE OF RECYCLED URANIUM (US $/kg U) ASSAYS IF 
YELLOW CAKE PRICES ARE US $30/lb a 

Uranium feed composition 
from converter 

236U compensation 
factor in product 

Value of recycled uranium 
(US $/kg U) 

(at a natural ore cost of US $30/lb) 

0.8% 235U 0.15 66 

0.25 57 

1.0% 235U 0.15 123 

0.25 113 

1.2% 235U 0.15 188 

0.25 175 

a The figures are based on the conditions (1-8) noted in Section 5. 

From the savings demonstrated in Table I it is possible to determine the value 
of the recycled uranium feed in US $/kg U. For example, the savings in using 
recycled feed with a 0.8 wt% 2 3 5 U assay for manufacturing fuel which requires a 
0.15 2 3 6 U compensation coefficient would be US $487/kg finished fuel. This saving 
could then be apportioned to 7.33 kg of the recycled uranium feed material required 
to manufacture 1 kg of product material. The value of each kilogram of feed material 
would then be US $66. The values shown in Table II are based on the assumptions 
outlined above. 

It can be seen from Table II that the value of recycled uranium will vary 
considerably and that the variation is primarily dependent on the value of the 
'enrichment' contained in the feed material. It should, however, be noted that while 
the apparent value of the recycled uranium is dependent on the cost of enrichment, 
the savings to a utility in recycled uranium is fairly similar, whatever the enrichment 
cost, because the total cost of enrichment per kilogram of feed material is similar 
for both natural and recycled uranium. At a yellow cake price of US $30/lb, the 
saving in recycling 1 wt% 2 3 5 U feed material would increase by 5% if the enrich-
ment price increases by 40%. The converse is also true. The real savings are 
determined by the cost of natural yellow cake; if yellow cake prices go up, savings 
increase and vice versa. 

The value of the recycled uranium will become increasingly important to a 
utility during the 1990s as material becomes available from reprocessing plants, even 
if the cost of natural uranium remains static. 

It is expected that some utilities will recycle the uranium as quickly as possible, 
while others will wish to store the material as part of a strategic stockpile. Those 
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following the latter course will find that the value of their recycled uranium is likely 
to reduce with time because of the extra processing costs that will be needed because 
of the increasing activity of the material. A third option for utilities, as with all other 
commodities, will be to trade in the material. While this is currently not undertaken, 
it is likely to become more common because of the apparent different values of the 
same material to the utilities and the diminishing value of the resource. 

Finally, it is necessary to consider recycling of the recycled material or second 
generation recycle. At this stage, because of the high 2 3 6 U content in the feed and 
the small amount of recycled uranium that can be recycled, it is not thought that the 
savings to the fuel cycle will justify second generation through enrichment plants 
(including through a laser plant). 

6. CONCLUSIONS 

Urenco, with its use of the gas centrifuge enrichment process, has acquired 
sufficient technical ability and experience to recycle uranium; the converters and 
fabricators will also be in a position to do so. The utilities' fuel managers will have 
a viable technical option when considering the future utilization of material 
recovered from reprocessing. The economic benefits of recycled uranium are 
primarily dependent on the cost of uranium yellow cake, the value of the separative 
work in the recycled uranium and the proposed surcharges for conversion and fabri-
cation. If these surcharges are contained within defined limits, then there is adequate 
economic incentive for recycled uranium to be considered a valuable commodity and 
for trading in that commodity to commence during the 1990s. 
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Abstract-Resume 
ECONOMIC ASPECTS OF PLUTONIUM RECYCLING IN PWRs. 

Starting from the next decade, there will be large quantities of plutonium available in 
France from reprocessing plants after deduction has been made for the needs of the Creys-
Malville power plant and those of a likely 1500 MW(e) fast reactor. The amounts available 
from EDF fuels would be of the order of 9 cumulative tonnes of fissile plutonium in 1992 
and 40 t from 1992 to 2000, or 5 t/a. These quantities justify the establishment at the begin-
ning of the next decade of a fabrication plant for U0 2 -Pu0 2 (MOX) fuel with a capacity of 
about 100 t/a. In examining the economic aspects of this policy, the author compares the fuel 
cycle costs for a core loaded with standard fuel and a core loaded with 70% standard and 30% 
MOX fuel, and also those of a core with 100% MOX fuel, although the last option is purely 
theoretical at the present time. The actual price of plutonium is derived from this and is com-
pared, in terms of uranium price, with its 'production cost', which is meaningful for countries 
where the option of reprocessing or not reprocessing has not arisen. It has been shown that 
the discount rate has little impact on the results. Pending large scale introduction of breeder 
reactors, use of plutonium recycling in PWRs seems to be an economic solution which will 
secure the future. 

ASPECTS ECONOMIQUES DU RECYCLAGE DU PLUTONIUM DANS LES REP. 
Dfcs le d6but de la prochaine dScennie, il apparaitra en France d'importantes disponibi-

litds en plutonium k la sortie des usines de retraitement, deduction faite des besoins de la cen-
trale de Creys-Malville et d'un 6ventuel r6acteur k neutrons rapides de 1500 MWe. Les 
disponibilitds en plutonium provenant des combustibles EDF pourraient etre de l'ordre de 9 t 
cumulees de plutonium fissile en 1992 et de 40 t de 1992 k 2000, soit 5 t/a. Ces quantit6s justi-
fient la mise en service dfcs le d£but de la prochaine d6cennie d'une usine de fabrication de 
combustible U0 2 -Pu0 2 (MOX) d'une capacity de l'ordre de 100 t/a. En vue d'6tudier 
l'aspect dconomique de cette politique, on compare les couts du cycle du combustible 
nucldaire correspondant & un coeur charg6 en combustible standard avec, d'une part, un coeur 
charge a 70% en combustible standard et k 30% en combustible MOX, et, d'autre part, k un 
coeur charg6 k 100% en combustible MOX, bien que cette dernifere option pr6sente actuelle-
ment un aspect purement th^orique. On en d6duit les valeurs d'usage du plutonium que l'on 
compare, en fonction du prix de l'uranium, avec son «prix de revient» qui a un sens pour les 
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pays ou l'option retraitement ou non retraitement n'a pas ete lev6e. On montre que la valeur 
du taux d'actualisation a peu d'incidence sur les resultats. Dans l'attente de 1'introduction mas-
sive des reacteurs surgenerateurs, l'utilisation du plutonium en recyclage dans les REP 
apparait comme une solution economique qui pr6serve l'avenir. 

1. INTRODUCTION 

Des le debut de la prochaine decennie, on prevoit d'importantes disponibilites 
en plutonium a la sortie des usines de retraitement, deduction faite des besoins de 
la centrale de Creys-Malville et d'un eventuel RNR-1500. 

Les disponibilites en plutonium provenant des combustibles EDF pourraient 
etre de l'ordre de 9 t cumulees de plutonium fissile en 1992 et de 40 t de 1992 a 
2000, soit 5 t/a. 

Ces quantites justifient la mise en service, au debut de la prochaine decennie, 
d'une usine de fabrication de combustible mixte U 0 2 - P u 0 2 (MOX) d'une capacite 
de l'ordre de 100 t/a. 

Des precisions pratiques sont apportees sur ce sujet dans le cadre d'autres 
communications1. 

Pour des raisons d'exces de reactivite en debut de vie, un taux limite a 30% 
d'assemblages MOX dans le cceur est envisageable sans proceder a la moindre 
modification des systemes de controle. Des taux plus eleves, par exemple de 50%, 
sont possibles en augmentant le nombre de barres de controle mais ceci necessite 
encore des etudes de surete. 

Le plutonium peut etre melange a de l'uranium naturel, ou a de l'uranium de 
retraitement ou, enfin, a de l'uranium appauvri. L'enrichissement necessaire en 
plutonium croit suivant cet ordre. Dans la pratique, le choix est a faire entre les deux 
derniers. 

2. CARACTERISTIQUES PHYSIQUES 

Nous retenons, dans le cadre de cette etude, de l'uranium de retraitement 
comme matrice du plutonium du combustible MOX. 

Nous nous plagons a l'horizon 2000-2005 et retenons, pour tous les combusti-
bles, un taux de combustion egal a 45 000 MW-d/t. Le tableau I precise quelques 
caracteristiques. 

1 Voir notamment: BAIRIOT, H., LEBASTARD, G., Collaboration between France 
and Belgium on plutonium recycle», IAEA-SM-294/10, dans ce volume. 
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TABLEAU I. PARAMETRES PHYSIQUES D'UN CCEUR ENRICHI A 
L'URANIUM 235 OU AU PLUTONIUM (REACTEUR DE 900 MWe) 

Combustible standard Combustible MOX 

Inventaire en tonnes 
d'uranium contenu 

72,4 

Heures de fonctionnement 
6500a 

annuel (en regime) 
6500a 

Uranium Pu fissile 

Enrichissement des 4,30% U de retraitement 4,7 %b 

recharges a l'equilibre (0,86% -
penalties 236U) 

Enrichissement au 0,86% 0,51% 3,1% 
dechargement 

Taux de rejet 0,25% — — 

Production annuelle 106 kgc de l'ordre de 
de Pu fissile 80 kg 

Duree en reacteur: 4,5 ans. 
b 6,6% en Pu total. 
c 161 kg par tiers de coeur. Les calculs de couts de cycle ont ete effectues avec cette valeur 

qui correspond en fait a la production de plutonium pour 33 000 MW-d/t; celle relative 
a 45 000 MW-d/t, qui devrait etre de 198 kg, fait encore l'objet d'etudes. 

3. CONSIDERATIONS ECONOMIQUES 

On calcule le cout du cycle correspondant a un cceur charge en combustible 
standard et celui d'un cceur charge a 70% en combustible standard et a 30% en com-
bustible MOX, qu'on appellera combustible mixte. On compare egalement un cceur 
charge en combustible standard a un cceur charge a 100% en combustible MOX, 
qu'on appellera combustible Pu. Cette derniere option n'est pas envisagee actuelle-
ment et nous ne l'Studions que pour des raisons didactiques. On suppose que les 
premieres charges sont toujours du combustible standard. 
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TABLEAU II. COUTS DIRECTEURS DU COMBUS-
TIBLE AUX CONDITIONS ECONOMIQUES DE 
JANVIER 1986 (F = FRANCS FRANQAIS) 

Prix de 1'uranium 650 F/kg U 

Cout de conversion U 3 0 8 => UF6 47 F/kg U 

Cout de l'enrichissement 1015 F/UTS 

Cout de fabrication des 1600 F/kg U 
assemblages standard 

CoAt de fabrication des 5815 F/kg U 
assemblages MOX 

Cout de retraitement des 6350 F/kg U 
assemblages standard et MOX 

Source: Rapport DIGEC 1986 (derives de couts non prises en compte). 

TABLEAU ffl. DELAIS A L'EQUILIBRE 

Uranium-ddmarrage : 19 mois D6chargement-retraitement : 36 mois 

Conversion-ddmarrage : 19 mois D6chargement-r6cup6ration 
de l'uranium : 36 mois 

UTS-ddmarrage : 10,5 mois D6chargement-r6cuperation 
du plutonium : 36 mois 

Fabrication-d&narrage : 9 mois 

On donne une valeur au plutonium qui egale les couts de cycle: c'est sa valeur 
d'usage en recyclage dans les REP. En effet, on produit du plutonium dans les 
assemblages standard, ce qui entraine un credit plutonium, et on en consomme dans 
les assemblages mixtes U 0 2 - P u 0 2 . On ne prend en compte qu'un recyclage et, en 
consequence, on considfcre que le plutonium recupere a une valeur nulle. Ceci est 
economiquement exact tant que les quantites de plutonium sont en excedent par 
rapport a la demande des reacteurs rapides qui eux «brulent» n'importe quel 
plutonium. 

La duree de vie est 6gale a environ 25 ans (17 cycles), et on retient d'abord 
un taux d'actualisation egal a ,8%, puis on examinera l'incidence sur les resultats 
d'un taux 6gal a 5%. Par ailleurs, les couts directeurs utilises dans les caleuls sont 
indiques dans le tableau II. 
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On utilise sou vent pour ce type de calcul des derives de couts, par exemple 
+2%/a pour l'uranium et — 1%/a pour 1'enrichissement et la fabrication. Dans un 
but didactique, nous avons prefere utiliser les couts actuels car, par de simples regies 
de trois, on peut alors mettre en evidence le poids d'un des couts s'il vient a changer 
(par exemple si le prix de l'uranium est multiplie par 2 ou par 4). Cette fagon de 
faire donne des resultats exacts si les divers delais sont conserves. lis sont donn6s 
dans le tableau III. 

3.1. Resultats generaux 
lis sont presentes dans les tableaux IV a VI (les calculs de cout de cycle ayant 

ete effectues par J. Charles, du Departement des programmes du CEA). 

TABLEAU IV. COUT DE CYCLE DU COMBUSTIBLE STANDARD 
(45 GW-d/t) a 

Premier 
coeur 

(cF/kW-h) 

Recharges 

(cf/kW-h) 

Dernier 
coeur 

(cF/kW-h) 

Total 

(cF/kW-h) 

Plutonium 0,00 0,00 0,00 0,00 

Uranium 0,42 1,78 0,00 2,20 

Conversion 0,03 0,13 0,00 0,16 

Enrichissement 0,36 1,92 0,00 2,28 

Fabrication 0,20 0,46 0,00 0,66 

Retraitement 0,47 0,90 0,08 1,45 

Credit plutonium - 0 , 0 6 - 0 , 1 4 - 0 , 0 1 - 0 , 2 1 

Credit uranium - 0 , 0 5 - 0 , 1 2 - 0 , 0 2 - 0 , 2 0 

Credit conversion 0,00 0,00 0,00 0,00 

Credit enrichissement - 0 , 0 1 - 0 , 0 2 - 0 , 0 2 - 0 , 0 4 

Total 1,37 4,90 0,03 6,30 

a Donne en centimes de francs frangais (cF) par kilowatt-heure. 
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TABLEAU V. COUT DE CYCLE DU COMBUSTIBLE MIXTE (45 GW-d/t) 
POUR 70% DE COMBUSTIBLE STANDARD ET 30% DE COMBUSTIBLE 
MOX 

Premier Recharges Dernier Total 
coeur coeur 

(cF/kW-h) (cF/kW-h) (cF/kW-h) (cF/kW-h) 

Plutonium 0,00 0,62 0,00 0,62 

Uranium 0,42 1,30 0,00 1,72 

Conversion 0,03 0,09 0,00 0,12 

Enrichissement 0,36 1,34 0,00 1,70 

Fabrication 0,20 0,82 0,00 1,03 

Retraitement 0,47 0,90 0,08 1,45 

Credit plutonium - 0 , 0 6 - 0 , 1 0 - 0 , 0 1 - 0 , 1 7 

Credit uranium - 0 , 0 5 - 0 , 0 8 - 0 , 0 2 - 0 , 1 5 

Credit conversion 0,00 0,00 0,00 0,00 

Credit enrichissement - 0 , 0 1 - 0 , 0 2 - 0 , 0 1 - 0 , 0 3 

Total 1,37 4,88 0,05 6,30 

3.2. Prix et valeur du plutonium recycle dans les REP 
Le plutonium aurait un prix de revient si on retraitait les combustibles irradies 

uniquement pour le recuperer. Son prix, en francs frangais par gramme, serait alors 
egal a: 

R - S - U 
g de Pu par kg de combustible 

avec R 
S 
U 

= prix du retraitement (en F/kg U) 
= stockage des combustibles irradies (en F/kg U) 
= prix de l'uranium (en F/kg U). 
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TABLEAU VI. COUT DE CYCLE DU COMBUSTIBLE PLUTONIUM 
(45 GW d/t) POUR 100% DE COMBUSTIBLE MOX 

Premier Recharges Dernier Total 
cceur coeur 

(cF/kW-h) (cF/kW-h) (cF/kW-h) (cF/kW-h) 

Plutonium 0,00 2,08 0,00 2,08 

Uranium 0,42 0,19 0,00 0,61 

Conversion 0,03 0,01 0,00 0,04 

Enrichissement 0,36 0,00 0,00 0,36 

Fabrication 0,20 1,67 0,00 1,87 

Retraitement 0,47 0,90 0,08 1,45 

Credit plutonium - 0 , 0 6 0,00 0,00 - 0 , 0 6 

Credit uranium - 0 , 0 5 0,00 0,00 - 0 , 0 5 

Credit conversion 0,00 0,00 0,00 0,00 

Credit enrichissement - 0 , 0 1 0,00 0,00 - 0 , 0 1 

Total 1,37 4,85 0,08 6,30 

En effet, en l'absence de retraitement, il est necessaire de prevoir et done de 
payer le stockage interimaire, puis definitif, e'est-a-dire un stockage geologique des 
combustibles irradies. II faut done comparer la somme des credits non pas au cout 
du retraitement mais a la difference des couts du retraitement et du stockage des com-
bustibles irradies. L'AEN/OCDE, dans le cadre d'un groupe de travail d'experts 
internationaux2, a propose des couts de fin de cycle dans les deux options. Ce 
rapport des couts (stockage/retraitement) est egal a environ 0,4 mais le cout de 
reference du retraitement est plus eleve que la valeur frangaise qui, si elle est prise en 
compte, conduit a un cout du stockage des combustibles irradies egal a 50% de celui 
du retraitement. C'est cette derniere valeur que nous avons retenue. Dans le contexte 
frangais, le retraitement peut etre considere «fatal» pour les 15 a 20 ans qui viennent. 
Nous considerons en effet que la separation des produits de fission et de la quasi-
totalite du plutonium conduit a une gestion plus sure que celle qui consisterait a 
stocker des combustibles irradies. L'introduction massive des reacteurs a neutrons 

2 Voir: Les aspects economiques du cycle du combustible irradie, AEN/OCDE, 
Paris (1985). 
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F/gPu 

(1) Combustible standard, prix de I'uranium: 650 F/kg; (2) idem: 1300 F/kg 
(3) Combustible MOX, prix de I'uranium: 650 F/kg; (4) idem: 1300 F/kg 

FIG. I. Cout proportionnel des recharges (tableaux IV et VI) des combustibles REP a 
I 'uranium enrichi et au plutonium en fonction de la valeur du plutonium. 

650 1300 2600 
F/kg 

FIG. 2. Prix de revient et valeur d'usage du plutonium recycle dans les REP en fonction du 
prix de I'uranium. (a: En supposant qu'on retraite uniquement pour recuperer le plutonium; 
par hypothese, le cout du stockage des combustibles irradies est pris egal a la moitie du cout 
du retraitement, y compris le conditionnement et le stockage des dechets.) 
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TABLEAU VE. COUT DE CYCLE DU COMBUSTIBLE STANDARD 
(45 GW-d/t) CALCULE AU TAUX D'ACTUALISATION DE 5% 

Premier Recharges Dernier Total 
cceur coeur 

(cF/kW-h) (cF/kW-h) (cF/kW-h) (cF/kW-h) 

Plutonium 0,00 0,00 0,00 0,00 

Uranium 0,30 1,69 0,00 1,99 

Conversion 0,02 0,12 0,00 0,14 

Enrichissement 0,26 1,86 0,00 2,12 

Fabrication 0,15 0,45 0,00 0,60 

Retraitement 0,42 1,06 0,14 1,62 

C6dit plutonium - 0 , 0 5 - 0 , 1 5 - 0 , 0 2 - 0 , 2 2 

Credit uranium - 0 , 0 5 - 0 , 1 4 - 0 , 0 4 - 0 , 2 3 

Credit conversion 0,00 0,00 0,00 - 0 , 0 1 

Credit enrichissement - 0 , 0 1 - 0 , 0 3 - 0 , 0 3 - 0 , 0 6 

Total 1,05 4,85 0,05 5,95 

rapides etant a notre avis, pour des raisons economiques, repoussee aux horizons 
2005 ou 2010, nous allons avoir une pl6thore de plutonium. Or, tout produit en exce-
dent ay ant une valeur nulle, on a done un a vantage certain a recycler le plutonium. 
En effet, dans ce cas, les couts totaux des tableaux IV et V deviennent egaux a: 

— combustible standard: 6,30 cF/kW-h + 0,21 cF/kW-h = 6,51 cF/kW-h; 
- combustible mixte: 6,30 cF/kW-h - 0,62 cF/kW-h + 0,17 cF/kW-h 

= 5,85 cF/kW-h; 
soit un gain de 0,66 cF/kW-h ou environ 40 MF/a par reacteur de 900 MWe charge 
a 30% et fonctionnant 6500 h. 

La valeur d'usage du plutonium recycle dans les REP est determinee en mettant 
au credit du «cout standard» (couts relatifs aux recharges du combustible standard 
du tableau IV) la production du plutonium, et au dibit du «cout MOX» (couts relatifs 
aux recharges du combustible au plutonium du tableau V) sa consommation. Tous 
calculs faits, on trouve 154 F/g de plutonitiffi fissile. Cela signifie que si on trouve 
sur le marche international du plutonium a un prix nettement moins eleve, le produc-
teur d'61ectricit£ aura inttret a en acheter pour accroitre la part d'energie produite 
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TABLEAU VIII. COUT DE CYCLE DU COMBUSTIBLE MIXTE (45 GW-d/t) 
CALCULE AU TAUX D'ACTUALISATION DE 5% 

Premier 
coeur 

(cF/kW-h) 

Recharges 

(cF/kW-h) 

Dernier 
coeur 

(cF/kW-h) 

Total 

(cF/kW-h) 

Plutonium 0,00 0,57 0,00 0,57 

Uranium 0,30 1,23 0,00 1,54 

Conversion 0,02 0,09 0,00 0,11 

Enrichissement 0,26 1,30 0,00 1,56 

Fabrication 0,15 0,80 0,00 0,95 

Retraitement 0,42 1,06 0,14 1,62 

Credit plutonium - 0 , 0 5 - 0 , 1 1 - 0 , 0 1 - 0 , 1 7 

Credit uranium - 0 , 0 5 - 0 , 1 0 - 0 , 0 3 - 0 , 1 7 

Credit conversion 0,00 0,00 0,00 0,00 

Credit enrichissement - 0 , 0 1 - 0 , 0 2 - 0 , 0 2 - 0 , 0 4 

Total 1,05 4,82 0,08 5,95 

par ce type de combustible. On notera qu'un doublement du prix de 1'uranium. 
(1300 F/kg au lieu de 650) entrainerait une valeur d'usage du plutonium egale a 
265 F/g de plutonium fissile. 

La figure 1 presente ces resultats et compare la valeur d'usage du plutonium 
recycle dans les REP avec le prix de revient de celui-ci si l'on suppose qu'on retraite 
uniquement pour recuperer le plutonium. Rappelons que nous avons pris en compte 
un cout de stockage interimaire et definitif des combustibles irradies egal a la moitie 
du cout du retraitement, cout qui englobe les depenses de conditionnement et de 
stockage des dechets. 

On constate qu'au prix actuel de 1'uranium, le prix de revient du plutonium est 
eleve, pres de 400 F/g, qu'il faut comparer a une valeur d'usage de l'ordre de la 
moitie. 

Par contre, 1'accroissement du prix de l'uranium (figures 1 et 2) fait croitre 
la valeur d'usage et decroitre le prix de revient du plutonium. L'egalite est atteinte 
pour une valeur de 1350 F/kg d'uranium. Si l'on note que le prix de 1'uranium est 
aujourd'hui particulierement deprime, un renversement de tendance est probable a 
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TABLEAU IX. COUT DE CYCLE DU COMBUSTIBLE PLUTONIUM 
(45 GW-d/t) CALCULE AU TAUX D'ACTUALISATION DE 5% 

Premier Recharges Dernier Total 
cceur coeur 

(cF/kW-h) (cF/kW-h) (cF/kW-h) (cF/kW-h) 

Plutonium 0,00 1,89 0,00 1,89 

Uranium 0,30 0,18 0,00 0,48 

Conversion 0,02 0,01 0,00 0,03 

Enrichissement 0,26 0,00 0,00 0,26 

Fabrication 0,15 1,62 0,00 1,77 

Retraitement 0,42 1,06 0,14 1,62 

Credit plutonium - 0 , 0 5 0,00 0,00 - 0 , 0 5 

Credit uranium - 0 , 0 5 0,00 0,00 - 0 , 0 5 

Credit conversion 0,00 0,00 0,00 0,00 

Crddit enrichissement - 0 , 0 1 0,00 0,00 - 0 , 0 1 

Total 1,05 4,76 0,14 5,95 

l'Scheance d'une decennie, et un doublement a partir de cette valeur basse du prix 
nous semble tout a fait envisageable. Le recyclage du plutonium serait alors 
economiquement recommandable meme en considerant le retraitement comme non 
obligatoire. 

3.3. Influence du taux d'actualisation 
Les tableaux VII a IX presentent les memes resultats generaux que precedem-

ment mais en utilisant un taux d'actualisation de 5% au lieu de 8%. 
Les interets intercalaires sont un peu plus faibles, ce qui diminue les postes ura-

nium, enrichissement et fabrication. Par contre, les postes retraitement et credits 
matieres fissiles sont un peu plus eleves car ces depenses qui interviennent dans le 
futur sont moins attenuees avec un taux d'actualisation plus faible. Cette compensa-
tion fait que, globalement, les resultats sont peu sensibles au taux d'actualisation, 
ceci etant particulierement vrai pour les recharges. Les memes calculs que ceux 
effectues precedemment mettent en evidence une valeur d'usage du plutonium egale-
ment un peu plus faible, 143 F/g au lieu de 154. 
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4. CONCLUSION 

Dans l'attente de 1'introduction massive des reacteurs surgenerateurs, l'utilisa-
tion du plutonium en recyclage dans les reacteurs a eau sous pression semble une 
solution economique qui preserve l'avenir. 
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Abstract 
THERMAL RECYCLING OF PLUTONIUM AND URANIUM IN THE FEDERAL 
REPUBLIC OF GERMANY: STRATEGY AND CURRENT STATUS. 

The Federal Republic of Germany decided to close the nuclear fuel cycle by reprocess-
ing. The proposed recycle strategy uses MOX fuel assemblies to recycle the plutonium, 
preferably with reprocessed uranium (RU) as the carrier material. The remaining RU is 
enriched separately and used for enriched RU (ERU) fuel assemblies. In 1980 the Federal Ger-
man utilities decided to pool their plutonium resources. In co-operation with Kraftwerk Union 
(KWU) and Alpha Chemie und Metallurgie (ALKEM), it was decided that plutonium which 
could not be used in FBRs should be used for thermal recycling. The technical feasibility and 
the economic use of plutonium have thereby been proved, primarily for PWRs. The 
programme is scheduled to be extended to include BWRs in order to increase the recycle 
capacity. No technical problems have arisen in the design and use of the ERU fuel assemblies. 
The experience gained with the recycling of plutonium and uranium is based on programmes 
which, to a greater extent, have been performed on a commercial basis. Since 1966 a total 
of about 25 000 MOX fuel rods containing up to 3.5 wt% Pufiss have been inserted in 277 
MOX fuel assemblies. To date, MOX fuel assemblies of KWU design, the fuel rods of which 
were fabricated by ALKEM, have been inserted into the Kraftwerk Obrigheim, Kernkraftwerk 
Neckarwestheim (GKN) Unit 1, Beznau-2 (Switzerland), Kernkraftwerk Unterweser and 
Kernkraftwerk Grafenrheinfeld. In 1986, ERU fuel assemblies (currently 820 fuel rods) were 
loaded at GKN-1. The plutonium and uranium recycling described shows that thermal 
recycling is feasible on an industrial scale and that common levels of reliability and safety can 
be achieved in reactor operation. . 

1. INTRODUCTION 

The Federal Republic of Germany decided to close the nuclear fuel cycle by 
reprocessing and to utilize the resulting resources for recycling. In future, the pluto-
nium and uranium arising from reprocessing contracts with the Compagnie generale 

* This work was supported by the Bundesministerium fur Forschung und 
Technologie under Contract Nos ATT76869 and ATT76870. 
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des matieres nucleaires (Cogema), British Nuclear Fuels (BNFL) and the Wieder-
aufarbeitungsanlage Karlsruhe (WAK) (later also from the Wiederaufarbeitungsan-
lage Wackersdorf (WAW)) will mainly be used in LWRs. 

A survey is given of the proposed recycle strategy, including multiple 
recycling, the current status of recycling in PWRs and BWRs, and the status of the 
recycle experience. 

2. RECYCLE STRATEGY 

It is of initial interest to see how much fissile material can be substituted as 
a consequence of the decision to reprocess fuel and to recycle plutonium and ura-
nium. As this decision on reprocessing must also be valid for the recycling of fuel, 
higher recycle generations have to be included. Starting from one PWR reload, one 
can use the recovered plutonium to produce MOX fuel assemblies, e.g. 20% of the 
reload quantity. In the subsequent recycle generation, these MOX fuel assemblies 
will be in a position to deliver up to half of the initial quantity of plutonium needed. 
In the example given, up to 10% of the second and 5 % of the third generation reloads 
could be enriched. 

The reprocessed uranium (RU) can be used as carrier material for the pluto-
nium in MOX fuel assemblies. The greater part of the RU is to be processed into 
enriched RU (ERU) fuel assemblies. Using this enrichment process, the fissile 
material is concentrated to produce 11 % of the first generation recycle reload. 

The plutonium extracted during the reprocessing of ERU fuel assemblies 
should be used in subsequent recycle generations. The uranium fraction resulting 
from the reprocessing of MOX and ERU fuel assemblies has only a very limited con-
tent of 2 3 5 U , or the 2 3 5 U is degraded by the admixture of 2 3 6 U . The materials should 
rather be extracted from the fuel cycle than used as the carrier materials in MOX 
fabrication. 

The data given for the recycle saving potential are influenced especially by the 
planned mean batch burnup. In determining how much uranium can be substituted 
by recycling, the types of MOX fuel carrier material are to be taken into account. 
Uranium tails are preferred in cases where, for instance, a maximum plutonium con-
tent should be realized for economic reasons. To date, the Federal German recycle 
programmes have used almost completely natural uranium as the carrier material. 
This choice is likely to be of economic advantage as soon as the plutonium rises to 
a slightly positive value. In the long term we propose to use reprocessed uranium 
for MOX fuel. 

Figure 1 shows the proposed recycle strategy for reloads in a large PWR on 
the basis of batches planned for burnups of 36 and 45 MW-d/kg heavy metal. It is 
clear that a higher burnup significantly reduces the recycle potential of the recovered 
uranium, whereas the influence on plutonium recycling is almost negligible. The 
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FIG. 1. Strategy for recycling of Pu as MOX fuel assemblies and U as ERU fuel assemblies. 

compositions of the reloads for the second and third recycle generations will show 
only small differences, e.g. the plutonium quality will only be degraded to a limited 
extent by blending the various sources. A larger change will only be apparent 
between the first and second recycle generations. 

The proposed recycle strategy extracts a maximum amount of parasitic 
absorbers and handling difficulties are avoided by minimized dilution of the highly 
radioactive nuclides [1], 

The decision to close the fuel cycle by reprocessing provides, per initial ura-
nium fuel assembly, additional fissile (and fertile) material for up to 0.55 recycle fuel 
assemblies. 

3. STATUS OF RECYCLE 

3.1. Recycling of plutonium 
In the FRG recycling of plutonium into thermal reactors started with PWR and 

BWR demonstration programmes as early as the second half of the 1960s (Table I). 
On a larger scale, MOX fuel assemblies were manufactured in the 1970s for the 
PWR at Obrigheim (KWO) and the BWR at Gundremmingen (KRB-A). 
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TABLE I. MANUFACTURE OF U-Pu MOX FUEL ASSEMBLIES FOR 
THERMAL RECYCLING OF Pu AT ALKEM (Status: October 1986) 

No. of No. of Quantity of Manufacturing 
Nuclear power plant fuel rods fuel assemblies heavy metal period 

(t U + Pu) 

Demonstration phase 

Versuchsatomkraftwerk 882 92 1.40 1968-1978 
(Kahl), BWR 

MZFR (Karlsruhe), 296 8 0.39 1971 
PHWR 

KWL (Lingen), 15 1 0.04 1970 
BWR 

KRB-A (Gundremmingen), 2800 80 9.65 1974-1977 
BWR 

KWO (Obrigheim), 5940 33 9.08 1972-1976 
PWR 

Continuation of Pu 
recycle programme 

KWO (Obrigheim), 2340 13 3.67 1981-1986 
PWR 

GKN-1 (Neckarwestheim), 4100 20 7.15 1982-1985 
PWR 

KKU (Unterweser), 2832 12 6.42 1984-1985 
PWR 

KKGf (Grafenrheinfeld), 5600 24 12.84 1984-1986 
PWR 

Beznau-2 (Switzerland), 2864 16 5.13 1984-1986 
PWR 

During these fabrication campaigns Pu0 2 powder from the oxalate process 
was mechanically mixed with common U 0 2 powder. MOX fuel rods containing 
pellets fabricated with this powder exhibited an operating performance that was equal 
to that of the uranium fuel assemblies in these reactors. Later results from the 
reprocessing of such fuel showed a residual insolubility of the plutonium contained 
in pure nitric acid. To meet the solubility specifications of commercial reprocessing 
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FIG. 2. Schematic diagram of ALKEM processes for MOX pellet manufacture. 

plants, two modified manufacturing processes were developed (Fig. 2) and tested at 
the Obrigheim PWR. For the long term, starting with plutonium and uranium nitrate, 
Alpha Chemie und Metallurgie (ALKEM) has developed the AUPuC co-conversion 
process; soluble MOX powder can be obtained which contains up to 40% plutonium. 

Plutonium in nitrate form, the prerequisite for the AUPuC process, is at 
present only available from WAK; in future it will also be available from WAW. 
Over 80% of the plutonium supply currently comes from the La Hague reprocessing 
plant (Cogema) in the form of Pu0 2 powder. Therefore, for this material ALKEM 
has developed the optimized co-milling (OCOM) process. For economic reasons, a 
mixture containing up to 30% plutonium is milled. The 'master mix' of both, 
processes is blended by adding free flowing U 0 2 powder to the specified low pluto-
nium content needed for thermal recycling. After pressing, sintering and grinding, 
the MOX pellets exhibit a solubility of >99%, as specified. The two new processes 
had been sufficiently developed by 1980 to continue the plutonium recycle 
programme (as shown in the lower part of Table I) exclusively with MOX fuel rods 
manufactured with the AUPuC and OCOM processes. 

In 1980 the Federal German utilities decided to pool their plutonium resources. 
In co-operation with Kraftwerk Union (KWU) and ALKEM, it was decided that 
plutonium which could not be used in FBRs should be used for thermal recycling. 



546 SCHLOSSER and WINNIK 

A follow-up programme was implemented for plutonium recycling which included 
improvement of the manufacturing technology and capacity. For economic reasons, 
a decision was made to concentrate primarily on recycling in PWRs. Table I demon-
strates the plutonium recycle programme carried out since 1981. ALKEM has 
produced more than 18 000 MOX fuel rods for more than 80 PWR fuel assemblies, 
including fuel rods for 16 MOX fuel assemblies which were loaded into the Swiss 
Beznau-2 between 1984 and 1986. 

The technical feasibility and the economic use of plutonium have thereby been 
proved, primarily for PWRs. The licensing procedures for MOX fuel assemblies 
have been or are being carried out for most of the plants already in operation in the 
FRG, as well as for the three KONVOI reactors (Kernkraftwerk Isar, Kernkraftwerk 
Neckarwestheim (GKN-2) and Kernkraftwerk Emsland) currently under construc-
tion. The programme is scheduled to be extended to include BWRs in order to 
increase the recycle capacity. 

3.2. Recycling of uranium 
Regarding reprocessed uranium, early thermal recycling is attractive, for both 

technical and commercial reasons. The former are connected with the continuous 
buildup of gamma emitters in the decay chain of 2 3 2 U and the latter are related to 
savings in natural uranium and avoidance of storage costs for the reprocessed 
uranium. 

Concerning the two possibilities mentioned in Section 2, i.e. RU in MOX and 
RU enriched to ERU, reprocessed uranium has been put to the following reuse: 
(1) One tonne was blended to natural 2 3 5 U and used in the MOX fuel inserted in 

1973 at KWO 
(2) One hundred and eight ERU rods of 3.5wt% 2 3 5 U with a 2 3 2 U content of 

0.11 ppm 2 3 2 U / 2 3 5 U were inserted into one fuel assembly and were under 
irradiation in the core of KWO from 1983 to 1986 

(3) Four complete ERU fuel assemblies (820 rods) were inserted into the core of 
GKN-1 in 1986; the composition of this fuel is: 
2 3 2 U / 2 3 4 U / 2 3 5 U / 2 3 6 U / 2 3 8 U = 0.5 x 10 _ 6/0.07/3.76/1.03/95.14 wt%. 
This programme will be continued by inserting four further ERU fuel assem-
blies in 1987. 
For several nuclear power plants the licensing procedure to include ERU fuel 

assemblies in future reloads has been initiated in order to recycle the large quantities 
of RU from reprocessing foreseen in the future. 
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FIG. 3. PWR MOX fuel assembly, type 16 x 16-20: enrichment and relative power density 
distribution. 

4. DESIGN OF RECYCLING 

To ensure the compatibility of the recycle fuel assemblies with other fuel 
assemblies in the core, the fuel rods and assemblies are subject to the same thermal-
hydraulic and thermal-mechanical design limits as those of the uranium fuel assem-
blies. The mechanical design of MOX and ERU fuel assemblies is identical to that 
of the uranium fuel assemblies, except for the fissile material. In particular, the same 
geometry and structural materials are used [1]. 

For the MOX fuel assembly design, large thermal capture and fission cross-
sections of the plutonium isotopes and important resonances have to be compared 
with those of uranium fuel. Furthermore, for economic, fabrication, transport and 
storage reasons, especially in the case of MOX, it is useful to concentrate the fuel 
in fuel assemblies of the MOX type rather than in those of the island type. Figure 3 
shows the advanced design of PWR MOX fuel assemblies, type 16 x 16-20, which 
utilizes three different plutonium percentages and four additional water rods to flat-
ten the power density distribution when it is surrounded by uranium fuel assemblies. 
Sixteen MOX fuel assemblies of this type will be loaded into the core of Grafenrhein-
feld in 1987. 

Instead of the island type MOX fuel assemblies previously proposed for use 
in BWRs, plutonium recycling in large BWRs is now scheduled with the concepts 
outlined in Fig. 4. The actual detailed boundary conditions influence the choice of 
the 9 x 9 - 1 fuel assembly design or the 9 x 9-9Q design containing a 3 x 3 pin 
cell area (central water channel), as shown in the right part of Fig. 4. 



548 SCHLOSSER and WINNIK 

• • • 
MOX rods with increasing Pu content 

Gd 

W 

U fuel rod with Gd2 03 

Water rod or water channel 

FIG. 4. BWR design of MOX fuel assemblies, type 9 X 9-1 and type 9 x 9-9Q. 

For any MOX insertion, e.g. in self-generated recycling or even higher recy-
cling amounts, the reactivity coefficients, kinetic behaviour, hot channel factors and 
the worth of the shutdown systems must meet the design criteria and fulfil the 
requirements for safe reactor operation. 

There have been no problems with the design of ERU assemblies, but care has 
to be taken with the 2 3 6 U content, which has to be compensated for by a suitable 
increase in 2 3 5 U enrichment in order to meet the requested reactivity. There are no 
limits to the proportion of ERU fuel assemblies per reload. 

5. EXPERIENCE 

The success of the neutron physics has been demonstrated by the behaviour of 
the cores loaded with recycled fuel. The predicted data have been verified by in-core 
measurements, both at startup and during the cycles. Some special experiments and 
post-irradiation examinations have also been carried out. The burnup behaviour, 
power density distribution, reactivity coefficients and control rod worth, as well as 
the isotopic composition of the depleted fuel, have been verified [1-3]. 
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Operating experience, especially that related to MOX fuel, has been acquired 
by continuous inspection of the reactor fuel storage pools. Wet sipping and visual 
inspections have confirmed the excellent behaviour of all the recycled fuel. For more 
detailed examination, investigations have been carried out on MOX and ERU fuel 
rods after one to four fuel cycles in the KWU hot cells at Karlstein. No significant 
differences in material performance have been found [1-3]. The investigation 
programme will be completed by additional test irradiations and ramping tests, with 
post-irradiation measurements for increased burnup and studies of fission gas which, 
in the past, has shown somewhat higher releases. 

6. CONCLUSIONS 

The recycling of plutonium and uranium described shows that closing the fuel 
cycle by reprocessing and thermal recycling is feasible on an industrial scale and that 
common levels of reliability and safety can be achieved in reactor operation. The 
extended recycle experience gained in the FRG has demonstrated that recycling of 
fissile materials is a technically and economically viable solution in the back end of 
the fuel cycle. 
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1. INTRODUCTION 

At the end of this century the accumulation of minor actinides in spent nuclear 
fuels (or high active waste after reprocessing) will amount to about 40 t 2 3 7 N p and 
40 1 2 4 1 A m worldwide, without taking into consideration the countries with 
centrally planned economies, assuming an installed nuclear energy generating capac-
ity of 500 GW(e) by the year 2000 [1]. 

2. INCENTIVES TO RECYCLE 2 4 1 A m AND 2 3 7 N p 

During storage 2 4 1 A m governs the radiological risk for the first 1000 years; 
later, 2 3 7 N p determines the alpha toxicity of a waste repository. Both the nuclides 
continue to grow in spent fuel due to the decay of 2 4 1 Pu: 

241pu 241A m 237Np 233 u 

14.3 a 433 a 2 . 8 0 x l 0 6 a • — • • 
(1200 g/t) (30 g/t) (430 g/t) 

(The values in brackets are the concentrations of each nuclide found in freshly dis-
charged PWR fuel with a burnup of 33 GW-d/t.) The radiological risk of directly 
stored spent LWR fuel therefore increases with time, with a maximum at about 
100 years. This does not happen if the fuel is reprocessed and the plutonium is 
recovered. (For 99.8% recovery of plutonium from 7 year old spent fuel, the radio-
logical risk in the high active waste from Np and Am is a factor of three smaller.) 
An additional separation of 99.8% of Am and Np, however, would reduce the radio-
logical risk of the remaining waste in a repository 1000 times compared with direct 
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TABLE I. COMPARISON OF THREE FUEL STRATEGIES 
(Radiological risk of the waste of spent fuel is normalized to that of the uranium ore 
needed to produce the fuel) 

Storage time (years) .7 100 1000 10 ooc 

Risk factor for 237Np 1 1 3 4 

directly stored 24'Am 230 700 150 -

spent fuel 243Am 3 3 3 1 
238Pu 90 40 - -

240Pu 15 15 13 1 
244Cm 120 30 - -

Risk factor for 237Np 1 1 1 1 

Purex waste 241 Am 230 200 50 -

(0.2% Pu losses) 243Am 3 3 3 1 
238Pu 0.2 0.1 - -

240Pu 0.1 0.1 0.1 0.03 
244Cm 120 30 - -

Risk factor after 237Np 0.004 0.004 0.004 0.004 

partitioning and 243Am 0.01 0.01 0.01 0.003 

recycling of all 24,Am 1 0.8 0.2 -

actinides in an FBR •••, 238Pu 0.6 0.3 - -

(0.2% Am losses) 240Pu 0.1 0.1 0.1 0.03 
244Cm 360 90 - -

fuel storage (see Table I). Since Np migrates more rapidly out of a repository than 
any other actinide, it alone determines the long term risk potential of a repository. 

To keep the separated Am and Np permanently away from the biosphere they 
can be (apart from transporting them into outer space) transformed into fission 
products, whose radiological risk rapidly falls with time. 

If Am and Np are recycled in an FBR, the cost for separation and make-up 
of the fuel is balanced by the gain in electricity generated. The short term radiologi-
cal risks are negligible [1] ; 
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3. (U, Am, Np)0 2 . x FUEL 

Am and Np are present in spent fuel (after 7 years of storage) in about the same 
concentrations and therefore fast breeder fuels were developed having the composi-
tions (Uo^Amo 2Npo.2)02.x and (U 0 74Pu0 2 4 Np,Am 0 02)O2.y. The two fuel concepts 
cover the possible strategies of fast breeder deployment. 

To assess the irradiation behaviour of the new fuels, their physical properties 
had to be determined (i.e. thermal conductivities, oxygen potentials, phase diagrams, 
compatibility with Na, etc.). Finally, two pins of each fuel type were fabricated for 
irradiation in the fast breeder reactor Phenix in a joint experiment with the Commis-
sariat a 1'energie atomique, France. 

4. SEPARATION OF Am and Np 

The Purex process (with light modifications) can separate Np together with 
U and Pu from spent nuclear fuel. A variety of transplutonium separation processes 
exist which have been applied on a semi-technical level. They consist of two steps: 
isolation of the trivalent actinides together with the trivalent lanthanides, followed 
by separation of the trivalent actinides from the trivalent lanthanides. The separation, 
based on a valency change of Am0 2 + to A m 3 + , would require fewer separation 
stages than the chromatographic separation of trivalent elements. In pilot studies we 
have separated Am from spent fuels in alkaline solutions [2]. 

5. CONCLUSIONS 

If Np and Am are recovered from Purex waste, the long term radiological 
hazard potential of the waste can be reduced by a factor of 1000. The extra costs 
are balanced by the gain in additional energy generated in an FBR. 

At the moment, the scale of nuclear energy use is too small to justify minor 
actinide recycling. However, if in the future a need for more nuclear energy arises, 
this concept may help to remove the concern of environmentalists. 
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Выделение трансплутониевых элементов (ТПЭ) из отходов от перера-
ботки выгоревшего топлива АЭС и их очистка от сопутствующих примесей 
является одной из сложных радиохимических задач. 

Сложность этой задачи определяется прежде всего необходимостью опре-
деления ТПЭ от весьма близких к ним по химическим свойствам редкоземель-
ных элементов (РЗЭ). 

Известные трудности вызывает и отделение ТПЭ от палладия, который 
совместно с ТПЭ и РЗЭ присутствует в отходах от переработки ядерного топ-
лива. 

Для выделения ТПЭ и их отделения от РЗЭ и других примесей предло-
жен ряд эффективных экстракционных методов, основанных на использова-
нии таких экстрагенов как ТБФ, Д2ЭГФК, фосфиноксиды. 

Однако для осуществления экстракционного процесса разделения ТПЭ 
и РЗЭ требуется сложное и достаточно дорогостоящее оборудование, исполь-
зование которого оправдано лишь при необходимости высокой производи-
тельности процесса. 

Для выделения и очистки ТПЭ в сравнительно небольших масштабах 
заслуживает внимания применение экстракционно-хроматографических мето-
дов, которые позволяют реализовать достоинства экстракционных систем, 
используя простое и дешевое оборудование для колоночной хроматографии. 

Эффективность экстракционно-хроматографических процессов в боль-
шой мере определяется свойствами носителя для неподвижной органической 
фазы. Анализ информации, опубликованной в литературе, показал, что перс-
пективными материалами для этой цели являются макропористые сополиме-
ры стирола и дивинилбензола. На их основе в начале 70-х годов в СССР и i 
в ФРГ были синтезированы так называемые твердые экстрагенты (твэксы) 
или "левекстрел-смолы", представляющие собой гранулы макропористого 
сополимера стирола и дивинилбензола, в которые в процессе синтеза введен 
тот или иной экстрагент. 
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В настоящем докладе изложены результаты исследования возможнос-
ти применения сорбентов такого типа, содержащих в качестве активного 
вещества разнорадикальный фосфин-оксид (ФОР-твэкс) для выделения и 
разделения ТПЭ, РЗЭ и палладия. В работе был использован ФОР-твэкс, 
содержащий 50% масс фосфиноксида с размером зерна 0,25—0,5 мм. 

Проведенные эксперименты показали, что для выделения ТПЭ, РЗЭ и 
палладия можно рекомендовать процесс, состоящий из следующих операций: 

— совместной сорбции ТПЭ, РЗЭ и палладия при кислотности исходного 
раствора < 0,5 моль/л и загрузке колонки разделяемой смесью до 
30% полной динамической емкости; 

— элюирования палладия раствором комплексообразователя, не обра-
зующего прочных комплексов с ТПЭ и РЗЭ; 

— элюирования ТПЭ раствором ДТПА 0,03 моль/л с кислотностью 
равной 2, содержащим 0,5-1,5 м/л нитрата натрия при температуре 
60°С и времени контакта 1 час; 

— десорбции РЗЭ раствором азотной кислоты с концентрацией > 2 моль/л. 

При выходе в десорбат 93—95% ТПЭ от исходного количества такой 
процесс обеспечивает очистку ТПЭ от лантана более чем в 200 раз, от европия 
и гадолиния более чем в 10 раз. Коэффициент очистки палладия от ТПЭ 
составляет при этом 102, ТПЭ от палладия — более 104. 

Полученные результаты позволяют сделать вывод, что применение 
экстрагентов в форме твэксов дает возможность создать эффективные экс-
тракционнно-хроматографические процессы, которые могут быть использо-
ваны в аналитических и препаративных целях для разделения близких по 
своим свойствам элементов. 

IAEA-SM-294/9P 

RECENT PROGRESS MADE IN THE MANUFACTURE 
OF PLUTONIUM FUEL FOR RECYCLING IN LWRs 

E. TRAUWAERT, E. PELCKMANS, 
Y. VERSCHUERE, L. AERTS 
Fuel Manufacturing Division, 
Belgonucléaire, 
Dessel, Belgium 

The typical problems of recycled plutonium fuel in comparison with slightly 
enriched uranium fuel are the lower degree of fissile homogeneity and the low 
solubility. 
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FIG. 1. Evolution of the P function with an increasing iteration number. 
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The inhomogeneity problem appears on two levels: 
(1) Macroscopically, the variation in isotopic composition from Pu batch to Pu 

batch and hence between fuel assemblies renders less flexible management of 
the fuel in the reactor 

(2) Microscopically, the concentration variation of fissile material within a pellet 
is adverse to fuel performance as it could generate hot and cold points. 
The macroscopical inhomogeneity of plutonium fuel results from the fact that 

plutonium is delivered in rather small batches (20 to 50 kg) whose isotopic composi-
tion can be as different as 1/75/20/3/1 and 2/60/23/10/5 for 2 3 8 P u / 2 3 9 P u / 2 4 0 P u / 
2 4 1 P u / 2 4 2 P u , respectively. 

The fuel designer normally develops equivalency factors enabling comparison 
of and compensation for the different isotopes. However, this compensation remains 
approximate, since the different isotopes may have various influences, depending on 
the actual reactor characteristic considered and on the time period taken into account. 

Belgonucleaire has developed a computer program which permits 'soft' 
homogenization of the plutonium by a proper choice of Pu containers of different 
isotopic composition so that the differences tend to compensate each other in order 
to form batches of similar average plutonium isotopic composition. 

The algorithm is based on the minimization of an error function measuring the 
difference between the isotopic composition of each batch and the average of all 
batches. Figure 1 shows the evolution of this error function over the numerous itera-
tions of the algorithm for the allocation of 144 Pu containers over 10 batches. This 
example shows that the objective function decreases very quickly during the initial 
iterations, but then tends to stagnate, making further iterations less and less effective. 

Adoption of this homogenization philosophy and the resulting use of the 
computer program has proved beneficial for the overall constancy of the isotopic 
composition and also most of the other physical properties of the fuel over large 
batches. 

It is a well known fact that, under normal reprocessing conditions, only part 
of the Pu0 2 present in MOX fuel will be soluble. The more homogeneous 
(microscopically) the Pu0 2 within the U 0 2 matrix, the better the solubility. Many 
factors and parameters are likely to influence this occurrence, such as the powder 
characteristics, the powder blending conditions and the pressing and sintering 
parameters. 

Belgonucleaire has installed ball milling equipment, which precedes the 
standard blending, pressing and sintering line, with the aim of obtaining, by fine 
milling and blending of the plutonium with the uranium oxide powders, improved 
interdiffusion during sintering (solid solution). The initial results, however, did not 
show the expected improvements. 
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The far reaching milling operation and the enhanced sintering diffusion needed 
for the solubility issue also favour the very good microscopic homogeneity needed 
for thermal performance. 

The two steps tend to reduce the difference between uranium and plutonium 
oxide fuel, rendering the latter as desirable as the former for fuelling LWRs. 

IAEA-SM-294/18P 

LE COMBUSTIBLE AU PLUTONIUM DE FRAGEMA 
DANS LES REP 

R. CASTELLI, A. CHOTARD 
Division Combustible, 
Framatome, 
Lyon 
J.-L. MOURLEVAT, J. PELET 
Division Procede, 
Framatome, 
Paris-La Defense 
France 

1. CONCEPTION DE L'ASSEMBLAGE AU PLUTONIUM 

Le recyclage du plutonium dans les REP tel qu'il est engage a l'heure actuelle 
en France concerne les tranches du palier 900 MWe. 

La conception mecanique et thermohydraulique de 1'assemblage au plutonium 
choisie par Fragema est celle de l'AFA 17 x 17. Tout autre type de conception 
(reseau, 14 X 14, 15 X 15, etc.) pourrait bien entendu etre utilise. 

La conception neutronique tient compte des hypotheses suivantes: 
— les assemblages au plutonium neufs constituent environ le tiers d'une recharge 

(16 assemblages sur 52); 
— la teneur moyenne en plutonium de 1'assemblage est determinee, a partir de 

la composition isotopique des oxydes de plutonium et d'uranium mis en jeu, pour 
qu'il delivre la meme energie qu'un assemblage a l'uranium enrichi pris comme 
reference. 

L'assemblage au plutonium devant resider dans le cceur a cote d'assemblages 
a uranium enrichi, on est conduit, du fait de sections efficaces de fission differentes, 
a repartir ses crayons en trois zones de teneurs croissantes depuis la peripheric de 
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1'assemblage vers le centre. Ces teneurs sont determines de fa?on a ce que la teneur 
moyenne de 1'assemblage soit atteinte et que la repartition de puissance dans 1'assem-
blage soit la plus uniforme possible. 

2. GESTION DES ASSEMBLAGES AU PLUTONIUM 

Le plutonium provient du retraitement de combustibles U 0 2 et le support 
considere est de l'uranium appauvri. L'emploi d'uranium de retraitement comme 
support est egalement considere. Partant de la situation d'equilibre d'un cceur tout 
U 0 2 en campagnes annuelles, les rechargements successifs comportent 16 assem-
blages neufs au plutonium. 

Les etudes de capacite de puissance ont montre que, malgre des facteurs 
radiaux de point chaud plus eleves que dans un cceur tout U 0 2 , le diagramme de 
fonctionnement en mode gris assoupli pouvait etre reconduit moyennant quelques 
amenagements des specifications techniques d'exploitation. 

Le comportement cinetique des cceurs au plutonium traduit le durcissement du 
spectre des neutrons par rapport aux cceurs a uranium. Ainsi: 

— les concentrations en bore critique sont plus ^levees; 
— les contre-reactions dues aux effets de temperature sont plus grandes et 

l'efficacite des grappes reduite; 
— la fraction effective des neutrons retardes et le temps de vie de neutrons 

prompts sont diminues. 
Le dossier generique de surete demontre que 1'introduction du combustible au 

plutonium ne remet pas en cause la surete de la tranche. II definit les parametres cles 
a utiliser dans les etudes de recharge. L'impact des differentes compositions 
isotopiques du plutonium susceptible d'etre recycle et la flexibility des longueurs de 
campagne sont analyses. De plus, le retour a un cceur tout uranium ne pose pas de 
probleme. 

3. CONCEPTION DU CRAYON 

La conception des crayons d'oxyde mixte est realisee en prenant en compte les 
conditions d'irradiation determinees par les etudes de gestion des assemblages et les 
specificites de comportement spus irradiation de cet oxyde par rapport a l'oxyde 
d'uranium. 

Ces specificites sont liees d'une part aux proprietes physiques intrinseques du 
mat6riau (conductibilite thermique, point de fusion), et d'autre part au comportement 
sous irradiation proprement dit (densification, gonflement, relachement des gaz de 
fission, facteur radial de depression de puissance). 
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4. CARACTERISTIQUES SPECIFIQUES LIEES A LA FABRICATION 

Les proprietes nucleaires du plutonium et les exigences de conception du 
crayon liees aux specificites de l'oxyde mixte font que la fabrication des pastilles 
(UPu)0 2 se distingue de la fabrication des pastilles U 0 2 essentiellement par: 

— la preparation de melanges qui doivent etre tres homogenes et ne pas conduire 
a des pastilles frittees contenant des llots riches en Pu0 2 prejudiciables, d'une part, 
au retraitement ulterieur du combustible, et, d'autre part, au bon comportement du 
combustible sous irradiation; 

— des contraintes liees a l'utilisation du plutonium et a revolution dans le temps 
de sa composition isotopique avec formation d'americium 241. Ces contraintes sont, 
d'une part, relatives a la radioprotection: fabrication en boite a gants sous 
atmosphere controlee, gestion tres stricte des mouvements de matures, limitation des 
temps de stockage intermediate, et, d'autre part, relatives aux delais de fabrication 
et aux conditions de melange de plutonium d'origines diver ses, pour respecter les 
calculs de conception qui tiennent compte d'une composition a une date donnee de 
mise en reacteur. 

5. DEVELOPPEMENT 

La Fragema a mis en place, avec le CEA et EDF, un programme dont l'objectif 
est de parfaire la connaissance du comportement sous irradiation des combustibles 
MOX. 

Ce programme comporte deux types d'experimentations: 
1) Des experimentations globales destinees a fournir des donnees sur le comporte-
ment du combustible MOX en fonctionnement normal jusqu'a des taux de combus-
tion de l'ordre de 50 GW-d/t. En particulier, seront ainsi disponibles des donnees 
complementaires sur le relachement des gaz de fission, le gonflement, le comporte-
ment thermomecanique des pastilles et les profils d'epuisement a forte combustion 
massique. Ces experiences s'appuient sur des combustibles irradies en reacteur 
experimental du CEA ou en reacteur de puissance EDF. 
2) Des experimentations analytiques simulant des fonctionnements normaux ou 
incidentels. Ces experimentations permettront d'obtenir en particulier des 
confirmations sur la cinetique de relachement des gaz de fission, revolution de la 
temperature du combustible, les limites de rupture par interaction pastille-gaine et 
le relachement des produits de fission par un crayon non etanche. 
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6. PROSPECTIVE 

Les 16 premiers assemblages Fragema seront introduits dans une recharge fin 
1987. Le programme se poursuivra par l'introduction de deux recharges en 1988 et 
de quatre en 1989. II est prtvu d'introduire 100 t de combustible mixte k l'horizon 
de 1995. 

IAEA-SM-294/80P 
CHEMICAL INVESTIGATIONS RELEVANT 
TO PLUTONIUM RECYCLING 
D.D. SOOD 
Fuel Chemistry Division, 
Bhabha Atomic Research Centre, 
Bombay, India 

Some chemical studies are presented that pertain to the recyling of plutonium 
from the rejects generated during fuel fabrication campaigns of mixed oxide (MOX) 
fuel for thermal reactors and mixed carbide (Uo.3Puo.7C) fuel for the Fast Breeder 
Test Reactor (FBTR). 

To recycle plutonium from the carbide rejects back into the fabrication stream, 
wet and dry chemical routes have been developed. Conversion of carbide to oxide 
was the primary step in both cases. Oxidation of carbide with oxygen is one of the 
methods that was used for this purpose, but factors such as: (1) rapid escalation of 
the reaction, (2) formation of plutonium rich oxides, and (3) the poor quality of 
powder, resulting in its non-suitability for direct recycling, are some of the draw-
backs. Studies were therefore carried out to ascertain if these drawbacks could be 
overcome by suitable optimization of the chemical parameters. The oxidation 
behaviour was studied on a 400 g scale using A r + 0 2 ( 0 2 varied between 20 and 
65 vol. %) mixtures at controlled flow rates. For high density (90% TD) (U, Pu) C 
pellets, oxidation started at 300°C and increased with the rise in temperature. 
Reasonable rates of oxidation could be achieved at temperatures below 450°C 
without any segregation of the oxide into tetragonal and cubic phases. At 450°C 
complete conversion of oxide to carbide with the gas stream containing 
20 vol.% 0 2 took more than 12 hours, but by increasing the oxygen content to 
60 to 65 vol. % the conversion time was decreased to 5 hours. The oxide product 
had an O/M ratio of 2.15 and a carbon content of less than 600 ppm. The powder 
could be readily dissolved in a HNO3-HF mixture for purposes of wet recycling. 
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For dry recycling the powder was reduced with hydrogen and found suitable for con-
version to carbide after suitable optimization of the carbothermic reduction process. 

For wet recycling the main objective was to recover plutonium from the mixed 
oxide; it could either come from MOX fabrication or be obtained from controlled 
oxidation of the carbide rejects. Dissolution of the mixed oxide in the HN0 3 -HF 
mixture followed by direct oxalate precipitation was studied to obtain a Pu0 2 

product having desirable chemical and physical criteria. Experiments carried out 
with a nitric acid solution of oxidized FBTR fuel gave a Pu(IV) oxalate which, on 
calcination, yielded Pu0 2 of a high specific surface area suitable for fuel fabrica-
tion. Good decontamination from uranium could be achieved as well as essentially 
all the undesirable impurities. The procedure was then used to recover plutonium 
from large quantities of mixed carbide fuel scrap. 

Plutonium from solutions obtained by dissolving MOX fuel material could not 
be processed by direct oxalate precipitation, since in the presence of large quantities 
of uranium ( — 95%) the oxalate precipitate contained significant quantities of 
uranium. Separation of plutonium from uranium, prior to Pu(IV) oxalate precipita-
tion, was studied using macroporous anion exchange resins. Nitric acid solutions 
obtained by direct dissolution of MOX fuel scrap and containing uranium up to 
300 g/L were processed directly by using Amberlite XE-270 ion exchange resin and 
a breakthrough capacity of ~ 30 g/L could be achieved. Besides attaining excellent 
decontamination of plutonium from uranium, fairly concentrated plutonium solutions 
were obtained as a result of sharp elution ( — 95% in one bed volume). 

The effluents resulting from oxalate precipitation contained high enough con-
centrations of plutonium to necessitate its recovery. A process based on the direct 
loading of a nitric acid-oxalic acid effluent on Amberlite XE-270 was developed and 
used for the recovery of plutonium from large volumes of the effluents. 

Systematic studies on the behaviour of plutonium in a number of macroporous 
ion exchange resins have been carried out to obtain data on the variation in break-
through capacities with residence time and temperature, as well as the elution 
characteristics. 
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IAEA-SM-294/23P 

RECYCLAGE DES ACTINIDES MINEURS AVEC LE PLUTONIUM 
DANS UN REACTEUR A NEUTRONS RAPIDES: CONSEQUENCES 
SUR LE BILAN EN REACTIVITE ET SUR LES ACTIVITES 
DES COMBUSTIBLES 

J.-P. GROUILLER, A. SEMINEL 
Division d'etude des reacteurs, 
CEA, Institut de recherche technologique et 

de developpement industriel, 
Centre d'etudes nucleaires de Cadarache, 
Saint-Paul-lez-Durance, France 

Les actinides mineurs formes au cours du cycle du combustible sont, a tres 
long terme, les elements les plus actifs des dechets issus des usines de retraitement 
des combustibles des rtacteurs electronucltaires. 

Leur destruction par recyclage dans un reacteur a neutrons rapides (RNR) est 
une solution envisageable dont on se propose d'examiner les consequences en pile 
et hors pile. 

Plus particulierement, cette 6tude porte sur le recyclage des actinides mineurs 
(Np, Am, Cm) avec le plutonium dans un RNR avec l'examen des points suivants: 
— mise en Evidence de la reduction des concentrations de certains actinides 

( 2 3 7 Np, 2 4 1 Am); 
— analyse des principales consequences de ce recyclage: 

• augmentation de l'activitd du combustible a la fabrication, 
• formation plus importante de certains actinides ( 2 4 4 Cm, 2 4 5 Cm, 2 4 6 Cm). 

Le combustible et les actinides mineurs etant supposes recycles dans un 
reacteur du type Superphenix-1, le cycle du combustible choisi est le suivant: 
— origine (Pu et actinides mineurs): REP (33 000 MW-d/t); 
— retraitement un an apres la sortie du reacteur; 
— un an de d61ai de transport et de fabrication avant le rechargement dans le 

reacteur; 
— durEe d'irradiation: 960 jours Equivalents k pleine puissance. 

Le cycle (irradiation, retraitement et fabrication du nouveau combustible) est 
rEpete jusqu'a ce que les valeurs d'equilibre des concentrations des actinides mineurs 
soient atteintes. 

Les calculs sont faits avec les meilleures donnees nucleaires disponibles: utili-
sation de la bibliotheque europEenne JEF (Joint Evaluated File). 
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TABLEAU I. DIFFERENCES ENTRE LES DEUX OPTIONS 

Sans recyclage Avec recyclage 

Puissance inherente a la 
fabrication 

2,5 kW/tMLIa 

238Pu: 70% 

240Pu: 10% 

241 Am: 10% 

10 kW/tMLIa 

238Pu: 20% 

242Cm: 15% 

244Cm: 55% 

Source neutronique a la 
fabrication 

1,3 x 108 n/s/tMLIa 

238Pu: 45% 

240Pu: 30% 

242Pu: 10% 

2,5 X 1010 n/s/tMLIa 

244Cm: 90% 

Puissance residuelle au 
retraitement (un an de 
refroidissement) 

3,5 kW/assemblage 

Puissance a : 25% 

4,1 kW/assemblage 

Puissance a: 37% 

Source neutronique au 
retraitement 

5,6 x 109 n/s/tMLP 

242Cm: 20% 

244Cm: 75% 

2,8 x 1010 n/s/tMLIa 

244Cm: 90% 

a tMLI: tonne de metal lourd initial. 

Dans ces conditions, les principaux resultats sont les suivants: 
— l'equilibre des concentrations est atteint apr&s environ 12 cycles (8 cycles pour 

le 2 3 7 Np, 12 cycles pour le 2 3 8 Pu , 12 cycles pour l ' 2 4 1 Am); 
— on a brule environ 90% de 2 3 7 N p et 60% d ' 2 4 1 Am; 
— la destruction de l'Am a entralne la formation de Cm dont 70% est du 2 4 4 Cm; 
— par rapport a un assemblage standard de Superphenix-1: 

• la puissance alpha emise ( « 100% de la puissance emise par un 
combustible neuf) a la fabrication a augmente d'un facteur 4; 

• la source neutronique, a la fabrication, a augmente d'un facteur 200 du fait 
de la concentration plus importante de 2 4 4 Cm; 

• l'effet sur le bilan en reactivite est negligeable devant le phenomene 
preponderant qui est la transformation du Pu RNR en Pu rapide equilibre; 
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• la puissance residuelle emise, au retraitement (un an de refroidissement), 
a augmente d'environ 20% (augmentation de la puissance alpha d'un 
facteur 1,7); 

• la source de neutrons, au retraitement, a augmente d'un facteur 5. 
Le tableau I resume les differences les plus importantes entre les deux options 

(avec ou sans recyclage). 
En conclusion, 1'etude faite sur le recyclage des actinides mineurs (Np, Am, 

Cm) avec le plutonium dans un RNR montre que cette option ne pose pas de 
probleme d'un point de vue neutronique. Le recyclage du neptunium permet de 
gagner un facteur 10 sur sa concentration sans avoir de consequence penalisante sur 
le cycle du combustible. On peut gagner un facteur 2 sur la concentration d ' 2 4 1 Am, 
mais son recyclage entraine des consequences nefastes, principalement a la fabrica-
tion, du fait de la formation de 2 4 4 Cm. 
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Abstract 
OVERVIEW OF THE UNITED STATES PROGRAMME TO DEVELOP GEOLOGICAL 
REPOSITORIES FOR HIGH LEVEL RADIOACTIVE WASTE DISPOSAL. 

The Nuclear Waste Policy Act of 1982 (the Act) has authorized the United States 
Department of Energy (DOE) to develop geological repositories for the permanent disposal 
of spent fuel from commercial nuclear power plants and high level radioactive waste from the 
DOE's atomic energy defence activities. The total cost of the waste programme (estimated at 
US $30 billion in today's dollars), its scope, complexity, inherently controversial nature and 
provisions for extensive public participation make it one of the most visible public works 
projects the Federal Government has undertaken. In May 1986, our programme met a major 
milestone when the President approved three sites for characterization — a programme of 
extensive tests and studies that will last approximately 6 to 7 years and cost an estimated 
US $1 billion per site. We are now completing detailed plans for site characterization, plans 
that describe each site, the site specific conceptual designs for the repository and the waste 
package, the information that must be gathered, and the tests and analyses that will produce 
this information. We will submit these plans to the United States Nuclear Regulatory Commis-
sion (NRC) and to the States and Indian Tribes affected by the siting programme for review 
and comment. We will then construct exploratory shafts so that tests can be conducted at the 
depth at which the repository would be located. We will use the resulting data in the environ-
mental impact statement accompanying selection of the final site and in our application to the 
NRC for authorization to construct a repository. We expect to begin repository operations by 
the year 2003. An overview of our programme is presented and some details are given of the 
current site characterization phase. 

1. FEDERAL LEGISLATION 

The Nuclear Waste Policy Act of 1982 (the Act) authorized the United States 
Department of Energy (DOE) to develop mined geological repositories for disposal 
of spent fuel and high level radioactive waste. The Act establishes the process and 
schedule for developing the nation's first geological repository and for siting a 
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second. Construction of a second repository cannot proceed, however, unless 
specifically authorized by Congress. 

The repositories are to be licensed by the United States Nuclear Regulatory 
Commission (NRC), which is to enforce standards promulgated by the United States 
Environmental Protection Agency (EPA). The total costs of the repository 
programme, estimated to be US $30 billion in today's dollars, are to be covered by 
fees assessed against the owners and generators of the waste. 1 An important feature 
of the Act is the provision for participation by States, Indian Tribes and the public 
affected by the siting process. 

The Act's step by step siting process for the first repository resulted, in May 
of 1986, in the approval by the President of three sites for characterization: the Deaf 
Smith County site in Texas, Yucca Mountain in Nevada and Hanford in Washington 
State. These sites are in different host rocks: Deaf Smith is in bedded salt, Yucca 
Mountain is in tuff and Hanford is in basalt. 

With Presidential approval of these sites, the repository programme entered its 
site characterization phase. 

2. SITE CHARACTERIZATION PHASE OF THE REPOSITORY 
PROGRAMME 

Site characterization is an extensive programme to collect and analyse geologi-
cal data in order to: 
(1) Determine the suitability of each site for development as a repository 
(2) Provide data for the design of the repository and the waste package 
(3) Demonstrate that the repository can be constructed, operated, closed and 

decommissioned without adverse effects on public health and safety. 
This programme will allow us to demonstrate that the repository system, that is, the 
site, the repository itself and the waste package, will meet the criteria of the NRC, 
the standards promulgated by the EPA and the siting guidelines issued by the DOE. 
We will demonstrate this through performance assessments, using computer models 
and other analytical techniques that will be developed specifically to evaluate the per-
formance of the repository, both before and after closure. 

The activities that will generate data and resolve issues consist primarily of 
surface based field studies, the construction of an exploratory shaft facility and the 
tests conducted in that facility. This work, along with the other technical, environ-
mental, socio-economic and institutional activities to be conducted during the site 
characterization phase, will last approximately 6 to 7 years, depending on the site, 

1 1 US billion is one thousand millions. 



IAEA-SM-294/60 571 

will employ 200 to 500 people at each site at the peak of activity, and will cost 
approximately US $1 billion per site. These activities will generate a wealth of 
information and to ensure its integrity we are developing a rigorous quality assurance 
programme. 

2.1. Surface based field studies 
Surface based field studies will be directed at obtaining information on the geo-

logical, hydrological, geochemical, climatological and engineering characteristics of 
the site and the surrounding area through exploratory drilling and testing, the testing 
of rock and water samples, atmospheric monitoring, geophysical surveys, seismic 
monitoring and mapping. 

2.2. Exploratory shaft facilities 
To provide access for detailed study of the potential host rock as well as the 

overlying strata, we will construct an exploratory shaft facility at each site. Each 
facility will consist of: (1) two exploratory shafts that will provide access to the host 
rock, will allow for the transport of people and equipment and will provide ventila-
tion; (2) underground testing areas; and (3) the surface facilities needed to support 
construction and testing. The exploratory shafts will be sunk to approximately the 
level at which the underground facilities of a repository would be built, i.e. to a depth 
of 300 to 900 metres. At this level they will be connected to one another and to 
underground testing areas. 

We will begin tests during the construction of the shafts and will continue them 
in the completed facility. The underground test programme will consist of: 
(1) Geological tests to determine such things as the lateral thickness and extent of 

the host rock, the orientation, frequency and degree of infilling of fracture sys-
tems, and the internal structure of the host rock, such as sedimentary interbeds 

(2) Hydrological tests to determine such things as vertical hydraulic conductivity, 
effective porosity and influx potential 

(3) Geochemical tests to include sampling for the mineral composition of the host 
rock and fracture infillings 

(4) Geomechanical testing to determine such conditions as in situ stress, creep, 
excavation effects and constructibility. 

2.3. Site characterization plans 

Before we can construct exploratory shafts at any site, we are required by the 
Act to provide a site characterization plan (SCP) for that site to the NRC, to the 
States and to the affected Indian Tribes for review and comment. The development 
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and preparation of these plans is a comprehensive and challenging effort involving 
hundreds of highly skilled DOE staff and their contractors. 

Each SCP will be a complex, technical document supported by several 
thousand reference documents. To structure our plans, we developed an issues reso-
lution strategy that relies on an issues hierarchy to: (1) identify and organize issues 
derived from the regulations governing repositories and the siting process, and (2) 
define the data and analytical techniques we need to resolve each issue. 

SCPs for Hanford and Yucca Mountain are scheduled for issuance in late 1987; 
the SCP for Deaf Smith County is due out early in 1988. While SCPs will be issued 
in final form, we will thereafter issue semi-annual reports that will further develop 
and revise programme plans until we submit the licence application to the NRC. 

After we have reviewed comments on the exploratory shaft section of the 
SCPs, we will begin to construct the shafts. Construction at Yucca Mountain is 
scheduled to begin in May 1988, at Hanford in late 1988 and at Deaf Smith in late 
1989. Construction will take from 2 to 4 years, depending on the site. 

2.4. Current field activities 
At the Hanford and Yucca Mountain sites we are now continuing surface based 

geological and hydrological investigations. At Hanford, before exploratory shafts are 
constructed, we will undertake a large scale, hydrological testing programme of 
about 2 years' duration to measure the potential fracturing between aquifers. These 
tests will also provide information that will be used to calculate the rate of ground-
water travel with greater certainty. This programme must precede shaft excavation, 
because drilling deeper than 180 metres, the top of the basalt formation, might alter 
existing hydrological conditions. The State of Washington and the three affected 
Indian Tribes are participating in the DOE's planning for these investigations and 
will also participate in evaluating the test results. 

For all sites, we are testing prototype equipment to determine its suitability for 
measuring the geotechnical parameters. Regional seismic studies are also under way. 
Unlike the Hanford and Yucca Mountain sites, which are located on Federal land, 
the Deaf Smith site is privately owned. We are working to obtain access to the land 
and to acquire the permits needed to begin site characterization activities at the site. 

2.5. Other activities 

2.5.1. Technical 

Other technical activities will include the preparation, for each site, of 
advanced conceptual designs for the repository and the waste package, as well as 
planning for the licence application design. Work on the development of the waste 
package will continue with the testing of candidate materials. We will also continue 
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to develop repository equipment and instrumentation and to test and evaluate the 
designs and materials to be used to seal shafts and boreholes when the repository is 
closed. Another important task will be benchmarking, validating and verifying the 
computer codes used in performance assessment. 

2.5.2. Environmental and socio-economic studies 

We are now planning environmental and socio-economic studies to assess the 
potential impacts of repository development and operation at each site, and we are 
planning for preparation of the environmental impact statement that must accompany 
selection of the final site. We are also drafting plans, in close consultation with the 
States and the affected Indian Tribes, describing how we will monitor potential 
significant adverse impacts during site characterization and how we might mitigate 
them. 

2.6. Institutional interactions during site characterization 
Selecting a site for any kind of waste disposal is inherently controversial. 

When that waste is radioactive, controversy is even more acute. Recognizing this, 
Congress made extensive provision for public participation in the siting process. The 
Act directs the Secretary of Energy to consult and co-operate with the States and the 
Indian Tribes affected by the process, to seek written agreements with them and to 
fund their active participation in and oversight of the programme. Most significantly, 
the Act provides an opportunity for the States and the Indian Tribes to veto the Presi-
dent's recommendation to Congress of a final site. This veto can only be overridden 
by a resolution passed by both houses of Congress. 

To date, the States and the Indian Tribes have received over US $57 million 
from the Nuclear Waste Fund for their participation in the first and second repository 
programmes. They have used these funds to: 
(1) Review and comment on programme documents 
(2) Participate in technical meetings 
(3) Conduct independent oversight, through monitoring of programme activities, 

analyses and studies 
(4) Carry out intergovernmental co-ordination 
(5) Conduct public information programmes. 

During the site characterization phase of the programme, their participation 
takes a number of forms: 

(a) Issuance of site characterization plans is a major programme milestone. 
We have been providing draft chapters of these plans to affected parties and to the 
NRC and we are planning outreach activities for the release of final plans. In addition 
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to holding public hearings on them, as required by the Act, we will hold public brief-
ings to facilitate public comment. 

(b) Technical meetings between the NRC and the DOE to prepare for the 
licensing process are also an important forum for interactions with affected parties; 
they participate actively in these meetings. 

(c) The NRC and the DOE are now developing a sophisticated, computerized 
information retrieval system that will store both the technical data collected during 
site characterization and the documents assessing the significance of the data. This 
system will be accessible to all parties to the licensing process, including the States 
and the Indian Tribes. 

(d) We have opened the meetings of all our technical co-ordinating groups to 
participation by affected parties. 

(c) For each site, in close consultation with the States and the Indian Tribes, 
we are developing comprehensive Outreach and Participation Plans that will define 
our interactions with them. 

3. FINAL SITE SELECTION AND NRC LICENSING 

After site characterization is complete and an environmental impact statement 
has been prepared, the Secretary of Energy will recommend to the President, and 
the President in turn will recommend to the Congress, one site for a repository. If 
within 60 days the host state does not veto the President's recommendation, or if 
Congress overrides the veto, the site designation will become effective and the DOE 
will submit a licence application to the NRC. 

Before authorizing construction, the NRC will conduct a rigorous, 3 year 
review of the detailed information the DOE submits to demonstrate compliance with 
NRC requirements. At the site selected, performance confirmation testing will con-
tinue during licensing and beyond, into repository construction and operation. 
Following authorization, construction is scheduled for 5 years, with repository 
operations projected to begin in 2003. 

4. PROGRAMME UPDATES 

4.1. Pending legislation 

This account of the repository programme may suggest that it follows a 
straightforward path. In fact, as Congress foresaw, the path to the nation's first 
repository is not straight and is not smooth. Not surprisingly, over the past several 
years the programme has been the subject of a number of lawsuits. In an attempt to 
neutralize resistance to the programme, in March 1987 the Chairman of the Senate 
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Energy Committee and its ranking minority member introduced a bill to authorize 
the Secretary of Energy to enter into an incentive agreement with a State or Indian 
Tribe willing to host a repository and able to demonstrate the suitability of a site. 
The incentive package would include payments totalling as much as US $2.5 billion. 
Because only one site would be characterized, the US $2 billion saved by not charac-
terizing two other sites could be applied to incentive costs. If no agreement were 
reached, the siting process specified under existing law would apply. 

We believe this approach may have merit, but as it is currently under policy 
review within the DOE, we do not yet have a formal position on it. 

4.2. Proposed programme changes 

We are also awaiting Congressional response to our Draft Mission Plan 
Amendment, which proposes suspending site specific work on the second repository 
programme and proceeding only with generic technical studies. This proposal is 
based on the declining projections of spent fuel and the judgement that it would be 
fiscally imprudent to expend millions of dollars to develop a second repository now, 
when the date by which it would be needed is not yet certain. If Congress approves 
our Amendment, we expect to begin a national survey to identify potentially 
acceptable sites in the mid-1990s. If Congress does not approve our Amendment, we 
will resume our search for a second repository site by reviewing comments on the 
report we issued last year which identified 12 potentially acceptable crystalline rock 
sites in seven states. 

Our Draft Mission Plan Amendment also proposes to extend the first reposi-
tory programme timetable by 5 years, to allow more time for consultation with 
affected parties, for more extensive site characterization tests and studies and for 
thorough preparation for NTC licensing. 

4.3. Strengthening public participation 
In the course of the repository programme's development, it has become clear 

that institutional issues can be more difficult than technical issues. Indeed, in 
requiring the DOE to provide opportunities for the public to participate in and over-
see our programme, the Nuclear Waste Policy Act reflects a stern reality: to succeed, 
the DOE must build widespread public confidence in the technical integrity of 
its work. 

Towards that end, as we continue our efforts to negotiate formal agreements 
with the States and the Indian Tribes, we are also taking initiatives — some of them 
described above — to create more opportunities for participation and oversight. We 
are optimistic that out of a healthy process of interactions will come not only greater 
public confidence in our programme, but a broader and stronger base of information 
and ideas to support our technical and policy decision making. 
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Abstract 
CONCEPTS FOR DIRECT DISPOSAL OF SPENT LWR AND HTR FUEL IN THE 
FEDERAL REPUBLIC OF GERMANY. 

In a comparative study initiated by the Bundesministerium fur Forschung und 
Technologie (BMFT) in the Federal Republic of Germany and conducted in the period from 
1981 to 1985, direct disposal of spent LWR fuel was compared with the traditional fuel cycle 
based on reprocessing and thermal recycling. The results of the study did not exhibit decisive 
advantages of direct disposal over fuel reprocessing. The Federal German Government 
concluded that it would continue to adhere to fuel reprocessing as the reference scheme of 
'Entsorgung'. Under the existing Federal German atomic law, direct disposal of spent fuel is 
only permissible for fuel for which reprocessing is neither technically feasible nor economi-
cally justified. Accordingly, direct disposal was selected as the reference technology for spent 
fuel from the Federal German high temperature reactor (HTR) programme. In the case of 
LWR fuel, direct disposal serves as a supplementary option. A programme has been launched 
by BMFT to further develop direct disposal of spent fuel to technical maturity. Thereby, 
emphasis is laid on canister development, in situ tests in the Asse experimental mine and 
systems analysis, the latter being geared towards identification of repository configurations 
that accommodate both spent fuel and reprocessing waste in an optimal way. 

1. INTRODUCTION 

The way in which the Federal Republic of Germany is dealing with the back 
end of the nuclear fuel cycle can best be characterized by two salient facts: the com-
mitment to closing the LWR fuel cycle through fuel reprocessing and ongoing site 
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investigation of the salt dome at Gorleben. All steps at the back end of the fuel cycle 
are referred to as 'Entsorgung' in German, a term which will be used frequently in 
this presentation. 

To illustrate how direct disposal came into the picture, one has to go back to 
the end of the 1970s. In May 1979, the project of a large scale, 1400 t/a fuel 
reprocessing plant was cancelled for political reasons. In the aftermath of this cancel-
lation, the heads of both the Federal Government and the States agreed on the follow-
ing approach to the Entsorgung question: reprocessing should go forward, but on a 
smaller scale. It was also decided that there was to be a major comparative study 
of fuel reprocessing and direct geological disposal of spent LWR fuel, enabling a 
judgement to be made by 1985 as to whether or not direct disposal might offer 
decisive advantages. 

This comparative assessment was conducted by the Kernforschungszentrum 
Karlsruhe (KfK) and was based on quantification of the following criteria: technical 
feasibility, radiological safety, economics and safeguards [1]. The overall evaluation 
was considerably affected by: (1) the fact that, in contrast to fuel reprocessing, 
conditioning of spent fuel, i.e. consolidation and sealing in large metal canisters, has 
not been performed on a large scale in a dry environment; (2) the fact that disposal 
of HLW and spent fuel has not been demonstrated. For example, neither high preci-
sion dry drilling of parallel 300 m deep, 0.7 m diameter boreholes — the reference 
emplacement concept for vitrified HLW from reprocessing — nor lowering packages 
with weights of up to 1 t into these boreholes is state of the art. On the other hand, 
lowering through the transport shaft and underground handling of the heavy spent 
fuel package — more than 60 t in the current reference concept for spent fuel 
disposal — have also never been demonstrated. Therefore, demonstration has 
become the key element in the new R&D programme that was started after the 
governmental evaluation in early 1985. 

There were two major constraints to be observed by the Federal Government 
when evaluating the findings of the Entsorgung comparison. First, in the Federal 
German Entsorgung Policy it is clearly spelled out that as of 1 January 1985, initial 
operating licences for new nuclear power plants will be granted only under the stipu-
lation that the site selection process for facilities of either one of the Entsorgung 
variants has been concluded. Second, the priority of recovery of fissile material over 
removal of spent fuel is embodied in the FRG Atomic Energy Act. Therefore, 
implementation of direct disposal as the reference scheme of waste management for 
LWR fuel would make mandatory an amendment of the Act. It is obvious that, based 
on direct disposal of spent fuel alone, evidence of ensured Entsorgung could not be 
given during the period of time required to amend the Act. 

In its decision of 23 January 1985, the Federal Government felt that it best 
complied with the legal requirements by adhering to reprocessing and recycling as 
the reference scheme of Entsorgung. The government was vindicated in its decision 
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by the findings of the aforementioned Entsorgung comparison, which did not exhibit 
decisive advantages of direct disposal over fuel reprocessing. 

In its new policy statement, the Cabinet also ruled that direct disposal was 
permissible only for fuel for which — from the present point of view — reprocessing 
was either technically not feasible or economically not justifiable. On the basis of 
this policy, the Federal Government decreed that further work aimed at the 
reprocessing of spent fuel from the Federal German high temperature reactor (HTR) 
programme should cease; direct disposal has become the reference Entsorgung 
scheme for this type of fuel. However, this decision also implied that work be 
continued with respect to direct disposal of spent LWR fuel. A new R&D programme 
for direct disposal of LWR fuel was started in mid-1985. The timing of both 
programmes, i.e. LWR and HTR spent fuel disposal, is such that their results can 
be included in the licence application for the Gorleben salt dome in the early 1990s. 

2. DIRECT DISPOSAL OF SPENT LWR FUEL 

The goals of the LWR spent fuel disposal programme have always been low 
dose burdens for the working personnel during packaging and emplacement, 
minimum amounts of secondary waste arising from the packaging process, and 
integrity of the canister barrier over a design lifetime of 500 years. 

2.1. Technical concepts 
Technical concepts have focused on self-shielded canisters holding unmodified 

fuel assemblies (or at the utmost, individual, close packed fuel rods), and the 
canisters have to withstand the lithostatic pressure at a depth of about 800 m as well 
as the corrosive attacks of salt brines over the design lifetime. Consequently, 
emplacement on the floor of emplacement drifts has become the reference concept 
for these packages whose heavy weight ensued from the self-shielded design. For 
example, the reference concept developed in the first phase of the direct disposal 
R&D programme prior to 1985 is illustrated schematically in Fig. 1. The main 
components of the package are a (MnMoNi) steel cask with a wall thickness of 15 cm 
that provides the required strength and an outside layer of Hastelloy-C4 against 
corrosion. Three intact fuel assemblies are inside a thin walled, gastight steel cask 
referred to as a dry storage bin. With respect to both the design strength of 30 MPa 
and corrosion resistance, no credit is taken from the about 20 cm thick shielding 
which dominates the total package weight of more than 50 t. The outside diameter 
is 1.4 m and the total length 6 m. During emplacement a surface temperature of 
50°C and 0.1 mSv/h at 1 m from the package are guaranteed. An extra shipping cask 
has to be provided for shipments on public routes [2]. 
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Emplacement Concept: Self-Shielded Disposal Package: 

Fuel Element 
Rack 

1 1 1 

Dry Storage Bin 
Canister Body 
Corrosion Protection 
Lost Shielding 

Disposal in Tunnels 

FIG. 1. Former spent LWR fuel disposal concept. 

The age of the spent fuel in the packages and the spacing between the consecu-
tive packages on the drift floor have to be such that rock salt temperatures never 
exceed 200°C. The empty space in the drift is backfilled with crushed salt 
immediately after emplacement. While the repository, together with the underground 
transportation system, was only designed conceptually, detailed engineering was 
done for the disposal cask and a prototype was manufactured. 

The current cask development programme focuses on improved economics. 
The Deutsche Gesellschaft fur Wiederaufarbeitung von Kernbrennstoffen (DWK) 
has developed a new cask called Pollux [3] which is suitable for the storage, ship-
ment and disposal of spent fuel (see Fig. 2 in Paper IAEA-SM-294/74, these 
Proceedings). Contrary to the old design, the Pollux holds the rods from eight spent 
fuel assemblies. The interior of the canister is divided into four equal quadrants with 
a void in the centre. Each quadrant is large enough to accommodate the rods from 
two PWR fuel assemblies while the compacted skeletons of the fuel assemblies are 
placed in the centre void. The cask is designed to accept spent fuel 3 years after 
discharge from the reactor with a maximum heat load of 20 kW. The dimensions are 
similar to those of the old design, only the total weight is higher by a margin of about 
20% and totals 64 t. Two main differences deserve mention: gastightness is now 
assured by a thick welding seam connecting the secondary lid with the cylindrical 
body; through the cast iron overpack the cask complies with transport regulations 
and is therefore qualified for surface and underground transport. 

Besides drift emplacement of spent fuel, disposal in 300 m deep boreholes, to 
be done as with vitrified HLW from reprocessing, is being pursued as the backup 
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TABLE I. CHARACTERISTICS OF LWR DISPOSAL PACKAGES 

Spent fuel package HLW package 

Large Small 

Length (m) 5.35 1.33 1.33 

Diameter (m) 1.57 0.43 0.43 

Weight (t) 64 1.2 0.5 

No. of fuel assemblies 8 0.5 2.2 

Heat load (kW)a 6.5 0.4 2.0 

Surface dose rate (mSv/h)a < 0 . 2 < 1 0 4 ~ 1 0 6 

Emplacement drift borehole borehole 

a 10 years after discharge from LWR. 

concept. For this purpose the spent fuel package has to have the same outer dimen-
sions as canistered HLW and holds fuel rods from half a fuel assembly cut into 1 m 
long pieces (Table I). However, in this case, medium level heat generating waste 
arises through compaction of the fuel assembly skeleton (about half a 400 L drum 
per tonne of spent fuel) and has to be disposed of apart from the spent fuel. 

2.2. Demonstration programme 
Conditioning of spent fuel and canister development are the responsibility of 

DWK. In 1986 DWK submitted the licence application for a pilot conditioning plant 
at a site at Gorleben adjacent to the existing interim storage facility for spent fuel. 
However, R&D pertaining to disposal of spent fuel is funded by the Bundes-
ministerium fur Forschung und Technologie (BMFT). This R&D programme is 
co-ordinated by KfK; the major contributors are the Bundesanstalt fur Geowissen-
schaften und Rohstoffe, the Deutsche Gesellschaft zum Bau und Betrieb von End-
lagern fur Abfallstoffe, and the Gesellschaft fur Strahlen- und Umweltforschung. 

The points of concern where further development is deemed necessary are 
indicated in Fig. 2. They are mainly determined by the heavy load which has to be 
lowered through the access shaft and handled in the underground tunnel system. To 
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FIG. 2. Pollux underground transport and emplacement. 

be more specific, the following three tests have reached the stage of advanced 
planning: 

(1) Up to now, shaft transport for weights up to 80 t (Pollux + transport 
vehicle) has not yet been demonstrated, but existing technology can be adapted. 
Loading and unloading of the hoisting cage will be simulated in an above ground test 
rig. 

(2) Safe handling of the disposal casks in the tunnel system has to be 
demonstrated. Machinery for transport in the tunnel and emplacement on the tunnel 
floor will be developed. Both above ground and underground testing will be done 
employing a full size canister dummy. 

(3) Improved knowledge of both salt and backfill behaviour under the 
influence of heat is an essential prerequisite for a licensing application. For this 
purpose a test field that includes two parallel tunnels will be excavated in the Asse 
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underground laboratory, each tunnel accommodating three electrically heated, origi-
nal size canisters surrounded by crushed salt. The temperatures, pressures, room 
closure rates, heat flow, compaction of the backfill, etc. will be recorded and 
compared with the results of model calculations. 

As alluded to earlier, besides the large spent fuel package, the backup concept 
of a small canister is to be pursued; the canister is identical in size with the HLW 
package and is intended for emplacement in 300 m deep vertical boreholes. A test 
with such a 43 cm diameter canister is planned in the Asse mine in order to demon-
strate proper functioning of the components. The test canister will be filled with 
2 5 2 Cf emitting neutrons with similar spectra to those from spent fuel. This will 
allow measurements of neutron dose rates with special emphasis placed on 
backscattering effects. 

Completion of these four tests is scheduled for the beginning of the 1990s so 
that the results can be included in the licence application for the Gorleben repository. 

2.3. Experimental programme 

It has already been pointed out in the introductory section of this presentation 
that a comparative study dealing with fuel reprocessing and direct disposal was 
conducted before 1985. In this study a major issue was the long term safety of the 
repository and, consequently, the performance of different barriers in the repository, 
especially the canister material and the waste form. Both corrosion and leaching 
behaviour were under investigation in this first phase of the spent fuel disposal 
programme. 

Regarding fuel leaching, LWR fuel with a burnup of about 35 000 MW-d/t 
was subjected to salt brines at 100 and 200°C. The results revealed the well known 
phenomena of instantaneous gap release of the fission products, followed by incon-
gruent element release until the easily accessible grain boundaries are cleansed, 
leading into the final phase of congruent release of matrix bound radionuclides. 
Among the two brines tested, the quinary brine — a brine with a high content of 
MgCl 2 — proved to be more aggressive than the NaCl brine unless considerable 
amounts of iron were included. With iron in the near field, as is the case in the 
reference canister concept, element concentrations in solution are markedly reduced. 

In the newly started programme, higher burnup fuel of about 50 000 MW-d/t 
will be studied. At least partial credit will be taken from the canister lifetime, leading 
to lower test temperatures 150°C) and, hopefully, greater experimental ease. 
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3. DIRECT DISPOSAL OF SPENT HTR FUEL 

3.1. Technical concepts 
For direct disposal of spent HTR fuel two principal technical solutions exist 

which, according to the current state of knowledge, comply with preliminary safety 
and operating requirements: 
(1) Packaging the fuel spheres in standard 400 L waste drums and emplacing the 

drums in 300 m deep boreholes 
(2) Packaging the fuel spheres in special canisters (modified Pollux) and 

emplacing in drifts as the backup concept. 
On the basis of the concept developed in the early 1980s for direct disposal of 

spent LWR fuel, packaging in large canisters had been judged to meet the regulatory 
requirements for licensing power operation of the 300 MW prototype thorium high 
temperature reactor, the THTR. A modified Pollux cask can accommodate the 
contents of four THTR storage cans each holding 2100 spherical fuel elements. This 
type of packaging is included in DWK's planned multipurpose pilot conditioning 
plant at Gorleben so that this option is kept open. 

TABLE II. CHARACTERISTICS OF THE HTR 
DISPOSAL PACKAGE 

HTR package 

Length (m) 1.08 

Diameter (m) 0.71 

Weight (t) 0.4 

No. of fuel elements 1800 

Heat load (kW)a 0.09 

Surface dose rate (mSv/h)a 4 X 104 

Emplacement borehole 

a 10 years after discharge from HTR. 
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Packaging of spent HTR fuel spheres in standard waste drums and disposal in 
300 m deep boreholes, comparable to the procedure for medium level reprocessing 
waste, is more economical and benefits from special HTR fuel properties such as low 
specific activity, high leach and corrosion resistance and the multiple barrier concept 
of coated particles that enhances fission product retention. 

Therefore, this concept has been defined as the reference concept for disposal 
of spent HTR fuel. In such a 400 L drum with 1800 fuel elements, heat generation 
10 years after discharge from the THTR amounts to about 90 W (Table II). The 
surface temperature of the drums within the boreholes will be about 70 to 80°C. 
Leaching of fission products (Cs, Ba, Eu, Ce, Sr isotopes) in salt brines in the event 
of water intrusion into the disposal area seems to be negligible for intact coated 
particles. Corrosion caused damage of coatings under disposal conditions can be 
excluded for at least 500 years. Results to date suggest that releases of gaseous 
fission products (3H, 85Kr) from intact fuel spheres under repository operating 
conditions will be acceptably low. 

Further development of the technical concept concentrates on the influence of 
mechanical loads on the integrity of the fuel spheres. These loads are due to 
drum stacking and lithostatic pressures at depths of 800 to 1000 m. If significant 
mechanical damage of coated particles occurred during the operating phase or after 
sealing of the boreholes, causing unacceptable activity releases (3H, 85Kr, enhanced 
leachability), backfilling of the hollow spaces between the fuel spheres with suitable 
materials such as sand or crushed salt might become necessary. 

3.2. Demonstration programme 
Direct disposal of spent HTR fuel will be demonstrated during the course of 

an R&D programme sponsored by the BMFT and to be carried out by the 
Kernforschungsanlage Jiilich (KFA) in co-operation with other Federal German 
organizations and firms [4]. The main objective of the programme is to develop 
disposal techniques for heat generating medium level waste and spent HTR fuel in 
unlined vertical boreholes in rock salt. Prototype components, e.g. the loading 
machine and the sealing technique, will be developed. These techniques are to be 
tested during a 5 year retrievable disposal experiment in the Asse salt mine under 
real operation conditions. 

The programme, which started in 1983, is intended to demonstrate by 1993: 

(1) Safe underground handling of waste containers in removable shielding 
(2) Safe emplacement in boreholes up to 50 m deep with a diameter of 1 m 
(3) Retrievable disposal of active material in three 10 m deep boreholes (six MLW 

drums, four stainless steel cans of the AVR-TL type, see Fig. 3)1 

1 Arheitsgemeinschaft Versuchsreaktor (the Federal German pebble bed research 
reactor). 
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mushroom lid 
55.9 cm / graphitic spherical fuel element 

/ 

6 cm 

fuel free outer zone 

pyrolytic carbon coated 
fuel particles 

content: 950 fuel elements (AVR type) 
total activity: 5 x 1014 Bq/can* 
surface dose rate: 40 Gy/hour* 
heat production: 60 W/can* 
mass: 350 kg 

6 years after discharge from AVR reactor 

FIG. 3. Retrievable disposal test: stainless steel can (AVR-TL type) with spent HTR fuel 
elements. 

(4) Agreement of measured and calculated gas releases ( !H, 3H, 85Kr), tempera-
ture distributions, borehole convergence and waste salt interactions 

(5) Gastightness of the borehole sealings. 

Furthermore, before emplacement the drums will be characterized with respect 
to heat generation, gas release and dose rates. 

3.3. Experimental programme 
The current experimental programme for direct disposal of HTR fuel spheres 

includes the following activities: 

(1) Evaluation of data stemming from the AVR dry storage facility and from dry 
storage casks (Castor, AVR-TN) 

(2) Measurements of 3H/85Kr release from fuel elements at elevated temperatures 
(40 to 400°C) 

(3) Leach tests of spent HTR fuel elements with salt brines 
(4) Measurement of radiolysis gas formation under normal disposal conditions and 

accident scenarios 
(5) Investigation of mechanical interactions between waste packages and salt 

during borehole convergence 
(6) Full scale testing of waste packages and development of backfilling techniques. 
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This experimental programme is to supplement the demonstration programme 
to gather all relevant data so that borehole emplacement of spent HTR fuel can be 
established at the Gorleben site. The data accumulated to date support the economical 
reference concept for the direct disposal of spent HTR fuel elements in standard 
waste drums. 

4. DUAL PURPOSE REPOSITORY SYSTEMS STUDY 

According to the Federal German Entsorgung Policy, direct disposal of spent 
fuel is mandatory for all the fuel of the HTR programme, but only for certain types 
of LWR fuel such as recycled uranium, certain MOX and high burnup fuel beyond 
the specifications of the Wiederaufarbeitungsanlage Wackersdorf. This would 
amount to less than 100 t/a within a total of approximately 700 t/a discharged from 
Federal German LWRs by the year 2000. Nevertheless, varying ratios of spent LWR 
fuel that is to be disposed of directly or reprocessed are being considered in the 
ongoing dual purpose repository systems study. In this study a model repository in 
salt is to accommodate both reprocessing waste and spent fuel. The goal is to deter-
mine an optimized system by choosing from among above ground and underground 
concept variants which are generated by varying pre-emplacement cooling times and 
repository design alternatives [5]. The repository design alternatives that are subject 
to optimization include a mix of drift and vertical borehole emplacement configura-
tions. In a first step the reference emplacement technique has been employed, 
namely: Pollux canisters with spent fuel on the floor of placement drifts and vitrified 
HLW in vertical 300 m deep boreholes, for which two different configurations were 
assumed: the vertical boreholes and the emplacement drifts are at separate locations, 
or the vertical boreholes are drilled in the floor of the Pollux emplacements drifts. 

The heat generating MLW and the spent fuel from the HTR programme, both 
with about equal heat generation rates, are emplaced in a common field in 300 m 
deep boreholes. 

In a second step other configurations are being considered, either spent fuel 
and reprocessing waste only in drifts or only in horizontal boreholes. 

Besides a near field maximum rock salt temperature of 200°C, no binding 
criteria exist for the design of the repository concepts so far. For instance, 
permissible stress limits at the boundary between host rock and overlying strata will 
not be established before the underground exploration of the Gorleben salt dome is 
terminated. 

Taking full advantage of the 200°C maximum rock salt temperature, the result 
presented in Fig. 4 was obtained. The calculations were based on a total of 700 t of 
spent fuel from LWRs and 106 HTR fuel elements — the equivalent of about two 
HTR 500s — to be managed annually. The ensuing repository area required each 
year is shown for various percentages of unreprocessed LWR fuel which is disposed 
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of directly. The bar on the extreme right (O) represents the areal requirement in case 
all the LWR fuel is reprocessed and the resultant vitrified HLW and the heat generat-
ing MLW are emplaced in vertical boreholes. For all other fractions, bars are plotted 
for two emplacement configurations: one for pure borehole emplacement and the 
other representing horizontal emplacement of spent LWR fuel in those drifts where 
the vertical boreholes are drilled; however, for fractions of spent LWR fuel larger 
than —16%, additional drifts have to be excavated to accommodate LWR fuel in 
Pollux canisters. 

In the case of reprocessing, heat generating MLW has to be emplaced in bore-
holes together with spent HTR fuel but in a section of the repository separate from 
vitrified HLW. The HTR requires an area of - 0 . 13 ha/a. The areal requirement of 
the borehole field for MLW and HTR fuel is not determined by temperature 
considerations but by constraints reflecting the state of the art in mining techniques 
that allows a minimal spacing of 25 m for 300 m deep boreholes. 

According to Fig. 5, the areal requirement in the repository will be smaller 
than 2.5 ha/a. Given a width of 300 m for the emplacement field, a total length of 
roughly 4 km will not be exceeded, even in the least favourable case after 50 years 
of emplacement. 

Besides the repository area required for emplacement, other criteria are being 
assessed in order to select an optimized system. As there is a trade-off between above 
ground pre-emplacement storage time and repository area requirements, the 
economics of the entire system have to be quantified, taking into account costs of 
canisters, storage and excavations. Radiological safety of the workforce, long term 
safety of the repository and far field effects are further examples of selection criteria. 
The schedule for the systems analysis dual purpose repository is illustrated in Fig. 5. 

Subsequent to this analysis the two most promising concepts will be subject to 
more detailed planning beyond 1988. 
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Abstract 
ENGINEERING SAFETY ASPECTS OF THE HIGH LEVEL RADIOACTIVE WASTE 
TEST DISPOSAL PROJECT IN THE ASSE SALT MINE. 

With regard to the planning, design and licence procedure for a national repository in 
the Federal Republic of Germany, a High Level Radioactive Waste Test Disposal project will 
be performed in the Asse salt mine. Thirty vitrified HLW canisters will be emplaced in six 
underground boreholes in two test galleries 800 m below the surface. The duration of testing 
will be approximately 5 years and all the canisters are to be retrieved at the termination of 
the test, as required by the licensing procedures. The complete system for handling and 
emplacement of the waste canisters in a repository has been developed and will be tested and 
proved under actual operational conditions. During the test disposal in situ investigations of 
the water and gas release from the heated salt, the thermal-mechanical behaviour of the rock 
salt and spontaneously occurring stress release by seismic monitoring will be performed. The 
HLW test field in the Asse salt mine will be installed and operated by the Institut fur 
Tieflagerung in close co-operation with the Netherlands Energy Research Foundation. The 
radioactive canisters will be loaded in tube lined boreholes. Because of the retrievability 
requirement for the canisters throughout the 5 year test period, special canister guiding 
systems for loading and unloading of the boreholes, as well as borehole tube monitoring 
systems for following the ovalizing of the borehole tubes, will be installed. Before loading 
the holes, the effects of heating on a tube lined hole are assessed in two additional electrically 
heated holes. These safety precautions guarantee that under no conditions will radioactive 
material have to remain in the HAW test area. 

591 
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1. INTRODUCTION 

The High Level Radioactive Waste Test Disposal project [1] at the Asse salt 
mine in the Federal Republic of Germany will be performed by the Institut fur 
Tieflagerung (IfT) of the Gesellschaft fur Strahlen- und Umweltforschung mbH 
Miinchen at the request of the Bundesministerium fur Forschung und Technologie. 
The experiments at the Asse mine are considered as pilot tests for the final nuclear 
repository that is to be constructed in the future. The project is mainly funded by 
the BMFT and by the Commission of the European Communities and carried out in 
close co-operation with the Netherlands Energy Research Foundation (ECN).1 

To prove methods for the final disposal of HLW the IfT performed several 
research and development programmes and in situ investigations mainly concerned 
with the thermal-mechanical behaviour of the rock salt. So far, the heat producing 
HLW was simulated by means of electrical heaters and by 60Co sources, together 
with electrical heaters (1983-1985) in the joint Federal German-United States of 
America Brine Migration Test [2]. 

Also, in the Netherlands research has been performed on the design of an HLW 
repository in salt formation. In situ experiments have been performed by ECN in the 
Asse salt mine in a 300 m deep borehole (1979-1984) for computer code validation 
purposes [3]. Computer codes are needed to analyse the short term and long term 
behaviour of the salt repository. Complementary data of salt repository behaviour 
can be obtained from the HLW test disposal project. 

The HLW test programme has as objectives the investigation of irradiated salt 
and thermal-mechanical test field behaviour as well as the development of canister 
transport, and handling systems and different measuring techniques. The subjects for 
the ECN contribution to the HLW project are: thermal-mechanical analyses, 
engineering in situ safety aspects, special instrumentation for salt pressure determi-
nation and crack detection, the data collection system and irradiation effects on rock 
salt. 

With regard to the planning, design and licence procedure for a national 
repository in the FRG, to be eventually constructed at Gorleben, where only proved 
systems and techniques will be applied, the IfT is preparing HLW test disposal to 
a 1:1 scale. 

In contrast to the actual repository, the emplacement boreholes in the HLW 
field are provided with lining tubes to ensure the retrievability of the canisters at any 
time during the 5 year test period. The licensee stipulates that after concluding the 
tests, all active canisters have to be removed from the HLW test area. For this 
purpose a number of engineering safety features have been developed to guarantee 
the canister retrievability. 

1 Funded by the Ministry of Economic Affairs, Netherlands. 
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1.1. Experiment design basis 

On the basis of the present Federal German concept, HLW test disposal in the 
Asse salt mine is planned to have the following characteristics: 

(1) A representative heat generation rate of the waste canisters 
(2) Representative ionizing radiation from the waste canisters 
(3) Disposal and thermal-mechanical conditions representative for a real nuclear 

waste repository. 

The conditions of a real repository can be summarized as follows. The maxi-
mum salt temperature at the disposal borehole wall should not be higher than 200°C 
and the waste canister surface dose rate is expected to be 2.5 x 105 R/h.2 

Owing to the accelerated creep behaviour of rock salt under heat and heat 
induced stresses, the borehole wall will creep rapidly on to the canister surface and 
will seal the radioactive canister completely. 

Since the present licensing conditions do not permit any final disposal of radio-
active waste in the Asse salt mine, the safe retrievability of the waste canisters is to 
be guaranteed over the complete testing period. Therefore, the emplacement bore-
holes will be lined with high strength steel tubes to avoid creeping of the salt on to 
the waste canisters. From this point of view, the outer surface of the liner represents 
the outer surface of waste canisters during testing in the Asse mine and the activity 
of the waste canisters is to be increased compared with real HLW because of the 
shielding capability of the steel tube wall. 

The present Federal German concept foresees the disposal of HLW canisters 
in 300 m deep boreholes from a working level approximately 800 m below the 
surface. Test disposal in the Asse salt mine will be performed at that depth in 
15 m deep boreholes; it is expected that this is sufficient to gain representative data. 

1.2. Layout of the experiment 
The layout of the experiment is based on the fact that within the framework 

of the Federal German-USA contract on Technical Exchange and Co-operation in 
the Field of Treatment and Disposal of Radioactive Wastes, 30 vitrified glass blocks, 
containing the radioactive nuclides ^Sr and 137Cs, will be delivered by Battelle 
Pacific Northwest Laboratories, Richland. 

It has been agreed to produce differently endowed sources to obtain the 
following sets of canisters: 

Set 1: Ten canisters spiked with 137Cs and 90Sr, with a surface dose rate of 
5.0 x 105 R/h and a heat power of 2065 W (34.4 W/L) 

2 1 R = 2.58 x 10"4 C/kg. 
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TABLE I. CHARACTERIZATION OF THE WASTE CANISTERS FOR 
HLW TEST DISPOSAL IN THE ASSE SALT MINE 

Type 
No. of 

canisters 
Heat output 

(W/can) 
Nuclide 
inventory 

Maximum salt 
temperature 

(°C) 

Gamma dose rate 
(R/h) 

Set 1 2 x 5 2065 137Cs, ^Sr 250 5 x 105 

Set 2 2 X 5 1680 137Cs, ^Sr 200 5 x 105 

Set 3 2 x 5 1680 90Sf 200 Small 

Set 2: Ten canisters spiked with l37Cs and 90Sr, with a surface dose rate of 
5.0 x 105 R/h and a heat power of 1680 W (28.0 W/L) 

Set 3: Ten canisters spiked with 90Sr only, which leads to a negligible surface dose 
rate but a heat power of 1680 W (28.0 W/L). 

The waste canister data are summarized in Table I. 
The configuration and dimensions of the underground test field are mainly 

determined by the number of boreholes that are required to perform the experiment. 
The test field consists of a set of eight boreholes located in two parallel galleries 
(A and B) at the 800 m level (Fig. 1). Two boreholes in each gallery will have a 
maximum salt temperature of 250°C and two of 200°C. 
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FIG. 2. Schematic layout of borehole installations: canister guiding system (CGS) and gap 
monitoring system (GMS) (in mm). 



596 de BOER et al. 

Two of the 250 °C boreholes will only be heated electrically and each of the 
two others will be charged with five radioactive canisters of set 1. Two of the 200°C 
boreholes will only be heated by emplacing five 90Sr canisters of set 3 and each of 
the remaining two boreholes will be charged with five canisters of set 2. In this 
manner it is possible to investigate the impact of the gamma radiation and the heat 
release at different maximum salt temperatures. 

The two parallel galleries are divided by a 10 m thick pillar. In the direction 
of the gallery axis, the distance between the boreholes will be 15 m and perpendicu-
lar through the pillar 19 m. The two test galleries are accessible through two access 
drifts (necessary for ventilation), one in the western part and the other in the eastern 
part of the test area. 

Those boreholes having the same maximum temperature and equipped with the 
same type of canister are differentiated as type A and type B (Fig. 2). In the bore-
holes of type A the annulus between the liner and the borehole wall will be backfilled 
with a porous medium to avoid the borehole wall creeping on to the liner and for 
maintaining a pathway for the released water and gas components. In the boreholes 
of type B, the annulus will not be backfilled, so the salt is permitted to creep on to 
the liner. Hereby, the influence of a possibly nearly gastight contact between the rock 
mass and the waste canisters can be investigated with regard to the release of water 
and gases. 

1.3. Handling and emplacement of the waste canisters 
Although equipment to handle radioactive components is to be found in various 

nuclear plants, it cannot be transferred to the conditions of routine operations under-
ground. Consequently, one of the goals of the experiment is to develop a complete 
handling system and to test it under actual operational conditions. The system for 
the HLW test disposal [4] at Asse (Fig. 3) consists of: a multiple transport cask 
(MTC), a transfer station, a single transport cask (Asse TBI), a transport vehicle, 
a borehole slider and a disposal machine. 

2. SCOPE AND ISSUES 

The scope of the work presented in this paper is related to the safe operation 
of the pilot plant in the Asse salt mine. The major issues to be discussed are 
concerned with the requirements, imposed by the licensing authorities, that have to 
be met before commissioning and operation of the test field can take place. 

To prevent enclosing of the canisters by the converging salt, the emplacement 
boreholes in the HLW test field are provided with thick lining tubes (see Fig. 2) with 
a sufficient wall thickness to withstand the maximum pressure of the surrounding salt 
and, thus, to maintain the retrievability of the radioactive canisters at any time during 
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FIG. 3. Complete HLW handling system. 

the 5 year test period. In view of this essential retrievability requirement, systems 
to monitor tube deformation will be installed. In the unlikely case that the tube 
deformation exceeds 8 mm on the radius, the canisters have to be retrieved. 

Furthermore, a non-active test, also requested by the licensing authorities, will 
be put into operation 3 months before filling the active holes to assess the actual tube 
deformation. Reference borehole Bl, selected for this 'one to one' strategy, will be 
provided with exactly the same equipment for tube deformation measurement as the 
six 'active holes'. Borehole Al , on the other hand, will be equipped with special 
instrumentation to obtain salt pressure data for thermal-mechanical computer code 
validation. 

To ensure the retrievability of the canisters, the following issues have to be 
considered: 

(1) Reliable guiding of the canister and grapple during loading and unloading of 
the borehole 
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(2) Continuous reliable monitoring of the borehole tube deformation 
(3) Reliable prewarning function of the non-radioactive heated borehole Bl. 

These considerations and requirements lead to the design of the following 
systems: the canister guiding system (CGS), the tube deformation monitoring system 
(GMS) and the heater for the prewarning borehole, as described in the following 
sections. 

3. CANISTER GUIDING SYSTEM 

The canisters are provided with a knob at the top for the grapple to grip, and 
a closely fitting hole in the bottom to accommodate the knob of the canister it is 
placed upon. The before mentioned retrievability requirement leads to the necessity 
of a CGS with the following objectives: 

(1) To guide the canisters during loading of the boreholes to obtain the right 
position of the canisters in relation to each other for the hole in the canister 
bottom to slip over the canister knob already in place 

(2) To guide the grapple downwards to the right position to grip the knob of the 
canister during unloading of the holes, under the most extreme canister 
position and tube deformation to be expected. 

The CGS, which will be installed between the canisters and the tube wall, has 
to be designed for functioning during the 5 year test period under the following 
conditions: a maximum elliptical tube deformation of 8 mm on the radius, a maxi-
mum angle of the tube axis with the vertical, equivalent to 10 cm/15 m, and a 
temperature range of 250 to 500°C. Under these conditions (see Fig. 4): 
(a) The misalignment of two canisters, which without the guiding effect of the 

springs would amount to « 48 mm, has to be reduced to a maximum of 7 mm 
by the CGS 

(b) In the case of the grapple, reduction of the misalignment to 35 mm by the CGS 
is sufficient. 

The CGS consists of three parallel subsystems placed 120° apart along the tube 
perimeter. One subsystem consists of a basic strip with six springloaded guiders 
located in such a way that each spring touches the top and bottom of the canisters 
(see Fig. 2). The basic strip is inserted into rails which are welded along the whole 
length of the inner tube wall. 

The springs, which have the shape of a bend strip, are not strong enough to 
centralize the canisters that have already been placed in the hole. Hence, the top 
canister may be in any position in the cross-section of the tube, with the springs 
pushing against its upper edge. When the next canister is loaded, it is guided by these 
springs to the correct position on its top. In the event of unloading of the hole, the 
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GRAPPLE/CANISTER : 35 mm 
CANISTER/CANISTER : 7 mm 

FIG. 4. Maximum allowable misalignment. 

grapple will be guided downwards by the springs to grip the knob of the canister. 
The springs are made of Inconel X-750 and covered by a layer of Inconel. The latter 
is an extra safety precaution to avoid blocking of retrieval in the highly unlikely event 
of a broken spring. 

4. CGS TEST FACILITY 

Before the CGS is installed in the boreholes in the HLW field, both operational 
conditions, loading and unloading of canisters, will be tested in a test rig under the 
most extreme conditions expected. This test rig will be set up at ECN in Petten, 
Netherlands, and be used to simulate the geometrical conditions described under the 
CGS design requirements. The test facility (see Fig. 5) consists of a vertical, 
2 m high rig, with at two levels a ring simulating the tube wall. The two rings are 
provided with three sets of rails for the guiding systems, 120° apart circumferential, 
in which two guiding springs are mounted. In this way two guiding levels are 
simulated with an axial distance equal to the canister length of 1154 mm. On the 
bottom plate a canister top is mounted, simulating the highest canister of the stack 
already present in the hole. This top can be placed in different positions. The whole 
rig is placed under a hoist approximately 10 m above the highest set of springs. A 
test plan comprising 48 combinations of cross-section deformation (8 mm on the 
tube radius), inclination of the tube axis and different positions of the canister already 
in place will be carried out to demonstrate the good functioning of the system, 
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FIG. 5. Test facility for the canister guiding system. 

5. GAP MONITORING SYSTEM 

Deformation of the lining tubes in the boreholes is monitored by the GMS. If 
the tube deforms as a result of non-axisymmetric stresses around the hole, the cross-
section of the tube takes on an elliptical shape, with the axis in an arbitrary direction. 
The smallest axis of this ellipse determines the, remaining gap between the canister 
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and the tube. The GMS must yield this minimum dimension. The GMS is located 
at the mid-height of the canister stack (see Fig. 2) where the maximum temperature 
and hence the maximum pressure occur. All holes, except the Al hole, are provided 
with a GMS. 

The GMS has to be designed for the following conditions: 

(1) The maximum allowable tube deformation (8 mm on the radius) to be meas-
ured with a maximum 10% inaccuracy 

(2) The system must function during the 5 year test period, with interruptions of 
a maximum of 8 hours for replacing a GMS 

(3) The temperature range is 200 to 500°C and leaktightness requirements of 
103 mbar-L_1-s_1 for the passages. 

The GMS consists of four individual gap meters at the mid-height of the 
canister stack, located along the circumference of the tube, as shown in Fig. 2. The 
four measurements are required to obtain sufficient information to determine ellipti-
cal deformation and hence the remaining minimum gap at the mid-level of the 
canister stack. The non-even circumferential distribution of the gap meters is 
required to avoid insensitivity for certain orientations of the deformation occurring 
with an even distribution. The assumptions on which evaluation of the minimum 
diameter is based are: 

(a) Elliptical deformation of the cross-section. This is allowed, since each 
higher mode of deformation (triangular, square, etc.) requires much greater pressure 
differences along the circumference of the tube. These pressure differences will 
cause creep of the salt and hence the tube will resume its elliptical shape. 

(b) Radial compression of the tube, resulting from the average pressure 
( < 450 bar) in the surrounding salt, does not need to be measured, since its effect 
can be accounted for in the error analysis. 

(c) Dimensions of the canisters, which do not vary in time. 

The active element of such a gap meter is a measuring spring made of a 
metallic strip mounted in a frame (see Fig. 6). This spring is bent in such a way that 
it protrudes into the tube, pushing against the canister wall. A thin connecting strip 
of metal is attached to the middle of this spring and runs from there around a small 
pulley pivoted in the frame of the unit. From there the strip runs upwards to the top 
end of the frame, where it is connected to the rod of a push-pull system. This push-
pull system consists of a rod in a tube. As the tube is connected to the frame of the 
unit and the strip to the rod, the relative displacement of the rod and the tube 
corresponds to the displacement of the spring to or from the tube wall. The push-pull 
system extends through a penetration in the borehole lid, which seals off the borehole 
at the top. The relative displacement of the rod and the tube is measured by a measur-
ing device located on the borehole lid by means of two redundant electrical linear 
displacement transducers. 
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FIG. 6. Gap monitoring system. 

The required strength of the spring is determined by the forces needed for good 
operation. In this connection two different situations have to be considered: the 
spring moving inward towards the canister and the opposite, the spring being pushed 
back into the unit's frame. This distinction is necessary as the direction of the friction 
depends on the direction of movement. The minimum contact force between the 
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spring and the canister is set at 50 N. For this friction a force of 50 N has also been 
assumed, although the expected friction is much lower. From this analysis it follows 
that the force required from the spring at its maximum extension of 68.3 mm 
amounts to 100 N. This relatively high force, combined with a range of the gap meter 
of 19.3 to 68.3 mm deflexion, requires a special spring design with a varying cross-
section. The improved stress distribution obtained from this varying cross-section 
yields the required flexibility. To prevent blockage of the canisters by parts of a 
spring in the improbable situation of a broken spring, the springs are also covered 
by a layer of Inconel, keeping the pieces together and out of the way. 

The reliability of the GMS is taken into account as follows: 

(i) The mechanical equipment is single-fold, but very robust. Failure is very 
unlikely. From the electrical displacement transducers onwards the system has been 
installed redundantly. The two signals are fed into two separate branches of the data 
collection system. 

(ii) The four gap measurements can also be obtained from mechanical clocks, 
so that tube deformation can be computed at any time, even in the event of failure 
of the data collection system. In the case of malfunction, the mechanical system of 
the GMS can be replaced within 8 hours. 

The required accuracy of the overall deformation monitoring system has been 
set at 10% of the maximum permitted radial deformation of 8 mm ( « 0.8 mm). The 
error sources can be found in evaluation of the minimum gap from the four measure-
ments as well as from the gap meters, and will result in a total error of about 8%. 
Computational errors, such as those caused by compression and thermal expansion 
of the liner tube and other components as well as strain of components and 
uncertainty in dimension, are taken into account in the error analysis. Although there 
is little cause for assuming a shift in the characteristics of the systems, in view of 
the relatively long test period a method has been designed to recalibrate the system 
in situ during functional tests in the mine. 

6. GMS TEST FACILITY 

Before the gap meters are installed in the boreholes in the Asse mine, their 
functioning will be demonstrated in a test facility (see Fig. 7). This test rig has been 
set up at ECN. The test facility has the following objectives: 

(1) To demonstrate the ability of a single GMS gap meter to measure the gap 
width, under the conditions given for the gap monitoring system, within the 
required accuracy 

(2) To determine the transfer function between the gap width and the electrical and 
mechanical (measuring clock) output signal 



604 de BOER et al. 

TRANSDUCER 

FIG. 7. Test facility for the gap monitoring system. 
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(3) To demonstrate the reliability of the gap meter in an accelerated test, 
comprising all movements foreseen in the total test period 

(4) To demonstrate that the system can be replaced properly and within the 
available time 

(5) To check the spring characteristics before and after item (3)). 

The test rig has to simulate the conditions foreseen in the actual situation in 
the mine; this requires a full size gap meter unit, a canister simulation, a capability 
for controlling the gap over the total range (19.3 to 68.3 mm), heating equipment 
to simulate the temperature profiles radially (200 to 500°C) as well as axially and 
a provision to determine the spring characteristics. The test facility built at ECN 
consists of a vertical simulation of the tube wall with one set of rails attached to it. 
At the measuring unit level a heater/air cooler combination is provided to establish 
the required temperature drop across the unit. On top of this furnace a channel has 
been built which encloses the push-pull mechanism completely, simulating the liner 
tube. The test plan comprises a number of GMS functional tests with different combi-
nations of canister position tube wall deformation, temperature profile as well as 
demonstration tests for replaceability of the GMS. The tests will be carried out partly 
under supervision of the licensing authority. 

7. HEATER 

The active tests will be preceded by inactive tests in boreholes Al and Bl; the 
latter is the prewarning borehole for determining tube deformation during the 
3 months before the active holes are loaded. The electrical heater has to be designed 
to produce heat, at the same heat rate and over the same length (5770 mm) as the 
canister stack in the active holes, continuously throughout the 5 year test period 
(maximum capacity 12 kW/heater). The heater consists of a frame on which eight 
half-circular heating elements are mounted in four pairs above each other, the frame 
of which is connected to the borehole lid. To guarantee uninterrupted heat produc-
tion, each heating element has two redundant branches provided with their own 
power supply. Under normal conditions, with all heaters operable, these two 
branches work on half load. If one of the branches malfunctions it is automatically 
shut off and the other one is set at full power, thus maintaining power generation 
at the desired level until it can be replaced. Replacement of the heater subcomponents 
has to be performed within 48 hours. 

8. CONCLUSIONS 

In conclusion it can be stated that the safety precautions discussed above, 
namely the canister guiding system, the gap monitorng systems to determine the tube 
deformation, and the electrically heated prewarning test guarantee that under no 
conditions will radioactive materials have to remain in the HLW test area. 
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Abstract 
DEVELOPMENT OF ENGINEERED SYSTEMS FOR CONDITIONING AND DISPOSAL 
OF NUCLEAR FUEL WASTES IN CANADA. 

The design, development and evaluation of engineered systems for a nuclear fuel waste 
disposal vault in plutonic rock are described. The reference conceptual vault design is located 
at a depth of 1000 m and consists of a planar array of rooms with boreholes drilled in the floor 
to accept containers of used fuel. The reference container design is a cylindrical thin walled 
titanium shell internally supported by a vibratory packed particulate. Buffer and backfill 
materials consisting of bentonite clay/sand, and natural clay/crushed rock, respectively, are 
specified as the primary sealing components for the vault. The conceptual designs of seals for 
exploratory boreholes and shafts are described. The main conclusions of a comprehensive 
laboratory and field testing programme used to select designs and materials for engineered 
systems, and to predict and validate their performance, are discussed. 

1. INTRODUCTION 

The Canadian developed CANDU nuclear reactor is used for all the nuclear 
electricity generation in Canada. The current nuclear generating capacity is about 
9500 MW(e) and, with the completion of committed reactors, will rise to 
15 500 MW(e) by the mid-1990s. Most of the nuclear generation is in the Province 
of Ontario, but Quebec and New Brunswick also have nuclear power programmes. 

The used (irradiated) nuclear fuel from CANDU reactors is currently stored 
in water filled bays at the generating station sites. Dry storage in concrete canisters 
has also proved to be safe and economical, and is already beginning to supplement 
water bays for long term storage [1]. On the basis of the above projections of nuclear 
capacity, it is estimated that the inventory of used fuel in storage will be about 
34 Gg(U) by the year 2000. 

The Nuclear Fuel Waste Management Programme was established to develop 
and assess the technologies required for the safe, permanent disposal of nuclear fuel 
wastes in Canada. The programme focuses on assessing the concept of disposal at 
depths of 500 to 1000 m in plutonic rock [2]. 
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Engineered components, designed to inhibit the release of radionuclides and 
supplement the natural retardation provided by the geosphere, are integral features 
of the disposal concept. This paper describes the highlights and main conclusions of 
research to develop and demonstrate engineered systems for the disposal of nuclear 
fuel wastes in Canada. 

2. CHARACTERISTICS OF CANADIAN NUCLEAR FUEL WASTES 

2.1. Used fuel 

CANDU reactors are fuelled with natural uranium oxide (U02) pellets con-
tained within Zircaloy-4 tubes. A typical fuel bundle is about 10 cm in diameter, 
50 cm in length and has a mass of about 25 kg ( = 22 kg of U02). After the average 
reactor discharge burnup of approximately 650 GJ/kg U, the fuel contains about 
0.22% 235U, 0.38% total plutonium (0.26% 239Pu) and 0.76% fission products.The 
heat output is about 4 W/bundle after cooling for 10 years. 

In considering the disposal of used fuel, there is an incentive to dispose of the 
fuel as intact bundles to preclude the production of secondary wastes and the occupa-
tional radiation exposure that would result from further conditioning of the fuel. An 
important factor in this regard is that the geometry and size of the CANDU fuel 
bundle readily lends itself to efficient packaging, and allows flexibility in the design 
of containment. However, the acceptability of disposing of intact fuel bundles 
depends on whether the fuel bundles can be regarded as an adequate waste form, 
particularly in terms of the dissolution and leaching performance of the U02 fuel. 

It is now well established that the two principal factors that will control radio-
nuclide release from used CANDU fuel after disposal are the irradiation history of 
the fuel and the redox condition at the fuel-groundwater interface [3]. The former, 
in particular the fuel temperature during irradiation, determines the degree of hetero-
geneity of the fuel by causing accumulation of some fission products notably 137Cs 
and 129I, at grain boundaries and in the fuel-sheath gap. (The latter term refers not 
only to the gap itself, but also to fuel cracks and open porosity.) Subsequent contact 
of the fuel with water results in preferential dissolution of these fission products, the 
gap inventory being rapidly leached, concurrent with a slower grain boundary leach-
ing process. 

Leaching of the gap inventory of fission products is now fairly well under-
stood. The quantities released in short term leaching tests (5 to 30 days at 25 °C) have 
been correlated with the stable xenon release during irradiation [4]. Since a reliable 
database is available for xenon release, this correlation provides a method of esti-
mating the gap inventory of 137Cs and 129I for the full spectrum of fuel irradiation 
history. Our leaching results indicate that the release of Cs and I varies from 0.1 to 
10% of the total fuel inventory, depending on the fuel history, with a weighted mean 
of about 2% [5]. 
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Longer term leaching tests indicate that preferential release of 137Cs continues 
for at least 10 years for high power rating fuel, but decreases to values close to the 
matrix dissolution rate (as determined from U and Sr analyses) after a few months 
for low power rating fuel [6]. Determining the inventory and release kinetics of fis-
sion products at the grain boundaries is experimentally complex. Grain boundary 
inventories of 4 to 12% for xenon and, by interference, Cs and I are predicted by 
fission gas release codes. Our studies suggest that the release kinetics are dependent, 
to some degree, on the solution chemistry and temperature in addition to the irradia-
tion history. 

Although most of our experimental data is on 137Cs and 129I, there is evidence 
that preferential leaching of ^Tc and 14C also occurs [7, 8] and needs to be 
included in any short term release model. 

In summary, the short term release of Cs and I is comprised of release from 
the gap and grain boundary regions of the fuel. For both fission products, these quan-
tities are about 2% and 7%, respectively, of the total inventory in the fuel. Because 
of uncertainty about the kinetics of release of the grain boundary fraction, we have 
assumed, for modelling purposes, that the total short term release of Cs and I upon 
penetration of the container by groundwater will vary from several per cent to 
approximately 10% of the inventory in the fuel. Further work is required to quantify 
the short term release of " T c and 14C. 

The redox condition at the fuel surface determines whether or not oxidative 
dissolution of the U02 grains, which contain the actinides and the majority of the 
fission product inventory, will occur. 

A combination of electrochemical techniques and X-ray photoelectron spec-
troscopy has been used to work out a detailed mechanism for the oxidative dissolu-
tion of U02 over a wide redox range [9, 10]. The general conclusion is that, for the 
solution pH range 5 to 11, increasing potential causes surface oxidation but that no 
significant dissolution occurs until the oxide composition approaches U307. At 
higher potentials U308 is formed and the accompanying crystallographic transfor-
mation significantly enhances the dissolution rate. 

In a disposal vault in granite, radiolysis of water is the only likely continuing 
source of oxidants. Studies indicate that alpha radiolysis can increase the corrosion 
potential of U02 to values comparable to those obtained in oxygenated solution 
[11]. However, the presence of dissolved H2 and Fe2+ greatly limits the degree of 
oxidation. If, as expected, conditions remain reducing at the fuel surface (e.g. at an 
Eh in the vicinity of the Fe203/Fe304 redox couple), the solubility of uranium will 
be < 10"9 mol/L in the pH range 4 to 10 at 100°C [12]. If oxidative dissolution 
occurs, uranium solubility may be anywhere from 10"7 to 10"4 mol/L in the neutral 
pH range, and the kinetics of dissolution will depend on many factors, including the 
presence of complexing species, the oxidant concentration and the temperature. 

The model for fuel matrix dissolution assumes that reducing conditions will, 
develop in the vault and, therefore, that the fuel surface composition will remain in 
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the U02 to U04 range. Radionuclide release would then be congruent and con-
trolled by the low solubility within this composition range [13]. 

2.2. Fuel recycle waste forms 
To permit a more general evaluation of the disposal of nuclear fuel wastes, 

suitable materials and processes for the solidification of wastes that might arise from 
fuel recycle activities have been evaluated, should such an avenue be ultimately 
pursued in Canada. The materials being investigated for high level waste include: 

(1) Borosilicate glass based on the Na20-B203-Si02 system 
(2) Aluminosilicate glass based on the Na20-Ca0-Al203-Si02 system 
(3) Titanosilicate glass-ceramics based on the Na20-Al203-Ca0-Ti02-Si02 

system. 

Research has placed particular emphasis on the development of durable com-
positions that exhibit low leach rates in the saline groundwaters expected to be found 
at depths of 500 to 1000 m in plutonic rock. 

Our studies on borosilicate glass have led to the development of diffusion con-
trolled models based on the hypothesis that glass dissolution results from the diffu-
sion of water into the glass. Models have been developed for the dissolution of 
simple glasses in systems of finite and infinite water volumes, in static and flowing 
conditions and in systems where the leachant becomes saturated with respect to glass 
dissolution products [14, 15]. 

The experimental results and model predictions indicate that under static (i.e. 
zero flow) conditions borosilicate glass tends to develop complex surface layers of 
alteration products, and that the leachant becomes saturated with respect to glass dis-
solution products, giving rise to a progressive reduction in the dissolution rate. 

Aluminosilicate glass was first developed as a potential waste form at the Chalk 
River Nuclear Laboratories in Canada in the late 1950s. Two sets of hemispherical 
glass blocks, containing 90 MBq/g and 260 MBq/g of mixed fission products, 
respectively, were buried at a shallow depth in a sandy soil aquifer. 

The activity release from both sets has subsequently been regularly monitored 
and one block from each set was retrieved in 1978 for chemical and surface analyses. 
The results have, in general, confirmed that aluminosilicate glass is exceptionally 
durable against aqueous dissolution (several orders of magnitude higher than 
borosilicate glass) [16]. A more comprehensive examination of aluminosilicate glass 
durabilities confirmed the conclusions of earlier work and provided an explanation 
of the leaching results in terms of glass structure and bonding [17]. 

Although aluminosilicate glass exhibits significantly higher durabilities than 
borosilicate glass, it also possesses a very high viscosity, which makes melting and 
pouring impractical using conventional Joule heated melters. Therefore, use of 
aluminosilicate glass for immobilizing significant quantities of fuel recycle waste 
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may require the development of alternative fabrication technologies (e.g. preparation 
via a sintering or sol-gel route). 

Glass-ceramics based on crystalline sphene (CaTiSi05) have been developed 
as a waste form in Canada because of the relatively simple process technology 
involved in their fabrication, and because of the well documented persistence of 
sphene as a naturally occurring mineral in many geochemical environments, with an 
ability to take a wide variety of ions into solid solution [18, 19]. 

The influence of composition variation, including additions of simulated fuel 
recycle waste, on the fabrication and properties of sphene glass-ceramics has been 
extensively studied. Providing that initial cooling of the precursor melt is sufficiently 
rapid to prevent significant crystallization during cooling, the crystallization 
behaviour during subsequent reheating is surprisingly simple for compositions with 
up to 15 wt% simulated waste. When such glasses are reheated to ~ 1050°C, the 
predominant crystalline phase formed is sphene, the residual material being a con-
tinuous matrix of aluminosilicate glass. 

Leaching studies have shown that, for modelling purposes, sphene glass-
ceramics may be considered as a mixture of sphene and aluminosilicate glass, with 
independent leaching behaviour. 

3. CONTAINER DEVELOPMENT 

The engineered systems programme includes the development of durable con-
tainers for the disposal of intact fuel bundles or fuel recycle waste. Containment 
studies have focused on a cylindrical, high integrity, corrosion resistant metallic shell 
designed to last at least 500 years so that the fuel wastes are isolated during the high 
activity phase [20-23]. 

Both structural and corrosion performance are important in container design. 
Thus, the container must withstand the service stresses in the disposal environment, 
principally due to the hydrostatic pressure that will develop during resaturation of 
the vault. The container must also resist corrosion in the potentially saline disposal 
environment. Thus, the materials being investigated are highly corrosion resistant: 
ASTM Grade 2 and Grade 12 titantium, nickel based alloys and copper. 

Two basic designs have been evaluated: (1) a stressed shell system, in which 
the container wall thickness provides support against structural loading in the dis-
posal vault [23, 24], and (2) a supported shell system, in which support is provided 
by filling the container with a cast metal, such as lead, or a packed particulate, such 
as glass beads or sand, or by constructing the container with structural members 
[20-22]. 

Several half scale or full scale prototype containers of various design have been 
fabricated and their structural performance validated by hydrostatic tests under simu-
lated disposal conditions, i.e. pressures up to 10 MPa and temperatures up to 150°C. 
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The results confirm that the supported shell designs essentially behave as rigid elastic 
monoliths with negligible creep deformation. The stressed shell container designs 
also meet the short term structural criteria. However, analysis of their long term 
creep performance indicates that a significant wall thickness is required to prevent 
collapse within 500 years. Although technically feasible, the fabrication and eco-
nomic factors associated with such large thicknesses suggest that solid metal, 
stressed shell containers are an impractical choice [23]. 

Research on ASTM Grade 2 and Grade 12 titanium has concentrated on deter-
mining the susceptibility to crevice corrosion, since pitting corrosion is only 
observed at electrochemical potentials considerably more positive than expected 
under disposal conditions. 

Galvanic coupling experiments using artificially creviced samples show that 
crevice corrosion can initiate on Grade 2 titanium at around 90°C. However, crevice 
deactivation occurs relatively rapidly, leading to low propagation rates, comparable 
to the general corrosion rate [25]. If only general corrosion occurred, a titanium con-
tainer with a 6 mm wall thickness would have a lifetime of at least several thousand 
years. Initiation of crevice corrosion on Grade 12 titanium is difficult at 150°C, even 
at relatively high potentials. When crevice activation did occur, it was followed by 
very rapid passivation. In general, the susceptibility to crevice corrosion is not 
strongly dependent on the pH, CI" concentration, or gamma radiation fields similar 
to those occurring at a container surface. The results of immersion tests in buffer 
slurries and in compacted buffer are consistent with the electrochemical data, i.e. 
little localized corrosion is observed on Grade 2 titanium and none on Grade 12 
titanium. 

The corrosion performance of nickel based alloys, e.g. Inconel-625, Hastelloy-
C276, in chloride containing solutions is generally comparable to that of titanium. 
However, our recent studies indicate that gamma radiolysis increases their suscepti-
bility to localized corrosion, which may preclude their use as container materials. 
Parallel investigations of the corrosion of copper in a range of environments, 
including gamma radiation, continue to support its selection as an alternative con-
tainer material [26]. Ongoing studies are aimed at developing models to describe the 
rate of container failure due to corrosion processes. 

4. VAULT ENGINEERING AND SEALING 

Over the past several years, a variety of conceptual studies related to the design 
of a disposal vault in plutonic rock have been carried out [27]. On the basis of these 
studies, together with input from the geoscience and engineered barriers research 
programmes, a reference design for a used fuel disposal centre has recently been 
completed [28, 29]. 
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The design assumes a single level vault at a depth of 1000 m, occupying an 
area of 2 X 2 km and consisting of eight panels of approximately 500 X 1000 m. 
The panels would contain 60 emplacement rooms, each of which would accommo-
date about 240 containers. 

The reference used fuel container is a cylindrical vessel made from ASTM 
Grade 2 titanium with an outside diameter of 633 mm, an overall height of 2246 mm 
and a shell thickness of about 6 mm. The container incorporates a steel basket that 
holds 72 CANDU fuel bundles in four levels of 18 bundles. All the remaining void 
space is filled with glass beads and the container vibratory compacted. The container 
closure plate is pressed into place and diffusion bonded to the shell. 

The containers are transported in shielded casks and emplaced in boreholes 
(1.2 m diameter x 5 m deep) drilled into the floors of the rooms. The rooms, 8 m 
wide by 5.5 m high, will have three rows of boreholes along their length of 220 m. 
Prior to container emplacement, the boreholes are dynamically compacted with a 
bentonite clay/sand buffer into which a central hole is augered to receive the con-
tainer. After container emplacement, the remaining space at the top of the borehole 
is compacted with buffer. 

Several buffer materials based on sodium bentonite, calcium bentonite and 
crushed illitic clays have been evaluated with regard to their mechanical and 
physical-chemical properties [30, 31]. The data indicate that additions of up to 
50 wt% quartz sand to sodium bentonite increase the maximum compacted dry den-
sity, thermal conductivity and strength, and decrease the drying shrinkage. The 
swelling potential and hydraulic conductivity are essentially independent of sand con-
tent up to about 50 wt% sand. A 1:1 dry mass ratio of sodium bentonite and quartz 
sand, which appears to optimize the important physical and mechanical properties, 
has been selected as the reference buffer material. At the proposed buffer dry density 
after compaction (1.66 Mg/m3), experiments indicate that the hydraulic conduc-
tivity will be in the range 10"12 to 10"13 m/s and will be essentially independent of 
the ionic strength of the groundwater, temperature and hydraulic gradient. Under 
these conditions, diffusion will be the principal mechanism of radionuclide 
transport [32]. 

Each room will be backfilled soon after container emplacement. Our studies 
to develop a vault backfill indicate that a composition of 25 wt% glacial lake clay 
and 75 wt% crushed granite (maximum granite particle size: 19 mm) produces a 
maximum density and minimum hydraulic conductivity after dynamic compaction 
[33]. The clay component ensures a moderate degree of free swelling upon water 
uptake, thereby minimizing the potential for fracture formation in the soil mass. 

This backfill mixture will be mechanically compacted to a height of about 
3.5 m. The remaining volume of the room will be filled by pneumatic placement 
techniques with a bentonite clay/sand mixture, similar to that used for the buffer. 
After completion of backfilling operations, the entrance to each emplacement room 
will be sealed with a continuously poured concrete bulkhead. Similar procedures 
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would be used to backfill the main drifts and haulageways when the underground 
operational phase is terminated. 

Conceptual designs for exploratory boreholes and vault shaft seals have been 
developed [34, 35]. For boreholes, a composite seal of hydraulic cement and ben-
tonite clay is recommended. The cement based component, emplaced under pres-
sure, is likely to be more effective in sections of the borehole that intersect fracture 
zones. Precompacted sodium bentonite would be placed in essentially fracture free 
sections of the borehole. This would limit erosion of the clay, and swelling of the 
clay is expected to provide a seal with the borehole surface. Methods to emplace the 
bentonite seals have previously been demonstrated. 

The shaft seals will likely consist of three components: the main backfill, 
occupying over 90% of the volume of the shaft, concrete plugs, and sealing layers 
consisting of a mixture of bentonite clay and sand. The main shaft backfill will be 
a similar formulation to that used at the vault level. At various heights in the shaft, 
composite seals will be constructed consisting of alternate layers of conrete and ben-
tonite clay/sand mixture. 
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Abstract 
DEVELOPMENT OF A RISK BASED DEFINITION OF HIGH LEVEL RADIOACTIVE 
WASTE BY THE UNITED STATES NUCLEAR REGULATORY COMMISSION. 

The United States Nuclear Regulatory Commission (NRC) has previously defined three 
classes of low level radioactive wastes (LLW) which are routinely acceptable for near surface 
disposal. These are referred to, in order of increasing radiological risk, as Class A, Class B 
and Class C LLW. High level waste (HLW) is currently classified by the source of the waste, 
rather than by its radiological characteristics and associated risks. Thus, spent fuel and the 
primary waste stream from a nuclear fuel reprocessing plant are classified as HLW, while 
another waste with similar radiological characteristics, but from a different source, could be 
considered LLW. The NRC has initiated a rulemaking which would replace the current source 
based HLW definition with a more precise definition based on the radiological characteristics 
and associated risks of wastes. In the classification system now under consideration by the 
NRC, it is proposed that two distinct characteristics must be present if a waste is to be classi-
fied as HLW: (1) the waste must be 'highly radioactive' for the first few centuries after it is 
generated owing to the presence of relatively short lived radionuclides, and (2) the waste must 
contain sufficient concentrations of very long lived radionuclides so that it 'requires permanent 
isolation' from man's environment. The NRC proposes to develop numerical definitions of 
both terms and to classify a waste as HLW only if it possesses both characteristics. A waste 
which is only highly radioactive or only requires permanent isolation would continue to be 
treated as LLW. For the purpose of illustration, the NRC has used the LLW Class C upper 
limits for short lived radionuclides to define 'highly radioactive' and has used the Class C 
upper limits for long lived radionuclides to define 'requires permanent isolation'. As the NRC 
proceeds with its rulemaking, additional analyses of disposal facility performance will be 
carried out to determine the most technically appropriate numerical definitions of the two 
terms. 

1. GENERAL INTRODUCTION 

The Nuclear Waste Policy Act (NWPA), passed in 1982 by the United States 
Congress, established a firm timetable for the United States Department of Energy 
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(DOE) to develop geological repositories for disposal of the US's commerically 
generated high level radioactive waste (HLW), and provided for a programme of 
research, development and demonstration regarding the disposal of such wastes [1]. 
The NWPA also affirmed the authority of the United States Nuclear Regulatory 
Commission (NRC) to license these geological repositories. The NRC's Division of 
High Level Waste Management is currently developing and implementing a broad 
5 year plan, the principal goals of which are: (1) to provide licensing guidance to 
the DOE; (2) to assure that potential licensing issues are identified early and, to the 
extent practicable, formally resolved prior to the submittal of the DOE's licence 
application and the subsequent licensing hearing; (3) to ensure that at the time a 
licence application is first received, the NRC will have the technical capability to 
review the application efficiently and effectively; and (4) to identify and implement 
efficiencies in the licensing process. Key programmatic areas of concern are the 
development and establishment of a technically sound regulatory framework (of con-
cern in this paper), the assessment and implementation of methodologies for demon-
strating compliance with the regulations, and overall quality assurance of the HLW 
programme. 

At the time the NWPA was enacted, the NRC was in the process of developing 
a regulation, 10 CFR Part 60 (Part 60), establishing procedures and technical 
criteria for the licensing of high level waste repositories [2]. Enactment of the 
NWPA, however, required certain modifications to these regulations [3]. The 
NWPA also authorized (but did not require) the NRC to revise its existing, source 
based definition of the term 'high level radioactive waste' to take into account the 
radiological characteristics of various types of waste. The NRC intends to proceed 
with such a revision to Part 60 and, in February 1987, released an Advanced Notice 
of Proposed Rulemaking (ANPR), identifying legal and technical considerations per-
tinent to the definition of HLW, and soliciting public comment on approaches for 
developing a revised, risk based definition [4]. The purpose of this paper is to sum-
marize elements of the ANPR that will be of most interest to the international techni-
cal and regulatory communities, and to invite comment from these communities as 
the NRC proceeds with its rulemaking. 

2. PURPOSE OF THE PROPOSED HLW RULEMAKING 

2.1. Previous US definitions of HLW 
The history of defining the term HLW within the USA can be traced back to 

1970, at which time the United States Atomic Energy Commission (AEC) first codi-
fied a definition in Appendix F to 10 CFR Part 50 [5]. HLW was defined as " . . .those 
aqueous wastes resulting from the operation of the first cycle solvent extraction 
system, or equivalent, and the concentrated wastes from subsequent extraction 
cycles, or equivalent, in a facility for reprocessing irradiated reactor fuels". The first 
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statutory use of the term occurred in the 1972 Marine Protection, Research and 
Sanctuaries Act, in which Congress adopted the Appendix F definition, but broa-
dened it to include unreprocessed spent fuel as well [6]. Although other statutory 
definitions of HLW were later given [1, 7], these two definitions formed the basis 
for the existing Part 60 definition of HLW: "(1) irradiated reactor fuel, (2) liquid 
wastes resulting from... [as Appendix F of Part 50]... a facility for reprocessing 
irradiated reactor fuels, and (3) solids into which such liquid wastes have been 
converted". 

In contrast to the existing Part 60 definition, the subsequently formulated 
NWPA definition includes reprocessing wastes in the HLW category only if such 
wastes contain "...fission products in sufficient concentrations". The NWPA also 
adds to the HLW category any "...other highly radioactive material that the [NRC], 
consistent with existing law, determines by rule requires permanent isolation". 

2.2. Reasons for revising the existing 10 CFR Part 60 HLW definition 
There are four principal reasons for revising the existing definition of high 

level radioactive waste in 10 CFR Part 60 to conform to the NWPA definition. 
(1) The current HLW definition is based on the source rather than on the hazard of 
a waste. A risk based definition would serve to improve the match between waste 
types and disposal facilities. A more precise definition of HLW would also (2) assist 
in identifying the need for waste generators to enter into contracts for transfer of 
HLW to the DOE, (3) facilitate planning by the DOE for receipt and disposal of 
wastes, and (4) make clear which of the NRC's regulatory requirements apply for 
disposal of different types of wastes. 

Whereas the latter three objectives apply exclusively to the interpretation of US 
laws and regulations, it is considered that the first objective, the ability to improve 
the match between waste types and disposal facilities, will also be of great interest 
internationally. The International Atomic Energy Agency's current definition of 
HLW is in three parts [8]: (1) reprocessing wastes, (2) spent reactor fuel ('if it is 
declared a waste'), and (3) any other waste with a radioactivity level comparable to 
those in categories (1) and (2). Although this definition is broadly phrased in terms 
of radiological characteristics of the waste (in addition to source of the waste), it does 
not attempt to define the characteristics numerically; it lacks the precision that is 
needed for the US HLW programme. 

3. PROPOSED DEFINITION OF HIGH LEVEL RADIOACTIVE WASTE 

3.1. The Low Level Radioactive Waste Policy Amendments Act 
Within the USA, it is not possible to discuss the definition of HLW without 

also discussing the definition of low level radioactive waste (LLW). The Low Level 
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Radioactive Waste Policy Amendments Act of 1985 [9] defined LLW as "...radio-
active material that is not high level radioactive waste, spent nuclear fuel, or [mill 
tailings]". Thus, a definition of HLW also serves to define LLW. Current NRC 
regulations define three classes of LLW that are routinely acceptable for near surface 
disposal [10]. These are referred to, in order of increasing radiological risk, as 
Class A, Class B and Class C LLW. Wastes (other than HLW or spent fuel) with 
concentrations above the Class C limits for either short lived or long lived nuclides 
are referred to as 'above Class C LLW'. The Act also established the responsibilities 
for disposal of these wastes: the Federal Government for above Class C LLW and 
the States for Classes A, B and C LLW. 

NRC regulations do not currently prescribe an upper limit for radionuclide 
concentrations of LLW, and some wastes currently defined as LLW (exceeding 
Class C concentrations) may have radionuclide concentrations approaching those for 
HLW. The ANPR is focused in particular on evaluating those wastes with radio-
nuclide concentrations in excess of the Class C limits, for possible reclassification 
as HLW. These wastes are generated by nuclear power reactors, supporting nuclear 
fuel cycle facilities, radioisotope product manufacturers, and other facilities and 
licensees outside the nuclear fuel cycle. The principal waste types include plutonium 
contaminated nuclear fuel cycle wastes, activated metals, sealed sources and radio-
isotope product manufacturing wastes. The DOE has recently completed a study [11] 
on the expected volumes and radiological characteristics of these wastes. 

3.2. Conceptual definition of HLW included in the ANPR 
The ANPR describes a conceptual approach for defining HLW that closely fol-

lows the wording of the NWPA definition. The classification system described 
requires that two distinct characteristics must be present if the waste is to be classi-
fied as HLW: (1) the waste must be highly radioactive owing to the presence of rela-
tively short lived radionuclides; and (2) the waste must contain sufficient 
concentrations of very long lived radionuclides so that it requires permanent isolation 
from man's environment. The NRC proposes to develop numerical definitions of 
both terms and to classify a waste as HLW only if it possesses both characteristics. 
For the sake of illustration, however, the ANPR suggests numerical definitions of 
both terms based on the current Class C regulatory limits for LLW given in 10 CFR 
Part 61 [10]. 

3.2.1. 'Highly radioactive' 

In the ANPR, it is suggested that a material be considered highly radioactive 
if it contains radionuclide concentrations that exceed the Class C limits for short 
lived isotopes given in Table 2 of Part 61 (Table I, this paper). These limits approxi-
mate the actual concentrations of those nuclides present in some existing reprocess-
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TABLE I. CLASS C UPPER LIMITS 
FOR SHORT LIVED NUCLIDES 

Radionuclide 
Concentration2 

(Ci/m3) 

63Ni 

63 Ni (in activated metal) 

90 Sr 

137 Cs 

700 

7000 

7000 

4600 

If a mixture of radionuclides is present, a sum 
of the fractions rule is to be applied for each 
table. The concentration of each nuclide is to be 
divided by its limits, and the resulting fractions 
are to be summed. If the sum exceeds one for 
both tables, the waste is classified as HLW. 
Units are nCi/g (1 Ci = 3.70 x 1010 Bq). 

TABLE II. CLASS C UPPER LIMITS 
FOR LONG LIVED NUCLIDES 

Radionuclide 

14C 

14C (in activated metal) 

59Ni (in activated metal) 

94Nb (in activated metal) 

99' Tc 

yI 

Alpha emitting TRU 
(t^ > 5 years) 

241Pu 

242Cm 

Concentration3 

(Ci/m3) 

80 

220 

0.2 

3 

0.08 

100b 

3 500b 

20 000b 

ing wastes. In addition, such concentrations are sufficient to produce significant 
radiation levels and to generate substantial amounts of heat for the first few centuries 
after the waste is generated. 

3.2.2. 'Requires permanent isolation' 

In the context of the NWPA, the term 'requires permanent isolation' implies 
the degree of isolation afforded by a deep geological repository. Thus, this term is 
considered to be a characteristic of wastes that cannot be disposed of safely in a facil-
ity less secure than a deep geological repository. The NRC intends to evaluate the 
disposal capabilities of a hypothetical, less secure, disposal facility (e.g. intermediate 
depth burial, near surface disposal with engineered barriers) as a means of develop-
ing numerical limits for long lived radionuclide concentrations. Preliminary analyses 
[12] suggest that the current Class C limits for long lived nuclides given in Table 1 
of Part 61 (Table II, this paper) may serve to define wastes requiring permanent 
isolation. 
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3.2.3. Statement of revised HLW definition 

The conceptual risk based definition of HLW stated in the ANPR is as follows. 
High level radioactive waste or HLW means: (1) irradiated reactor fuel; (2) liquid 
wastes resulting from the operation of the first cycle solvent extraction system, or 
equivalent, and the concentrated wastes from subsequent extraction cycles, or 
equivalent, in a facility for reprocessing irradiated reactor fuel; (3) solids into which 
such liquid wastes have been converted, and solid radioactive wastes from other 
sources, provided such solid materials contain both long lived radionuclides in con-
centrations exceeding the values of Table II and short-lived radionuclides with con-
centrations exceeding the values of Table I. 

Radionuclides 

FIG. 1. Conceptual waste classification scheme included in the ANPR and discussed in the 
text, showing approximately how examples of various waste types may fit into this scheme. SRP 
and WV refer to the DOE's Savannah River Plant and West Valley HLW vitrification facilities, 
both of which are scheduled to come on-line within the next several years. The Hanford tanks 
contain reprocessing wastes from defence activities conducted at the Hanford Works. Cs and 
Sr were extracted during the reprocessing operations that produced these tank wastes, and 
were formed into capsules. TRU rich wastes also arise largely from defence activities con-
ducted by the DOE. 
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3.3. Summary of overall waste classification approach 

The overall conceptual waste classification scheme, as described in the ANPR, 
divides waste into four categories. Wastes that are: (1) neither highly radioactive nor 
in need of permanent isolation would continue to be classified as LLW routinely 
acceptable for near surface disposal under 10 CFR Part 61 regulations. Wastes that 
are either (2) highly radioactive, or (3) in need of permanent isolation, but not both, 
would be classified as special types of LLW (above Class C), and the Federal 
Government would be responsible for their disposal [9]. Finally, wastes that are 
(4) both highly radioactive and in need of permanent isolation would be classified 
as HLW. This conceptual waste classification scheme is illustrated in Fig. 1, and 
examples are shown of how various waste types may fit into this scheme. 

4. ISSUES ON WHICH INTERNATIONAL COMMENTS ARE 
PARTICULARLY SOUGHT 

A complete copy of the ANPR on the definition of high-level radioactive waste 
is available from the NRC. The NRC is interested in obtaining comments on the pro-
posed waste classification scheme, and the International Atomic Energy Agency and 
the Nuclear Energy Agency of the OECD can play a useful role by promoting discus-
sion of this scheme, aspects of which could be relevant to waste disposal programmes 
in other countries with advanced nuclear programmes. Several issues associated with 
the proposed classification scheme that may be of particular international interest are 
identified here. 

(1) Would concentration limits different from those of the current Class C LLW 
limits (Table I) for identifying wastes that are highly radioactive be preferable? 
If so, how should such limits be derived? 

(2) The NRC proposes to equate wastes that require permanent isolation with those 
that have a level of long term radiological hazard requiring disposal in a deep 
geological repository; what types of analyses would be most appropriate for 
identifying radionuclide concentrations that, if present, would dictate that a 
particular waste required permanent isolation? 

(3) Is a special provision required for wastes that have high concentrations of 
Table I (short lived, high activity) nuclides, yet contain only relatively small 
total quantities of radioactive materials (e.g. a minimum total quantity of 
activity)? 

(4) Finally, would a requirement that a particular type of waste be disposed of in 
a specified type of facility be appropriate? 

After public comments have been received and evaluated on these and other 
issues identified in the ANPR, and following completion of additional technical ana-
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lyses of appropriate numerical definitions of the terms highly radioactive and 
requires permanent isolation, the NRC will develop a proposed rule defining HLW. 
Publication of the proposed rule is expected to occur by late 1987 or early 1988. It 
is hoped that the IAEA and NEA will be able to mobilize the international technical 
and regulatory communities to work in concert with the NRC's timetable for this 
rulemaking. 
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Many countries with a nuclear programme have not yet decided on their 
strategy for spent fuel management which, in principle, could be: 

(1) An international solution, i.e. reprocessing on the basis of service contracts 
abroad 

(2) A national solution, i.e. establishing their own reprocessing programme or the 
direct disposal of the spent fuel elements. 

In any case, national programmes for the ultimate disposal of radioactive waste 
seem to be necessary. To establish such programmes is very time consuming and a 
definite decision on the techniques which should be used cannot be expected at the 
time the waste is generated. 

Therefore, a national solution for the interim storage of radioactive waste is 
a necessity for most countries with a nuclear programme. 

It is recommended that a multipurpose storage plant be installed which is flexi-
ble in the type of material to be stored, in the type of packaging to be used for storage 
and in the storage capacity of the plant. 

To achieve maximum flexibility it is recommended that a multipurpose interim 
storage plant be constructed on the basis of a modular system. The first step should 
be the erection of a central unit which is designed for acceptance of the different 
packagings and the different types of waste and which contains all the necessary 
equipment for this purpose. 

Following the strategic decision on reprocessing or the technical decisions on 
final disposal, further facilities could be added to the central unit for interim storage 
as needs arise. Also, a facility could be added to condition the spent fuel elements 
or to load the stored materials into packagings for final disposal (Fig. 1). 

The design criteria for the central unit are: 

(a) Options for the storage of all types of waste such as spent fuel elements, HLW, 
MLW and LLW 
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FIG. I. Conceptional design of a multipurpose storage plant. 

(b) Simple storage technology for all types of waste, without any active safety 
system and any release of radioactivity 

(c) Low investment costs for the erection of the building and auxiliaries. 

The central unit should consist of: 

(i) A receiving building with a loading area, a crane, an area for handling, repair 
and maintenance and the building structures necessary to connect additional 
facilities 

(ii) A building for the storage of spent fuel and HLW in transport and storage 
casks, as well as provisional storage for MLW in concrete or ion shieldings 
and LLW in drums. 

Provision of the cost intensive casks and packagings should be opportune with 
the demand for storage capacities. 
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und Energiewirtschaft, 
Technische Hochschule Aachen, 
Aachen, Federal Republic of Germany 

During the design and layout phase of a repository for heat generating radio-
active waste in a rock salt formation, calculations of the heat dissipation must be 
carried out to provide the input temperature data for the subsequent thermal-
mechanical, fluid transport, radiolysis and safety assessment analyses. The objective 
of these calculations is estimation of the expected maximum temperature in the 
repository as well as estimation of the other temperature calculation features such 
as time and space dependence of the temperature (0(t,r)) and temperature gradient 
(d0(t,r)/dr), time and location of the maximum temperature (t(0max), r (0max)) and 
the duration of different temperature levels (At(0)). 

Qualitative assessment of these features with respect to their influence on the 
subsequent thermal-mechanical, fluid transport, radiolysis and safety assessment 
analyses shows that all should be taken into account, the degree of accuracy needed 
being dependent on the actual thermal load and type of problem analysis envisaged, 
i.e. canister maximal loading, overall stability of the repository, or the moisture 
inflow into a borehole. 

At present, the theoretical models and methods usually employed for these 
numerical or (semi-)analytical calculations, respectively, are based on simplifying 
assumptions; the assessment of the above mentioned features remain rough. The 
most important assumptions are infinite horizontal extension of the disposal area and 
simultaneous filling of the boreholes for the numerical calculations and, additionally, 
temperature independent material properties for the (semi-)analytical calculations. 

With increasing knowledge of the repository location and the overall disposal 
strategy, precise specifications can be made regarding the geometry and structure of 
the repository as well as the actual composition and heat generation of the waste. 

According to these realistic specifications, the temperature field calculations 
have to be improved by far more detailed modelling, which must provide more 
accurate assessment of the features, so avoiding the simplifying assumptions men-
tioned above. 
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FIG. 1. Module of the calculation step (i) in the step by step numerical model 
FAST-STEP [3], ((1) A heat generating area means homogeneous distribution of the heat 
generated by the waste to more or less extended rock salt areas: disposal fields, disposal 
galleries, enlarged boreholes, single boreholes and single canisters. 

Three possible ways of modelling a repository with its finite extension and tem-
poral step by step disposal procedure have become apparent, founded on a 
(semi-)analytical (see item (1) below) or a numerical (see items (2) and (3) below) 
method: 

(1) A point (or line) source model, based on the superposition o f the solutions 
of point or line source calculations with the simplifying assumption of constant 
material properties (linear heat transfer problem). These models are simple and eas-
ily applicable and have already been used in first-approach assessments of finite 
repository formations [1,2]. 

(2) A step by step numerical model, based on the coupling of far field and near 
field numerical calculations merged into a single calculation sequence [3]. This 
model solves the instationary non-linear heat conduction differential equation, 
explicitly considering temperature dependent material properties (non-linear heat 
transfer problem). The calculation sequence begins with a far field mode, which is 
subsequently enhanced at each subsequent step by considering a smaller repository 
area in far more detail. The calculation finishes with a typically near field assessment 
for a single borehole. Connection of each step with the subsequent one is established 
by handing over the time and the space dependent temperatures at the boundaries of 
the actual calculation cell. A general module, which is illustrated in Fig. 1, is used 
at each step. It comprises a heat generating volume within a rock salt volume (includ-
ing overlaying and surrounding strata in the first step(s)). 
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(3) A numerical model, based on calculation of the whole repository site with 
the detail of a near field calculation. This model also solves the non-linear heat trans-
fer problem. Because of the extremely high computer storage and cost requirements, 
this model does not seem to be a realistic solution at present. 

Quantitative analysis of the current calculation methods used for temperature 
field calculations gives the result that, for calculation of a given repository with all 
the specific data available for the site and disposal procedure, only an overall model 
and numerical methods can be employed. This leads to application of the step by step 
numerical model, realized in the MODUL-STEP program system. 
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Rock salt formations are being considered as possible repositories for the per-
manent disposal of HLW. This radioactive material acts as a source of heat and 
gamma radiation over a very long period. The production of heat gives rise to a tem-
porary local sharp temperature rise and long lasting general heating of the surround-
ing rock salt. The effects of gamma radiation on the salt give rise to some degree 
of decomposition of the material and disorganization of its crystal lattice structure. 
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The resulting formation of free colloidal sodium might be a source of some concern, 
considering the safety aspects of the repository. 

The above mentioned aspects have to be carefully studied in the design of a 
repository for the economic and safe disposal of H L W in rock salt formations. 

For the calculation of colour centre formation and colloid growth, Jain and 
Lidiard [1] developed a theory from which it can be seen that in the processes 
involved both the temperature of the rock salt and the intensity of the radiation play 
an important role. From early results it became clear that for making a reliable esti-
mation of the possible hazards associated with such disposal of H L W a rather precise 
knowledge of the degree of irradition damage is required. Such information can only 
be obtained by calculations that take into account the precise details of the variations 
with time of dose rate and temperature that will occur in the salt around the canisters. 

The results of calculations are based on a realistic design of some possible 
repositories in a salt dome or in bedded salt. Hence, the disposal configurations are 
defined, and also the scenarios for filling the repositories. Other parameters are still 
variable, as for instance the cooling time before burial, and also the amount of over-
pack that may be considered necessary. Other variables concern the properties of the 
H L W , which are dependent on the burnup achieved, the time of chemical reprocess-
ing, the amount of glass needed to accommodate the HLW obtained from 1 tonne 
of the original fuel, etc. 

Part of the uncertainty in the theory of Jain and Lidiard is caused by the effect 
of impurities in the salt. Therefore, the study is also concerned with investigation 
of the influence of variations (within the existing range of uncertainty) of the cons-
tants on the final results. Moreover, incorporation of the recrystallization effects into 
the theory due to small amounts of water has also been considered. 

The general aims of the study are: 

(1) To indicate ways for an economic optimal design of the disposal of HLW in 
which possible hazards are negligible 

(2) To estimate the uncertainties in the results caused by our incomplete 
knowledge of the fundamental data and details of the circumstances that are in 
force. 
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Demands for increased sensitivity of measurement of radionuclides arise in the 
area of bioassay to improve assessment of the annual limits of intake and in the whole 
field of environmental radioanalysis. The latter now has to cope with samples con-
taining considerably decreasing levels of radioactivity, since liquid and aerial dis-
charge level controls have become more rigorous; emphasis is also being placed on 
measurement of naturally occurring radionuclides in the environment. In the future, 
monitoring of low levels of long lived radionuclides emanating from waste reposito-
ries will require sensitive techniques. 

To achieve adequate analytical sensitivity it is usually necessary to take a large 
sample of the material, e.g. 2 kg of solid or up to 20 litres aqueous, and extract the 
radionuclides of interest. It may be necessary to destroy the sample matrix by dry 
or wet oxidation to facilitate radiochemical extraction and isolation procedures. 
Decisions concerning the selection of the nature and extent of radiochemistry are 
governed by the type of final measurement technique available, e.g. spectrometers 
may not demand total isolation of a given radionuclide to distinguish it from others 
which are present. 

A wide range of radiochemical procedures, e.g. solvent extraction, co-
precipitation, ion exchange, reversed phase partition chromatography, is available 
which may combine extraction and isolation or require sequential stages to achieve 
an end product that can be presented to a measuring instrument. 

In general, gamma spectrometry is not sufficiently sensitive without a high 
degree of concentration, e.g. 137Cs from large volumes of sea water on to an 
adsorbent. 

Low energy beta emitters are conveniently measured by liquid scintillation 
spectrometry. Modern instruments have low backgrounds, e.g. 2 counts/min in the 
channel of interest. 

High energy beta emitters can be measured by Cerenkov counting using a 
liquid scintillation spectrometer; high counting efficiencies are achieved and sample 
preparation is simple. Alternatively, more conventional anti-coincidence (low back-
ground) Geiger counters can be employed. 
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Alpha emitters can be measured by alpha spectrometers using long count dura-
tions (days). Alpha track counting by image analysis of etched tracks in polycar-
bonate allows measurement of large numbers of samples for very long count 
durations (weeks) without using expensive electronic equipment; there is potential 
for energy discrimination. Modern liquid scintillation counters also have potential 
for alpha energy discrimination. Inductively coupled plasma mass spectrometry is 
now available to measure long lived radionuclides, notably thorium and uranium iso-
topes. Resonance ionization mass spectrometry is under development to achieve the 
ultimate in sensitivity; isobaric interferences are eliminated, only limited sample 
preparation is necessary and analysis is rapid (minutes). 
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1. INTRODUCTION 

The Symposium addressed a group of subjects which are at the centre of public 
and political interest in nuclear power today. The back end of the fuel cycle, which 
seemed of secondary importance in the pioneering years of nuclear power develop-
ment, has turned into a minefield for decision takers on account of the many diverse 
factors which have a bearing on choice of strategy. 

2. THE PAPERS 

In the Symposium there have been four important areas for discussion: 

(a) Back end strategies: reprocessing or store; timing of reprocessing; use of Pu 
in LWRs, ATRs and FBRs 

(b) Transportation: design and testing 
(c) Reprocessing and recycle: design of next generation plants and MOX fuel 

plants 
(d) Waste management: HLW treatment; spent fuel treatment; repository status. 

(a) Back end strategies 
Eight years ago a major international project — the International Nuclear Fuel 

Cycle Evaluation (INFCE) — made a very thorough study of these subjects. In the 
report of Group 4 we read on page 20: "above all else it should be stressed that this 
subject of fuel cycle benefits and proliferation risk is one in which facile judgements 
should never be attempted". The experts of this particular group were referring to 
the fact that the choice of fuel cycle is influenced by: 

The technology — of the thermal recycle, fast reactor, protection of Pu 
The economics — particularly the U price and fast reactor costs 
The environmental impact — rather insensitive to the fuel cycle choice 

635 
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FIG. 1. Back end options. 

The proliferation risk — a political matter, but the fuel cycle choice might affect the 
international response time 

The sociology — agreements about the effects of the Pu control measures 
The institutional — the merits of large scale reprocessing or international waste 

repositories. 

We might now add: 

The scale — size of country 
Commerce — export of fuel cycle services 
The national energy strategy — security o f supply 
History — past investment and continuity of know-how. 

In Session 1 we heard the very interesting descriptions of national strategies 
in 12 countries. This was a reminder of the many ways in which the factors referred 
to earlier can combine to produce every variety of back end strategy. Figure 1 is an 
attempt to summarize the main options. 

Papers IAEA-SM-294/3, 15*, 28, 69, 38 and 94 showed the commitment (deci-
sion point A in Fig. 1) of the USSR, China, France, the United Kingdom, the Fed-
eral Republic of Germany and Japan, respectively, to continue reprocessing or to 
commence as soon as plants are available. All six have in mind the conservation of 
fissile materials and the inevitable need for reprocessing to launch and sustain the 
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FBR programme in order to provide long term security of the fuel supply. France 
and the UK built large plants in the 1950s to reprocess GCR fuel as a step towards 
the use of FBRs. This fuel is difficult to store for many years underwater, a factor 
which still weighs heavily in the UK today. The fact that FBRs seem unlikely to be 
ready for commercial use at the time that sufficient plutonium has been accumulated 
to launch them has obviously raised the question in France and the UK on whether 
further reprocessing of thermal reactor fuel is justified. In each case the answer was 
'yes', given the investment already made and the extra cost of a major policy change. 
Uranium recycle in thermal reactors and interim utilization of plutonium in LWR 
fuel can meanwhile recoup some of the reprocessing costs (decision point C in 
Fig. 1). In the FRG the 1985 'alternative Entsorgung' study showed spent fuel dis-
posal offering no decisive safety or cost advantage over reprocessing; indeed, Paper 
IAEA-SM-294/38 (FRG) views reprocessing as a beneficial step towards waste dis-
posal. Paper IAEA-SM-294/15 (China) also describes the removal of long lived 
activity from high level waste, and even the extraction of valuable platinum metals, 
as potentially useful consequences of the reprocessing strategy. 

Papers IAEA-SM-294/81, 48, 14, 4, 16 (Session 2) and 43 described the adop-
tion by Canada, the United States of America, Finland, Sweden, Czechoslovakia and 
Italy, respectively, of the alternative option of long term fuel storage (decision point 
A in Fig. 1). In the case of Sweden, which has a policy of closure of nuclear plants 
by the year 2010, and Spain (Paper IAEA-SM-294/95), whose delegation made a 
most interesting contribution, there are strong tendencies towards a policy of spent 
fuel disposal at the end of some decades of storage (decision point B in Fig. 1); these 
countries express confidence in the safety, simplicity and relative cheapness of this 
back end option. Finland, a small country with no wish to set up a national reprocess-
ing capability, has also opted for fuel storage for 40 years. This will be followed by 
fuel disposal, unless by this time an economic international service can take the fuel 
and deal with any waste arising from its management. 

In the USA, Canada and Italy we see the policy of long term fuel storage keep-
ing wide open the options of reprocessing or disposal at a later date. Meanwhile, 
comprehensive plans are being made for the safe disposal of waste from either option 
in the early years of the next century. One point to note is that in the USA, with 100 
on-line nuclear power plants and 25 under construction, no commercial organization 
has in recent times made a bid to invest in a reprocessing plant. 

In the USSR (Paper IAEA-SM-294/3) both a directly heated ceramic melter 
and a two stage calciner plus pot melter are being developed for the vitrification of 
high level waste. A notable feature of the latter option is the use of a cold ceramic 
melter with induction heating of the glass. 

It seems to be accepted that international safeguards are the main answer to the 
proliferation question, although it is surely an important issue in the development of 
designs of advanced reprocessing plants. It should also be taken into account when 
comparing the merits of national and international fuel cycle services. 
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Session 2 continued the theme of back end options and strategies, with a closer 
look at the ways in which many factors can influence national decisions. 

Paper IAEA-SM-294/46 (UK) described the technical background to each of 
the three main options, namely prompt reprocessing, and long term fuel storage fol-
lowed by reprocessing or direct disposal. This was a useful summary of the facts and 
it was interesting to hear the view that the availability of a plutonium surplus during 
the introduction of FBRs could bring significant benefit in relaxation of the necessary 
reprocessing and refabrication time-scales. 

The message of Paper IAEA-SM-294/5, which reported the results of the 1985 
Nuclear Energy Agency of the OECD study, is that, on purely economic considera-
tions, countries without a reprocessing industry will choose to store spent thermal 
fuel until uranium prices and FBR costs are such as to make reprocessing and recycle 
of the products profitable. Today, the credits from the recycle of U and Pu in LWRs 
typically off-set about one-third of the costs of reprocessing and waste management, 
which is not quite enough to swing the economic balance away from a policy of 
several decades of fuel storage followed by reprocessing or disposal. However, all 
these differences are very small compared with the overall generating costs, so other 
factors are sufficient to encourage countries with existing investments in reprocess-
ing plants to continue reprocessing. Moreover, it was claimed in Papers 
IAEA-SM-294/5 (NEA) and 21 (France) that if surplus plutonium is being held in 
store it is worth recycling through LWRs while waiting for the FBR to become estab-
lished. However, it was not clear whether the cost of returning the separated pluto-
nium to the store after use was included in this assessment. 

Also in this session were some interesting examples of mathematical models 
to help in the choice of a back end strategy for a given situation. Paper IAEA-
SM-294/11 (CEC) chose to optimize on fuel cycle costs, security of uranium supply 
and continuity of know-how. From the conflicting answers obtained using this res-
tricted set of criteria it was concluded that the European Economic Community coun-
tries should maintain access to large scale reprocessing and recycling without waiting 
for a rise in the uranium price or the introduction of FBRs. Paper IAEA-SM-294/12 
(Finland) compared the costs of reprocessing and direct disposal for LWR fuel in 
the longer term. It was emphasized that whereas reprocessing becomes the best 
strategy for a large national programme before 2025 if uranium prices increase by 
2% per year, it requires at least a 4% per year increase to justify such a strategy 
for a small utility. This was an important theme which was explored also in Paper 
IAEA-SM-294/59 (FRG). The fuel reprocessing and refabrication facilities, and also 
the repositories for spent fuel or high level waste, are capital intensive activities 
which need to be on a reasonably large scale and fully utilized in order to achieve 
low unit costs. There is, therefore, advantage in having a few large operators offer-
ing a service in these fields. The possibility of international facilities, proposed, for 
example, in Paper IAEA-SM-294/65 (Netherlands) and already discussed at INFCE 
in the context of nuclear material safeguards, is very relevant. 
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(b) Transportation 

Transportation of highly radioactive materials does not represent a real risk to 
the public, nor does it account for a major part of the fuel cycle costs, but it is the 
part of the fuel cycle which takes place in the public domain. Consequently, it is very 
important indeed5that high standards of design, manufacture, testing and operation 
be maintained and be seen to be maintained. 

The five papers presented in Session 3, together with four poster presentations, 
gave examples of new transport flasks for spent fuel and high level waste which are 
being built to IAEA standards. A common theme was that rail transport by dedicated 
train is the preferred mode of transport but loads of well over 100 tonnes can be 
carried by road, for example, from reactors to railheads in the FRG at speeds of up 
to 62 km/h. Papers IAEA-SM-294/62 (Japan) and 68 (UK) described two of the new 
generation of flasks which will be used for the inevitable transport of packaged radio-
active waste from a nuclear site to a long term storage or repository. Twenty-one 
high level vitrified waste canisters, with a thermal power of 40 kW, will be trans-
ported in a 110 tonne flask by British Nuclear Fuels (BNFL)/Nuclear Transport 
Limited in the UK. The United States Department of Energy (DOE) Paper IAEA-
SM-294/50 was an impressive example of the complex institutional problems which 
must be overcome by flask operators, in this case to move LWR fuel from reactors 
to the monitored retrievable store and from there to a geological repository. 

(c) Reprocessing and recycle 
Session 5 brought us to the technical heart of the Symposium, with papers on 

the large reprocessing plants that are planned or are under construction in France, 
the UK, the FRG and Japan. Papers IAEA-SM-294/27 (France) and 70 (UK) 
presented designs for a thermal oxide reprocessing capacity of around 5 t/d, to be 
ready soon after 1990; they have much in common. Both are based on long industrial 
experience of reprocessing. Emphasis is placed on the value of full scale inactive 
development of the principal plant components; for example, the shear needed for 
the cutting of complete LWR fuel assemblies must be maintained at high availability 
and the BNFL paper describes the use of remote maintenance on a modular shear 
pack. Pulsed columns are chosen for the chemical plant to ease criticality restrictions 
and emphasis is placed on clarification of the solution emanating from the dissolver. 
One notable difference between the plants is the use of a batch dissolver in THORP 
(UK), but a revolving continuous dissolver in UP3 (France). The two designs pay 
great attention to minimization of liquid and gaseous discharges and to packaging of 
all solid waste. Longer term R&D is typically aimed at use of robotics and teleopera-
tors, reduction of corrosion in the hot end of the chemical plant and treatment of 
actinide contaminated solid waste. 
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The FRG reprocessing plant (Paper IAEA-SM-294/87), planned for the inland 
Wackersdorf site in 1997, shows some different features such as dry fuel storage, 
electrochemical reduction of plutonium and a maintenance system based on large 
removable modular plant sections. 

The Japanese experience (Paper IAEA-SM-294/60) highlights the remote 
repair of the most active parts of the small Tokai Plant, again emphasizing the impor-
tance of avoiding corrosion failures due to hot nitric acid. The 800 t/a Japan Nuclear 
Fuel Service Company Limited plant is planned for operation around 1995. 

A view of the shape of reprocessing plants to come in the longer term was 
provided in Paper IAEA-SM-294/44 (UK). Changes foreseen are not in the basic 
plant flow sheet but in plant robustness to improve the availability and to meet the 
environmental objectives more reliably. This is a worthy target, not least because 
high availability is the key to lower unit costs, which the industry needs. 

Session 6 papers showed that, whatever policy we might choose with regard 
to recycling of uranium and plutonium in thermal and fast reactors, a great deal of 
experience has already been accumulated in Europe and Japan on the fabrication, 
transportation and irradiation of MOX fuel and on the re-enrichment and use of ura-
nium for thermal reactors. In the UK, uranium has been recycled on a large scale 
for the GCRs, but the higher enrichments and burnup employed for LWRs do lead 
to problems of 232U and 236U accumulation (Paper IAEA-SM-294/45). Early recy-
cling, to minimize the 232U effect, will be possible using centrifuge or even laser 
enrichment, but the price of uranium ore will determine whether this is economic. 

In France (Papers IAEA-SM-294/22 and 75), the FRG (Paper IAEA-
SM-294/33) and Belgium (Paper IAEA-SM-294/10) there is a wealth of experience 
in recycling plutonium in LWRs as MOX fuel; in France a major policy decision was 
taken in 1985 to do this on a 100 t/a scale from 1987. As commented earlier in the 
Symposium, this is a logical consequence of accumulating plutonium which is wait-
ing in stores for the large scale introduction of FBRs. 

(d) Waste management 
In Session 4 we learned about some of the containers and buildings which could 

be used for the decades of storage of spent fuel or high level waste which now seem 
to be accepted as an inevitable requirement featuring in all back end strategy options. 
If we leave aside the GCR fuels, which present special storage requirements, it 
appears that there are three very safe and satisfactory ways in which the storage can 
be achieved, namely, ponds, dry vaults and dry casks. Paper IAEA-SM-294/2 (FRG) 
in particular made the point that, for LWR fuel, dry vault storage under inert gas 
at temperatures of up to 450°C, or even in air at lower temperatures, presents no 
problems of creep, stress corrosion cracking or fission product release from defec-
tive fuel. Likewise, pond storage of LWR fuel is almost trouble free. Countries will 
choose according to their own optimizations. Paper IAEA-SM-294/19 (France) 
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showed examples of the natural convection air cooled store capable of accepting fuel 
after 5 years' cooling, and the pond lined with stainless steel and designed to an oper-
ator dose limit of only 0.5 rem/a1. Paper IAEA-SM-294/63 (Japan) found the dry 
cask concept ideally suited to earthquake tolerance. The dry cask is also favoured 
in Canada (Paper IAEA-SM-294/85) and in the USA (Paper IAEA-SM-294/49). 

General points to note are that dry vaults, and particularly dry casks, are much 
more suitable for modular extension than are ponds; moreover, the dry cask has the 
unique benefit of also being a transport container, either after fitting an overpack or, 
as in the example of the Pollux container (Paper IAEA-SM-294/79) (FRG), being 
placed deep underground with its 'lost' shielding. The Pollux cask, weighing 
64 tonnes in all, holds 4 tonnes of spent fuel. 

The Session 4 audience warmly applauded the DOE Paper IAEA-SM-294/1 on 
the removal, packaging and transportation of fuel debris from the TMI-2 reactor. 
This was a much more difficult task than any operator would ever expect to be faced 
with, but it was done to a high standard. 

Session 7 provided a progress report on some plans for disposal of these high 
level waste materials in the next century. Actual progress in the field is probably 
most advanced for the deep salt cavern type of repository, thanks to research done 
at the Asse salt mine and site exploration at Gorleben in the FRG. We heard from 
the Netherlands (Paper IAEA-SM-294/66) and the FRG (Paper IAEA-SM-294/32) 
about performance tests with high level waste canisters in holes at the Asse mine, 
planned to begin next year. The FRG programme aims to show that either vitrified 
high level waste, or packaged spent fuel from HTRs or non-standard LWRs, can be 
embedded in salt at a depth of about 800 m without raising the salt temperature above 
200°C. A canister lifetime of 500 years is specified, presumably because this is suffi-
cient time to allow the thermal power of the soluble fission products 137Cs and 90Sr 
to decay. It is ironic that the fuel from the HTR, which is so effectively contained 
in its fuel elements as to be uneconomic to reprocess, is an ideal waste disposal form 
which needs no special packaging at all. 

The other geological disposal programme (Paper IAEA-SM-294/52) scheduled 
for relatively early operation in the field is the US search for a deep site from the 
three areas under study. Commissioning is scheduled for 2003 and this is requiring 
a pioneering exercise in public participation. 

Finally, Paper IAEA-SM-294/84 shows some of the real progress which has 
been made in Canada in developing an understanding of the physical chemistry of 
canister corrosion and subsequent radionuclide mobilization in a wet repository. This 
kind of model, which has much in common with advances made in the UK in recent 
years, gives confidence that a 500 year container — in this case thin titanium — can 
be relied upon and that the eventual access of groundwater to the spent fuel or vitri-
fied waste will result in only very limited dissolution of the remaining radionuclides. 

1 1 rem = 1.00 x 10"2 Sv. 
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3. CLOSING SESSION 

During a short period of general discussion before the summing up of the Sym-
posium, national delegates were invited to say whether, in their countries, the 
reprocessing of spent fuel is seen as a necessary precursor to satisfactory manage-
ment of radioactive waste. Most countries responded and it became clear that waste 
management is in no case seen as a sufficient reason in itself for reprocessing spent 
fuel. However, advantages in waste disposal are seen by some countries, for exam-
ple, China, France and the FRG, as additional benefits which follow when a 
reprocessing policy is pursued. 

4. CODA 

This has been a wide ranging Symposium on a most important aspect of nuclear 
power. I believe that it has been successful and that this was due to the authors of 
the papers and poster presentations, the session chairmen, the staff of the IAEA and 
the NEA, and the indispensable interpreters. I think you would like to join me in 
thanking them all for this Symposium. 
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