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FOREWORD

As a result of continuing developments affecting nuclear power and its fuel 
cycle, the coming years will be challenging times for the international nuclear 
community. Spent fuel management is one of the most vital, and common, problems 
for countries with nuclear reactors. It is also invoking the concern of the public at 
large. Three management options currently exist: the open, once-through cycle with 
direct disposal of spent fuel; the closed cycle with reprocessing of the spent fuel and 
recycling of plutonium and uranium in the form of mixed oxide; and the ‘wait and 
see’ approach, where countries continue to evaluate their back end strategy, while 
in the meantime taking ‘intermediate’ steps.

The total amount of spent fuel accumulated worldwide at the end of 1994 was 
over 155 000 tonnes heavy metal (t HM). Of this, about 60% is presently being 
stored in facilities, awaiting either reprocessing or final disposal. The quantity of 
accumulated spent fuel is over 20 times the present total annual reprocessing capac
ity. The projected cumulative amount of spent fuel generated by the year 2010 is 
expected to reach 300 0 0 0 1 HM. Assuming that part of it is reprocessed, the amount 
to be stored by the year 2010 is projected to be about 200 0 0 0 1 HM. The first geolog
ical repository for the final disposal of spent fuél is not expected to be in operation 
before the year 2010. Therefore, interim storage will be the primary spent fuel 
management option in many countries for the next 20 years.

The requirements for the interim storage of spent fuel are derived from a num
ber of considerations associated with the management option selected. In the closed 
nuclear fuel cycle, further storage capacity may be required to match the arisings of 
spent fuel with the available capacity of reprocessing plants. With respect to the 
once-through cycle, interim storage of spent fuel is required until a final repository 
has been constructed and is in service. Clearly, for deferred decisions the availability 
of adequate interim storage facilities is also a key element.

There is a scientific consensus that present spent fuel storage technologies pro
vide adequate protection to the population and the environment. However, there is 
keen interest in seeing whether further improvements can be achieved in the area of 
spent fuel storage.

In this context, the role of international organizations is to provide a forum for 
the exchange of information and to co-ordinate and encourage closer co-operation 
among Member States in research and development activities that are of common 
interest.

This Symposium was a co-operative effort between the Nuclear Energy 
Agency of the OECD and the IAEA. Such meetings have been organized once every 
four years since 1987. The purpose is to: exchange information on the state of the 
art and on prospects for spent fuel storage; discuss the worldwide situation and the 
major factors influencing national policies in this field; and identify the most



important direction that national efforts and international co-operation should take 
in this area.

Over 140 participants from 39 countries and 4 international organizations 
attended the Symposium, reflecting the wide interest in this topic. Thirty-five full 
papers and 13 posters were presented and are included in these Proceedings.

EDITORIAL NOTE

The P ro ce e d in g s  have been ed ited  by the e d ito r ia l s ta ff o f  the IA E A  to  the exten t con s id 

e re d  necessary f o r  the re a d e r ’s assistance. The view s expressed  rem a in , how ever, the respon 

s ib ility  o f  the nam ed  au thors  o r  p a rtic ip a n ts . In  a d d ition , the view s a re  n o t  necessa rily  those  

o f  the governm en ts  o f  the nom in a tin g  M e m b e r  States o r  o f  the n om in a tin g  organ iza tion s .

A lth o u g h  g re a t ca re  has been taken to  m a in ta in  the  a ccu ra cy  o f  in fo rm a tio n  con ta ined  

in  th is  p u b lica tio n , n e ith e r  the  IA E A  n o r  its  M e m b e r  States assum e any respon s ib ility  f o r  c o n 

sequences w hich  m ay a rise  f r o m  its  use.

The use o f  p a r t ic u la r  designa tions  o f  cou n tries  o r  te r r ito r ie s  d oes n o t im p ly  any ju d g e 

m en t by the p u b lish e r, the  IA E A , as to  the  le g a l status o f  such  cou n tries  o r  te rr ito r ie s , o f  th e ir  

a u th o rities  and  institu tions  o r  o f  the  d e lim ita tio n  o f  th e ir  boundaries.

The m en tion  o f  nam es o f  s p e c if ic  com pan ies  o r  p ro d u c ts  (w hether o r  n o t  in d ica ted  as 

re g is te re d ) d oes n o t im p ly  any in ten tion  to  in fr in g e  p ro p r ie ta ry  r igh ts , n o r  shou ld  it  be  c o n 

s trued  as an end orsem ent o r  re com m en d a tion  on  the p a r t  o f  the IA E A .

The a u thors  a re  respon s ib le  f o r  ha v in g  ob ta in ed  the necessary p e rm is s io n  f o r  the  IA E A  

to  re p ro d u ce , transla te  o r  use m a te r ia l f r o m  sources  a lread y  p ro te c te d  by copyrigh ts .

M a te r ia l p re p a re d  by  a u thors  w ho a re  in  con tra c tu a l re la tio n  w ith governm en ts  is 

cop y rig h te d  by  the IA E A , as p u b lish e r , o n ly  to  the exten t p e rm itte d  by the a p p ro p r ia te  n a tion a l 

regu la tions .
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OVERVIEW OF SPENT FUEL MANAGEMENT

B. SEMENOV, N. OI, A. GRIGORIEV, F. TAKÁTS 
Department of Nuclear Energy and Safety,
International Atomic Energy Agency,
Vienna

Abstract

O V E R V I E W  O F  S P E N T  F U E L  M A N A G E M E N T .

T h e  annua l a r is in g  o f  spent fu e l at nu c lea r p ow e r p lan ts w o r ld w id e  w as about 

10 000  t H M  (tonnes heavy m etal) in  1993. T h e  p ro jected  cu m u la t iv e  am ount o f  spent fu e l 

generated by  the yea r 2010  w i l l  reach  330  000  t H M .  C o n s id e r in g  that pa rt o f  it  w i l l  be 

rep rocessed , the am ount o f  spent fu e l to  be stored b y  the yea r 2010  w o u ld  be about 

215  000  t H M .  S in ce  the f ir s t  la rge  sca le  g eo log ica l repo s ito rie s  fo r  the f in a l d ispo sa l o f  spent 

fu e l are not expected  to be in  ope ra tion  b e fo re  the yea r 2010  (an even greater d e lay  is  foreseen) 

and rep rocess ing  capac ity  w i l l  not be su ff ic ie n t ly  expanded, the in d ica tio n s  are  that in te r im  

sto rage w i l l  b e  the p r im a ry  o p tion  at least fo r  the next 2 0  years. C o n tin uo u s  attention is  be ing  

g ive n  by  in te rna tiona l o rgan iza tion s  to  the co lle c t io n , an a lys is  and exchange o f  in fo rm a t ion  

on  spent fu e l storage. T h e ir  ro le  in  th is  area is  to  p ro v id e  a fo ru m  fo r  exchang ing  in fo rm a tion , 

to  co -o rd ina te  and encou rage c lo se r co -ope ra tio n  am ong M e m b e r States in  ce rta in  research  

and deve lopm en t a c t iv it ie s  that are o f  com m on  interest, and to  assist coun tr ie s  in  respond ing  

to  p rob lem s and f in d in g  so lu tions.

1. INTRODUCTION

The management of spent fuel has always been one of the most important 
stages of the nuclear fuel cycle. Today, for various reasons, it is among the most 
vital problems for all countries operating nuclear reactors.

Three approaches currently exist for safely managing spent fuel. One is 
associated with the open, or once-through, fuel cycle and calls for the direct 
disposal of spent fuel in a deep geological repository that does not allow for its 
retrieval. The second approach is associated with the closed fuel cycle and involves 
the reprocessing of spent fuel and the recycling of recovered plutonium and uranium 
in new mixed oxide (MOX) fuels. The third approach is commonly called the ‘wait 
and see’ approach, whereby spent fuel is placed in long term interim storage pending 
a decision as to its ultimate reprocessing or disposal.

Which approach is selected is a complex procedure. It involves the considera
tion of many factors. They include political, technical, economic and safeguards 
issues, as well as considerations of environmental protection. In recent years this
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T A B L E  I . S P E N T  F U E L  

D I F F E R E N T  C O U N T R I E S

M A N A G E M E N T A P P R O A C H E S 3 S E L E C T E D  I N

C o u n try
D e c is io n

deferred

D ire c t

d isposa l
R ep roce ss ing

A rg en tin a X X

B e lg iu m X X

B ra z il X

B u lg a r ia X X

Canada X

C h in a X

C ze ch  R e p u b lic X X

F in la n d X X X

F ran ce X

G erm an y X X

H u n g a ry X X

Ind ia X X

Ita ly X X

Japan X

K o re a , R ep . o f X

L ith u an ia X

M e x ic o X

Nethe rlands X

Pak is tan X

R u ss ia n  Fede ra tion X X

S lo va k ia X X

S lo ve n ia X

Sou th  A f r ic a X

Spa in X X X

Sw eden X

Sw itze r la n d X X

U n ite d  K in g d o m X X

U k ra in e X X X

U S A X

a Som e coun trie s  have  d iffe ren t spent fu e l m anagem ent approaches fo r  d iffe ren t fu e l types. 

In  o the r coun tr ie s , one spent fu e l m anagem ent approach  is  b e ing  fo llo w e d , but fu tu re 

op tion s in  w h ich  d iffe ren t approaches w o u ld  be app lied  are  be ing  evaluated.
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selection process has been influenced by a number of developments which, taken 
together, are elevating the importance of spent fuel management and storage in many 
countries.

These developments include the comparative costs of uranium and reprocess
ing. Today’s low uranium prices, and the relatively high costs for reprocessing, 
mean that the price of fuel with recycled uranium and plutonium is higher than the 
price of fuel from newly mined uranium. At the same time, some countries are delay
ing decisions on reprocessing, while others are abandoning the option and there are 
evident delays in the availability of facilities for the direct disposal of spent fuel in 
nearly all countries. Consequently, operators in many countries are finding them
selves in the ‘wait and see’ position. This provides them with more time to evaluate 
the available technologies before deciding on their spent fuel management approach. 
However, it also places greater pressure on storage requirements and we are seeing 
that storage problems are growing in many countries.

The current spent fuel management policy in different countries can be divided 
into three broad groups (see Table I):

— Countries that have been following the once-through fuel cycle and are focus
ing their attention on interim storage followed by disposal of the fuel (e.g. 
Canada, Sweden and the United States of America);

— Countries that have selected the reprocessing option and are actively operating 
or constructing reprocessing plants or have contracts for reprocessing abroad 
and/or are returning some or all of their fuel to the country of origin (e.g. 
France, Japan, the Russian Federation and the United Kingdom);

— Countries that are still evaluating their spent fuel management programmes 
(e.g. the Republic of Korea, Lithuania and Mexico).

It should be pointed out that spent fuel storage is a necessary step for all three 
options.

2. SPENT FU EL STORAGE

In 1993, spent fuel arisings from all types of reactors in nuclear power plants 
amounted to about 10 000 t HM (tonnes heavy metal), giving an estimated cumular 
tive total of over 140 0 0 0 1 HM. About 95 0 0 0 1 HM are currently being stored. The 
quantity of accumulated spent fuel is over 20 times the total annual reprocessing 
capacity today (see Table П) [1].

The projected cumulative amount of spent fuel generated by the year 2010 will 
reach 330 000 t HM. Considering that part of it will be reprocessed, the amount to 
be stored by the year 2010 would be about 215 000 t HM, or more than twice as 
much as is now in storage. The first large scale geological repositories for the final 
disposal of spent fuel are not expected to be in operation before the year 2010 (an
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T A B L E  II . I A E A  P R O J E C T E D  R E P R O C E S S I N G  C A P A C I T I E S  I N  T H E  

W O R L D  (t H M / y e a r )

C o u n try F u e l type 1994 1995 2000 2005 2010

F ran ce G C R 600 600 0 0 0
L W R 1200 1600 1600 1600 1600

F B R 5 5 5 5 5

Ind ia P H W R ,  R R 200 200 600 600 600

Japan L W R 100 100 100 900 900

R uss ian  Fede ra tion L W R 400 400 400 1900 1900

U n ite d  K in g d o m G C R 1500 1500 1500 1500 1500

L W R 1200 1200 1200 1200 1200

F B R 10 10 10 10 10

Total 5215 5615 5415 7715 7715

A b b re v ia t io n s :  F B R :  fast b reede r reacto r; G C R :  gas co o led  reacto r; L W R :  lig h t water 

reacto r; P H W R :  p ressu rized  heavy w a te r reactor; R R :  research reacto r.

z>
o>

350 000 

300 000 

250 000 

200 000 

150 000 

100 000 

50 000

0
1990 1995 2000

Year
2005 2010

FIG. 1. Spent fiiel quantities generated and in storage СИ: total quantity generated; 
□  : quantity in storage).
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even greater delay is foreseen) and reprocessing capacity will not be sufficiently 
expanded by then. Indications are that interim storage will be the primary option for 
the next 20 years (see Fig. 1) [2].

As previously mentioned, the requirement for the interim storage of spent fuel 
is derived from a number of considerations. In countries following a closed fuel 
cycle, an even greater storage capacity may be needed to balance the arisings of spent 
fuel with the available capacities of reprocessing plants. It should also be noted that 
reprocessing operations are being influenced by the plutonium requirements for the 
production of MOX fuel in order to prevent the increase of stockpiles of separated 
plutonium. In countries pursuing the once-through fuel cycle, spent fuel storage will 
be required until the final repository is engineered and put into service. Clearly, the 
decisions on a repository will be strongly influenced by the availability of adequate 
interim storage facilities.

2.1. Types o f  spent fuel storage

Spent fuel storage facilities may be situated at-reactor (AR) or outside the 
boundary of a nuclear power station, in other words, away-from-reactor (AFR), 
possibly at a centralized site. Such facilities may also be classified by the medium 
of storage, either in the form of ‘wet’ or ‘dry’ storage. Wet storage facilities for spent 
fuel are those facilities which involve the storage of spent fuel in water pools. The 
spent fuel may be supported within the pool by racks, and/or contained in canisters 
placed within the water medium. Dry storage facilities for spent fuel are those facili
ties which involve storage of spent fuel in a gas environment, such as an inert gas 
or air. Dry storage includes the storage of spent fuel in casks or vaults. A cask is 
a massive container which may or may not be transportable. Vaults consist of above- 
or below-ground reinforced concrete buildings containing arrays of storage cavities 
suitable for the containment of one or more fuel units (Table III).

Various types of wet and dry storage facilities are in operation or are under 
consideration in different countries. Spent fuel can be safely stored for long periods 
of time (some spent fuel has already been stored for over thirty years). Nearly all 
countries operating nuclear power plants are increasing their existing AR storage 
capacity by re-racking. This can be done by using neutron absorbing materials 
between the assemblies, or by rod consolidation, or simply by better distribution of 
fuel in the storage pools. Such modifications have resulted in at least a twofold 
increase in storage capacity. Further capacity increases may invoke the so-called 
‘burnup credit’ in calculating the criticality of irradiated fuels.

In many countries these capacity additions still do not provide sufficient 
storage and separate AFR storage facilities have had to be constructed. Although 
most of the existing storage facilities are of the wet type (e.g. in France, the Russian 
Federation, Sweden and the United Kingdom), many countries with large quantities 
of spent fuel are choosing AFR dry storage (e.g. Canada, Germany, the United
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TABLE IV. FACTORS TO BE CONSIDERED FOR SPENT FU EL STORAGE

IAEA-SM-335/1 9

Factor We t  storage Dry storage

Criticality X X X

Heat transfer (normal operation) X

Shielding X

Corrosion X X X

Operability, including monitoring X

Capacity increase X X

Ease of retrieval X X

Economy (large scale) X

x: magnitude of concern.

Kingdom and the USA, while in the Russian Federation dry storage is also being 
developed for RBMK fuel). This type of storage has many benefits, including the 
possibility of passive cooling, reduced need for service (e.g. water chemistry) and 
economic advantages for large scale storage facilities (Table IV).

The review of national programmes shows that some countries have chosen 
to develop the strategy of storage in casks with a requirement for transportation 
(e.g. the Czech Republic, the Russian Federation and Spain). This approach reduces 
the amount of handling, thus enhancing the safety of the system by reducing the 
occupational radiation exposure and the potential for radioactive contamination. In 
the USA, dual purpose casks are being developed, as well as a multipurpose canister 
system for storage, transportation and disposal.

In 1993, the total AFR storage capacity in operation was 53 8 0 0 1 HM, consist
ing of 94% wet storage and 6% dry storage. These figures include the storage pool 
capacities at reprocessing facilities (see Table V).

In the light of the mature status of AFR technologies, it is not expected that 
there will be changes in the basic principle in the near future. However, possible 
areas which may influence future AFR concepts include the following:

— The impact of final disposal concepts. There may be pressure to place spent 
fuel in a container, consistent with disposal requirements, at as early a stage 
as practicable to minimize the number of handling operations.
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TABLE V. AWAY-FROM-REACTOR STORAGE CAPACITIES IN 1993 (t HM)

C ou ntry In  operation
U n d er

constru ction
Planned

Sh u t dow n/ 

on  standby

A rg en tin a 3 6 5

B e lg iu m 3 7 0

B u lg aria 6 0 0

Canada 9 0 7 5 3 0 0 1 0  0 0 0

C h in a 5 0 0

C z e ch  R ep . 6 0 0

Fin land 1 2 7 0

F ra n ce 14 7 0 0

G erm an y 2  15 0 7 0 0 1 5 0 0

H ungary 16 0

Ind ia 5 2 3

Jap an 14 0 3 0 0 0

K o re a , R ep . o f 3 0 0 0

L ith u ania 3 5 0

R u ssian  F e d era tio n 13 8 0 0 1 9 0 0

S lo v ak ia 6 0 0

Spain 5 5 0 0

Sw eden 5  0 0 0 3 0 0 0

U nited  K in gd om 10 3 5 0 1 2 0 0

U k ra in e 1 9 0 0

U S A 1 5 0 0 2  1 0 0 2 3  0 0 0

Total 5 3  8 0 5 13 2 5 0 4 7  0 6 0 1 8 7 0

— The requirement to store higher bumup fuel and/or advanced fuel types.
— The desire of utilities to be allowed to claim credit for burnup against criticality 

considerations.
— The desire of utilities to extend storage times. This will influence the require

ments for AFR facilities to be inspected and maintained, and puts more 
emphasis on fuel degradation mechanisms.
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The situation in the USA reflects the growing importance of spent fuel storage. 
As nuclear plant operators ran out of on-site storage space, they took a number of 
steps. They first increased the capacity of their AR spent fuel storage pools. At some 
units, the pools were re-racked four times. As they exhausted this approach, and 
after having sometimes shipped spent fuel to storage pools at other nuclear units, 
the operators found that AFR fuel storage facilities were the only available option 
until a centralized storage facility — namely the Monitored Retrievable Storage 
(MRS) facility — is constructed. A number of utilities have built various AFR  
storage facilities. The total capacity, including the pools at the GE Morris plant, is 
about 1500 t HM. Some utilities used metal casks, while others built different types 
of concrete storage facilities. The experience with most of these types of storage is 
reported at this Symposium.

Elsewhere in the world, specifically in Europe, developments in the political 
and economic areas have influenced spent fuel policies. The Russian Federation, for 
example, now requires payment for services to be made in hard currency at a ‘world 
price’ level. Some legal problems also exist with the transport of fuel and its 
reprocessing in the Russian Federation. These factors may lead to changes in the 
spent fuel management policy in many countries. Construction of an interim storage 
facility might be a temporary solution, with the options of reprocessing or direct dis
posal kept open.

2.2. National and regional experience

TABLE VI. INVENTORY OF SPENT FU EL FROM POWER REACTORS IN 
EASTERN EUROPEAN COUNTRIES IN 1993 (t HM)

C ou ntry A R A F R Total

A rm en ia 3 0 __ 3 0

B u lg a ria 2 4 0 2 2 0 4 6 0

C zech  R ep u b lic 2 2 0 1 4 0 a 3 6 0

H ungary 3 0 0 — 3 0 0

L ith u ania 1 0 3 0 — 1 0 3 0

R u ssian  F ed era tio n 4 4 0 0 5 9 0 0 10 3 0 0

S lo v ak ia 1 50 4 8 0 b 6 3 0

U krain e 9 1 0 1 7 0 0 e 2  6 1 0

a T h is  fu el is  in th e A F R  fa c ility  in  S lo v a k ia  and w ill b e  tak en  b a ck . 

b In clu d ing  1 4 0  t H M  spent fu el fro m  th e C zech  R ep u b lic . 

c R B M K  fu el.
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In 1992, Hungary decided to build an AFR storage facility at its Paks nuclear 
power plant. An independent group of experts provided by the IAEA helped in the 
evaluation of the various technologies. A dry vault type of facility was chosen by 
the operator. The licensing for Hungary’s modular vault dry storage (MVDS) started 
in 1993 and is expected to be completed in 1994. The first construction phase, which 
should be finished in 1995, will include the reception facility and three modules. The 
MVDS facility is designed to store 160 t HM of spent fuel.

In 1993, Lithuania decided to use 60 CASTOR spent fuel storage casks for the 
AFR storage facility at the Ignalina nuclear power plant. The casks are scheduled 
to be delivered by the end of 1995. Their storage capacity will be 350 t HM. 
Ukraine, at the end of 1993, decided to build concrete ventilated storage casks for 
the AFR storage facility at the Zaporozhe nuclear power plant. Experts in the Czech 
Republic decided to construct a dry cask storage facility at the Dukovany site. The 
Czech Republic and Ukraine are receiving IAEA assistance in licensing the spent 
fuel storage technologies that have been selected. Other operators of Soviet designed 
WWER reactors are also investigating available options for increasing the spent fuel 
storage time. Table VI gives an inventory of spent fuel from power reactors for these 
countries.

3. IAEA PROGRAMME ON SPENT FU EL STORAGE

In the IAEA’s Medium Term Plan, spent fuel management is recognized as a 
high priority activity. The main objectives and strategies of the IAEA’s activities in 
this area are to promote the exchange of information between Member States on 
technical, safety, environmental and economic aspects of spent fuel storage, and to 
assist countries in responding to problems and finding solutions.

During the past years, a number of international meetings have been held and 
publications issued that cover a wide range of subjects on spent fuel management. 
A group of experts from Member States has been providing advice and guidance for 
this programme since 1984. This Regular Advisory Group on Spent Fuel Manage
ment was established in accordance with the recommendations of the Expert Group 
on International Spent Fuel Management in 1982. It held meetings in 1984, 1986, 
1988, 1990 and 1991. The Expert Group consists of nominated experts from 
Member States with significant experience and/or requirements for spent fuel 
management. The membership is selected in such a manner as to reflect the various 
spent fuel policies and includes representatives from countries with both long estab
lished and developing nuclear power programmes.

The objective of the Regular Advisory Group is to serve as a means of 
exchanging information on the current status and progress of national programmes 
on spent fuel management and to provide advice to the IAEA regarding its 
programme.



IAEA-SM-335/1 13

To improve the already good performance of the storage facilities and, in 
particular, to give advice to countries who are now starting the construction of such 
facilities, the IAEA also has the following programmes:

— Preparation of a set of safety documents to develop international guidelines on 
the safety of spent fuel storage;

— Advisory programmes on the safety of spent fuel management (e.g. the 
Irradiated Fuel Management Advisory Programme (IFMAP)).

3.1. Safety Seríes documents on spent fuel storage

The preparation of three IAEA Safety Series documents on the safe storage of 
spent fuel from power reactors has just been completed. The first is a Safety Guide 
on the design of spent fuel storage facilities, the second is a Safety Guide on the oper
ation of these facilities and the third is a Safety Practices document on the preparation 
of safety analysis reports for spent fuel storage. These documents were prepared by 
a series of consultants meetings, and Advisory Group and Technical Committee 
meetings composed of experts in this field and have been extensively reviewed within 
the IAEA. The documents will be published in early 1995. It is expected that they 
can be useful to Member States in establishing their national standards.

3.2. Irrad iated  Fuel Managem ent Advisory Program m e

As mentioned before, spent fuel is being stored for longer than originally 
envisaged and in larger quantities. While methods of increasing the existing storage 
capacities, or building additional storage facilities according to modern standards, 
have been developed in a small number of industrialized countries, information is 
not always readily accessible outside the country of origin.

In view of the diversity of fuel types, there would clearly be a benefit to be 
derived from individual, impartial assessments of techical concepts, operational 
experience, and safety and regulatory aspects of spent fuel management before 
important decisions are made concerning long term solutions. In order to fulfil these 
requirements, the IAEA has started a new programme — IFMAP. A booklet describ
ing this programme and how to request it has been distributed to interested countries. 
This programme will provide advice in the specific area of spent fuel storage and 
on developing national programmes for Member States, particularly developing 
countries, that request its services.

In 1990, a group of experts visited China to provide advice on the storage of 
spent fuel from its nuclear power plant. As noted earlier, in 1992 an IAEA team 
assisted the Hungarian operator in selecting a spent fuel interim storage option. Also, 
preliminary discussions have been held by the IAEA to assist Ukraine in the spent 
fuel storage licensing process.
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The Nuclear Materials and Fuel Cycle Technology Section is responsible for 
the spent fuel related activities of the IAEA. This work is mostly organized through 
a number of meetings and important data and information are provided through vari
ous publications.

A number of Co-ordinated Research Programmes (CRPs) have been completed 
or are under way. One, on the ‘Behaviour of Spent Fuel and Storage Facility Compo
nents During Long Term Storage’ (BEFAST), has been continuing since 1979. It has 
moved through various phases, with results published in the form of IAEA Technical 
Documents (IAEA-TECDOCs). The third phase, BEFAST-Ш, was started in 1992. 
At present, there are 15 Research Agreements/Research Contracts with participants 
from 12 countries. The main task of BEFAST-III is to summarize the experience of 
spent fuel storage in the participating countries and thus to establish an international 
database in this area. It is expected that the results of this CRP will be useful for 
all Member States, and particularly for developing countries, because they will 
provide unique proof of the safety of the long term storage of spent fuel. These data 
are necessary when designing or licensing an interim storage facility.

A CRP on the degradation of structural materials in the back end of the fuel 
cycle was started in 1993. At present, seven countries are participating in this 
programme. The aim of the CRP is to produce predictive models and collect data 
on the behaviour of materials under both wet and dry storage conditions.

To assist experts from developing countries in improving the operation of 
storage facilities, the IAEA has organized interregional and regional training 
courses. These two to three week courses have been offered since 1993 either for 
all interested Member States or for a selected geographical area. There are separate 
courses for operators of nuclear power plants and research reactors.

In the area of spent fuel storage, as well as in other areas, the IAEA remains 
prepared to offer a forum for information exchange and to assist countries in 
responding to problems and finding solutions.

3.3. O ther activities in the area o f  spent fuel management
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Abstract

D R Y  S T O R A G E  O F  S P E N T  F U E L  IN  A R G E N T IN A : P R O S P E C T S  A N D  T E C H N IC A L  

S O L U T IO N S .

A rg en tin a  has tw o n u clear p o w er stations in  o p era tio n , w ith 1 0 1 8  M W (e ) o f  to tal 

p o w er; a th ird  o n e , o f  7 4 5  M W (e ) ,  is  bein g  bu ilt. P lan s fo r  a  fou rth  n u clear p ow er station  

a re  b ein g  studied. P ro je c tio n s  m ade using v ariou s c r ite r ia  show  that in th e y e a r  2 0 2 0 ,  n u clear 

p ow er m ay am ount to  b etw een  4 1 0 0  and 16 0 0 0  M W (e ). F o r  a  H W R  stra teg y , th is w ould 

prod u ce at th at tim e in  the cou n try  a  to tal inven tory  o f  10  0 0 0 - 2 4  0 0 0  t H M  (tonn es heavy 

m eta l) o f  spent fu el. T h e se  fig u res  m ay b e  lo w er i f  th e fu el c y c le  strategy is  chan ged . A n 

an aly sis  is  bein g  cond ucted  on  th ese su b jects  to  d efine stra teg ies and R & D  p ro g ram m es. F irs t 

co n clu sio n s a re  exp ected  in  a  few  y e a rs . In  an y  ca se , it is  b e tter n ot to  m ak e irrev e rsib le  d e c i

sion s on  th e m anag em ent o f  th e b a c k  end o f  th e fuel c y c le  n o w , as dry  storag e  system s p erm it 

th e sa fe  and eco n o m ic  m anag em en t o f  spent fu el. T h e  ev alu ation s m ade fo r  fu ture n u clear 

p ow er station s in  A rg en tin a  show  that th e optim al so lu tion  is  a  system  com b in in g  p lacem en t 

fo r  th ree  y ears in  th e n u clear p ow er sta tio n ’s d ecay  p o o l, w ith an  in terim  dry storage fa c ility  

en su ring  5 0  y e a rs  o f  co n fin em en t. A t th e  E m b a lse  n u clear p ow er sta tion , w hich  is  equipped 

w ith a  C A N D U  6 0 0  re a cto r , a  new  in terim  dry storage fa c ility  w as b u ilt to  com p lem ent the 

o rig in a l d ecay  p ool that w as filled  up in  1 9 9 3 . T h e  d esig n  and co n stru ction  w ere lo ca l. T h is  

fa c ility  is  n ow  in  op eratio n . F u e l bun dles a re  stored  in  a system  o f  v e rtica l co n c re te  can isters . 

C o n fin em en t o f  th e rad io activ e  m ateria ls  is  ensured  b y  a  th re e  b a rr ie r  system . T e c h n ica l and 

eco n o m ic  in fo rm atio n  is  p rovided in  th e paper.
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There are two nuclear power stations in operation in Argentina: Atucha I, a 
Siemens PHWR of 370 MW(e), and Embalse, a CANDU HWR of 648 MW(e). A 
third nuclear power station, Atucha II, a Siemens PHWR of 745 MW(e), is being 
built and its startup is expected in 1997. Options for a fourth nuclear power station 
are currently being analysed.

Argentina produces all the nuclear fuel utilized by these reactors and has 
uranium resources that are being exploited. The Comisión Nacional de Energía 
Atómica (CNEA) manages the entire nuclear fuel cycle. The CNEA’s area of 
responsibility also includes heavy water and Zircaloy production, and management 
of all radioactive wastes.

An extensive analysis of the back end of the fuel cycle was recently carried 
out to ascertain the basic criteria to be taken into account in planning for technical 
and economic development in this area. This analysis was preceded by a relatively 
detailed study of the rest of the fuel cycle, as no detailed analysis of any part of it 
is possible if the overall context is not considered. Otherwise, the feedback effects 
are lost owing to the many interrelations of the system.

Argentina has not yet defined a policy with regard to the future nuclear power 
station. Thus, evolution of the nuclear fuel cycle has also not been defined. 
However, some scenarios which are deemèd to be probable or possible have been 
defined and, based on them and on the available information, the viability and terms 
for the strategic decisions have been estimated.

The possible nuclear power demand was first computed on the basis of the 
hypotheses given in the next section. After this, six different technical scenarios were 
delineated for the fuel cycle, and the material flows, technical, economic and finan
cial requirements were studied for each scenario.

1. INTRODUCTION

2. FORECAST OF NUCLEAR POWER DEMAND

A forecast of the total electric power demand was made by extrapolation. The 
historical data and the correlation of demand with the evolution of demographic and 
gross national product data were adjusted.

The results gave three projections, and the two with lower values were adopted 
in order to work out two hypotheses for nuclear power demand growth. It was 
assumed that a balance would be maintained in the participation of fossil fuel, nuclear 
and hydraulic power. This gives, in both cases, a nuclear share of 30% of the total 
base demand in the year 2020. These results were identified as medium and high 
growth hypotheses according to the total levels reached by nuclear power in that 
year.
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To delineate a hypothesis for the low growth of nuclear power, we preferred 
discarding the condition of balanced participation for the different types of power, 
working on less technical assumptions and, preferably, taking into consideration the 
present situation in the nuclear sector and the actual constraints on its development. 
The results are given in the following sections.

2.1. L ow  growth hypothesis

It is assumed that the fourth nuclear power station, of 600 MW(e), will start 
operation in the year 2003 and that Atucha I and Embalse, reaching 30 years of 
operation in 2004 and 2012, respectively, will each have their lives extended for ten 
years. In this way, the total nuclear power capacity will be 2363 MW(e) in 2003, 
growing to 2663 MW(e) in 2010, 2893 MW(e) in 2015 and 4093 MW(e) in 2020.

2.2. M edium  growth hypothesis

The total nuclear power connected to the electric system should remain 
constant at 1763 MW(e) up to the year 2015. From then on, it will grow at a rate 
of 1200 MW(e) per year, reaching 7763 MW(e) in 2020. At that time, the total 
power required by the base demand would be about 20 000 MW(e) and the nuclear 
share would be 38.8%

2.3. H igh  growth hypothesis

The nuclear power required for the high growth hypothesis would be 
3000 MW(e) in the year 2000, increasing to 4000 MW(e) in 2005, 4700 MW(e) in 
2010, 8000 MW(e) in 2015 and 16 000 MW(e) in 2020. With the total base demand 
in that year being 42 000 MW(e), the nuclear share would be 38.1% .

3. SPENT FU EL DISCHARGED

The projections mentioned above have been used to estimate the amount of 
spent fuel produced up to the year 2020 on the basis of the following data and 
assumptions regarding the nuclear power stations and the fuel cycle.

3.1. Hypothesis regarding the nuclear power stations

The 370 MW(e) Atucha I nuclear power station would be decommissioned in 
the year 2004, with the Embalse power station, of 648 MW(e), being decommis
sioned in 2012. The Atucha II power station, of 745 MW(e), would start up in 1996
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and have a life of 30 years. The next nuclear power station would be a CANDU 600 
or AP600 PWR, depending on the strategies adopted.

The power factor would be 80% for the CANDU type reactor and 75% for 
the PWR type, remaining constant throughout their useful life. The useful life is esti
mated to be 30 years, independent of the power factor of the plants. In the low 
growth hypothesis, the useful life of Atucha I and Embalse is extended for ten years.

3.2. Hypothesis regarding the fuel cycle

Loss rates for the front end are calculated to be 10% for mining and milling 
and 1% for the other processes. In all cases, Atucha I, Embalse and Atucha II 
would continue with their present cycles. The average burnup of discharge is 
6100 M W -d/t U for Atucha I, 7200 MW-d/t U for Embalse and 7500 MW-d/t U 
for Atucha II. Atucha I would discharge 52.87 t HM/a, Embalse 89.69 t HM/a and 
Atucha II 83.30 t HM/a.

The following fuel cycles were considered for the other nuclear power stations 
in each of the hypotheses for the growth of nuclear power.

Natural uranium open cycle: This cycle is currently used in the CANDU 
nuclear power station. The average discharge bumup is 7200 MW d/t U. The spent 
fuel discharged is 89.69 t HM/a.

Slightly enriched uranium (SEU) open cycle: The new CANDU nuclear power 
station would use 1.2% enriched uranium. Bumup would be 22 000 M W -d/t U. The 
fuel discharged is 31.83 t HM/a.

TABLE I. ANNUAL DISCHARGE AND ACCUMULATION OF HEAVY 
M ETAL (HM) IN THE YEAR 2020

Cycle Natural U SEUa Tandem recycling 1 Recycling 2 PWR

Mass accumulation (t HM) in the year 2020 fo r  strategy:

Low growth 10 580 8 584 8 483 8 754 8 571
Medium growth 9 910 7 711 7 601 7 900 7 697 7 114
High growth 23 812 12 645 12 085 13 600 12 574 9 609

Annual discharge (t HM) in the year 2020 fo r  strategy:

Low growth 577 316 303 339 315 —
Medium growth 891 370 344 414 366 228
High growth 2 505 943 864 1 076 933 518

a SEU: Slightly enriched uranium.
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Tandem cycle: This is a cycle between a PWR reactor and a CANDU HWR. 
The Pu and enriched uranium recovered from the spent fuel of a PWR are recycled 
in a CANDU HWR. The discharge burnup from the CANDU would be
21 000 M W -d/t U. The spent fuel produced by the CANDU is 28.93 t HM/a.

Plutonium recycling 1: This cycle is optimized to recycle self-generated 
plutonium with minimal external contribution of this element. The average burnup 
is 17 000 M W -d/t HM, with 36.78 t HM/a of fuel discharged.

Plutonium recycling 2: This cycle is optimized for a higher burnup, with a 
higher external contribution of plutonium. The average discharge burnup is
22 000 M W -d/t HM, producing 31.46 t HM/a of spent fuel.

The external contribution for these two cycles would come from Atucha I, 
Embalse and Atucha II spent fuel.

PWR open cycle: All of the nuclear power stations after Atucha II are supposed 
to be AP600 PWRs. The spent fuel discharged amounts to 16.10 t HM/a.

Table I shows the amount of heavy metal discharged that will accumulate by 
the year 2020 and the annual discharge at that time for each cycle and nuclear power 
growth hypothesis.

4. PROGRAMME ON SPENT NUCLEAR FU EL IN ARGENTINA

As mentioned earlier, no clear plan is available on the Argentine programmes 
for nuclear power station installation, and fuel cycle development plans have also not 
been defined. Our programme on spent fuel is thus currently restricted to the storage 
systems for Atucha I, Embalse and Atucha П.

Atucha I has two concrete water pools for decay and intermediate storage, with 
a stainless steel lining. Both pools provide enough capacity to store the spent fuel 
produced over 30 years of operation of the station.

Embalse has a concrete water pool (with an epoxy resin lining) which is filled 
up and a modular system for dry storage in concrete canisters that came recently into 
operation. This system will be described later in this paper. With both systems, the 
intermediate storage requirements for the life of the station are covered.

Atucha II will have a concrete water pool with a stainless steel lining with the 
capacity to store the spent fuel produced in 15 years of operation. After this time, 
the older spent fuel will be transferred to a dry system still to be designed that should 
also be used for the spent fuel from Atucha I in case its life is extended.

4.1. Possible technical strategies

The strategies for spent fuel storage currently studied in Argentina are basi
cally the same as those being considered internationally. It has not been decided
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Cycle Natural U SEUa Tandem recycling 1 Recycling 2 PWR

Year o f  starting operation in strategy:

Low growth 
Medium growth 
High growth

2013
2011 -
2002 2009

— — — —

a SEU: Slightly enriched uranium.

whether the spent fuel will be reprocessed or considered as waste; this situation 
strongly limits the possibility of defining back end strategies.

For this reason, we have carried out analyses, using economic information 
from the international literature and mass flow data mentioned earlier, to evaluate 
approximately the time at which the spent fuel flow and accumulation would permit 
the operation of a reprocessing plant with a capacity of 10 0 0 1 HM/a. This plant size 
was assumed to be the minimum economic size for a facility of this kind. The work 
was done taking the year 2020 as the limit of the analysis. The results (Table П) show 
that only with the strategies of open cycles of natural uranium and SEU will the entire 
capacity of the plant be used before the year 2020.

These calculations were based on rather simple assumptions, not taking into 
account several details as, for example, the differences between Atucha and CANDU 
fuel, the effects of alternative strategies, such as those of spiking or homogeneous 
enrichment, and the cost reductions resulting from technical improvements. On the 
other hand, the abrupt beginning of recycling strategies at the startup of the fourth 
nuclear power station is also a quite rough approximation. In any case, we think that 
commercial reprocessing may become viable, very optimistically, as early as the 
year 2001, or, pessimistically, as late as 2030.

The economic convenience of plutonium recycling has been a matter of discus
sion for the last 15 years. No general agreement has been reached on the subject, 
but there are significant opinions [1-3] which state that if due consideration is given 
to the economic, social and political aspects specific to each case, and which often 
change with time, there is no universal solution to the problem.

This is why we think that fuel cycle strategies must be analysed in the context 
of their national conditions. Our analysis also indicates that the best policy for 
Argentina at this time is not ‘to wait and see’ , but rather ‘to wait and act’ , using the 
time available to work on subjects related to the back end requiring R&D.



ÏAEA-SM-335/2 21

These are the reasons why we prefer not to take irreversible decisions, and why 
we selected the intermediate storage strategy for our spent fuel. This storage strategy 
is being used now at the nuclear power station sites. When the time comes to design 
the fourth nuclear power station, this criterion should be reviewed to decide if it 
should be maintained or changed, in order to make the decision to build a centralized 
interim storage facility.

All our studies indicate that for spent fuel an initial decay period in water 
pools, followed by storage in a dry facility, is the best solution for interim storage 
[4-7]. The lowest cost for the system was found to correspond to a small water pool 
permitting three years of decay time and a dry storage facility ensuring some 
50 years of safe confinement. Whether or not a decision is taken to build a 
centralized interim storage facility, the concept of dry storage to be adopted should 
still be defined.

Several concepts for an intermediate dry storage system have been studied. 
The most interesting seemed to be surface storage in horizontal bunkers with 
multiple niches. This concept seems to be the most economical and easily adaptable 
for either CANDU or Atucha fuel [8].

4.2. The repository problem

There have been polemics in Argentina during the past few years about a future 
repository for high level radioactive wastes. In 1990, CNEA published the results 
of a feasibility study for such a repository [9]. This work was started in 1980 in order 
to obtain data on the future licensing process for a repository. A site at Gastre, 
Province of Chubut, whose geological characteristics were thought to be adequate, 
was selected and studied in some detail.

The published results confirm that the site is, in principle, adequate. As no 
need for a facility of this kind is foreseen for the next 30 years, it is intended to per
form a systematic study of other geological environments appropriate for the siting 
of a repository for high level wastes. In this way, complete knowledge of possible 
sites will exist and the best one can then be selected [10, 11].

As mentioned before, it has not been decided whether the repository should 
be used to store wastes from reprocessing or just non-reprocessed spent fuel. Evalua
tions performed at CNEA [12] and other places [6] show that a repository for spent 
fuel does not require conditions that are very different from those for a facility for 
high level wastes coming from a reprocessing plant, except for the volume occupied. 
Again, even though no urgent decisions will be taken, steady R&D activities should 
be maintained in this area, which is in permanent evolution [13].
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FIG. 2. Two views o f  the steel basket holding the spent fu el bundles.
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FIG. 3. Plan view o f  the spent fu e l storage canister (1 inch =  25:4 mm).
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The life span of the canisters permits 50-100  years of safe storage. The canisters are 
completely independent of the systems of the power station, needing no maintenance 
once they are filled and sealed. Events such as earthquakes, floods and tornadoes, 
and the risk of explosions, have been anticipated in the design.

The fuel to be stored is of the CANDU 600 type, with a bumup of 
7500-8500 M W -d/t U. The temperature of the fuel rod sheath must not exceed 
200°C . This requires a residence time of seven years in the decay pool before the 
fuel can be moved to the dry facility. This term might be shortened to five years with 
the agreement of the regulatory authority. The general criteria on radiological pro
tection adopted were those of the International Commission on Radiological Protec
tion and the regulations of the Argentine regulatory authority.

5.4. Operation o f  the system

Transfer of fuel bundles from the decay pool is effected by loading the grid 
that constitutes the base of the basket at the bottom of the pool. The loaded grid is 
then placed in a special shielded container and carried from the pool to the transfer 
building, adjacent to the pool house. Once in the transfer building, the container 
leaving the pool is placed in the operations cell. There, under concrete shielding, by
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remote control and using automatic devices, the grid is extracted from the container, 
dried, covered with the upper section of the basket and welded. The loaded and 
sealed basket is then placed in the shielded transfer container through the transfer 
threshold of the cell and carried to the canister area on a transport car.

The transfer container is made of lead, covered and reinforced with steel. Its 
lower part, which had rested on the transfer threshold of the cell, will now rest on 
the upper opening of the canister. The introduction and extraction of the basket is 
through a manually actuated sliding gate located at the base of the container.

An evaluation of dose rates at different locations in the facility shows that the 
natural radiation background field, amounting to an annual average of 8 /xrad/h, has 
not changed.1

5.5. Costs

Construction took three years. The total investment was US $12 000 000, with 
42% corresponding to civil works and the rest to electromechanical components. The 
cost of R&D, design, fabrication of components, construction and assembly, spare 
parts and startup until the first canister was filled are included.

A projection made for all the canisters needed for the life span of the facility 
shows a unit cost of US $11.50/kg of uranium.
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SPENT FUEL MANAGEMENT IN BELGIUM
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Abstract

S P E N T  F U E L  M A N A G E M E N T  IN  B E L G I U M .

B e lg iu m  at p resent operates seven co m m e rc ia l nu c lea r un its  (a ll o f  the P W R  type) 

d is tr ibu ted  o ve r tw o  s ites (T ih an ge  and D o e l) , w ith  a to ta l output o f  5600  M W .  U n t i l  no w , 

the spent fu e l o f  the th ree o ldest un its  was rep rocessed  in  the C o g ém a  fa c il it y  at L a  H ague , 

in  F ran ce . T h e  spent fu e l o f  the rem a in ing  un its  is  cu rre n t ly  stored  in  the p oo ls  o f  the un its. 

F o r  eco no m ic  and p o lit ic a l reasons, it  has been dec ided  to  postpone rep ro cess ing  o f  the m ajo r 

pa rt o f  the fu e l. A s  the e x is t in g  p oo ls  w e re  f i l l in g  up , it  w as necessa ry  to  p ro v id e  in te r im  

storage fa c il it ie s . B E L G A T O M  has pe rfo rm ed  a te chn ica l and e co n o m ic  study in  o rd e r to  

d e f in e  the m ost app rop ria te  so lu tio n s . S p e c if ic  B e lg ia n  co nd it ion s  had to  be taken in to  accoun t 

fo r  the se le c tion  o f  the so lu tio n . T h e  m a in  cons ide ra t io n s are  the h ig h  p opu la tio n  den s ity  and 

the re la t iv e ly  h ig h  r is k  o f  an a irc ra ft  c rash . S ite  co nd it ion s  are  such that d iffe ren t so lu tions 

w ere  selected at each site . A l l  p o s s ib ilit ie s  w ere cons ide red  and a com pa ra tiv e  study was 

ca rr ie d  out. A f t e r  the te chn ica l and e co n o m ic  study, the ch o ice  w as m ade o f  d ry  storage in  

m e ta llic  dua l pu rpose casks at the D o e l site and o f  w e t sto rage in  p oo ls  at the T ih an g e  site. 

T h e  paper desc rib es the fa c il it ie s  at bo th  s ites as w e ll as th e ir  d es ign  bases. A ls o  addressed 

are  the lic e n s in g  app roach  ( in c lu d in g  the q u a lif ic a t io n  p rog ram m e) and en v ironm en ta l aspects. 

F in a l ly ,  the B e lg ia n  app roach  fo r  fu rth e r sto rage is  d iscussed .

1. GENERAL CONSIDERATIONS

Belgium at present operates seven commercial nuclear units (all of the PWR 
type) distributed over two sites (Tihange and Doel), with a total output of 5600 MW. 
Four types of fuel assemblies are used:

Active length 
(mm (in))

Array

Doel 1 and 2 
Tihange 1 
Doel 3, Tihange 2 
Doel 4, Tihange 3

203 (8) 
305 (12) 
305 (12) 
356 (14)

4 X 14 
15 X 15 
17 X 17 
17 X 17

29
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Until now, spent fuel from the first three units has been reprocessed at the 
Cogéma facility in La Hague (France). The non-reprocessed spent fuel of the Belgian 
units is currently stored in the spent fuel pools of the units.

At the end of 1993, the Belgian Parliament voted for a five year moratorium 
on further nuclear fuel reprocessing. The Belgian utilities have therefore decided to 
postpone any further reprocessing. However, the existing contract for the reprocess
ing of fuel from the first three units continues.

As the shortage of available storage capacity is becoming a problem in the 
existing storage pools, it is necessary to provide interim storage facilities. 
BELGATOM carried out a technical and economic study in order to define the most 
appropriate solutions to this problem.

2. BELGIAN SITUATION

Belgium is a small country with a high population density and a rather high 
level of air traffic. As a result, the nuclear sites are located close to populated areas 
and the risk of an aircraft crash cannot be disregarded. The practical implications 
of this for the spent fuel storage facilities are:

— The storage facilities must be aircraft crash resistant,
— Special provision has to be made for radiation shielding of the public.

3. SOLUTIONS CONSIDERED

All types of solutions which are available were taken into consideration:

— Re-racking,
— Consolidation,
— Storage pools in a bunkered building,
— Dry storage in dual purpose casks (storage and transportation) in a light or in 

a bunkered building,
— Dry storage in canisters located in a bunkered building,
— Dry storage in vaults.

The first two solutions were quickly eliminated. Any desirable expansion of 
the storage capacity would be very limited with re-racking because the existing racks 
are already of the high density type. Similarly, consolidation offers too little 
expansion capability. Moreover, this technique was deemed insufficiently proven at 
the time of the discussion.
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It was also decided to build a facility at each site, mainly to avoid road trans
portation and to allow more flexibility. The conclusion of the various studies led, 
finally, to two different choices:

— Dry storage in metallic dual purpose casks in a non-bunkered concrete building 
at the Doel site,

— Wet storage in pools in a bunkered concrete building at the Tihange site.

4. METHODOLOGY

First, a list of the main criteria to be met was established by BELGATOM. 
These are as follows:

— Leaktightness: Confinement of the fuel assemblies under normal and accident 
conditions was one of the major concerns in the choice of the solutions. Ideally, 
the target that would be considered under normal operating conditions is the 
zero release concept. For accident conditions (the most significant one being 
an aircraft crash), the target was to limit the release to the same value as the 
limit imposed for a loss of coolant accident.

— Reversibility: Since a definitive decision not to reprocess the fuel has not been 
made yet, it is important to be able to easily retrieve the spent fuel assemblies 
after a few years. From this point of view, the best solutions are dual purpose 
(transport and storage) casks and pools.

— Flexibility: Since eventually a decision may be made to restart fuel reprocess
ing, the solution must be as flexible as possible. The modular character of the 
solution is an advantage in this respect.

— Monitoring: Preference was given to systems that permit permanent monitor
ing so that no radioactivity release would occur during storage.

— Cask overall dimensions: In the case of storage in casks or in canisters that 
could eventually be sent to the reprocessing facility, attention had to be paid 
to avoid too bulky devices that could be incompatible with the existing plants, 
with the reprocessing facility, or with the requirements for standard rail trans
portation on the European network. The large bulk/capacity ratio of concrete 
casks is a drawback of this latter solution.

— Aircraft crash resistance: The ideal solution should be inherently aircraft crash 
resistant. Otherwise, special hardening, such as a bunkered protection build
ing, should be provided. In this respect, dual purpose metallic casks have the 
advantage that they need only a little adaptation to be qualified for this type 
of load. Owing to the fact that the types of aircraft taken into consideration for 
the Belgian sites are heavy commercial and military aircraft, concrete silos are 
not directly suitable because it is not possible to guarantee their integrity in the 
direct vicinity of the impact. In addition, their mass, even if a certain number
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of them are linked together, is not high enough to ensure the overall stability 
of the modules. In the case of pools, the building has to be bunkered. This solu
tion has already been implemented for the last four Belgian nuclear power 
plants. Its major drawback, in addition to the price, is that such a building can 
hardly be extended, and thus the final size has to be decided at the start of 
construction.

— Construction time: This criterion can be of some importance in some countries. 
In Belgium, this was not a leading factor. The main factors affecting the 
construction time are the licensing process and the construction arrangements. 
From the point of view of construction, the more modular the system, the 
quicker the facility will be available.

— Qualified design: At the time of the decision, none of the techniques, except 
those of the pools and the metallic dual purpose casks, had been qualified to 
withstand a large aircraft crash. Therefore, preference would be given to the 
qualified techniques already mentioned which are well known in Belgium 
(although only one vendor could offer qualified metallic casks at that time).

5. SELECTION OF THE SOLUTION

Table I summarizes the comparison made of all potential solutions. The follow
ing comments pertain to this comparison.

Aircraft crash resistance capability was a major concern. Canisters in silos and 
concrete casks cannot withstand an aircraft crash without being housed in a bunkered 
protective building. Construction of such a building would lead to an increase in 
costs and to difficulties in cooling the containers by natural convection.

Another major concern was leaktightness and its possible permanent monitor
ing. Sealed casks or canisters with a positive pressure upstream from the metallic 
seal have a definite advantage over their competitors that have welded seals, or seals 
where no counterpressure exists. This system forces the leak, if any, to enter the con
tainer and, by permanent monitoring during normal operating conditions, the leaks 
can be detected before the interseal pressure becomes lower than the internal pres
sure in the cask. Compliance with this principle, called the zero release principle, 
dictated the final choice.

On the other hand, pools represent a well known solution with excellent 
confinement of leaks. Concrete casks had to be dropped from consideration owing 
to their prohibitive overall dimensions.

Thus, considerations relating to flexibility, reversibility and qualified design 
led to the only two acceptable solutions:

— Dual purpose metallic casks,
— Pools.
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At this stage of the fuel project, however, it was not yet clear that the metallic 
casks could be qualified for aircraft crash resistance. So BELGATOM considered 
two alternatives to this technique:

— A bunkered building surrounding the casks,
— An ‘unbunkered’ building (a building is in any case necessary for shielding 

considerations).

The final choice would also take into account the economic comparison.

6. ECONOMIC COMPARISON

The main difference between the two acceptable solutions is flexibility. In the 
pool solution, it was not considered possible to build the facility in several modules 
because there would be too many difficulties for a bunkered building.

BELGATOM carried out several calculations for the Doel and Tihange sites 
assuming several fuel storage capacities with, as a maximum limit for each site, the 
maximum number of fuel assemblies to be stored from the current time up to the 
planned decommissioning date of each unit. For the pool solution it was assumed that 
the civil works would be carried out all at once, the building being sized to accommo
date the maximum potential number of fuel assemblies to be stored.

The following site particulars had to be taken into account in the calculations:

— Maximum forecast capacity:
Doel: ±  2200 assemblies,
Tihange: +  3700 assemblies.

— Tihange 1: Impossibility of accommodating a large capacity fuel cask in the 
fuel building. It would therefore have been necessary to first transfer the 
assemblies, using small casks, to units 2 or 3 before being able to load the large 
capacity casks. This is expensive and time consuming.

— Tihange 2 and 3: These units are equipped with dry loading of the fuel casks. 
The transport casks are loaded through a hole in the bottom of the fuel evacua
tion pool. This hole was sized for the largest transport casks existing at the time 
of construction. It is too small to interface with a high capacity cask. It would 
therefore be necessary to modify the bottom of the pools, which is an expensive 
and complex operation producing wastes, in order to choose the dry storage 
solutions.

— A pool extension had been foreseen from the beginning at the Tihange site, 
with the necessary additional cooling capacity. At the Doel site, this capability 
does not exist.

Taking into account the issues listed above and using several discount rates, 
BELGATOM carried out a calculation of the discounted cost of both solutions for
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each site. The calculation was made for several fuel capacities, assuming for the 
intermediate cases that storage would be stopped at this time and that, after a few 
years, the fuel would be transferred and the facility decommissioned. The calculation 
showed that a breakeven point exists below which the cask solution is cheaper and 
over which the pool solution is cheaper. Taking into account the site particulars 
quoted above and the discount rate considered, the breakeven point is at a capacity 
of ± 1 5 0 0  fuel assemblies for Tihange and ± 20 0 0  fuel assemblies for Doel.

At the Doel site, the maximum potential capacity being close to the breakeven 
point, the cask solution was chosen because of its flexibility. At the Tihange site, 
the pool solution was chosen because the maximum potential capacity (3700 assem
blies) was far beyond the breakeven point.

7. DESCRIPTION OF THE SELECTED SOLUTIONS

7.1. Doel site

The construction of the Doel facility started in May 1994 and commissioning 
is scheduled for May 1995. As explained, BELGATOM made the choice of dry 
storage in metallic casks for the Doel site. The casks are of a Transnucléaire design 
and have a capacity of 28 fuel assemblies of the normal 305 mm (12 in active length) 
type and 24 assemblies of the X L  356 mm type (14 in active length). The maximum 
enrichment is 3.4% for both types, with a mean burnup of 40 000 M W -d/t U 
(average for the total cask payload) and 45 000 MW -d/t U for an individual assem
bly. In the future, for larger enrichments and burnups, the capacity of each cask 
could be slightly less.

The fuel casks have the following characteristics:

— Material. Carbon steel shell with a Zn/Al flame sprayed inner coating.
— Overall dimensions. Normal: diameter 2218 mm x  length 4730 mm, 

X L : diameter 2286 mm X length 5570 mm.
— Mass (both types). Empty ± 8 7  000 kg, Loaded ±  113 000 kg (in transport 

conditions).
— Basket. Boron aluminium ( 10B content: 12.83 mg/cm3).
— Neutron shielding. Solid resin compound located between the inner shell and 

the 20 mm thick outer shell.
— Closure system. Primary lid equipped with two О-ring metallic gaskets. The 

pressure between the gaskets is higher than that existing inside the cask, 
precluding any radioactivity release to the environment under normal 
storage conditions.

— Cask internal atmosphere: Helium.

For protection against an aircraft crash, the casks are equipped under storage 
conditions with an additional steel lid with a mass of 7000 kg.
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FIG. 1. D oel dry storage facility (1: access hall; 2 : cask conditioning area ; 3: cask storage 
area (53 positions); 4; 130 t overhead crane; 5 : ventilation inlet; 6: ventilation outlet).
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The storage facility is shown in Fig. 1. The overall dimensions of the building 
are (L x  W x  H): 44 .6  m x  33.3 m X 17.00 m. It is a concrete building separated 
into two parts:

(a) Access hall and service rooms: The casks are unloaded from the trailer in this 
part and inspected at an inspection stand, where they are also fitted with the 
monitoring system and the anticrash lid. The centralized monitoring room 
houses the pressure indicators (three for each container). The shower rooms, 
changing rooms and a small workshop are also located in this part of the 
building.

(b) Storage area: This area, equipped with a remote controlled 130 t crane, is to
be used for the storage of 53 casks, or ± 6 6 5  t HM (tonnes heavy metal). It
can be extended to a capacity of 111 casks. Ventilation is achieved by natural 
convection. The total power to be evacuated at full load amounts to ± 8 0 0  kW 
and the At is then 15°C between air inlet and outlet.

7.2. T ihange site

The Tihange facility commissioning is scheduled for 1997. The building is
shown in Fig. 2. It is designed for the storage of 3696 fuel assemblies in 8 identical
pools. Thirty additional cells are foreseen in a rack located in the cask unloading 
pool. The dimensions are ( L x  W  x  H) : 72.2 m X 25.20 m x  30.25 m. The main 
parts of the building are:

(a) Access hall:

— Can accommodate the largest trailers,
— Is equipped with a 130 t single failure proof crane which serves the access 

hall, the cask conditioning area and the unloading pool.
(b) Cask conditioning area.
(c) Cask unloading pool.
(d) Additional pool:

— This pool is foreseen for tool storage and also for possible special activities 
connected with the fuel assemblies.

(e) Corridor pool:

— Connects the other pools.
(f)  Service corridors;

— House the auxiliary circuits of the pools.

Tihange unit 3 was initially sized for this additional fuel storage building, The 
safety power supply and cooling capability for the new storage building are provided 
by the corresponding systems of this unit.
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FIG. 2. Tihange storage p oo l building. (1: access hall; 2 : cask conditioning area ; 3 : cask 
unloading p oo l; 4; tool storage p oo l; 5 : fu e l storage p oo l (TYP); 6; corridor poo l; 7: 130 t 
overhead crane).

8. DESIGN BASIS AND ENVIRONMENTAL IMPACT

The following design criteria are applied to both storage facilities:

(a) Aircraft crash resistance:

— Type: military fighter,
— Weight: 14 600 kg,

• ■. — Impact speed: 150 m/s,
— Impact surface: 2 .6  m2.

30
.2

5 
m
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(b) Permitted gas and aerosol release under accident conditions:

— This release should not lead to a dose higher than 0.02 Sv within one week 
at the site boundary.

(c) Dose rate from a cask (Doel site):

— Surface dose rate: < 2  mSv/h,
— At a distance of 2 m from the cask: < 1 0 0  /xSv/h,
— Accident conditions1 (1 m from the surface of the cask): <  10 mSv/h.

(d) Dose rate from the whole facility under normal operating conditions at the site 
fence: <  1 mSv/a (an additional request of the Belgian safety authorities is that 
the annual dose rate for potential inhabited areas outside the site fence should 
not exceed 100 ¿iSv/a). Those requirements necessitated the addition of boron 
to the concrete used for the roof of the building (at a concentration of
0 .5  wt%).

(e) Criticality: Kef[ < 0 .9 5  in pure water (including an uncertainty margin of 2a).

(f) Earthquake resistance:

— Doel: Not required for the building, since it is allowed to collapse after such 
an event. For the casks, the aircraft crash resistance qualification includes 
seismic qualification.

— Tihange: 0 .17g horizontal; spectrum: site specific.

(g) Lifetime: 50 years.

Additional criteria for dry storage:

(h) Fuel rod temperature (on the rod outer surface):

— Normal conditions: < 3 0 0 °C ,
— Accident conditions: < 3 8 0 °C .

(i)  Fire resistance: 600°C  for 60 min.

(j) Drop resistance: 9 m with shock absorbers (transport conditions)
2 .5  m without shock absorbers (storage conditions)

9. LICENSING APPROACH AND QUALIFICATION PROGRAMME

For the Tihange solution, the design of the new facility is very similar to that 
of the pools of the existing units. The licensing approach is classical and no particular

1 The accident conditions addressed are: aircraft crash; fire; earthquake; and 
cask drop.
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issues were raised during the licensing process. For the Doel solution, however, 
three issues had to be clarified:

(a) Cask qualification after an aircraft crash. In order to avoid having to bunker
the building, it was necessary to demonstrate the aircraft crash resistance of
the casks:

— This was performed successfully in a test using a 1/3 scale mockup. 
A missile sized to model the fuselage of an F-4 Phantom fighter hit the 
model at a speed of 150 m/s on the anticrash lid at the height of the primary 
lid. The missile had a direction parallel to the lid. This represents, accord
ing to the calculations, the worst load on the gaskets. After the impact, no 
leak could be detected.

(b) Cask qualification after a free drop:

— The casks will be handled without shock absorbers throughout the storage 
facility. The crane of this facility is not single failure proof and therefore 
a drop from a height of 2 .5  m has to be assumed.

— The test was performed using the same 1/3 scale mockup as for the aircraft 
crash test. After the drop, the measured leak was still far below the allowed 
limit.

(c) Cask cooling after collapse of the building:

— The building surrounding the cask is neither earthquake nor aircraft crash 
resistant.

— It was demonstrated that ^fter such an event, even in the case pf the collapse 
of the building, the cooling capability was sufficient to keep the fuel 
cladding temperatures below the limits allowed in the case of an accident.

10. FURTHER STORAGE

For the part of the spent fuel that is reprocessed abroad and returned to 
Belgium as vitrified wastes, BELGATOM has designed a special storage building 
that is under construction at the Dessel-MOL site. The storage duration is expected 
to be 75 years.

As a result of a decision taken by the Belgian Government, the feasibility of 
the final disposal of spent fuel considered as waste must be demonstrated within a 
five year period. The experiments currently being carried out in Belgium with a view 
to considering the final disposal of highly radioactive wastes in stable geological clay 
layers will therefore be extended to cover the specifics of spent fuel storage.
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Abstract

C A N A D IA N  S P E N T  F U E L  S T O R A G E  E X P E R IE N C E .

T h e  C an adian  e x p erien ce  w ith both  w et and dry spent fu el storag e  tech n o log ies  is 

d escrib ed  in th e pap er. C an ad a has been  storing  spent fu el in w ater p o o ls fo r  m o re  than 

4 5  y ears and in dry storag e  fa c ilit ie s  sin ce  th e early  1 9 6 0 s . T h e  qu an tities o f  spent fu el in w et 

and dry sto ra g e , a  d escrip tion  o f  th e te ch n o lo g ies  used and th e m ost re ce n t d evelop m en ts fo r 

fu tu re dry storag e  a re  p resen ted . T h e  exp erim en ta l w et and dry fu el s torag e  p rog ran im es that 

a re  in  p la ce  to  in v estig ate  th e  lo n g  te rm  b eh av io u r o f  spent fu el a re  d escrib ed . T h e sè  p ro 

gram m es w ere in itiated  in  th e la te  1 9 7 0 s  and a re  m o re  com p reh en siv e  and o f  lo n g er duration 

than any o th er sim ilar p ro g ram m e in  th e w orld . A  b r ie f  d escrip tion  o f  additional re sea rch  and 

d evelop m en t b ein g  ca rrie d  ou t o n  U 0 2 o x id atio n  and th e m od ellin g  o f  U 0 2 ox id ation  in  dry 

a ir  in  support o f  th e lo n g  term  exp erim en ta l fu el storag e  p ro g ram m e is provided .

1. INTRODUCTION

Currently, all spent fuel in Canada (except for the relatively small quantities 
irradiated in research reactors for experimental purposes) arises from the commer
cial operation of 22 CANDU1 (Canada Deuterium Uranium) power reactors. 
CANDU fuel is natural UÖ2 in the form of sintered pellets clad in zirconium alloy 
tubes that are assembled into a bundle approximately 0 .5  m long and, in all currently 
operating reactors, 0.1 m in diameter. Typical discharge burnups range from 145 
to 280 MW-h/kg U, with an average of 195 MW -h/kg U. The majority of the spent 
fuel is stored in water pools. As of the beginning of 1994, this spent fuel was 
estimated to contain about 17 8 6 0 1 U, 90% of which was owned by Ontario Hydro 
in the Province of Ontario.

1 R eg istere d  trad em ark  o f  A to m ic  E n erg y  o f  C an ad a L im ited  (A E C L ) .

41
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2. NUCLEAR POWER GENERATION IN CANADA

The first commercial CANDU power reactor, the 22 MW(e) Nuclear Power 
Demonstration (NPD), achieved criticality in 1962. Of the 22 power reactors 
licensed for operation in Canada, 20 are in the Province of Ontario, one is in the 
Province of Quebec and one is in New Brunswick. Their combined gross capacity 
is 16 660 MW. In each province, the reactors and spent fuel storage facilities 
áre operated by the provincial electricity supply utility: Ontario Hydro in 
Ontario, Hydro-Quebec in Quebec and New Brunswick Power Corporation in New 
Brunswick. Ontario Hydro’s reactors are located at five nuclear generating stations: 
Pickering-A and -B, Bruce-A and -B, and Darlington-A. Hydro-Quebec operates 
Gentilly-2 and New Brunswick Power operates Point Lepreau.

3. STORAGE TECHNOLOGY DEVELOPED

3.1 . Wet storage technology

The utilities are responsible for the safe management of the spent fuel 
discharged from their reactors. While in wet storage, the spent fuel is stored in 
reinforced concrete pools filled with water, The surface of the concrete is covered 
with a water impervious liner (stainless steel, epoxy, or a combination of the two 
materials).

The freshly discharged spent fuel is first stored in a primary water pool. The 
storage capacity of the primary pool depends on the design of the nuclear station; 
if additional wet storage capacity is required before moving the fuel to dry storage, 
an auxiliary pool is provided, usually adjacent to the primary water pool. Each 
primary pool is divided into two main compartments separated by a hydraulically 
operated gate. The first compartment is the receiving pool, to which spent fuel is 
discharged from the reactors for initial storage and cooling. Transfer of the fuel into 
storage racks is also carried out here. The spent fuel may be stored in three types 
of stainless steel racks: baskets, modules or trays (Fig. 1). The module is a high 
density rack used to maximize storage capacity. At the Pickering station, the transfer 
of fuel from trays to modules has resulted in about a 70% storage capacity increase 
in the primary pool and a 45% increase in the auxiliary water pool. Trays are still 
in use at the Bruce nuclear stations. The secondary compartment in the primary pool 
is used to store fuel until its eventual transfer to the auxiliary pool. The auxiliary 
pools each consist of a single compartment and their main role is to provide addi
tional storage capacity.

In addition to the commercial reactors, there are two research reactors owned 
and operated by AECL at its Chalk River Nuclear Laboratories with pool storage 
facilities.
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FIG. 1. CANDU spent fu e l wet storage containers, (a) The Pickering nuclear generating 
station spent fu e l storage basket (32 bundle capacity); (b) spent fu e l shipping and storage 
module (96 bundle capacity); (c) Bruce nuclear generating station spent fu e l storage tray 
(24 bundle capacity); (d) CANDU 600 MW(e) spent fu e l storage tray (24 bundle capacity).

3.2. D ry  storage technology

Although water pool storage has been accepted worldwide and has been used 
in Canada since the inception of the Canadian nuclear programme, the pools require 
maintenance and generate secondary wastes, primarily from the water purification 
system. Also, as the pools are filled with spent fuel, either new pools must be con
structed or alternative interim storage methods implemented. One alternative is dry
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FIG. 2. The licensed 540 bundle canister.



IAEA-SM-335/4 45



46 WASYWICH et al.

Used fuel bundle

FIG. 4. Ontario Hydro's spent fiie l dry storage container (approximate dimensions — height: 
3 .6  m; front: 2.1 m; side: 2 .4  m; gross weight (including fu el): 63 Mg).

storage, which can eliminate many of the problems associated with wet storage (e.g. 
maintenance, secondary wastes and operating and capital expenditure) and can be 
implemented as required. The first alternative storage method implemented in 
Canada was the dry storage of spent research reactor fuel in tile holes at AECL’s 
Chalk River Nuclear Laboratories in the early 1960s. Subsequently, a programme 
was undertaken to further develop dry storage technology in Canada. In 1974, a con
crete canister (CC) design and development programme was initiated at AECL’s 
Whiteshell Nuclear Research Establishment [1]. Since then, spent fuel dry storage 
in CCs has been licensed and the technology is now being used to store fuel at five 
sites in Canada. Figure 2 shows the design of the current generation of CCs.
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In 1989, AECL initiated the CANSTOR concept, a concrete convection 
cooled, vault-like structure with a capacity of 220 t U of CANDU fuel (Fig. 3) [2]. 
An air cooled CANSTOR module is currently undergoing licensing for the 
Gentilly-2 nuclear generating station in Quebec. The storage capacity of the module 
(12 000 bundles) is sufficient to hold spent fuel generated during more than two 
years of operation of the Gentilly-2 station. Hydro-Quebec plans to construct a 
CANSTOR modular dry storage vault and begin loading spent fuel in 1995 at the 
rate of 100 t U per year.

In 1981, Ontario Hydro initiated a spent fuel dry storage development 
programme [3]. A cylindrical concrete dry storage container (DSC) was developed 
for demonstration purposes. The DSC, constructed from high density concrete, had 
a storage capacity of 384 spent CANDU fuel bundles. It was loaded under water, 
had a bolted lid closure system, inner and outer steel liners for ease of decontamina
tion and separate storage and transportation closures. The container was sub
sequently changed from a cylindrical to a rectangular design with a welded lid 
closure system (Fig. 4). Drop and fire tests were carried out on a one-quarter scale 
model for transportation licensing purposes [4]. In 1994, Ontario Hydro obtained a 
construction licence to build DSCs for storing spent fuel in rectangular DSCs on a 
commercial scale at its Spent Fuel Dry Storage Facility, located at the Pickering 
nuclear generating station [5]. This facility will have an initial capacity of 700 DSCs 
for the storage of CANDU fuel containing about 5300 t U.

4. . CURRENT INTERIM STORAGE PRACTICES

4 .1 . Current interim wet storage practices

Some key practices in wet storage operation include:

(a) Water pool cooling and water purification,
(b) Chemical control of the water,
(c) Nuclear safety,
(d) Security and safeguards,
(e) Handling of ‘defected’ fuel.

4.1.1. Water pool cooling and purification systems

The heat generated by the stored spént fuel must be removed to maintain the 
storage water temperature within design limits. The cooling system heat exchangers 
ensure that the pool water temperature is generally about 35°C . Chemical cleaning 
of the heat exchangers is used to restore their heat exchange capacity when it is 
reduced by fouling.
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The water purification system is designed to remove both dissolved and sus
pended contaminants and floating materials. A typical purification system consists 
of surface skimmers, filters and ion exchange columns. These systems contribute to 
the safety of the pool operations by enhancing w ater. clarity and reducing 
contamination.

4.1.2. Chemical control

Close chemical control of the water is of paramount importance to ensure the 
long term integrity of the fuel, storage racks, water pool and auxiliary systems. The 
main parameters controlled include pH (within 5.5 to 9 .0 ), С Г ( < 0 .5  mg/kg) and 
conductivity ( < 0 .2  mS/m). Chemical Control in the Canadian water pools has 
been excellent. For instance, in the period 1978-1982, chemical control measure
ments in Ontario Hydro water pools were all within specifications except for one 
conductivity measurement at the Pickering-A primary pool that exceeded the specifi
cation by 30% . The specification for the control of iodine is generally within
1.9 x  105 Bq/kg. Typically, recorded measurements indicate the iodine level to be 
less than 4 .0  X 104 Bq/kg.

4.1.3. Nuclear safety

Nuclear safety of the facilities is ensured through analysis of the consequences 
of postulated events during design of the facility. Such events include both routine 
operation activities and abnormal events. These analyses include both probabilities 
of occurrence and the risks that the consequences would pose to the public, as well 
as the safe operation of the facility. In addition, the water pool storage facilities are 
provided with radiation monitoring systems to ensure that worker exposure and 
potential releases to the environment do not exceed regulatory limits.

4.1.4. Security and safeguards

The objective of security is to protect the water pool installations from 
unauthorized entry. Security provisions at the Canadian facilities meet Atomic 
Energy Control Board regulatory and licensing requirements. In addition, IAEA 
inspectors are charged with the role of ensuring that the used fuel is properly 
safeguarded in accordance with the terms of the agreement between the Government 
of Canada and the IAEA for the application of safeguards pursuant to the Treaty on 
the Non-Proliferation of Nuclear Weapons.
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The overall CANDU fuel bundle defect rate has been low (< 0 .1  %). In the 

early years o f nuclear power generation by Ontario Hydro, defected fuel with 
through-wall cracks in the cladding were canned. However, the need for canning 
defected fuel has diminished because o f improved in-reactor fuel performance, fuel 
fabrication quality control and fuel design changes that improved pellet/cladding 
lubrication. Today, because o f the minimal release o f fission products from most 
defected fuel that is stored in water, only severely defected bundles are canned.

4.2. Current interim dry storage practice

Although most spent fuel in Canada is currently stored in water pools, dry 

storage is being used for the fuel discharged from reactors that have been retired, 
as well as for fuel from a number o f operating reactors. After the decay heat output 
o f the spent fuel has fallen sufficiently, interim storage maiy be continued in a dry 

storage facility. At Whiteshell, the CC dry storage facility has been licensed to store 
fuel to a maximum temperature o f 250°C in a helium atmosphere. At the other CC 
facilities in Canada, the CCs are licensed for the storage o f spent fuel to a maximum 
temperature o f 160°C in air. At Whiteshell, the spent fuel is transferred from a water 
pool to a hot cell facility, where it is dry loaded into fuel storage containers called 
baskets. The baskets are seal welded and loaded into a CC. At the other CC facilities, 
the spent fuel is wet loaded into the baskets. The baskets are then removed from the 
water pool and the spent fuel is dried with hot air before the baskets are seal welded.

At Ontario Hydro, the fuel bundles are loaded into fuel modules in the water 
pool at the Pickering station. The modules are then loaded directly into DSCs under 
water. The DSCs are then removed from the pool, drained, vacuum dried, seal 
welded, backfilled with helium and transported to the storage site by tractor trailer. 
Ontario Hydro began loading DSCs with spent fuel from its Pickering-A nuclear 
generating station in October 1994; 18 DSCs are scheduled for loading in 1994. 
Subsequently, Ontario Hydro plans to load DSCs at a rate o f about o f 5001U (about 
65 DSCs) per year. Construction o f phase 2 o f the spent fuel dry storage facility is 
expected to start around the year 2005, and will provide storage for an additional 
800 DSCs [5]. When completed, this will be one o f the largest dry storage facilities 
in the world.

5. STORAGE EXPERIENCE

5.1. W et storage experience

Canada has been storing spent fuel from A E C L ’s research reactors in water 
pools since 1947. This early operating experience has provided a basis for the

4.1.5. Handling of ‘defected’ fuel
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successful operation o f spent fuel pools at the Pickering, Bruce, Darlington, 
Gentilly-2 and Point Lepreau nuclear generating station sites. Such experience and 
the development o f high density storage containers, interpool fuel transfers and 
remote handling mechanisms have all contributed towards meeting the logistical 

challenge o f handling CANDU spent fuel arisings. Data on the type, size, liner 
material, fuel storage capacities and in-service dates are given in Table I. The inven
tory o f spent CANDU fuel in water pools in Canada at the beginning o f 1994 is 
estimated to contain 18 115 t U (Table П). Spent fuel discharged from research 
reactors is excluded from the above because o f the small quantity involved in 
comparison.

5.2. Dry storage experience

In Canada, AECL type CCs are currently being used to store fuel at five sites: 
AECL Research’ s Whiteshell Nuclear Research Establishment, AECL Research’s 
Chalk River Nuclear Laboratories, the Gentilly nuclear reactor site, the retired 
Douglas Point nuclear generating station and New Brunswick Power’ s Point Lepreau 
nuclear generating station. At the end o f March 1994, spent fuel containing about 
814 t U had been stored in CCs, 7.7 t U was stored in the Ontario Hydro designed 
demonstration DSC and about 851U (including other heavy elements from irradiated 
and unirradiated wastes) in tile holes, bunkers and sand trenches at the Chalk River 
Nuclear Laboratories. The quantities o f spent fuel stored at each o f the above sites 
are presented in Table III. About thirty years o f spent fuel production will be stored 
at Point Lepreau. This represents 147 000 CANDU fuel bundles, or about 2790 t 
U in 273 CCs.

Two cylindrical demonstration DSCs have been loaded successfully with spent 
CANDU fuel. Both containers were transported to an outside storage area. After 
four years o f outside storage, one o f the DSCs was retrieved, transported to the spent 
fuel storage pool and successfully unloaded. Storage o f fuel in the second DSC is 
continuing.

6. RESEARCH AND  DEVELOPMENT ON THE LONG TERM
BEHAVIOUR OF SPENT FUEL

6.1. Research programme on the long term behaviour of spent fuel
in wet storage

In view o f the potential for using wet storage o f CANDU spent fuel for 
extended periods o f time, an experimental evaluation o f the long term integrity o f 
spent fuel stored in water was initiated by AECL and Ontario Hydro in 1977 [6] and 
continues to be jointly funded and со-managed by the two organizations. Spent fuel
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from the experimental reactors at the Chalk River Nuclear Laboratories, the NPD, 
and the Douglas Point, Pickering and Bruce reactors are included in the programme. 

The oldest bundle available to the programme was discharged from NPD in 1962. 
The most recent interim storage examination indicated that spent CANDU fuel, 
whether defected or intact, can be safely stored under water for at least 50 years [7]. 
These studies are expected to continue for at least another 50 years. This well 
planned, cost effective programme is more comprehensive, and is already o f longer 
duration, than any other wet storage investigation programme in the world.

6.2. Research programme on the long term behaviour of spent fuel
in dry storage

Atomic Energy o f Canada Limited and Ontario Hydro initiated a long term 
experimental dry storage investigation programme for CCs at AE C L ’s Whiteshell 
Nuclear Research Establishment in 1978 [8]. Representative fuel bundles from 
Ontario Hydro’ s Pickering-A and Bruce-A nuclear generating stations were chosen 
for the studies and characterized to provide baseline data on their pre-storage condi
tion. The oldest bundle was discharged in 1971. Periodic interim storage examina
tions are conducted and the results o f the examinations are compared with the 
baseline data to evaluate the possible changes in fuel integrity. To date, no release 
o f radioactive material from the experimental storage containers to the interior o f the 
canisters has been detected by the canister air monitoring systems. Undefected fuel 
elements examined during the interim storage examinations have exhibited no appar
ent change from their pre-storage condition. Although a significant amount o f fuel 
in the intentionally defected elements has experienced U 0 2 oxidation in dry air at 
temperatures up to 150°C, no apparent increases in fuel element diameters have been 
observed, and the structural integrity o f the fuel cladding has been maintained.

Because oxidation o f U 0 2 to U30 8 in defected fuel elements could result in 
splitting o f the fuel cladding and the release o f fuel particles to the interior o f a dry 
storage container, complementary studies on the oxidation o f U 0 2 (unirradiated and 
irradiated) in both dry and moist air are also being conducted [9]. These experiments 
allow us to characterize the effect o f moisture on U 0 2 oxidation. To achieve 
accelerated oxidation processes, experiments have included unirradiated fuel at 
200-225 °C. Long term oxidation experiments were initiated recently at lower 
temperatures (125-175°C) on spent CANDU fuel, as well as on spent LW R fuel. 
Oxidation o f defected fuel elements is being modelled at temperatures up to 170°C 
and these will be correlated with the dry air experiments at 150°C [10].

7. CONCLUSIONS

Canada has significant quantities o f spent fuel in both wet and dry storage and 
no problems have been encountered with either storage mode. The results from our
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experimental wet and dry spent fuel storage programmes have indicated that both 
undefected and defected spent CANDU fuel can be stored safely either in dry air at 
temperatures up to 150°С or under water for many decades.
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Abstract

D E S I G N ,  P L A N N I N G  A N D  S IT IN G  O F  S P E N T  F U E L  S T O R A G E  F A C I L I T I E S  IN  

IN D I A .

T h e  Ind ian  nu c lea r p ow e r p rog ram m e w as conce ived  w ith  the a im  o f  rep ro cess ing  spent 

nu c lea r fu e l fo r  m anag ing  the b a ck  end o f  the fue l cy c le . T o  m anage the spent fu e l a r is in g s , 

w h ich  w ere  f i l l in g  up  the spent fu e l p oo ls  at-reacto r (A R ) ,  u n til they c o u ld  be sent ou t fo r  

rep rocess ing , d iffe ren t m easures w ere  taken at the T a rap u r A to m ic  P o w e r S ta tion  (T A P S ) ,  

a B W R  pow e r p lan t, and the Ra jasthan  A to m ic  P o w e r S ta tion  (R A P S ) ,  a P H W R  p lan t. T h e  

augm entation o f  the fu e l storage capac ity  in it ia l ly  p rov id ed  a t-reacto r w as cons ide red  as a f ir s t  

step. T h e  eva lu a tio n  o f  d iffe ren t storage m ethods to  dec id e  o n  the r ig h t ch o ice  is  presented 

in  the paper. A ls o  e laborated  is  the actua l w o rk  ca rr ied  out. A t  T A P S ,  the fu e l storage space 

in  the A R  poo l w as in creased  th rough  the use o f  h igh  dens ity  sta in less steel racks. In  the p oo l 

at R A P S ,  rea rrangem ent o f  the fu e l storage trays w as accom p lish ed  to  p ro v id e  m o re  A R  

sto rage space. H o w e v e r , o ve r the  yeairs th is  in creased  space has a lso  been f i l l in g  up , and hence 

it  has been necessa ry  to  co n s id e r fu rth e r augm entation o f  the storage system . In te r im  d ry  

storage o f  T A P S  fu e l in  lead  sh ie lded  casks w as conce ived  and fo u r casks w e re  fabrica ted ; 

fu e l was loaded  and kep t in  a d ry  co nd it ion . T h e  fue l w i l l  be  exam ined  to assess its  in teg r ity  

in  d ry  sto rage fo r  a num ber o f  years . A  strategy to  sto re  the spent fu e l in  aw ay-from -rea c to r 

( A F R )  p o o l storage fo r  T A P S  and d ry  storage in  concrete  casks fo r  R A P S  w as cons ide red  as 

the best a lte rnative . T h e  des ign  o f  both fa c il it ie s  was ca rr ie d  out in d ig en ou s ly . A ls o ,  the s iting , 

s ite  p repara tion  and p repara tion  o f  c iv i l  d raw in g s , as w e ll as the p rocu rem ent and in s ta lla tion  

o f  equ ipm ent, w e re  taken up  and com p le ted  fo r  the T A P S  A F R  poo l; th is  p o o l w as co m m is 

s ioned  in  1990. F o r  R A P S ,  the d ry  storage concrete  ca sk  des ign  w as com p le ted  and approved  

b y  the regu la to ry  au tho rities  and tw o  casks w e re  fab rica ted  and have been loaded  w ith  fue l. 

A  separate area is  b e ing  p repared  w ith  su itab le  p h y s ica l p ro tec t io n  m easures, such as doub le  

fe nc ing  and rad ia tio n  m on ito rs , and storage w o rk  is  b e ing  ca rr ied  out at R A P S .

1. INTRODUCTION

The back end o f fuel cycle management for Indian nuclear power plants essen
tially consists o f reprocessing the spent fuel after cooling for a period o f five to ten 
years after discharge from the reactors, storing the highly radioactive and corrosive

57



58 SRINIVASAN

liquid reprocessing wastes and fixing them in a suitable glass matrix for immobiliza
tion, and recycling plutonium and depleted uranium back to the reactor.

With this in mind, the spent fuel storage pool capacity at each o f the nuclear 
power plants in India was designed to accommodate discharged spent fuel from reac
tors for a period o f up to a maximum of ten years, by which time the spent fuel will 
be sufficiently cool to be dispatched to reprocessing facilities.

2. STATUS OF OPERATING NUCLEAR POWER STATIONS IN  IND IA

India has five operating power stations:

— Tarapur Atomic Power Station (TAPS),

— Rajasthan Atomic Power Station (RAPS),
— Madras Atomic Power Station (MAPS),
— Narora Atomic Power Station (NAPS),
— Kakrapar Atomic Power ¡Station (KAPS).

O f these, the first is a BWR type power station and the rest are PHWR type 
power plants. Both units o f NAPS had been commissioned by 1992. KAPS Unit 1 
has been commissioned and Unit 2 is being commissioned. In the case o f NAPS and 
KAPS, the spent fuel storage pool capacity is sufficient to cater to their requirements 
for a number o f years to come. For MAPS too the spent fuel pool storage capacity 
will not pose a problem for a few more years and the measures taken at RAPS for 
creating additional spent fuel storage space can be applied to MAPS with modifica
tions, if  necessary.

3. NEED FOR AD D ITIO NAL SPENT FUEL STORAGE C APAC ITY
FOR AT-REACTOR SITES

The reactors at TAPS and RAPS have been in operation for many years and 
have discharged a number o f spent fuel assemblies into the pool. Since the dispatch 
from the spent fuel pool for reprocessing has not been in significant quantities, there 
has been an accumulation o f spent fuel arisings at TAPS and RAPS. As these two 
reactors are under IAE A  safeguards, the reprocessing o f spent fuel from these sites 
is subject to safeguards formalities, and hence the dispatch o f spent fuel for 
reprocessing has been rather limited in quantity for RAPS and has been nil so far 
in the case o f TAPS.

This situation calls for the provision o f additional spent fuel storage space, both 
short and long term, for TAPS and RAPS. The measures taken to provide additional 
spent fuel storage facilities for TAPS and RAPS are described in detail in the pages 
that follow.
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TAPS is a twin 160 M W (e) capacity BWR type power plant which has been 
in operation for the last 25 years. It has so far discharged 1978 spent fuel assemblies, 
the majority o f which are stored under water, and a small quantity is in dry storage.

4.1. Augmentation by re-racking

The existing at-reactor (AR ) spent fuel storage pool had aluminium fuel racks 
with a capacity to store only 528 fuel bundles initially. This was expanded by 
re-racking with a number o f stainless steel high density racks, each capable o f 
accommodating 144 fuel assemblies (see Fig. 1), to store about 1500 assemblies.

4.2. Augmentation by interim dry storage

By 1984, even this capacity was visualized to be not sufficient for continued 
operation and, hence, an away-from-reactor (AFR ) spent fuel storage pool was con
ceived, with construction activities beginning in 1986. In the meantime, to create 
additional spent fuel storage capacity until the AFR  facility was commissioned, an 
interim measure to store the spent fuel in lead shielded casks under dry conditions 
was contemplated. Accordingly, 4 casks each holding 37 TAPS spent fuel assemblies 
were designed. These casks were qualified for storing spent fuel bundles which were 
cooled for a period o f ten years or more and criticality safety was ensured by the 
design o f a spent fuel basket inside the cask containing a 3.2 mm stainless steel (SS) 
square tube covering the entire length o f each fuel bundle, spaced at a centre to centre 
distance o f 152.4 mm (6 in). These casks are stored in a specially fenced area on 
concrete pads within the TAPS plant boundary (see Fig. 2 for cask details). This has 
avoided moving spent fuel over the public domain. However, it was not found to be 
a viable proposition to store large quantities o f TAPS spent fuel owing to the high 
cost o f such casks.

4.3. Away-from-reactor spent fuel storage

The site for AFR  spent fuel storage for TAPS was chosen in such a way that 
the spent fuel could be moved within the TAPS site boundary only and no movement 
o f radioactive material over the public domain was involved. The design o f the spent 
fuel storage pool meets the required seismic criteria and the pool is lined with a stain
less steel plate to prevent leakage o f active water into the ground. Moreover, a leak 
detection system is incorporated and any leakage o f pool water or groundwater (since 
the pool is 5 m below ground level) is collected in a leak detection tank and dis
charged after sampling for radioactivity. In 1990, the AFR  spent fuel storage site 
was commissioned. This created an additional spent fuel storage space o f 3312 fuel

4. TARAPU R ATOM IC POWER STATION
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assemblies for TAPS type fuel bundles (see Figs 3 and 4). With this it was postulated 
that the power station could operate for a number o f years, as the discharge from 
TAPS is on average about 100 fuel assemblies per year. This, in short, is the work 
that has been done on providing additional fuel storage facilities at TAPS.

5. RAJASTHAN ATOM IC POWER STATION

RAPS started with a spent fuel storage capacity o f 10 000 bundles, covering 

a five year period o f discharge. The bundles were stacked in trays with a capacity 
o f 11 bundles per tray, with the stack not exceeding 10 trays per stack. Two types 
o f augmentation schemes were possible for additional spent fuel storage in the RAPS 
spent fuel pool. One was to increase the number o f trays from 10 to 30 in each stack; 
also, by spacing the stacks closer, space was created for additional stacks. The 
capacity o f the pool was finally increased to store over 30 000 fuel bundles.

However, this was also exhausted over the years and after some time the fuel 
had to be transported out o f the pool to create storage space. This was achieved in 
the following two ways.

5.1. Transportation of spent fuel to the TAPS AFR facility

While designing the AFR facility at TAPS, it was visualized that there would 
be a need to also cater to RAPS spent fuel storage, and hence the shipping cask area 
was modified during the design stage itself to accommodate RAPS spent fuel casks, 
in addition to TAPS casks. This was necessary because the RAPS casks, which are 
kept in a horizontal position, occupy more area, while TAPS casks are kept in a 

vertical position, occupying less space as compared with RAPS casks. The space 
available for fuel storage was also divided between TAPS and RAPS, as indicated 
in Fig. 5.

5.1.1. Design of multi-tier storage

The TAPS AFR  pool has a depth o f 13 m, and RAPS fuel is stored in trays, 
each o f which occupies a maximum height o f about 140 mm. Since direct stacking 
o f trays in numbers greater than ten was not desirable, a special storage arrangement 
was designed. This consists o f a multi-tier storage structure, as shown in Figs 6 
and 7, where the storing o f spent fuel at each tier is achieved by placing the cages 
over supports provided by griddle plates at each tier without removing the fuel from 

the cages.
The stacking is on four tiers and there are four cages, so that in each level there 

is a total o f 16 cages, amounting to 3520 bundles. Direct stacking would not have 
accommodated even one third o f this, even by stacking on trays up to a height o f 

ten trays.
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FIG. 5. Design of spent fuel storage in the AFR facility at TAPS ( all dimensions are in mm).
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FIG. 6 . M ulti-tier structure f o r  storing RAPS spent fuel at the A FR  facility at TAPS. The 

material used is SS 304L, and 3520 PHW R bundles can be stored (all dimensions are in mm).
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FIG. 7. Griddle plate for the multi-tier structure used to store RAPS spent fuel.
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FIG. 8. Detail of the RAPS dry storage concrete cask.
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In view o f the logistical problems involved in transporting RAPS fuel over 
large distances by road and rail, and also the comparatively lower cost o f dry storage 
in casks at the site as compared with building a storage pool, it was decided to design 
a dry storage cask made o f concrete with a stainless steel cavity inside and a carbon 
steel liner outside. The details o f the design are explained below.

The RAPS cask design consists o f a concrete box type structure (see Fig. 8) 
with an inner cavity lined with stainless steel and the outer portion lined with carbon 
steel, with a minimum concrete shielding thickness o f 750 mm. The cask lid is also 
a concrete structure lined with steel plates, and a sealing plate is kept over the top 
lid with a facility for seal welding, which prevents any possible escape o f radioactive 
gases to the environment.

A  separate area is earmarked for storing the dry storage concrete cask within 
the plant boundary itself and this will have double fencing arrangements and also 
proper radiation monitoring to warn against any high radiation. The area can hold 
224 casks (see Fig. 9).

Two such casks were recently loaded and stored. Further casks are being fabri
cated and will be available in due course. As already explained, the back end o f the 
fuel cycle consists o f reprocessing the spent fuel. Hence, the concrete cask design 
is such that it is possible to transfer the fuel assemblies from inside the concrete cask 
to another cask, which meets the transport criteria for later transportation to a 
reprocessing plant.

6. CONCLUSIONS

The technology for the alternatives available for spent fuel storage, such as AR  
pool storage, dry storage in casks (both lead shielded and concrete) and AFR  pool 
storage, has already been established in India. W e will be able to choose the best 
alternative for new sites where nuclear power plants will be commissioned soon. As 
sufficient AR  spent fuel storage capacity has been provided during the design stage 
itself, the need for alternative storage o f spent fuel will not exist for many years to 
come. The important activity o f the transportation o f spent fuel to the reprocessing 
plant makes it imperative that it is located as close to the nuclear power plant as 
possible. It can even be said that each nuclear plant site should have a reprocessing 
plant to avoid transportation o f spent fuel over the public domain.

5.2. Design o f  concrete casks
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Abstract

STORAGE FA C ILITY  FO R BW R SPEN T FU EL USING CASKS IN JAPAN.
As o f September 1994, Japan had 46  commercial LW Rs (25 BW Rs and 21 PW Rs), with 

an output o f 39 GW (e). These nuclear power reactors produce nearly 30% o f the country’s 
electric power. A basic element o f Japan’s nuclear energy policy for discharged spent fuel is 
‘reprocessing and recycling’ to ensure effective use o f uranium resources. That is, spent fuel 
which exceeds current reprocessing capacity is appropriately stored and managed as an energy 
resource. For this reason, dry cask storage has been developed by the Tokyo Electric Power 
Company (TEPCO) as an alternative to conventional methods for increasing the storage 
capacity at reactors. The Nuclear Safety Commission issued a safety guideline for dry cask 
storage in August 1992, and the establishment and construction permits for TEPC O ’s dry cask 
storage facility at the Fukushima No. 1 site were subsequently obtained. The facility is now 
under construction. The dry storage cask for TEPCO is designed to comply with all safety 
requirements, having a thick cylindrical forged steel body and a double lid system with reliable 
metallic gaskets and confinement monitors. The first nine casks are being manufactured and 
are scheduled for completion in September 1995. The facility building, which has been modi
fied from the previous transport cask storage facility for dry cask storage, has a maximum of 
20 cask storing positions with a natural convection cooling system, monitoring systems and 
additional shielding. Systems are provided for continuous monitoring o f heat removal, 
confinement o f casks and radiation.

71



72 KURIYAMA et al.

The basic policy governing the back end o f the Japanese nuclear fuel cycle 
emphasizes ‘ reprocessing and recycling’ to maximize the utilization o f uranium so 
as to ensure a stable energy supply for nuclear power generation. Spent reactor fuel 

is considered a domestic energy resource since it contains plutonium and residual 
uranium.

At present, spent fuel assemblies discharged from reactors are temporarily 
stored in each reactor’s spent fuel storage pool, and after cooling they are transported 
to the domestic reprocessing facility or, until around the year 2010, to British 
Nuclear Fuels pic (BNFL) and Cogéma for reprocessing under contract.

After completion o f the current contracts, spent fuel will be transported to 
domestic facilities and reprocessed to establish national nuclear fuel cycle indepen
dence., Meanwhile, future overseas reprocessing contracts are being taken into 
account as possible alternatives.

The current domestic reprocessing capacity o f 9 0 1U per year provided by the 
Tokai facility o f the Power Reactor and Nuclear Fuel Development Corporation 
(PNC), will be increased by 8001U per year with the establishment o f the Shimokita 
Reprocessing Facility o f Japan Nuclear Fuel Limited (JNFL). Approved in April 
1994, the facility is now under construction and is expected to be put into operation 
at the beginning o f the next decade.

1. INTRODUCTION

2500

PNC Tokai reprocessing facility

FIG. 1. Spent fiie l balance estimate (PNC : Power Reactor and Nuclear Fuel Development 
Corporation).
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However, as shown in Fig. 1, there is a considerable surplus o f spent fuel over 
the reprocessing capacity mentioned above. According to a report o f the Japanese 
Atomic Energy Commission [1], the balance shall be adequately stored and managed 
as an energy resource until it can be reprocessed. Such spent fuel will be stored at 
reactor sites using conventional storage capacity increasing measures such as 
re-racking o f reactor pools or inter-reactor transportation.

In addition to these measures, other storage technologies which can offer more 
flexible management have been investigated by utilities. Among these technologies, 
dry cask storage has been adopted by the Tokyo Electric Power Company (TEPCO) 
as an option for additional spent fuel storage capacity for its Fukushima No. 1 site, 

where six BWRs are in operation.

2. LICENSING OF CASK STORAGE FACILITIES

To establish a dry cask storage facility for spent fuel at a reactor site, a reactor 
establishment permit is amended after a safety evaluation o f the facility concept. 
Then a facility construction permit is obtained on the condition that the facility design 
complies with the regulatory codes.

Efforts to investigate licensing safety standards for dry cask storage started in 
July 1991, since there had been no domestic regulatory guidelines for evaluating the 
safety o f such storage methods, nor structural design codes for dry storage casks, 
as the available guidelines or codes were for conventional storage methods, i.e. pool 
storage.

The competent authorities (the Nuclear Safety Commission (NSC) and the 
Ministry o f International Trade and Industry (M lT l)) organized ad hoc panels o f 
safety examiners and examined the safety related requirements o f a dry cask storage 
facility, including the basic requirements o f the cask structural design code. The 
investigations were based mainly on the design concept o f the Fukushima facility, 
but also took into account ovèrseas regulatory standards, transportation rules for 
radioactive materials and the demonstration test results related to dry cask storage 
in and out o f the country.

In August 1992, the safety guideline [2] was issued followed by the establish
ment permit amendment application for the dry cask storage facility at the Fukushima 
No. I site filed by TEPCO in April 1993. The establishment permit was submitted 
in March 1994 and the construction permit was submitted in May 1994. The facility 

is now under construction and the commissioning o f thé facility is scheduled for 
October 1995 after pre-service inspections. The time schedule o f the above is shown 
in Fig. 2.
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1991 1992 1993 1994 1995 1996

Facility design 
concept Basic design Detailed design

Safety examiners'panel 
(NSC and MITI)

Dry cask storage guideline 
: T

Establishment permit

Construction permit

: Cask fabrication 
; (first nine casks)

■вввввкгBdQbbbhL

Building modification
В888Й

Fuel loading :
; V  Commissioning

FIG. 2. Dry storage cask facility licensing schedule (NSC: Nuclear Safety Commission; M IT I: 

Ministry o f  International Trade and Industry).

3. BASIC SAFETY REQUIREMENTS FOR THE D RY CASK 
STORAGE FA C IL ITY

Given the fact that spent fuel, which includes fissile materials and fission 
products, generates radiation and decay heat, a spent fuel storage facility should be 
designed to protect the public in the area surrounding the reactor site and the person
nel engaged in radiation related operations.

Since a dry cask storage facility generally employs natural convection through 
the building to dissipate decay heat and to provide passive safety and realize low 
investment cost, the storage building has no confinement function. Therefore, the 
essential safety functions shown below should be provided by the cask itself, 
particularly its structural integrity and monitoring ability:

(a) Heat removal. To adequately remove decay heat from spent fuel to ensure the 
soundness o f the spent fuel and the integrity o f the structural materials related 
to the safety functions.

(b) Confinement. To adequately confine radioactive substances contained in the 
spent fuel to protect personnel engaged in radiation related operations, as well 
as to prevent exposure o f the public to radiation.
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(c) Shielding. To appropriately shield radiation from the spent fuel to protect 
personnel engaged in radiation related operations, as well as to prevent 
exposure o f the public to radiation.

(d) Criticality. To prevent spent fuel from reaching criticality under any 
conceivable condition.

The relationship between the required safety functions, systems and components and
monitoring are summarized in Fig. 3.

The design requirements for the control and operation o f the facility to
maintain these functions are as follows:

(1) Dry storage casks should be loaded only with spent fuel that has been verified 
as being sound;

(2) Loaded casks should be kept in a storage building after on-site transportation;
(3) Continuous monitoring should be provided to check the confinement function 

o f the casks;

(4) The lid o f the casks, which consists o f a confinement boundary, should be 
opened only in an appropriate spent fuel handling facility other than a cask 
storage facility.

4. DESCRIPTION OF THE TEPCÖ D RY CASK STORAGE FAC IL ITY

4.1. Dry storage cask

The TEPCO dry storage casks, as illustrated in Fig. 4, have been designed to 
satisfy the safety standards cited above. Two types o f cask are available to match 
cask handling capability at the reactor building.

4.1.1. Fuel characteristics

The design characteristics o f the spent fuel to be kept in dry storage casks have 
been selected from among those fuel assemblies recently retrieved from the reactors 
at the Fukushima No. 1 site so as to give the most conservative conditions for 
thermal, confinement, shielding and subcriticality design. The fuel characteristics 
are summarized in Table I.

4.1.2. Heat removal

Decay heat from the fuel assemblies in the cask is transferred to the cavity 
surface by radiation and conduction, then to the cask outer surface by conduction and
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FIG. 4. TEPCO dry storage cask.

finally dissipated to the atmosphere by radiation and natural convection. The 
appropriate materials and thermal design were selected to ensure the soundness o f 
structural materials related to the safety functions.

4.1.3. Confinement

The cask is designed as a pressure vessel with the minimiim number o f nozzles 
and welding joints that could release the radioactive substances contained therein. 
Together with reliable double ring type metal gaskets for lid closures, à double lid 
system has been employed to monitor the confinement function o f the cask by detect
ing the pressure drop o f the interlid space in the event o f a loss o f lid seal integrity .

4.1.4. Criticality prevention

Neutron multiplication factor analysis, assuming the most conservative fuel 
characteristics and other conceivable conditions during handling and storage o f the 
casks, ensures the criticality prevention function o f the dry storage cask.
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TABLE I. SPENT FUEL CHARACTERISTICS AND  DRY STORAGE CASK 
SPECIFICATIONS DESIGNED FOR TEPCO

Spent fuel 

characteristics

Items

Fuel type 

Initial enrichment 

Average bu m u p  

M a x i m u m  burnup 

Cooling time

Specifications

B W R  fuel 

3.0 w t %

33 000 M W ' d / t  

40 000 MW ' d / t  

4 years

Dry storage cask 

specifications

Weight (for each cask type)

Length (for each cask type)

Diameter (for each cask type)

No. of fuel assemblies loaded 

(for each cask type)

Materials

Cavity gas

Body

Neutron shield 

Basket

115 t 95 t

5.6 m 5.6 m

2.4 m 2.2 m

52 37

A S T M  A350 Or.LF5 

Silicon resin 

Borated aluminium alloy

Helium

4.1.5. Structural strength

The cask structure is designed to maintain the required integrity o f the safety 
related components when subjected to a load during handling with overhead cranes, 
transportation on trailer, earthquakes during storage, etc. The specifications o f 
TEPCO’s dry storage cask are also described in Table I.

4.2. Building and systems

4.2.1. Building

A  cask storage facility must be housed in a building not only to provide security 
against actions from a third party, but also to add shielding capability in order to keep
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FIG. 5. Dry cask storage building.

the dose rate at the site boundary lower than the value prescribed by law. Further
more, it is important to design the building so as not to disturb natural convection 
flows around the stored casks.

As TEPCO had already commissioned a building with similar functions, i.e. 
the Transport Cask Storage Facility which temporarily stores loaded transport casks 
awaiting shipment [3], it was decided to convert the building for storing casks by 
modifying some systems, such as those for securing and monitoring casks.

As shown in Fig. 5, the building consists o f a reception area and a storage area 
which can store 20 casks. In the first phase o f construction, nine positions have been 
modified from transport cask storage to dry cask storage.

4.2.2. Cask handling system

On the operations floor o f the reactor building, the lids o f dry storage casks 
loaded with spent fuel assemblies in the fuel storage pool are closed. Water is then 
drained and the cavity dried, and then filled with helium before being inspected for 
on-site transportation and storage.
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Dry storage cask
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On-site
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FIG. 6. Dry storage cask handling flow.

After being transported by trailer to the storage building the cask, accompanied 
by its skid, is loaded onto the transfer carriage by an overhead crane in the reception 
area. The remotely controlled carriage carries the cask and the skid to an assigned 
position in the storage area. The skid is then secured by bolts and monitoring 
devices, such as thermocouples to monitor surface temperature and wires for 
pressure gauges to monitor confinement function, are connected to the cask. An 
outline o f the handling flow is shown in Fig. 6.

4.2.3. Ventilation system

A  ventilation system which supplies cooling air to the casks employs natural 
convection through the building, since it ensures passive safety, i.e. there is no need 
for active cooling systems. The building structure is designed to supply enough air 
and not obstruct cooling air flow around the casks.

4.2.4. Monitoring system

During storage, the cask surface temperature and building inlet and outlet air 
temperature will be continuously monitored in order to confirm that the heat removal 
function o f the facility is being maintained. Cask interlid pressures and area dose 
rates for the shielding function will also be monitored continuously. I f  an abnormal 
value is monitored, an alarm will sound in the control room o f the adjacent reactor 
and countermeasures will be taken.
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The dry cask storage facility for spent LW R fuel at reactor sites is now 

licensable in Japan. The first commercial storage facility is under construction at 
TEPCO’s Fukushima No. 1 site, and will be commissioned in October 1995.
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Abstract

ST A T U S  O F  T H E  SP E N T  F U E L  M A N A G E M E N T  P R O G R A M M E  IN T H E  R E P U B L IC  

O F  K O R E A .
T he paper reviews the status o f  spent nuclear fuel management in the Republic o f  

K orea, including the management pplicy and structure. A lso included are the status and plans 

for ongoing pro jects related to spent fuel management: the site securing program me, construc

tion o f  an interim spent fuel storage facility and the public acceptance program me. Finally, 

the research and development activities being carried out by the K orea Atom ic Energy 

Research Institute are briefly  introduced.

1. INTRODUCTION

The rapid economic growth in the Republic o f Korea over the past three 
decades has been accompanied by a rapid growth in the demand for electricity o f 
more than 10% a year, with nuclear power taking a key role in meeting this demand 
since the late 1970s. In the Republic o f Korea, nuclear power is an absolute neces
sity, not an alternative.

The country’ s first nuclear power plant, Kori-1, a 587 M W (e) PWR, went into 
commercial operation in 1978, opening a new era o f nuclear power generation in the 
country. The nation’ s nuclear power programme has continuously expanded since 
then. Today, the Republic o f Korea has nine nuclear power plants (eight PWRs and 
one CAND U) in operation with a generating capacity o f 7616 M W (e). In 1993, the 
nuclear share o f total installed electrical capacity was about 28%, but about 40% of 
electricity was produced by these nine nuclear power plants. The average capacity 
factor o f these nuclear power plants over the past three years has been maintained 

above 84%, i.e. much higher than the world’ s average. In addition, seven units (four 
PWRs and three CANDUs) are under construction, two PWRs are under design and 

one more CANDU and four more PWRs are planned to be completed by the year 
2006 (Table I). The total nuclear generating capacity at that time will be about 
20 500 M W (e). With this nuclear power programme, the nuclear share will be about
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Status
Name 

o f  plant

Reactor

type

Start 

o f  operation

Capacity

(M W (e))

Cumulative

capacity

(M W (e))

Kori-1 PW R 4 -1 9 7 8 587 587
K ori-2 PW R 7 -1 9 8 3 650 1 237
K ori-3 P W R 9 -1 9 8 5 950 2 187

In
K ori-4 PW R 4 -1 9 8 6 950 3 137

W olsong-1 CAN DU 4 -1 9 8 3 679 3 816
operation

Yongg wang-1 PW R 8 -1 9 8 6 95 0 4  766
Yonggw ang-2 PW R 6 -1 9 8 7 95 0 5 7 1 6
U ljin-1 PW R 9 -1 9 8 8 950 6  6 6 6

U ljin-2 PW R 9 -1 9 8 9 950 7 616

Yonggw ang-3 PW R 3 -1 9 9 5 1 0 0 0 8  616

Yongg wang-4 PW R 3 -1 9 9 6 1 0 0 0 9  616

Under
W olsong-2 CAN DU 6 -1 9 9 7 7 0 0 10 316

U ljin -3 PW R 6 -1 9 9 8 1 0 0 0 11 316
construction

W olsong-3 CAN DU 6 -1 9 9 8 7 0 0 1 2  016

U ljin -4 PW R 6 -1 9 9 9 1 0 0 0 13 0 1 6
W olsong-4 CAN DU 6 -1 9 9 9 700 13 716

Yongg wang-5 PW R 6 - 2 0 0 1 1 0 0 0 14 716

Yonggw ang - 6 P W R 6 - 2 0 0 2 1 0 0 0 15 716

K N U  N o. 19 PW R 6 -2 0 0 3 1 0 0 0 16 716

Planned K N U  N o. 2 0  f PW R 6 -2 0 0 4 1 0 0 0 17 716

K N U  N o. 21 PW R 6 -2 0 0 5 1 0 0 0 18 716

K N U  N o. 22 PW R 6 -2 0 0 6 1 0 0 0 19 716

K N U  N o. 23 CAN DU 6 -2 0 0 6 7 0 0 2 0  416

38% o f the total generating capacity, and about 48% o f electricity in the Republic 
o f Korea will be produced by nuclear power plants.

In order to realize the country’s ambitious commitment to the development o f 
the nuclear power industry, there is an enormous amount o f work yet to be done. 
One major area is the effective management o f spent nuclear fuel. The management 
o f spent nuclear fuel generated from nuclear power plants has become an important 
part o f the nuclear energy policy and attracts strong public interest. Spent fuel 
management should, therefore, be carried out systematically in order to achieve 
eventual public acceptance. The Republic o f Korea has embarked on a long term 
spent fuel management project to construct and operate an interim spent fuel storage 
facility.
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This paper presents the general outlook for spent nuclear fuel management in 
the Republic o f Korea, including national policy, management system, status o f 

various projects and R&D activities.

2. SPENT FUEL M ANAG EM ENT POLICY

In July 1988, the Korea Atomic Energy Commission (AEC) set important 
goals for spent fuel management as follows:

(a) An away-from-reactor (AFR ) interim storage facility for spent fuel will be 
constructed by December 1997.

(b) Until the interim storage facility is built, the Korea Electric Power Corporation 
(KEPCO) will store spent fuel at each nuclear power plant site.

The AEC is the nation’s top policy making body on nuclear matters in the 
Republic o f Korea. The Deputy Prime Minister is the chairman o f the AEC and its 
members include the Minister o f Science and Technology, the Minister o f Trade, 
Industry and Energy and the President o f KEPCO. In December 1988, the AEC 
approved the spent fuel management plans to the year 2000 as follows:

(1) The first wet type interim spent fuel storage facility (ISFSF) with a capacity 
o f 3000 t U will be built in a coastal area. Subsequent expansion for a dry 
storage option will come on an as-needed basis.

(2) The spent fuel will be transported by ship and the system will be established 
with a capacity to transport 600 PW R fuel assemblies and 5500 CANDU fuel 
bundles per year.

(3) Public acceptance and a regional co-operation programme will be 
implemented.

Active R&D programmes were also strongly encouraged by the AEC to build 
up technical capabilities to effectively carry out spent fuel management projects and 
to ensure the safety o f spent fuel storage facilities.

The above projects are financed by the Radioactive Waste Management Fund. 
The Atomic Energy Amendment Law o f 1988 established a ‘polluters pay’ principle, 
whereby the electrical utility (KEPCO) is levied a fee for the management o f low 
level wastes and spent fuel based on the amount o f electricity generated from nuclear 
power plants (currently about 1 mill/kW-h)1. The Ministry o f Science and Technol
ogy (MOST) is responsible for management o f the fund. When specific projects are 
proposed by the Korea Atomic Energy Research Institute (KAERI) and approved by 
the AEC, MOST allocates the funds.

1 1 mill =  US $1(T3.
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TABLE П. SPENT NUCLEAR FUEL STORAGE IN  THE REPUBLIC 
OF KOREA

Location Unit
Storage capacity 

(tU )

Inventory _
(12-19931 Current саРас11У 

. ... will be full in year 
(t U)

1 225 129 1996
2 376 196 2001
3 504 220 2001
4 316 165 1997

1 316 164 1997
Yonggwang

2 316 125 1999

Uljin
1 200 89 1994
2 378 83 2005

Wolsong 1 1440 997 1997

Total 2168

3. SPENT FUEL GENERATION AND  AT-REACTOR
EXPANSION PROGRAMME

The cumulative amount o f spent nuclear fuel had reached 2168 t U by the end 
o f 1993 and will increase to approximately 5000 t U by the year 2000. The annual 
spent fuel arisings will exceed 800 t U from the year 2007 onwards. Spent fuel 
assemblies are currently stored in pools at reactor sites and the storage capacity will 
run out sooner or later (Table II). Hence, the expansion o f at-reactor spent fuel 
storage capacities is also required.

At the Uljin site, the Uljin-2 pool storage capacity was expanded in 1990 by 
re-racking with high density racks before the first cycle spent fuel discharge, and the 
Uljin-1 pool capacity is being expanded using the same method. At the Kori site, the 
Kori-3 pool capacity was expanded last year by adding high density racks to the 
reserve space o f the existing storage pool. In addition, 156 assemblies o f Kori-1 fuel 
were transshipped to the Kori-3 pool by 1991 and another 156 fuel assemblies are 
being transshipped to the pools o f Kori-3 and Kori-4. For CANDU spent fuel at the 
Wolsong site, 60 dry concrete canisters were installed in 1992 to accommodate 
32 400 spent fuel bundles and subsequent additions will follow in modular form on 

an as-needed basis.
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The present status and prospects o f spent fuel management projects are as 
follows.

4 .1 . Site securing programme

Securing a site for the ISFSF is an urgent problem for the implementation o f 
the project. An integrated site concept has been adopted to accommodate all o f the 

radioactive waste management facilities (RM F) at a site, including a low level radio
active waste repository, an interim spent fuel storage facility and related support 
facilities. It should be located in a coastal area to facilitate sea transportation o f spent 
fuel. It should satisfy all geological and technical requirements for the facilities, 
especially as a site for the low level radioactive waste repository.

Every effort has been made since the middle o f the 1980s to secure a site. In 
mid-1986, a regional survey for the RMF site was initiated to identify suitable areas. 
The existing geological and socioeconomic information had been reviewed to reduce 
the number o f candidate areas to three. Site investigation for these three sites along 
the east coast o f the Republic o f Korea were carried out until they were stopped in 
1989 owing to strong opposition by local residents. In 1990, investigation o f a new 
site on the west coast was attempted before being cancelled owing again to local 
opposition.

In 1991, KAERI undertook various preparatory actions to select a site. First, 
a research project was given to the nation’ s prominent universities, including Seoul 
National University, to carry out a complete review o f geological and socioeconomic 
factors for numerous coastal sites all over the nation. As a result, six possible sites 
were selected as being suitable for the RMF and regional development strategies 
were derived to co-operate with the public in accommodating the RM F at those sites. 
Also, as an open channel to reflect public opinion on the research results, public 
hearings were frequently conducted. A  similar project was given to a research insti
tute to investigate possible utilization o f 210 islands and 90 closed mines for the 
RMF site. Unfortunately, none o f the sites qualified.

In addition, MOST advertised through the mass media to encourage voluntary 
participation by the regional communities. As a result, individuals and regional 
communities o f 44 areas volunteered to offer their community for the RMF. Seven 
sites in five provinces were selected by MOST for further investigation. Such 

co-operative efforts, however, were disrupted at the final stage by fierce objections 
from community residents at all the candidate sites, practically stopping all activities 
dealing with site accommodation.

Nevertheless, site selection activities have been continued, mainly with an 
emphasis on public advertisement. In 1994, two communities on the east coast peti
tioned to offer to accommodate the RMF site. In Jangan, where the Kori nuclear

4. SPENT FUEL M ANAG EM ENT PROJECTS
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power plants are located, a majority o f community leaders supported the petition 
with the condition that an unprecedented level o f social and industrial development 
programmes should follow. Also, in Kisung, where the Uljin nuclear power plants 
are located in the vicinity, near 60% o f adult residents have petitioned with signa
tures for a similar community support programme. However, such voluntary activi
ties were, again, blocked by strong objections from residents in neighbouring 
communities.

Although many difficulties have been encountered during the finalizing process 
o f the RMF site, significant legislative action has been carried out to provide a legiti
mate channel for financial support to the communities in the vicinity o f the reposi
tory. As a result, in December 1993, a new law, ‘Legislation for Promoting 
Radioactive Waste Management Projects and Financial Support for the Community 
in the Vicinity’ , was passed and took effect from 1 June 1994. This legislation speci
fies financial support o f up to Won 5000 million/year during the construction period 
o f the repository and ISFSF, and up to Won 3000 million/year during the time the 
facilities are in operation. Further support is also guaranteed before the start o f 
construction work based on valid needs.

With such sound legislative support, along with executive efforts on the part 
o f related governmental organizations and continued public relations programmes, 
it is expected that the RMF site will be finalized in the near future.

4.2. Interim spent fuel storage facility

In 1983, a two year study with the Battelle Pacific Northwest Laboratories o f 
the USA concluded that the AFR  storage option would be suitable for medium and 
long term spent fuel management in the Republic o f Korea. In 1986, studies with 
Sweden and what was then the Federal Republic o f Germany were separately carried 
out to compare two methods o f storing spent fuel: wet storage and dry storage. Based 
on the results o f these studies, the AEC selected the wet type for the first AFR 
interim storage facility, to be completed by 1997. Subsequent expansion for the dry 
storage option will be followed on an as-needed basis. KAERI has carried out the 
site independent conceptual design o f the facility with the Korea Power Engineering 
Company (KOPEC) as a domestic contractor and SGN o f  France as a foreign 
contractor. Also in 1992, KAERI and British Nuclear Fuels pic (BNFL) jointly 
reviewed the feasibility o f multielement bottles for the planned facility in the 
Republic o f Korea.

Great progress has been made since the decision was made for the AFR  storage 
mode in 1988 on the development and realization o f dry storage alternatives. It is 
necessary to review and evaluate the storage options in detail. This year we 
conducted a comparative study o f the wet and dry storage options. In the first screen

ing stage for PW R spent fuel, wet pool storage and three dry storage alternatives
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were identified as the viable options for further investigation. The dry storage alter

natives are: a vertical concrete cask, modular vault and horizontal module storage. 
Preliminary conceptual designs were prepared for the alternatives on the same basis 
for an equitable comparison. The analytic hierarchy process (AH P) is used to iden
tify an optimal storage option. This study will be finalized by the end o f 1994.

4.3. Transportation system

Sea transportation has been chosen for spent fuel, since all nuclear power 
plants are located along the coastline and land transportation involves passing 
through highly populated areas. A  specially designed ship will be built to transport 
1000 PWR fuel assemblies, 35 000 CANDU fuel bundles and up to 15 000 drums 
o f radioactive wastes per year at the first operation stage. A  detailed transportation 
system analysis study is being performed jointly with Samsung Engineering and 
Construction Co. Ltd and BNFL to suggest the optimum transportation logistics and 
to identify the design requirements o f the system components.

4.4. Public acceptance programme

In parallel with the recent sociopolitical changes taking place in the Republic 
o f Korea, public concern over nuclear power has been growing rapidly, with the 
antinuclear movement being developed by environmental protection groups. Even 
though the necessity for nuclear power generation has been acknowledged by the 
greater part o f the general public, opposition by local residents has intensified, and 
doubt and criticism about nuclear plant safety and radioactive waste management 
have increased. Therefore, public acceptance programmes for radioactive waste 
management are being extensively carried out by KAERI. The main activities are
as follows:

(a) Project briefings for the public;

(b) Technical tours;

(c) Seminars and workshops;

(d) Nuclear energy awareness campaigns;

(e) Distribution o f information material, such as booklets, brochures, and posters;

(f) Television and newspaper reports on the status o f foreign radioactive waste
management activities;

(g) Advertisements through television, newspapers and magazines.



5. RESEARCH AND  DEVELOPMENT ACTIVITIES

The R&D activities related to spent fuel management at KAERI include the 
following.
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5.1. Studies on spent fuel management

(a) Study on the long term integrity o f spent fuel and development o f an integrity 
evaluation code,

(b) Study on the behaviour o f PWR spent fuel in wet storage conditions,
(c) Development o f a spent fuel storage container with oxygen ‘ sacrificers’ ,
(d) Development o f remote handling and automation technology,
(e) Structural behaviour o f a base isolated pool structure,
(f) Pool water purification technology,
(g) Study on the direct use o f PWR spent fuel in CANDU (DUPIC).

A  spent fuel technology development facility will be constructed to develop 
technologies required for the long term dry storage or disposal o f spent fuels. The 
functions o f this facility are: spent fuel cask handling, spent fuel assembly inspec
tion, storage in a dry pit, fuel rod consolidation and packaging, integrity test o f 
sample rods and remote maintenance o f equipment.

5.2. Development of a cask and transportation system

The KAERI N o .l (KSC-1) shipping cask was developed to transport a PWR 
fuel assembly in 1986 and has been used to transport spent fuel assemblies from the 
Kori-1 nuclear power plant to the post-irradiation examination facility at KAERI. 
Design, licensing and fabrication o f KAER I’ s No. 4 (KSC-4) shipping cask were 
carried out for three and a half years, from 1987 to 1990. Four PW R fuel assemblies 
can be transported by the KSC-4. Lead, solid resin and stainless steel were used as 
shielding materials. The loaded total weight o f the cask is 37 t. The KSC-4 shipping 
cask is being used for the transshipment o f spent PW R fuel assemblies from Kori-1 
to the Kori-3 and Kori-4 nuclear power plants. Using the technology accumulated 
during development o f the KSC-1 and KSC-4 shipping casks, a large shipping cask, 
KSC-7, is being developed for the transportation o f PW R spent fuel from the nuclear 
power plants to the interim storage facility. This is a dry type cask which can accom
modate seven PW R spent fuel assemblies. Apart from this, a cask for CANDU spent 
fuel is also being developed.
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The long term nuclear power programme and the associated spent fuel manage
ment programme in the Republic o f Korea have been reviewed. An interim spent fuel 
storage facility will be set up to manage spent fuel safely and economically for many 
decades, thereby providing adequate time to develop an integrated spent fuel 
management system. The current major issues are to secure a site for the facility and 
to optimize the storage concept. Considering the delicate public acceptance issues 
and the pursuit o f universally accepted methods for safe spent fuel management, 
close international co-operation is desirable to resolve the upcoming challenges.

6. CONCLUSIONS
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M A IN  O PTIO N S F O R  T H E  RO M A N IA N  SP E N T  F U E L  ST O R A G E  PR O G R A M M E .
The first unit o f  the Cem avoda nuclear power plant will be in com m ercial operation 

in 1995. Each  unit is provided with a water pool o f  1000 M g H M  (heavy metal) capacity for 

the initial storage o f  spent fuel, permitting the storage o f  discharged spent fuel for up to ten 

years. A fter this tim e, it will be necessary to move the spent fuel to an interim storage facility , 

which will be operational in the year 2 0 0 5 . In  previous papers, prelim inary studies were 

elaborated and possible solutions for this facility were presented and analysed. Som e reasons 

supporting the adoption, for the Cem avoda interim spent fuel storage facility , o f  variations 

sim ilar to those already used or developed in Canada are presented in the paper. The five 
nuclear power plant units at Cernavoda will produce, over 30  years o f  operation, about 

14 4 0 0  M g H M . This quantity o f  spent fuel may be stored in a single facility or in many 

storage facilities in different places using modular spent fuel dry storage solutions. It is also 

possible to use the wet storage variation, consisting o f  rectangular water pools. The wet 
storage method may be used only within the fram ework o f  a single facility for the entire 

quantity o f spent fuel produced over the life  o f  the plant; how ever, for reasons o f cost, such 

a facility must be built in many phases. An evaluation o f  the capacity o f  each phase was made 
and it was found that 360 0  M g H M  was suitable. Som e possible prelim inary sites for the spent 

fuel interim storage facility , both within and outside the perim eter o f  the nuclear power plant, 

w ere analysed. The relationship between the technical solution envisaged and the site which 
may be used is also presented. The reasons mentioned above and other arguments outlined 

in the paper indicate that a location inside the perim eter o f  the nuclear power plant is the most 

convenient for siting the facility . In  such a case , it is possible to use either the C A N ST O R  

type o f  storage or the wet storage variant. Subsequent studies planned will be focused mainly 

on the development o f  the conceptual design for both o f  these variants, and on this basis a 
documented analysis will be elaborated for cost evaluation and preliminary safety assessment. 
The technical support o f  the IA E A  for this activity is also emphasized.

1. INTRODUCTION

The construction o f the Cernavoda nuclear power plant, consisting o f five 
CANDU type units o f 660 M W (e) each, is in progress, with the first unit to be 
commissioned at the end o f 1994. Commercial operation will start in 1995. The other
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units will be completed and commissioned later, but for reasons o f finance there are 
some uncertainties regarding their schedule o f completion, which will probably be 
extended to between 1998 and the year 2005. Each unit is provided with a spent fuel 
pool for at-reactor initial storage for ten years.

A t present, it is not possible to make a decision on the option for the closure 
o f the fuel cycle (reprocessing or direct disposal), as is the case in some other coun
tries with nuclear power stations; however, in particular for Romania the relatively 
small dimensions o f the nuclear programme and the difficulties o f the transition 
period are supplementary reasons to delay this decision.

For Romania, reprocessing involves large costs, the availability o f foreign 
reprocessing services and Pu accumulation (unless Pu recycling in CANDU reactors 
is demonstrated), whereas direct disposal seems to be more convenient. Taking into 
consideration the most probable direction for the evolution o f nuclear power in the 
world, studies and evaluations indicate that in Romania a fundamental decision about 
the back end fuel cycle option will be possible only between the years 2020 and 
2025 [1].

The need to have additional capacity for spent fuel storage, the unavailability 
o f reprocessing services, the lack o f final disposal facilities, as well as the absence 
o f any possibility o f making a documented decision on a method to close the fuel 

cycle, constitute enough reasons to make interim storage a compulsory step. Prelimi
nary studies were performed for the analysis o f possible methods o f storage and also 
to discuss the related costs, and to compare the various sites where the facility could 
be placed [1-4].

This paper describes some solutions for interim spent fuel storage at the 
Cernavoda nuclear power plant and the possible sites that may be used, and presents 
the correlation between these solutions and the features o f the site. An estimation o f 
the first phase capacity o f the facility, the recommendation for a site inside the 
perimeter o f the nuclear power plant and the future activities planned are also 
presented.

2. POSSIBLE INTERIM  SPENT FUEL STORAGE SOLUTIONS
FOR THE CERNAVODA NUCLEAR POWER PLA N T

The analysis and comparison o f different methods that could be used for 
interim spent fuel storage indicate that it is possible to develop either a wet storage 
solution or a dry storage method adjusted to the specific characteristics o f CANDU 
fuel. The CANDU fuel bundle is basically different from regular LW R  fuel with 
regard to dimensions, burnup, radioactivity and generated decay heat. Therefore, its 
handling, transportation and storage must be adequately considered. The Canadian 

experience in this field must be taken into consideration, but it is also possible to 
adapt other solutions for the storage o f other types o f fuel.
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At this stage o f programme development, the following methods were 

discussed:

— Wet storage, involving rectangular water pools similar to the spent fuel bays 
proposed for initial storage at all five CANDU-600 units at the Cernavoda 

nuclear power plant.
— Dry storage, using a version similar to the CANSTOR module concept [5].
— Dry storage, based on the DSC (dry storage container) multipurpose spent fuel 

container available for transport and storage, which is similar to the system 
used to provide additional spent fuel storage capacity at the Pickering nuclear 

generating station [6].

The wet storage and DSC methods may be used either inside the perimeter o f 
the nuclear power plant i f  enough area is available, or outside, but the CANSTOR 

method can be used only inside the nuclear power plant zone.

3. EVALU ATIO N  OF THE FIRST PHASE C APAC ITY

The amount o f spent fuel that will be discharged from the reactors during 
30 years o f operation o f the five unit Cernavoda nuclear power plant is estimated at 
14 400 M g HM (heavy metal). This will require a large storage capacity, which will 
obviously have to be built in many phases.

The dry storage methods (CANSTOR and DSC) require a phased construction 
schedule, which is imposed by the nature o f their specific technology, i.e. construc
tion by modules, with a module capacity o f 220 M g HM for a CANSTOR type and 
7.2 M g HM for a DSC type facility.

The wet storage method requires an auxiliary building for receiving, unloading 
and transferring the fuel, and features many pools for storage. Phased construction 
o f the facility is very important for reasons o f cost efficiency and for fulfilling 
design, operational and safety requirements.

Taking into account the influence o f the scale factor and experience with 
existing water pools, including local experience in the design and construction o f 
spent fuel bays for initial storage, an analysis has led to the conclusion that 
3600 M g HM is the most convenient level for the capacity o f the first phase o f the 

interim spent fuel storage facility. The total capacity will be achieved in four phases, 
with a functional arrangement o f the pools and an appropriate solution for the 
auxiliary building. The first phase consists o f two spent fuel bays with a capacity o f 
1800 Mg HM each.

This division o f the construction into phases also applies to dry storage 
methods which, since they are modular, have to be grouped in a proper arrangement, 
constituting a compact facility for the entire capacity [4]. Moreover, it is possible
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with both wet and dry storage technology to adjust the subsequent phases based upon 
the real needs o f interim spent fuel storage which could be different from those 
initially estimated.

4. CORRELATION BETWEEN THE TECHNICAL SOLUTION 
AND  SITE FEATURES

Taking into account the technical aspects o f the three interim spent fuel storage 
methods mentioned above, and in connection with the particular features o f the Cer
navoda nuclear power plant site, some important considerations must be underlined:

— The CANSTOR type method requires a special transfer flask which can be 
used only inside the perimeter o f the nuclear power plant.

— The area necessary to build a CANSTOR type facility is smaller than that 
needed for a DSC type facility.

— The use o f places outside the perimeter o f the nuclear power plant imposes the 

need for additional buildings and facilities.
— I f  the area available inside the perimeter o f the nuclear power plant does not 

permit the construction o f the integral facility, it is possible to accept the spatial 
separation o f the different phases. However, this is not possible for the wet 
method.

On the basis o f these considerations, the analysis o f the possible options for 
construction o f the interim spent fuel storage facility emphasized the following 

conclusions:

— CANSTOR technology is adequate only for a location inside the perimeter o f 
the nuclear power plant.

— The DSC and wet storage methods may be used either inside or outside the 
nuclear power plant area.

— The CANSTOR method is preferable to the DSC method inside the nuclear 
power plant zone i f  the available area is limited.

— The wet concept may be applicable only in the event that an entire facility is 
considered.

— For sites outside the perimeter o f the nuclear power plant, only the concept o f 
a facility for the entire quantity o f spent fuel can be considered.

— Spatial separation o f the different phases o f construction may be necessary in 
the case where sites inside the area o f the nuclear power plant are to be used. 

Thus, either CANSTOR or DSC technology may be acceptable.
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FIG. 1. Possible locations within the perimeter o f  the nuclear power plant fo r  the interim 

spent fuel storage facility.

5. DESCRIPTION OF SOME LOCATIONS INSIDE AND  OUTSIDE
THE PERIMETER OF THE NUCLEAR POWER PLA N T

At a preliminary stage, possible sites within and outside the area o f the nuclear 
power plant were analysed for interim spent fuel storage. As the density o f construc
tion is high, only three places were found to be possible locations inside the 
perimeter o f the nuclear power plant (Fig. 1). Two o f these, I, and I2, permit the 
partial construction o f the storage facility, the area available being sufficient for the 
first phase only.

The third location, I3, is convenient for the entire facility (i.e. all four 
phases), using either CANSTOR type technology or wet technology based on 
rectangular spent fuel bays o f 1800 M g HM each.

Two possible sites were found outside o f the nuclear power plant area, both 
being suitable for the construction o f an integral facility o f the DSC type, or using 
the rectangular water pool storage method. These two locations, named S and C,
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have a similar geological structure. Site S is near the nuclear power plant area, but 
the topography o f the surrounding zones is relatively uneven. Site С is more distant 
from the perimeter o f the nuclear power plant, but the available area is larger. Both 
sites need new roads which have to pass below some high voltage lines. It is also 
possible for site С to be used as the final repository for low level and intermediate 
level wastes. This is the result o f some preliminary studies and o f geotechnical inves

tigations already made. Comparison o f sites S and С leads to the conclusion that С 
is preferable i f  the interim spent fuel storage facility has to be placed outside the 
nuclear power plant area.

6. ADVANTAGES OF CONSTRUCTING THE INTERIM  STORAGE 
FA C IL IT Y  INSIDE THE PERIMETER OF THE 
NUCLEAR POWER PLA N T

Construction o f an interim spent fuel storage facility inside the nuclear power 

plant area leads to important economic, safety, environmental, public relations and 
licensing advantages. The most important economic advantages are the following:

— Use o f good roads, already built, and with shorter distances for transport;
— Sharing o f some auxiliary buildings, facilities, services and qualified personnel 

with the nuclear power plant;
— The land is owned by the nuclear power plant administration;
— The physical protection system can be simplified;
— There is no disturbance from other industrial and social activities;
—There is no need for further geotechnical investigations because the area is well

known.

With reference to nuclear safety advantages, it is necessary to mention the 
following:

— The site requirements imposed on the nuclear power plant are more severe than 
those necessary for interim spent fuel storage, which means that they are 
implicitly attained by the storage facility;

— In emergency cases, the intervention personnel are more qualified and the 
emergency plans and procedures are simpler.

From the point o f view o f environmental and public acceptance, construction 
o f the interim storage facility inside the nuclear power plant area is advantageous 
because in the event o f an accident, neither the population nor other areas will be 
affected. Public acceptance o f the facility is also easier. Also, the duration and the 
effort involved in licensing could be smaller because the characteristics and technical 

aspects are already known.
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However, the location o f the interim spent fuel facility inside the nuclear power 
plant area also involves some restrictions, such as the need for the facility to be 
further away from objects which could generate explosions or a fire, and to comply 
with the target dose set for all radioactive releases o f the site.

An analysis o f all o f the considerations presented here leads to the recommen
dation that location I3 is the most appropriate for the interim spent fuel storage 
facility.
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The preliminary studies already performed [1-4], or those still under way, 
have as their purpose the direction o f future activity towards a more detailed analysis 
o f a limited number o f methods. The main steps in this series o f studies are presented 
in Fig. 2.

The activity and results related to this scheme are described briefly in this 
paper and lead to the conclusion that I3 is the most advisable place to build the 
interim spent fuel storage facility for the Cernavoda nuclear power plant. This facil
ity will be developed using either the dry storage method, i.e. the CANSTOR type, 
or the wet storage method employing rectangular water pools. The final decision will 
depend on the results o f further studies and analyses, in particular the safety and cost 
performance. In this connection, the conceptual design commenced in 1994 and will 

continue in 1995, when a cost evaluation will also be made and a safety assessment 
will begin.

Development o f the basic design will begin in 1996 and will provide the data 
necessary for completing the preliminary safety assessment such that in 1997 it will 

be possible to finalize the choice o f the technical solution and obtain the requisite 
agreement from the regulatory body for continuing the activity. '

As the activity progresses, the amount o f work increases and the scope is 

enlarged, it is necessary to correctly evaluate the programme resources and the 
proposed time schedule.

7. FUTURE ACTIVITIES PLANNED

8. IN TE R N ATIO N AL CO-OPERATION

The activities with regard to the Romanian spent fuel storage programme are 
closely related to IAE A  activities in this field. Awareness o f the increasing impor
tance o f interim spent fuel storage has led the IAE A  to develop safety guides, techni
cal reports and other documents and to engage in the exchange o f information 
through various means (i.e. workshops, symposia, publications, etc.). The IAEA  is 
also promoting technical assistance projects, training courses, Irradiated Fuel 
Management Advisory Programme (IFM AP) activities and other actions [7]. Roma
nia is the beneficiary o f a technical assistance project, ROM/9/014, which incor
porates the major parts o f the Romanian spent fuel storage programme.

Some preliminary steps were taken for co-operation with the European Union 
by means o f actions initiated through CASSIOPEE. In the next stage o f the 
programme, there will be major co-operation with companies working in this field 
with regard to specialized services and the supply o f equipment.
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The studies carried out so far and summarized in this paper lead to the 

following two main conclusions:

— There is a possibility o f using a location inside the nuclear power plant for the 
spent fuel storage facility, employing either a dry storage method, i.e. the 
CANSTOR type, or a wet storage method with rectangular water pools;

— Such a location is very flexible because it permits the development o f the facil
ity in phases, ensuring that either the entire capacity is available or only a part, 

depending on the actual requirements.

9. CONCLUDING REMARKS
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Abstract

SLOVAK EXPERIENCE WITH WWER-440 SPENT FUEL STORAGE.
Positive experience with the long term storage of WWER-440 type spent fuel is 

presented. Spent fuel has been stored in the wet mode at away-from-reactor storage facility 
pools since 1987. During the storage period, no significant problems have appeared. The main 
results of fuel assembly visual observation, storage pool water chemistry, radiochemistry and 
biological analyses are described. The Slovak national programme and strategy for spent fuel 
management are presented.

1. INTRODUCTION

In Slovakia, there are two locations with nuclear power units. The Nuclear 
Power Plant Mochovce has four units (WWER-440 V-213 type design) under 
construction. The Nuclear Power Plant Jaslovské Bohunice consists o f five reactor 

units. The oldest unit, A - l (HW GCR), is now in the decommissioning stage. This 
unit was fuelled with metallic natural uranium fuel with a beryllium-magnesium 
cladding. The remaining four units were sequentially put into operation between the 
years 1978 and 1985. They are all o f Soviet WWER-440 design; units 1 and 2 are 
V-230 type and units 3 and 4 are V-213 type. At these units Soviet made uranium 
dioxide fuel with zirconium-niobium alloy cladding is being used. The maximum 
uranium enrichment is 3.6% and an average bumup o f about 32 G W • d/t is being 
achieved.

2. DESCRIPTION OF THE STORAGE TECHNOLOGY

Most o f the spent fuel at the A - l unit (more than 75%) has already been trans
ported back to the Russian Federation. On site, only fuel assemblies with their 

cladding and structure damaged by corrosion are stored in canisters. A ll o f these fuel 
assemblies are difficult to handle. Different methods o f managing this problem are 
now under consideration.
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For WWER-440 fuel, at-reactor (AR ) pools are used to store spent fuel for 
three years. For intermediate storage, an away-from-reactor (AFR ) wet storage 
facility has been built with a capacity o f 5040 fuel assemblies, which represents about 
600 t o f uranium. The AFR  facility started its test operation in 1987, and in 1988 
the then Czechoslovak Atomic Energy Commission granted a licence for long term 
operation. This AFR  facility consists o f four storage pools interconnected by one 
transport corridor.

One storage pool is kept empty in case o f an emergency. The AFR  facility 
arrangement is shown in Fig. 1. Storage pools are double lined, the upper liner and 
all piping and auxiliary systems are made o f stainless steel, and the pool concrete 

pit liner is made o f carbon steel. Demineralized water is used as a coolant. The 
storage pools are equipped with a leak collection system which allows checking o f 
the leak rate and collection o f leaking coolant in order to avoid activity release into 
the environment. The AFR  facility has its own cleanup system with mechanical 
(cation exchanger based), cation and anion exchanger columns. A  special collimator 
for fuel assembly gamma scanning has also been installed. The facility is as yet not 
equipped with any sipping equipment. The fuel is stored inside cylindrical baskets 
with a pitch o f 225 mm. The capacity o f one basket is 30 fuel assemblies. The water 
layer above the fuel end is 3 m. The pools are covered by hydraulically handled 
covers made o f carbon steel coated with epoxy paint.

5000

Year/Quarter

FIG. 2. Storage history fo r  the AFR spent fuel facility, Nuclear Power Plant Jaslovské 

Bohunice (ËS: fuel from  the Nuclear Power Plant Jaslovské Bohunice; ■ :  fuel from  the 

Nuclear Power Plant Dukovany).
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At the beginning o f operation, the facility was used to store spent fuel 
only from the Nuclear Power Plant Jaslovské Bohunice. Later on, part o f the 
AFR  capacity was also used for storing spent fuel from the Nuclear Power Plant 
Dukovany. The storage history o f the AFR  facility during its operation is shown in 
Fig. 2. Its present status is 4176 spent fuel assemblies stored, including 1176 assem
blies from the Nuclear Power Plant Dukovany. The total decay heat load is approxi
mately 900 kW.

3. OPERATING EXPERIENCE

During operation o f the AFR  facility, no off-normal events or accidents have 

so far occurred. There are no indications o f deterioration in the stored spent fuel. 
This has also been confirmed by visual inspection in 1993 o f four fuel assemblies 

(the two oldest and the two newest) using an underwater camera. Observation was 
carried out at the AFR  inspection pool using a Rees 90 black and white camera and 
video tape recorder. As the WWER-440 fuel assembly has a shroud tube and was 
not designed for disassembling, observation only o f the shroud tube, and top and 
bottom end fittings was possible.

Visual inspection o f the four fuel assemblies did not reveal any corrosion 
effects. The stainless steel top and bottom end fittings had a shiny, deposit free 
surface. Some mechanical scratches, caused by assembly handling, could be 
observed on the zirconium shroud tube. The shroud tube surface had a dull, 
grey-white colour with some dark areas and some deposits being observable. In 
general, no difference between the oldest and newly stored fuel assemblies has been 
found. It must be pointed out here that the picture produced by the camera was not 
sufficiently clear, and interpretation o f some effects was very difficult. For repeated 

inspection, the use o f a periscope is preferred.

3.1. Water chemistry and activity

As mentioned above, demineralized water is used for fuel storage. The AFR 
pool water chemistry specification is as follows:

— pH5.5-9,
— Chloride concentration <0.1 mg/kg,
— Suspended solids <0.5  mg/kg,
— Total /3 activity <4.1 x  107 Bq/m3,
— Tritium activity <3 .7  X 109 Bq/m3.

There were no problems in maintaining the water chemistry to specifications. 

The water quality is monitored by continuous conductivity measurement and weekly 
by grab sampling, with subsequent chemical analysis and activity measurement.
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Q.
Year

c N
—  pH —  Conductivity —  Activity A Fe (Iron) ■ CHDO

\ J

FIG. 3. Poo l water chemistry and activity at the AFR spent fuel storage facility, Nuclear 

Power Plant Jaslovské Bohunice. (Note: The chloride concentration is always less than 

0.02 mg/kg, CHDO: chemical demand o f  oxygen.)

Year

FIG. 4. Poo l water activity at the AFR spent fuel storage facility. Nuclear Power Plant 
Jaslovské Bohunice.
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Figure 3 shows the water chemistry during facility operation. In 1990, the growth 
o f biological species was recognized, resulting in an increase in water turbidity. 

Analysis o f the chemical demand o f oxygen (CHDO) as an orienting parameter was 
started later and is being periodically performed. Moreover, pool water is periodi
cally sampled for microbiological analysis which is carried out in specialized labora
tories. As a result, some psychrophyllic, mesophyllic and ferrous bacteria were 
identified, but no corrosive anaerobic bacteria were found. Micromycetes were iden
tified as the main part o f the biological mass [1]. Their number increased over time 

and resulted in flocking on the water surface. Part o f the pool water activity was 
fixed to the biological mass. Cleanup operations were not helpful in all cases, and 
sometimes cleanup system startup contributed to water quality deterioration. There
fore, this systeih is now being investigated as a possible source o f biological species. 
At the present time, the quantity o f biological impurities has decreased to practically 
unmeasurable levels, but no special provisions have been introduced as yet, except 
that cleanup system operations have been reduced. As microfiltration has proved to 

be efficient for the removal o f biological impurities, a submersible filter with a suffi
cient flow rate for pool water filtration will be employed for future operation.

Activity in the storage pool water consists o f fission and activated corrosion 
products. While the activity level o f corrosion products depends on the composition 
o f construction materials and primary coolant chemistry during reactor operation, 
fission product activity is determined by the ‘tramp’ fissile material concentration 
and by the occurrence o f fuel leaks. Total /3 activity is shown in Fig. 3, and Fig. 4 
shows the selected radionuclide activity. The main part o f the total activity is 
represented by caesium isotopes. Their source is mainly leaking fuel, because fuel 
with small leaks is also stored in AFR pools with no special provisions or arrange
ments. Owing to leaching through cladding defects, the activity increases slightly and 

is periodically decreased by operation o f the clean-up system. The activity o f 
corrosion products depends on the pool water temperature and fuel handling 
operations.

3.2. Storage equipment status

As all components o f storage technology are made o f stainless steel, no signifi
cant corrosion problems have appeared so far. The concentration o f corrosion 
products is periodically analysed and is shown in Fig. 3. Zirconium concentration 
analysis o f AFR  pool water was performed in 1993 as well, with negative results 
(e.g. less than 2 ppb o f zirconia)1.

1 1 billion =  109.
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FIG. 5. Hydrogen generation (wet loaded) by the C-30 spent fuel transport cask (30 fuel 

assemblies loaded; average bumup: 31 000 MW-d/t; total heat load: 9.21 kW).

At the end o f 1989, one pool was emptied and a corrosion status inspection 
carried out. Some local corrosion was discovered at the pool bottom, in all cases due 
to the dropping down o f ferritic material pieces. A ll these locations were repaired 
by grinding or by chemical cleaning and passivated by a phosphoric acid based agent. 
In 1994, a second inspection was performed in order to check for the presence o f 
biologically induced corrosion. A  ‘M ICPro’ 2 expert system has been used for 
biological corrosion risk evaluation [2]. The probability o f a biological attack o f the 
system (storage pools) has been evaluated as high owing to the ‘ favourable’ condi
tions (stainless steel as a structural material is susceptible to this kind o f corrosion, 
pool water temperature, low flow, lack o f conditioning agents). This has not been 
confirmed by visual inspection, which was carried out with no sign o f corrosion. The 
good status o f the storage system is also attested to by the fact that up to now no 
leaks from storage pools have been observed.

2  M IC Pro is a trademark o f  Structural Integrity A ssociates, In c ., and the E lectric 
Pow er R esearch Institute, U SA .
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For all spent fuel transports, the German made C-30 type cask transported by 
railway carriage is used. This cask is licensed for wet and dry modes o f operation.
For transport purposes, an experiment was performed to study hydrogen generation 
in the C-30 transport cask. The cask was loaded with 30 fuel assemblies, with an 
average burnup o f 31 000 MW-d/t and a total heat load o f 9.21 kW. Hydrogen 
generation was tested during a 32 day period o f wet storage with and without 
hydrogen catalytic recombiners. In a second experiment, eight Soviet type recom
biners were installed on the inside o f the cask lid. The average temperature o f the 
gaseous (nitrogen) phase was 50°C. The results are displayed in Fig. 5.

4. N A T IO N A L  SPENT FUEL M ANAGEM ENT STRATEGY

In Slovakia, the final disposal o f spent fuel, guaranteed by the State, is
planned, with repository startup in approximately the year 2030. For the preparatory 
work (geological and other studies, site selection and testing, fuel conditioning and 

storage technology), close co-operation with experienced foreign partners will be 
necessary [3].

In the interim, both the wet and dry storage modes are assumed to be accept
able. At the present time, an AFR  spent fuel storage facility operated by the Nuclear 
Power Plant Jaslovské Bohunice has an operating licence without a time limitation. 
No burnup credit has been used for licensing.

In 1993, a tender for intermediate spent fuel storage technology was issued by 
the utility SEP for spent fuel from the Bohunice and Mochovce plants. As far as 

Mochovce is concerned, the capacity o f the A R  high density racked pools is suffi

cient for six years o f operation and, therefore, intermediate storage technology for 
this nuclear power plant is not currently an issue. An increase in the capacity o f the 
operating AFR  wet storage facility is being evaluated, as well as general safety 
improvements (i.e. seismic and air crash resistance, flooding, etc.). For the stored 
spent fuel o f the Nuclear Power Plant Dukovany (Czech Republic), transport in 
licensed C-30 casks is planned, but the direct loading o f GNS CASTOR dry storage 
casks (Dukovany’ s selected intermediate storage technology) at the Nuclear Power 
Plant Jaslovské Bohunice will also be analysed. The start o f these transports is 
expected in 1995.

REFERENCES
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3.3. Investigation o f the use o f  the C-30 transport cask
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M E T A L  C A S K S  I N  S P A IN

J.M. GRAVALOS, J.A. GAGO
Empresa Nacional de Residuos Radiactivos, S.A. (ENRESA),
Madrid,
Spain

Abstract

DEVELOPMENT OF DUAL PURPOSE (STORAGE AND TRANSPORT) METAL 
CASKS IN SPAIN.

The key considerations in the Spanish approach for the interim storage of around 
5200 t U of spent fuel are presented. The strategy is based on expanding the present capacity 
of nuclear power plant pools by means of re-racking and providing additional storage with dual 
purpose metal casks. The bases for selecting this type of storage, together with its impact on 
the other stages of spent fuel management, are briefly outlined.

1. INTRODUCTION

The Spanish nuclear programme consists o f nine nuclear power plants with an 
overall capacity o f 7.4 GW (e), representing around 38% o f the electricity share. The 
oldest plants were sending their spent fuel to be reprocessed at the British Nuclear 
Fuels pic (BNFL) installations in the United Kingdom up to 1981.

In 1982, the National Energy Plan established the open cycle as the strategy 
to be followed, thereby halting the reprocessing option. As a consequence o f this 
plan, a State owned company, the Empresa Nacional de Residuos Radiactivos, S.A. 
(ENRESA), responsible to the Ministry o f Industry and Energy, was created in 1984 
with the responsibility o f managing all types o f radioactive wastes. To comply with 
its responsibilities for the interim storage o f spent fuel, ENRESA has designed a 
strategy based on a forecast o f spent fuel production, which is explained below.

2. SPENT FUEL PRODUCTION

According to the Third National Radioactive Waste Plan [1] currently in force, 
the amount o f spent fuel to be stored out o f pool is represented by a curve (Fig. 1) 
which shows a very smooth slope in its first part up to the year 2010, followed by 
a rapid increase, representing the need for massive storage at the decommissioning

113
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phase o f the plants. Although this figure corresponds to an operating time o f the 
nuclear power plants o f 30 years, a similar trend is observed for an operating time 

o f 40 or 60 years. For an overall amount o f 5200 t U needing final disposal, only 
10001U, arising only from four nuclear power plant units, would need to be stored 
out o f pools up to the year 2010.

This type o f demand dictates the adoption o f an at-reactor (AR ) solution, 
followed by a centralized away-from-reactor (AFR ) plan to be implemented around 
the year 2012. This strategy ensures independence between the repository 
programme and the operation and future dismantling o f the nuclear power plants.

The spent fuel storage design concepts to be adopted for each o f the AR  and 

AFR  needs are briefly outlined below.

3. THE AR  STORAGE CONCEPT

The key actions undertaken by ENRESA to guarantee continuity in the opera
tion o f the plants have had as a goal to extend as much as possible the pool capacity 
o f the plants by the installation o f new compact storage racks wherever possible and 
to provide an out o f pool solution in those plants where re-racking is either not viable 
or not economic.

3.1. Pool re-racking

Following feasibility studies for the re-racking o f the first plants needing addi
tional storage (Almaraz and Aseó), a project group was formed to undertake the 
replacement o f the old racks with new compact racks.

The technical responsibility for the project was shared between the utilities and 

ENRESA and the overall cost o f the project was supported by ENRESA following 
authorization by the Ministry o f Industry and Energy.

Among the different alternatives evaluated, borated steel was the final material 
selected for the new rack design and the job was awarded to a consortium formed 
by Siemens (design, engineering and licensing) and the Spanish manufacturer ENSA 
(fabrication, installation and decontamination). Similar feasibility studies are under 
way to evaluate the possibility o f re-racking other plants.

3.2. Out of pool storage at the reactor sites

It was decided by ENRESA to provide additional out o f pool storage by means 
o f dual purpose (storage and transport) casks. The selection o f this concept was made 
after a thorough evaluation o f potential alternatives based mainly on the following 
factors:



IAEA-SM-335/10 117

— The solution should be able to accommodate a low level of production 
(1000 t U) up to the year 2010;

— The operation of the concept selected should be independent (no interference) 
of the normal operation of the plants;

— The solution should be as modular as possible to minimize initial investment, 
and to easily accommodate storage demand;

— The solution should be compatible with the system to be selected for the 
massive centralized storage facility and, to the extent possible, with future 
repository installations;

— To the extent possible the future transport of the storage units to the monitored 
retrievable storage (MRS) should take place without further handling of the 
spent fuel stored;

— The storage units should not compromise or increase future dismantling actions 
to be undertaken at the plants.

The main objective is to use dual purpose casks stored at-reactor and to trans
port these units to the AFR storage facility whenever available. Once there, they 
could be used as:

— Storage units without the need for further handling of the spent fuel at the AFR 
installation; or

— Transport units (after unloading the spent fuel) to ship the rest of spent fuel 
from nuclear power plants to the AFR facility.

A contract was awarded to Nuclear Assurance Corporation (NAC) under a 
co-operative agreement between VEPCO, the Electric Power Research Institute and 
ENRESA to finance the design of this concept. The design of the cask developed by 
NAC, known as the NAC-STC, is in the final stage of the licensing process by the 
United States Nuclear Regulatory Commission.

Following the direction of the design developed by NAC, another version of 
this cask has been developed by the Spanish company ENSA, under the supervision 
of NAC, to accommodate spent fuel discharged from the German designed Trillo 
nuclear power plant. This cask, known as the ENSA-DPT, is being evaluated by the 
Spanish Consejo de Seguridad Nuclear (CSN). Its licensing is foreseen to take place 
at the end of 1994.

With the adoption of this concept for the initial storage demand, the number 
of casks needed before the centralized storage facility starts operation is represented 
in Fig. 2 if  the nuclear power plants are to operate for 30 years.
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4. THE AFR MASSIVE STORAGE CONCEPT

Figure 3 presents the total number of metal casks needed to accommodate the 
overall production of spent fuel (for the 30 year operating scenario) if it is to be 
stored in dual purpose metal casks.

Three different alternatives (wet, dry and mixed wet-dry storage) were studied 
and evaluated for the construction of an independent MRS. A new evaluation should 
take place during 1994 to include in the study other technologies for dry storage 
(vaults, concrete casks, etc.) that were not considered in the former study. The final 
decision for the technology has been deferred somewhat since its need can be delayed 
until the year 2012.

5. DISCUSSION OF SEVERAL DUAL PURPOSE CASK ISSUES

Although the NAC-STC cask is described elsewhere [2], certain aspects of 
dual purpose casks are briefly addressed from the Spanish perspective.

5.1. Two or three purposes?

Although the idea of a multipurpose container (MPC) is very attractive in 
itself, regulations for spent fuel final disposal do not exist so far in Spain. Therefore, 
a decision was made to concentrate initial efforts on the dual purpose concept, thus 
leaving open such design issues as the maximum capacity and thermal load of the 
disposal container, the final closure system, lead and organic material disposal.

Notwithstanding the information mentioned above, it is ENRESA’s intention 
to adapt the present design to the maximum extent possible, or develop a specific 
design using a single cask to comply with spent fuel disposal regulations as they 
come into existence, and, once defined, decide on the final repository concept among 
the ones presently being studied.

5.2. Welded versus bolted closure system

Bolted closure systems with metallic О-rings have been shown to provide good 
sealing properties for a period of at least eight years in several storage casks.

The metallic О-rings may not necessarily last forever. For that reason, double 
seals are used with a higher pressure between the О-rings and a pressure monitoring 
system is connected to immediately detect any seal failure. Failed seals can be easily 
replaced.

The bolted solution is seen as a more flexible one at this early stage o f defini
tion. Replacement of the О-rings if  any leakage is detected is a much simpler opera
tion than cutting a welded closure. If further operations are to be performed to the
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spent fuel, such as consolidation prior to disposal, the bolted closure system is more 
suitable.

If the present cask design is adapted to make it suitable for disposal, welded 
closure of the inner containment is seen as a preferred closure mechanism, particu
larly if  the canisters are not to be opened again to recondition the spent fuel prior 
to disposal.

5.3. Transportation after long term storage

The Topical Safety Analysis Report and Safety Analysis Report of the NAC- 
STC cask both address the issue of transportation after long term storage and this 
matter has been resolved.

5.4. National participation

From the very beginning of this project, one of the key factors in the decision 
making process was to optimize the degree of participation of Spanish companies. 
This issue is nowadays a reality from the design and manufacturing standpoints.

6. CONCLUSIONS

The selection of dual purpose metal casks to accommodate the inital demand 
for additional spent fuel storage capacity has been explained from the Spanish 
perspective. The solution adopted is flexible enough and is foreseen to take care of 
the AR demand until the AFR centralized facility enters into operation around the 
year 2012.
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Abstract

S W E D I S H  S P E N T  F U E L  S T O R A G E  P R O G R A M M E .

About 5 0 %  of the electricity in Sweden is generated by means of nuclear power from

12 L W R s  located at four sites, with a total capacity of 10 300 M W .  After a referendum on 

the nuclear issue in 1980, the Swedish Parliament decided that all reactors shall be phased out 

by the year 2010 at the latest. By  then about 7800 t U  will have been used and will have to 

be taken care of as spent nuclear fuel. After unloading from the reactor core and a cooling 

period at the reactors, the spent fuel is transported to the Central Interim Storage Facility for 

Spent Nuclear Fuel, C L A B ,  where the fuel will remain for 30-40 years. According to a deci

sion taken at the beginning of the 1980s, the spent fuel shall be taken care of in Sweden and 

will be finally disposed of at a depth of about 500 m  in a repository in the bedrock. Planning 

for the interim storage facility started in the mid-1970s. The decision was taken that the 

storage should be wet. Construction was planned to begin in 1980, after the referendum had 

been held and the necessary permits had been obtained. The first spent fuel was received in 

1985 and after nine years of successful operation, 20001U  are in storage. The operating costs 

have been successively reduced by around 3 0 %  as a result of the experience gained and 

optimized operating procedures. The release of activity from the fuel has been much lower 

than originally anticipated. The storage capacity has been increased from the original 

3000 t U  to 5000 t U  by the introduction in 1992 of new boron steel storage canisters which 

permit denser packing of the assemblies in the existing pools. The planning for the next step 

in the back end of the fuel cycle has been initiated in that a design project has started with 

the aim of building an encapsulation plant adjacent to C L A B .  The encapsulation of spent fuel 

is planned to commence around the year 2007, followed by placement of the first disposal 

canisters in the deep repository in the bedrock in the year 2008.

1. INTRODUCTION

About 50% of the electricity in Sweden is generated by means of nuclear 
power from 12 reactors located at 4 sites, with a total capacity of 10 300 MW. Nine 
of the reactors are BWRs and three are PWRs (Fig. 1). The first commercial reactor 
was put into operation in 1972 and the latest in 1985. After a referendum on the 
nuclear issue in 1980, the Swedish Parliament decided that all reactors shall be 
phased out by the year 2010 at the latest. By then, about 7800 t U will have been

121



122 VOGT

S w ed en
. í

Norway 1

L  F
STRIPA|¡

Forsmark

Stockholm
Studsvik,

a

ffl

n

BWR

PWR
CLAB, Central Interim Storage 
Facility for Spent Nuclear Fuel

SFR, Final Repository for 
Radioactive Waste

FIG. 1. Swedish nuclear power facilities.

used and will have to be taken care of as spent nuclear fuel. Today the total spent 
fuel quantity amounts to almost 4000 t, including the fuel in the reactor cores.

After unloading from the reactor core and a cooling period at the reactors, the 
spent fuel is transported to the Central Interim Storage Facility for Spent Nuclear 
Fuel, CLAB, where the fuel will remain for 30-40 years (Fig. 2). During this period 
the radioactivity and the residual heat of the fuel will decay by about a factor of ten, 
thus making further handling and final disposal simpler.

In the beginning of the 1980s, the direct disposal option for the management 
of spent fuel in Sweden was chosen as this was judged to be the most rational and 
cost effective solution under the conditions in the country. According to this deci
sion, fuel from the Swedish reactors shall be taken care of within the country and 
be finally disposed of at a depth o f about 500 m in a repository in the bedrock.

The responsibility for the management of the spent nuclear fuel, as well as for 
other radioactive residues from nuclear power production, lies with the four utilities 
operating the nuclear power plants. The Swedish Nuclear Fuel and Waste Manage
ment Company (SKB), owned by the nuclear utilities, has been given the mandate
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to safely manage spent fuel and radioactive wastes from their origin at the reactors 
to final disposal. The task of SKB is thus to plan, construct, own and operate the 
systems and facilities necessary for transportation, interim storage and final disposal.

2. PLANNING AND CONSTRUCTION OF
THE INTERIM STORAGE FACILITY

In 1976-1977, the National Council for Radioactive Waste conducted a 
preliminary study concerning a central away-from-reactor (AFR) storage facility. It 
proposed that a 3000 t U facility, the Central Interim Storage Facility for Spent 
Nuclear Fuel (CLAB), should be built at one of three sites (two reactor sites and a 
nuclear research centre) all located along the coast of the Baltic Sea. Based on this, 
intensive pre-project and design work was carried out during the years 1977-1979. 
The activities included the following:

— Preparation of the Preliminary Safety Analysis Report,
— Application for the required permits for construction,
— Detailed plant design.

When this basic work was done, it was found that very limited experience in 
AFR storage was available and the facility was going to be one of the first o f its kind 
in the world. One consequence o f this was the decision to go for wet storage. Dry 
storage was at that time not considered a proven technology and would therefore 
most probably have caused a substantial delay in the licensing procedure. This could 
in turn have jeopardized the start of operation of the interim storage facility in 1985, 
which in turn was necessary owing to an expected lack of at-reactor storage capacity 
in 1986. This lack would have led to the shutdown of a number of reactors which 
would of course not have been acceptable.

In August 1979, the last necessary permit was obtained for the start of 
construction of CLAB on the Simpevarp Peninsula, close to the Oskarshamn nuclear 
power plant owned by OKG AB (Fig. 3). However, blasting and building activities 
for the facility were not allowed to start prior to 1 May 1980, pending the result of 
the national nuclear referendum in March of the same year.

The choice of site provided a number of co-ordination advantages, e.g. access 
to a common harbour, an interim storage facility for low and medium level wastes 
and a central workshop. OKG AB was contracted for the operation and maintenance 
of the CLAB facility. Another advantage of this siting was that the public acceptance 
in general is much better in areas where nuclear facilities already exist than in many 
other regions. After five years the first spent fuel was received in CLAB in 
July 1985.
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FIG. 4. Illustration of CLAB (1: receiving building; 2: building for auxiliary systems; 
3: office building; 4: electrical building; 5; fuel elevator; 6; storage building).

3. CENTRAL INTERIM STORAGE FACILITY
FOR SPENT NUCLEAR FUEL, CLAB

CLAB is comprised of two principal parts, one above ground and one under 
ground. The main complex above ground is the receiving building, where the trans
port casks are received, prepared and unloaded. The unloading is performed under 
water. The storage section is located below ground in a rock cavern, the roof o f 
which is 25-30 m below the surface (Fig. 4).

The receiving building has three pool lines, two of which are specially 
equipped for the standard TN-17/2 transport casks. The third line can receive 
non-standard casks. Prior to unloading, the cask is: provided with a metal skirt for
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FIG. 5. Comparison between old and new fiiel storage canisters.

protection against outside contamination and damage; tested for fuel leakage; and 
cooled. The cask is then transferred to a receiving pool, where the lid is removed 
so that the fuel assemblies can be lifted out one by one in an unloading pool adjacent 
to the receiving pool. The two pools are arranged in such a way that the outer surface 
of the cask is in contact with the uncontaminated water of the receiving pool, while 
the fuel assemblies and the internals o f the cask are in contact with the contaminated 
water of the unloading pool. In the unloading pool the fuel assemblies are transferred 
from the transport cask to storage canisters, which are used from then on as the 
handling units and storage racks in the facility.
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The underground storage section comprises four storage pools in a 120 m long 
rock cavern. Each storage pool contains about 3000 m3 o f water and can hold 
300 storage canisters. A  fifth pool in the cavern is used for the transfer o f canisters 
and as a reserve in case o f problems with one o f the storage pools. The canisters are 
brought down to the rock cavern by means o f the fuel elevator.

The storage canisters are designed to maintain an adequate margin against criti- 
cality under normal and accident conditions. The original storage canisters can hold 
16 BWR or 5 PW R fuel assemblies and have an internal structure made o f normal 
stainless steel. In 1992, the canister capacity was increased to 25 BWR or 9 PWR 
fuel assemblies, thereby enlarging the total storage capacity o f CLAB from 
3000 t U to 5000 t U (Figs 5 and 6). Two alternative methods were considered 
possible to achieve this and at the same time to maintain a sufficient reactivity 
margin:

— Use o f canisters with internal neutron absorbers, i.e. borated steel;
— Credit for burnup.

After a thorough analysis the boron option was chosen. This has the advantage 
that the control o f the fuel assemblies at reception can be made much easier as it 
allows fresh fuel elements to be stored.

In the case o f credit for bumup, rather complicated verification measurements 
o f the fuel assemblies at reception would have been necessary. It was further found 
that unexpectedly large uncertainties were coupled to the BWR fuel assemblies 
owing to their axial burnup profile and void history. In order to cover all possible 
cases, it would therefore have been necessary to apply a large reactivity penalty in 
the licensing calculations. Under these conditions, it would not have been possible 
to store many o f the already existing assemblies in the new canisters.

Other methods to increase the storage capacity were studied, e.g. new fixed 
storage racks, two tier storage and rod consolidation. These were not adopted owing 
to higher costs or for other technical reasons.

Since the start o f operation in July 1985, 2000 t o f fuel in about 700 casks has 
been received (as o f mid-1994), in addition to about 60 casks with activated core 
components, e.g. control rods.

The present capacity o f CLAB o f 5000 t U covers the needs until around the 
year 2004. As mentioned earlier, the Swedish nuclear programme is expected to 
generate a total quantity o f spent fuel o f about 7800 t U. This was already known 
during the construction o f the facility and certain preparations were therefore made 
to facilitate the building and connection o f a new cavern with additional pools close 
to and parallel to the existing ones.
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The performance o f the plant has been excellent.1 Owing to the improvements 
made the operating costs have successively been reduced. Some factors contributing 
to this reduction are improved operating procedures that have made it possible to 
unload casks in one shift instead o f two, and increased sharing o f staff with the 
co-located reactors. Great savings were made possible by the installation o f a heat 

recovery system permitting the residual power from the fuel in the storage pools to 
be used to heat the entire plant.

The activity release from the fuel has been much lower than anticipated. 
During the design phase, based on foreign experience, a high crud release was 
expected when the fuel is exposed to a certain thermal shock when the dry cask is 
filled with water. The experience at CLAB is, however, much better, which may to 
a great extent be attributed to good water chemistry and the materials used in the 
Swedish reactors. The activity release from the fuel in the pools is also low and 
dominated by ionic 60Co from the crud. This release is sensitive to temperature and 
is being kept down by a low pool water temperature.

The low activity release, in combination with optimized management o f the 
used filter resins, has reduced the number o f waste packages emanating from CLAB. 
The actual volumes are at least five times lower than expected. Also, the releases 
to the environment via water or air have been very low, less than a factor o f 1000 

below the permissible limits.
The annual collective radiation dose to the staff and contractors has been 

between 65 and 135 mman-Sv, which is about 25-50% o f the dose originally 
calculated in the final safety report. The main part o f the dose comes from the han
dling, preparation and maintenance o f the transport casks. Over the last few years, 
increased doses have also been due to the modification work that has been undertaken 
to adapt the handling equipment to the new canisters.

Normally the fuel from Swedish reactors is transported to CLAB in the 
standard TN-17/2 casks. Occasionally, some non-standard casks have been received, 
e.g. fuel from the old Swedish PHWR reactor at Agesta and old MOX fuel from 
some German nuclear power plants. The latter is as a result o f an exchange o f a small 
amount o f fuel between Sweden and Germany. Also, encapsulated residues from 
post-irradiation examination o f LW R  fuel at the Studsvik research centre are being 
shipped to CLAB. A ll these non-standard casks have been received in the third 

unloading pool without any problems.

4. OPERATING EXPERIENCE

1 For details, see G R A H N ,  P.H., V O G T ,  J., Paper IAEA-SM-335/15, these 

Proceedings.



IAEA-SM-335/11 131

The spent fuel will remain in CLAB for 30-40 years pending the next step in 
the back end o f the nuclear fuel cycle: encapsulation in a canister for final disposal 
in the deep repository. The encapsulation is planned to be performed in a plant built 
wall-to-wall next to CLAB as a direct extension o f the facility. A  design project for 
the encapsulation plant has started aimed at a Preliminary Safety Analysis Report and 
an environmental impact statement at the end o f 1996. These documents will serve 
as a basis for an application for a building permit. Commissioning o f the plant is 

planned to commence in 2004 and ‘hot’ operation around the year 2007. The oldest 
fuel will then have reached an age o f about 35 years.

The function o f the disposal canister is to provide adequate enclosure and 
radiation shielding o f the fuel during handling before disposal and then to provide 
an absolute barrier against radioactivity release for a very long time after disposal.

5 . ENCAPSULATION PLANT

Copper

Steel

Г ' Fuel assembly

Weld joint

ф 890 mm

Canister surface (m2) 15.23
Remaining internal void (m3) 1.22

E Estimated weight (kg) 
^  Copper canister
2  Steel canister

6380
4950

Canister weight 11330

Fuel assemblies 
Filling

3640
1800

Total 16770

FIG. 7. Copper/steel composite disposal canister for the deep geological repository.
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FIG. 8. BWR and PWR fiiel in the disposal canister.

To remain tight the canister must sustain the mechanical and chemical environment 
in the repository.

The canister material most thoroughly studied in Sweden is copper, which is 
almost unaffected in the reducing groundwater found in the granitic bedrock. The 
expected lifetime for a thick copper canister in such an environment is millions o f 
years. An inner steel canister will take the mechanical load from the surrounding 
rock (Fig. 7).

The disposal canister will contain 12 BWR or 4 PW R fuel assemblies at a maxi
mum (Fig. 8). The amount o f fuel that can be loaded into the canister is limited by 
the maximum permissible temperature o f the canister surface after disposal.

The encapsulation plant will, according to current plans, have the following 
main functions:

— Reception o f storage canisters from CLAB through the existing fuel elevator;
— Checking o f the fuel by nuclear measurements;
— Drying and filling o f the disposal canister with fuel and, optionally, with an

inert filling material;
— Closing o f the inner steel canister;
— Welding o f the copper lid and control o f the weld;
— Decontamination o f filled disposal canisters;
— Buffer storage o f filled disposal canisters;
— Loading o f disposal canisters in transport casks for transport to the repository.
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In addition to this, service facilities such as auxiliary systems, and control and 
personnel facilities are required. There is a great advantage in utilizing the existing 
corresponding systems in CLAB. Flexibility will be built into the plant as a prepara
tion for later treatment o f activated core components that are going to be disposed 
o f in a deep repository as well.

In the middle o f the 2040s, the last fuel stored in CLAB will be encapsulated 
and finally disposed of. By then it will be time to dismantle CLAB after some 
60 years o f service.
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Abstract

S P E N T  F U E L  M A N A G E M E N T  A N D  S T O R A G E  IN T H E  U N I T E D  S T A T E S  O F  

A M E R I C A .

The paper discusses spent nuclear fuel management and storage in the United States of 

America and the commercial and governmental efforts to deal with the growing challenge of 

managing these materials. In 1982, the United States Congress enacted the Nuclear Waste 

Policy Act (NWPA), which charges the United States Department of Energy (U S D O E )  with 

responsibility for the disposal of high level radioactive wastes and commercial spent nuclear 

fuel. The U S D O E  is currently evaluating a site at Yucca Mountain, Nevada, for suitability 

as the nation’s first high level waste repository. Operations are scheduled to begin accepting 

spent nuclear fuel in the year 2010 if the site proves acceptable. The Act also charges utilities 

with the responsibility for managing their spent nuclear fuel until the U S D O E  can accept it 

into the Federal waste management system. Nuclear fuel reprocessing in the U S A  was elimi

nated in the late 1970s because of technical uncertainties, operating expense and proliferation 

concerns. Utilities faced with the eventual loss of pool storage capability examined different 

options for managing spent nuclear fuel. Options for increasing storage capacity have included 

the re-racking of spent fuel pools, shipping assemblies to other reactors with available storage 

space, consolidation of individual assemblies, and out of pool dry storage. Dry storage 

systems permit the storage of spent fuel assemblies at the reactor site, so that the spent fuel 

pool can continue to accept newly discharged assemblies and permit the reactor to continue 

operation. Commercial dry storage systems vary in design and operation. Utilities requiring 

dry storage must evaluate cost, startup time and licensability when making a selection. The 

first U S  Independent Spent Fuel Storage Installation (ISFSI) licence was issued in July 1986 

to Virginia Power’s Surry nuclear power station. Since then, six utilities in five states have 

begun storing spent nuclear fuel in dry storage systems using technology from seven different 

vendors. Originally, utilities seeking to expand their available spent nuclear fuel capacity had 

to prepare and submit a detailed site specific Safety Analysis Report and licence application 

to the United States Nuclear Regulatory Commission (U S N R C )  to operate a site specific dry 

storage facility. In August 1990, the U S N R C  issued a change to the regulations governing 

ISFSIs (10 C F R  Part 72) that allows any utility possessing a reactor operating licence to estab

lish and operate a dry storage facility, using an approved system, under the generic licence

135
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rule. This provides utilities with substantial cost and time savings in establishing dry storage 

facilities. The first utility to store fuel under a generic licence was Consumers Power’s 

Palisades plant in Michigan. Five other utilities are pursuing the general licence storage 

option. The Chairman of the U S N R C ,  Ivan Sellin, has stated that where additional storage 

is needed at operating power reactors, dry storage is the preferred supplement to pool storage 

and that dry storage is desirable at shutdown facilities as a replacement for pool storage. The 

U S D O E  has studied the various container systems for handling, transporting, storing and dis

posing of spent nuclear fuel in the Civilian Radioactive Waste Management System 

( C R W M S ) .  The U S D O E  has selected a canister based system as the basis of the C R W M S  after 

detailed studies of cost, feasibility, health, safety, environmental impact and risk. Multi

purpose canisters (MPCs) provide standardization throughout the C R W M S  and permit spent 

fuel to be stored, transported and disposed of using the same sealed canister.

1. INTRODUCTION

Today, the United States Department o f Energy (USDOE) is in the midst o f 
one o f the largest engineering projects ever conducted. In Nye County, Nevada, it 
is performing studies to determine i f  Yucca Mountain is suitable for development as 
a repository. As part o f a complete waste management system preceding final place
ment in a repository, the USA has developed a strategy for spent fuel storage, trans
port and disposal based on the multipurpose canister (M PC) concept. This paper 
describes how events and developments in technology have contributed to this spent 
fuel storage strategy in the USA and to the adoption o f the MPC concept. To fimd 
the Civilian Radioactive Waste Management System (CRWMS), the USDOE 
collects a fee o f US $1/megawatt-hour o f power sold by the generators o f the spent 

fuel.
Since the late 1960s, commercial nuclear power plants have generated spent 

fuel at an increasing rate. At the end o f 1992, 91 039 assemblies totalling 25 958 t U 
had been discharged from 117 commercial LWRs. A  typical 1000 M W  PWR 
produces approximately 2000 spent fuel assemblies during its 40 year life. Approxi
mately 20% o f the nation’ s electrical generating capacity comes from these reactors. 
In 1993, six utilities in five states had dry fuel storage totalling 480 t U. In the year 
2000, with no removal o f spent fuel or other remedial actions, it is expected that 
25 sites in 23 states will need dry fuel storage for 3650 t U. In the year 2010, with 
no removal o f spent fuel or other remedial actions, projections show that 59 sites 
in 32 states will need dry fuel storage for 12 100 t U.

Most nuclear plants in the USA were designed in the early 1970s, when 
reprocessing was anticipated. Therefore, plants were designed with small spent fuel 
pool capacities. Since 1972, there has been no reprocessing o f commercial fuel in 

the USA, and no plans currently exist for any future reprocessing. Specific concerns 
over the proliferation o f fissile material, safety and increased regulations from the
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United States Nuclear Regulatory Commission (USNRC) and the United States 
Environmental Protection Agency (USEPA) contributed to a Presidential morato
rium on commercial reprocessing in the late 1970s. Although the moratorium was 
lifted in the 1980s, no facilities have been licensed.

In 1982, the United States Congress enacted the Nuclear Waste Policy Act 
(NW PA ). The NW PA  charges the USDOE with responsibility for the disposal o f 
high level radioactive wastes and commercial spent nuclear fuel. The N W PA  also 
charges generators o f the spent fuel with the responsibility for management o f the 
wastes until a Federal waste facility can accept the wastes. Federal repository 
development proved more difficult than was foreseen in 1982 and complex scientific 
and regulatory considerations have made the project more costly than believed at the 
outset.

With the delay in the operation o f a Federal repository, utilities face the even
tual loss o f pool storage capacity and, thus, the ability to operate. Options for 
increasing capacity include re-racking o f spent fuel pools, rod consolidation, trans
porting spent fuel to other reactor sites and at-reactor dry storage.

1.1. Shipping o f spent fuel

Shipping spent fuel to other utility reactor sites (trans-shipping) has been 
successfully completed in the USA. However, successful trans-shipping depends on 
many factors. A  utility operating two or more reactor sites may not have the capacity 
or correct type o f rack to store the fuel from another reactor. Public perception 
regarding the transportation o f spent fuel and short term relief limits the usefulness 
o f trans-shipment in the industry. To date, only Carolina Power and Light and Duke 
Power have undertaken large scale shipping campaigns aimed at providing additional 
spent fuel storage capacity. In 1994, a campaign for shipping slightly irradiated spent 
fuel from the Shoreham station (New York) to the Limerick station (Pennsylvania) 
for reuse was successfully completed.

1.2. Re-racking

Re-racking involves the replacement o f existing spent fuel racks with new high 
density racks. This permits closer placement o f the assemblies, thus allowing more 
assemblies to be stored in the same area. Most utilities have replaced their existing 
spent fuel storage racks with high density racks. Re-racking provides the utility with 
the most cost-effective means o f increasing spent fuel storage capacity. Rack 
designers, using advanced analysis and computer modelling techniques, can provide 
racks that come close to achieving reactor core pitch dimensions. Some utilities have 
achieved an increase o f almost three times their original fuel storage capacity. Nearly 
every plant has ‘re-racked’ except plants that came on line in the late 1980s and early 
1990s.
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However, re-racking has limitations in terms o f providing long term relief to 
the utility for lifetime spent fuel storage. Any change in the spent fuel pool storage 
structure must be approved by the USNRC as part o f the plant operating licence. 
Before any re-racking can be performed, structural requirements and the effects o f 
increased thermal loading must be analysed. Many facilities are limited in their 
ability to meet these requirements.

1.3. Rod consolidation

Rod consolidation involves removing the individual pins from spent fuel 
assemblies and repacking them into tighter packed canister arrays sized to fit the fuel 
pool racks. Rod consolidation can increase the pool capacity by a factor o f almost 
two for spent fuel storage. Issues o f weight, USNRC licensing, total cost and tech
nical uncertainties have precluded the widespread use o f rod consolidation for 
increasing spent fuel storage capacity.

1.4. Dry fuel storage

Dry storage systems permit the storage o f spent fuel assemblies at the reactor 
site. Dry storage takes credit for the long.term spent fuel pool cooling o f the fuel 
assembly following reactor discharge. After several years, the decay heat in the fuel 
assembly drops to the point where dry storage is possible. The placement o f assem
blies in a metallic container in an inert environment provides for long term passive 
heat removal. The USNRC establishes heat removal rates to ensure that the assembly 
cladding temperature remains below 350°C. Dry storage permits the spent fuel pool 
to continue to accept newly discharged assemblies, thus allowing the reactor to 
continue in operation.

To investigate the need for dry storage, the USDOE entered into co-operative 
demonstrations with companies that designed and built shipping casks and have 
developed a range o f commercial dry storage systems. Commercial dry storage 
systems vary in design and operation. Utilities requiring dry storage must evaluate 
the cost, startup time and licensability o f each system before making a selection. In 
July 1986, Virginia Power was licensed to operate the first dry fuel storage facility 
in the USA, at the Surry nuclear power plant. Since then, six utilities in five states 
have begun storing spent fuel dry storage systems from seven different vendors.

Dry storage systems have been developed in three basic types. These include 
metal storage casks, modular dry vault storage and metal canisters in separate 
concrete storage module overpacks. Although different in design, each system 
provides passive storage o f the spent fuel assemblies in a dry inert gas environment. 
Each system provides criticality control, decay heat removal, an inert atmosphere 
that protects the assemblies from corrosion and provides radiological and biological 
shielding and containment.
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In the mid-1980s, the USDOE, Virginia Power and several vendors completed 
a co-operative demonstration project using several prototype storage casks. Virginia 

Power shipped spent fuel from its Surry nuclear power plant to the USDOE’s Idaho 
National Engineering Laboratory (INEL) facility. Fuel was transferred dry from the 

shipping casks to several storage casks in a dry transfer cell for testing and evalua
tion. Advanced versions o f these casks are in use at Surry (Virginia), Palisades 
(Michigan) and Prairie Island (Minnesota). Table I lists the storage systems in 

operation.

1 .5 . M etal storage casks

TABLE I. EXISTING APPROVED D RY FUEL STORAGE SITES

Utility Site Vendor System type

Carolina Power and Light H.B. Robinson V E C T R A N U H O M S - 7 P

Public Service of Colorado Fort St. Vrain Foster Wheeler

M D V S 3

Baltimore Gas and Electric Calvert Cliffs V E C T R A

N U H O M S - 2 4 P

Duke Power Oconee Station V E C T R A N U H O M S - 2 4 P

Consumers Power Palisades Sierra Nuclear VSC-24P

Northern States Power Prairie Island Transnuclear Transnuclear

Arkansas Power and Light Arkansas Nuclear 1 Sierra Nuclear VSC-24

Virginia Power Surry Westinghouse M C - 1 0

Virginia Power Surry N A C b N A C  S/T-I28

Virginia Power Surry G N S C Castor V/21

a M D V S :  Modular dry vault storage. 

b N A C :  Nuclear Assurance Corporation. 

c GNS: General Nuclear Services.

1.6. Modular dry fuel storage

The Fort St. Vrain nuclear power plant was shut down in 1989. This was the 
last o f two commercial gas cooled reactors in the USA. To decommission the plant, 
the spent fuel, in hexagonal graphite blocks, had to be removed and placed in 
storage. Foster-Wheeler designed and built the modular dry vault storage (M DVS) 
facility at the reactor site. The design o f the MDVS allows fuel to be shipped in a 
small cask from the plant and stored in subfloor compartments. Built-in fuel transfer
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capabilities in this system permit easy transfer o f the fuel into a transport cask. 
Currently, the Fort St. Vrain facility is the only dry fuel storage facility that has this 
capability. A  Transnuclear cask is currently undergoing licensing by the USNRC to 
eventually transport the Fort St. Vrain fuel to the repository.

1.7. Metal canister /concrete module storage

Metal canisters in vertical and horizontal concrete modules differ from the 
metal cask storáge cask in that they use separate overpacks for loading and storage, 
while using the same spent nuclear fuel canister for both phases. Because o f the low 
cost and good radiation shielding properties o f concrete, these systems can provide 
a cost savings in large scale spent fuel storage situations. Modular canister storage 
is becoming the most popular dry storage option. Five utilities currently have 
licences to operate storage systems o f this type and four additional utilities are under 
contract to purchase similar systems.

1.8. Other methods

Another method to increase storage capacity includes extending the fuel cycle 
length, thus increasing the time between reactor refuellings.

2. LICENSING OF A  D RY FUEL STORAGE FAC IL ITY

Originally, utilities seeking to expand their available spent fuel capacity had 
to prepare and submit a detailed, site specific Safety Analysis Report (SAR) and 
licence application to the USNRC to build and operate a dry storage facility. In 
August 1990, the USNRC issued a change to the regulations governing dry fuel 
storage facilities (10 CFR Part 72) that allows utilities possessing a reactor operating 
licence to establish and operate a dry storage facility using a generically approved 
system. This provides the utilities with substantial cost and time savings in establish
ing a dry storage facility. To store spent fuel in a generically licensed cask or system, 
a nuclear reactor licensee must: notify the USNRC o f its intentions in advance, store 
the spent fuel under the conditions in the certifícate o f compliance and meet all condi
tions o f the general licence.

Seven casks are approved for use at reactor sites under a general licence, as 
listed in Table I. These are: (1) General Nuclear Systems CASTOR V/21; (2) the 
Westinghouse MC-10; (3) the Nuclear Assurance Corporation (N AC ) NAC S/T;
(4) the NAC-C28 S/T; (5) the Transnuclear TN-24; and (6) the Sierra Nuclear 
VSC-24. In June 1994, the USNRC added the NUHOMS-24P and NUHOMS-52B 
to the list o f generically approved storage systems.
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Establishing a dry storage facility imposes cost penalties on utilities facing 
decommissioning. 10 CFR Part 72 requires dry fuel storage systems to be designed 
to permit ready retrieval o f spent fuel for further processing or disposal. Since no 
dry storage system is licensed for transport (10 CFR Part 71) and storage (10 CFR 
Part 72), the spent fuel pool must remain available for possible unloading o f the dry 

storage facility.
Maintenance o f a spent fuel pool requires constant operational vigilance and 

satisfactory performance o f active systems. Estimates o f fuel pool maintenance costs 
are between US $4 million and $6 million per year. A  dry fuel storage facility is 
almost totally passive. Dry fuel maintenance costs are estimated between 
US $120 000 per year (with a reactor operating licence) and US $800 000 per year 
(without a reactor operating licence).

Suggestions have been made for building a centralized off-site storage facility. 
This facility would store the fuel until the Federal repository can accept the fuel for 
final disposal. This temporary storage facility, called a monitored retrievable storage 

(MRS) facility, would accept fuel from the utilities in transport casks and provide 
a means to transfer the fuel into storage casks or canisters. The siting o f an MRS 
facility in the continental USA has met with public opposition. As part o f the Federal 
waste management system, the United States Congress has created the Office o f the 
Nuclear Waste Negotiator (O NW N), whose role is to attempt to find a State or 
Native American tribe willing to host an MRS.

To date, several Native American tribes have received Federal grants to help 
assess their potential as an MRS host. Several groups have expressed interest in 
providing a commercial storage facility.

3. D U AL PURPOSE TECHNOLOGY

In response to the ‘ fuel retrievability’ issue in 10 CFR Part 72, several dry 
storage system vendors are attempting to licence versions o f their dry storage 
systems for transport. The NAC  is currently pursuing a dual purpose licence for its 
NAC  S/T-I28. I f  approved, this would be the first such system o f its type. The 
Rancho Seco plant o f the Sacramento Municipal Utility District (SMUD) is perma
nently shut down and the District wants to decommission its fuel pool. SMUD has 
a contract with VECTRA to develop a USNRC licensed transportable storage 
version o f its NUHOMS-24P dry storage system.

4. MULTIPURPOSE CANISTER (M PC) SYSTEM

The USDOE has studied the various container systems for handling, transport
ing, storing and disposing o f spent fuel in the CRWMS. After a substantial study o f
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the cost, feasibility and risk, the USDOE formally selected a canister based system 
as the basis o f the CRWMS. The MPC is an expanded version o f the existing metal 
canister concept. As with existing metal canister technology, the MPC uses a single 

metal canister and integral fuel basket with separate overpacks for the loading, 
storage, transport and disposal phases. The target date for deployment is early 1998. 
Each MPC has a top-end shield plug to protect workers during canister loading and 
transfer. Shielding on the side and bottom is provided by a transfer cask. Canisters 
can be transferred from the transfer cask to an on-site storage module i f  on-site 

storage is necessary. The canister will be transferred from the storage module to a 
transport overpack when ready for transport to an MRS or repository. A  transport 
overpack provides shielding and crash protection during transportation. The over
pack will be designed and tested to ensure the safety and physical integrity o f the 
canister during transport accident conditions. Utilities not requiring on-site storage 
would load spent fuel into a canister that is placed into the transport overpack (i.e. no 
transfer cask is needed).

Several factors affect the design parameters o f the M PC system. As o f 1992, 
six different types o f BWR assemblies and 14 types o f PWR assemblies have been 
placed in storage pools. The BWR assembly lengths vary from 2133 mm (84 in) to 
4475.4 mm (176.2 in), while PW R assemblies vary from 2839.7 mm (111.8 in) to 
5054 mm (199 in). The assembly widths o f BWRs vary from 107.8 mm (4.28 in) 
to 165.6 mm (6.52 in), while PWR fuel varies from 159.2 mm (6.27 in) to 214.1 mm 
(8.43 in). The varying types o f fuel assemblies, utility crane capacities and site 
physical limitations make a single MPC system design impractical. The USDOE has 
proposed four separate design procurement and USNRC licensing actions for two 
125 ton (PWR/BWR) and two 75 ton (PWR/BWR) MPC systems.1 The USDOE 
expects that 88 facilities can handle a 125 ton MPC, 14 facilities can handle the 
75 ton MPC and 19 would load bare assemblies into truck casks for shipment to an 
MRS or repository. The local road, bridge, rail and barge capability also determines 
the transport configuration. Utilities utilizing the MPCs would use a combination o f 
heavy haul trailer, rail or barge to move the MPCs to the nearest rail head. For these 
reasons, the USDOE will be developing different types o f canisters and supporting 
dry transfer systems. This permits spent fuel to be moved in a transfer cask to an 
MPC at an MRS or at the repository. .

A  number o f studies were conducted to develop the MPC concept before the 
USDOE based its efforts on the M PC programme. Existing commercial storage sys
tems were studied to develop a detailed conceptual design. The establishment o f a 
framework by which the system could be analysed was the basis for preparing a 
design. The conceptual design determined the operating conditions and utility inter
face issues and manufacturing costs. The MPC was compared with separate transport

1 1 long ton (= 2240 lbm) =  1.016 x  103 kg.
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casks and separate disposal packs based on public safety and health, operational 
features, schedule and cost, programmatic risk, transportation and storage require
ments, regulatory considerations, and repository design considerations. In the 
aggregate, the USDOE has concluded that the MPC concept showed advantages over 
the separate cask and disposal packages.

In June 1994, the USDOE released a Request for Proposal (RFP). Competing 
vendors will develop specific designs for the MPC system. This system includes the 
canister, transport and transfer casks, lifting and handling devices and welding and 
drying equipment. Initially, the MPC system will be licensed as dual purpose (i.e. 
transport and storage). The licensing requirements for transport (10 CFR 71) and 
storage (10 CFR 72) are well known. Design and licensing o f the MPC is expected 
to be performed by vendors who have experience in these areas. This prior 
experience, along with the ongoing involvement with the USNRC and interested 
parties, provides a strong level o f confidence that USNRC licensing will be success
ful. It is the USDOE’s position that the MPC based system will provide standardiza
tion throughout the CRWMS, while permitting spent fuel to be accepted, stored, 
transported and disposed o f using the same MPC. The MPC system concept is based 
on well established, proven technology that should ensure successful licensing by the 
USNRC for deployment in 1998.

Specific licensing requirements for disposal are a separate issue. Several 
uncertainties related to repository materials thermal and criticality requirements 
make the licensing for disposal more challenging. However, specific design o f the 
disposal overpack can be deferred without impact on the transport/storage phases. 
The MPC procurement requirements have been conservatively selected to ensure that 
thermal, criticality and materials requirements have been selected to closely match 
established standards for transport and storage and, in so far as is possible, for 
disposal.

With the Federal repository not expected to begin accepting spent fuel until at 
least the year 2010, utilities, in conjunction with the USDOE and private industry, 
have established a wide variety o f spent fuel storage options to meet near term needs. 
The USDOE established the MPC as the focus o f the CRWMS and is aggressively 
working to start deployment o f certain elements o f the MPC based system in 
early 1998.
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Abstract

T H E  M U L T I P U R P O S E  C A N I S T E R  P R OJECT.

The paper summarizes efforts by the United States Department of Energy ( U S D O E )  to 

investigate various container systems for the handling, transportation, storage and disposal of 

spent nuclear fuel assemblies in the United States Civilian Radioactive Waste Management 

System ( C R W M S ) .  The primary goal of the U S D O E ’s investigations was to select a 

standardized container technology that could accommodate the vast majority of commercial 

spent nuclear fuel at a reasonable cost, while ensuring the safety of the public and protection 

of the environment. Several alternative cask and canister concepts were evaluated for spent 

nuclear fuel assembly packaging to determine the most suitable concept. O f  these alternatives, 

the multipurpose canister (MPC) based system was determined to be the most suitable. O n  

the basis of the results of these evaluations, the decision was made to proceed with the design 

and certification of certain elements of the M P C  based system. In February 1994, the M P C  

system was formally incorporated into the C R W M S  and in March an acquisition plan for the 

M P C  system was approved. A  Request for Proposal (RFP) was released by the C R W M S  

management and operating contractor on 3 June 1994 seeking competitive offers to design, 

obtain certification by the United States Nuclear Regulatory Commission, and potentially 

fabricate M P C s  sufficient to store, commencing in 1998, up to 1000 t of spent nuclear fuel 

at the reactor or other storage sites. The R F P  includes detailed design procurement specifica

tions which are both functional and performance related to utilize vendor experience for dry 

storage and transportation and prescriptive to the extent necessary to satisfy the unique 

requirements of the C R W M S ,  such as compatibility with disposal.
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The United States Department o f Energy (USDOE) investigated various 
container systems for handling, transporting, storing and disposing o f spent nuclear 
fuel (spent nuclear fuel) assemblies in its Civilian Radioactive Waste Management 

System (CRWMS). The primary goal o f the USDOE’s investigations was to select 
a container technology that could handle the vast majority o f commercial spent 
nuclear fuel at a reasonable cost, while ensuring the safety o f the public and protect
ing the environment. Several alternative cask and canister concepts were evaluated 
for spent nuclear fuel assembly packaging to determine the most suitable concept. 
O f these alternatives, the multipurpose canister (M PC) based system, as depicted in 
Fig. 1, was determined to be the most suitable. On the basis o f the results o f these 
evaluations, the decision was made to proceed with the design and certification o f 
the MPC system. A  decision to fabricate and deploy MPCs will be made after further 
studies and the preparation o f an environmental impact statement (EIS).

1. TH E M ULTIPURPOSE CANISTER PRO JECT

MPC?

Other possible overpacks

V ••

Disposal
container

Waste
package

FIG. 1. The multipurpose canister (MPC) based system (SNF: spent nuclear fuel).
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A  systems engineering approach was used to evaluate concepts that would pro
vide for the packaging o f multiple spent nuclear fuel assemblies. The systems evalu
ated included the dual purpose transportable storage cask (TSC), the multipurpose 
unit (M PU ) and the MPC. A ll alternatives were evaluated in relation to an individual 
spent nuclear fuel assembly handling system that provides for handling individual, 
uncanistered spent nuclear fuel assemblies throughout the storage and transportation 
phases o f CRWMS operations. Design input parameters were developed for each 
system such that the alternatives could be evaluated on a consistent basis. Evaluations 
o f the alternatives considered the following measures o f effectiveness: health and 
safety, environmental impacts, life-cycle cost, schedule, technical feasibility, regula
tory issues and stakeholder acceptance.

Systems engineering provided the mechanism to investigate thoroughly the 
ability o f each alternative to meet all CRWMS requirements. This approach began 
by performing functional analyses, defining overall system requirements and devel
oping a CRWMS concept for handling spent nuclear fuel. Operating concepts and 
interface requirements were then defined and allocated to elements within each alter
native to ensure proper integration with the overall system concept. Using these 
operating concepts and requirements, conceptual designs were developed for each 
alternative. With the conceptual designs completed, system studies and analyses 
were performed to evaluate each alternative and select the preferred system.

Operational concepts were developed for spent nuclear fuel storage site activi
ties, transportation activities, operations at a monitored retrievable storage (MRS) 
facility and operations at the repository or mined geological disposal system 
(MGDS). Logistics requirements were defined to establish spent nuclear fuel 
throughput criteria for the various elements o f the CRWMS. At-reactor (AR ) spent 
nuclear fuel handling capabilities were reviewed and itemized, including transporta
tion and cask handling capabilities. The effects o f not providing an MRS facility 
were also considered in developing operational concepts and logistics requirements 

(Fig. 1).

Conceptual designs were developed for major portions o f each alternative to 
provide the basis for performing evaluations with respect to each measure o f effec
tiveness. During the evaluation process, it became evident that the MPC system was 
the most suitable alternative because it provides the triple purpose function o f spent 
nuclear fuel assembly transportation, storage and disposal at a significantly reduced 
cost as compared with other alternatives, and at a cost comparable to the individual 
spent nuclear fuel assembly handling system. In order to provide a better basis for 
evaluating the MPC system, detailed conceptual designs were produced for the 
following portions o f this system: MPCs, A R  spent nuclear fuel transfer and storage 
components, MPC transportation casks and the MRS facility. The effects o f MGDS

2 . SYSTEM S APPROACH
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requirements on the design o f MPCs were evaluated in detail to ensure that the MPC 
system would be compatible with the MGDS design as currently envisioned.

In the conceptual design o f the MPC based system, two sizes o f MPCs were 
developed to provide a basis for evaluation: a large, nominally 125 ton, MPC and 
a small, nominally 75 ton, M PC .1 The large MPC would hold either 21 PWR spent 
nuclear fuel assemblies or 40 BWR spent nuclear fuel assemblies. The small MPC 
would hold either 12 PW R assemblies or 24 BWR assemblies. In the design o f the 
large PW R MPC, credit has been taken for the bumup o f the spent nuclear fuel 
assemblies. The assemblies remain in the sealed MPCs throughout all storage, trans
portation and disposal activities. Separate overpacks are provided for both shielding 
and containing the MPCs. At the MGDS, MPCs are transferred from transportation 
casks to disposal containers to form waste packages for emplacement in the reposi
tory.

In the conceptual design o f the TSC system, two sizes o f TSC metal casks were 
investigated: a 100 ton metal cask and a 75 ton metal cask. These sizes were selected 
to provide the same handling capability among facilities as provided by the MPC 
system and, therefore, the same basis o f comparison. The large TSC metal cask 
holds either 21 PWR assemblies or 40 BWR assemblies, and the small TSC metal 
cask holds either 12 PWR or 24 BWR assemblies. A  TSC canister system was also 
investigated, which includes a dual purpose canister that is removable from the over
pack. Spent nuclear fuel assemblies are loaded into dual purpose TSCs for storage 
and transportation. Once the TSC is shipped to the MGDS, the individual assemblies 
are transferred from the TSC into a separate waste package for disposal. Several 
commercial applications o f the TSC metal cask system are currently being 

developed.
The M PU is a universal cask designed for storage, transportation and disposal. 

No additional overpacks are required, except for a neutron shield used during trans
portation. Two sizes o f MPUs were investigated for the MPU system, a 125 ton cask 
and a 90 ton cask. As with the TSCs, these sizes for the MPUs were selected to 
provide an equivalent basis o f comparison with the MPC system. The large MPU 
contains either 21 PW R assemblies or 40 BWR assemblies; the small M PU contains 
either 12 PW R or 24 BWR assemblies.

The individual spent nuclear fuel assembly handling system provides for the 
transport and storage o f uncanistered assemblies and the later transfer o f the assem
blies to waste packages for disposal at the MGDS. This system was updated using 
revised transportation assumptions from the previously developed version that 
served as the baseline for the CRWMS design prior to the decision to proceed with 
the MPC system. The updated individual assembly handling system provided a refer
ence for comparing and evaluating the MPC, TSC and MPU system alternatives.

1 1 ton (long) (= 2240 lbm) =  1.016 x  103 kg.
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In the conceptual design o f all alternatives, the following facility transporta
tion capabilities can be accommodated: large containers are assumed to be trans
ported in rail transportation casks from 88 facilities, small containers are assumed 
to be transported in rail transportation casks from 14 facilities and individual, 
uncanistered spent nuclear fuel assemblies are assumed to be transported in truck 
casks from 19 facilities. A ll alternatives make use o f large containers to the maxi
mum extent possible to reduce the number o f shipments and containers.

3. EVALU ATIO N  RESULTS

The health and safety radiological impacts o f each alternative are summarized 
in Table I. Radiological routine exposures listed in the table are those expected for 
normal facility operations and transportation activities over the life o f the system. 
Radiological incident exposures are those that can be anticipated from spent nuclear 
fuel handling and transportation accidents. Although the design o f the systems 
attempts to preclude such accidents, the occurrence o f some events has been conser
vatively assumed. Exposures estimated for transportation activities are separated 
from those estimated for facility activities to show the low values expected during 
routine transportation that could potentially affect the public. As indicated in the 
table, the individual spent nuclear fuel assembly handling system has the lowest 
routine exposure for facility operations. A ll alternatives have exposures within 
regulatory limits and are virtually equivalent with regard to transportation and 
incident impacts.

TABLE I. HEALTH AND  SAFETY RADIOLOGICAL IM PACTS OF ALTER
NATIVES TO A N  MRS 
(total programme exposures in man • rent“)

System impact area
M P C

system

T S C

system

M P U

system

Individual 

spent nuclear fuel 

assembly handling 

system

Radiological routine 

—  Facilities 56 980 43 820 53 920 42 080

—  Transportation 1 450 1 450 1 450 1 450

Radiological incident

—  Facilities 0.04 0.08 0.04 0.1
—  Transportation 430 430 430 430

* 1 rem =  1.00 X 10'2 Sv.
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TABLE II. TO TA L  SYSTEM LIFE-CYCLE COST DIFFERENCES 
(millions of 1993 US dollars)

Cost item

With M R S N o  M R S

M P C

system

T S C

system

M P U

system
M P C

system

C R W M S

Containers +5074 +8180 +  12600 +4570

Waste acceptance equipment +27 0 +31 +2 7
Transportation -229 - 2 -513 -282

M R S / C M F “ -370 -885, -938 - 3 6
First/second M G D S -3002 0 -5030 — 2602

Total cost difference +  1500 +7293 +6150 +  1677

for C R W M S

Purchasers

Waste acceptance operations + 9 4 - 3 +  101 +9 4

Purchaser site storage -2144 -2990 -3010 -2376

Total cost difference -2050. . -2993 -2909 -2282

for purchasers

Total system cost difference -550 +4300 +3241 -605

a C M F :  cask maintenance facility.

Note: Table entries show differences in life-cycle costs between the alternative systems and 

the individual spent nuclear fuel assembly handling system. Negative entries indicate 

a savings with the alternative.

All alternatives were compared with the individual spent nuclear fuel assembly 
handling system to evaluate overall life-cycle cost (LCC ) differences between the 
systems. Table П provides a summary o f this comparison. Costs for the CRWMS 
have been included to determine the overall cost savings or increases associated with 
each option. With an MRS, the MPC system provides a total cost savings o f US $550 
million as compared with the individual spent nuclear fuel assembly handling system. 
These savings are relatively small compared with total system costs. The primary 
contributions to cost savings with the MPC system are the advantages offered by 
using one canister for containing spent nuclear fuel assemblies throughout all 
CRWMS activities, simplification o f spent nuclear fuel assembly handling facilities 
and the ability to shut down reactor spent fuel pools earlier than would otherwise 

be possible. The TSC and MPU systems cost US $4300 million and $3240 million 
respectively, more than the individual spent nuclear fuel assembly handling system.
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Similar results are expected for the TSC and the MPU systems without an MRS 
facility. Therefore, a decision on which alternative to select is independent o f 
whether or not an MRS is provided.

The individual spent nuclear fuel assembly handling system includes transpor
tation and storage technologies that are currently available and that could be placed 
into operation by 1998; however, with the absence o f an MRS facility, a variety o f 
dry storage technologies might be used, complicating the waste acceptance process 
and potentially increasing system costs. Uncertainties in the availability o f an MRS 
site make the schedule for waste acceptance in the individual spent nuclear fuel 
assembly handling system indeterminate. The MPC, TSC and M PU systems can 
introduce standardization, ensure overall system compatibility and provide storage 
without an MRS facility.

The TSC system is the closest alternative to receiving licensing approval from 
the United States Nuclear Regulatory Commission (USNRC) and should be available 
by 1998. There are some licensing issues that would have to be resolved with regard 
to transporting TSCs after long term storage. The MPC system is similar to techno
logies currently in licensing review and, as such, has a reasonable probability o f 
being available by 1998. Technology with licensing precedent is used in the concep
tual design o f the MPC, with the exception o f the capability to transport the MPC 
after long term storage and inclusion o f the MPC as part o f the disposal waste pack
age. Use o f burnup credit in the design o f the large PW R MPC must also be resolved 
to ensure licensing o f the entire MPC system. The M PU system technology is not 
part o f a current licensing initiative; therefore, it is doubtful that the M PU could be 
available in 1998. Technical issues with regard to the transportation o f MPUs and 
the use o f the M PU as a waste package for disposal at the MGDS present licensing 
challenges for the M PU system.

4. MPC SYSTEM IM PLEM ENTATIO N

An implementation plan has been developed to proceed with the design, 
procurement, fabrication and start o f operations o f the MPC based CRWMS. This 
plan provides for having the first MPCs and transportation casks available in 1998. 
As part o f the implementation plan, a procurement strategy has been developed that 
makes use o f existing nuclear industry technology to expedite acquisition o f major 
MPC system components from vendors. A  Request for Proposal (RFP) has been 
issued to procure designs for the major components o f the MPC system. This is the 
first step for ensuring success with the CRWMS goal o f waste acceptance, storage 
and disposal.

The MPC system design continues to be refined through the systems engineer
ing approach to ensure that programme and stakeholder needs are satisfied. A ll MPC 
system design aspects are being linked formally to CRWMS requirements to ensure
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that products meet programme needs and that no extraneous items are being devel
oped. System requirements documents for the various CRWMS elements have been 
updated to document these requirements. This work is being performed in accor
dance with stringent CRWMS quality assurance procedures.

In order to satisfy Federal environmental requirements, the USDOE has devel
oped a preliminary environmental strategy for MPC implementation. This strategy 
includes early development o f an environmental evaluation for the MPC system and 
subsequent preparation o f an EIS prior to fabrication and deployment o f the MPC 
system. Review and approval o f environmental aspects o f the CRWMS is a lengthy 

process. The environmental strategy ensures that these evaluations will be completed 
and submitted to the United States Environmental Protection Agency (USEPA) in 
sufficient time to support the MPC system implementation schedule.

A ll elements o f the MPC based CRWMS that could potentially affect the health 
and safety o f the public or plant workers must be licensed by the USNRC. Commer
cial nuclear industry experience has shown that USNRC licence approval is the most 
important milestone in scheduling facility startup. A  strategy has been developed for 
performing designs o f the MPC system elements for USNRC review. This strategy 
includes preparation o f Safety Analysis Reports (SARs) and Topical SARs (TSARs). 
Meetings with USNRC and USDOE management have been held to ensure that the 
10 CFR Part 71 and 10 CFR Part 72 reviews can proceed expeditiously. Approval 
by the USNRC o f the MPC for storage and transportation will occur prior to 
approval for disposal.

5. PROCUREMENT PLAN

A  procurement plan has been developed to define the requirements and identify 
the processes necessary to successfully manage the acquisition o f key components 
o f the MPC system, should an EIS support a decision to move forward with solicita
tion and deployment. This plan includes vendor design o f these components, USNRC 
certification o f the design and an option for fabrication o f an initial inventory o f MPC 
subsystems to support deployment in 1998. The MPC system RFP was released on
3 June 1994 and proposals are scheduled to be received in October 1994.

The MPC system RFP. is the first major step in the overall procurement for 
MPC system implementation. It requires vendors to submit firm, fixed price 
proposals for a three phase development contract for large and small MPC systems. 
The three phases o f the contract are: SAR design, certification and fabrication. The 
SAR design phase includes preparation o f design reports for the MPC subsystem, 
the MPC transportation cask subsystem and the on-site storage and transfer sub
system (OSTS) segments, as well as preparation o f SARs for the MPC transportation 
cask and the OSTS segments. The certification phase includes performance o f 
regulatory testing o f scale models and certification o f the MPC system designs. It
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also includes fabrication o f prototypes o f the MPCs, transportation casks and the 
OSTS system. The optional fabrication phase includes fabrication o f up to the first 
two years o f supply o f MPCs. Contract awards w ill also proceed in phases. The 
awards will be based on evaluations o f vendor technical performance, business 

management planning and price.

6. IM PLEM ENTATIO N MILESTONES

Once USNRC approval o f the MPC system is obtained, construction and final 
procurement activities can begin. Design, fabrication and procurement o f the various 
MPC system components must be integrated and sequenced to support the licensing 
and construction processes. Requirements for design, procurement, USNRC licens
ing, fabrication, construction, testing and startup in 1998 necessitate an intense and 
dedicated effort. The schedule will be re-evaluated upon receipt o f the proposals o f 
vendors.

7. CONCLUSIONS

Systems engineering evaluations have shown that the MPC, TSC and MPU 
system alternatives all offer potential advantages as compared with the individual 
spent nuclear fuel assembly handling system, with the MPC system being the most 
suitable for use in the CRWMS. The MPC system is safe, reliable, environmentally 
acceptable and cost effective. The triple purpose function o f the MPC also simplifies 
CRWMS operations and reduces low level radioactive wastes. Designs for the MRS 
facility and the MGDS are simplified since there is less handling o f individual, 
uncanistered spent nuclear fuel assemblies with the MPC system. The MPC system 
standardizes spent nuclear fuel assembly storage operations and introduces overall 
system compatibility at purchaser sites and throughout the CRWMS. The MPC 
system also decouples purchaser operations for retrieving spent nuclear fuel from 
on-site dry storage facilities from operations in their spent fuel pools. This flexibility 
may allow purchasers to decommission spent fuel pools prior to removal o f spent 
nuclear fuel from their sites.

Use o f the MPC system reduces the overall cost for the total system, which 
includes costs to both the CRWMS and reactor storage sites. This is accomplished 
by simplification, standardization and uniform integration o f spent nuclear fuel 
handling operations. Removal o f the MRS facility from the MPC system offers 
further savings, but results in increased costs to purchasers for on-site storage.

Risks have been evaluated for major uncertainties that could be encountered 
during implementation o f the MPC system. Contingency options have been formu
lated to remedy each major risk anticipated and to ensure that options are available
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to avoid substantial delays. There is a high level o f confidence that the MPC system 
can be successfully implemented to provide a waste handling system that meets all 
CRWMS programme goals for health, safety, environment, throughput, cost and 
schedule and that satisfies purchaser needs.
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Abstract

T H E  I A E A  C O - O R D I N A T E D  R E S E A R C H  P R O G R A M M E  O N  T H E  B E H A V I O U R  O F  

S P E N T  F U E L  A N D  S T O R A G E  F A C I L I T Y  C O M P O N E N T S  D U R I N G  L O N G  T E R M  

S T O R A G E  (BEFAST).

A n  I A E A  Co-ordinated Research Programme (CRP) on the Behaviour pf Spent Fuel 

Assemblies During Extended Storage was initiated in 1981 and was designated BEFAST-I. 

A  follow-up programme, the Behaviour of Spent Fuel and Storage Facility Components 

During Long Term Storage ( B E F A S T -П), was started in 1986. During the first two phases 

of the CRP, the participating countries contributed their R & D  results on fundamental ques

tions regarding spent fuel storage. It was concluded that various technologies for long term 

interim spent fuel storage could be licensed and operated safely. A  final report for each stage 

of the C R P s  was prepared and published as an I A E A  Technical Document (IAEA-TECDOC). 

A  third phase ( B E F A S T -Ш), with a slightly modified goal, was initiated in 1991 because of 

the need to develop a database to assist in the evaluation of spent fuel storage technologies 

for extremely long periods of time. The objective of B E F A S T - Ш  was to report not only on 

specific research, but also on the experience gained during the long term storage of spent fuel 

from power reactors. During that phase, experts from 13 countries will contribute to the
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production of an I A E A - T E C D O C ,  which will be the final report for BEFAST-III. It will cover 

aspects related to: wet and dry storage technology; licensing and the strategies to be adopted 

for storage in the future. The BEFAST-III T E C D O C  will address the following topics for wet 

storage: spent fuel behaviour; pool water monitoring and chemistry; and pool component and 

material corrosion. For dry storage, the topics addressed will be: the impact of extended 

b u m u p  on dry storage; fuel failure mechanisms; and monitoring and inspection.

1. INTRODUCTION

The peaceful uses o f nuclear energy were supported from the beginning by 
international co-operation. The front and back ends o f the nuclear fuel cycle benefit- 
ted from the bilateral and multilateral exchange o f experience. Even after the com
mercialization o f nuclear energy, the transfer o f knowledge on the peaceful uses o f 
nuclear energy still exists at many different levels. Information exchange through the 
IAE A  is one o f the most efficient mechanisms, among others, that exists to the 
mutual interest o f both developed and developing countries.

Spent fuel storage is an important step in the back end o f the fuel cycle. Very 
early in the development o f power reactors, fuel assemblies for LWRs were 
manufactured typically o f ceramic U 02 clad with zirconium alloy tubing. Conse
quently, the generic questions related to the storage o f spent fuel are common to all 
Member States operating LWRs and HWRs. Those participants who operate differ
ent reactor systems and have contributed to the programme also received benefits 
from it.

International co-operation in this field has always been o f benefit to the 
contributing parties. This co-operation was started by the Nuclear Energy Agency 
o f the OECD (OECD/NEA) in the 1970s; later, that responsibility was transferred 

to the IAEA.
This paper presents an overview o f all activities connected with the programme 

on the Behaviour o f Spent Fuel and Storage Facility Components During Long Term 
Storage (BEFAST). It describes the contents, the mode o f co-operation and the 
results o f BEFAST-I to BEFAST-Ш.

2. H ISTORY OF CO-OPERATION

One o f the first studies identifying the importance o f spent fuel storage was a 
Working Group review called the ‘Regional Fuel Cycle Centre Study’ (RFCC), 
which was completed in 1977. The study concluded that the back end o f the fuel 

cycle was not fully developed and that more fuel storage at reactor sites would be 
required. The need for international co-operation was also identified.
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In 1978, a joint IAEA-OECD/NEA programme entitled ‘Behaviour o f Spent 
Fuel Assemblies During Extended Storage’ (BEFAST-I) was initiated to study the 
behaviour o f spent fuel and pool components during extended storage in water filled 
pools.

In 1981, the IAE A  initiated a Co-ordinated Research Programme (CRP) to 
continue the BEFAST effort on the basis o f the recommendations o f this programme. 
Experts from 10 countries and 11 institutes (Austria, Canada, the former Czecho
slovakia, Finland, the Federal Republic o f Germany, the former German Democratic 
Republic, Hungary, Japan, Sweden, the United States o f America and the former 

USSR) participated in the CRP and reported their research on both wet and dry spent 
fuel storage.

During the first phase o f the programme (BEFAST-I), information was 
collected on potential fuel degradation mechanisms during storage, spent fuel exami
nation and surveillance programmes, and their impact on storage equipment. The 
programme mainly addressed basic material behaviour phenomena that could 
influence storage performance. Much emphasis was given to wet storage, but con
siderations on dry storage were also reported. The BEFAST-I programme resulted 
in discrimination between effects with major influence and those with minor or 
negligible effect on storage behaviour.

The programme was judged by all participants as being very important and 
helpful, and the IA E A  decided to continue it further as BEFAST-П. This follow-up 
programme was initiated in September 1986. A  total o f 18 organizations from
13 countries (Argentina, Canada, the Federal Republic o f Germany, Finland, the 
former German Democratic Republic, Hungary, Italy, Japan, the Republic o f Korea, 
Sweden, the United Kingdom, the USA and the former USSR) participated in the 
second phase o f the CRP.

BEFAST-П assessed in detail those areas identified as major concerns for both 
wet and dry storage o f spent fuel. The assessment predicted very good fuel perfor
mance under wet storage conditions, even for very long periods o f time. Dry storage 
was also characterized as being a very reliable technology.

On the completion o f phase П o f the CRP, the future activities in the field o f 
spent fuel storage were appraised and a new CRP, BEFAST-Ш, was suggested. A  
total o f 15 participants and 2 observers from 13 countries (Canada, Czech Republic, 
Finland, France, Germany, Hungary, Japan, the Republic o f Korea, the Russian 
Federation, Spain, Sweden, the United Kingdom, and the USA) are participating in 
the present phase (BEFAST-Ш), which is expected to terminate after the last 
Research Co-ordination meeting in 1995.

Based on the results o f the previous CRPs, the objectives o f the current phase 
are to:

— Collect and exchange spent fuel storage experience from the participating
countries to build a comprehensive database;
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— Carry out research work to evaluate the storage o f spent fuel for extremely 

long time periods (more than 50 years).

Thus, the emphasis o f the programmé shifted from direct R&D to reporting on 
storage experience.

The major topics covered for both wet and dry storage during all three CRPs 
are summarized in Table I. The table presents the detailed objectives and the shift 
in emphasis during the various phases o f the programmes between 1981 and 1994.

In the early phase o f BEFAST, most countries with nuclear systems used wet 
storage. This technology was supported by various surveillance programmes and by 
widely available storage performance experience. The proceedings o f an 
OECD/NEA seminar on the storage o f spent fuel elements [1] describes those early 

efforts. By recognizing and classifying wet storage problems, the most relevant ques
tions and programmes were addressed to provide satisfactory solutions to any 

unresolved questions.
Dry storage o f spent fuel was seen as a challenging technical area. It was clear 

that during dry storage spent fuel must remain free o f defects. To clarify which o f 
the defect mechanisms were most significant, discussions and work on this subject 
were carried out within the BEFAST CRP for some time. The following were some 
o f the major questions and items addressed:

— Is fuel handling endangered as a result o f the corrosion o f sensitized steel com

ponents o f the fuel assembly hardware?
— Is stress corrosion cracking o f the zirconium alloy cladding from iodine and 

from fission product metals like caesium and molybdenum important?
— Is irradiation enhanced zirconium alloy microcracking with subsequent hoop 

stress supported crack growth important? 1
— Is creep strain o f the cladding the limiting criterion?
— How are the post-irradiation zirconium alloy properties described?

International co-operation was required to answer the above questions. Some 
bilateral co-operation between the participating countries already existed (e.g. 
US/German co-operation) and the major results o f this bilateral work are summa
rized in Ref. [2]. The definition o f a hoop strain criterion as a dry storage licensing 
criterion is one excellent example o f this international co-operation.

A  number o f technical solutions are available for the dry storage o f spent fuel. 
Each o f the different approaches provides some specific advantages. A ll licensed 
facilities easily satisfy the requirement o f defect free storage. The BEFAST 
participants reviewed the different concepts available to establish how they comply 
with this requirement. The decision on which solution should be adopted in a 
particular country depended on national decisions and on how they were influenced 
by licensing, economy and other considerations.

The state-of-the-art has been reported on four occasions in the IA E A ’s Techni
cal Reports Series and in two IA E A  Technical Documents (IAEA-TECDOCs) [3-8].
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3. K E Y  OBJECTIVES

PEEHS et a l.

The key objectives o f the BEFAST-I to BEFAST-Ш CRPs were to:

— Assess all spent fuel storage issues to determine which required addressing 
with regard to implementation and licensing;

— Classify those questions and related problem areas by importance and assist 
any interested countries in identifying the most suitable spent fuel strategy to 
follow;

— Support international co-operation and avoid duplication o f past R&D efforts, 
thus saving time and national R&D budgets;

— Encourage information exchange between the participants o f national pro
grammes in order to provide an early cross-check and validation o f current 
results and to establish a quality assured technical basis o f information;

— Define an updated description o f the state-of-the-art based on an international 
group o f expert consultants representing almost all Member States possessing 
sizable nuclear programmes;

— Provide reliable technical support to Member States with limited nuclear 
power programmes and limited resources who are not able to address all o f the 
unresolved questions on their own.

4. TECH NICAL RESULTS FROM BEFAST-I AND  BEFAST-П

The contributions o f the participants to the first two phases o f BEFAST showed 
that in wet storage o f undamaged zirconium alloy clad fuel, all known failure 
mechanisms, such as oxidation, stress corrosion cracking, pitting, crevice corrosion, 
hydriding, galvanic effects, fission product attack and water logging, could be 
excluded under proper storage conditions.

Magnox and AGR spent fuel storage times are relatively short because the fuel 
is, or will be, reprocessed after a few years o f wet storage. To maintain Magnox 
and AGR spent fuel cladding integrity, close chemical monitoring o f pool water is 
necessary.

Both the fuel and the environment were monitored in different programmes by 
using both conventional and special methods. In addition, development work on 
experimental procedures, such as corrosion monitoring, was undertaken by the 
participants.

Monitoring and surveillance confirmed that adherence to the specified pool 
water chemistry was essential to prevent fuel degradation during pool storage for all 
types o f spent fuel. Near neutral pH conditions with low ion content are satisfactory 
for zirconium alloy clad fuels. Elevated pH is beneficial for Magnox and AGR fuels. 

For A1 clad fuels, a pH o f ~5 .5  is used.
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‘Defected’ fuel was, in some cases, stored in canisters; however, no cladding 
deterioration or significant fuel losses or changes in defects were detected. In pool 
components, experience with liner and rack materials indicated no deterioration 
under proper water chemistry conditions.

The following summaries o f wet and dry storage performance o f zirconium 
alloy clad fuel reflect the experience gained from the programme participants.

4.1. Spent fuel wet storage performance

The storage o f all zirconium alloy clad spent fuel can be a safe and reliable 

process. It is licensed in all BEFAST member countries. Positive experience is avail
able for up to 30 years o f storage. It is predicted that fuel integrity will be maintained 
even after 50 years o f storage; however, positive spent fuel storage performance 
depends upon maintaining a specified pool water chemistry. Even i f  the fuel assem
bly contains defects that occurred during irradiation, it can also be stored in pools 
for extended time periods.

For extended wet storage, the behaviour o f different fuel materials (e.g. non
zirconium alloy cladding) and pool construction materials (e.g. epoxy lining) may 

require further investigation, Capacity enhancement (rod consolidation) may require 
some additional work. It may be that pool component performance could, in some 
cases, be more limiting than fuel assembly storage performance. It may be desirable 
to increase efforts on corrosion monitoring and prediction o f the long term behaviour 
o f fuel rod cladding and pool components.

4.2 . Spent fuel dry storage performance

The storage o f zirconium alloy clad spent LW R fuel in an inert gas atmosphere 
(preferably He) is a proven technology up to temperatures o f about 450°C. Dry 
storage o f that fuel is licensed in Germany for temperatures <410°C  and in the USA 
for T  <  380°C. Experimental data are available up to over 500°C. To optimize 
compliance with these temperature limits, the irradiation history and cooling time o f 
the fuel must be considered, and well verified heat transfer codes for exact cladding 
temperature prediction are beneficial. Positive experience with dry storage is avail
able for storage periods o f more than one decade. Storage in an inert atmosphere o f 
zirconium alloy clad spent fuel that ‘defected’ during irradiation has been proved to 
be safe, provided air ingress can be prevented. Degradation o f fuel assemblies owing 
to storage is unlikely; in all operational applications, no significant fuel degradation 
in storage has been observed. A  few indications o f krypton release have been 
observed, indicating possible individual rod failures, but these suspect fuels have not 
been examined to confirm the failures.

Storage o f zirconium alloy clad spent fuel in oxidizing atmospheres is also 
being considered for LW R fuel. Dry storage o f spent CANDU fuel in air at tempera-
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tures up to 160°C has been licensed in Canada. Defect-free fuel should have good 
storage performance. However, the possibility o f defect propagation in fuel that 
‘defected’ during irradiation limits the maximum storage temperature. A  definition 
o f the maximum storage temperature must take into account the irradiation history 
and cooling time and the proposed storage period.

Dry storage will also continue to be used for A1 clad and Magnox type fuels. 
Such storage has been licensed in the United Kingdom (for C 0 2 or air environ
ments, depending on the fuel temperature) and in Italy (with nitrogen cover gas). 
Difficulties are envisaged with dry storage that is implemented after wet storage o f 
irradiated Magnox fuel.

There is limited experience with inert gas storage o f A1 clad fuel at ambient 
temperature.

5. BEFAST-m STATUS AND  PROSPECTS

Two Research Co-ordination meetings have been held in the BEFAST-Ш 
programme: the first in October 1992 in Toronto, Canada, and the second in 
April 1994 in Manchester, United Kingdom. During these meetings, the participants 
reported on their research results, experience and national status in spent fuel 
management. The process o f drafting the final report o f the programme was started 
in Manchester by discussing and adopting a table o f contents for the document, 
which will be published as an IAEA-TECDOC. Contributions from the participants 
to this document have been requested according to a prescribed format to achieve 
consistency. The document will discuss the current status o f wet and dry storage and 
provide short summaries on research contributions from the participants. It will also 
contain summary tables o f available storage technologies and the storage experience 
gathered from the participants, as well as national spent fuel management scheme 
strategies. The draft document is presently being processed by the IAEA. It will be 
reviewed by the participants at the beginning o f 1995. The final draft will be 
discussed and accepted by the third (last) Research Co-ordination meeting, which is 
expected to be held in October 1995.

The preliminary conclusions o f BEFAST-Ш are outlined here. The batch 
average burnup o f PW R and BW R reactor fuel charges has steadily increased during 
the last decade from 40 GW • d/t U towards 50 GW-d/t U in most o f the countries 
participating in the BEFAST programme. Bumup increase results in:

— An increasing fuel rod internal pressure at the end o f the service life (EOL);
— More corrosion in zirconium alloy cladding, owing to longer in-service 

residence time;
— An increase in the cladding hydrogen concentration resulting from the 

increased cladding corrosion.
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Increased EOL pressure, together with more corrosion, results in increased 
stresses in the cladding wall. It was concluded that this has no major consequences 

during wet storage. It was also shown that, under dry storage conditions for LW R 
fuel in an inert atmosphere, the increased burnup has no major consequences on 
spent fuel storage performance. However, this has to be technically assessed in detail 
and proven for licensing purposes.

6. CONCLUSIONS

After 12 years o f co-operation under the umbrella o f the IAEA, the fundamen
tal R&D questions have been answered to the degree that licensing o f both wet and 
dry storage is presently possible in most countries requiring additional spent fuel 
storage facilities.

The key objectives o f spent fuel storage related R&D have changed. There is 
no need for major efforts to solve the basic questions o f material science. Work is 

focused mostly on technology improvements, as well as on improvement in storage 
economy. This shows that spent fuel storage is approaching a mature technology in 
the back end o f the fuel cycle.

The effects o f extended bumup on the behaviour o f fuel in storage need to be 
assessed, since there is a tendency for Member States to strive for higher burnups. 
Although there is positive storage experience so far, the extrapolation o f these results 
for very long storage times has to be confirmed.

The experience recorded in BEFAST publications can be useful for all coun
tries with limited nuclear programmes or fuel types for which there is no wide 
database.

Spent fuel storage has proved to be a very safe technology. The reasons for 
this safety are twofold:

— The technology itself is simple and good engineering solutions have been 
selected;

— Irregularities that could lead to problems during storage could be solved 
through international co-operation.

The BEFAST CRP has demonstrated that international co-operation can 
successfully be achieved, even with a limited budget, and may provide major benefits 
to participating countries. Through the IAEA, these results are also made available 
to developing countries.
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Abstract

EXPERIENCE FROM THE OPERATION OF THE SWEDISH CENTRAL INTERIM 
STORAGE FACILITY FOR SPENT NUCLEAR FUEL, CLAB.

Currently, about 50% of the electric power in Sweden is generated by means of nuclear 
power. The Swedish nuclear programme comprises 12 plants. According to political deci
sions, no more nuclear power plants will be built and the existing plants will not be operated 
beyond the year 2010. The programme will give rise to not more than 78001 U of spent fuel, 
which will be directly disposed of in the crystalline bedrock without reprocessing. A keystone 
in the spent fuel management strategy is the Central Interim Storage Facility for Spent Nuclear 
Fuel, CLAB. After intensive pre-project work, the licensing of CLAB according to the 
Building, Environment Protection and Atomic Energy Acts took place in 1978-1979. After 
a total licensing time of about 20 months, the last permit was obtained in August 1979. By 
August 1994, CLAB had received and unloaded some 720 fuel transport casks, corresponding 
to about 2000 t U, and 60 casks containing highly active core components. The performance 
of the plant has been very satisfactory and with increasing experience it has been possible to 
reduce the operating and maintenance costs. The extensive efforts during the design phase 
have resulted in a collective dose of 25-30% of the dose calculated in the final safety report. 
Owing to a low activity release from the fuel and optimized management of the used water 
filtering agents, the number of waste packages emanating from CLAB has been less than 10% 
of what was originally expected. The activity release to air and water from the facility during 
the first five years of operation has been around 0.01% of the permissible release. In order 
to postpone the building of additional storage pools, new storage canisters have been devel
oped which has increased the storage capacity from 3000 to 5000 t U.
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1. BACKGROUND

The Swedish nuclear programme comprises nine BWR and three PWR reac
tors, with a total electrical output o f 10 300 MW and an annual production of around 
65 TW-h. This means that about 50% of the electricity produced is generated in 
nuclear plants, the remainder being mainly hydro power.

According to a decision o f Parliament, no more reactors are to be built in 
Sweden and the existing ones will not be operated beyond the year 2010. This 
decision was taken after an intense debate on the nuclear issue during the 1970s and 
an advisory referendum in 1980.

In all, the 12 reactors are expected to have produced approximately 
2000 TW-h of electric power and 7800 t U of spent fuel by the year 2010. These 
facts form the current basis o f planning for the Swedish radioactive waste manage
ment programme. Sweden has chosen the direct disposal option for the management 
of spent fuel. This choice has been judged to be the most rational and cost effective 
solution under the prevailing conditions in Sweden. According to this, the spent fuel 
from the power plants will be stored in the away-from-reactor (AFR) Central Interim 
Storage Facility for Spent Nuclear Fuel (CLAB) for some 40 years before final 
disposal. This will allow the decay heat to decrease considerably and make final 
disposal easier. It will also allow great flexibility in adjusting to future developments 
in the area of spent fuel management. Further, it will allow ample time for the 
research and development necessary for the selection of the site for the final reposi
tory and for the design and optimization of the back end of the fuel cycle.

2. DESCRIPTION OF THE FACILITY

2.1. Site

CLAB is located on the Simpevarp Peninsula near the Oskarshamn nuclear 
power plant, with its three reactors 0 1 , 0 2  and 0 3 , owned by OKG AB. The choice 
of site provided a number of co-ordination advantages, for example access to a 
common harbour, the interim storage facility for low and intermediate level wastes, 
central workshop, etc. OKG AB has been contracted for the operation and main
tenance of the CLAB facility.

2 .2 . Main features

CLAB comprises one above ground section and one underground section 
(Fig. 1). The above ground complex consists of a number of interconnected build
ings. Preparation and handling of incoming transport casks and spent fuel and core 
components take place in the receiving building. Directly connected with the receiv-
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FIG. 1. The Central Interim Storage Facility for Spent Nuclear Fuel CLAB (1: receiving 
building; 2: auxiliary systems building; 3; office building; 4; electrical building; 5; fuel 
elevator; 6: storage building).

ing building are buildings for auxiliary systems, e.g. for water cooling and purifica
tion, waste handling, ventilation and compressed air, and for the electric power and 
control system.

The receiving building has three receiving pool lines, two o f which are 
specially equipped for receiving the TN-17 Mk 2 cask. The third receiving pool can 
be used to receive casks other than the TN-17 Mk 2, although additional equipment 
specific to the actual cask must be provided. This pool also accommodates fuel 
leakage detection equipment. Filled canisters can be stored temporarily in other 
pools in the receiving building before being transferred to storage.
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The storage section is located underground in a rock cavern, the roof o f which 
is located 25-30 m below the surface. The cavern is 120 m long, 21 m wide and 
27 m high. It contains four storage pools and one smaller central pool connected to 
a transport channel. Each storage pool contains about 3000 m3 o f water and can 

hold 1250 t U o f spent nuclear fuel, giving a total storage capacity o f 5000 t U.
The spent fuel is transported from the receiving building to the storage section 

in a fuel elevator. The elevator shaft is connected with the pools through a channel. 
The storage section is also connected with the surface building through a shaft 
containing a passenger elevator, ventilation ducts, electricity and water supply.

The Swedish reactors generate about 220 t U o f spent fuel a year. With a fuel 
transport rate o f 210-250 t U a year, which is well below the designed capacity o f 
the Swedish transport system and CLAB, the storage pools in CLAB will cover 
Swedish needs through the year 2004. An expansion will be required to accommo
date all the spent fuel and core components emanating from the 12 Swedish reactors. 
This expansion will be performed by excavating one additional rock cavern parallel 
to the first one.

2.3. Handling o f transport casks and fuel

In 1980, the TN-17 Mk 2 cask, holding 17 BWR or 7 PW R fuel assemblies, 
was selected as the standard fuel transport cask in Sweden. One o f the reasons for 
this was the fact that the cask is dry, which is considered safer than wet casks. The 
core components are transported in a version o f the cask without cooling fins and 
neutron shielding.

The transport vehicle with the transport cask is driven into the facility through 
a combined passageway and airlock beneath the floor o f the receiving building. From 
there, the cask is lifted into the receiving building o f the facility, where it is placed 
in one o f the three preparation cells. There the cask is provided with a metal skirt 
that protects the outside o f the cask against contamination and damage. Hoses are 
connected to the skirt and the cask is cooled externally through its fins by circulating 
water through the annulus between the skirt and the cask. The water and the skirt 
itself reinforce the radiation shielding o f the cask.

Preparation o f the cask involves, among other things, connection o f the cask’s 
internal cavity to a cooling system by means o f hoses. Prior to internal cooling, the 
cask is vented to detect any radioactive gases inside. I f  such gases are detected, this 
indicates that fuel damage has occurred during transport and a special treatment and 
handling procedure is employed. Normally, the fuel assemblies are cooled by 
circulating water which passes through a filter where particles are collected. When 
the temperature and activity o f the water have reached acceptable values, cooling is 
terminated and the cask is prepared for lifting out o f the cell and transfer to one o f 
the receiving pool lines. There the lid is removed so that the fuel assemblies can be 
lifted out one by one. Unloading — and all subsequent handling o f the fuel assemblies
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— is performed under water by hydraulic handling machines. The pools are arranged 
so that the cask is immersed in non-contaminated water during the unloading opera

tions. The fuel assemblies are transferred to storage canisters.
The original storage canisters can hold 16 BWR or 5 PW R fuel assemblies and 

have an internal structure made o f normal stainless steel. Recently, the canister 
capacity has been increased to 25 BWR or 9 PWR fuel assemblies, thereby enlarging 
the total storage capacity o f CLAB from 30001U to 50001 U. The storage canisters 
are used for all internal transports between the different pools in the facility.

From the receiving building, the storage canisters are transported one at a time 
to the rock cavern by a fuel elevator with a water filled cage. This handling is remote 
controlled. On passing from the pools in the receiving section to the elevator shaft, 

the elevator cage goes through a water trap. The elevator shaft itself is not water 

filled.
The storage canister is thus transferred down to the storage section’ s transport 

channel, which is also water filled. The canister is lifted out o f the cage by a handling 
machine and taken to a predetermined position in one o f the storage pools. The 

canister now also serves as a storage rack.
Prior to the return o f the empty cask to the preparation cell and subsequent 

dispatch from the facility, the cask can be cleaned internally by means o f underwater 
desludging equipment that works according to the vacuum cleaner principle.

3. SAFETY AND  RADIO LO G ICAL W ORKING ENVIRONM ENT

3.1. Criticality

Criticality safety is based on Regulatory Guide 1.13, ‘Spent Storage Facili
ties’ , o f the United States Nuclear Regulatory Commission. According to this, the 
plant is designed in such a way that a ke{{ value o f <  0.95 is always maintained for 
fresh, unbumt fuel. The guide allows a keif value o f <0.98 for very unlikely 
events. Owing to the very great number o f fuel assemblies in CLAB, a ke{{ o f 
<0.95 has been a target value even for accidental conditions.

3.2. Major mechanical impact

The rock cover o f the storage section provides good protection for the stored 
fuel against any impact from the outside, such as acts o f war, sabotage and extreme 
natural conditions. The site offers solid and seismically stable bedrock. Rock 
protection is not needed for the receiving section, as the fuel is stored there only for 
a short period o f time and the amount is relatively small.
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3.3. Loss o f water in the storage pools

The storage pools have very thick concrete walls with extremely strong rein
forcement. Loss o f water from the pools can only occur by evaporation in the case 

o f total loss o f electricity supply and cooling. The pool water will heat up to close 
to 100°C in about one week. I f  no feedwater is supplied, the water level will reach 
the top o f the fuel after about one month.

In order to make up for the loss due to evaporation, water can be supplied by 
gravity by means o f a pipe installed from above ground level to the pools. There is 
ample time to arrange for external water supply, e.g. by tank trucks i f  necessary. 
The steam generated is vented to the atmosphere by natural draught through the 
existing ventilation ducts. The emergency cooling is thus safeguarded by a passive 
system depending on gravity only.

3.4. Radiological working environment

In view o f the fact that the CLAB facility will be in operation for around 
60 years, great importance has been attached to the radiological working environ
ment. The design philosophy is based on a maximum permitted average dose 

commitment equal to 1/10 o f the limits o f the International Commission on 
Radiological Protection. In order to achieve this, adequate biological shielding has 
been installed around different process systems.

The fuel transport cask cooling system, where the greatest accumulation o f 
radioactivity could be expected, has been equipped with a comprehensive system 
permitting remote removal o f components by means o f shielded casks. The active 
components can then be handled in a hot cell using master-slave manipulators. There 
the components are either repaired, maintained or, i f  appropriate, conditioned for 
disposal as wastes.

Most o f the process is remote controlled with a supervision and control system 
based on computers and graphic terminals.

In order to reduce the impact o f possible airborne contamination in the receiv
ing hall, the normal air change rate is as high as five times per hour in the floor zone 
where the operators work. I f  necessary, this air change rate can be extended to the 
total volume o f the receiving hall by use o f an extra ventilation system.

4. INVESTM ENT, F INANCING  AND  TIM E SCHEDULE

4.1. Investment and financing

In 1980, the total investment in current money was estimated to be SEK 1270 
million (including assumed index tied adjustments, excluding interest), roughly
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corresponding to US $220 million. The true investment at the end o f construction 
in 1985 was SEK 1720 million (US $225 million), signifying an increase o f 36% in 

comparison with the original calculations.
The main contribution to the increase emanated from the engineering costs, 

which were more than 90% higher than expected. The civil engineering and building 
costs were 54% higher than expected, to some extent reflecting the extensive changes 
in process and handling systems rather late in the project. These increases can, in 
many cases, be attributed to the uncertainties and lack o f experience mentioned 

earlier.
According to Swedish law, all costs for the management o f radioactive wastes, 

including decommissioning o f nuclear power plants, have to be borne by the owners 

o f these plants. The costs are covered by a fee determined annually by the Govern
ment. The money collected is deposited in accounts in the National Bank. The funds 
can be used by the Swedish Nuclear Fuel and Waste Management Company (SKB) 
after approval by a governmental authority. This financing system is the reason why 
interest was not included in the investment calculations given above.

The basis for the fee is a cost calculation o f all the activities for the back end 
o f the nuclear fuel cycle, which is carried out by SKB each year. The cost calculation 
is based on a scenario for the back end, including R&D, construction, operation, 
replacement and dismantling o f all necessary facilities and equipment.

CLAB ’s contribution to the total fee at present is SEK 0.004, or 0.4 öre (1 SEK 
is approximately equal to US $0.17 as per the end o f August 1994), which is roughly 
equal to 20% o f the total back end costs. This cost calculation is based on the assump
tion that the last fuel will be dispatched from CLAB for encapsulation and final 
disposal in the year 2046.

4.2. Time schedule

The first blasting work for CLAB took place in May 1980. At that time, the 
storage section was scheduled to be completed in two stages and the first fuel to be 
received in July 1985. It was later decided that work on the two stages should be 
carried out simultaneously and that the first fuel should be received in January 1985. 
In actual fact, the first fuel was received in July 1985.

5. NUCLEAR OPERATION

As o f August 1994, CLAB has been in nuclear operation for more than nine 
years. Approximately 780 transport casks have been received, 720 containing fuel 
and the remainder containing highly active core components (control rods, etc). The
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fuel amount stored corresponds to 2000 t U. At the end o f August 1994, the inven
tory was:

— 8810 BWR fuel assemblies,
— 882 PW R fuel assemblies,

— 217 M OX fuel assemblies,
— 222 Âgesta fuel assemblies (PHWR),
— 58 canisters containing spent core components,
— 15 canisters with fuel debris.

A  total o f 462 fuel assemblies have been reloaded from the original storage canisters 
to the new high density storage canister. The performance o f the plant has been 
excellent. Improvements are gradually being introduced as experience is gained.

5.1. Activity release to process systems

One o f the greatest uncertainties during the design period was, as mentioned, 
the amount o f crud activity that would be released from the fuel. The fuel is exposed 

to a certain thermal shock when the dry cask is filled with water in CLAB. Very high 
crud release figures were reported from abroad.

The experience has been that the amount released to the cask cooling down 
system is 50-100 times less than what was assumed in the Final Safety Analysis 
Report (FSAR). This fact may to a great extent be attributed to the good water 
chemistry in Swedish reactors and the material in the turbine and feedwater systems, 
resulting in relatively small quantities o f crud.

During the first month o f operation, problems with the slot filter and backwash 
filter arose. By developing a new backwash filter and changing the slot filter to a 
sintered metal filter the problem was resolved.

A  surprising fact is that the activity release to the storage pool water is more 
than 95% ionic. In the FSAR, the opposite was assumed, predicting 90% to be in 
particulate form. The activity released is to 90-95% ^Co, the remainder being 
mainly 54Mn; less than 1% is 137Cs.

The activity concentration at 2000 t U is low, 7 MBq/m3, which, however, is 
higher than expected. The reason for this is the above mentioned high proportion o f 
ionic release. Particles would have settled down on the pool bottom and would not 
have been observed in the water samples taken from the pools. Instead, the activity 
now remains in the water.

The influence o f water temperature on the activity release was measured in 
1988, when the cooling was reduced so that the temperature rose from 28°C to 
36°C. The activity concentration reached a new equilibrium level 2.1 times higher.

The lesson to be learned from this is that it is an advantage to keep the pool 
water temperature as low as reasonably possible, thereby delaying the release and
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taking advantage o f the decay o f the activity while it is still fixed to the fuel surface. 
The load on the waste treatment systems becomes correspondingly lower.

5.2. Waste treatment

The demands made on the waste treatment systems have so far been much 
lower than expected. One o f the obvious reasons for this is the low activity release 
from the fuel at arrival and cooling down in the transport cask. The backflush filters 

in the cooling circuit, where the activity from several casks is collected, were 
designed for an activity inventory o f 300 Ci (11 TBq) ^Co, which required heavy 
shielding and handling with remote maintenance casks. After removal, the filters 
were to be put in heavy cast iron containers constituting the package for final dis
posal. Two to five such containers were assumed to be required annually. Up to now 
not one single container o f this kind has been used. Instead, the filters, now being 
exchanged because o f high pressure drop and not high activity, can be put in the con
crete moulds normally used for solidifying spent ion exchanger resins, sludges and 

filter aids. Each mould has an outer volume o f 1.7 m3.
The number o f concrete moulds generated is by a factor o f at least 5 lower than 

originally expected, one o f the reasons being the relatively low activity release from 
the fuel in the storage pools. After having passed a particle filter, the cooling water 
from the storage pools is polished in large mixed bed ion exchangers where the ionic 
impurities are removed.

CLAB is equipped with tanks for the storage o f spent bead resins large enough 
to permit the resins to remain for decades i f  necessary before being solidified in 
concrete. The decay o f the ^Co, which constitutes the major part o f the activity, 
makes it possible to put much more waste in each concrete mould, the limiting factor 
being the surface dose rate. Fifteen years o f storage means a factor o f 10 less activity 
and a corresponding lower number o f waste packages. No concrete mould containing 
mixed bed ion exchanger resins has yet been cast.

5.3. Releases to the environment

The activity release to air and water during the first five years o f operation 
has been negligible, amounting to around 0.01% o f the permissible release from 
CLAB and the three collocated reactors together, which amounts to 1.0 NU/year 
(0.1 mSv/year).1 The activity release to the air has been below the detection limit.

1 NU : norm units =  0.1 mSv to the critical group.
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The release to the water, even i f  extremely low, showed an increasing tendency 
in the first 2.5 years o f operation, probably due to the increasing fuel inventory.

In 1988, a change in waste water management broke the tendency and in 1989 

the release was one third o f that in 1987. The measures taken involved improved 
filtering and better reuse in the facility o f water that was earlier discharged.

5.4. Radiation doses

The collective dose to CLAB staff and contractors was, for the years 
1986-1993, between 65 and 135 mman-Sv, which was about 25% o f expected 

values in the FSAR. In 1993, the dose was 115 mman-Sv. For 1994, the collective 
dose is expected to be around 100 mman-Sv.

This rising tendency can be explained by a buildup o f activity in plant systems, 
increased maintenance work and more staff members passing the dose detection 
limit. Such a development is being closely watched and measures are being planned 
and taken to halt this tendency.

6. IN TE R N ATIO N AL SAFEGUARDS

The experience with safeguards and the implications for the operation related 
to the inspections carried out by the IAEA  and the Swedish Nuclear Power Inspec
torate (SKI) are good. Inspections are performed four times a year and take about 
one to two days, depending on the type o f inspection. Once a year, a complete physi
cal inventory verification is carried out. SKI also performs gamma scanning o f a few 

fuel assemblies every year.

7. FUTURE

There are plans by SKB for an encapsulation plant to be connected to CLAB. 
This plant will be in operation in the year 2007.
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A  L I G H T  W A T E R  R E A C T O R  S P E N T  F U E L  R E C E I V I N G  A N D  S T O R A G E  F A C I L I T Y  

U N D E R  C O N S T R U C T I O N  IN C H I N A .

The paper describes the design and construction status of the first receiving and storage 

facility for L W R  spent fuel in China. This facility is under construction and will service the 

reprocessing plant. The facility’s technical and safety features are also described in detail. 

According to the general nuclear facility plan, this installation must go into operation before 

July 1997. The wet storage method, which technically is more mature internationally, will be 

adopted. The storage capacity is 10001U. It will receive the spent fuel assemblies discharged 

from the Day a Bay and Qinshan nuclear power plants. The design and critical analyses of 

safety are based on the parameters of the Day a Bay nuclear fuel. Ground was broken formally 

in April 1994 and this facility is n o w  at the base digging stage. After the project is completed, 

it is expected to serve for 40 years.

1. INTRODUCTION

Since the designed storage capacity o f the at-reactor (AR ) pool at the Daya Bay 
nuclear power plant is only equal to ten years o f discharge, from the eleventh year 
o f plant operation spent fuel must be transported away from this plant. Thus, China 
is now constructing its first LW R spent fuel receiving and storage facility in the 
northwest o f the country.

According to the general nuclear facility plan, this installation must be put into 
operation before July 1997. It is China’s policy for the nuclear fuel cycle to adopt 
the reprocessing approach. Thus, this spent fuel receiving and storage facility must 
be built before the construction o f a large scale commercial reprocessing plant in 
order that it can receive and store spent fuel from the Daya Bay nuclear power plant.

The spent fuel will be transported to the reprocessing plant through an under
water channel and sent for reprocessing when required in the future. Since the 

facility’ s main task is to receive and store LW R spent fuel, the following are needed: 
a receiving hall for the spent fuel transport cask, preparatory pits for cask unloading 
in front o f and behind the facility, an unloading pool, a ppol for spent fuel storage,
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In Out

FIG. 1. Schematic drawing of the spent fuel receiving and storage process.

a cooling and purifying system for pool water, and a checking, temporary storage 
and maintenance system for the empty cask.

This project is divided into two phases. The first phase comprises a receiving 
and storage area with a capacity o f 500 t U o f spent fuel, the second phase consists 
o f another receiving and storage area also with a capacity o f 500 t U o f spent fuel 
and, finally, an independent large spent fuel storage facility with a receiving and 
storage capacity o f 1000 t U, which will be adjacent to the chemical reprocessing 
plant.

The frequency o f receipt for this facility is four times per year, with a maxi
mum quantity o f 50 t U each time. The spent fuel assemblies discharged from the 
Daya Bay nuclear power plant will be improved nuclear fuel bundle assemblies
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without a box. The assemblies will be transported to the storage building in casks 
and stored in interim storage pools. There is a 130 t special crane in the receiving 
hall. The maximum weight for a spent fuel cask which the crane can lift is 115 t. 
Unloading o f the cask and transferring and storing the spent fuel are done under 
water; the assemblies are transferred to the reprocessing plant through a water 
channel. The technical process is shown in Fig. 1.

2. M A IN  FEATURES OF THE FA C IL IT Y  AND  SAFETY MEASURES

Space will be reserved for the other storage area during the second phase o f 
construction so that both areas use one system for receiving, preparation for 
unloading, and unloading. Only the storage pools and some auxiliary systems will 

be extended.
The facility will only receive those spent fuel assemblies which have been 

stored in the A R  pool for more than five years after discharge from the reactor, so 
as to keep the facility simple and to make management more convenient.

The wet storage method will be adopted to store the spent fuel in water pools. 
Water will bring out the decay heat from the spent fuel and at the same time provide 
a biological shield for operators. The temperature o f the pool water will be kept at 
313 К  by means o f a circulation cooling system. There will be two linked storage 
pools, the designed storage capacity o f which is 5001 HM (tonnes heavy metal). The 
pools will have a concrete structure lined with a stainless steel plate which will be 
equipped with a welding line leakage detection system and a leaking liquid return 
system.

The integrity o f the cask is ensured by the primary barrier o f this facility, 
through a check o f spent fuel received, damaged fuel handling, the storage environ
ment, equipment for safe transfer o f casks and fuel (e.g. the 130 t special crane), 
conduction o f decay heat, the quality o f pool water, cooling and purifying. Thus, the 
cask’s shell can be protected from damage.

The spent fuel in this facility will be kept in a subcritical state at all times and 
under all possible accident conditions by monitoring the receipt o f spent fuel which 
has some enriched uranium, transferring and storing the fuel in casks before unload
ing, and storing in geometric racks after unloading.

As mentioned earlier, the spent fuel receiving pool o f this facility is composed 
o f two pools with dimensions o f 18 m x  12 m x  12 m; these pools may be used 
interchangeably. There is a sealed door under water between the pools that separates 
them. Storage racks will be installed in the pools, with no more than 24 racks in each 
pool. The dimensions o f each rack are 2.4 m x  2.4 m x 4.3 m. The walls o f the 
receiving pool are covered with a 4 mm-thick stainless steel plate, while the bottom 
covering plate is 6 mm.
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The storage racks are composed o f 36 assemblies. Storage boxes and spent fuel 
assemblies will be stored vertically in the racks under water. The racks are made o f 
stainless steel. The distance between the assemblies in the racks is calculated accord
ing to critical safety. There are support devices under each rack which are used for 
adjusting the vertical angle. The surplus decay heat which the spent fuel assemblies 
generated during the storage process is brought out by water through the rack 
bottoms. The temperature o f the pool water will be kept at 313 К  by means o f a 
circulation cooling system.

The parameters o f fuel assemblies from the Daya Bay nuclear power plant 
were adopted as the basis for critical safety parameters:

— Core measurement sintering U 02: 0 8.19 mm x  13.5 mm,
— Core density: 10.41 g/cm3 =  10.41 x  103 kg/m3,
— Total weight (U 0 2): 523.4 kg,
— Average cycle for 235U enrichment: 3.2 wt%,
— Average cycle for unloading bumup: 33 000 MW-d/t U.

The main critical safety parameters were calculated as follows. When the 
dimensions o f the storage box are 225 mm x  225 mm x  4300 mm, the wall thick
ness is 3 mm,.the enrichment o f 235U fully loaded in the pool is 3.2 wt%, and the 
centre distance between new fuel assemblies from the Daya Bay nuclear power plant 
is 380 mm in the same rack and 600 mm in the nearby racks, then the keff o f the
new fuel assembly is calculated critically in the cold state in pure water. The ktif
should be <0.95.

3. PROCESS FLOW

The process flow can be divided principally into five parts.

3.1. Receiving transport cask

A  special platform carrier, which loads a single cask, is pushed through the 
doors o f the receiving hall by a train. The doors act as a pneumatic brake and have 
high pressure water in between to wash surface dirt o ff the cask and vehicle during 
transportation and to monitor the surface and dose.

3.2. Preparation for unloading

The transport cask, after being received in the unloading hall, is lifted from 
the platform carrier after shifting and turning using a 130 t crane and is then set down 
in the No. 1 preparatory pit. Here, a protective set o f air cooling fins is installed 
against contamination o f the cask, creating a layer between the surface and the air
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cooling fin. Continuously deionized water is fed into this layer to form a pressure 
difference and to keep pool water out o f the layer.

The cask is then connected to a monitor system and gas from the cask is 
analysed to check whether or not there is 85Kr, which indicates i f  the assembly is 
damaged. Then the inlet and outlet pipes o f the cooling water for the cask are con
nected to a deionized cooling system and a circuit is made with deionized water, 
which has a certain temperature in the cask. When the temperature o f the cavity o f 
the cask is below 323 K, the cooling deionized water is drained o ff after measure
ment. A  chiller is applied for double loop cooling water, which is circulated to be 
used again after its temperature has been lowered through the closed air cooling 
tower. The airtight outer cover o f the transport cask is opened after cooling and the 
bolts o f the second protective lid are unscrewed. Lifting the cask above the pit, the 
cask is set down in the unloading pool by the crane preparatory to unloading.

3.3. Unloading

The protective cover is removed with hooks using the 130 t crane after water 
has filled up to the regular depth in the pool. Then the crane is driven away. 
Assemblies are lifted up one by one from the cask using a portal crane and put in 
the rack corresponding to the storage pool and storage area. The assemblies can be 
inspected for damage and bumup in the unloading pool.

The empty cask is lifted and set down in the No. 2 preparatory pit after unload
ing and draining o f the water and installing the cask cover. It is then connected to 
the deionized water circuit system. After washing o f the inner cavity with deionized 
water and o f the surface with a high pressure washing set, the empty cask is con
nected to a vacuum system and air is drawn o ff in order to accelerate drying. The 
protective cover o f the cask is removed and sent to a temporary storage area after 
monitoring the dose o f the inner and outer surfaces o f the cask.

3.4. Storage

The assemblies are lifted one by one and transferred along a narrow passage 
to be stored in the storage rack in the storage pool. The storage racks are designed 
to ensure that the spent fuel assemblies are constantly in a below critical status under 
normal or accident conditions.

3.5. Transportation

When the spent fuel assemblies stored in the pool storage racks need to be 
reprocessed, they are transferred to a hanging basket through an underwater tunnel 
using a portal crane and then transported through a tunnel which is connected to the 
head end o f the hot cell in the reprocessing plant.
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The facility is now in the base digging phase. After the project is completed, 
it is expected to serve for 40 years.

4. SUM MARY
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SPENT FUEL MANAGEMENT AT THE TSURUGA AND TOKAI-2 POWER 
STATIONS.

The Japan Atomic Power Company has two BWRs (Tsuruga-1 and Tokai-2) and one 
PWR (Tsuruga-2), as well as one gas cooled reactor (Tokai-1). There arose a need to increase 
the site spent fuel storage capacity for both BWRs owing to the completion of spent fuel ship- 
ments to the reprocessing plant of British Nuclear Fuels pic and Cogéma, and also due to the 
relatively small original storage capacity of the plants. Plans were developed to increase 
storage capacity by using the adjacent PWR spent fuel pool at Tsuruga-1, and by re-racking 
the existing pool at Tokai-2. Tsuruga Unit-1 has a pool with a relatively small capacity 
(580 assemblies, or 1.9 cores), while Tsuruga Unit-2 has a pool with a much larger capacity 
(1197 assemblies, or 6.2 cores). Hence, a plan was adopted to convert the fuel racks of Unit-2 
for Unit-1 fuel storage using an ‘adapter’ . This has led to the common use of the Unit-2 pool 
by both units. In December 1993, 70 fuel assemblies were transferred from Unit-1 and stored 
in the Unit-2 pool. A  total of 210 fuel assemblies are planned to be moved from Unit-1 to 
Unit-2 by 1996. Tokai-2 had a spent fuel pool with a capacity o f 1740 assemblies (2.3 cores) 
before re-racking. An increase in storage capacity was achieved by introducing new racks 
made of stainless steel containing boron. As a result, the spent fuel capacity can be increased 
to 2250 assemblies using new racks (70 or 110 assemblies), instead of the original racks 
(30 assemblies). Also, construction for re-racking was divided into three stages between 1991 
and 1994, as this activity had to be performed during plant operation. The final stage is 
currently under way.
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1.1. Background

The Tsuruga nuclear power station has two different types o f reactors. Unit-1 
is the first Japanese BWR, which was designed and constructed by the General 
Electric Company (GE) o f the United States o f America. Commercial operation 
commenced in 1970. The electrical output o f Unit-1 is 357 M W (e). Unit-2 is the 

Japanese domestically modified and standardized type PWR, which was constructed 
by Mitsubishi Heavy Industries (M HI). Commercial operation commenced in 1987. 
The electrical output o f Unit-2 is 1160 M W (e).

The spent fuel o f Unit-1, whose production rate is about 101 U per year (60-70 
assemblies), had been shipped to the reprocessing plant at Sellafield in the United 
Kingdom since 1973. However, the final spent fuel shipment o f the reprocessing 
contract occurred in autumn 1993.

It is noted in the ‘Long-Term Program for Development and Utilization o f 
Nuclear Energy’ , issued by the Japanese Government, that, in principle, the spent 
fuel produced in a domestic nuclear power station should be reprocessed in Japan. 

This implies that plutonium should be considered as a semidomestically produced 
energy resource and should be utilized effectively. According to this policy plan, we 
are planning to transport the spent fuel o f the Tsuruga nuclear power station to the 
Japan Nuclear Fuel Limited (JNFL) reprocessing plant under construction in Aomori 
Prefecture. Originally this plant was scheduled to begin accepting spent fuel in the 
early 1990s. The latest estimate is 1996. However, since acceptance o f spent fuel 
at this plant may be further delayed, the amount o f spent fuel to be stored on-site 
will increase for the next several years.

The original spent fuel capacity o f Unit-1 is 580 assemblies (or 1.9 cores based 
on a core size o f 308 assemblies). This is relatively small compared with most 
modem plants. The storage capacity was determined assuming continuous shipments 
o f spent fuel to reprocessing plants. With completion o f spent fuel shipments over
seas and the delayed startup o f a reprocessing facility, it became necessary to develop 
a plan to temporarily store an increasing amount o f spent fuel.

1.2. Adapter type method

1.2.1. Adoption of the adapter type method

At first, we considered replacement o f the existing racks with high density 
racks. However, as a result o f this study, we found that the structural strength o f 
the reactor building was not enough to accommodate a high density rack configura
tion. In addition, new storage techniques, such as dry cask storage, were not consid
ered because they were still under development at the time o f study in 1985. Tsuruga

1. TSURUGA NUCLEAR POWER STATION
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Unit-2 is a PW R adjacent to Tsuruga Unit-1 and was constructed during the 1980s. 
It has a relatively large spent fuel pool capacity, similar to today’ s newly constructed 
plants. Taking this into consideration, we chose to transfer and store Unit-1 spent 
fuel in the Unit-2 spent fuel pool.

Since BWR fuel has a smaller cross-section than PW R fuel, it became neces
sary to modify the design o f the Unit-2 PW R fuel racks in order to properly accom
modate a BWR fuel assembly. One option was to simply replace some portion o f the 
PW R fuel racks with BWR fuel racks. However, we eventually selected an ‘adapter 
type’ method, which was devised as an alternative to the rack replacement method. 
With the former method, it is possible to re-use the racks for PW R fuel storage by 
removing the adapters when the temporary storage o f BWR fuel in Unit-2 is no 
longer necessary.

The ‘adapter method’ requires only a simple modification, resulting in lower 
costs, and also has the advantage o f restorability to original use for PW R fuel. The 
number o f adapters to be installed was determined to be 2 1 0  and the spent fuel 

storage capacity o f both plants was as follows:

For Unit-1 fuel: 
For Unit-2 fuel:

Before installing adapter After installing adapter

580 assemblies (1.9 cores) 
1197 assemblies (6.2 cores)

790 assemblies (2.6 cores) 
987 assemblies (5.1 cores)

1.2.2. Safety evaluation

W e performed a safety evaluation o f BWR spent fuel assemblies placed in 
PW R fuel racks using adapters. It is required for a fuel storage facility to perform 
a safety evaluation assuming the highest category o f postulated seismic force because 
such a facility is categorized as the highest safety class in the seismic design. As a 
result o f the seismic analysis o f the adapted fuel racks , it was determined that there 
is essentially no structural problem due to the smaller weight o f BWR fuel compared 
with PW R fuel. However, i f  any movable gap between adapter and rack existed, 
there could arise a complex composite oscillation induced by seismic forces, The 
resulting stress evaluation could therefore be more difficult to perform. In order to 
avoid this, the adapter was carefully designed so as not to create any movable gap 
within the fuel rack.

In addition to the seismic evaluation, we performed a shielding analysis to 

evaluate the dose equivalent rate surrounding the spent fuel pool, a heat removal 
performance analysis o f the pool cooling system and a subcritiçality analysis. In the 

subcriticality analysis, different methods and computer codes have been traditionally 
used for PWRs and BWRs. In our evaluation, however, we combined both methods 
and codes.
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1.2.3. Structure and installation of the adapter

The adapter is made o f stainless steel and composed o f a fuel can, base plate, 
saddle, wedge and spacer, as shown in Fig. 1. The fuel can and base plate provide 
structural support to the BWR fuel in the horizontal and vertical directions, respec
tively. The thickness o f the fuel can wall is 6  mm and its total length is 4.4 m. The 
saddle and spacer secures the adapter in the PWR fuel rack. The wedge slides up 
and down. When it slides downward, it pushes the fuel rack outward from inside the 
fuel rack. Hence, the wedge should slide upward when the adapter is removed from 
the rack for réintroduction o f PW R fuel.

Adapters were installed in successive rows o f the fuel racks at one end o f the 
pool. The installation required about two months and no specific problems were 

encountered.



IAEA-SM-335/17 187

1.3. Potential problems (review and corrective action)

For the transportation o f Unit-1 fuel to the Unit-2 spent fuel pool, we decided 
to use the casks that had been used for the shipment o f spent fuel to the reprocessing 
plant. One concern was that crud would detach from the fuel surface. Normally a 
certain amount o f crud is attached to the surface o f BWR spent fuel and the detached 
crud could contaminate the inner surface o f the cask, leading to a degraded radiologi
cal environment. I f  this happened, it would be difficult to remove the crud because 
there is no cask maintenance facility at the nuclear power station. Therefore, there 

was a need to resolve this issue.
In general, the amount o f crud is greater in BWR fuel than in PW R fuel, and 

BWR fuel crud is more porous and easier to detach. In addition, the BWR spent fuel 
pool has pure water chemistry control, while the PW R pool has boric acid water with 
pH control between 4.5 and 5.0. This is a more dissolvable condition for the crud 
attached to the fuel surface. Thus, there is a concern that detached or dissolved crud 
from the transferred Unit-1 fuel surface could contaminate the Unit-2 pool, which 
was originally designed to store PW R fuel only.

For the above mentioned reasons, we judged that as much crud as possible 
should be removed from the Unit-1 fuel cladding before transportation. Therefore, 
we surveyed alternative methods for crud removal, resulting in the introduction o f 
an ‘ultrasonic type crud removing apparatus’ , as described in the next section.

1.4. Fuel crud cleaning

1.4.1. Cleaning apparatus

The ultrasonic cleaning apparatus is shown in Fig. 2. It consists o f a main unit 
installed on the bottom o f the spent fuel pool and a control section installed on the 
operating floor. The main unit consists o f a cleaning chamber, an underwater pump 
and a crud collecting filter. Four ultrasonic transducers (26 kHz, 600 W ) are 
arranged around the interior o f the top o f the cleaning chamber. This arrangement 
and all the other basic design specifications were chosen on the basis o f laboratory 
tests.

The cleaning process starts by lifting the fuel assembly with the channel box 
attached, using the refuelling machine. Then the fuel assembly was inserted slowly 
into the cleaning chamber with the ultrasonic transducers in operation. Crud 
detached at the upper end o f the cleaning chamber is gathered by the underwater 
pump from the lower end o f the chamber and collected in a filter cartridge. The 
sampling line attached to the outlet from the underwater pump allows the water to 
be sampled before entering the filter cartridge during the cleaning process.
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FIG. 2. Ultrasonic cleaning apparatus.

1.4.2. Preliminary tests and fuel cleaning work

Since this was the first application o f ultrasonic fuel cleaning in a Japanese 
LW R, tests were performed to validate the cleaning process [1 ,2 ]. These tests were 
performed to assess crud removal efficiency, the required cleaning time, the 
influence o f ultrasonic noise on plant instrumentation systems and the integrity o f 
fuel rods after cleaning. The cleaning efficiency was determined to be about 80%.

On the basis o f the above test results, an optimum work procedure was estab
lished and actual cleaning was carried out at the rate o f about four or five fuel assem
blies per day (1.5-2 h per assembly).

1.5. Fuel transportation and storage experience

In December 1993, the first stage transportation o f spent fuel assemblies from 
Unit-1 to Unit-2 was carried out using Excellox type casks which are normally used
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to transport spent fuel to the reprocessing plant in the United Kingdom. This ‘wet’ 
type cask weighs 75 t and can contain 14 BWR fuel assemblies. It took about four 
days from fuel loading at Unit-1 to unloading at Unit-2 per cask transportation. Five 

cask shipments were required and the entire project was completed in one month.
In spite o f the fuel cleaning work, some crud deposition on the cask inner 

surface was observed after transportation. Detachment o f the crud from the fuel 
surface seemed to be enhanced by drying and embrittlement o f the crud on the 
surface o f the fuel pins which were exposed to the vented space in the cask. There 
was some increase in the radiation dose equivalent rate at the vicinity o f the cask 
flange, but it was well below the level leading to adverse working conditions.

The radioactivity level o f Unit-2 spent fuel pool water increased slightly owing 
to the crud introduced by the Unit-1 fuel assemblies, but recovered to a normal level 
a short while after the transportation. No adverse effect on the Unit-2 pool from the 
storage o f Unit-1 fuel has been observed.

1.6. Safeguards inspection

Two Material Balance Areas (MBAs) for Units-1 and 2 are defined at the 
Tsuruga nuclear power station and have the area code names JBK and JPP, respec
tively. Before the common use o f the spent fuel pool by the two units, both MBAs 
had three Key Measure Points (KM P) for fresh fuel storage area, core and pool, 
respectively. A  revised edition o f the Facility Attachment (FA ) o f the Tsuruga 
nuclear power station, which defined KMP-D additionally in the JPP area, was 
introduced. KMP-D corresponds to the area where adapters for Unit-1 fuel were 

installed in the Unit-2 pool.
A  safeguards inspection by IAE A  inspectors was accomplished smoothly after 

fuel transportation. The adapter and the Unit-1 fuel assembly could be identified 
easily from the pool operation floor, so the inspection o f KMP-C and KMP-D was 
carried out without any problems.

2. TOKAI-2 NUCLEAR POWER STATION

2.1. Background

The Tokai-2 nuclear power station was the first 1100 M W (e) BWR plant in 
Japan and commenced commercial operation in 1978. This plant is located in Tokai 
Village, in Ibaraki Prefecture, which is the birthplace o f Japan’ s nuclear energy 
programme. The spent fuel o f Tokai-2, whose generation rate is about 35 t U per 
year (about 200 assemblies), had been transported to overseas (British Nuclear Fuels 
pic and Cogéma) and domestic (Power Reactor and Nuclear Fuel Development 
Corporation (PNC )) reprocessing plants.
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Capacity : Before re-racking

30 assembly rack x  58 1740 fuel assemblies

Total 1740 fuel assemblies

Capacity : After re-racking

70 assembly rack x  7 490 fuel assemblies

110 assembly гаскх1б 1760 fuel assemblies
Total 2250 fuel assemblies

FIG. 3. Capacity of the Tokai-2 spent fuel pool before and after re-racking.

At present the spent fuel o f Tokai-2 is being transported to the PNC reprocess
ing plant. The amount o f spent fuel at the site will increase gradually and exceed the 
capacity for management (storage capacity minus 1 .0  core) even i f  the transport o f 
spent fuel to PNC continues on schedule. Therefore, we decided to adopt re-racking, 
which is able to expand storage capacity on-site and is more economical than other 
options.

It will be possible to increase the spent fuel storage capacity from 1740 assem
blies (or 2.3 cores based on a core size o f 764 assemblies) to 2250 assemblies (or 
3.0 cores) by using new racks whose material is stainless steel containing
0.7% boron (B-SUS). Figure 3 shows the comparison o f the capacity o f the Tokai-2 
spent fuel pool before and after re-racking.

2.2. High density spent fuel storage rack (B-SUS rack)

The following items were evaluated after which the availability o f B-SUS for 
the spent fuel storage rack was confirmed:

— Mechanical properties;
— Material characteristics in its spent fuel pool environment (corrosion 

resistance, irradiation influence);
— Productivity (weldability, etc.).
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The checker board type rack, which is composed o f square pipes made o f 
B-SUS, were installed in Tokai-2. The pipes provide structural supports as well as 
functioning as neutron absorbers. There are two types o f racks which are capable 

o f holding either 70 or 110 fuel assemblies.

2.3. Safety evaluation

The safety evaluation o f the spent fuel pool was performed before start o f the 
construction work for re-racking. The loads due to the expanded spent fuel capacity 
should be less than the maximum allowable load o f the pool. As a result, the pool 
floor integrity is maintained. A  stress analysis o f the fuel rack is required assuming 
the highest category o f postulated seismic forces. As a result o f the stress analysis 
o f the racks and fixed bolts o f the racks, it was found that there is essentially no struc
tural problem.

Fuel assembly subcriticality in the boron rack should be evaluated assuming 
worst conditions (boron content, water density, minimum cell centre-to-centre 
spacing and so on). The effective multiplication factor o f the fuel and rack array is 
calculated as less than the subcriticality acceptance criteria o f kef[ <  0.95.

The heat removal capability o f the pool cooling system must be evaluated 
because the spent fuel storage capacity increased by 510 assemblies without a change 
in the existing cooling system. As a result, the postulated maximum decay heat must 
be less than the heat removal capability o f the existing facility.

The dose equivalent rate surrounding the pool must be evaluated, because the 
spent fuel storage elevation had risen by about 2 0 0  mm, by using a common base 
which is a medium between the pool floor and the B-SUS rack. The dose rate above 
the refuelling platform after re-racking was evaluated to be below the required level.

2.4. Re-racking construction work

The common base method is used so as not to install a boron rack directly on 
the pool floor because there is a great difference between the former rack fixed bolt 
location and the new rack fixed bolt location.

The construction work for re-racking is performed underwater by remote 
control using the refuelling platform which is temporarily equipped for this opera
tion. The removed racks are decontaminated and then cut up in the dryer separator 
pool. The rack pieces are then loaded into a specially made box shaped pallet. 
Finally, the pallets are placed in the solid waste storage facility. The re-racking work 
was divided into three stages, since other construction work must be performed on 
the operation floor. The first construction stage started in November 1991. At the 
present time, the third construction stage is under way.
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3. FUTURE FUEL M ANAGEM ENT A T  THE TSURUGA 
AND  TOKAI-2 NUCLEAR POWER STATIONS

At the Tsuruga nuclear power station, 70 fuel assemblies in April 1995 and 
an additional 70 assemblies in 1996 are planned to be transported, resulting in a total 
o f 210 Unit-1 assemblies stored in the Unit-2 spent fuel pool. Construction work for 
re-racking at the Tokai-2 nuclear power station will be completed in November 1994 
and an increase in the pool storage capacity will be achieved. These modifications 
will satisfy the spent fuel storage demand at both nuclear power stations until around 
the year 2 0 0 0  and are considered as a short term fuel storage management scheme.

It is intended to ship spent fuel from the Tsuruga and Tokai-2 nuclear power 

stations to JNFL starting around 1996, when the reprocessing plant facilities become 
available. Even i f  this shipment is on schedule, the amount o f cumulative spent fuel 
assemblies at these two nuclear power stations will increase gradually. This is 
because JNFL reprocessing services are shared among all domestic nuclear power 
stations and the Japan Atomic Power Company will be able to ship only our allotment 
o f assemblies. Therefore, a long term spent fuel storage management scheme should 
be established. We are proceeding with a study for long term management in which 
dry cask storage may be the most feasible option.
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Abstract

CORROSION TESTING OF CONSTRUCTION MATERIALS OF SPENT WWER-440 
FUEL.

The paper describes the results of investigations of WWER-440 fuel assemblies after 
storage for 13 years in a water pool. The long term wet storage of irradiated fuel is accompa
nied by uniform corrosion and hydriding of fuel cladding. Further hydriding of fuel cladding 
during the long term storage of fuel assemblies in water is one of the most dangerous factors, 
capable of producing deleterious effects upon the reliability of the fuel cladding. In an effort 
to predict fuel cladding behaviour and the maximum storage time for long term wet storage, 
a ‘short cut’ , express method of corrosion testing has been developed. The method consists 
of saturating fuel cladding with additional quantities of H equivalent to that absorbed by 
cladding during the entire storage period. Comparing the mechanical characteristics of irradi
ated fuel before and after the corrosion tests has revealed a minor increase in yield and ultimate 
stresses and an almost twofold decrease in general elongation. In the case of unirradiated 
samples, the changes in mechanical properties are more prominent and to a great extent follow 
those produced in an autoclave. Comparing the mechanical properties of WWER-440 fuel 
cladding after 13 years of storage in a water pool with the properties of fuel (with 3.6% initial 
enrichment) discharged from the reactor shows that wet storage has not produced any marked 
impact on the strength and ductility of fuel cladding.

In compliance with the management concept adopted for WWER-440 spent 
fuel in the Russian Federation, after three years o f cooling in reactor pools the fuel 
should be transported for reprocessing. However, for several reasons, a small

193
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number o f spent fuel assemblies (0 .0 2 %) out o f the total spent fuel inventory does 
not meet transportation requirements and plant specifications, and continues to be 
stored in at-reactor pools for a long period o f time.

In addition, a considerable amount o f WWER-440 fuel from Czech, German, 
Hungarian, Slovak and Ukrainian reactors has not been transported to the Russian 
Federation for reprocessing, but has remained in cooling pools for about five to ten 
years. Consequently, studying the safety o f the long term wet storage o f spent 
WWER-440 fuel has become an urgent problem.

Any extension o f the spent fuel storage period should be based on detailed 
analysis o f changes in the condition o f the fuel. The fuel cladding is the first and main 
barrier which prevents radionuclide release into the environment. An assessment o f 

the condition o f the cladding should account for factors which arise and have an 
effect during the stages o f fuel manufacture, fuel in-reactor operation, and which 
persist, exerting their effects at the storage stage. The storage condition can either 
enhance fuel defects that developed at the manfacturing and operation stages, or 
produce inhibiting effects upon their growth.

TABLE I. PARAMETERS FOR FUEL ASSEMBLIES 
AND  THEIR IRRAD IATIO N CONDITIONS

Parameter Value

Fuel Uranium dioxide

Initial enrichment (%) 

Bumup (MW-d/kg U) 

Fuel element type

3.6

31.4

Rod

Fuel rod sizes (mm):

— Length
— Diameter
— Pellet diameter

2485
3.1
7.53

Cladding material 

Cladding thickness (mm)

Time of in-reactor residence (h) 

In-reactor operation conditions:

Zr + l%Nb 

0 .6  

21 000

— Coolant pressure (MPa) 12.5
— Coolant temperature (°C):

• Inlet
• Outlet

250
324
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TABLE П. RESULTS OF THE EXAM INATIO N  OF WWER-440 FUEL 
ASSEMBLIES AFTER STORAGE IN  A  W ATER POOL FOR 13 YEARS

Investigation technique Results

Visual examination The assembly had a dark grey surface; no corrosion of 
sheath pipe; end fittings (fixtures) retained integrity; no 
signs of corrosion damage of fuel cladding, welds and 
end fitting.

Chemical analysis of fuel 
cladding deposits

Fe, Cr and Ni oxides: No more than 130 mg/fuel 
element, or 0.18 mg/cm2.

Radiochemical analysis of fuel 
cladding deposits

Co-60: No more than 5.0 /¿Ci/mg of corrosion 
products. 8

Gamma scanning Gamma spectrum of Cs-137 (661.6 keV). 
Distribution of radiation intensity showed uniform 
characteristics over the entire rod length. Butts 
between fuel rods were clearly seen — no gaps. 
No fission products release from fuel.

‘Defectoscopy’ The cladding of only four fuel rods (of 50 rods 
studied) revealed a local thinning of 0.03-0.06 mm, 
probably due to abrasion (fretting) at the cladding/ 
spacer contact. Other fuel rods showed no defects.

Hydrogen content Hydrogen content in 15 cladding specimen studies did 
not exceed 2 x 10~3 wt%.

Metallography Welds and fuel cladding retained their integrity and did 
not show any significant corrosion. The condition of 
welds and claddings was not different from that of 
similar items kept in the storage pools for 1-3 years. 
Cladding hydriding was insignificant, hydrides were 
tangentially oriented. Their concentration was highest 
on the inner cladding surface.

Mechanical testing 
(see Table Ш)

After 13 years of storage, the cladding material 
showed strength and plasticity which were practically 
the same as those of fuel after no more than three 
years of storage.

a 1 curie (Ci) =  3.70 x  1010 Bq.
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TABLE HI. M ECH ANICAL PROPERTIES OF SPENT WWER-440 FUEL 
CLADDING

Sample
Storage
period
(years)

Bumup 
(MW-d/t U)

Ultimate
strength

(kg/mm2)

Yield
strength

(kg/mm2)

General
elongation

(%)

Uniform
elongation

(%)

1 3 28.6 61.4 ±  2.3 54.1 ±  3.0 13.1 ±  0.4 6.9 ±  0.6

2 13 31.4 52 ±  2.1 45.4 ±  1.3 19.2 ±  1.0 3.3 ±  0.4

In view o f such a variety o f factors influencing the condition o f fuel cladding, 
data on irradiated fuel are o f particular importance. The following discussion deals 
with the analysis o f the condition o f WWER-440 fuel after 13 years o f wet storage 
and a prediction o f the maximum wet storage period for this type o f fuel.

A  standard fuel assembly from the fourth WWER-440 unit o f the 
Novovoronezh nuclear power plant was chosen for investigation (see Table I). The 
‘ service life ’ o f this assembly was typical o f the great bulk o f WWER-440 spent fuel, 
yet during handling operations in the cooling pool it was bent and left there for 
13 years (prior to the onset o f the study). During this period, the C1“ content in the 
pool water exceeded the specified value, rising three times to 200 /xg/kg. The devia
tion from normal storage conditions was o f short duration (no more than three days) 
and can be considered as an additional, unforeseen effect on fuel cladding in storage.

Table П presents the results o f the examination o f WWER-440 fuel assemblies 
after residence for 13 years in a water pool (see also Table Ш ). To predict the fuel 
condition and the maximum period o f wet storage, fuel rods from this assembly were 
tested using express techniques.

It is known [1] that at 20°C the corrosion rate o f Zr +  l% Nb alloy does not 
exceed 1 X 10~5 mg-dm '2 -d_1. After a lapse o f 30 years, this would result in fuel 
cladding corrosion to a depth o f approximately 80 /xm.

However, hydrogenation o f the alloy might have an even greater impact on the 
condition o f cladding material. According to Anderko et al. [2], this alloy picks up 
approximately 30% o f the hydrogen evolved in water corrosion. At a corrosion rate 
o f 1 x  10~5 m g-dm '2 -d_1 and 30% H2 pick-up, the H2 content in the cladding 
material o f W W ER fuel (at uniform pick-up) might reach 0.002 wt% after 30 years 
o f storage. I f  it is considered that at 20°C hydrogen solubility in Zr amounts to 
1 x  10~5 wt% [3] and the total hydride phase forms in a non-diffusional manner, 
the mechanical properties o f the fuel cladding would be expected to change 

significantly.
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TABLE V. M ECH ANIC AL TESTING OF SPENT WWER-440 FUEL 
ASSEMBLIES (IN IT IA L  ENRICHMENT: 3.6%; STORAGE PERIOD: 
THREE YEARS)

Mechanical properties
Test temperature 

(°C)
Value

Yield strength (kg/mm2) 20 54.1 ±  2.1
350 36.3 ±  284

Ultimate strength (kg/mm2) 20 61.4 + 2.3
350 39.8 ±  2.8

General elongation (%) 20 13.1 + 0.4
350 20.8 + 1.3

Uniform elongation (%) 20 6.9 ±  0.6
350 7.2 + 0.1

View A

Ï
View A

0

É ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡

FIG. 1. Shielded and remotely controlled equipment for corrosion and mechanical testing of 
irradiated WWER fuel cladding (PD: potential differences; 1: cladding cutting machine; 
2: apparatus for corrosion testing; 3; hydraulic press for mechanical testing).

In irradiated cladding the mean hydrogen concentration can reach 0.008 wt% 
[4], while the local concentration can be five to eight times larger, as demonstrated 
by metallographic studies o f Zr +  l% Nb alloy hydrogenation [4].

On evidence derived from studying the impact o f hydrogenation on the 

mechanical characteristics o f unirradiated Zr +  l% Nb alloys, it was seen that the 
plasticity o f alloys with 0.04-0.005 and 0.1 wt% H2 content falls by factors o f
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1.5 and 2, respectively; the ultimate strength, however, increases from 30 to 
44 kg/mm2.

The mechanical properties and the H2 content o f irradiated fuel cladding are 
given in Table IV . For comparison, the table includes data on unirradiated samples 
before and after corrosion testing in an autoclave for 18 000 hours. It can be seen 
that the mechanical characteristics o f irradiated cladding correlate most closely with 
cladding with a hydrogen content o f 0.08-0.1 wt%.

Although such changes in cladding properties may be connected with other 
factors, such as a high concentration o f hydrides, iodine influence on the inner 
cladding surface, or the stressed state o f metal caused by in-core elongation o f fuel 
rods, they should be taken into consideration when predicting fuel behaviour during 
long term storage in water pools.

In our opinion, extra hydrogenation o f fuel cladding during long term wet 
storage has one o f the most dangerous impacts on the reliability o f fuel cladding. To 
support this view, we caused extra hydrogenation o f fuel cladding through a cathode 
polarization technique during the ‘ short cut’ corrosion testing. The H2 quantity 
introduced was equal to that picked up by fuel cladding during 30 years o f storage 
in a water solution at room temperature.

Testing was carried out both with irradiated and non-irradiated samples. After 
polarization, the samples were assayed for H2 content using a chromatographic 
technique. The discrepancy between the experimental and predicted values did not 
exceed 20%, the accuracy o f analysis being ±10% . Mechanical testing was done in 
a specially developed test facility (see Fig. 1).

Comparing the mechanical characteristics o f irradiated samples (Nos 5 and 6 ) 
before and after the short cuts indicates a minor increase in the ultimate strength and 
yield strength and an almost twofold decrease in general elongation. As a whole, 
however, the fuel cladding showed no significant change in its condition.

Thus, comparing the data for WWER-440 fuel after 13 years o f storage with 
those after three years o f storage (see Tables IV  and V ) reveals that under proper 
water quality conditions, wet storage has no remarkable impact either on the condi
tion o f fuel cladding, or on the plastic and mechanical properties o f its material. This 
means that the 30 year wet storage o f WWER-440 fuel can be estimated as being 
reasonably safe.
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Abstract

SPENT FUEL STORAGE EXPERIENCE AT LA HAGUE.
The La Hague reprocessing plant must be able to receive, unload and store a total of 

1600 t U each year. This rate of receipt required several innovative design concepts which 
have been successfully implemented to meet the dual goal of safety and a high level of avail
ability. Based on the experience gained at La Hague, the paper addresses the design 
philosophy of the world’s largest spent fuel storage complex, with a capacity of 14 400 t U, 
presents the spent fuel handling experience and provides operational results for items such as 
the pool water chemistry and water activity.

1. INTRODUCTION

The main objective o f the La Hague spent fuel storage complex is to permit 
safe spent fuel interim storage prior to reprocessing, in compliance with stringent 
requirements governing personnel and environmental protection. The design of the 
storage complex was based on the following criteria:

— Limitation o f the dose rate o f operators to one tenth o f the regulatory limit;
— Minimization o f liquid and solid effluent production;
— Elimination o f cask drop accidents by the use of design features;
— Achievement o f a 0.7 facility load factor during 300 operating days, inclusive 

o f all the maintenance operations;
— Retrievability o f the spent fuel at any time and in a simple and safe way;
— Implementation o f IAEA and Euratom safeguards under any conceivable 

operational situation.

The La Hague spent fuel reception, unloading and storage complex is 
comprised of the AML cask buffer storage, with a capacity of 60 casks, the NPH 
wet cask unloading facility, with a throughput of 600 t U/а, the NPH storage pool,
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the TO dry cask unloading facility, with a throughput o f 1000 t U/а, and the C, D 
and E storage pools. The four stainless steel lined storage pools are interconnected 
and offer a total nominal capacity o f over 14 4001U, which is the largest o f its kind 
in the world.

2. M A IN  FEATURES OF THE POOL DESIGN

While the NPH pool is partitioned into four basins anchored to the ground floor 
and separated by cofferdams, the U-shaped C, D and E pools have a single basin 
supported by two rows o f concrete columns on the base slab. The main characteris
tics o f the pool design can be illustrated by the following features o f the E pool:

— The reinforced concrete basin rests on a slab, independent o f any adjacent 
structure, on neoprene aseismic bearing pads, and permits free thermal expan
sion. This system can absorb thermal loads o f up to 100°C (water temperature) 
and withstand an intensity V II earthquake (on the MSK scale). Enhanced, easy 
pouring o f the concrete joints was developed for pool construction.

• — The stainless steel inner pool lining, formed by the welding o f stainless steel 
plates, is 100% X  rayed during construction. Permanent monitoring o f the 

welded seams and X  ray inspection capability is provided for to locate and 
detect any leak during operation.

— The pool water is purified and cooled with patented Nymphéa in-pool heat and 
ion exchange units, which alleviate the need for external circuits, reduce radia
tion exposure o f maintenance personnel and reduce the volume o f the concrete 
structures generally associated with storage pools. Such an internal arrange
ment results in a 2 0 % volume reduction, thus saving capital and operating 
costs. The normal water temperature is below 40°C and, should the heat 
exchanger pumps stop, operating, heat exchange is maintained by a thermo
syphon effect. The pool bottom is cleaned with an underwater, remotely 
operated vacuum cleaner, with the coarse particles trapped in a cyclone and 
the fine particles in a filter. Both the cyclone and the filter are remotely 
changeable.

— Within the pool, the fuel assemblies are handled exclusively in baskets with 
á height o f 5290 mm and a cross-section o f 1010 x  1010 mm2, closed by 
locking lids. The pool has a capacity to store 1016 baskets in a 
1100 X 1100 mm array. This alternative to the usual rack system has been 
preferred because large quantities o f fuel are frequently handled and baskets 
permit easier reshuffling. Furthermore, easy access is needed to clean and 
inspect the pool bottom. Compact baskets have been designed to handle 9 PW R 

or 16 BWR fuel assemblies at a time, and a storage density o f 3 t HM/m2, 
including all the basket transfer areas for pool operation, is attained.
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— Baskets are moved within the pool, where the depth o f water is about 9 m, by 
a pole crane with a capacity o f 200 kN and a span o f 21 m. Two speeds are 
provided in both horizontal directions o f movement (translation and cross
travel): low speed at about 2  m/min when the crane is carrying a load, and high 
speed at about 8  m/min when the crane is not loaded. Lifting and lowering take 
place at the single speed o f 0.5 m/min. The fuel baskets are moved around by 
bridge cranes equipped with accurate positioning systems; any basket transfer 
and repositioning is carried out remotely and automatically from the control 
desk in the control room. Full baskets were qualified for a fall o f 1.20 m.

— There are two control systems for the pole crane: the operating control system, 
which processes all information and performs all control actions necessary for 
operation o f the facility; and the safety control system, which includes a second 
set o f sensors and control equipment to provide redundancy in control func
tions for safety related information and actions. Three operating modes are 
available for moving baskets to and from storage positions in the pool. In the 
automatic mode, the operator commands a programmed cycle o f operations 
from the control room after checking that initial conditions are met for the 
particular cycle and after validation at the initial and final position 
co-ordinates. In the remote manual mode, the operator commands the 
step-by-step operation o f the pole crane from the control room. And finally in 
the local manual mode, the operator commands the operations on a step-by- 
step basis from a local control desk; this desk becomes active only when local 
manual mode has been selected both locally and in the control room.

— The end o f  the lifting pole carries a handling frame which grips a fuel basket 
by its four lifting lugs and unlocks and removes the basket’ s lid. The pool also 
has an overhead maintenance crane. The fuel handling pole crane is designed 
and sized to retain functional integrity in the event o f a safe shutdown earth
quake (intensity V II on the MSK scale), as is the storage pool itself and all 
in-pool equipment.

3. SAFETY APPROACH

Accident scenarios with a probability o f less than 10“ 7 per year are not taken 
into account in facility design. However, internal emergency response plans do have 
written procedures for some accident scenarios in this category, and in some cases 
design and construction measures are taken for them.
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3.1. Storage baskets

3.1.1. Accidental cladding failure

Cladding can rupture as a result o f fuel basket drops, or load drops on top o f 

the fuel baskets, or baskets hitting each other during handling. I f  all o f the fuel pins 
in an assembly were to rupture underwater, a portion o f the 85Kr contained in the 
cladding would be released in the pool building. Under these conditions, it was 
calculated that personnel present in the pool building for a period o f 10 min would 
receive a dose equivalent o f 0.4 mSv.

3.1.2. Criticality

Criticality safety is guaranteed by the geometric configuration and the 

materials o f the fuel storage baskets for spent fuel (borated steel sleeve containing 
10 mg/cm2 o f natural boron in the compartments o f the PWR fuel basket) and there 
are precise technical specifications for the enrichment o f the uranium contained in 
the fuel assembly accepted for storage. Criticality can result from deformation o f the 
compartments in the fuel basket. Methods o f preventing a criticality accident are the 
same as those used to prevent drops and shocks. It is also required that the cover 
be bolted to the fuel basket to prevent criticality. The cover prevents the fuel assem
blies from coming out o f the basket i f  it should be dropped or should fall over. 
Criticality is considered to be highly improbable, given the arrangement o f fuel 
assembly storage and the criticality prevention methods used, and is therefore not 
included in facility design bases.

3.2. Pool water and cooling systems

Activity concentrations in pool water are kept at very low levels, o f the order 
o f 5 x  lO"4 Ci/m3, by the in situ ion exchange purification system known as 
Nymphéas. 1 The principal source o f radioactivity in the pool is “ Co. Failed fuel 
assemblies are stored in specially designed ‘bottles’ that prevent contamination o f 
pool water, especially by 137Cs.

I f  the pool’ s containment (concrete and lining) is breached and pool water 
travels to the water table, the immediate impact would be low, but the longer term 
impact could be significant owing to heating o f the fuel assemblies. There is no inter
nal initiating event capable o f endangering pool containment, such as perforation o f 
the structural concrete and o f the lining. Breach o f pool containment, leaving fuel 
assemblies uncovered, has a probability o f less than 10~7 per year and could only

1 1 curie (Ci) =  3 .70  x  1010 Bq.
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occur under extraordinary circumstances, such as an earthquake greater than the 
safety margin earthquake (SME), or a heavy aircraft crash (whose probability is 
estimated at much less than 10~7 per year).

3.3. Cooling systems

Within 20 min o f a power outage in the off-site grid, backup power from the 

on-site generator would supply half o f the motors for the pool heat exchangers and 
half o f the ventilation motors. In the event o f an óff-site power outage, and assuming 
a nominal thermal power o f 10 M W  for the fuel, the pool water temperature would 
rise from its normal temperature o f 40-45°C to stabilize at 65°C in approximately 
200 h. I f  the entire power supply were to be cut o ff from the pool, it would take 
more than 100  h for the pool water to boil when the initial pool temperature is at 

40°C. Given this time, which allows for repairs in the event o f equipment failure, 
a reliability study was done to determine the probability o f reaching boiling point. 
For a pool with a storage capacity o f 2400 t U, the probability o f reaching boiling 
point due to power outages is 1.5 x  10"8/a and the probability is 8  X 10“10/a for 
hydraulic failures, for a total probability o f 1.6 x  10~8/a. Common mode failure, 
in which the three diesel generators at the on-site power station, as well as the two 
backup diesel generators (1 0 0 0  hp) fail to start, 2 was also factored into the reliabil
ity study. The study results, which give order o f magnitude values, nevertheless indi
cate that a total loss o f cooling leading to pool water boiling is extremely improbable.

4. OPERATIO NAL EXPERIENCE

As o f 1 January 1994, more than 9000 t HM o f spent fuel was stored at the 
La Hague spent fuel storage complex (see Table I). The average residence time in 
the pools is approximately five years.

Table П presents the operating results o f the wet and dry cask unloading facili
ties. The TO dry cask unloading facility significantly limits the volume o f effluents 
produced, as it omits the following two underwater unloading operations: cool
ing/rinsing o f casks by circulating water before unloading, decontamination o f the 
cask top and bottom and accessories such as the skirt and the submerged lifting beam. 
Operating experience has demonstrated that the dry process reduces the volume o f 
liquid effluents by a factor o f 3 and the volume o f solid wastes, as a by-product o f 
decontamination after cask unloading, by a factor o f 2 .

2 1 horsepower (hp) =  7.457 x  102 W .
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TABLE I. L A  HAGUE SPENT FUEL STORAGE COM PLEX

Nominal capacity Commissioning t HM stored
(t HM) date as of 1994-01-01

UP2-800
HAOa 400 1976 334
NPH 2 000 1981 990
Pool С 3 600 1984 2383

UP3
Pool D 3 500 1986 2397
Pool E 4 900 1988 2903

Total 14 400 9007

a HAO: High Activity Oxide Facility.

TABLE П. OPERATING RESULTS FOR THE LA  HAGUE SPENT FUEL 
UNLOADING FA C IL IT Y  AS OF 1994-01-01

NPH TO

Total number of unloaded casks since startup 2000 1232

t U unloaded since startup 7800 6600

Maximum number of casks unloaded in a year 240 234

Number of casks received in 1993 119 234

t U unloaded in 1993 295 1338

Number of operators per shift 10 8

Average personnel dose (mSv/a) 1.25 0.25

Fuel assembly unloading: personnel dose rate (mSv/a) 0.8 0 .2

Volume of liquid effluents (m3/cask) 30 10

Activity of liquid effluents (gBq/m3) 1.85 1.85

LLW solid wastes (m3/cask) 1.2 0 .6

Total processing time, including cask preparation,
before and after unloading (15 and 25 hours):

TN-12 (32 BWRs) 78 h 78 h

TN-17 (12 PWRs) 70 h 59 h
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TABLE Ш . POOL W ATER CHEMISTRY

Acceptable limit Operating value

pH >4.5 5.5

Conductivity OtS/cm) <3.5 1.5

Na+ (mg/L) <0.5 <0.05

Ca2+ (mg/L) <0.5 < 0.2

СГ (mg/L) < 0.1 <0.05

F- (mg/L) < 0.1 <0.05

S042- (mg/L) < 0.1 <0.05

Fuel performance: Depending on the composition o f the structural material, 
fuel corrosion has been observed in the reactor(s) on the upper sleeves, inducing 
spent fuel embrittlement. At the La Hague pools, technical specifications have been 
defined for the water chemistry (sulphur and chloride content) to prevent corrosion 
o f the structural material and for the stainless steel required for the upper sleeves. 
For spent fuel that does not meet these material specifications, fuel structure 
reinforcement is required to guarantee the retrievability o f spent fuel after storage.

Defective fuel is identified at the reactor and put into bottles before any trans
fer. Fuel possibly damaged during transport is identified at the unloading units (NPH 
and TO) during the cask unloading cycle and defective fuel is stored in leaktight 
bottles. Periodic checks are then performed to detect fission products in pool water. 
However, it is to be noted that defective fuel represents less than 0.01 % o f the fuel 
in the storage pools.

Water chemistry and activity: Owing to a very efficient water treatment 
system, the activity o f the storage pool water is well below the regulatory limit o f 
10“3 Ci/m3. While ^C o is responsible for 90% o f the water activity, the average 
operating value o f the activity, which depends on the water temperature, is around 
5 X  10"4 Ci/m3. As a consequence, the operator dose rate is less than 1 mSv/a per 

operator. Beta-gamma checking o f the pool water is performed every day, while a 
complete analysis o f the water activity and chemistry (pH, Cl", SO2',  F", NO ¡, 
PO43- ) is performed each week. The results o f the pool water chemistry are given in 
Table Ш.
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5. CONCLUSIONS

Cogéma has a unique, demonstrated experience in spent fuel handling and 
storage. Currently, more than 15 000 t HM o f LW R  fuel has been transported in 

3900 cask rotations, 15 000 t o f irradiated fuel has been unloaded and over 9000 t 
is in intermediate storage prior to reprocessing. This experience demonstrates the 
validity o f the technical choices made by Cogéma, which continue to be refined by 
the constant integration o f know-how and feedback from operational experience. The 

Cogéma storage pool technology is mature, optimal and suitable for the medium and 
long term storage o f spent fuel.
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Abstract

EXPERIENCE OF THE SOCIETE GENERALE POUR LES TECHNIQUES NOUVELLES 
IN DRY VAULT STORAGE FOR SPENT FUEL AND HIGH LEVEL WASTES.

The paper describes the experience gained by the Société générale pour les techniques 
nouvelles (SGN) in the design and construction of industrial facilities for the handling and 
interim storage of radioactive materials. This unique experience, gained both in France and 
abroad, enables SGN to offer its clients safe, economic and flexible facilities, ideally tailored 
to their own requirements.

1. INTRODUCTION

French policy on the back end of the nuclear fuel cycle has for many years 
relied on reprocessing, which remains the only tried and proven industrial alterna
tive. This policy is applied at the industrial plants at La Hague and Marcoule, where 
the facilities needed for interim storage are located. These facilities accommodate:

— Irradiated fuel elements before reprocessing.
— Wastes generated by reprocessing. These wastes are conditioned in matrices 

(glass or concrete) adapted to their characteristics and then stored temporarily 
in specific facilities.

In this short presentation, we shall focus on facilities used for the dry handling and 
interim storage o f  fuel elements and HLW glass canisters.

2. FACILITIES FOR FUEL ELEMENTS

2.1. TO dry unloading facility

The TO facility forms part o f the world’s biggest fuel element interim disposal 
site, with a capacity o f more than 14 000 t U. As this complex is the subject o f a
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specific presentation at this Symposium, only two points illustrating this experience 
are given here:

— Over 20 000 PW R and BW R fuel assemblies have been handled in this facility;
— As o f 1 January 1994, 1232 casks had been unloaded there.

2.2. TOR facility

2.2.1. General

The Traitement des oxydes rapides (TOR) facility, located at Marcoule in 
southern France, is designed for the pilot plant scale reprocessing o f fuel elements 
unloaded from fast breeder reactors and, in particular, fuel elements produced by the 
Phénix reactor. Upstream from the mechanical and chemical treatment units o f the 
reprocessing facility, a unit is designed to receive, unload and store the fuel 
elements.

2.2.2. Brief description

The facility has the following main features.

(1) Canistering

The fuel elements received in the unit have previously been dismantled, and 
their rods are placed in welded canisters at a rate o f 2.3 canisters per fuel element. 
Dismantling, canistering and sealing operations are performed in a cell o f the Phénix 
reactor. Canistering avoids contamination o f the unloading and storage unit. The 
canisters are placed in racks in the transport casks. The canisters are 103 mm in 
external diameter and 196S mm high.

(2) Dry unloading

The transport casks, weighing a maximum o f 40 t, are transferred from their 
road trailers and placed on a self-propelled trolley. After the cask is prepared, it is 
tightly connected under the dry unloading cell and the biological shielding plugs are 
removed so that the canister racks can be picked up by the cell crane. The canisters 
are then unloaded from the racks and transferred by the cell crane to the storage wells 
and the empty rack is returned to the cask.

(3) Fuel storage

The storage zone consists o f 77 wells distributed in 7 rows o f 11 wells each. 

The wells are sunk in concrete. Each well can accommodate five vertically stacked
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canisters, the overall arrangement representing a storage capacity o f about 10 t HM 
(tonnes heavy metal). The wells are cooled by forced ventilation.

2 .2 .3 .  S a fe ty  c r it e r ia

The following safety criteria were taken into account in designing the facility.

(1) Subcriticality

Subcriticality is guaranteed by controlling the geometry in all configurations, 
and by the absence o f moderation for transfer and storage operations.

(2) Containment o f radioactive materials

Radioactive materials are contained by the use o f two barriers:

— The sealed canister, whose external contamination must be very low;
— The concrete structures o f the facility combined with a ventilation system 

equipped with high efficiency particulate air (HEPA) filters.

(3) Cooling

Cooling is provided by a ventilation system containing blowers and stand-by 
extractors. Electric power is supplied by three different sources to guarantee 
sufficient dependability. The design heat release corresponds to 4.3 kW/well.

2 .2 .4 .  O p e r a t in g  re su lts

The TOR facility was commissioned in November 1986. As o f 1 July 1994, 
228 shipping casks (IU-11, IU-25 and IL-47), corresponding to 667 canisters, had 
been received and unloaded, with a maximum receiving capacity o f three 
casks/week.

2.3. The CASCAD facility

The CASCAD facility is located at Cadarache, in southern France. It is 
designed for the interim storage o f fuel elements, from the Commissariat à l ’énergie 
atomique, for 50 years. The facility has been the subject o f many publications [1-4], 
so only a brief description is given here.
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FRESH AIR INTAKE THROUGH THE ROOF 
(NATURAL CONVECTION)

CRANE INSPECTION HATCH

FIG. 1. Cross-section of the CASCAD facility.

2.3.1. Description o f the building

The facility (Fig. 1) is composed mainly o f the storage vault enclosing the 
319 storage wells connected to the air inlet and cooling air release stack. The main 
components of the storage wells are as follows:

— On the upper section of the well a leaktight cover equipped with a system for 
sampling the internal atmosphere of the well;

— A biological shielding plug;
— The walls o f the well, which constitute the second containment barrier;
— A guide tube at the bottom o f the well.

The handling cell permits the transfer of fuel from the transport cask to the 
well. The shielded slab ensures support of the wells, as well as biological shielding 
of the personnel.
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FIG. 2. Handling section of the CASCAD facility (1: cask reception; 2: cask introduction into 
inspection cell; 3: activity verification and preparation for unloading; 4: removal of well plug 
by operators acting directly in the handling cell; introduction of the cask into the unloading 
cell; 5: evacuation of personnel from the handling cell; from a window placed in the front of 
the cell, opening of the cask and removal of the plugs of selected wells; 6: transfer of the 
assemblies to the storage well, assembly by assembly, by a remotely operated crane controlled 
by a programmable controller; 7: after the fuel transfer operations, replacement of the well 
biological shielding plugs; 8: entry of the operating personnel into the handling cell to check 
the internal contamination of the cask and to place the well closure plugs; 9: closure of the 
cask, 10: before transfer to the inspection cell; 11: inspection of the cask; 12, 13: removal 
of the cask).

2.3.2. Description o f operations

The mock-up diagram in Fig. 2 shows the operations performed at the 
CASCAD facility. The EL4 HWR fuel assemblies are placed in canisters at the 
reactor before transfer to the interim storage facility. The fuel is shipped to the 
CASCAD facility in transport casks. On arrival at the facility, the casks are received 
in an air lock, inspected and prepared for unloading. After being placed on a self- 
propelled trolley, the casks are ready to be placed in the handling cell. The design 
o f CASCAD allows the operators to enter the handling cell as long as there is no 
radioactivity present in the cell. Before unloading begins, two operators are present 
in the unloading cell who are responsible for removing the protective lid o f the well, 
leaving the cell and closing the entry air lock. The shielding plug is then removed 
automatically with the handling cell crane.
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The cask is brought into the handling cell and opened, and the fuel assemblies 
in their canisters are transferred to the storage well selected by the programmable 
controller. The shielding plug o f the well is reinserted using the transfer crane. After 
the cask has been checked for internal contamination, the cask lid is put back into 
place. The operators are allowed to re-enter the handling cell to inspect the closure 
of the wells and the cask is inspected before it leaves the CASCAD facility. During 
fuel storage, samples of the air inside the wells are taken at periodic intervals.

2.3.3. Operating results

CASCAD was commissioned in May 1990. Today, 134 storage pits are filled, 
representing 43% o f the total capacity. The heat release of the fuel is 53 kW (27% 
o f the maximum heat loading).

Only two operators are required to perform the unloading and storage opera
tions. The total collective dose rate for the entire staff (nine persons) is under 20 mSv 
per year, with a maximum per agent of 5.25 mSv and a minimum of 0.35 mSv. The 
dose rate measured outside the building is less than 10“5 mSv/h.

TABLE I. TECHNICAL FEATURES OF HLW INTERIM STORAGE 
FACILITIES

Facility AVM R7 T7 EEV T7

Location Marcoule La Hague La Hague La Hague

Commissioning date 1978 1989 1992 Scheduled 
for 1995

Number of modules 3 5 4 2

Storage capacity per module 80 wells 
(2  modules)

60 wells 
(1 module)

100 wells 100 wells 180 wells

Number of canisters/well 

Canister dimensions:

10 9 9 12

— Diameter (mm) 500 430 430 430
— Height (mm) 1000 1335 1335 1335

Heat released per canister (kW) 
(average value)

2.5 2.5 2.5
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In the vitrification facilities, vitrified fission products are introduced into 
metallic canisters equipped with a lid that is welded after the glass is poured. The 
canisters produced are sent to an interim storage zone, where they are cooled for a 
number o f years before transport.

Interim storage for the canisters is provided in concrete structures similar to 
the one described above for CASCAD, except that the canisters are introduced into 
the wells by means o f a shielded cell. Table I summarizes the essential technical 
features o f these facilities.

2 .4 .  H L W  in te r im  s to ra g e

2.5. SGN spent fuel and HLW storage vault

The vast experience gained by the Société générale pour les techniques 
nouvelles (SGN) in the construction o f interim storage facilities for fuels and HLW , 
recalled briefly above, as well as SGN’s experience in the interim storage o f LLW , 
enables it to offer its clients solutions tailored ideally to their needs. The facilities 
proposed may be specific to a given type o f product (fuel dements or wastes), or 
designed for the interim storage, in a single facility, o f the different types o f wastes 
generated.

For a specific fuel elemènt interim storage unit, the main features o f the 
solution proposed by SGN are as follows. The fuels are stored in a vault, which is 
a concrete structure containing metallic wells where die fuel elements are placed. 
This structure makes it possible to protect the personnel, as well ás the general 
public, against radiation emitted by the fuels, and also to protect these fuels against 
external shock threats, such as earthquakes and explosions.

Fuel containment is guaranteed by a double barrier as follows:

— First, there is a canister in which the fuel elements are placed: The canister
is then inerted, tightly sealed and checked to guarantee its integrity;

— Second, by a well into which the canister is introduced. The well is then tightly
sealed.

This double containment makes it unnecessary to check the state o f the clad 
in conditions that are representative o f interim storage facilities. This step is manda

tory when the clad is considered to be the first containment barrier. It also helps to 
manage damaged fuels in the same way as sound fuels.

The fuel elements are cooled by natural ventilation. Cold air is introduced at 
the bottom o f the wells, is heated along the wells and is discharged to the atmosphere 
through a stack.
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FIG. 3. Handling operations performed in the CASCAD facility adapted to LWR, WWER and 
RBMKfuels (1: receiving of shipping cask; 2: preparation of cask; 3: connection of unloading 
cell/cask; 4: unloading of spent fuel assemblies; 5: buffer storage position; 6: canistering 
process; 7; transfer to storage module).

The proposed facility includes the following (Fig. 3):

— A  f u e l  e le m e n t  u n lo a d in g  a n d  c a n is t e r in g  u n it . This unit offers maximum 
flexibility, accommodating both casks (all types of cask can be received 
without any adjustment to reactor loading procedures) and fuel elements. The 
canisters are in fact dimensioned and adapted to the fuels to be stored, irrespec
tive of their dimensions or nuclear properties (residual power, enrichment, 
etc.). After the interim storage period has elapsed, this unit also serves to bring 
the fuel elements to their final destination. This operation requires no 
complementary installation.

— In t e r im  s t o r a g e  m o d u le s . These modules are built and added as the need 
arises. The canisters are transferred from the unloading and canistering unit 
to the modules by means o f a shielded cell (R7 type) or a crane (CASCAD 
type).

In brief, the facility proposed by SGN is a solution that is:

— T r ie d  a n d  p r o v e n .  The design o f the equipment and structures relies on 
industrial installations that have been operated for years to the full satisfaction 
of the clientele.

— F le x ib l e .  All types of casks and fuel elements can be accommodated.
— S a fe . Safety is an essential design criterion.
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Abstract

SELECTION OF A SPENT FUEL REMOVAL ¡SYSTEM FOR THORP AS PART OF THE 
OVERALL SPENT FUEL STORAGE PHILOSOPHY ADOPTED BY BRITISH NUCLEAR 
FUELS PLC.

British Nuclear Fuels pic (BNFL) has reprocessed Magnox fuel for over thirty years 
and, after long experience of Advanced Gas Cooled Reactor (AGR) and LWR spent fuel 
storage in water filled pools, has recently commenced oxide fuel reprocessing at the Thermal 
Oxide Reprocessing Plant (THORP). An update of the status of BNFL’s spent fuel manage
ment facilities and a brief overview of spent fuel storage issues connected with the dry and 
wet approaches are given. The main part of the paper reviews the process undertaken by 
designers to select the optimum spent fuel feed route for THORP, and then deals with the 
broader issues which underpin BNFL’s approach to spent fuel storage. Adoption of a particu
lar spent fuel storage philosophy forecloses some options, while opening up others. The option 
chosen for the spent fuel removal route for THORP allowed maximum flexibility and adapt
ability of equipment at a marginally lower cost than the alternative optiön. Arguments are 
developed in support of the wet, containerized approach for thè transport and storage of large 
tonnages of spent fuel based on its low environmental discharges, low operator dose uptake, 
excellent safety and low risk. It is demonstrated qualitatively that these benefits are achieved 
at no increased overall lifetime cost compared with alternative approaches.

1. INTRODUCTION

Magnox reprocessing has been carried out at Sellafield for over thirty years. 
To date, over 30 0001 U o f Magnox fuel has been reprocessed. The associated sepa
rated plutonium is in store, available for conversion and recycle as mixed oxide 
(M OX) fuel. About half o f the separated uranium has already been recycled through
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British Nuclear Fuels pic (BNFL) enrichment and fuel fabrication plants to make 
over 50% o f the oxide fuel required for the United Kingdom’s Advanced Gas Cooled 
Reactors (AGRs).

Since the last update from the United Kingdom to the IAE A  [1] in 1991, the 

Thermal Oxide Reprocessing plant (THORP) has commenced operation. Contracts 
to reprocess approximately 70001U o f fuel in the first ten years and business beyond 
that have been signed. A  M OX fuel demonstration facility o f 8  tonnes heavy metal 
(t HM)/a is operating at Sellafield and a commercial scale 120 t HM/a plant is now 
under construction and projected to start up in 1997. A  further intermediate level 
waste (ILW ) encapsulation plant to immobilize THORP wastes in a cementaceous 
matrix has been commissioned and Hew stores are under construction. Repository 

facilities for ILW  will not be available until the year 2010 at the earliest [2].
New processing technology has been incorporated into recently commissioned 

liquid effluent treatment plants to convert soluble activity into floe for encapsulation, 
which will lead to significantly reduced marine discharges from the site to within 
the new authorized limits. These limits are based on target values o f 0.74 TBq/a 
total a and 296 TBq/a total /3 (including THORP). Thus, not only will the 
reprocessing plant be available, but complete waste treatment and Pu recycle 
facilities as well, in addition to the existing facilities.

2. FUEL STORAGE OVERVIEW

Spent nuclear fuel storage will become an increasingly important technology 
in the short to medium term in view o f the IAE A  forecast [3] o f 225 000 t U o f fuel 
accumulating by the year 2000. These arisings are supported by the energy demand 
forecasts o f European OECD countries o f a 1.2% per annum growth between 1990 
and the year 2010 [4]. Adoption o f the International Energy Agency’s ‘Shared Goals’
[5], which specify diversity, flexibility, efficiency and environmental acceptability 
o f energy sources to maintain energy security, would also lead to a growth in market 
size for nuclear power and allow nuclear energy to at least maintain, i f  not gain, 
market share in many member countries.

Even i f  all the known world reprocessing capacity is taken up, the major part 
o f the spent fuel arisings from this inventory will require interim storage or direct 
disposal.

2.1. Dry storage

A  number o f utilities have indicated their interest in dry storage as an alterna
tive to wet storage. However, the absence o f long term commercial scale dry vault 
operating experience and fuel monitoring programmes makes comparisons with a 
mature technology such as wet storage difficult.
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Nevertheless, should dry storage be required, BNFL has experience in the dry 
storage o f ILW  and vitrified H LW  in air cooled vaults and is currently developing 

experience in the design o f transport flasks towards transport/storage versions. The 
H LW  facility stores wastes with heat loads and radiation fields which are broadly 
comparable with those o f spent fuel. The store has similar design features to those 

o f a spent fuel dry vault.

2.2. Direct disposal

O f the 30 or so countries with nuclear power programmes, only five (Canada, 

Finland, Spain, Sweden and the United States o f America) are actively pursuing 
direct disposal and, even in these countries reprocessing after a period o f interim 
storage has not been ruled out. The strategic reasons influencing the choice o f direct 
disposal in these countries could be the availability o f uranium, independence from 
overseas fuel management services and domestic regulations. To date, no country 

has directly disposed o f irradiated fuel to a final commercial scale engineered 

repository.
Since there is no commercial scale demonstration repository currently in 

operation, long term burial o f spent fuel directly in underground repositories leaves 
reactor operators with uncertain and open ended liabilities for irradiated fuel 
management. There is a risk that public opinion may turn against ever increasing 
stocks o f irradiated fuel for which no firm back end policy has been adopted. The 
absence o f long term commercial scale direct disposal operating experience makes 
direct comparison with reprocessing difficult. Although there is no reason to reject 
the option o f direct disposal o f irradiated fuel as technically impossible or environ
mentally unacceptable, the prospects for full demonstration o f the technology 
continue to recede. A  recent study by the Nuclear Energy Agency o f the OECD 
(OECD/NEA) [6 ] shows a significant overlap in the estimated comparative costs. 
BNFL believes it is better to recycle reusable material.

2.3. Wet storage

The storage philosophy o f BNFL was developed to allow ease o f placement 
and flexibility in the selection o f fuel for reprocessing. Magnox, AG R and LW R 
spent fuel are stored underwater prior to reprocessing. Because Magnox cladding is 
vulnerable to corrosion it is now stored in containers under chemically controlled 
conditions.

The fuel integrity o f AGRs is also controlled and monitored using a regime 
which will prevent cladding deterioration for storage periods for upwards o f ten 
years [7]. Fuel rods from AGRs are consolidated prior to storage by pin pulling and 
insertion into storage canisters, increasing their packing density threefold.
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LW R fuel has been stored at Sellafield since 1968. There are currently 
2025 t U o f LW R and 3801 U o f AGR fuel in storage from reactors from the United 
Kingdom, continental Europe and Japan in the Receipt and Storage Facility, commis

sioned in 1988. Descriptions o f this plant, and the design principles on which it is 
based, can be found elsewhere [ 1 , 8 ].

Adoption o f any spent fuel storage philosophy implies choosing design features 
which open up opportunities to minimize costs, adapt for new business, minimize 
the environmental impact, etc., while foreclosing others. An optimum choice for 
specific circumstances is usually made after evaluation o f trade-offs, e.g. water treat
ment costs against long term container disposal costs and their safety and environ
mental implications.

The philosophy adopted by BNFL, after experience with open fuel storage, is 
to containerize spent fuel using multielement bottles (MEBs) for underwater storage 
for the following reasons (Figs 1 and 2):

— Reduce handling operations;

— Simplify criticality control;
— Minimize the volume o f water exposed to radioactive contamination;
— Avoid flask contamination, leading to ease o f decontamination and fast 

turnaround times;
— Reduce the potential for widespread contamination from defective fuel pins;
— Minimize arisings to pond water for maximum clarity;
— Preclude the need for a storage pond water treatment system;
— Reduce dose rates and operator dose uptake;
— Avoid generating large volumes o f spent water treatment resins for disposal as 

ILW .

A  description o f the BNFL MEB is given in Appendix I.
The BNFL philosophy was introduced in the 1970s after serious flask contami

nation problems were encountered through experience o f bare fuel transport. It is 
acknowledged that the cleanliness o f PWR water circuits has improved significantly 
and Zircaloy-4 clad fuel assemblies are now o f higher long term integrity. However, 
unless absolute guarantees o f negligible adhered crud on fuel assemblies can be given 
by reactor operators, sealed containerization offers the most passive, inherently safe, 
environmentally sound, low risk and cost effective method o f storage for large 
tonnages o f spent fuel in interim or long term wet spent fuel storage facilities.

Although containerization requires a method o f spent fuel removal at a later 
date, and the management o f waste containers has yet to be fully demonstrated, these 
requirements can be economically engineered. The methods by which BNFL has 
accommodated such requirements to maximize the opportunities afforded by the 
above approach will be discussed further.

BNFL has provided experts for recent IAE A  Advisory Groups covering the 
design, technology, safety appraisal and operational experience o f spent fuel storage 

facilities.
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3. SELECTION OF THE OPTIM UM  SPENT FUEL REM O VAL
SYSTEM FOR THORP

THORP is an integrated facility comprising a number o f areas for fuel 
reprocessing. (1) A  head end facility to remove fuel from containers, transfer it to 
the shear cave, shear the fuel, dissolve the fuel, clarify liquors, account for the 
components and deal with solid hulls, ends and slurries. (2) A  chemical separation 
facility, which uses pulsed column technology to extract uranium and plutonium and 
then convert the product in uranium and plutonium finishing lines. (3) The feed 
pond, which is the first step in the mechanical handling o f the fuel prior to shearing 
and dissolution.

3.1. THORP head end feed pond description

The THORP feed pond comprises two main areas, the preparation pond and 
the fuel removal pond. These ponds are linked by an interconnecting channel con
taining two sets o f gates (Figs 3 and 4).

LW R fuel assemblies are transferred from the receipt and storage pond inside 
sealed MEBs. Commercial Advanced Gas Cooled Reactor (CAGR) fuel pins in 
slotted cans are held in storage containers in the storage ponds. Both MEBs and 
CAGR containers are transferred to the feed pond in racks containing either two 
MEBs or one container which have identical lifting features at a common height.

This transfer o f fuel also involves fuel preparation, the removal o f fuel from 
the containers/MEBs and fuel monitoring prior to delivery o f the fuel to the shear 
cave. These operations are carried out by a number o f mechanical handling machines 
located in the feed pond. Mechanical handling operations are performed using 
conventional underwater equipment, the water providing shielding.

One reason for storing fuel in MEBs is to minimize the quantity o f activity 
released into the storage ponds. Immediately prior to opening these items, they are 
vented to prevent the possible formation o f flammable gas mixtures and are flushed 
with clean water to reduce the quantity o f activity released into the head end sub
pond. Self-sealing quick action couplings are provided for these tasks. The purge 
gases and water are directed to suitable effluent treatment facilities, which also pro
vide for encapsulation o f the solids from the flushings.

After these operations have been completed the rack handler then transfers the 
racks through the interconnecting channel via the two sets o f gates to the deep part 
o f the feed pond for fuel removal operations.

One o f the two fuel removal machines is then employed to remove the fuel, 
one assembly or slotted can at a time, from the MEBs or AGR containers, respec
tively. Having removed a fuel assembly or slotted can from the MEB or container, 
the fuel removal machine then takes the assembly/slotted can to one o f two fuel
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monitoring stations where the fuel is checked for enrichment level, bumup and cool

ing time and a final cross-check is carried out against the shipper’s data. The fuel, 
i f  found to be satisfactory for reprocessing, is then transferred by the fuel removal 
machine to the fuel elevator, where it is loaded into the carrier on the elevator bogie.

Empty MEBs and CAGR containers are returned to the storage pond for reuse 
or management as wastes within the overall pond system and active waste disposal 
routes available.

3.2. Design constraints

The following design constraints represent the types o f issues taken into 
account during the conceptual design phase o f the head end feed pond.

3.2.1. Acceptable pond water specific activity

The design target for new plants at Sellafield for whole body dose was 
5 mSv/a. To achieve this an average dose rate o f 1 Sv/h was proposed in areas where 
there are no restrictions on access, thereby allowing a higher rate for part o f the 
working year when maintenance or exceptional circumstances require exposure to 
higher fields under controlled access conditions.

For normal operations within the feed route area, operators are protected by 
local shielding and/or by distance so that their direct exposure to pond surface radia
tion is limited to maintenance operations. An acceptable pond water specific activity 
was calculated which would also allow non-routine and maintenance work to be 
undertaken while maintaining overall doses within 5 mSv/a.

3.2.2. Activity arising within a deep feed pond

Experience in other BNFL ponds shows that for fuel that has been cooled for 
a number o f years, the active species mainly responsible for pond area dose are 
“ Co and 137Cs. The source o f “ Co is the irradiated stainless steel cladding o f the 
CAGR fuel and the activated crud deposited on the surface o f LW R  fuel during its 
in-reactor life. Caesium activity is present when either CAGR or LW R fuel is 
exposed as a result o f cladding penetration.

In general, the caesium activity is present in pond water as a soluble species. 
The cobalt is present both as a soluble species and as insoluble, finely dispersed 
LW R crud or CAGR ‘ spalled oxide’ .

Activity will arise in the feed pond water in several ways:

(a) When MEBs and CAGR containers are opened for fuel removal (soluble and
detached insoluble activity present inside these vessels will tend to migrate into 

the bulk pond water),



IAEA-SM-335/21 229

(b) When exposed fuel elements are moved within the subpond (loose crud or 

oxide from the cladding will tend to dislodge),
(c ) Fuel exposed to the subpond water will continue to release activity (by direct 

corrosion or leaching processes).

Three cases were considered based on BN FL ’s complement o f CAGR, PWR 
and BWR fuels. The analysis showed that the highest rate o f activity release is from 
‘historical’ BWR fuel and is the consequence o f the greater quantity o f crud 

associated with this type o f fuel.

3.2.3. Control o f deep pond water activity

Control o f the specific activity o f the subpond water can be obtained by:

(a) Purging the pond with clean water, or
(b) Purging the pond with clean water o f a lower specific activity, or
(c ) Recirculating pond water through a cleanup plant.

An independent water treatment plant with purge to the sea was chosen for 
adaptability.

The treatment plant provides both the capability o f removing, by filtration, the 
fine particles and removing dissolved species by ion exchange. Examination o f exist
ing pond systems where oxide fuels are stored (e.g. Winfrith, the Steam Generating 
Heavy Water Reactor (SGHWR), Hinkley Point В and facilities in the USA) shows 
that the filtration capacity necessary to control activity is typically in the range o f
0.3-2.5 times the pond volume per day. A  filtration capacity o f about 2500 m3/d 
was derived for the head end feed pond, thus giving a rate o f about one pond volume 
per day.

The water treatment plant consists o f filtration equipment followed by ion 
exchange units. The ion exchange capability can conveniently be combined with 
filtration by the use o f precoat filters o f powdered ion exchange resin or a mixture 
o f resin and inert filter aid. The powdered resin is o f the conventional organic type 
and an independent recirculatory system would be expected to be efficient for 
caesium and cobalt removal.

With a recirculation rate o f 2500 m3/d and removal efficiency o f 90% per 
pass, the water activity would be within the limit considered necessary to achieve 
annual dose levels o f less than 5 mSv/a.

3.3. Options considered

Two design concepts for fuel removal were assessed: a deep pond (wet) route 
(Fig. 5) and a shallow pond and cave (dry) route (Fig. 6 ). The evaluation o f these 
options is shown in Appendix II.
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The clear operational benefits o f adopting a deep pond route (Appendix П) and 
the marginal cost advantage resulted in the wet option being chosen. A  simpler wet 
approach pays dividends in costs and operational flexibility. It is more readily adapt
able than a dry facility.

The above evaluation and selection was undertaken in 1981 for operations to 
commence in 1994, indicating the lead time needed to plan for such facilities. Such 
capital intensive remote handling facilities cannot be subject to change once a 
commitment to implement the design has been made.

4. DISCUSSION OF SELECTION RELATIVE TO BNFL ’s
O VERALL STORAGE PHILOSOPHY

As discussed, adoption o f any spent fuel storage philosophy forces the choice 
o f design features, which opens up some opportunities while foreclosing others.

FIG. 5. Layout of the wet feed route (deep pond).
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BNFL considers the following opportunities to be afforded by the wet containerized 
approach which mitigate the constraints o f later fuel removal facility requirements 
and empty container management.

4.1. Economics

The force field diagram (Fig. 7) qualitatively shows the lifetime advantages for 
the BNFL wet containerized approach (Fig. 8 ) relative to other approaches.

For long cooled fuel transfers, BNFL is exploring the payloads which can be 
accommodated in existing wet flasks and is confident o f being able to increase the 
currently licensed payloads significantly.

At the receipt facility benefits are accrued through simplified operations. Wet 
receipts do not require further cooling prior to immersion in the pond unless high 
bumup or short cooled fuel is being handled. Because all the loose activity is con

tainerized within the MEB, the flask requires only draining and flushing, as opposed 
to recirculation and filtration, to remove contaminants present in dry flasks. The 
cooling, water treatment and effluent handling plant and equipment requirements in 
the receiving facility are significantly reduced by utilizing the containerized 
approach. Capital and operating costs are minimized. In addition, the flask handling 

sequence and fuel removal times are improved, enhancing plant throughput.
Bare fuel unloading in a deep pond prior to storage necessitates further water 

treatment facilities to maintain acceptable clarity, dose rate and operator dose uptake 
levels. Wet, containerized fuel unloading obviates this requirement, again minimiz
ing primary plant capital and operating costs and avoiding effluents which require 
downstream conversion into solid wastes, encapsulation and ultimate disposal.

This generates by far the greatest cost benefit for the main storage pond. Over 
the lifetime o f a significantly sized spent fuel store, a significant volume o f ion 
exchange resins, filter media and associated water treatment plant decommissioning 
wastes can accumulate i f  fuel is stored bare. BNFL experience with radioactive waste 
treatment plants and their costs confirms the wisdom o f containing radioactivity at 
source to minimize dose uptake and environmental impact.

These benefits considerably outweigh the disadvantages inherent in container
ized wet fuel storage o f additional transport costs, container waste management and 
the provision o f fuel removal facilities. Internal studies have shown that the benefits 
o f wet containerized storage are achieved at no increased overall lifetime cost com
pared with alternative approaches.

In addition, the risks o f contamination spreading during the operational life o f 
a bare fuel storage facility should be taken into account. The corresponding increases 
in dose uptake to operators could result in production outages, revenue losses on a 
major scale and chronic manning difficulties for operations in the new environment. 
Set against a background o f ever tighter legislation, containerization guarantees 

insurance against a potential loss o f radiation and contamination control.
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The environmental impact for storage pond operation only and the combined 
operation o f storage and feed ponds is shown in Table I for a 30001 U storage pond 
with a 5-7 t U/d receipt rate and a 4-7 t U throughput feed pond.

The provision o f dedicated local water treatment and shared effluent handling 
facilities at the fuel removal stage minimizes the overall impact at low cost. Environ
mental discharges from BNFL ’s approach are very low. The use o f MEBs results 
in orders o f magnitude lower liquid waste arisings both from pond storage and 
receipt o f fuel.

4 .2 .  E n v iro n m e n ta l im p a ct

TABLE I. ENVIRO NM ENTAL IM PACT OF THORP RECEIPT AND  
STORAGE (R&S) AND  HEAD END FEED POND LIQUID DISCHARGES 
(% ICRP)a

Isotope Storage pond only
Storage pond plus 

feed pond

Co-60

Cs-137

0.2

0.006

0 .8

0.07

a International Commission on Radiation Protection. 

(Source: THORP R&S and head end feed pond flowsheets);

TABLE П. DESIGN VERSUS A C TU A L MEASUREMENTS

Storage pond Feed pond

Design Actual Design Actual

Pond water specific ß activity 
(Bq/mL)

11 7 (average 1993) 13 5 (average 1994)

Average external annual effective 
dose uptake to operators (mSv/a)

5 1 (1993) 
0.7 (1992)

5 0.3 (1994 
year to date)
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4.3. Safety and licensing

The demonstration o f acceptable dose rates, operator dose uptakes, public 
exposure to radiation and environmental impact is achieved through good design, 
calculation o f dose budgets and probabilistic risk assessment at the design stage and 
has been confirmed by measurements (Tables I and II).

The significance o f this is best understood by comparison with the interpreta
tion o f safety standards, which are prescriptive and whose guidance may be adopted 
prescriptively by nations newly entering the interim spent fuel storage market. For 
example, it can be inferred from US codes [9] that ponds need to have a stainless 
steel liner, have their water level at or below grade and that provision must be made 
for a spare pond to allow repair o f the operating pond, i f  necessary.

BNFL has designed, constructed and commissioned storage facilities and has. 
demonstrated to regulators through the provision o f safety assessments that the 
operations are safe. Through this route the regulators have given licence approval. 
BNFL storage ponds have MEBs as the primary activity containment, water retain
ing concrete as the primary pond water containment and two membranes which 
direct any leakage to a fully engineered and monitored leak detection system. The 
ponds are 8 m deep, with their water level being at 10 m above grade. Provision for 
the construction o f additional capacity is a feature o f BNFL designs.

Structures have been extensively analysed to show compliance with fault con
dition criteria such as seismic loads, extreme temperature and extreme weather. The 
safety o f this design can be readily demonstrated.

Confinement o f large inventories o f spent fuel in sealed containers, exposing 
only small quantities at a time during removal in the head end feed pond for 
reprocessing, adds further confidence and gives assurance for the safe management 
o f spent fuel over long durations, simplifying criticality control and limiting the 
spread o f contamination.

The licensability o f this concept is transferable to nations with a newly 
emerging civil nuclear power programme. Low risk, low environmental discharges, 
inherent safety and passivity are key advantages o f the BNFL approach.

4.4. Engineering

A ll systems, structures, equipment and components are designed in accordance 
with appropriate codes and standards, either internationally derived, nationally 
derived (e.g. British Standards) or company derived (BNFL Standards) against 
which designs can be tested by analysis or experiment. Design criteria appropriate 
to the functional requirements o f equipment during normal operation and the continu
ing safe operation o f equipment during credible worst case scenarios are derived 

from the standards. Both operability and on-site/off-site safety are taken into account 
in the engineering provisions. Radiological safety in the design o f structures, equip-
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ment, etc., is confirmed through probabilistic risk assessments against international 
criteria for acceptable doses to operators, the public and the environment.

BN FL ’s engineered systems have high levels o f quality control applied at each 

stage o f the design and project management process to meet the required standards. 
This quality o f engineering ensures a long lifetime, reliable operation and ease o f 
access for maintenance and inspection under a nuclear operating environment where 
contamination and radiation control require provisions to be made for remote han
dling, efficient layout, effective system configuration, maintenance free equipment, 
ease o f decontamination and minimizing contamination spread. Dose uptake and 
wastes are minimized with a consequent reduction in lifetime costs.

4.5. Waste management

Only minor amounts o f solid wastes are generated from the storage facility 
using the containerization approach. Ventilation filters, liquid effluent cartridge 
filters and miscellaneous operating waste arisings amount to less than 150 m3/a. 
Most o f this is disposed o f as LLW .

At the end o f the spent fuel storage life the empty MEBs must be dealt with. 
Internal studies over the last few years have given confidence that a large proportion 
o f MEBs will fall within the L LW  category and can be safely disposed o f at B NFL ’s 
LLW  vaults at Drigg. This has been achieved through MEB cleanliness categoriza
tion from a knowledge o f fuel history, operating experience, sampling and analysis.

The result o f BNFL ’ s engineering and operational expertise is a coherent 
strategy for the overall management o f empty MEBs at Sellafield, which means that 
their forecast disposal costs are at a level which represents a small proportion o f the 
overall lifetime costs o f the spent fuel storage system.

5. FUTURE DEVELOPMENTS

5.1. Opportunities/threats

A  number o f trends could challenge existing design standards/provisions or 
benefit future spent fuel storage system designs.

5.1.1. High bumup/MOX fuels

As reactor operators increase fuel burnup and employ M OX fuel to improve 
operating efficiencies, future facilities must cater for the change in the isotopic com
position and decay spectra o f the spent materials. This will clearly impact upon 
shielding and cooling design considerations and could affect water quality design 
provisions. Careful reappraisal o f the ability o f existing facilities to handle these
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materials will be necessary to identify and implement any modifications. BNFL has 
safety cases to support the storage o f high bumup and M OX fuel inside MEBs.

5.1.2. Dry storage

The selection o f dry storage vaults as an alternative spent fuel storage option 
is gathering some support. BNFL has built and operated similar facilities, underpin
ning the capability to design future facilities.

5.1.3. BEFAST findings

The results from the IAE A  BEFAST1 programme form a useful database o f 

design information for spent fuel storage facilities. Improvements in technology and 
reductions in costs may be secured once the latest findings are worked through into 
new facility designs. Benefits will be accrued from the sharing o f international 
experience. The selection o f design solutions which have been proven elsewhere will 
avoid costly, repeated development work.

5.1.4. Legislation and standards

Ever tighter dose uptake and environmental discharge regulations will require 
further attention to the containment o f radioactivity and contamination. The 
standards and criteria against which spent fuel storage facilities must be designed are 
under constant revision. There is a need to continue to operate to acceptable stan
dards in an increasingly technologically aware world. Further improvements in oper
ations can be achieved by the use o f remotely operated facilities, such as the receipt 
and storage flask preparation machine, contributing to even lower radiation dose 
uptake by operators.

5.1.5. Safeguards

A  safeguards system has been developed by BNFL for use with MEBs which 
can detect the gamma emission from ^Co in the end pieces o f the fuel assemblies 
and can confirm the location o f individual assemblies without the need to remove the 
MEB lid. To facilitate physical inventory verification during long term storage, a 
sealing bolt has been developed which can be fitted on MEB lids and inspected while 
MEBs are in storage to confirm they have not been opened. The use o f MEBs is 
recognized by the IA E A  as a safeguardable system.

1 Behaviour of Spent Fuel and Storage Facility Components During Long Term 
Storage.
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Having built and operated five major wet pond storage systems at Sellafield, 
BN FL ’ s accumulated experience, technical and engineering knowledge and staff 
competencies are sources o f many creative ideas for improvements which will 
minimize the capital, operating and lifetime costs o f future spent fuel storage 

facilities.

5.2. National policies

The United Kingdom’s National Policy for nuclear power is currently under 
review. The review will focus on the future requirements for nuclear power. It will 
examine the economic and commercial case o f new nuclear stations in the United 
Kingdom. The nuclear generating industry will make the strategic case for new 
nuclear generating capacity. This may be tested against possible privatization.

BNFL has published its submission to the Nuclear Review [10] emphasizing 

its excellent track record as a supplier o f the whole range o f nuclear fuel cycle 
services for sustaining employment and contributing to the economy o f the United 
Kingdom, while maintaining high environmental and safety standards. The case for 
reprocessing is reaffirmed.

Internationally, the nuclear fuel cycle services market is growing. Many other 
countries are also reviewing their national policies.

Initiatives such as the formation o f the European Fuel Cycle Consortium (o f 
which BNFL is a member), which assist the EU with formulation o f effective policies 
and tackling environmental safety hazards under EU assistance schemes, will con
tinue to support the growth o f the nuclear industry.

BNFL can supply the engineering and technical expertise to help nations imple
ment their chosen spent fuel management policies.

6 . CONCLUSIONS

BNFL continues to offer reprocessing as its spent fuel management service. 
The BNFL approach to spent fuel storage is to use wet, containerized systems. This 
approach offers advantages which considerably outweigh any disadvantages. These 
are:

— Economic initial capital cost,
— Economic overall lifetime cost,
— Low risk,
— Passive feature,

— Inherently safe feature,
— Low environmental discharges.

5.1 .6 . Cost reductions
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Early design o f new facilities must take place because o f the long lead times. 

The THORP head end feed pond is a case in point and demonstrates the flexible, 
low cost solution which was chosen to meet the requirement for spent fuel removal 
necessitated by BNFL ’s overall storage philosophy. Dry storage alternatives are 
within BNFL ’ s expertise to design, construct and operate.



IAEA-SM-335/21 241

Appendix I 

MULTIELEMENT BOTTLES

Multielement bottles are used for the transportation and storage o f LW R fuel 
elements to contain fuel during shipment, thus minimizing contamination o f transport 
flasks. The MEBs consist o f cylindrical stainless steel containers o f various lengths 
and internal arrangements to accommodate the various sizes o f fuel elements deli
vered from the different reactor stations.

A ll types o f MEB are fitted with a lid which forms a leaktight seal to isolate 
the contents from the external environment. The interior o f the MEB contains a 
number o f square cross-section compartments providing storage for between 5 and 
17 fuel elements, depending upon the fuel type (Fig. 9). Fuel is stored within these 
compartments, which are generally constructed o f Boral neutron absorber plates 
sandwiched between stainless steel inner and outer tubes to enhance neutron absorp
tion and prevent criticality. Holes in the Boral plate allow circulation o f water 
between the fuel compartments. In the MEBs o f Nuclear Transport Limited, the 

Boral is completely enclosed in a stainless steel sheath, but in the BNFL type it is 
exposed to the liquor in the MEB. The compartments are supported within the con
tainer shell by a series o f baffle plates tied together by support tubes and welded to 
the body. Ullaging, drain and flushing connections are provided on the periphery o f 
the body, consisting o f Hansen couplings connected to the required depth. The ullag
ing pipe extends down to a depth equivalent to the correct ullage depth for the MEB, 
to permit water to be removed or displaced by pressurizing the gas space through 
a vent connection using nitrogen. The drain pipe extends down the full length o f the 
MEB to the base. The number and position o f the connections vary between different 
types o f MEB.

The MEBs are stored vertically in double racks which can accommodate all 
sizes for transfer between the inlet, storage and head end feed ponds (Fig. 10). The 
racks are fabricated from stainless steel plate, tube and angle sections, with lifting 
pintles at the top o f the vertical support at each comer to accommodate the lifting 
grabs on the rack transfer and pond handling machines. The MEBs locate in bores 
in the top plates, which are sized to accept all types o f MEBs and sit on base plates. 
The rack is supported on four feet which spread the load on the pond floor.
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FIG. 9. Typical multielement bottles (MEBs). (a) Nuclear Transport Limited type; 
(b) BNFL type.
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FIG. 10. Storage rack for LWR fuel and MEBs.
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Appendix П

COMPARISON OF THE MAIN FEATURES 
OF THE WET AND DRY FEED POND OPTIONS

Topic
Wet route 

(deep pond)
Dry route 

(shallow pond and cave)

Pond depth 

Pond volume 

Shielding

Containment

Water treatment

— Clarity

— Dose rates

Secondary
waste
arisings

Handling
equipment

Deep pond: 11m maximum

Water volume: 3000 m3

Water depth of 3.5 m provides 
biological shielding

Containment of activity released 
from fuel element movements 
into water is provided by pond 
structure

Requires turnover of about one 
pond volume per day to maintain 
pond water clarity

Requires activity removal to 
maintain acceptable radiation 
dose rates from pond water to 
operators

Small volume of solid and liquid 
waste arisings can be accommo
dated by existing waste condi
tioning and storage facilities

Flexible and well proven 
mechanical handling equipment 
permits easy adaptation and 
application to unforeseen 
circumstances

Shallow pond: 3 m

Concrete enclosure provides 
biological shielding

Containment provided by cave 
ventilation

Purge of 1/250 of the rate of 
wet route needed (see below)

Requires intermittent activity 
removal to control excessive 
contamination of plant and 
equipment and limit airborne 
release to cell vent system

Effluent can be handled by 
THORP liquid effluent systems, 
although volumes are greater 
than deep pond route and will 
require pre-evaporation prior to 
encapsulation

Inflexible in-cave systems could 
be difficult to adapt to 
unforeseen situations
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A p p en d ix  П  (co n t.)

_  . Wet route Dry route
Topic

(deep pond) (shallow pond and cave)

Maintenance

Criticality

Technology

Environmental
discharges

Machinery drives mounted above 
water and readily accessible for 
maintenance leading to lower 
pond outage durations

Underwater fuel movements 
must be carefully controlled to 
avoid the formation of a critical 
mass

Few novel machines; mostly 
well proven technology; little 
development work

Environmental discharges are 
very low

Requires provision of a main
tenance cave, removal of equip
ment from operating cells, and 
special protection for operators 
for maintenance. Working times 
could be impeded by high back
ground radiation. Additional 
complex equipment requiring 
maintenance could further 
increase maintenance time-scales 
and plant outage time.

Criticality Control is much less 
onerous in a dry environment

Use of much unique machinery 
requires a major development 
programme

Environmental discharges are 
very low

Activity arisings to effluent treatment plant overall are not dissimilar 
(same order of magnitude) but:

Activity concentrated in solid Activity concentrated in water
produced during treatment by used to purge pond
filtration
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EVOLUTION OF THE MACSTOR™ 
DRY SPENT FUEL STORAGE SYSTEM

F.E. PARÉ, W.-M. JOUBERT 
AECL CANDU,
Montreal, Quebec,
Canada

Abstract

E V O L U T IO N  O F  T H E  M A C S T O R ™  D R Y  SP E N T  F U E L  ST O R A G E  S Y S T E M .

T he M A C S T O R ™  (M odular A ir Cooled Canister Storage) system  was developed by 
A tom ic Energy o f  Canada Lim ited for the interim storage o f  spent fuel discharged by L W R s. 

It is a hybrid system which com bines the operational econom ies o f  metal cask technology with 

the capital econom ies o f  concrete technology. T he system includes all the necessary equipment 

to transfer spent fuel from  a storage pool to an independent interim dry spent fuel storage site. 

A fter presenting a description o f  the system and a b rie f history o f  its development, the paper 

deals with its thermal perform ance and modelling for various design configurations. Finally, 
a b rie f summary o f  the experience being gained during the implementation o f  a M A C ST O R  
system modified for C A N D U  spent fuel at the G entilly-2 nuclear generating station in Quebec 

is presented. It includes progress made in licensing activities and in public hearings pertinent 
to the initiation o f  the project.

1. HISTORICAL BACKGROUND

The experience of Atomic Energy of Canada Limited (AECL) in dry spent fuel 
storage goes far back. It began in the early 1970s with various dry storage concepts, 
and the success of its demonstration programme at its Whiteshell Nuclear Research 
Establishment permitted the undertaking of three commercial fuel storage pro
grammes during the mid-1980s and of four more between 1990 and the present time. 
This experience is summarized in Table I.

Up to the last completed project the basic technology used was that of indepen
dent concrete canisters, the latest design of which permits the storage of 540 
CANDU spent fuel bundles per unit. Each canister is a cylindrical, reinforced con
crete structure approximately 3 m in diameter and 6.4 m tall with a 1.12m internal 
cavity. The last project, scheduled to be completed in 1995, is based on modular 
technology which will be referred to again in this paper.

Encouraged by its successful vertical loading, concrete silo programme for 
storing CANDU spent fuel, AECL developed in 1989 the MACSTOR™ (Modular 
Air Cooled Canister Storage) system for the interim storage of spent fuel discharged

247



TABLE I. AECL DRY SPENT FUEL STORAGE EXPERIENCE
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Site
Completion

date

Quantity 

o f  fuel

Number o f 

canisters
Rem arks

W hiteshell 

N uclear Research 

Establishm ent

1978 17 M g U 1 1 Certain experimental w ork is 

still ongoing.

G entilly-1 1985 67  M g U 1 1 The canisters are housed in 

the turbine building.

D ouglas Point 1987 29 8  M g U 47 T h e canisters are located 

outdoors, adjacent to the 

service building.

N uclear Pow er 
Dem onstration Unit

1990 75 M g U 1 1 The canister site is at the 

Chalk R iver N uclear 

R esearch Laboratpries.

Point Lepreau 1991 27 9 0  M g U 

(lifetim e)

275

(lifetim e)

Fuel will be stored over a 

30  year period, at a rate o f  

93  M g U per year.

W olsong-1 1991 2 7 9 0  M g U 

(lifetim e)

275

(lifetim e)

Fuel will be stored over a 
30  year period, at a rate o f  

93 M g U per year.

G entilly-2 1995 27 9 0  M g U 

(lifetim e)

13 modules C A N ST O R  modules 

(lifetim e) 12 0 0 0  C A N D U  fuel 
bundles/module 

93 M g U/year over 

30  years.

by LWRs. This is a hybrid system which combines the operational economies of 
metal cask technology with the capital economies of concrete technology. The 
system, illustrated in Figs 1-3, includes all the necessary equipment to transfer spent 
fuel from a storage pool to an independent interim dry spent fuel storage site. In 
particular, the system includes metal canisters for fuel containment, a shielded cask 
and a transporter for transferring the encapsulated fuel to the storage facility, a 
gantry crane system to lift the cask onto a MACSTOR module and, finally, the 
concrete storage module itself complete with its canister transfer subsystem which 
is used for discharging the canisters from the cask and into the storage module. In 
the design and development of AECL’s MACSTOR system, the assistance of 
Transnuclear, Inc. (TNI) was secured to provide proven metal cask technology.
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FIG. 1. Cutaway view of transfer cask.



250 PARÉ and JOUBERT

FIG. 2. MACSTOR gantry crane lifting the transfer cask.

The module, a prismatic reinforced concrete structure, is approximately 22 m 
long, 9 m wide and 6 m high. Its nominal capacity is 20 canisters, each one capable 
of holding 12 PWR or 32 BWR spent fuel assemblies, with burnup rates as high as 
45 000 MW-d/t U. For the eastern European market its nominal capacity is 
16 canisters, each one capable of holding 30 WWER or 102 RBMK assemblies. The 
structure is passively cooled by natural convection through an array of inlet and 
outlet gratings and galleries serving a central plenum where the (vertically) stored 
canisters are located. The canisters are continuously monitored by means of a 
pressure monitoring system. Thus, the utility can be assured of both positive cooling 
of the fuel and verification of the integrity of the fuel confinement boundary. The 
structure is seismically designed and is capable of withstanding site design basis 
accident events.

The air cooling system is virtually impossible to impede and allows for an 
efficient use of construction materials and site space. Unit storage costs per kilogram 
of heavy metal are thus substantially reduced, particularly where plant lifetime 
inventories of spent fuel are concerned.

The MACSTOR system can economically deal with a wide range of storage 
capacity requirements. The modular concept allows for flexibility in determining 
each module’s capacity. Starting with 8 canisters, the capacity can be increased by 
increments of 4 up to 24 canisters. The fuel canisters may be used for both storage 
and transport. They utilize a flanged ASME-Ш closure system that allows for easy 
inspection. The loading scenario of the MACSTOR system is illustrated in Fig. 4.
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LOWER CASK IN
SPENT FUEL POOL

LOAO FUEL AS3EMBUES IN 
TRANSFER CASK. POSITION CANISTER PLUG

HOVE CASXTOOECOHTAMMATION AREA, 
BOLT CAMSTER PLUG, DRY AND BACKRU. 

WITH HEUUM. BOLT CASK COVER

UFT CASK ON TOP OF REMOVE CAVITY PLUG UFT CASK,
MACSTORUOOULE UOVECASKON HOVE CASK PLUG.LOAOING ADAPTOR LOWER CANISTER

FIG. 4. Spent fue l pool and module loading operations.

2. THERMAL MODELLING

Dissipation of the residual heat generated by the spent fuel is a major factor
in dry spent fuel storage design and one of the key elements for its licensing. Heat
dissipation is important to maintain the integrity of the fuel and of the concrete. For 
this purpose, thermal performance requirements must be met. Canadian nuclear 
industry standards require that:

(a) The fuel must be kept below a temperature of 160° С to prevent further damage
to already failed elements (intact elements are not affected at these low
temperatures).

(b) The CANDU bulk concrete temperature remains below 65° С and that local
warmer regions remain below 93 °C under normal operating conditions. This
conservative criterion ensures the integrity of the concrete.
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(с) The design should cope with the thermal stresses resulting from the tempera
ture gradients in the structure. Given the operating conditions for this kind of 
structure, thermal stresses can be much greater than the structure’s own dead 
load, wind load, tornado load and seismic load. Further, standards require that 
a safety factor of 1.7 for normal operating conditions be factored into the ther
mal stress calculations. This translates into a requirement that the actual tem
perature gradients should be limited to maintain an adequate safety margin.

FIG. 5. Plan and elevation view o f  model and test apparatus (amb: ambient; ext: exterior; 

int: interior).
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These criteria ensuring the integrity of the fuel and of the concrete in particular are 
controlled by the regulating authority and defined as the basis of design for the 
MACSTOR system.

In order to evaluate the performance of the MACSTOR design with respect to 
the above requirements, AECL undertook testing of a full scale mock-up of the 
system module at its Whiteshell Laboratories. The test module represented a full 
scale mock-up of a group of four canisters in an end-section of the originally pro
posed MACSTOR facility (Fig. 5). In the module, this group is repeated to form 
structures of variable capacity in increments of four. Since then, several improve
ments have been made to the original MACSTOR design, but these have not been 
found necessary to credit. In the original MACSTOR design, partitions were used 
between groups of four canisters and the end-section had provision for ventilation 
on the three external walls. Figure 5 shows plan and elevation views of the test 
module with an existing concrete wall simulating the partitioning wall of the 
MACSTOR module. During the test sequence, it became apparent that ventilation 
from two opposing sides would provide adequate cooling for the module. Conse
quently, the ventilation ducts on the endwall were removed and the duct penetration 
covered with metal sheet and insulated. The external walls of the test module were 
constructed of 102 mm thick concrete slabs. The roof and walls were insulated 
appropriately to simulate the concrete thickness anticipated for shielding of fuel in 
the proposed facility. Ventilation ducts were constructed of sheet metal with a 
labyrinth type design that would be required to provide shielding in a facility that 
contained irradiated fuel. Screening over the ducts was provided to ensure accurate 
simulation of an actual facility. Heaters were placed in four steel pipes that simulated 
the fuel canisters.

The Whiteshell Laboratories performed a total of 11 experiments. The 
experiments covered steady state and transient operation, normal and abnormal 
operating conditions and power levels from 9 to 36 kW for four canisters. The 
results successfully confirmed the cooling performance of the MACSTOR design. 
For all conditions the pertinent operating limits were respected. The low impedance 
of the configuration was demonstrated to provide sustained capability to cool spent 
fuel even under impaired flow conditions, such as that caused by the partial blockage 
of air inlet ports.

Good mixing of the air inside the module produced relatively homogeneous 
fluid temperatures at any given horizontal plane. In addition, the internal air temper
ature increased linearly with elevation, as expected owing to the uniform heating of 
fuel in the canisters. These two elements suggested that variation of air temperature 
in the module could be calculated by a simple one dimensional numerical modelling 
code. A simple PRESCON2 model of the MACSTOR test facility was thus built. 
PRESCON2 is a one dimensional code used to simulate the thermal hydraulic 
behaviour of air and steam mixtures. The code is normally used for containment 
calculations, but can be applied to other air and steam thermal-hydraulic calcula-
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tions. It is a node link code, where the nodes represent control volumes and the links 
represent the flow paths between the nodes.

Figure 5 illustrates the PRESCON2 representation of the MACSTOR test 
module. The model consists of a total of six nodes, one for the outside atmosphere 
and five at various elevations for the air space inside the module. Constant heat rate 
is applied to each node in proportion to its volume so that the total heat added 
corresponds to that of the experiments. The outside atmosphere is modelled as a very 
large volume so that its temperature and pressure would not change despite the heat 
convected from the module. Six links model the four inlet ports and the two outlet 
ports. Their loss coefficients are established using standard correlations with 
appropriate corrections for Reynolds number and entry length. The model accounts 
for friction along the heated length even though friction is small compared with inlet 
and outlet losses. Conduction through the concrete and insulation layers of the walls 
and roof is also modelled.

The results of calculations performed by the PRESCON2 model of the 
MACSTOR full scale mock-up were compared with the experimental values and 
were shown to be conservative for the prediction of the maximum bulk concrete 
temperature and of the concrete temperature gradient, two key elements for the 
licensing of dry fuel storage systems. This exercise demonstrated that the thermal 
performance of dry air cooled fuel storage structures can be analytically modelled 
and that validated analytical capabilities are at AECL’s disposal to confidently assess 
the thermal performance of various MACSTOR configurations.

3. GENTILLY-2 PROJECT

In 1990, a particular version of the MACSTOR system was specifically devel
oped for CANDU fuel under the name of CANSTOR. While retaining the same 
design principles as the MACSTOR module, the CANSTOR module geometry is 
perfectly compatible with existing AECL designed dry storage equipment developed 
for the forerunning canister programmes. It can thus efficiently replace concrete 
canisters at an operating site, offering a substantial reduction in site surface require
ments while continuing to use the same fuel handling equipment. Based on its techni
cal feasibility, economy of construction materials and space saving advantages, 
operational flexibility, decommissioning facility, and public and environmental 
protection criteria, the CANSTOR module has been chosen over the concrete 
canister as the preferred dry storage vault at Gentilly-2 (Quebec) (Fig. 6).

In its CANSTOR application the MACSTOR system is only different in that 
each module accommodates 12 000 smaller CANDU fuel bundles, typically 50 cm 
long and 10 cm in diameter. The bundles are contained in 200 sealed stainless steel 
baskets each having a 60 bundle capacity. The baskets are in turn stacked in steel 
storage cylinders integrally fixed to the concrete module at the measure of ten baskets
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per cylinder. The walls of the concrete module are approximately 1 m thick to 
accommodate a contact dose rate limit of 25 Sv/h. The internal surfaces of the 
module will be instrumented in order to further confirm the temperature distribution 
throughout its mass.

4. LICENSING

The licensing process associated with the implementation of a dry spent fuel 
system at Hydro Quebec’s Gentilly-2 station (Fig. 6) is progressing well according 
to the project schedule based on a first loading date of August 1995. The Preliminary 
Safety Analysis Report was submitted to the regulatory authority in 1992 and the 
final report was submitted in September 1994. Its review will be finalized after the 
completion of the public hearings which are presently ongoing. These hearings are 
required by new Federal and Provincial environmental regulations. In order to avoid 
jurisdictional duplication and to ensure an efficient and pertinent assessment of the 
project’s impact on the environment, a single panel has been assembled by the 
Federal Environmental Assessment Review Office (FEARO) and the Quebec 
Ministry of the Environment (MENVIQ). The hearings refer to a feasibility study 
which includes an environmental impact study, a risk assessment study and a social 
impact study. The document is based on the following minimum guidelines imposed 
by the environmental ministries prior to the hearings:

(a) Justification of the project,
(b) Description of the project (including decommissioning and schedule),
(c) Site selection,
(d) Impact identification and assessment (including socioeconomic impacts),
(e) Risk identification and assessment (including health risks),
(f) Physical security measures and emergency procedure,
(g) Mitigating measures,
(h) Surveillance and follow-up.

All documentation has been made accessible to the public and an extensive 
communication programme has been established to reach the interested community. 
The programme included press conferences, information and consultation meetings, 
distribution of printed matter, videos, open house days at the nuclear station and 
advertisements through the media.

Should the hearings proceed successfully as anticipated, Hydro-Quebec and 
AECL will be expecting an authorization certificate and a construction decree from 
the environmental ministries and a separate construction licence from Canada’s 
nuclear regulator (the Atomic Energy Control Board) in March 1995.
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Abstract

F O R G E D  S T E E L  C A SK S F O R  T H E  S A F E  A N D  E C O N O M IC  ST O R A G E  O F 

IR R A D IA T E D  F U E L .
Regardless o f  the strategy chosen for the back end o f the nuclear fuel cycle , there is 

a need for interim storage o f  irradiated fuel. In recognition o f  this need, the Transnuclear 

Group has developed a family o f  m etallic dry storage casks based on the use o f  high quality 
forged steels. F o r Europe and Japan, where reprocessing is actively pursued, Transnucléaire 

has developed dual purpose transport and storage casks which build on 3 0  years o f  transport 

cask technology. F o r the U SA  and other countries, where storage without transport is o f  

primary concern, Transnuclear has developed single purpose storage casks which are far m ore 
econom ical than dual purpose casks. In both cases the differing needs o f  utilities are met by 

the flexibility  inherent in using forged steels for fabrication o f  the containers.

IAEA-SM-335/24

1. INTRODUCTION

More than a decade ago, the Transnuclear Group recognized that irradiated 
fuel was being discharged from reactors at rates that far exceeded the capacity of 
existing at-reactor (AR) storage pools and the throughput rates of the world’s limited 
commercial reprocessing plants to handle this fuel. With this in mind, an effort was 
begun to develop metal dry storage casks for irradiated fuel based on the extensive 
experience which the Transnuclear Group had acquired through the design, certifica
tion, fabrication and operation of metal casks for the dry transport of irradiated fuel. 
The first storage cask to be completed by the Transnuclear Group was the TN-24 
Prototype, or TN-24P. The TN-24P was designed as a transportable storage cask. 
The cask body is a monolithic, high quality ferritic steel forging and the cask basket 
is an egg-crate type with plates of boron aluminium for criticality control. The
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TN-24P was delivered to Virginia Power in the USA as part of a ‘Cooperative 
Development Program’ with the United States Department of Energy (USDOE). The 
cask was extensively tested at the Idaho National Engineering Laboratories, where 
it was found to exhibit excellent handling characteristics and superior heat transfer 
performance when loaded with 24 PWR fuel assemblies.

Following the successful testing of the TN-24P, the Transnuclear Group con
tinued development of forged steel casks for storage and transport. This development 
led to a family of advanced cask designs which are optimized to meet the specific 
requirements of different back end strategies, utility needs and regulatory 
environments.

2. TRANSNUCLEAIRE CASK PROGRAMME

In Europe and Japan, many utilities have made a commitment to the reprocess
ing and recycling strategy for the management of spent fuel. With the adoption of 
this strategy, there is only a minimal need for interim storage of spent fuel. However, 
because of limited AR wet storage and the desirability of maintaining flexibility of 
transport and reprocessing schedules, some utilities have chosen to expand storage 
by using metal dry storage casks. Since the fuel to be put into interim storage is 
destined to move to a reprocessing plant in the near future, and because the technical, 
logistical and regulatory interfaces are well known, a dual purpose transportable 
storage cask is appropriate for this purpose.

Stemming from these needs for a dual purpose cask, Transnucléaire has devel
oped a family of casks — the TN-24 family — to serve the precise needs of utilities. 
The specific casks within this family and their respective capacities are:

TN-24: 52 BWR assemblies,
TN-24D: 28 PWR-900 assemblies,
TN-24XL: 24 PWR-1300 assemblies,
TN-84S: 84 WWER-440 assemblies.

The design of these casks embodies the 30 years of Transnucléaire’s operational 
experience in cask handling, loading and unloading, in wet or dry conditions, at 
many different facilities. All these casks share the same basic features, which are 
described below.

2.1. Containment

Carbon steel is used to manufacture the three main components which make 
up the containment:

— Thick wall cylinder,
— Bottom plate,
— Closure lid.
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Carbon steel was selected because it combines several advantages:.

— Good mechanical behaviour at low temperature as needed to meet the require
ments of the IAEA Transport Regulations regarding brittle failure;

— Good heat transfer characteristics;
— Well known manufacturing and inspection techniques, resulting in relatively 

straightforward technological transfer to manufacturers in different countries.

The steel cylinder is made either in a forged single piece or with a bottom plate 
attached by a full penetration weld. A primary lid bolted to the Upper end of the cask 
ensures the leaktightness of the cavity using two concentric metallic gaskets. All seal
ing surfaces are covered with a stainless steiel overlay. The cask cavity is protected 
from corrosion by zinc-aluminium spray coatings.

2.2. Cask body

Outside the steel vessel wall, a layer of borated resin, approximately 100 mm 
thick, acts as neutron shielding. This solid material is enclosed within an external 
steel envelope on which fins can be fitted if needed to increase heat dissipation. 
Longitudinal copper plates embedded in the resin connect the forged steel wall to the 
external envelope to transfer the decay heat of the fuel assemblies to the atmosphere. 
The external envelope is protected from corrosion by several layers of coatings and 
paints. The cask is handled by means of trunnions bolted to the forged steel wall. 
A pair of trunnions is used for lifting the cask, while another pair çan be fitted at 
the lower end to allow its tilting to the horizontal position on the transport vehicle.

2.3. Closure system

Several sealing arrangements have been designed to permit the flexibility 
needed to comply with the utility’s requirements and the storage criteria imposed by 
its competent authority. In all cases the sealing arrangements include at least two 
leaktightness barriers based on metallic gaskets with an interspace pressurized with 
helium and under continuous monitoring. This system allows a virtual guarantee of 
zero release over a period of more than 50 years. Provisions have been made to 
permit the installation of a bolted secondary lid if this is desired by the user. The 
lid is equipped with a single orifice to allow all the operations needed after the fuel 
assemblies have been loaded into the cask, i.e. draining water from the cavity, 
venting, drying and backfilling with a neutral gas. This orifice is connected to a 
draining tube reaching the lowest part of the cavity..Its leaktightness is also ensured 
by dual metallic gaskets.
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The cask cavity is fitted with a basket designed as a structural support for 
the fuel assemblies. It consists of mechanically assembled partitions of borated 
aluminium defining an array of cells or lodgements, one for each fuel assembly. This 
basket technology is highly efficient because the same material ensures all three main 
functions required, i.e.:

— Mechanical resistance through its mechanical properties;
— High neutron attenuation, owing to the relatively high content of the neutron 

absorber ( 10B) in the structural material combined with the efficient neutron 
moderation provided by the partition geometry;

— Good heat conductivity inherent in aluminium alloys.

The basket technology provides a very compact configuration of the fuel 
assemblies, combined with a high level of safety while keeping the maximum fuel 
cladding temperature below 350°C.

2.4. Basket

3. A SPECIFIC CASE: TRANSNUCLEAIRE TN-24D CASKS 
FOR SYNATOM

The versatility of the TN-24 design is well illustrated by the way it is currently 
being applied by Transnucléaire to Synatom needs for the Doel nuclear power plant 
in Belgium. This cask has been designated as the TN-24D.

The requirements were as follows for the PWR-900 with 17 x 17 fuel 
assemblies:

— Eight year cooling time;
— 36 000 MW'd/t U;
— Maximum loading weight in transport configuration: 112 t;
— Licensing for transport and storage;
— Capability of withstanding the impact of an F-16 aircraft crash;
— Compatibility with unloading equipment at the Cogéma La Hague reprocessing 

plant.

The resulting cask, illustrated in Fig. 1, features:

— A payload of 28 fuel assemblies (13 t of heavy metal).
— An anti-aircraft crash lid that was tested successfully. The orientation of the 

crash was chosen after an extensive analysis of several orientations of the 
incoming missile modelled as a steel missile crashing at 150 m/s velocity. The 
leaktightness was confirmed to be as good after the crash as before.
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FIG . 1. The TN-24D transport/storage cask.
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— Six trunnions for cask handling:
• Four top trunnions for crane handling. Two of these are redundant and had 

to be installed to comply with the power plant operating licence.
• Two lower trunnions for cask tilting to and from the horizontal transport 

position.
—, A very careful study of the shielding and a very compact basket concept per

mitted the cask to remain within the stringent weight limits set by the client.

The TN-24D has been licensed for transport by the French competent authori
ties, followed by validation by the Belgian authorities. A storage licence has been 
granted in Belgium since the application for a storage licence is made by the operator 
in order to integrate site specific issues.

; Synatom placed an order with Transnucléaire for eight TÑ-24D dual purpose 
casks. The first of these casks was delivered to the Doel nuclear power plant in 
May 1994, 22 months after order placement. This cask has now been loaded. The 
other seven casks will be delivered between now and the end of 1997. Manufacturing 
of the TN-24D casks was carried out in a two step programme with close inspection 
by Transnucléaire personnel under an ISO 9001 certified quality assurance 
programme. The heavy steel forgings were procured from the Temi steelworks in 
Italy, and the casks were assembled at the Atéliers de la Meuse in Belgium.

Following delivery of the first TN-24D cask, a new order was received from 
Synatbm for six dual purpose casks called TN-24XL that can accept, within the same 
weight limitation, a payload of 24 PWR-1300 spent fuel assemblies, which are 
approximately 60 cm longer than PWR-900 assemblies. This follow-on order con
firms the versatility of the TN-24 cask family, permitting customization of designs 
to meet specific customer needs.

4. METAL STORAGE CASKS IN THE USA

The situation in the USA is different because reprocessing has not been chosen 
as the preferred method of fuel management. Instead, direct disposal of irradiated 
fuel in a deep geological repository is envisioned. However, such a repository will 
not be available until well into the next century. In the meantime, there is a signifi
cant need for new on-site dry storage capacity if existing plants are to continue to 
operate. Since there is no near term likelihood of shipping irradiated fuel and because 
the repository receiving facility interface is undefined, the perceived need for a dual 
purpose cask is much less. The situation is further complicated in the USA by a 
regulatory structure which requires two separate certifications — one for storage and 
one for transport — from two different branches of the United States Nuclear Regula
tory Commission (USNRC). This necessity for dual licensing creates a disincentive 
for the licensing of a dual purpose container, which is reinforced by the unknown



IAEA-SM-33S/24 265

duration of storage before transport. In the face of these uncertainties and cost penal
ties, US utilities have been reluctant to purchase dual purpose casks. Instead, they 
have purchased storage-only systems, some of which may, in fact, eventually prove 
to be transportable.

Transnuclear Inc. has adopted an approach which offers utilities a choice of 
products to meèt their specific needs. First, the TN-24 has been certified by the 
USNRC for storage. This cask is a slightly modified version of the TN-24P. It 
utilizes a high quality monolithic forging for the cask body and a bqron'stainléss steel 
basket. Since the Cask body material meets the stringent USNRC requirements to 
preclude brittle fracture, the TN-24 could be licensable for transport 'with some 
modifications to the basket.

For those utilities which prefer a more economical storage container, Trans
nuclear has developed a series of advanced storage casks which depart from the 
TN-24 concept. These casks utilize a two layer cask body with an inner shell of very 
high quality ferritic steel to meet USNRC containment material criteria and an outer 
shell of a lower grade steel which has only a shielding function. This departure from 
a monolithic forging for the cask body produces a marked reduction in cost. In other 
respects the Transnuclear advanced storage casks resemble the; TN-24 family. 
Neutron shielding is provided by a resin compound surrounding the body. The resin 
compound is contained in aluminium containers enclosed within a smooth outer steel 
shell constructed of two half-cylinders. In addition to serving às a neutron shield con
tainer, the aluminium also provides a conduction path for heat transfer from the cask 
body to the outer shell. A disc of polyethylene is attached to the cask lid to provide 
neutron shielding during storage. Double metallic О-ring seals with interspace 
leakage monitoring are provided for the lid closure. To preclude air in-leakage, the 
cask cavity is pressurized above atmospheric pressure with helium. The interspace 
between the metallic seals is pressurized with helium to a higher level than the cavity 
so that any seal leakage would be into rather than of the cavity. An interspace pres
sure regulation and monitoring system is provided on the lid; For additional protec
tion, a torispherical weather cover with a viton О-ring is provided above the lid. 
There are two penetrations through the containment vessel, both in the lid: one for 
a drain opening and the other for venting. Double seal mechanical closure is 
provided for each penetration.

Another important change instituted by Transnuclear for its advanced storage 
casks was the design of a special basket which is based on technology previously 
developed for irradiated fuel pool storage racks. The fuel basket is an assembly of 
welded stainless steel boxes. Because of a proprietary fusion welding process, 
neutron poison sandwiched between aluminium plates can be structurally secured 
around each box for criticality control and heat removal. The basket design positions 
the fuel storage compartments for proper spacing of the fuel assemblies.
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FIG. 2. The TN-32 spent fu e l storage cask.



IAEA-SM-335/24 267

5. SPECIFIC CASES: THE TRANSNUCLEAR TN-40
AND TN-32 CASKS

The first of the Transnuclear advanced storage casks to be designed, licensed 
and built is the TN-40, which will be used at the Prairie Island station in Minnesota, 
USA. This cask holds 40 PWR assemblies of the older 14 X 14 fuel rod array. The 
TN-40 received site specific licensing approval from the USNRC in October 1993. 
The key parameters for the TN-40 are as follows:

— 3.85 wt% 235U maximum initial enrichment,
— 45 000 MW'd/t U maximum assembly average burnup,
— Ten year minimum cooling time,
— 113 t maximum loaded weight on crane hook.

Seven casks of a 17 cask order are currently in fabrication, with the first cask 
scheduled for completion before the end of 1994; this first cask will be loaded in the 
first quarter of 1995.

The more generic version of the Transnuclear advanced storage cask is the 
TN-32, which holds 32 PWR fuel assemblies of the newer 17 x 17 fuel rod array. 
A sketch of the TN-32 is shown in Fig. 2. A topical report for the TN-32 was sub
mitted to the USNRC in December 1993 and is now under active review. The key 
parameters for the TN-32 are as follows:

— 3.85 wt% 235U maximum initial enrichment,

— 40 000 MW'd/t U maximum assembly average burnup,
— Seven year minimum cooling time,
— 113 t maximum loaded weight on crane hook.

Fourteen TN-32 casks have been purchased by Virginia Power for use at its 
Surry station. Fabrication orders have been placed and the first of these casks should 
be delivered early in 1996.

Design of a BWR version of the Transnuclear advanced storage cask is com
plete and a licensing submission can be made in the near future.

6. CONCLUSIONS

The technology of fabricating casks using high quality forged steels is well 
developed. The Transnuclear Group has shown that various adaptations of this tech
nology can be used for either single purpose or dual purpose containers. There is 
now a well established licensing precedent in Europe, Japan and the USA for this 
technology. Forged steel casks have therefore secured an important role in helping 
utilities meet their needs for the safe and economic storage of irradiated fuel 
assemblies.
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Abstract

E V A L U A T IO N  O F  T H E  M A X IM U M  A L L O W A B L E  T E M P E R A T U R E  O F W W E R -1000 

SP E N T  F U E L  U N D ER  D R Y  ST O R A G E  C O N D IT IO N S.

In the paper importance is given to the problem  o f  fuel cladding integrity during dry 

storage in an inert gas as ä primary barrier between the environment and radioactive fission 

products. Post-irradiation thermal creep and iodine stress corrosion cracking o f  Z r - l% N b  

cladding were studied experim entally; the results are presented. A method is suggested to 

determine the duration o f  safe long term  storage o f spent W W E R -1 0 0 0  fuel that takes into 

account the pre-history o f fuel assembly irradiation and preliminary cooling in water pools. 

The safe storage criteria are assumed to be as follow s: (a) hoop creep strains are not to exceed 

the specified lim it; (b) elimination o f  a through penetration o f  a corrosion defect from the inner 

to the outer fuel cladding surface. Prelim inary assessm ent o f  the maximum allowable tempera
ture o f  W W E R -1 0 0 0  spent fuel dry storage in inert gases shows that the initial temperature 

o f  fuel must be within the range o f  3 7 5 -4 0 0 ° C .

1. INTRODUCTION

In the Russian Federation, Ukraine and Bulgaria there are currently 19 units 
with WWER-1000 reactors in operation. The construction of a radiochemical plant 
with a 1500 tonnes heavy metal per year (t HM/a) capacity was planned to fully 
reprocess WWER-1000 nuclear power plant spent fuel. However, construction has 
been halted and a 3000 t HM water cooling pool of the plant is being used for the 
interim storage of spent fuel assemblies.

The possibility of placing WWER-1000 type fuel in long term dry storage in 
an inert gas medium is under study. In any case, during the first stage, spent fuel 
will be stored in water filled storage facilities for three to five years. Experience 
gained in the storage of spent fuel assemblies in a gas environment is limited to 
demonstration experiments on WWER-1000 fuel stored for one year in dual purpose 
CASTOR and TK-13 storage/transportation casks. In both instances, the spent fuel 
assemblies were stored in a horizontal position and the fuel pins retained their

2 6 9
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integrity. In the experiment with the TK-13 cask, the fuel burnup was 27 GW-d/t 
and the time of storage in a cooling pool was about 800 days. The residual heat 
release of 12 fuel assemblies did not exceed 22 ±  2 kW; a cask carrier remained 
at a track near the nuclear power plant for 360 days.

Changes in the closed fuel cycle strategy have set new tasks for fuel designers 
to provide safe storage. In this paper, special attention is paid to the problem of 
WWER-1000 fuel cladding integrity under dry storage in an inert gas as a primary 
engineering barrier between the environment and radioactive fission products. The 
results of experimental investigations of Zr-l%Nb fuel cladding material creep, as 
well as stress corrosion cracking (SCC), are given. The maximum allowable temper
ature for spent nuclear fuel storage is evaluated by predicting both initial defect 
growth and accumulation of creep strain.

2. EXPERIMENTAL INVESTIGATIONS OF Zr-1 % Nb 
ALLOY STRENGTH

Creep deformation is the most common degradation mechanism for spent 
Zircaloy fuel cladding under inert gas storage conditions [1,2]. Many publications, 
for example Refs [3-5], are dedicated to investigations of post-pile thermal creep of 
PWR and BWR type fuel pins. The great attention paid to the study of the creep 
process is explained by the considerable differences in fuel element temperatures 
during dry and wet storage. Owing to poor gas thermal heat capacity, as compared 
with water, fuel element heatup takes place. Correspondingly, the gas internal 
pressure increases, causing the process of thermal creep. Thus, the limit for the safe 
long term storage period in a gas medium is determined ultimately by the fuel clad
ding temperature.

Creep tests of pre-irradiated samples were conducted in a specially designed 
rig sited in a ‘hot’ laboratory which consisted of the following major units:

— A heating furnace equipped with a system to control and maintain the 
temperature,

— A system promoting vacuum in the furnace interior,
— Ampoules containing samples,
— A system recording the time of likely leakage of a sample.

For testing, specially prepared irradiated samples 80 mm long, 9.1 mm in 
diameter and 0.65 mm thick were used, manufactured from standard Zr-1 %Nb clad
ding tubes. The samples were pressurized with inert gas (argon). To determine the 
creep strain of tubular samples, their outer diameters were measured before heating 
and after each stage of holding in the furnace. The temperature in the furnace was 
maintained automatically, the error being ±4°C.
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TABLE I. CHARACTERISTICS OF Zr-l%Nb TUBULAR SAMPLES 
IRRADIATED IN THE BOR-60 REACTOR

N o. o f 
samples

Gas pressure 

within sample 

(M Pa)

Sam ple diameter

Fluence 

( 1 0 22 cm “2)

Hoop

stresses

(M Pa)

Post-irradiation

(% )

Befo re
irradiation

A fter

irradiation

; 1 9 .0 9 .18/ 9.16 9.21/ 9.21 0 .9 6 125 0 .4 4

2 9 .0 9 .16/ 9 .20 9 .34/ 9.35 2 . 2 0 123 1 .74

3 9 .0 9 .17/ 9.20 9.49/ 9.49 3 .0 0 1 2 1 3 .3 2

4 7 .0 9 .20/ 9.16 9.23/ 9.22 0 .9 6 97 0 .4 9

5 7 .0 9 .17/ 9.19 9.28/ 9.28 2 . 2 0 96 1 .09

6 7 .0 9 .19/ 9.19 9 .39/ 9.38 3 .0 0 97 1.47

7 5 .0 9 .18/ 9.18 9 .20/ 9.20 0 .9 6 69 0 .4 4

8 5 .0 9 .16/ 9.17 9 .23/ 9.24 2 . 2 0 69 0 .7 6

9 5 .0 9 .17/ 9.18 9 .27/ 9.28 3 .0 0 69 1 . 1 2

1 0 5 .0 9 .18/ 9.18 9 .28/ 9.28 3 .0 0 69 1 .08

The samples were pre-irradiated in the BOR-60 research reactor over a 
temperature range of 330-350°C to different fluences. The major parameters of the 
samples chosen for post-irradiation creep testing are given in Table I.

The table gives the sample diameters in two intersecting directions. The hoop 
stresses were calculated at a test temperature of 400°C, taking account of the 
sample volume changes. The fluence is given for neutrons of energy >0.1 MeV. 
Post-irradiation thermal creep tests were conducted in a vacuum for 500 h.

The testing temperature was chosen on the basis of a preliminary assessment 
of the maximum allowable temperature for the dry storage of fuels in inert gases. 
In addition, at lower temperatures the creep strain rate is lowered owing to stress 
drop.

Figures 1-3 demonstrate the kinetics of creep strain evolution at different 
stress levels and fluences. Figure 1 shows the time dependence of creep strains at 
the hoop stresses of the samples equal to 120-125 MPa. Figures 2 and 3 fit the stress 
levels of 96-100 MPa and 69-70 MPa, respectively. Curves 1, 2 and 3 indicate 
different fluences. In all figures the dotted lines show the creep strain rates for 
unirradiated Zr-l%Nb samples at 400°C.
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Various papers [2-4] indicate that irradiation induced hardening can signifi
cantly reduce the thermal creep rate in irradiated Zircaloy-2 and Zircaloy-4. Similar 
results hold also for Zr-l %Nb alloy. In addition, the creep anisotropy is remarkably 
lower in irradiated claddings than in unirradiated ones.

Spent fuel claddings can have defects on the inner surfaces from manufacture 
or accumulated corrosion damage. Therefore, in this paper the SCC process is 
considered as the second possible mechanism for fuel cladding failure. Results of 
laboratory investigations on Zr-l%Nb cladding SCC in an iodine atmosphere and
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the model of crack penetration were reported elsewhere [6, 7]. As an example, 
Fig. 4 presents the long term strength curves of unirradiated specimens, cut out of 
fuel element tubes, at T = 350°C and different values of pressure under the clad
ding. The investigations were carried out on standard specimens and on specimens 
with both artificial defects at various depths on the inner surface and iodine under 
the cladding. The experiments indicate a considerable reduction in the time to loss 
of integrity caused by the SCC process for the initial deep defects.
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FIG. 3. Time dependence o f  post-irradiation creep strain fo r  Z r - l% N b  samples at stresses 

o f  69-70 MPa.

3. METHOD FOR EVALUATING THE MAXIMUM ALLOWABLE 
TEMPERATURE DURING DRY STORAGE

To evaluate the period of safe long term storage of WWER-1000 spent fuel in 
an inert gas medium, the integral calculation code START-2 was used. This code 
is used for the study of the serviceability of fuel pins for all types of domestic power 
reactors. In particular, it includes models for SCC and fuel cladding creep.

The method of evaluating the maximum allowable temperature was as follows:

— Specification of fuel element operation regimes in the core, as well as the time 
of cooling and the initial temperature of dry storage;
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FIG. 4. Strength o f  WWER-1000 fuel cladding (1: standard cladding; 2: standard cladding 

with iodine; 3; standard cladding with 60 цт purposely made defects and iodine; 4; standard 

cladding with 100 цт purposely made defects and iodine; T  =  350°C).

— Determination of residual fuel cladding stresses and strains by the end of the 
campaign and of the cooling period;

— Calculation of creep strains and growth of cracks in claddings under storage.

As the criteria of safe storage, the following were taken into account:

— The specified hoop strain limit,
— The initial defect penetration.

If one of the criteria was exceeded, the calculations were repeated for the lower ini
tial temperature of dry storage.

The fact that the obtained maximum allowable temperature depends on spent 
fuel histories, such as irradiation and cooling time prior to dry storage, can be 
regarded as an advantage of the method used. This makes it possible to perform the 
calculations required for particular spent fuel assemblies with the known operation 
schedule and time of holding in cooling pools. At the same time, the reduction in 
the dry storage temperature is taken into consideration in the model by the linear 
mode. The effect of residual у  radiation on the radiolysis of gaseous fission products
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and on the release of pure iodine necessary for the SCC process can also be treated 
as a calculation uncertainty. The deformation criterion of Zr-1 %Nb irradiated clad
ding strength also requires further study. The indicated uncertainties will be elimi
nated by the collection of experimental data and by adjusting the model of 
temperature behaviour to particular conditions of dry storage.

4. DISCUSSION

The model discussed in previous pages was used to predict the behaviour of 
WWER-1000 fuel with a maximum burnup of 50 GW-d/t under dry storage 
conditions. It was assumed that the spent fuel assemblies had been cooled for 
three years.

The value of allowable hoop creep deformation is taken at a level of 2%. The 
limit has been determined on the basis of the experience of fuel assembly operation 
and investigation of spent fuel cladding mechanical properties. A similar parameter 
for Zircaloy-2 and Zircaloy-4 is taken at a level of 1%. Nevertheless, it has been 
pointed out [3-5] that irradiated fuel pins in Zircaloy cladding can withstand 
considerably larger strains without failure.

Figure 5 illustrates the algorithm of allowable temperature determination using 
the criterion of ultimate creep strain. The calculations were carried out for a pressure 
of 3 MPa under the fuel cladding (at a temperature of 20°C) and for a drop in the 
initial storage temperature by 100°C. Curve 1 presents strains at an initial storage 
temperature of 440°C. Creep strains increase rapidly with time, reaching a saturated 
value after five years. The reduction in initial temperature by 30°С leads to a less 
than 2% level of creep strain (curve 3). Comparing the saturated creep strains with 
the strain criterion of 2%, the maximum allowable temperature is found to be 421 °C 
in the case of this calculation (curve 2).

Figure 6 shows the effect of internal pressure on the initial storage tempera
ture. Curves 1 and 2 correspond to the initial temperature drops of 100°C and 50°C, 
respectively. It should be noted that the design pressure in WWER-1000 spent fuel 
pins does not exceed 5 MPa (at T = 20°C). Therefore, T = 375°C can be taken 
as the allowable value for fuel pins with an internal pressure of 5 MPa even taking 
into account the assumption that the temperature during storage is slightly reduced.

The internal pressure is shown in Fig. 7 to also have an effect on the ultimate 
value of the crack depth at the internal cladding surface (curve 2). Curve 1, as in 
the previous figure, presents the maximum allowable temperature. It follows from 
Fig. 7 that the allowable value of the defect depth, for example, for the initial 
T = 375°C, exceeds 100 /*m. Defects at a similar depth were not observed during 
the inspection of WWER-1000 spent fuel elements. Moreover, the SCC process 
requires a specific concentration of free iodine, which is in a compound state during 
storage. The calculation was carried out with a conservative assumption that the 
concentration of iodine under the fuel cladding was sufficient.
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FIG. 5. Effect o f  initial temperature on the accumulation o f  creep strain (1: T  =  440° С; 

2: T  =  421 °C; 3: T  =  410°C).

FIG. 6 . Maximum allowable temperature o f  WWER-1000 spent fuel as a function o f  internal 

rod pressure (1: drop in temperature during storage at 100°C; 2: drop in temperature 

during storage at 50 °C).
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FIG. 7. Maximum allowable temperature (1) and crack depth (2) as functions o f  internal rod 

pressure.

5. CONCLUSIONS

This paper describes the first results of studies into the post-irradiation creep 
of Zr-1 %Nb alloy used as a cladding material for WWER-1000 fuel rods. The ther
mal creep of Zr-l%Nb alloy is shown to be essentially fully suppressed by in-pile 
irradiation. The averaged rate of thermal creep at 400°C is maximum for samples 
irradiated to a fluence of (2.2-3.0) x 1022 cm'2 and is equal to (1.1-1.2) x 10'3 % 
per hour at stresses of the order of 120 MPa. At stresses of 70-125 MPa, fluences 
of 0.96 x 1022 cm'2 and in-pile creep strains of <0.5% the post-pile irradiation of 
samples is reduced by a factor of 3 to 10.

For evaluation of the allowable temperature for dry storage, a method has been 
proposed that focuses on the processes of thermal creep and corrosion cracking of 
fuel cladding material. The criteria of a 2% limit for creep strains and penetration 
of corrosion defects have been used. The method permits taking into account the his
tory of fuel assembly irradiation and preliminary cooling. At the internal pressures 
characteristic of WWER-1000 spent fuel pins, the maximum allowable temperature 
for storage is 375-400°C.
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Abstract

T H E  F IR S T  M U L T IP U R P O S E  SP E N T  F U E L  C O N TA IN ER  R E V IE W E D  B Y  T H E  

U N IT E D  S T A T E S  N U C L E A R  R E G U L A T O R Y  C O M M ISSIO N .

The N uclear Assurance Corporation (N AC) has designed and tested a multipurpose 

container (M PC ) for spent fuel known as the N A C -STC  cask. The design and test results are 

described in an extensive and detailed Safety Analysis Report submitted as part o f  the applica

tion for a United States N uclear Regulatory Comm ission (U SN R C ) transport C ertificate o f  
Com pliance in accordance with 10 C F R  7 1 , and an equally extensive Topical Safety Analysis 

Report for the companion U SN R C  storage licence under 10 C F R  7 2 . This multiple safety 
document preparation requirement o f  the U SN RC  to obtain multipurpose-use licences has 

presented some unique challenges in the approval process for this first o f  a kind M PC .

The Nuclear Assurance Corporation (NAC) has accumulated a significant 
amount of design, licensing and fabrication experience with multiwalled stainless 
steel and lead spent fuel container technology, as described in this paper. Figure 1 
shows one of the storage-only models of the NAC steel-lead-steel container. The 
NAC-STC cask represents the leading edge of the use of this technology and, for 
the first time, applies it to a single package receiving multiple approvals of the United 
States Nuclear Regulatory Commission (USNRC). The NAC-STC cask, as shown 
in sketch form in Figs 2 and 3, has been shown to have achieved:

— The highest capacity of spent fuel in a single transportable package;
— Criticality control, without accounting for fuel reactivity loss due to burhup 

(i.e. no burnup credit) even during or subsequent to hypothetical transport 
accidents;

281
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FIG. 1. The NAC-S/T spent fuel storage cask at the Virginia Power Company’s Surry nuclear 

power plant.

' ^Outerlid
FIG. 2. The NAC-STC dual purpose cask idimensions in parentheses are given in mm).
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5.25 in 
Г (Lid)

99.0 in across corners

FIG. 3. Major dimensions of the NAC-STC cask (note: 1 inch = 25.4 mm).
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— Sufficient heat transfer capability to keep fuel cladding temperatures within 
USNRC long term storage limits and the structural properties of key package 
materials within known performance conditions.

The design basis spent fuel that can be accommodated in the NAC-STC cask 
is high performance fuel of the PWR type. The fuel parameters can be as high as 
4.2% 235U initial enrichment, a residual heat content as high as 45 000 MW-d/t U, 
and a decay time as short as 6.5 years. A total of 26 PWR assemblies can be 
accommodated for each of the fuel types shown in Table I. As shown, different fuel 
types were the envelope for different conditions. This wide array of fuel types was 
considered to ensure that the NAC-STC cask would be of m axim u m  value to the 
waste programme in the USA. Meeting all of these diverse and, to some degree, 
conflicting licensing requirements has resulted in some unique analyses and a 
creative use of proven (that is, USNRC accepted) materials. In addition, the weight 
of the fully loaded package and its accessories has been maintained at less than 
114 t for all handling conditions.

TABLE I. FUEL TYPE ENVELOPE FOR THE NAC-STC DESIGN BASIS

M anufacturer Type included Comments

W estinghouse 14 x  14 Inside envelope

15 x  15 C riticality source term

17 X 17 Fuel source term (shielding)

Combustion Engineering 14 X 14 Inside envelope

15 x  15 Inside envelope

17 x  17 Inside envelope

B abcock &  W ilcox 15 x  15 Inside envelope

17 x  17 Inside envelope

Total heat load 2 2 .1  kW

4 0  0 0 0  M W -d/t U and 6 .5  year cooling time 
or

4 5  0 0 0  M W -d/t U  and 10 year cooling time 

The N A C -ST C  is able to handle about 75 % o f  all P W R  fuels (length limit)
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FIG. 4. Operational schematic o f  the NAC-STC cask.

The NAC-STC cask is qualified for use in two scenarios. One is for the storage 
of spent fuel at a USNRC licensed reactor site for an extended number of years, 
followed by transport to any other USNRC licensed site, where it may again be 
stored for an extended period of time. In the second scenario, the loaded NAC-STC 
cask may be shipped immediately, simply as a licensed transport cask, and used 
many times in numerous transport campaigns over its lifetime. Obviously, there are
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also any number of scenarios that combine these two scenarios, expanding the 
versatility of the NAC-STC cask. This versatility also results from unique 
operational features that meet all USNRC requirements for storage and transport. 
Principally, this relates to the ability to accommodate extended storage, followed 
by transport, without the need to unload the spent fuel or otherwise handle it. 
Demonstration of containment integrity is, of course, the key in this regard. The 
design features and operational requirements that allow such use of the NAC-STC 
cask are as shown in Fig. 4. The containment is defined as the inner cask body shell 
and associated end forgings; the inner lid with its double metallic О-rings; and the 
various ports with their cover plates, each with their test ports and their associated 
double metallic О-rings. In addition, there is a testable interlid region between the 
two lids that represents a cover volume over the potential leakage paths of the con
tainment. Subsequent to extended storage, and prior to transport, the containment 
integrity can be reverified, as can be done after transport if the cask is to be stored 
again rather than unloaded (such as, for example, at a monitored retrievable storage 
facility). Each set of metallic О-rings forms an interseal volume that can be leak 
checked to demonstrate О-ring integrity. The interlid region is initially filled with 
helium at the start of any planned storage. This region is at 1 atm pressure above 
the cask internal cavity pressure, which was also filled with helium at the onset of 
storage. Periodic checking of the transducer attached to this interlid region demon
strates continued leaktight integrity of this region and, indirectly, the cask cavity 
integrity owing to the interlid overpressure. At the end of the storage period, and 
prior to transport, the interlid volume is sampled to detect the absence of any radio
active materials. With this accomplished, the outer lid is removed and the cask con
tainment reverified by reinserting clean helium into the inner lid interseal volume and 
checking its leakage. Each port cover’s interseal volume is also refilled and leak 
checked; finally, the interlid volume is refilled and leak checked. In this way, 
containment integrity is re-established prior to transport.

The validation test programme, conducted to meet the USNRC hypothetical 
transport accident requirements, was quite extensive and is summarized in tabular 
form in Table II (data taken from the Safety Analysis Report (SAR)). A series of 
13 one-quarter scale model drop tests was conducted using different impact limiter 
designs and different pins to demonstrate energy absorption and puncture resistance. 
An analytical computer model was developed from model impact limiter tests and 
limiter materials crush tests. This model, called RBCUBED, was used to predict 
cask deceleration and loads prior to conducting the drop tests. As can be seen, the 
predictions and test results are in good agreement. In addition, tests showed that the 
design basis decelerations were not exceeded. One particular drop test subjected the 
NAC-STC model to acceleration loads five times the design loads, demonstrating the 
conservatism in the package design.

The analytical tools developed for the design of the NAC-STC cask are exten
sive and extend the state of the technology in some cases. For example, the thermal
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TABLE II. COMPARISON OF FULL SCALE DECELERATION VALUES FOR 
30 ft DROP IMPACTS

Drop

orientation

30  ft drop deceleration3 (g)

R B C U B E D b 

(cold)

R B C U B E D b 

(hot)

Q uasi-static0

test

D ropd

test
D esign '

End (0 ° ) 4 4 .6 56 .1 5 4 .8 5 5 .6 5 6 .1

C om er (2 4 °) 4 4 .0 4 9 .3 3 2 .6 2 9 .2 5 5 .0

Oblique (7 5 °) 2 9 .9 2 4 .0 5 3 .8 5 5 .0

Side (9 0 °) 5 1 .7 5 1 .3 4 5  6 5 1 .3 5 5 .0

a 1 foot =  0 .3 0 4 8  m.
b Impact g-loads calculated by R B C U B E D  (N A C ’s proprietary Im pact L im iter Analysis 

Program ).

c Extrapolated from  one-eighth scale model impact lim iter quasi-static com pression tests.

Details are provided in Section 2 .1 0 .6 .4  o f  the SA R . 

d Extrapolated from  one-quarter scale model 30  ft drop test results. Details are provided 

in Section 2 .1 0 .6 .5  o f  the Safety Analysis Report. 
e Design g-load values used in the cask and fuel basket analyses.

model used for fuel and package material temperature prediction contains some 
49 000 degrees of freedom, including multiple gap conductivities and radiation heat 
transfer modelling. The structural analyses used ANSYS finite element modelling 
with similarly detailed nodes considered. In the nuclear criticality analysis, the 
package must remain subcritical under a range of moderator densities and package 
spacings. Maintenance of the basket/fuel assembly configuration and neutron 
absorber loading are crucial to criticality safety in the USNRC’s view. The analysis 
effort required approximately 50 KENO-Va Monte Carlo runs. Each run simulates 
neutron multiplication by tracking 500 neutrons per generation for 100 generations. 
Thus, approximately 2.5 million neutrons were tracked through the criticality model. 
In the shielding analysis, both finite difference transport theory (XSDRNPM) and 
Monte Carlo (MORSE) were used. In the Monte Carlo analysis, approximately 
12 million neutrons and gammas were tracked through the shielding model.

The USNRC review of the overall package design has been quite extensive. 
A total of 600 questions were asked — 60% in the structural or thermal area and 
30% in the nuclear area, i.e. criticality or shielding; the remainder were operational
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FIG. 5. Part o f  the design drawing o f  the fuel basket assembly fo r  the NAC-STC cask 

(dimensions are given in inches (1 inch =  25.4 mm)).



IAEA-SM-335/26 289

FIG. 6 . Schematic drawing o f  the tubes o f  the fuel basket assembly fo r  the NAC-STC cask 
(scale: 1 /2 ).



290 STUART and VARLEY

_________ z__________ I____

Detail B-B

8 I 7 I 6 I
FIG. 7. Schematic drawing showing the fully enclosed, sealed stainless steel sheathing which 

encases the BORAL to ensure long term integrity o f  the NAC-STC cask (scale: 1/1; dimensions 

in inches).
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FIG . 8 . Schematic drawing o f  the copper and steel cooling fins embedded in the neutron shield 

o f  the NAC-STC cask (full scale; dimensions in inches).

or manufacturing related. These questions, of course, came from the USNRC trans
port group review and from the Lawrence Livermore National Laboratory acting as 
a consultant to the USNRC storage group. The most difficult part of the technical 
review centred around the design details of the basket. Basically, the cask body 
received an early review and acceptance, i.e. the stainless steel multiwall and lead 
part of the package. This is the more traditional, proven technology and so was the 
subject of minimum new issues. The basket, however, received intense scrutiny and 
resulted in several significant modifications prior to acceptance by the USNRC. The 
resulting design, shown in Fig. 5, may be described as a tube and disc concept, 
where the discs are either stainless steel or aluminium, with a total of 51 discs 
(31 steel and 20 aluminium). The steel discs (item 3 in the figure) are ASME Code
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approved material 17-4 PH stainless steel and are the key structural members that 
support the fuel in any hypothetical accident scenario applying code stress rules. The 
aluminium discs (item 4 in the figure) are used purely for their superior heat transfer 
properties and light weight, performing no structural function. These aluminium 
members are actually referred to as fins to distinguish them from the steel structural 
members. The exact spacing of the steel discs was the subject of some discussion 
with the USNRC. The concern here was related to the use of tubes containing 
BORAL (which is not a Code material) and the desire to be certain that the fuel load 
distribution was uniformly transmitted to the cask body under hypothetical accident 
conditions. Additionally, there was a need to consider the wide variety of possible 
fuel contents in the cask, each with their unique grid spacing, and the possibility of 
off-centre alignment of the fuel grids and the discs. Thus, the spacing of the steel 
support discs was the key dimension to be selected. The dimension ultimately was 
selected as approximately one-half the cross-sectional width of the tube, which is 
8.78 in2 (1 in = 25.4 mm). This requirement of a 4.3 in spacing ensured that struc
tural loads during accident scenarios, as a result of assumed fuel impact on the tubes, 
would be uniformly transmitted to the cask body.

The tubes of the basket use poisoned materials to meet the fresh fuel criticality 
requirement (i.e. no burnup credit). As Fig. 6 shows, the tubes are not attached to 
the discs or fins, but are free to expand independently of the discs or fins. Neverthe
less, assurance that the discs would be aligned within the specified tolerance was a 
concern that was addressed through the various spacer nuts (item 7 in Fig. 6) on each 
of the six tie rods that extend the full length of the basket. The poison material in 
the tube is BORAL with enriched 10B, which is not a Code material, yet integrity 
of the criticality control feature is required in accident scenarios. Thus, as shown in 
Fig. 7, and to demonstrate long term integrity as required by the USNRC, a fully 
enclosed, sealed sheathing of stainless steel (items 1 and 3 in Fig. 7) encases the 
BORAL. The resulting basket design is structurally sound and criticality safe (even 
assuming a BORAL effectiveness factor of only 75%). In addition, the basket is an 
efficient heat transfer device and meets all of the USNRC’s requirements. The com
plexity of the engineering design and the analytical evaluations of the design are evi
dent in the extensive analyses provided in the SAR and the Topical Safety Analysis 
Report (TSAR). These are some of the most extensive licensing documents ever 
prepared for a spent fuel package to demonstrate compliance with 10 CFR 71 and 
10 CFR 72 requirements.

A final design detail that received attention in the USNRC transport review was 
the copper and steel cooling fins embedded in the neutron shield (item 17 in Fig. 8); 
The USNRC felt strongly that the welds attaching the fins to the cask outer shell 
(item 7 in the figure) and to the neutron shield exterior skin (item 19 in the figure) 
were keys to the continuous dissipation of heat and, thus, important for safety. In 
addition, loads on the fin weld imposed by thermal expansion of the neutron shield 
material between the fins and loads during hypothetical accidents were evaluated to
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FIG. 9. The various steps involved in cask design analysis (CFR: Code o f  Federal Regulations 

(USA); TSAR: Topical Safety Analysis Report).

ensure attachment integrity. Combined with this, the USNRC required an extensive 
periodic in-service inspection programme designed to demonstrate continued effec
tive heat transfer by sampling the temperature along the exterior surface of the cask.

As mentioned at the outset, the licence application involved the preparation of 
two documents for the parallel storage and transport reviews by the USNRC and its 
consultants. The storage application was submitted first and thus the review got 
under way first. Along the way, as design modifications were incorporated to satisfy 
one set of USNRC requirements, both applications were required to be updated to 
be consistent, with an explanation for the changes in each case and a discussion of 
the effect on already completed reviews. In the middle of 1992, the storage review 
was tentatively approved, but the transport review was not yet complete. At the same 
time, the previously described basket disc and tube features were not fully included 
in the design of the two licence applications. Additionally, as Fig. 9 shows, the 
design and licensing process is an iterative process and is strongly interactive. Thus,
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while basket features were being finalized to meet transport requirements, all of the 
changes were iteratively shown to maintain or enhance design margins in each of the 
areas shown in Fig. 9. The storage review was thus ‘put on hold’ by the USNRC 
until those transport details were settled. The intent was to ‘catch up’ with the storage 
application when this finalization occurred. At this time, the transport design features 
are complete and the last set of operational questions has been answered through 
revised pages in the transport application. The USNRC has stated that it expects a 
positive conclusion regarding the review, which should occur in 1994. The storage 
application has also been updated to be consistent, and thus its conclusion and 
approval should follow shortly thereafter. When this occurs, the USNRC will con
clude the acceptability of this first of a kind multipurpose container (MPC) package 
for multifunction storage and transport.

The Chairman of the USNRC, I. Selin, in his talk on 18 July 1994 to the Insti
tute of Nuclear Materials Management, covered timely topics and trends in spent fuel 
storage. Some of the key points he made were:

( 1 ) “ ... an increasing number of plants ... will have to provide for additional spent
fuel storage on site for a longer period than originally planned

(2) “ ... the NRC increasingly views dry storage as the preferred method of 
interim storage of mature spent fuel for plants in permanent shutdown, as well 
as for supplementary storage in many operating plants.”

(3) “In the very near future, we (NRC) expect to certify the nation’s first 
dual-purpose cask that is designed for both storage and transportation, a design 
developed by Nuclear Assurance Corporation.”

The NAC MPC started with a technology that had previously received both a 
site specific and a general licence under 10 CFR 72. The review to obtain a 
multipurpose licence has resulted in several changes in the technology and has taken 
several years to complete. This experience may be the trendsetter for any upcoming 
systems seeking USNRC approval for multiple licences.
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Abstract

D E V E L O P M E N T  O F  A D V A N C ED  SP E N T  F U E L  ST O R A G E  T E C H N O L O G Y  A T 

R E A C T O R .
It is anticipated in Japan that spent fuel from most o f  the reactors at nuclear power plants 

w ill, in the near future, be o f  the high burnup variety. Furtherm ore, it is anticipated that mixed 

oxide (M O X ) spent fuel will arise, since the development o f  com m ercial fast breeder reactors 

will be delayed, and the utilization o f  M O X  fuel in L W R s will be promoted. Thus, the Central 

R esearch Institute o f  E lectric  Pow er Industry has been conducting a research programme since 

1992 entitled ‘Developm ent o f  Advanced Spent Fuel Storage Technology At R eactor’ . The 
paper presents an overview and the status o f  this program me, which will end in 1996.

1. INTRODUCTION

From the perspective of the balance between the total amount of spent fuel and 
the reprocessing capacity in Japan, interim storage will be an important spent fuel 
management option, depending on the progress of the reprocessing plan. For this 
reason, it is important to develop several dry storage methods, including cask 
storage, in order to maintain the diversity pf the option.

Under a five year plan that started in 1987, the Central Research Institute of 
Electric Power Industry (CRIEPI) conducted tests to verify the integrity of storage 
casks and spent fuel under both normal and accident conditions for storing spent fuel 
in casks at reactor [1].

It is anticipated that the spent fuel from most of the reactors at nuclear power 
plants will, in the near future, be of the high burnup variety. It is also expected that

295
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mixed oxide (МОХ) spent fuel will arise, since the development of commercial fast 
breeder reactors (FBRs) will be delayed, leading to the promotion of MOX fuel use 
in LWRs. The levels of radiation and heat of these fuels are greater compared with 
those of current fuel. Thus, it is hoped that the current storage method will be 
improved for the establishment of safe and economical storage.

Since 1992, CRIEPI has been promoting a research programme entitled 
‘Development of Advanced Spent Fuel Storage Technology At Reactor’. The 
programme is scheduled to end in 1996.

2. OVERVIEW

2.1. Main features of the programme

The main objectives of the programme are to develop a storage technology for 
high burnup (HB) and MOX spent fuels, and to obtain experimental data which 
complement the results of verification tests on the cask storage method. This 
programme is composed of four large items or subject areas: ‘Study of Spent Fuel 
Storage Methods’, ‘Radiation Source Evaluation of HB and MOX Spent Fuel’, 
‘Tests and Investigations (Elemental Technologies, Verification Tests using a Full 
Scale Model)’ and ‘Total Investigation’. The fundamental concept of this programme 
is shown in Fig. 1 [1-4]. In the figure the results obtained from ‘Tests and Investi
gations of Elemental Technologies’ are applicable to other types of storage systems, 
such as concrete vaults and horizontal silos.

TABLE I. FUEL SPECIFICATIONS

Fuel type Item Initial enrichm ent
Burnup (G W  -d/t)

C ooling period 
(Y ears)M ean M ax.

High

burnup
fuel

PW R 4 .7  wt% U -235 4 9 .0 5 5 .0 5

B W R 4 .3  wt% U -235 4 9 .0 5 5 .0 5

M O X  fuel

PW R 0 .2  wt% U -235 

5 .8  wt% Pufa ’

4 3 .0 4 8 .0 1 0

B W R 0 .8  wt% U -235 
3 .4  wt% Pufa

4 0 .0 5 0 .0 1 0

a Puf: fissile plutonium.
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TABLE II. MAIN FEATURES OF THE CONCEPTUAL DESIGNS FOR SPENT 
FUEL STORAGE METHODS (Table continued on facing page)

Item Metal cask Concrete cask Pool

Fuel subassemblies 

P W R  type high burnup 

M O X

B W R  type high bumup 

M O X

17 (assem./cask) 

7 (assem./cask) 

52 (assem./cask) 

24 (assem./cask)

18 (assem./cask) 

12 (assem./cask) 

52 (assem./cask) 

44 (assem./cask)

A R  (500 t) A F R  (10001 x 3)

2700 (assem./pool) 5400 (assem./pool) 

2700 (assem./pool) 5400 (assem./pool)

Total heat generation 

P W R  type high burnup 

M O X  

B W R  type high bumup 

M O X

19.8 (kW/cask)

12.8 (kW/cask) 

20.5 (kW/cask) 

11.1 (kW/cask)

21.6 (kW/cask)

32.4 (kW/cask)

20.5 (kW/cask) 

26.0 (kW/cask)

Confinement boundary 

(sealing)

Double lids and 

metal gasket

Double lids and 

sealing gasket
Water and building

Storage atmosphere Helium gas Helium gas Water

Radiation barrier
Cask body 

(+building)

Concrete

structure
Water pool, building

Heat removal

Natural 

convection air 

cooling around 

cask body

Natural 

convection air 

cooling around 

basket

Forced convection 

water cooling

Abbreviations: AR: at-reactor; AFR: away-from-reactor; assem.: assemblies.

2.2. Time schedule

The programme started in 1992 and runs through to 1996. In the last year, 
overall investigations and evaluations will be carried out on the basis of the results 
of tests and investigations of elemental technologies and verification tests using a full 
scale model. Some advanced technologies will be proposed to ensure that the storage 
system has a long life, and to establish an economical storage system for HB and 
MOX spent fuel.
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TABLE I I  (cont.)

Vault I Vault II Horizontal silo

1 (assem./unit)'

3 (assem./unit)'! 100 units 

3 (assem./unit)j x  2/pit 24 (assem./unit)

1 (assem./unit)
- 83 units/pit

2 0  (assem./unit)

4 (assem./unit) 6  (assem./unit)') 130 units 52 (assem./unit)

4 (assem./unit) 6  (assem./unit) j  x  2 /pit 40 (assem./unit)

101.3 (kW/pit) 841.8 (kW/pit) 28.3 (kW/unit)

151.5 (kW/pit) 1095.0 (kW/pit) 36.5 (kW/unit)

172.3 (kW/pit) 622.8 (kW/pit) 20.5 (kW/unit)

209.2 (kW/pit) 756.0 (kW/pit) 18.5 (kW/unit)

Welded canister and Double lids and

thimble with rubber O-ring
Welded canister and thimble

seal welding

Helium gas Helium gas Helium gas

Building Building Concrete structure

Natural convection Natural convection Natural convection
air cooling around air cooling around air cooling around
thimble tube thimble tube canister

3. AREAS COVERED IN THE MAIN PROGRAMME ITEMS 
AND THEIR STATUS

3.1. Study of spent fuel storage methods

Conceptual design studies of spent fuel storage methods, such as storage in a 
water pool, metal cask, concrete cask, vault and horizontal silo, were carried out for 
HB and MOX spent fuel on the basis of the fuel specifications given in Table I. The 
main features of the conceptual designs are shown in Table П. The results of a safety
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Fuel type
Current fuel 

4 .1  wt% U -235 fuel 

(48  GW -d/t)

High burnup fuel 

4 .7  wt% U -235 fuel 
(55 GW -d/t)

M O X  fuel 

(48  GW -d/t)

Cooling
period

(Y ears)

Activity 6 .8 1 7  x  10 5 7 .9 9 6  x  10 5 (1 .1 7 )b 1 .454  x  10 6 ( 2 .13)b 5

(Ci/t)a 4 .7 5 0  x  10 5 7 .9 9 6  x  10 5 (1 .1 9 )b 1 .064  x  10 6  (2 .2 4 )b 1 0

Heat 2 .1 5 8  x  10 3 2 .6 8 7  x  10 3 (1 .2 5 )b 5 .0 9 1  x  1 0 3 (2 .3 6 )b 5

generation

(W/t)

1 .375  x  10 3 1 .732  x  10 3 (1 .2 6 )b 4 .1 1 0  x  1 0 3 (2 .9 9 )b 1 0

a 1 curie (C i) =  3 .7 0  x  1 0 10 B q . 

b Values in parentheses represent the ratio to current fuel.

analysis indicated that all designs have the capability to store the above mentioned 
spent fuels safely. However, the storage density for MOX fuel is very low. The next 
step is thus to introduce new technologies, such as burnup credit and use of a high 
performance basket to increase the storage density. In addition, the technical subjects 
requiring further study (e.g. the in-service inspection of spent fuel) in order to obtain 
a licence in Japan were summarized.

3.2. Radiation source evaluation of HB and MOX spent fuel

The objective of this study is to clarify the technical problems regarding the 
storage of HB and MOX spent fuel in the current metal cask. The radiation source 
and heat generation of HB and MOX spent fuel, on the basis of the fuel specifications 
shown in Table I, were evaluated using the ORIGEN-II code. One of the results is 
shown in Table П1. The radioactivity of HB and MOX spent fuel after ten years of 
cooling was, respectively, about 1.2 times and 2.2 times higher than that of the 
current spent fuel. For the heat generation rate, these values were about 1.3 and 3.0, 
respectively.

3.3. Study on burnup credit and the spent fuel
characterization experiment

Because the initial enrichment of 235U of HB spent fuel is higher than that 
of the current fuel (e.g. 3-5%), a decrease in the storage density is unavoidable if 
subcritical design is performed on the new fuel’s enrichment. The objective of this
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Ion-etched

FIG. 2. Optical observation o f  M O X  fuel pellets (ion-etched; magnification: 200 x. ).

study was therefore to investigate a method which permits the introduction of a 
subcritical design based on the uranium enrichment of spent fuel, the so-called 
burnup credit. Experimental measurement of the radiation source strength of MOX 
fuel was also carried out.

The HB and MOX spent fuel used for the test was prepared and the MOX fuel 
pellets were observed optically, as shown in Fig. 2. A plutonium spot was observed 
where the radiation and heat generation are stronger; this is a characteristic of MOX 
spent fuel.

3.4. Development of a high performance basket

The storage density of HB and MOX spent fuel is lower if only current 
technology is used because of the high neutron radiation and heat generation. The 
objective of this study was thus to investigate the suitability of the following basket 
materials: (a) stainless steel, (b) aluminium alloy, and (c) composite material 
(B-SUS/Cu/B-SUS, three layered clad material; see Fig. 3), which contain highly 
concentrated natural boron or enriched 10B, to verify the heat transfer performance 
of a basket constructed from such materials, and to obtain data for the standardization 
of these materials.
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Conceptual drawing of three layered 
clad material (B-SUS/Cu/B-SUS)

3. Example o f  a high performance basket design (for M O X  fuel).
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FIG. 4. Sealing structure o f  the lid fo r  a metal cask.

The temperature dependence of the tensile properties, the Young’s modulus 
and the Poisson ratio of highly borated stainless steel were obtained through material 
tests to see if the steel could be used as structural material for the spent fuel basket. 
The heat transfer test equipment of the high performance basket using the clad 
material (B-SUS/Cu/B-SUS), shown in Fig. 3, was designed and fabricated.

3.5. Corrosion test for cask sealing

In Japan, the sealing structure of the lid of the metal cask shown in Fig. 4 can 
be exposed to a corrosive environment because the storage sites are located near the 
sea and dew can form on the surface of the cask if the storage period is long enough 
for the surface temperature of the cask to be lower than the dew point. Thus, this 
study sought to evaluate the influence of corrosion on sealing performance by means 
of corrosion tests of cask sealing, and also to investigate the performance of the 
sealing structure, such as the corrosion resistant lid.
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A preliminary corrosion test was carried out, with the most severe test condi
tion being obtained in a sea wind environment. The tests that followed were started 
on lid models.

3.6. Development of a concrete cask storage system

Since the radioactivity of HB and MOX spent fuel is higher than that of current 
spent fuel, it is important to reinforce the neutron shielding function in currently used 
cask storage technology. Thus, the objective of this study was to conduct research 
and investigate a concrete cask which is considered to have good performance for 
neutron shielding and which is economical as compared with a metal cask. Tests and 
investigations will also be carried out to assess the practical use of the concrete cask.

The following technical issues were identified in a feasibility study of the 
concrete material:

(a) Long term behaviour of the material (degradation over a long period of time),
(b) Increase in the cask heat transfer performance,
(c) Obtaining dynamic strength data at high temperature,
(d) Increase in shielding performance.

In order to evaluate items (b) and (c), tests and investigations were carried out. The 
dynamic strength test equipment was designed to obtain the properties of concrete 
at high temperature, and the heat transfer test equipment was designed to investigate 
the heat removal capability of the concrete cask with a heat pipe system.

3.7. Other studies

Other studies were carried out to complement the results of verification tests 
of the cask storage method.

3.7.1. Temperature analysis and tests o f  BWR fu el cladding 
with a channel box

The objectives of this study were to propose and verify the rational heat 
transfer analysis procedure for the cask basket and BWR spent fuel with a channel 
box. The heat transfer test facility was fabricated.

3.7.2. Evaluation o f  cladding temperature considering bumup distribution 
along the fu el rod

The objective of this study was to investigate the evaluation method of heat 
transfer considering the burnup distribution of fuel in order to improve the heat 
transfer evaluation method. After the characteristics of the burnup distribution of
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currently used spent fuel were studied, a heat transfer analysis was carried out and 
the influence on the cladding temperature distribution was evaluated.

3.7.3. Long term containment test o f  the cask lid structure

The objective of this study was to verify the reliability of the long term seala- 
bility of metal gaskets used in metal casks. The verification tests were carried out 
using two types of a full scale model. It was verified that the sealability was main
tained for three years. In addition to this test, temperature cyclic tests of temperature 
were carried out to evaluate the influence of temperature change during different 
seasons, using small scale models of cask lids.

3 .7.4. Round robin test fo r  defect detection o f  ductile cast iron casks

In order to evaluate the critical size of detectable natural flaws in ductile cast 
iron for the storage casks of spent fuel, a round robin test, using ultrasonic testing, 
was conducted with reference to the reactor pressure vessel [5].

3.7.5. Advanced test o f  the evaluation method fo r  ductile fractures 
o f  metal casks

This study was conducted to propose more rational evaluation methods for 
ductile fractures of metal cask materials (both for ductile cast iron and forged steel) 
based on non-linear fracture mechanics.

4. CONCLUSIONS

A research programme to develop a storage technology for HB and MOX spent 
fuel was initiated by CRIEPI in 1992. A radiation source evaluation of HB and MOX 
spent fuel was carried out. It is concluded that the radioactivity and heat generation 
are higher than those of current spent fuel by a factor of 2 or 3, thereby decreasing 
the storage density.

Several tests and investigations were carried out to develop a storage techno
logy to improve heat transfer, shielding and subcriticality, and evolve highly precise 
analytical codes.
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Abstract

D R Y  SP E N T  F U E L  ST O R A G E  IN G E R M A N Y : ST A T U S IN 1994 A N D  P R O S P E C T S .

Currently, 2 9 8  C A S T O R  casks with Thorium  High Tem perature R eactor (T H T R ) fuel 

are stored at the Ahaus site. T he first L W R  fuel transport to the G orleben site, which was 

expected for autumn 1994, is still waiting at the nuclear power plant site, though it is properly 

loaded and ready for storage. T his is due to the State’s opposition, which has not yet been 

lifted despite a Federal Governm ent ordinance and an upper court ruling. This transport is thus 

expected to take place in 1995, paralleled or closely followed by the first return o f  high active 

wastes from  L a Hague, France. T he Germ an back end policy for spent fuel storage is to use 

the final disposal route as an alternative to reprocessing, as a result o f  a new law passed in 
the summer o f  1994. Another step in this direction is the newly issued second partial licence 

for the pilot conditioning facility (fuel encapsulation) at the G orleben site. The paper gives 

the background, the actual situation and future prospects for dry storage based on cask 

technology.

1. STATUS AS OF JULY 1994

The German back end policy for spent nuclear fuel is based primarily on 
reprocessing. Direct disposal is an acceptable alternative only when reprocessing is 
not available or is economically not feasible. However, a law has been passed by 
the German Parliament which lifts the conditions applied to the final disposal route, 
though its validity is pending until the President has signed the bill.

For Thorium High Temperature Reactor (THTR) fuel there was no reprocess
ing available and therefore the decommissioning of this reactor required the storage 
of its fuel in dry casks. At the beginning of July 1994, more than 140 CASTOR casks 
were already stored at the Ahaus site (Fig. 1) and a total of 320 casks is expected 
by March 1995, occupying less than 15% of the total storage space.

The other storage facility, at Gorleben (Fig. 2), was intended for opening in 
July 1994 with CASTOR Па casks containing 4.5 t HM (tonnes heavy metal), but 
the first transport has been delayed by the local State and the ‘ready for storage’ cask

307
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FIG. 1. The interim storage facility at Ahaus, Germany.

FIG. 2. The interim  storage fa c ility  a t Gorleben, Germany.
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is still waiting at the power station. The first return of high active wastes from 
La Hague has also been held up by a licence delay and because Cogéma first wants 
to ship the first high active wastes to Japan in February 1995. 1 '

For both sites, licence applications have been filed with the aim of:

— Achieving higher storage capacities per site,
— Having high burnup and mixed oxide (MOX) fuel,
— Using high capacity casks such as the CASTOR V/19, which is capable of

storing 10 t HM/unit. , .

2. HISTORICAL BACKGROUND

Very often everyday decisions are made under pressure of time and without 
a look back to the reasons which have led to the Current situation. Many countries 
are now looking at dry storage and it may be of interest to them to know what the 
reasons were which led to dry cask storage in Germany.' - '

In the mid-1970s, the German Government reminded the utilities of their 
responsibility for the nuclear fuel cycle, and thus they founded the Deutsche Gesell
schaft für Wiederaufarbeituhg von Kernbrennstoffen (DWK), or the German Society 
for the Reprocessing of Nuclear Fuel, for the. solution of this problem.

It was first planned to build a 3000 t wet storage facility as a ‘buffer’ and entry 
facility for the reprocessing plant in order to pursue the licensing procedure for the 
reprocessing plant itself so that there would be no time pressure. This splitting of 
the licensing procedure for a preliminary storage facility and a subsequent reprocess
ing plant was, however, not accepted as the Government had proposed the idea 
of an integrated nuclear fuel cycle centre and wanted all safety aspects to be dealt 
with and not just those of storage. ' . .

Under these circumstances, the utilities were forced to switch over to an away- 
from-reactor (AFR) project, the more so as compact storage within the reactors was 
not allowed at that time. This interim solution was combined with reprocessing con
tracts with Cogéma in 1978 and later also with British Nuclear Fuels pic (BNFL) 
(baseload customer contracts).'In parallel with the latter, thé utilities, through DWK, 
increased their knowledge of technical solutions for the reprocessing of high burnup 
fuel in the WAK facility.

Corresponding to the státe of technology at that titrie (1976-1977), wet storage 
technology was chosen for a 1500 t AFR facility located at Ahaus. a common pro
ject of DWK and STEAG, a coal based utility and owner of the site. Simultaneous 
with this activity, these companies developed casks for the transport and dry interim 
storage of spent fuel.

However, the cumulative safety demands, such as aircraft impact safety, quasi 
‘zero release’ and passive cooling, raised the costs of ‘wet’ storage on the one hand,
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and also prolonged the construction time; the latter jeopardized the direct connection 
to the Cogéma contracts (serving as buffers).

Meanwhile, dry storage in CASTOR casks was proved to be safe through many 
fall scale tests and the Ahaus project was switched over to dry cask storage in 1979, 
followed by an application for the erection o f another 1500 t AFR  cask facility at 
Gorleben. A  construction permit was issued for the latter in January 1981, and the 
operational permit for storage until the year 2023 followed in September 1983, just 
before completion according to plan by the end o f 1983. In the meantime, the 
construction permit for the AFR  facility at Ahaus was also issued.

At that time, Germany, together with Canada, was at the forefront o f dry 
storage technology in general and o f cask technology in particular. The rapid 
progress was due to the fact that the authorities had insisted on representative tests. 
Full scale drop and missile impact tests were performed under the supervision o f the 
authorities and mostly with the participation o f the public.

This latter fact finally led to public acceptance: cask technology was easy to 
understand for the non-expert as well, and people could inspect and touch all 
products before and after the tests. This extraordinary procedure — and this is very 
important — considerably strengthened the credibility o f this technical solution.

The main questions which a knowledgeable outsider generally raises when 
looking at the history o f spent fael storage technology in Germany are:

(1) Were vault systems investigated?
(2) Were thin ‘casks’ for storage within a cheap concrete housing examined?
(3) Would the decisions in Germany still be the same today in the light o f develop

ments in other countries?
(4) What are the major factors which could influence a decision differently in 

another country?

The answers to these questions are as follows:

(1) A ll different solutions proposed for dry storage at that time were examined 
in 1979, but the cask solution was preferred for a number o f reasons:

— Flexibility o f storage siting, i.e. at the power station or at a central location;
— Flexibility in the storage capacity, i.e. as the investment is in increments, there 

is less sensitivity to interest during construction;
— A  specific German licensing criterion, that the facility had to withstand the 

impact o f a military aircraft at almost sonic speed, was a major construction 
and cost burden for a vault, leading in practical terms to a costly double shell 
solution;

— Resistance to gas cloud explosions was another burden for standard vault type 
solutions.

(2) I f  you reduce a vault to a small unit, then you approach a solution in which 
a 2.5 cm thick basket is filled with several fael elements that are stored horizontally
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or vertically within a concrete housing. This means — as in the big vault — separat
ing the leaktightness function from the shielding function (which is taken up by the 
concrete).

With the cask concept, both o f these functions are combined in a thick wall 
and heat removal takes place on the outside, whereas in other solutions the air has 
to pass the shielding barrier and the heat must be removed directly from the leaktight 
barrier. This means that the air passes through a radiation field o f sometimes several 
thousand rems or grays. Filters cannot be placed in the air stream as natural convec
tion would be hampered too much; only a rough mesh is possible.

What are the consequences o f high radiation doses on living matter entrained 
in the air? Legally we may not care, since the radiation protection law only deals 
with consequences to humans and no humans enter these radiation fields. However, 
what are the consequences to the environment, which we always claim to be pro
tecting? The consequences o f y  radiation on such entrained living matter may 

become clearer if an analogy with food irradiation installations is used. But what 
about the neutron field?

In 1979, this author and his colleagues filed a patent application for a similar 
vault type storage design, but it was dropped in 1985 as foolproof arguments could 
not be established for safety concerns with respect to the eventual radiological conse
quences. Thus, there is no clear answer, as the transit time o f the air is unknown 
and the dose rates to which living matter such as bacteria/algae or insects are exposed 
can vary from zero to infinity.

(3) Together with the utilities, the earlier decisions were re-evaluated by us 
in 1993 in the light o f the technology actually available, reconfirming those choices. 
The re-evaluation was made taking into account that we cannot definitely determine 
the storage capacities required for the next 25 years and, secondly, that we have 
invested heavily in a conditioning facility at the Gorleben site, the PKA, which 
should allow consolidation o f the fuel and thus a doubling o f the capacity per cask. 
However, the technologies will be reviewed annually and decided correspondingly.

(4) Could the decision parameters be different in other countries? They 
generally are. Most countries do not study the consequences o f aircraft impact at 
high speed, gas cloud explosions, sabotage protection, etc. However, it can generally 
be said that i f  in another country the installed nuclear capacity is still small, the 
incremental upgrading o f storage capacity, as in the cask approach, seems to be the 
most flexible and is cheapest.

3. STATUS IN  D ETAIL

Several CASTOR casks have been loaded and used for transport and storage 
purposes. Some o f these casks have already been delivered to Finland, France, 
Switzerland, the Russian Federation and the USA.
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CASTOR X made from ductile cast iron

fuel assemblies

ш

Fuel basket for 33 PWR 
fuel assemblies

Fuel basket for 74 BWR 
. fuel assemblies

CASTOR X lead-stainless steel cask 
construction

Main features CASTOR »28 
PWR fuel assemblies

CASTOR »33 
PWR fuel assemblies

CASTOR »74 
BWR fuel assemblies

' Loading capacity 28 33 74

Outer diameter 2400 mm 2400 mm 2400 mm

Total height 4800 mm 4800 mm 4800 mm

Cavity diameter 1 780 mm 1 780 mm 1780 mm

Cavity height 4100 mm 4 100 mm 4 100 mm

Cask weight, empty 84 t 84 t 84 t

Cask weight, loaded 104 t 106 t 107 t

FIG. 3. Main features of the CASTOR X cask.
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In order to improve economy, casks with higher capacities have been devel
oped starting in 1985, in particular the CASTOR V  with 21 PW R or 48-55 BWR 
fuel elements, o f which about two dozen are iri service in the USA, and the 
CASTOR X  (Fig. 3), holding 33 PWR fuel elements or about 15 t o f spent uranium. 
The cask’s capacity for storage can be almost doubled by ‘rod consolidation’ , 
meaning the fuel element structure is stripped o f its grids and spacers.

Under these circumstances dry cask storage becomes attractive also with 
respect to ‘wet’ AFR  storage in countries with different licensing conditions for the 
following reasons:

— The investments for transport to and from the facility, as well as for fuel 
handling, are included in the basic investment;

— Secondary wastes are avoided;

— Dismantling costs are minimized;
— Above all, the storage capacity can be adjusted to actual demand within a short 

time, which allows for considerable savings in interest.

Depending on the licensing conditions, different cask storage solutions have 
emerged in various countries. Thus, Canada, for low burnup CANDU fuel, has 
heavy duty concrete containers made from steel liners and heavy concrete;

In 1978, we developed a similar cask in Germany, but as it had to be designed 
for a heat load o f 28 kW, it required too much steel for the-heat conducting medium 
from the inner to the outer liner; thus the economic advantages o f concrete as a 
shielding material were lost.

The situation was different for the COCON development initiated by the Kern

forschungsanlage Jülich, which was designed to store low heat Thorium High 
Temperature Reactor (THTR ) fuel. The Gesellschaft für Nuklear-Service mbH 
(GNS)/Gesellschaft für Nuklear-Behälter mbH (GNB) are actively involved in com
pleting this development for application, i.e. for RBMK fuel in eastern European 
countries for long decayed LW R fuel.

For the Ignalina nuclear power station in Lithuania, we have been requested 
to start with German ductile cast iron (DCI) casks and subsequently shift to domesti
cally produced steel-concrete casks.

The status in 1994 is the following:

— Since May 1983, M TR fuel has been stored in a CASTOR cask in Switzerland, 
as the Research Centre Würenlingen preferred long term storage to 
reprocessing.

— Since November 1983, fuel from the A V R  HTR has been stored first iñ two 
casks for demonstration purposes; 150 casks will be loaded in Jülich alone; the 
first o f them was loaded at the Jülich facility on 10 August 1993.

— In 1984, a CASTOR cask was loaded at Novovoronezh, the Russian Federa
tion, with 12 PW R fuel elements.
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— The year 1985 saw the loading o f four CASTOR casks with M OX fuel at 
Gundremmingen; they were unloaded up to two and a half years later at the 
Swedish Central Interim Storage Facility for Spent Nuclear Fuel (CLAB), 
from where the fuel will go to final disposal in Sweden.

— In 1986, dry storage in casks started in the USA, first at the Idaho National 
Engineering Laboratory, and then at the Surry site, where about 20 CASTOR 
casks are now stored.

— In 1992, the Ahaus storage facility in Germany was opened, where today more 
than 140 casks with HTR fuel are stored. Within the next seven months, 
320 casks o f this type (25 t each) will be double stacked there.

— Also in 1992, CASTOR technology was chosen for the Czech Dukovany 
power station.

— In 1993, a solution derived from our technology was chosen for the Ignalina 
nuclear power station.

— In 1994, storage o f high active wastes will start at the Gorleben site.

As fuel performance improves, the existing licences have to be adapted to high 
burnup and M OX fuel. As a result, cask developments have been achieved, as well 
as licence applications.

In combination with the switch to higher cask capacities prior to the issue o f 
a new licence, a public hearing was held at Gorleben in September 1993. The pur
pose o f this licence application is to store the high active wastes returned from 
La Hague, France, and Sellafield, United Kingdom, and to more than double the 
capacity by the use o f CASTOR V  casks with a unit capacity o f 10 t HM.

4. REPROCESSING OR F IN A L  DISPOSAL?

Owing to very strong public opposition and rising costs, the German utilities 
gave up their ambitious reprocessing project at Wackersdorf in 1989 and signed 
more reprocessing contracts with Cogéma and BNFL. Since then, the Cogéma 
La Hague plant has started up and shown excellent performance, combined with 
continuous reductions in effluent releases and waste volumes.

In Germany, reprocessing would probably not be questioned as a reference 
solution i f  the MOX fabrication facility had not been hit — like Wackersdorf — by 
delays and consequent cost increases. These have been so dramatic that the utilities 
have proposed on a consensus basis to favour final disposal and to abandon Pu 
recycling if, in return, operation o f the existing power stations is accepted for a 
reasonable time span.

It is true that the anticipated lower costs o f the final disposal route have not 
yet been demonstrated; however, this criticism also applies to the final disposal o f 
the high active wastes resulting from reprocessing, or to the M OX fuel to be disposed 

o f after one or more cycles.
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The highest cost in the final disposal o f wastes — be they fuel or high active 
wastes — is not the cost per m3, but the initial investment prior to storing the first 
minute quantity o f wastes. And as reprocessing is — despite improvements — so 
much more expensive than interim storage, the final disposal route must logically be 
less expensive. There is, however, also an important pro-reprocessing argument:

— Disposing o f the spent fuel worldwide means disposing o f thousands o f tonnes 
o f Pu, which constitute a Pu mine after 300 years when Cs and Sr have 
disappeared by decay and access to the fissile material is hampered ‘only’ by 
the geological barrier;

— This argument is further strengthened if the Pu and high enriched uranium 
from disarmament is disposed o f by classification and final disposal.

For the utilities, however, the decision making process is ‘easy’ :

— Since M OX recycling is very expensive and fabrication capacities are in 
insufficient supply, there will be a tendency to lean towards interim storage, 
which also corresponds to a deferral o f the final decision to be taken, as final 

disposal o f spent fuel can take place only 20-50 years from now. Thus, the 
option for reprocessing remains theoretically open.

It should be remembered that:

— The reprocessor asks for DM 6/g per year for Pu storage,
— In spent fuel the Pu content is approximately 0.7%, which means 7 g/kg, or 

that spent fuel storage at less than DM 42/kg per year is cheaper than storage 
o f the product.

The economic justification for reprocessing is that at the time Pu and U are recovered 
by reprocessing, they must have a high enough value to pay for the process and there 
must be enough M OX fabrication capacity.

On the other hand, the chemical analysis o f products obtained from the 
reprocessing o f fuel elements fabricated on the basis o f already reprocessed uranium 
and M OX show the following isotope composition:

wt%

(1) Fuel elements from
reprocessed U, Approximately 38 500 MW'd/t U 235U: <0.9
burnup: 236U: 1.43

(2) MOX fuel bumup, Approximately 41 000 MW'd/t U 235U: 0.27
one cycle: 238U: 3.2

It follows from these facts — and they are not fiction — that with the increasing
percentage o f 236U, the re-enrichment o f recovered uranium is much less attractive 
than dealing with the tailings uranium. Furthermore, who would like to blend 
recycled Pu with this ‘ fresh’ Pu, considering the high 238Pu content?
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FIG. 4. The POLLUX cask containment concept.
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FIG. 5. Detailed view of the POLLUX cask (1: shielding cask; 2; shielding lid; 3; final dis
posal cask; 4; primary lid; 5; welded secondary lid; 6; welding seam; 7: damping element; 
8; moderator plate (graphite); 9; moderator rods; 10;, fuel rods; 11; trunnion; 12; basket 
structure (all dimensions in mm)).

The reversal in the trend for reprocessing can/should/will happen before final 
disposal can technically commence i f  nuclear energy cannot be replaced by another 
energy source. Is there any source o f similar potential?

For the utilities there is another advantage in deferring decisions. While they 
‘wait’ , governments have to find a safe solution for the Pu from disarmament. This 
Pu does not appear as a charge on the balance sheets o f the utilities, but it opens the 
road for their solution o f the spent fuel problem.

5. DIRECT F IN A L  DISPOSAL

I f  the destination o f spent fuel is definitely final disposal (we have just learned 
that this decision is still 20-50 years away and for the moment it is ‘only’ a planning 
basis), then we naturally have to re-examine our actual dry storage solutions as to 
whether they are optimum;
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O f course, the optimum solution already required by the A L A R A  principle is 
determined by the obligation to:

— Reduce the dose rates during handling,

— Reduce the handling/transfer o f spent fuel in general,
— Make the idea attractive to deal with a universal cask concept for interim 

storage, transport and final disposal.

When the author was faced with the problem o f spent fuel disposal for the first 
time in 1979-1980, the idea was to end up with a cask that could be handled like 
a glass canister (same diameter) holding one to two PWR fuel elements or three to 
five BWR fuel elements. For storage/transportation an overpack would be used, the 
‘ final’ cask only having to provide shielding and corrosion resistance. The weight 
limit was envisaged to be 35 t.

A  change in function took the development responsibility away from the author 
in 1980 until 1990; in the meantime, other ideas and technical progress led to the 
POLLUX cask (Figs 4 and 5), which is basically described as follows:

— Maximum weight o f about 70 t;

— Maximum capacity o f 5 t U (10 PW R elements, consolidated);
— Inner shell (steel) with bolted lid and welded closure plate;
— Bolted overpack (DCI) with a neutron absorber for interim storage, transport 

and final disposal;
— Drift disposal in a salt mine.

This concept is now in the final licensing phase.
As an alternative approach, we have developed a canister concept 

characterized by:

— A  stainless steel canister for one cut-to-size PWR fuel element or, alterna
tively, full length fuel pins;

— Overpack for storage and transport;
— No overpack for disposal in a salt/corrosion resistant overpack in granite.

It should be mentioned that the choice o f geological formation for final disposal 
can have or has non-negligible influence on the ‘upstream technology’ for interim 
storage. To give some examples, the inner cask or canister material and the wall 
thickness are determined by the corrosion resistance requirements resulting from the 
final disposal medium:

— I f  it is salt, there is no free water. Thus, corrosion resistance can be minimized.
— I f  it is granite or tuff, there is plenty o f free water and contact has to be 

avoided, i.e. by filling with bentonite, etc.

Another factor o f influence for the design is the pressure exerted by the disposal 
medium at the depth under consideration (petrostatic pressure). The optimization 
process in different countries is just starting; co-operation would be desirable.
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In the opinion o f the author, a ‘ thick’ inner canister is desirable for radiation 
protection purposes during loading and final disposal. It provides enhanced safety 
at a low price, which is not a negligible factor.

On the basis o f these ideas, we proposed in 1989 a CASTOR ‘L ITE ’ concept. 
In this concept, the storage, transport and disposal requirements were covered by 
different overpacks.

However, pursuit o f the multipurpose cask (M PC) should be based on a 
realistic goal. In the author’ s opinion, it does not make much sense to fill many 
MPCs today i f  there is still a risk o f reopening them later and reconditioning the fuel 
when the final disposal acceptance criteria are known only 10-20 years from now. 
Until then, this overemphasized design effort for an MPC may just constitute another 
costly engineering fad.

6. SUM M ARY AND  PROSPECTS

Dry cask storage has the highest development status in Germany. This mode 
o f storing offers the highest flexibility at acceptable costs.

This solution for the storage problem is now being pursued for final disposal. 
To cope with the as yet unspecified licensing demands for final disposal, the most 
conservative safety measures have been applied.

For particular problems — such as with HTR fuel — more than 400 storage 
and transport licensed casks have already been built. They can also serve for final 
disposal. So far, this constitutes quantitatively the greatest application o f this 
technology in the world.

In 1997, the PKA  facility will start operation and allow the transfer o f fuel 
elements from small casks loaded in small reactors into big casks, and to consolidate 
the fuel in order to maximize the payload per cask.
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Abstract

EARLY SPENT FUEL ENCAPSULATION FOR DECOUPLING FUEL ASSEMBLY 
OPERATION REQUIREMENTS AND LONG TERM DRY STORAGE.

The fuel cycle costs for LWRs and the demands of the nuclear fuel reload market 
suggest that there is a need to increase the discharge bumup. Present fuel development efforts, 
such as the use of new cladding material, will indeed allow batch average bumups in the range 
of 50-60 GW-d/t U to be achieved. The wet storage performance of spent fuel will scarcely 
be affected, since the temperature is low, thus minimizing hoop stresses in the cladding. In 
addition, thermally activated failures are practically inhibited. Dry storage — which is 
challenging from the economic aspect — faces a much more complex situation. Assuming that 
current work will prove the feasibility of fuel achieving burnups corresponding to batch aver
ages in the range of 50-60 GW-d/t Ü, burnup limitations in the dry storage of such spent fuel 
cannot be absolutely excluded. Therefore, it would be useful to decouple fuel assembly opera
tion from the back end of the fuel cycle by early encapsulation of the spent fuel prior to dry 
storage. The encapsulation is to be engineered to ensure all barrier functions. The Siemens 
Fuel Encapsulation and Lag Storage Facility (FUELSTOR) is based on individual canistering 
of each fuel assembly. The encapsulated fuel assemblies are stored horizontally in a vault 
cooled by natural convection. The vault provides radiation shielding and physical protection 
from external events. The spent fuel assembly canisters are sealed by welding.

1. INTRODUCTION

Spent fuel management has always been "one o f the most important stages in 
the nuclear fuel cycle. It is still a vital question for all countries with éléctricity pro
ducing power reactors. Spent fuel management begins with the discharge o f spent
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fuel from the reactor and ends with the final disposal o f the spent fuel, or o f the 
residues from the reprocessing o f the spent fuel. Two main options for closing the 
fuel cycle exist at present: an open, once-through cycle with direct disposal o f the 
spent fuel, and a closed cycle with reprocessing o f the spent fuel and recycling o f 
the Pu and U in new fuel assemblies. The ‘wait and see’ option might be considered 
a third option for those who cannot decide, for different reasons, to choose 
reprocessing or direct disposal. The selection o f a spent fuel strategy is a complex 
procedure in which many factors have to be weighed, such as technical, political, 
economic and safeguards issues, as well as protection o f the environment.

To describe the scope and methods o f spent fuel management, it has to be 
remembered that worldwide there were 424 power reactors operating at the begin
ning o f 1993. The total amount o f accumulated spent fuel was 125 000 tonnes heavy 
metal (t HM). A  great deal o f that fuel is reprocessed or is foreseen to be 
reprocessed. Nevertheless, in the year 2000, the amount o f accumulated spent fuel 
to be stored is expected to reach 150 000 t HM. The global view shows a neat 
division between reprocessing and direct disposal. The national view teaches that 
individual nations adhere mostly either to reprocessing or to direct disposal.

Reducing fuel cycle costs by minimizing the amount o f spent fuel discharged 
from the reactors by increasing burnup is an outstanding example o f the cross-links 
between the front end and the back end o f the fuel cycle. However, the advantage 
o f decreasing amounts o f spent fuel per unit o f electrical power generated is accom
panied by the possible drawback o f an alteration o f the end o f life (EOL) conditions 
o f the discharged fuel with increasing burnup. Wet fuel storage can easily accommo
date the impact o f increasing bumup to a great extent. However, assessing the dry 
storage o f spent fuel indicates the possible influence from EOL conditions o f high 
burnup spent fuel on dry storage performance. Early encapsulation for the 
decoupling o f fuel assembly operation requirements and long term dry storage condi
tions provides a technical solution to comply with the problems discussed.

2. M O TIVATIO N  FOR AN  INCREASE IN  BURNUP

In order to achieve the objective o f reducing fuel cycle costs, an important 
technical target is the increase in the discharge bumup. The discharge burnup has 
a direct influence on the relevant share o f the fuel cycle costs, i f  disposal costs are 
quoted per kg U. Reflecting, for example, the German situation, which is character
ized by high disposal costs and quotations per kg U, the increase in bumup provides 
the major influence for fuel cycle economy. This is illustrated in Fig. 1. The figure 
shows the relative fuel cycle costs depending on the bumup, with different assump
tions for the disposal costs as a parameter. It is also shown that for considerably 
reduced disposal costs — if  quoted per kg U — there is still a considerable incentive 
for burnup increase.
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Burnup (M W -d/kg U)

FIG. 1. Relative fuel cycle costs with their dependence on an increase in bumup, with 
different assumptions for disposal costs as a parameter.

FIG. 2. Discharge bumup continuously increased by Siemens AG.
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Present fuel development efforts, such as the use o f new cladding material, will 
allow batch average burnups in the range o f 50-60 GW-d/t U to be achieved. 
In highlighting the achievements in reducing fuel cycle costs by increasing the 
burnup in the period from 1980 to 1993, Fig. 2 exhibits the maximum values o f batch 

average discharge burnup for PW R and BWR Siemens U fuel assemblies.

3. BURNUP INCREASE AND  STRATEGIES FOR THE BACK END
OF THE FUEL CYCLE

After the discharge o f spent fuel from the reactor, it is stored at-reactor (AR ) 
in the wet storage ponds o f power reactors. Water storage o f high bumup spent fuel 
does not impose problems related to safety and performance. Having adequately 
chosen the kind o f structural materials, handling and storage can be performed prac
tically without any limitation. The subsequent transportation o f spent fuel is, at least 
in Europe, routinely performed. Those countries which have not implemented spent 
fuel transportation as a routine operation — such as the United States o f America
— are also emphasizing A R  dry storage to prevent shortfalls in storage capacity.

For away-from-reactor (AFR ) storage, there are two choices: wet or dry 
storage. I f  wet storage is selected, interim and long term storage is also applicable 

without major concerns, as demonstrated by Sweden’ s Central Interim Storage 
Facility for Spent Nuclear Fuel (CLAB) facility. Dry storage, however, provides 
passive safety, does not generate radioactive wastes during operation and has the 
potential o f better economy. Therefore, most countries favouring direct spent fuel 
disposal in combination with interim or long term storage prefer dry storage for AFR 
storage facilities.

Thé current worldwide licensing practice indicates that the decisive criterion 
to be fulfilled is to prove that no fuel rod defect will occur throughout the entire time 
that the spent fuel assembly is stored. Thus, spent fuel storage performance depends 
on EOL cladding conditions, as well as on the stresses originating from the EOL fuel 
rod internal gas pressure. Therefore, increasing bumup will increasingly impact on 
mechanical stress, which is the driving parameter for all degradation mechanisms to 
be considered.

The wet storage performance o f higher burnup spent fuel will scarcely be 
affected, as already mentioned, since the storage temperature is low, thus minimiz
ing hoop stresses in the cladding. In addition, the stress dependent, thermally 
activated cladding degradation mechanisms are inhibited.

Dry storage, in comparison to wet storage, faces a much more complex situa

tion in the case o f high burnup spent fuel, for three reasons:

— Higher dry storage temperatures,
— Higher fuel rod internal gas pressure,
— Reduced residual wall thickness o f the cladding.
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Typically, higher dry storage temperatures and higher fission gas pressures 
originate from higher EOL bumup and from higher average gas temperatures in the 

fuel rod at the beginning o f storage. This will generate higher stresses and strains 
in the cladding. Since the longer residence time o f fuel assemblies in the reactor also 
tends to decrease the residual metallic wall thickness by corrosion o f the cladding 
material, stress and strain in the cladding are amplified. Higher storage temperatures 
in dry storage — which depend on the storage technology applied — promote all 
thermally activated degradation processes.

It is assumed that current R&D work will prove the feasibility o f spent fuel 
storage o f fuel assemblies achieving burnups corresponding to batch averages in the 
range o f 50-60 GW -d/t U bumup. However, limitations in the dry storage o f such 

spent fuel cannot, in principle, be absolutely excluded.
Therefore, solutions for decoupling fuel assembly operation and long term 

storage will contribute to the safety and economy o f the back end o f the fuel cycle. 
The key objective o f that approach is that the structure o f the spent fuel no longer 
provides for fission product retention and fuel assembly handling capability. Encap
sulation o f the fuel assembly provides a new, specifically engineered structure for 
that purpose. No longer will EOL conditions o f spent fuel — which depend on fuel 
assembly design and in-service operation — influence the technical operations to be 
performed in the different steps o f the back end o f the fuel cycle. As a positive conse
quence, an increase in bumup — with a beneficial influence on fuel cycle costs — 
can be realized as far as fuel assembly design, cladding materials development, 
safety assessment and other issues will allow.

4. E A R LY  SPENT FUEL ENCAPSULATION

Encapsulation o f spent fuel can take place either in individual nuclear power 
plants or in a separate and centralized encapsulation facility in front o f a dry storage 
facility.

Encapsulation in the pools o f a nuclear power plant under water is possible, 
but difficult. The same is true for encapsulation adjacent to the pool under dry condi
tions with special mobile shielding devices. In addition to the fact that encapsulation 
activities are not attractive for the operations personnel o f a nuclear power plant, 
many devices have to be procured, or devices have to be transported between the 
individual plants to perform this encapsulation process. Furthermore, the existing 
transport casks have to be equipped with new baskets for transportation o f the 
capsules. Therefore, a better solution is encapsulation o f the spent fuel assemblies 
in a separate encapsulation facility in front o f a dry storage facility. A ll handling 
steps, from unloading from the reactor to transportation to this facility, can be 
performed by existing equipment.
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The number o f fuel assemblies within a capsule can vary from one to several 
PW R fuel assemblies or the equivalent number o f BWR fuel assemblies. Because the 
thermal load during dry storage is an important point, as mentioned above, it is 
advantageous to place only one PW R fuel assembly (or two BWR fuel assemblies) 
into a capsule.

In order to increase the heat transfer from the fuel to the wall o f the capsule, 
a cover gas such as helium in the capsule can lower the cladding temperature over 
the storage period and can also serve in non-oxidizing conditions inside the capsule.

This also permits the use o f a standardized capsule for all types o f PWR and 
BWR fuel assemblies. Differences in length and cross-section can be adjusted by the 
internal support structure o f the capsule. This makes handling easier, especially in 
the case o f a centralized storage facility where fuel assemblies o f different designs 
will be processed.

Such a capsule can be designed to withstand all loads from inside and outside 
over the planned period o f storage. A  sufficient wall thickness and appropriate 
materials will result in confinement o f radioactivity over the life o f the spent fuel, 
and qualified welding processes, together with a leaktight test after welding, make 
further monitoring o f the leaktightness o f the capsules unnecessary.

These considerations have led to a storage system which was designed by 

Siemens and is known as FUELSTOR (Fuel Encapsulation and Lag Storage Facil
ity). One PW R fuel assembly (or two BWR assemblies) are placed in a capsule, 
welded leaktight and backfilled with a cover gas.

Intermediate storage of Tra nsfer of fuel assem bly

FIG. 3. The Siemens Fuel Encapsulation and Lag Storage Facility (FUELSTOR).
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Unloading o f fuel assemblies from the transport cask, loading into the capsule 
and welding are performed in a hot cell (Fig. 3) in such a way that contamination 
o f the surface area o f the capsule is avoided. After a leaktightness test, the encapsu
lated fuel assembly will be moved remotely into the storage area, where it is placed 
on spacers in a horizontal position one above the other.

Two types o f cooling are possible:

— One cycle cooling: Ambient air enters the outside shielding walls o f the storage 
area through specially designed openings, flows from the bottom through the 
storage rows by thermal buoyancy and leaves the storage area at the top o f the 
building.

— Dual cycle cooling: The heat energy o f the internal cooling circuit is trans
ferred by heat pipes through the shielding walls. On the outside o f the heat 
pipes the heat energy is transferred to the ambient air.

5. ADVANTAG ES AND  DRAW BACKS OF E AR LY 
ENCAPSULATED FUEL ASSEMBLIES

The safety aspects o f an individually encapsulated spent fuel assembly are 
positively influenced by the following:

— The temperatures in the spent fuel assemblies are lower than those for all other 
dry storage modes.

— Low temperatures slow down all thermally activated failures.
— The internal layout o f the canisters makes it possible to minimize the impact 

o f mechanical damage on the fuel assembly (e.g. by backfilling the empty 
spaces with an adequate quantity o f solid substances).

— Encapsulation provides reliable retention o f fission products and actinides 
using the ceramic state o f the pellets o f the fuel assembly inside as a solvent 
for such isotopes and the canister walls as an additional barrier for volatile 
substances, such as iodine or krypton. The fuel assembly claddings — in most 
cases undamaged, as Fig. 4 shows — will support these functions, but they are 
not needed to achieve these targets o f radiation protection.

— Encapsulation provides complete mechanical stability for handling.
— Mechanical handling (o f the canisters) can be designed with respect to simpli

fied processes and, consequently, radiation protection o f the staff can be 
ensured by such adequate construction o f the canisters.

Some other aspects have to be considered as well, which can be regarded as 
drawbacks or further challenges, whatever is the individual back end strategy:

— The volumes needed for transportation, storage and disposal o f the canisters 
are larger compared with most o f the existing concepts.
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— As fuel assemblies might already be encapsulated in the fuel pool, compatible 
shipping casks — containing fuel canisters instead o f fuel assemblies — have 
to be developed. Regarded as a challenge, this allows a modular, and thus more 
flexible, strategy o f fuel assembly transportation which is practically indepen
dent o f the design o f the fuel assembly itself.

— Although operational steps with respect to the final disposal o f spent fuel 
assemblies, such as rod consolidation, further mechanical manipulation or 
even reprocessing after interim storage, are possible, they have to be re
considered. It might be appropriate to dispose o f the encapsulation itself (inside 
suitable containers such as the German ‘PO LLU X ’ , slightly modified for this 
purpose) without ever being opened again.

6. CONCLUSIONS

It can be concluded that early encapsulation o f spent fuel assemblies is able to 
decouple the fuel assembly operation requirements from the back end requirements. 
This permits the optimization o f costs and safety for reactor fuel management to be 
separated from back end demands. Early encapsulation thus emphasizes a new 
integrated fuel strategy, using or modifying already developed techniques and 
optimizing their benefits for safer, simpler, cheaper and more flexible spent fuel 
management.
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Abstract .

LICENSING OF SPENT FUEL STORAGE IN BULGARIA: REGULATIONS AND 
PROBLEMS.

The regulations in Bulgaria on the use of atomic energy and the assumptions, require
ments, necessary documents and procedures for the licensing of activities connected with 
nuclear materials, including nuclear fuel, are reported in brief. The construction of a spent 
fuel storage facility started in 1982. However, the Law on the Use of Atomic Energy for 
Peaceful Purposes was only approved in 1985. This situation created some problems during 
the licensing procedure for spent fuel storage because the first stages were not licensed accord
ing to the law, which will be used, however, for the licensing of the last and most important 
stage, which is commissioning.

1. INTRODUCTION

There is one operating nuclear power plant in Bulgaria and this is the Kozloduy 
plant. It is situated in the northwest o f the country, on the southern banks o f the 
Danube River. There are six PWRs o f Soviet W WER design at Kozloduy. Units 1-4 
have reactors o f WWER-440 type, while units 5 and 6 are o f WWER-1000 type. 
Spent fuel is stored on the site o f the nuclear power plant. The licensing o f spent 
fuel storage created problems because the first stages were not licensed according 
to the Law on the Use o f Atomic Energy for Peaceful Purposes, which was passed 
only in 1985. This law will, however, be used for the licensing o f the last and most 
important stage — commissioning.
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The assumptions, necessary documents and procedures for the licensing o f 
activities connected with nuclear materials, including nuclear fuel, in Bulgaria are 
given in the following regulations:

— Law on the Use o f Atomic Energy for Peaceful Purposes: 1985;
— Regulations on implementation o f the law: 1986;
— Order No. 4: 1988;
— Order No. 5: 1988;

— Modifications and additions to Order No. 5: 1993.

The law stipulates that the use o f atomic energy and nuclear material in 
Bulgaria should only be for peaceful purposes, and there should be State control o f 
nuclear and radiation safety. The Committee on the Use o f Atomic Energy for Peace

ful Purposes (CUAEPP) was established by this law. The Committee chairman is 
subordinated directly to the Prime Minister or Vice-Prime Minister. The Inspec
torate for the Safe Use o f Atomic Energy (ISUAE) is a separate department within

2 . R E G U L A T IO N S

FIG. 1. Licensing procedure for nuclear facilities in Bulgaria (excluding commissioning and 
decommissioning); ISUAE; Inspectorate for the Safe Use of Atomic Energy.



IAEA-SM-335/32 333

FIG. 2. Licensing procedure for the commissioning and decommissioning of nuclear facilities 

in Bulgaria.

the Committee and is authorized to issue licences for all activities concerning nuclear 
and radiation safety (in fact, it is the Bulgarian Nuclear Safety Authority — BNSA).

The rights and responsibilities o f CUAEPP and ISUAE are given in detail in 
the regulations. Order No. 4 specifies the general requirements for the registration, 
storage and transport o f nuclear materials. Order No. 5 describes the procedures for 
the licensing o f nuclear facilities — the necessary documents, the terms and the 
method o f issuing o f licences. According to Chapter 11 o f this order, a licence for 
a nuclear facility is issued for the following stages:

— Site selection,

— Design,
— Construction,
— Commissioning,
— Project modifications,
— Decommissioning.
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The order for issuing the licences is given in Figs 1 and 2. The most important 
document is the technical justification o f safety. The content o f the technical justifica
tion o f safety for every stage o f licensing is described in a special appendix in Order 
No. 5. These, in brief, are the existing regulations for the use o f atomic energy in 
Bulgaria.

3 . PROBLEMS DURING THE LICENSING PROCESS

Spent fuel storage was not included in the first project o f the Kozloduy nuclear 
power plant because o f the contract to send back the spent fuel to the fuel producer 
in the former USSR after three years o f storage in a spent fuel pond. The decision 
to construct an interim spent fuel storage facility for WWER-440 fuel was taken 
because o f an increase in the period o f storage from three to five years. The 
working out o f the design started in 1978 and construction started in 1982. The 
design and the construction o f  the spent fuel storage facility did not follow the licens
ing procedures stated in the Law on the Use o f Atomic Energy for Peaceful Purposes 
because this law was only approved in 1985. Work on modification o f the design to 
also use the storage for WWER-1000 spent fuel started in 1988.

In 1990, construction o f the spent fuel storage facility was completed and, in 
accordance with the Law on the Use o f Atomic Energy for Peaceful Purposes and 
Order No. 5, the utility applied to the BNSA for a licence for commissioning. As 
per the procedure shown in Fig. 2, a commission was appointed for evaluation o f 
the facility. The other regulatory bodies carried out their own evaluations. It was 
found that there were some shortcomings in the project and in the technical justifica
tion o f safety. The most important shortcomings were lack o f an analysis o f construc
tion and pipe resistance to seismic effects in accordance with the new higher seismic 
characteristics o f the site; lack o f an analysis o f environmental contamination and o f 
measures to ensure personnel and population safety during a beyond design basis 
accident described in the project; lack o f a quantitative analysis o f an accident during 
loading and transport o f technical equipment; and other less important deficiencies. 
The utility was informed that a licence for spent fuel storage could be granted after 

an acceptable solution was found to these problems. However, at this stage, permis
sion was granted for the storage o f several fuel rod shieldings to carry out functional 
tests o f the systems, after providing additional justifications o f safety.

Meetings and discussions between BNSA experts, the utility and the designers 
took place to find a solution to these problems. During 1991, a programme for the 
implementation o f activities to upgrade the safety o f spent fuël storage was 
developed. This programme includes a solution o f the above mentioned problems 
and development o f a project for decommissioning. At the present time, the 

programme is being implemented, with Bulgarian, Russian and Western companies 
participating in the activities.
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Problems with the commissioning o f a spent fuel storage facility and its limited 

capacity provoked a search for alternative solutions. In parallel with a revision o f 
plans for spent fuel storage, an investigation is currently in progress for site selection 
and construction o f a new, large spent fuel storage facility to meet completely the 
latest requirements for nuclear and radiation safety for long term storage.

4 . S U M M A R Y
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Abstract

LICENSING OF A SPENT FUEL STORAGE FACILITY, INCLUDING ITS PHYSICAL 
PROTECTION, IN THE CZECH REPUBLIC.

The paper describes spent fuel management in the Czech Republic and gives a compre
hensive description of the licensing process. It describes in detail the requirements of the State 
Office for Nuclear Safety (SONS) and the content of the safety report, including physical pro
tection of the interim spent fuel storage facility (ISFSF). The paper also briefly discusses the 
experience of SONS with the licensing procedures for a dual purpose (transport and storage) 
container. SONS is one of the State authorities responsible for the licensing process. The dry 
ISFSF is to be constructed at the site of the Dukbvany nuclear power plant and will consist 
of a simple storage building. As a demonstration of the preparedness of the operator to move 
the spent fuel from the site to the final repository, the ISFSF will be using storage and trans
port containers with a total capacity of 6001 of uranium metal. The physical protection of the 
ISFSF is considered as an integral part of the nuclear safety of this facility. Owing to the 
potential for release of radioactive material, this installation should be protected as a 
Category I site. The basic concept of the integrated physical protection system (PPS), 
designed for a dry type ISFSF using storage casks, and evaluation of the PPS are described. 
As this facility will be constructed at the operating Dukovany nuclear power plant, its PPS 
will be incorporated into the operating integrated PPS of the power plant, which is guarded 
by a private security company with the response provided by the police.

1. INTRODUCTION

After the creation o f the Czech Republic on 1 January 1993, the Czech utility 
has stored a substantial part o f its spent fuel on the territory o f Slovakia. Conse

quently, the need for the construction o f an away-from-reactor spent fuel storage site 
has become even more urgent than before for the Czech Republic. Fresh nuclear fuel 
was supplied to the former Czechoslovakia from the former USSR and spent fuel, 
after a five year cooling period, was originally planned to be re-exported. The trans
port o f spent nuclear fuel from Czechoslovak nuclear power plants was stopped in
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1988 and spent nuclear fuel assemblies from the Dukovany nuclear power plant were 
transported (after a three year cooling period) only to the wet interim storage facility 
at Jaslovské Bohunice, in Slovakia. These transports were stopped in 1992. At this 
storage facility there are currently 1176 spent fuel assemblies (about 23% o f the 
facility’ s total capacity) which will be transported back to the Czech Republic as soon 
as possible.

2. SPENT FUEL M ANAGEM ENT IN  THE CZECH REPUBLIC

2.1. Spent fuel arisings

The Dukovany nuclear power plant represents the main source o f spent nuclear 
fuel in the Czech Republic. After 1996, the Temelin nuclear power plant will be the 
other significant source. The contribution o f spent fuel from research and test 
reactors was discussed in Ref. [1]. There are four PWRs in operation at Dukovany 
(WWER-440/213s, with the first unit starting operation in 1985) and two PWRs 
under construction at Temelm (WWER-lOOOs). The Dukovany nuclear power plant 
produces about 22% o f the total amount o f electricity generated in the Czech 
Republic. There were 2012 spent fuel assemblies in the pools o f the Dukovany 
nuclear power plant in July 1994, Their total capacity is sufficient for the normal 
operation o f all four units until the beginning o f 1996.

2.2. The fuel cycle back end concept

Described very briefly, the concept o f the fuel cycle back end is as follows. 
After discharge from the reactors, the spent fuel is stored in reactor pools at nuclear 
power plants, either for five years for WWER-440 spent fuel or for approximately 
ten years for WWER-1000 spent fuel. This is followed by interim storage, or storage 
and final disposal on Czech territory. The Czech Power Board (CEZ), faced with 
no possibility o f export or reprocessing, decided in 1991 to construct an interim spent 
fuel storage facility (ISFSF) at the Dukovany nuclear power plant. The capacity o f 
the Dukovany ISFSF has been limited to 600 tonnes heavy metal (t HM), which 
covers spent fuel arisings from the operation o f the Dukovany nuclear power plant 
until the year 2005. Shortly thereafter, this utility will have to store spent fuel which 
will have been generated from two WWER-1000 units at the Temelin nuclear power 
plant. The first o f these units is to be commissioned in 1996 and the second unit 
18 months later. The capacity o f their at-reactor pools covers approximately 12 years 
o f operation. Consequently, a long term facility or another ISFSF will be needed in 
the Czech Republic by the year 2005 for spent fuel from both WWER-440s and 

WWER-1000s. The CEZ has already initiated pre-siting activities by publishing ten 
possible locations for planned central interim storage. Although a final solution for
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the back end situation has not yet been adopted by the Czech Government, it seems 
very likely that reprocessing will not be the option and final disposal in the Czech 

Republic will have to take place.

3. LICENSING PROCESS FOR THE ISFSF
IN  THE CZECH REPUBLIC

3.1. General licensing scheme

According to the law [2], any handling or transportation and storage o f spent 
nuclear fuel in the Czech Republic must be approved by the State regulatory body. 
The State Office for Nuclear Safety (SONS, the successor to the Czechoslovak 

Atomic Energy Commission (CSAEC)) is the competent authority in the Czech 
Republic, supervising the nuclear safety o f all activities concerning spent fuel. In 
spite o f the fact that there are no specific regulations on storage or storage containers, 
the existing general safety rules for nuclear facilities, incorporated in the recent 
legislative framework in the Czech Republic, not only guarantee their safe operation, 
but also ensure the involvement o f the general public in the licensing process.

There are three stages in the licensing process for construction o f a nuclear 
facility in the Czech Republic:

— Siting decision,
— Construction permit,
— Operation permit.

The law [3] states that the competent authority to issue these decisions and 
permits is the local authority — the Department o f Regional Development. Obliga
tory standpoints and/or decisions o f the following State authorities must be taken into 
account: SONS, the Hygienic Office, the Ministries o f the Interior and o f the 
Environment. The decisions o f SONS play a crucial role and are issued according 
to the Law on State Supervision o f the Nuclear Safety o f Nuclear Facilities [2], after 
evaluations o f pre-siting, and preliminary and final safety reports for each o f the 
three stages o f the licensing process. The involvement o f the general public during 
the process o f decision making is based both on the Law on Civil Construction [3] 
(obligatory participants are, for example, owners o f neighbouring land) and the Law 
on Environmental Impact Assessment [4] (public hearings).

3.2. Licensing process legislative framework

The documents listed below represent the most important set o f obligatory 
rules, the requirements o f which the licensee has to meet:

— Law on State Supervision o f the Nuclear Safety o f Nuclear Facilities
No. 28/1984 [2],
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— Siting Decree: CSAEC No. 4/1979,

— Design Decree: CSAEC No. 2/1978,

— Quality Assurance: Regulation CSAEC No. 436/1990,
— Commissioning Decree: CSAEC No. 6/1980,
— Operating Personnel Regulation: CSAEC No. 191/1989,
— Physical Protection Regulation: CSAEC No. 100/1989 [8],
— Radiation Protection Regulation: Ministry o f Health No. 59/1972,
— Law on Environmental Impact Assessment: No. 244/1992 [4],
— Technical Safety Regulation: COSW No. 76/1989 on Ensuring the Safety o f 

Technological Equipment in the Nuclear Industry.

3.3. Environmental impact assessment

As can be concluded from the legislative framework, both SONS and the 

Ministry o f the Environment devote great attention to the environmental impact o f 
spent fuel facilities. According to Decree CSAEC No. 4/1979, during the siting o f 
a nuclear facility SONS not only evaluates the criteria for nuclear safety, but also 
their possible impact on the environment. This decree defines three categories o f 
exclusive criteria. Among the criteria o f the first category, for example, there are 
seismically active areas, areas being mined, national parks and reservations, drink
ing water resources, mineral water springs, etc. I f  any o f these first category criteria 
are applicable to a proposed site, SONS will not issue siting approval. According 
to the Law on Environmental Impact Assessment [4], a study o f a nuclear facility 
shall be evaluated by an independent person authorized by the Ministry o f the 
Environment. This evaluation o f the environmental impact is presented at the public 
hearing; the protocol from the public hearing has to be elaborated. Then the Ministry 
o f the Environment issues its judgement, which has to be taken into account by the 
local authority when issuing or rejecting siting approval.

4. HISTORY OF THE LICENSING PROCESS FOR 
THE D U K O VANY ISFSF

As has already been mentioned, the Czech utility had to begin construction 
o f the ISFSF very quickly because o f lack o f time in which to carry out a more 
in-depth evaluation o f various possibilities and o f public opinion, which was against 
long term storage at the Dukovany nuclear power plant site. In these circumstances, 
the operator decided to choose storage and transport casks as a demonstration o f its 
preparedness to move the spent fuel from the site to a final repository. The urgent 
need for additional storage capacity also weighed in favour o f a dry type cask storage 
facility, with simple construction o f a storage building and perhaps expensive, but 
available, casks.
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4.1. Siting

A  pre-siting safety report prepared by the CEZ in May 1991 still considered 
two possible storage technologies: ‘wet’ arid ‘dry’ . The CSAEC, after evaluation o f 
the submitted safety report and especially after discussions concerning beyond design 
basis accidents, issued Decision No. 30/1992 (agreement for siting the 
ISFSF at Dukovany) and set an obligatory condition for the licensee to utilize dry 

technology.
In October 1992, following promulgation o f the Law on Environmental Impact 

Assessment [4], a public hearing took place to discuss the environmental impact o f 

the ISFSF based on a study [5]. The requirements o f Law No. 244/1992 were 
accepted by the licensee, in spite o f the fact that they could not interfere with the 
siting procedures o f the Dukovany ISFSF, since they were adopted after the siting 
procedures had started.

In December 1992, after evaluation o f the results o f the public hearing, a 
positive judgement from the Ministry o f the Environment was issued recommending 
site approval; this was issued by the Department o f Regional Development o f the 
district authority in April 1993.

Because an appeal against this decision (by the Movement Duha-Rainbow and 
the neighbouring village o f Dukovany) was raised, final approval o f the siting was 
issued, after careful evaluation, by the Ministry o f Economy o f the Czech Republic 
in August 1993.

4.2. Construction permit

In November 1993, following the evaluation o f a Preliminary Safety Report, 
SONS issued Decision No. 158/1993 (agreement for issuing a construction permit) 
for dry type storage. This construction permit was issued by the district authority 
in March 1994. There was again an immediate appeal against it (by the Movement 
Duha-Rainbow). Final approval o f the construction permit by the Ministry o f the 
Economy was issued in June 1994.

4.3. Operational perm it

The procedure for evaluating the Final Safety Report and issuing the respective 
decisions has already started, with discussions o f the report’ s content in the light of 
legal rules, previous requirements o f the competent authorities and changes in the 
original design. The Final Safety Report shall include technical specifications, 
including the specifications o f the approved cask, quality assurance evaluations, 
emergency plans, operational instructions, personnel training programmes, etc.
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4.4. Licensing procedures for a dual purpose cask

Because a storage cask represents the most important component in dry type 
storage, SONS has to simultaneously deal with its licensing. Owing to its dual 
character (transport and storage), there are two parallel directions for the 
evaluations:

(a) A  Type В (U ) transport container conforming to IAEA requirements [6], which 
provides the precise criteria and procedures necessary for the designer, 
operator and regulatory body.

(b) Because no specific regulation formulating criteria is available in the Czech 
Republic, SONS has been obliged to prepare its main requirements for the 
storage o f spent fuel in casks by taking advantage o f the experience o f more 
developed countries, mainly Germany, where the competent authorities started 
the licensing process o f the CASTOR-440/84 cask, which is to be placed in 
the Dukovany ISFSF.

In order to ensure the safety o f the Dukovany ISFSF, SONS has asked for 
evaluation and research activities focused on this cask o f several research institutes: 
the Nuclear Research Institute in Rez, the faculties o f Mechanical Engineering and 
Nuclear Science and Physical Engineering o f the Czech Technical University, 
Prague, and the Institute o f Chemical Technology, in Prague. SONS, in co-operation 
with external experts, has the appropriate capability to evaluate the respective safety 
reports and issue a correct decision.

5. PH YSICAL PROTECTION

The physical protection o f an ISFSF is considered an integral part o f its nuclear 
safety. There is no difference i f  the jeopardizing o f the environment by the release 
o f radioactivity is due to a failure o f technical systems or to radiological sabotage.

When considering the measures required for the physical protection o f 
irradiated fuel against unauthorized removal or sabotage, we should take into account 
the attractiveness and self-protecting nature o f the material and the containment 
measures used for safety reasons.

5.1. Basic requirements

The design o f a physical protection system (PPS) and the security measures 
applied should fulfil the basic requirements given in INFCIRC/225/Rev.3 [7]. 
Obviously, the primary factor for determining physical protection measures is the 
nuclear material itself, as given in the table on the categorization o f nuclear 
material [7]. For irradiated fuel from depleted or natural uranium, thorium or low
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enriched fuel (less than 10% fissile content), Category II is recommended. The State 
may assign a different category for domestic use, storage and transport, taking all 

relevant factors into account.
Other factors influencing the categorization o f these facilities derive from the 

evaluation o f the “ potential for sabotage”  as described in para 4.3.1.2 o f the IAE A  

requirements [7]:

“ At separate irradiated fuel storage facilities, a potential for sabotage exists 
because o f the inventory o f radioactive material and the potential for release” .

5.2. Categorization of the ISFSF

In the Czech Republic, the basic requirements for physical protection are given 
in Regulation No. 100/1989 [8]. According to this Regulation, the irradiated fuel 
used in WWER-440/213 reactors (original enrichment 1.6, 2.4 and 3.6 wt% o f 
235U) is classified as Category П nuclear material. The regulatory body, giving 
due consideration to the possibility o f the direct release o f radioactive material 
(a cask containing 84 WWER-440 fuel assemblies after five years o f cooling at an 
average bumup o f 35 GW-d/t HM contains a total activity o f about 2.42 x  1017 Bq) 
as a result o f possible terrorist attack using special shaped explosives, requires 
Category I protection o f the installation.

The utilization o f a dry type ISFSF using transport and storage casks, in 
comparison with other wet or dry types o f ISFSF, lowers the vulnerability to 
radiological sabotage by dividing the total number o f spent fuel assemblies into 
separate casks and by utilizing the mechanical properties o f these casks (which are 
required for safe transport [6]).

5.3. Licensing of the PPS

According to Regulation No. 100/1989 [8], the licensee bears the responsibil
ity for the physical protection o f the facility and nuclear material. The licensee has 
to submit a safety report for the approval o f SONS, proving that the requirements 
to ensure nuclear safety, evidence and control o f nuclear materials and physical pro
tection are fulfilled.

The safety report concerning physical protection obligations consists o f the 
following chapters:

(a) Evaluation o f the geographical location and the site conditions with regard to 
physical protection requirements;

(b) Preliminary evaluation o f the consequences following unauthorized operation 
o f the nuclear facility and/or handling o f nuclear material to obtain the site 
permit;
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(c ) Analysis o f unauthorized operation, and evaluation o f the results o f these 
operations;

(d) Evaluation o f the facility design, proposal for the facility characterization with 
vital area determination;

(e ) Description o f the PPS;
( f )  Description o f the quality assurance programme for component fabrication and 

for system construction;
(g) Evaluation o f PPS reliability and efficiency;
(h) Analysis o f the PPS in relation to construction and operation o f the facility and 

under accident conditions;
( i  ) Description o f physical protection measures during the time o f construction to 

obtain the construction permit;
(j ) Evaluation o f changes to the proposed PPS design;
(k) Evaluation o f PPS testing;
(1 ) Administrative and other measures, including the response force activity plans; 

(m) System o f guarding, and checking o f persons and vehicles;
(n) Description o f the maintenance and testing o f technical devices;
(o) Facility operation under special circumstances reflecting unauthorized 

activities to obtain the operation permit through a SONS decision [2].

Any project concerning physical protection has to follow the updated 
requirements set out by the former CSAEC, now SONS, in internal documents 
(31 August 1991). These additional requirements are mostly derived from United 
States Nuclear Regulatory Commission regulations [9].

5.4. Basic concept of the PPS for an ISFSF located
at a nuclear power plant operating W W ER-440 reactors

The proposed ISFSF, with a planned capacity o f 60 CASTOR 440/84 type 
casks, will be constructed at the Dukovany nuclear power plant. The basic 
concept o f the PPS for this type o f nuclear power plant has been published 
elsewhere [10, 11].

This plant is equipped with a fully integrated PPS o f Czech provenance and 
is comparable with Western systems. The system guarantees independent checking 
o f the authorized entrance o f persons and vehicles and ensures ‘detection in depth’ 
by dividing the site o f the nuclear power plant into three adjacent areas — protected, 
controlled and inner. Intrusion through the boundaries o f these areas is observed by 
detection and surveillance systems. The access is secured with reliable turnstiles. 
The search for the presence o f metal in luggage and on persons entering the power 
plant is ensured by technical means. The overall system is based on a computer net 

and operates from the control centre, where the status o f the entire PPS is monitored 
on personal computers, video terminals and a synoptic table.
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The operator can make full use o f the advantages deriving from the incorpora
tion o f the proposed technical PPS o f the ISFSF into the operating system installed 
at the nuclear power plant. Additionally, such integration represents a reduction in 
the cost o f the PPS for the ISFSF. An integrated PPS for the nuclear power plant 
is operating; the plant is guarded on a contract basis by a private security company, 
and the response to intrudérs is provided by the Czech police forces [11].

On the basis o f an evaluation o f the results o f PPS efficiency, which was done 
using the EASI and SA V I codes [12], the proposed system o f physical protection will 

consist o f the following:

— The facility will be located inside the protected area o f the nuclear power plant, 

the perimeter o f which is equipped with at least two independent detection and 

surveillance systems;
— The facility itself will be located inside a controlled area and its perimeter will 

be provided with mechanical barriers and detection systems;
— The radiation shielding wall (iron-concrete, with a thickness o f 50 cm and a 

height o f 5 m) surrounding the ISFSF buiding serves as an additional vehicle 
barrier;

— The PPS will be equipped with ‘ air-lock’ access control, positive identification 
o f persons entering, and detection and surveillance o f the inner and outer areas 
o f the ISFSF. The rule o f ‘ two persons’ allowed access to the facility will be 
followed using technical means;

— Special measures will be provided during the transport o f the cask into the 
facility.

A ll these features will be implemented as part o f the PPS for the Dukovany 
ISFSF in accordance with SONS Decision No. 155/93.
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Abstract

EXPERIENCE WITH REGULATORY LICENSING OF SPENT FUEL INTERIM 
STORES: LICENCE TO INCREASE THE INTERIM STORAGE CAPACITY OF THE 
REPROCESSING PLANT PONDS AT LA HAGUE.

The paper outlines the regulatory and technical aspects of a procedure to modify 
construction decrees to increase the capacity of the interim storage ponds at Cogéma’s 
La Hague reprocessing plant.

1. OUTLINE OF REGULATIONS AND  THEIR CONTEXT

1.1. Organizational set-up for nuclear safety in France

Nuclear safety covers the set o f provisions taken at all stages in the design, 
construction, operation and decommissioning o f nuclear installations to prevent acci
dents and mitigate their effects. It also includes the technical measures intended, on 
the one hand, to limit the exposure o f workers to radiation during the normal opera
tion o f installations (including maintenance operations and repair work) and, on the 
other hand, to optimize the management o f radioactive wastes and effluents.

The Ministry for the Environment and the Ministry for Industry are the respon
sible bodies within the French Government for issues concerning the safety o f the 
major nuclear installations, or basic nuclear installations. The Direction de la sûreté 
des installations nucléaires (DSIN), or Nuclear Installations Safety Directorate, is 
responsible for defining and applying nuclear safety policy, by the authority o f the 
Minister for Industry and at the service o f the Minister for the Environment.

3 4 7
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Nuclear safety policy covers the following:

— Technical safety assessment o f the basic nuclear installations,
— Management o f radioactive wastes,
— Inspection o f radioactive effluents (this is dependent on the Minister for 

Health).

The French nuclear safety organizational set-up is based on the concept o f the prime 
responsibility being with the operator, with checks performed by an independent 

safety authority.
The extensive evaluation powers entrusted to the safety authority imply, on the 

one hand, that this body should itself be inspected and, on the other hand, that it 
should have recourse to the greatest possible number o f expert recommendations 
from consultative bodies and technical support organizations. The organizational set
up is summarized in Fig. 1

FIG. 1. Nuclear operating safety in France: Analysis and assessment of the scientific and 
technical choices.



IAEA-SM-335/34 3 4 9

1.2. Regulations

In France, the major nuclear installations, or basic nuclear installations, are 
legislated by virtue o f the amended version o f the décret du 11 décembre 1963, 
which, in particular, makes provision for a construction licensing procedure fol
lowed by a series o f licences to be issued at the major stages in the life o f these instal
lations. This decree also makes provision for a procedure to modify an installation 
construction decree.

The basic nuclear installations are also subject to the provisions o f the décret 
du 6 novembre 1974 and the décret du 31 décembre 1974, which set the authorized 
limits for releases o f gaseous and liquid radioactive effluents.

1.3. Background

The development o f France’ s nuclear power programme required an increase 
in the spent fuel interim storage capacity o f Cogéma’s UP3-A and UP2-800 
reprocessing plants at La Hague, which were licensed in 1981. The UP3-A plant was 
created under the décret du 12 mai 1981 and consists o f two ponds, D and E, each 
with a capacity to store 2000 t U to irradiation. The UP2-800 plant, also created 
under the décret du 12 mai 1981, consists o f pond C, with a capacity to store 
2000 t U prior to irradiation.

The operator requested permission to raise this capacity to about 3600 t in the 
case o f pond С for the UP2-800 plant and to 8500 t for ponds D and E combined 
o f the UP3-A plant.

2. PROCEDURES FOR M ODIFYING THE DECREE

A  modification to the decree to licence construction o f a nuclear installation 
generally follows the same procedure as a licence to construct a nuclear installation.

2.1. Outline of the construction licence application

The application for a licence to construct basic nuclear installations is sent to 
the Minister for Industry and the Minister for the Environment, who have control 
o f DSIN. The relevant ministers (o f the Interior, Health, Agriculture, Regional 
Development, Transport, Labour, etc.) are consulted. This application must set out 
the main characteristics o f the installation. It includes a site plan, an assessment o f 
the impact on the environment and a danger assessment dealing with mitigation o f 
the major risks. A  Safety Analysis Report is also enclosed and will be the subject 
o f a technical examination carried out by DSIN, which has responsibility for the 
procedure as a whole.
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2.2. Consulting the public and local government

Examination o f the request for modification consists o f a public inquiry and 
a technical examination. The public inquiry is opened by the Prefect o f the adminis
trative département in which the installation is to be sited. The dossier submitted to 
the inquiry must specify the identity o f the issuer o f the application, the purpose o f 
the inquiry and the nature and major characteristics o f the installation, and must also 
include a site plan, a map o f the region, an assessment o f the dangers and an assess
ment o f the impact on the environment. The comments raised by the public are 
recorded in inquiry registers. They are examined by an examining officer appointed 
by the chairman o f the administrative tribunal. This examining officer sends his 
report to the Prefect within one month o f the close o f the inquiry. The local depart
ments o f the relevant ministries are consulted.

2.3. Consulting technical support bodies

The safety dossier which accompanies the modification request is submitted to 
the technical support body and to DSIN experts for examination.

Once the technical support body and the experts have issued their recommen
dations, and after publication o f the results o f the local inquiry and any comments 
by the other ministers, DSIN prepares a draft decree, i f  there is no opposition, licens
ing construction o f the installation. This draft is then forwarded for recommendation 
to an interministerial committee. The committee must give its recommendation 
within two months. The draft decree, with any amendments, is then submitted to the 
Minister for Health for approval; the Minister must make a decision within three 
months.

2.4. Construction licensing decree

The construction licensing decree, accepted on the basis o f a report by the 
Ministers for the Environment and for Industry, sets the perimeter o f the installation 
and the stipulations which the operator must observe. It also sets out the terms and 
conditions with which the operator must comply for the normal commissioning o f 
the installation and for its later decommissioning. It is then published in the Journal 
Officiel de la République Française.

2.5. Modification to a construction licensing decree

The modifications to the construction licensing decrees for the reprocessing 

plants at Cogéma’s La Hague facility to increase the capacity o f the storage ponds 

were made as follows:
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— 9 November 1990
The request is filed (capacity raised from 8400 to 14 400 t U prior to 

irradiation).

— 20 March 1991
Official notification o f the Ministers, the Prefect for the département o f La 
Manche and the Regional Directorates for Industry, Research and the Environ

ment (DRIREs).

— 27 March 1991
No observations from the Ministries for Public Works, Housing, Transport 
and Maritime Affairs.

— 26 August 1991
Decree issued by the Prefect to initiate a public inquiry.

— 1 October 1991 to 30 October 1991 inclusive 

Public inquiry is held.

— 18 November 1991
Interministerial Department for Defence and Law Enforcement decides in 
favour o f the modification.

— 13 November 1991
No observations from the Departmental Directorate for Health and Social 
Affairs.

— 5 November 1991
No observations from the La Manche Departmental Directorate for Public 
Works.

— 21 October 1991
The Departmental Directorate for Agriculture arid Forestries decides in 
favour.

— 10 September 1991
No observations from the Regional Delegation for Architecture and the 
Environment.

— 3 December 1991
The Deputy Prefect decides in favour o f the recommendation.

— 18 December 1991 

DRIRE decides in favour.

— 23 December 1991
The public inquiry commission decides in favour.
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— 6 July 1992
Central Service for Protection against Ionizing Radiation decides in favour.

— 7 July 1992

Interministerial Commission for Basic Nuclear Installations decides in favour.

— 23 September 1992
Approval o f the Minister for Health.

— 17 January 1992
Decree modifications signed by the Ministers for Industry and the 
Environment.

— 18 January 1993
Publication in the Journal Officiel de la République Française.

3. TECHNICAL APPROACH FOR THE SAFETY DOSSIER

The increase in the capacity o f the storage ponds was set out in terms o f the 
size o f the installation structures and their impact on the environment. The mean 
tonnage to be stored in the ponds was determined in the light o f the PWR and BWR 
fuel spectrum.

The safety assessments carried out in each case, together with their results, are 
submitted to the safety authority and its technical support bodies, as well as the mea
sures taken to mitigate or eliminate the consequences o f these risks.

The following risks are taken into account in the safety assessment.

3.1. Nuclear risks

(a) Risk o f the spread o f radioactive materials,
(b) Risks o f external exposure,
(c) Risk o f criticality,
(d) Risks due to heat released.

3.2. Non-nuclear risks of internal origin

(a) Handling,

(b) Fire,
(c) Internal explosion.
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3.3. Non-nuclear risks of external origin

(a) Earthquake,
(b) Flood o f external origin,
(c) Impact o f external projectiles,
(d) Loss o f power supply and services.

3.4. Consequences of increasing the capacity o f the ponds

(a) Heat release,
(b) Para-seismic design basis.

3.5. Estimating the consequences to the environment

(a) Consequences o f normal operation:

— Gaseous releases,
— Liquid releases.

(b) Estimation o f the consequences o f design basis accidents.
(c) Non-radiological impact on the environment.

3.6. General operations set-up

The increase in the capacity o f the storage ponds in no way modifies the 
general operations set-up or quality assurance system monitoring. Studies have 
shown that the set-up does not entail modifying the emergency response plans to be 
implemented in the event o f an accident at the establishment.

4. CONCLUSIONS

The main conclusions regarding safety at the installation are as follows:

— The results o f the safety assessments carried out to obtain the hot operation 
licence are not compromised by the increase in capacity as long as the thermal 
energy stored in the pond is not increased.

— Gaseous releases should remain nil or be negligible.

— The quantity o f liquid effluents produced and sent to the effluent processing 
station is estimated to increase in proportion to the tonnage stocked; such an 
increase represents a volume o f less than one thousandth o f the volumes o f 
liquid effluents and solid wastes generated by the plant as a whole. This 
increase is therefore not significant.
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Following examination o f Cogéma’s application (9 November 1990) and the 
different points mentioned above, the para-seismic design basis in particular, the 

safety authority concluded that increasing the storage capacity at ponds C, D and E 
o f Cogéma’s La Hague plant did not entail adoption o f new technical measures or 
carrying out new construction work to guarantee the plant’ s safety and mitigate its 
impact on the environment.

Following this recommendation issued by DSIN, the Ministers for Industry 
and the Environment licensed this increase by signing the décrets du 17janvier 1993.
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Abstract

DRY IN TER IM  SPENT FU EL STORAGE CASKS: LICENSING , E V A LU A T IO N  A N D  
O PERATIO NAL EXPERIENCE.

The German concept fo r the external dry interim storage o f spent fuel and high level 
wastes is based on the use o f monolithic ductile iron casks which are licensed according to 
the transport regulations and the national A tom ic Energy Act. The casks ensure the safe con
finement o f the radioactive inventory over long term storage periods o f up to 40 years. Essen
tia l for that purpose is the double barrier containment system, consisting o f two independent 
lids sealed w ith long term resistant metallic gaskets and equipped w ith an interspace pressure 
monitoring device. Since the establishment o f this dry interim storage concept in Germany in 
the early 1980s, a great deal o f experience has been accumulated and now spent fuel elements 
from  the TH TR  reactor at Hamm-Uentrop and from  the A V R  research reactor at Jülich are 
loaded into CASTO R-THTR/AVR casks under dry conditions and stored in the licensed 
external dry interim  storage facilities in Ahaus and Jülich. These are now routine procedures 
that started in 1992 and so far comprise more than 200 casks. A  great deal o f operational 
experience exists and has also been gained in process optimization without any serious 
problems. Much more d ifficu lt are the drying and evacuation procedures for casks loaded 
under wet conditions in  the spent fuel storage pond o f a nuclear power plant. In this case, 
special operational procedures involving humidity measurements are applied. D ifferent 
loading operations in several German power plants have been carried out since 1982 and the 
firs t wet loaded cask proposed fo r storage in the licensed external dry interim storage facility 
at Gorleben came into operation in July 1994.

1. INTRODUCTION

The German concept for the removal o f spent fuel from nuclear power plants 
provides for external interim storage o f spent fuel at central national storage sites. 
This option has now been established in the national Atomic Energy Act as ‘proof

355
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o f spent fuel disposal by the utilities. Dry interim storage facilities are licensed by 
the Federal Institute for Radiation Protection (BfS) and are currently located at 
Ahaus, Gorleben and Jülich.

The major part o f the safe storage o f the radioactive wastes in these facilities 
involves the use o f monolithic ductile iron casks which are approved as Type В trans
port packaging and which meet IAEA  requirements and national transport regula
tions. The casks are loaded with spent fuel elements at the nuclear power plants and 
then transported to the interim storage facility, where they are equipped with a super
vised double barrier lid system to ensure the long term safe confinement o f the radio
active inventory [1]. Thereafter, the casks are placed in a storage building which is 
provided with handling and service equipment and gives protection from environ
mental effects. The main safety goals (prevention o f activity release, shielding, 
nuclear safety and decay heat removal) are ensured by the casks themselves under 
service conditions, as well as under severe accident conditions during transport and 
during the entire interim storage period.

2. THE GERM AN LICENSING PROCESS FOR TRANSPORT
AND  STORAGE CASKS

Any cask design in Germany which is intended for the transport and dry 
interim storage o f spent fuel or high active wastes from reprocessing must first obtain 
a Type В licence in order to comply with the national transport regulations for 
dangerous goods. The cask design testing, including analysis o f mechanical and ther
mal behaviour, is done by the Bundesanstalt für Materialforschung und -prüfung 
(BAM ), which is also responsible for quality assurance measures and supervision 
concerning activity releases under service and accident conditions, while BfS 
examines nuclear safety and subcriticality. These investigations lead to a BAM 
certificate, which is the main basis for the final Type В licence issued by BfS.

The cask design must also receive a licence for the interim storage site where 
the casks will be stored. This licensing process is governed by the German Atomic 
Energy Act; BfS is also the licensing authority which directs BAM  and the Tech
nischer Überwachungs-Verein (TÜ V ) Hannover/Saxony-Anhalt to ‘p roo f the cask 
design, taking into account the special service and accident conditions at the storage 
facility [2]. The T Ü Y  assesses the facility specific handling and service conditions, 
possible accident scenarios and the nuclear safety and behaviour o f the cask design 
and its inventory, including decay heat removal. BAM  assesses the cask design under 
service and accident conditions o f the storage facility, which means mechanical and 
thermal behaviour, long term behaviour (corrosion and tightness) and quality assur
ance measures belonging to those aspects. Because o f the high level o f safety o f 
licensed Type В packages, which are also the necessary basis for interim storage, 
only a few more storage specific aspects have to be proved additionally. On the basis
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o f the certificate from BAM  and the TÜV, BfS issues the licence for dry interim 
storage, including the necessary service requirements, which have to be supervised 
by the local State Ministry for Enviromental Protection during the service life o f the 
facility. Table I shows the course o f the licensing process.

TABLE I. THE GERM AN LICENSING PROCESS FOR TRANSPORT AND 

STORAGE CASKS

Cask designer ------------ — __ >  Storage site company

Licensing authority 
for transport: BfS

Competent authority for design 
testing and quality assurance measures:

BAM

V

BAM  certificate -  
for Type В packages

V

Licensing authority for interim 
storage facilities and cask design: BfS

V i  
Technical experts for interim

storage facilities and cask design:

BAM  TÜ V Hannover

V

>  Certificate

V

Certificate

V

BfS approval certificate 
for Type g  packages

BfS licence for interim 
storage facility and cask design

Transport

1/

Transport to the storage facility

Interim storage period under 
supervision o f the local State ministry
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3. CASK DESIGN E VALU ATIO N  FOR STORAGE SITE SPECIFIC
ACCIDENT SCENARIOS

Casks for the transport and storage o f highly radioactive wastes like spent fuel 
have to demonstrate their ability to withstand representative accident scenarios which 
are prescribed in the IAE A  regulations and transferred to the national transport regu
lations. These well known ‘Type В accident conditions’ , such as the 9 m drop test 
onto an unyielding target and a fire test at 800°С for about 30 minutes, must not lead 

to any loss o f cask safety relating to shielding, subcriticality or leaktightness as the 
main safety goals. By obtaining the Type В licence, the cask design has demonstrated 
its suitability.

Additional requirements come from service and handling conditions and, last 
but not least, from specific accident scenarios for the storage facility. The main 
differences between the transport and storage versions o f the cask design are an addi
tional secondary lid, including a pressure supervised space between the primary and 
secondary lid, an additional protection plate above the secondary lid and handling 
without shock absorbers inside the storage facility.

Facility specific accident scenarios have been analysed by the TÜV 
Hannover/Saxony-Anhalt, taking into account an earthquake, aircraft crash, fire 
scenarios inside and outside the storage facility and possible handling accidents [3]. 
Because o f the nearly identical construction o f the storage facilities at Ahaus, 
Gorleben and Jülich, their accident conditions agree to a great extent. The results 
o f the safety analysis carried out by the TÜ V  and documented in its certificate have 
shown that the construction o f the storage building is earthquake proof, with no 
reaction on the stored casks requiring consideration, and that an aircraft crash 
belongs to the category o f residual risks which are not part o f the design basis for 
storage buildings and casks. Nevertheless, BAM investigated the development o f 
cask leaktightness after an aircraft crash onto the lid system, with a fire scenario 
following, and presented the results in an additional statement to BfS. Other fire 
scenarios inside the storage building are covered by the Type В fire test at 800° С 
for about 30 minutes because only a little burnable material exists here. The most 
critical accident situation for the cask has been ascertained as the drop from a crane 
from the maximum handling height onto the floor o f the storage building. Although 
the drop height is normally lower than 9 m, the cask comes down without impact 
limiters, which might result in higher deceleration and higher stresses for the cask 
structure. However, up to now, all analysis results o f BAM  experts for different 
CASTOR casks have shown higher stresses for the 9 m drop with impact limiters 
onto an unyielding target, compared with the most critical crash inside the interim 
storage facility without impact limiters, but onto the real floor.
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The most important aspects o f dry interim storage suitability are the long term 
properties o f the cask design. The German concept has been developed for an interim 
storage period o f 40 years at the most and the licence for the storage facilities is 

limited by BfS to that amount o f time. The safety assessment concept o f the long term 
dry interim storage o f shipping casks was developed in the early 1980s and has been 
described in numerous publications (e.g. Ref. [4]).

In general, it must be proven that any consequences from radiation, decay heat, 
corrosion effects from the cask inventory and corrosion effects from the external 
environment have no critical effect on the integrity o f the cask. In addition to the 

single lid system of a normal Type В transport cask with an acceptable leakage rate 
depending on the maximum tolerable activity release, e.g. a standard helium leakage 
rate o f <  10“5 hPa-L"1 -s“1 for a cask with spent fuel elements, a secondary lid is 
installed during the dry interim storage period. This so called ‘double barrier 
containment system’ (Fig. 1) is sealed with long term resistant metallic gaskets and 
equipped with an interspace pressure monitoring device. The proper functioning o f

4 . E V A L U A T IO N  O F  T H E  C A S K ’S  L O N G  T E R M  S U IT A B IL IT Y

FIG. 1. Schematic drawing of the double barrier lid closure system ( • : elastomer gaskets; o; metallic gaskets; LM: leakage measurement; PMD: pressure measurement device; PSBB: pressure of space between leaktight barriers).
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the lid system during its service life is essential for the proper use o f the casks at 
the storage facility because o f the massive, monolithic structure o f the other wall 
areas where no critical loss o f integrity and leaktightness need be feared.

The gasket’ s elastic restitution, the preservation o f the geometry o f the flanges 
due to steady bolting forces and no undue attack from corrosive agents on the sealed 
components are the main conditions for long term functioning. Quality assurance 
measures during manufacture and service ensure the safety related properties o f the 
flange surfaces, gaskets and bolts, as well as the correct assembly o f the gaskets and 
the lid system. The proper functioning o f any metallic gasket with a barrier function 

is finally checked by a helium leaktightness measurement, which must ensure a maxi
mum standard helium leakage rate o f 10"7 hPa-L“1-s '1. Additional representative 
long term tests with ‘Helicoflex’ gaskets at Pierrelatte, in France, have so far shown 
no significant change in leakage rate over more than 20 years. These results confirm 
the suitability o f such gaskets for the long term leaktightness o f dry interim storage 
casks.

Although there will be no systematic failure o f lid system components, the 
storage facility continuously monitors the lid system function. I f  the monitoring 
system — a pressure gauge which signals a critical drop in the service pressure 
(approximately 6 bar1 at the beginning o f storage between the primary and secon
dary lid) — detects a failure o f one o f the two lid systems, a reinstallation concept 
is provided. In the event o f a secondary lid failure, that lid can be changed and 
reassembled with new gaskets inside the storage facility. In the case o f a primary 
lid failure, an additional lid can be installed above the secondary lid to act as a new 
second barrier, including a new interspace pressure monitoring device. Instead o f 
using a metallic gasket, this lid is welded to the cask body along its circumference 

(Fig. 1).

5. OPERATIO NAL EXPERIENCE

Since the establishment o f the German dry interim spent fuel storage cask 
concept in the early 1980s, a great deal o f experience has been gathered. Spent fuel 
elements from the THTR reactor at Hamm-Uentrop and from the A V R  research 
reactor at Jülich are now loaded into CASTOR THTR/AVR casks (Fig. 2), manufac
tured by the Gesellschaft für Nuklear Service mbH (GNS), and stored in the licensed 
external dry interim storage facilities at Jülich and Ahaus. These are routine proce
dures that started in 1992 and 1993, respectively, and up to now more than 200 casks 
have been loaded and stored.

1 1 bar =  1.00 x  105 Pa.
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In contrast to the dry loading procedure for THTR and A V R  spent fuel 
elements, there is the much more difficult wet loading procedure which involves 
loading the spent fuel elements into the casks under water in the water pool o f a 
nuclear power plant. This requires great effort in drying the casks after loading is 
finished to prevent corrosive effects on the barrier system later on. The drying equip
ment and humidity measurement procedure was established for different loading 
operations in 1982 at several German power plants, e.g. Würgassen, Stade, Biblis 

and Gundremmingen, with CASTOR la, lb and Ic casks. The first wet loaded cask 
proposed for storage in the licensed external dry interim storage facility at Gorleben 
is a CASTOR Ha cask loaded at the nuclear power plant at Phillipsburg in July 1994.

As mentioned before, loading, transport and interim storage o f CASTOR 
THTR/AVR casks is now established in Germany as a routine procedure. A  great 
deal o f operational experience exists and has been used for process optimization. 
After the decision to shut down the THTR reactor, it became necessary to remove 
all nuclear fuel from the plant. The special THTR fuel elements are small spheres 
60 mm in diameter; their total number is nearly 608 000. Because o f their special 
structure, they do not need active cooling by water after removal from the reactor 
core. A  maximum o f 2100 fuel elements are loaded into each special steel canister 
which is subsequently closed with a welded lid. One o f these canisters is loaded into 
each CASTOR THTR cask. This is performed by a remote controlled crane, which 

picks up the canisters from the plant’ s storage pool and places them in the cask (the 
A V R  research reactor at Jülich contains approximately 300 000 spherical fuel 
elements which are loaded into steel canisters with a maximum capacity o f 950 fuel 
elements, and two canisters are loaded into each CASTOR A V R  cask). Special 
remote controlled handling equipment, which had earlier removed the primary lid, 
including the screws from the empty cask, then attaches the primary lid, equipped 
with a metallic gasket, to the cask, replaces the screws and tightens them to the 
prescribed torque. Then the cask is carried out o f the automatic handling cabin and 
the following operation steps are manually carried out by specialists. They evacuate 
the cask interior atmosphere down to <  10 hPa and fill it with 800 hPa (approxi
mately 0.8 atm) o f the inert gas helium. Because o f the dry loading conditions, this 
guarantees a sufficiently low moisture content in the cask interior to prevent critical 

corrosive effects.
After leakage rate measurement o f the large metallic gasket, a small flange 

with a metallic gasket is mounted above the valve for evacuation, and helium filling 
and leakage rate measurements o f the metallic gasket are carried out. This proce
dure ensures an integral standard helium leakage rate that is lower than 
10~7 h Pa-L '1-s“1 for the complète primary lid, which fulfils the requirements for 
transport as well as for the interim storage period. The secondary lid is then 
mounted, the screws are tightened and the leakage rate o f the large metallic gasket 
is measured. After final preparation o f the cask for transport, including impact
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FIG. 4. Handling by crane of a CASTOR THTR cask at the Ahaus storage facility (reproduced with the permission of Brennelement Zwischenlager Ahaus GmbH).
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FIG. 5. CASTOR THTR casks in the storage hall at Ahaus (reproduced with the permission of Brennelement Zwischenlager Ahaus GmbH).
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limiter mounting, it is positioned onto a special railway carriage which holds three 
casks in each case.

At present, one train with six casks travels nearly every week to the storage 
facility at Ahaus, which is also connected tö the rail network. After arrival (Fig. 3), 
every cask is moved into the service operation room by a crane (Fig. 4). There the 
pressure monitoring device, which is also tightened by a metallic gasket, is installed 
onto the secondary lid. The correct functioning o f this device, which has to activate 
i f  there is a reduction in the service pressure o f more than 3 bar, is controlled by 
a function test after installation. In spite o f the previous leakage rate measurement 

for the large metallic gasket o f the secondary lid at the nuclear power plant, that 
measurement is repeated here. After leakage rate measurement o f the metallic gasket 
o f the pressure monitoring device, the interspace between the two lids is filled with 
approximately 6 bar o f helium service pressure. A  small flange with a metallic gasket 
is then mounted above the gas filling valve and a final helium leakage rate measure
ment is made. This procedure ensures that the integral standard helium leakage rate 
is lower than 10“7 h P a -L '1 -s ' for the complete secondary lid. Finally, an addi
tional plate giving protection against environmental effects, such as water and corro
sive media, is mounted above the secondary lid with screws. This protection plate 

is tightened by an elastomeric gasket and contains a special flange to pass the cable 
from the pressure monitoring device through the protection plate. The interspace 
between the secondary lid and the protection plate is also filled with inert gas.

After the cask has been finally prepared for interim storage, as described 
above, the crane positions it in its place in the storage hall (Fig. 5). There the cable 
from the pressure monitoring device is connected to the supervision equipment o f 

the storage facility.
The most important problem which occurred during the first service period for 

the storage facility at Ahaus since 1992 were the signals o f the interspace pressure 
monitoring devices o f several casks. After reassembling the protection plates, it was 
found that water had soaked into the space between the protection plate and secon
dary lid and into the plug connected to the pressure gauge. This led to an electrical 
malfunction o f the pressure gauge which had been identified clearly; no failure o f 
any barrier has ever occurred. The reason for this problem was insufficient leaktight
ness o f the protection plate (including the flange for routing the cable from the 
pressure gauge) against water. Undoubtedly this problem only occurred because o f 
extreme weather conditions after long cold periods during the winter, when an inflow 
o f warm air with a much higher moisture content started and water had condensed 
on the cold outer cask surface. In addition, the decay heat from the spent fuel 
elements o f those casks is so low ( <K 1 kW) that water can stay on the cover plates 
for a number o f weeks without evaporating. The problem was solved by modifying 
construction o f the cable routing flange for better leaktightness against water; in the 
meantime, all casks in the storage facility have been equipped with these optimized 

flanges.
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The German concept o f external dry interim storage o f spent fuel and high 
active wastes, which was established in the early 1980s, has been put into operation. 
The concept is based mainly on the use o f monolithic ductile iron casks which have 
to be licensed according to the transport regulations and to the national Atomic 
Energy Act.

Up to now dry interim storage facilities have been licensed at Gorleben, Ahaus 
and Jülich. Since 1992, CASTOR THTR/AVR casks with fuel elements from the 
THTR reactor in Hamm-Uentrop have been stored in the storage facility at Ahaus, 
and, since 1993, casks with similar fuel elements from the A V R  research reactor at 
Jülich have been stored in the storage facility at Jülich. The loading o f these casks 
takes place under dry conditions and, after elimination o f some initial difficulties, 
the loading, transport and storage procedure has continued without problems. 

Six casks are stored nearly every week in the facility at Ahaus and one cask in the 
facility at Jülich.

The first casks loaded with spent fuel elements under wet conditions in the 
water pool o f a nuclear power plant are planned to be stored in the storage facility 
at Gorleben. Because o f the necessary drying and evacuation procedures and humid
ity measurements o f the cask atmosphere, the wet loading procedure is much more 
difficult than loading under dry conditions. The storing o f wet loaded casks is 
planned to become routine in 1995-1996 at Gorleben when the CASTOR V/19 cask 
will be licensed as the main standard cask design for the removal o f spent fuel 

elements from German nuclear power plants. Additionally, the return o f high active 
wastes from the reprocessing plant at La Hague in France is expected to start in a 
few months with TS-28V and CASTOR H AW  20/28 CG casks, but they will also 
be loaded at La Hague under dry conditions.

The external dry interim storage o f spent fuel and high activity wastes has 
demonstrated its suitability with regard to the safe confinement o f radioactive wastes 
over long term storage periods o f up to 40 years. This type o f spent fuel storage is 
now accepted by the German licensing authorities as proof o f waste removal from 
nuclear power plants, making clear the importance o f that concept being in working 
order.
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Abstract

SET OF CRITERIA FOR LICENSING PROCEDURES.
A  general model o f licensing procedures thought to be the most appropriate fo r small 

countries is discussed. Because o f the similarities in the administration and economy o f small 
countries, the licensing process proceeds on a step-by-step basis and the licensing procedures, 
as one o f the steps in this process, consists o f two parts: a pre-licensing period and the main 
part, i.e. issuing o f the licence. A  detailed discussion o f the directives o f the nuclear authority 
fo r the selection o f the site fo r a nuclear facility  is provided, together, w ith some remarks on 
the directives fo r the other licensing procedures. The licensee has to provide a special answer 
in a specific case which need not agree strictly w ith the general directives. However, the 
licensee is required to give a detailed explanation o f the other case.

1. MODEL OF LICENSING PROCEDURES

For small countries like Hungary there is probably not a large range o f possi
bilities to carry out the licensing and construction o f a nuclear facility. The similari
ties between small countries come mainly from the small size o f their administration 
and economy.

The licensing process o f a nuclear facility must be executed on a step-by-step 
basis because a general design from siting to operation (or to decommissioning) all 
in one step is too expensive and requires a large nuclear authority, with considerable 
scientific background. The step-by-step method means that several subprocedures 
follow each other over time (see Fig. 1) and these licensing subprocedures are 
executed together with the corresponding phases o f the project so that licensing 
activity is a continuous process o f work during the entire project. The sequence for 
the subprocedures is fixed and none o f them may be started before completion o f the 

previous one. These subprocedures are the licensing procedures for the selection of 
the site and for the construction, commissioning, modification and decommissioning 
o f a nuclear facility. In such a case, close co-operation is necessary between the 
licensee and the nuclear authority.

3 6 9
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Pre-licensing Main part of licensing process

F IG . 1. Generalized model o f  licensing procedures.

F IG . 2. Site licensing procédure fo r  nuclear facilities (  О : application documents; A D V  K F : 

local competent authority; H A E O : Office o f  the Hungarian Atom ic Energy Commission — 
Secretariat o f  the H A E C ; K H T : study o f  the effects on the environment; N S I; Nuclear Safety 

Inspectorate).
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F IG . 3. Construction licensing procedure fo r  nuclear facilities (  O: application documents; 

N SSI: Nuclear Safety Supreme Inspectorate). (See Fig. 2 f o r  explanation o f  other 

abbreviations.)

The licensing subprocedures are very similar and generally consist o f the 
so-called ‘pre-licensing period’ and the main part o f the licensing. In the pre
licensing period the licensee obtains special permits which are necessary for the final 
licence. The nuclear authority at the beginning o f each step provides a detailed guide 
to the licensee. After completing the pre-licensing tasks the licensee submits a 
package to the nuclear authority. In the package are previous applications and the 
corresponding permits, as well as some documents prescribed by the nuclear 
authority. The nuclear authority studies the contents o f the package and decides on 

the issue o f a licence.
Country specific differences arise from the organizational structure o f the 

administration. For example, in Hungary systems for several areas are not concen
trated, i.e. the ministries do not have a direct and leading role to play. Therefore, 
the task o f co-ordinating the pre-licensing periöd must be given to a local authority,
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e.g. to the Town Council or to a Town Clerk. In a concentrated system the respon
sibility is probably with a department o f a ministry. Such a generalized model is 
shown in Fig. 1. Figures 2 and 3 show the process diagrams for licensing sub
procedures for site selection and construction. The competent authorities manage 
special areas o f the economy or society. They study the application submitted to them 
and render expert opinions by which they can impose conditions if they are neces
sary. These conditions must be satisfied during execution o f the project.

2. DIRECTIVES FOR LICENSING PROCEDURES

At the beginning o f the licensing procedure (or a subprocedure in the sense of 
the previous section) the nuclear authority gives a document to the licensee which 
contains a general description o f the procedure in a given case and several directives 
to be followed during the procedure. The directives o f the nuclear authority are based 
on the Safety Guides o f the IAEA, but naturally there are country specific require
ments as well.

The competent authorities have their own set o f directives which can be 
conveyed to the licensee in three different ways, namely as a supplement to the 
regulating decree, or they may be published in the gazette o f the government (e.g. 
Hungarian Gazette), or the competent authority may provide the directives directly 
to the licensee. In general, i f  there are international norms in a special field (e.g. 
those o f the International Commission on Radiological Protection), the authority 
takes these into account.

The directives o f the nuclear authority are not compulsory for the licensee; the 
licensee’ s approach may differ in its solutions, but the level o f nuclear safety must 
remain at least the same and the licensee must explain any differences.

3. DIRECTIVES FOR SITE LICENSING

The document given to the licensee at the beginning consists o f the following:

— General description o f the licensing procedure with its legal background;
— Formal requirements (data, number o f copies, notations, language, complete

ness and signature);

— General requirements (level o f planning, extent o f the safety analysis and 

requirements for quality assurance);
— Detailed requirements in the planning documentation (technical description — 

a simplified technical design, drawing documentation, specification o f the 
main components, organization o f the different phases and economics);

— Detailed requirements o f the safety analysis;
— Legal guide to the requirements o f the applications in the pre-licensing period.
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The formal requirements are important for quick and accurate processing. 
They are quite country specific. From the general requirements the most essential 
element to mention is that the licensee is obliged to provide a so-called ‘A  design’ 
o f the nuclear facility (or facilities i f  there are more versions). The A  design is simply 
a summary o f the technical design (B design) o f a nuclear facility and comprises:

— Specification o f the task (description o f the site, specifying details o f the 
facility, explanation o f the plan, general technical, reliability, physical, chemi
cal and biological requirements, and economic features).

— Analysis and evaluation o f the different versions o f the nuclear facility from 
several aspects and explanation o f the version finally selected.

— Presentation o f the selected version (description of: construction, the prelimi
nary characteristics, the conditions for realization and inputting o f data to the 
В design).

The requirements for quality assurance are verification o f the external data, 
classification o f the information on site selection from the point o f view o f nuclear 
safety and responsibilities for planning.

The A  design must contain the operating principle o f the facility, a description 
o f the main technological processes, the control demands and the level o f automa
tion. A  great deal o f attention must be paid to contamination effects and to the 
quantitative and qualitative characteristics o f the wastes.

Three types o f drawing documentation are required. The building and geodesy 
plans determine the general characteristics o f the facility (shape, area, level and 
placement) and the main dimensions and structural features o f the final buildings. 
The mechanical plans define the process diagrams o f the main technological 
processes, the main characteristics and the requirements for completion. Finally, the 
electrical and process control plans indicate the main functions and parameters o f the 
energy supply and transfer and the communication and safety systems.

Specification o f the main components involves listing the basic technical 
parameters o f the equipment and the reliability requirements o f the data.

The organizational plan for the construction o f the facility details the main 
parts o f the building, the fabrication and installation process and the principles for 
completion. The organizational plan for commissioning and operation describes the 
parameters o f controllability, inspections and possible failures; and the organiza
tional plan for maintenance characterizes the possibilities for repair, modification 
and revision.

The requirements o f the safety analysis are the most crucial element o f the 
directives. The safety analysis has to cover the following main areas.
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3.1. The process of site selection

In general, the site selection process consists o f three steps: selection o f a 
region, indication o f the sites under consideration within the region and comparison 
and ranking o f the possible sites. A  small country like Hungary can often be consid
ered as one region, thereby simplifying the selection process. Moreover, the site (or 

the vicinity) o f an operating nuclear power plant is an obvious candidate to be the 
site o f an interim spent fuel storage facility as well. The main requirement o f site 
selection is that all o f the characteristics connected with safety have to be considered. 
An approach in selection is to assign weights to the various characteristics.

3.2. Revision and evaluation of sites

There are three main aspects involved in revising and evaluating sites:

— Environmental conditions affecting the design basis o f nuclear facilities,
— Effects o f the nuclear facilities on the environment,
— Site characteristics affecting accident prevention.

Nuclear facilities can be exposed to earthquakes, instability o f the soil, tectonic 
activity, hydrogeology, climate, floods, other serious events o f nature and extreme 
conditions and, finally, human activity. Most o f these events are obvious risks. 
Human activity means that there will be aircraft crashes, or industrial and military 
activities around the given site.

.Since radioactive materials can escape from the nuclear facility, it is necessary 
to study the weather characteristics, surface and underground water conditions and 
land and water utilization habits (agriculture, industrial lands and waters, fishing, 
holiday camps, nature reserves, etc.) in the surrounding area in order to estimate the 
migration o f the radioactive materials. Furthermore, the nominal background radia
tion level must be measured; this serves as a zero reference for data (measurements) 
gathered later.

To ensure that there is a good accident prevention plan it is important to know 
the distribution o f the population, the traffic conditions in the region and the commu
nication system. To keep the radiation danger at an acceptable level, safety zones 
must be determined around the site, taking into account the possible consequences 
o f the radiation doses to the population and whether the accident prevention plan can 
be carried out if  it is necessary.

3.3. Classification of information and comparison of different versions

It is recommended that information be summarized in a weighted manner. An 
appropriate numerical value could be assigned to each feature o f the different 
versions o f the nuclear facility and the sum o f these numbers gives a ranking list for
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(a)

Area of the revision and evaluation of the site information

Version
of

facility

Environment -> Facility
Facility-»

Environment
Accident

prevention
Total

1 2 3 4 5 6 7 8 1 2 3 4 5 1 2 3 4

1

2

3

4

Possible
points 0--6 0 -3 О-4

(b)

Characteristics

Area of the evaluation

TotalFacility -»  
Environment

Environment 
-*  Facility

Radiation
protection

Level of 
preparedness

0 -3 0 -2

Reference 0 -2 0 -2 0 -2

Controllability 0 -2 0 -2

Reparability 0 -3 0 -2

FIG. 4. Possible schemes for classification of site information and facility characteristics, 
(a) Multiple versions of possible facilities; (b) one version of possible facilities.
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the versions. Naturally, this is only a recommendation, and the licensee may use 
another method for the classification which is at least as efficient as the one 
mentioned here. Figure 4 gives a possible format.

4. SOME REMARKS ON THE DIRECTIVES
FOR OTHER LICENSING PROCEDURES

The directives for site licensing are very similar for different nuclear facilities. 
This is not the case for the other licensing procedures. In Fig. 3 the licensing proce
dure for the construction of nuclear facilities shows that a detailed technical design 
is required. However, the directives for the technical design for different nuclear 
facilities are dissimilar. The situation is the same for the preliminary safety report.

The Hungarian nuclear authority has prepared the licensing procedures for site 
selection and construction of a nuclear power plant or a fresh or spent fuel storage 
facility. The latter are not detailed here because of a lack of space. Other licensing 
procedures are being developed.
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FOR THE LONG TERM STORAGE 
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Yu.V. KOZLOV, V.G. KRITZKY, T.F. MAKARCHUK,
V.V. MOROZOV, N .V . RAZMASHKIN, P.S. STYAZHKIN,
N.S. TIKHONOV
All-Russian Design and Scientific Research Institute 

of Complex Power Technology (VNIPIET),
St. Petersburg,
Russian Federation

Abstract

SA FE TY  A N A LY S IS  PRACTICES FOR THE DENSE STORAGE OF RBM K SPENT 

FUEL A N D  IM PROVED TECH NO LO G Y FOR THE LO NG  TERM  STORAGE OF SPENT 

FUEL IN  W A TE R  POOLS.

The paper discusses the safety problems connected with the conversion to dense storage 

o f RBMK-1000 spent fuel in reactor cooling pools and independent storage facilities. Recourse 

to dense storage has been made for a number o f reasons, among which are the absence o f spent 

fuel shipments from the nuclear power plant site, prolongation o f storage time and a partial 

change in storage conditions. Increasing the storage density per unit volume o f the storage 

facility and turning to new technical procedures (as against the basic design) call for further 

investigation o f safety problems. The safety assessment for the dense storage mode includes:

(1) Selecting a list o f  initiating events for design basis and unforeseeable accidents. Here 

special attention should be paid to technical operations. (2) Assessing dense storage safety 

under normal as well as design basis accident conditions. (3) Safety analysis and develop

ment o f  measures to compensate for unforeseen accidents. The final stage o f  the safety 

analysis involves preparing a supplement to the nuclear power plant design, in accordance 

with the safety assessment, and receiving approval for this document from the State 

Committee on Supervision for Nuclear and Radiation Safety o f the Russian Federation 

(G O SATO M NAD ZO R). To increase spent fuel storage safety, experimental studies were 

carried out on the condition o f fuel cladding ánd construction materials, and corrosión and gas 

emission processes, as well as on the behaviour o f radionuclides and corrosion products in 

pool water and the water o f  casks used for storing RBM K fuel. These results showed that the 

mechanical properties o f  the construction materials o f  irradiated fuel assemblies remàined 

practically unchanged during long term storage in cooling pools. Low  corrosion rates o f the 

concentrations and the activity o f  cladding surface deposits permit optimistic conclusions on 

the potential o f  long term wet storage (up to 30 years). Corrosion tests in cooling pools have 

been performed with stainless steel samples, stainless steel being used as the construction 

material for cooling pools and casks. It is concluded that the corrosion rate o f  stainless steel
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under radiation is not high enough to impose any serious restrictions on the service life o f  such 

construction elements. The most pronounced detrimental effect o f  radiation during the storage 

process is an increase in the activity released from fuel deposits and high activity stainless steel 

construction elements. Studies o f  the composition o f corrosion products, surface deposits and 

pool water have shown that the state o f  the corrosion products depends on temperature, pH 

and the distribution o f oxygen concentrations in the pool. These relationships can be used 

for predicting and monitoring radionuclide release into and out o f  pool water. Based on the 

studies performed, suggestions have been advanced concerning improvements in pool water 

chemistry, water coolant intake and recycling systems, and cask construction. Some safety 

provisions for long term RBM K fuel storage are also described.

The “ General Rules and Regulations for Spent Fuel Storage and Transporta
tion at Nuclear Installations”  (see item 2 in Annex I) are the basic regulatory docu
ments to be taken into consideration when determining the sequence of safety 
assessments for a spent fuel storage facility. Safety must be assessed at the design 
stage, as well as when incorporating modifications into the basic design or the 
storage technology in use. The results of the assessment provide the basis for 
drawing up a technical justification of storage system safety, which is an integral part 
of the facility design. The safety assessment related to design modifications is 
formulated as a supplement to the basic design.

The safety analysis should meet the requirements of the regulatory documents 
currently in force (see Annex I). According to item 2 in Annex I, the safety analysis 
incorporates:

— A list of initiating events for design basis and beyond design basis accidents,
— A justification of storage system safety for normal operation and design basis 

accidents,
— An assessment of the course of beyond design basis accidents and development 

of a complex series of compensatory measures.

The initiating events for specific cases are worked out on the basis of sample 
lists of such events, given in Annex II. The specific list should consider the location 
of the storage facility, as well as its engineering and technical features.

All initiating events can be arbitrarily broken down into those induced by 
external or by internal factors, the latter being subdivided into equipment malfunc
tions and personnel errors. In addition, one should take into account the fact that 
some initiating events bring about consequences that themselves can be considered 
as initiating events. Thus, an ‘external’ impact (an earthquake, flood, hurricane, or 
shock wave) can cause equipment malfunctions; the latter are initiating events as 
well. Hence, external impacts should also be incorporated into the list of initiating 
events.
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Preparing a list of initiating events demands no detailed analysis of the 
consequences of the accidents induced by an initiating event. However, a ‘tree’ of 
hypothetical evolution of the event should be drawn up. Such an approach permits 
consideration of all possible initiating events to the maximum extent and facilitates 
further safety assessment through clarification of the interrelation between all 
initiating events and their consequences.

In preparing a list for a design basis accident, one should pay particular atten
tion to personnel errors, since the assessment of possible errors permits reflection 
of the character of spent fuel storage technology as a whole.

The second stage of the safety analysis incorporates the safety justification for 
normal facility operation and design basis accidents. Under normal conditions this 
includes:

— Justifying the building construction strength;
— Calculating the heat release, temperature conditions and density of pool water;
— Justifying the radiation and nuclear safety;
— Calculating the water radiolysis and fire and explosion safety.

For design basis accident conditions, the safety justification is prepared in 
accordance with the corresponding list of initiating events. In this case, it is neces
sary to assess the consequences of the initiating events and determine the ‘end’, or 
ultimate, emergency situation. The next step is to calculate the emergency hazard 
and, if needed, to prepare a list of organizational and technical safety measures. For 
instance, in calculating the effect of dropping a filled cask onto the pool bottom, it 
has been shown that the cask might break the pool liner and cause pool dewatering. 
To prevent such a hazard, the pool bottom can be lined at the points of possible 
impact with additional steel sheets of adequate thickness.

The analysis results form the basis for preparing the ‘Justification for Safe 
Spent Fuel Storage Under Normal Operation and Design Basis Accident Conditions’.

Assessment of the course of beyond design basis accidents and compensating 
measures is performed according to the .list of initiating events prepared for beyond 
design basis accidents. The analysis incorporates a beyond design basis accident 
scenario, assessment of its consequences and development of compensating 
measures. The most serious consequences of such accidents are as follows: (a) self- 
sustaining chain reaction in the cooling pool and (b) fuel degradation and radio
activity release into the environment.

The analysis results are used to prepare the ‘Analysis of Consequences of 
Beyond Design Basis Accidents and Development of a Complex of Compensating 
Measures’.

Assessment of safe spent fuel storage as a whole ends with the issue of a ‘Tech
nical Justification of Safe Spent Fuel Storage’, which comprises part of the storage 
facility design.
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The safety assessment is performed by the general designer of the facility on 
the basis of an application by the operator. The results should be agreed upon 
(according to the scientific research and technical documentation currently in force) 
with the Nuclear Safety Department of the Physical Power Institute (FEI) — the lead
ing organization on nuclear safety problems — the general constructor of fuel (in 
relation to spent fuel behaviour at storage, fuel configuration, etc.), and the scientific 
leader of RBMK nuclear installations — the Russian Scientific Centre, the Kurchatov 
Institute (with regard to the safety concept, scenarios of accident progression, etc.). 
On achieving agreement with the above mentioned organizations and introducing the 
necessary corrections in accordance with their conclusions, all the material on safety 
assessment should be approved by the State Committee on Supervision for Nuclear 
and Radiation Safety of the Russian Federation — GOSATOMNADZOR.

An example of a detailed safety analysis is the analysis for dense spent fuel 
storage at the intermediate storage facility of the Leningrad nuclear power plant. The 
designed storage capacity has been exhausted and fuel transportation is not yet 
planned. Conversion to dense storage technology has thus been brought about by the 
urgent need to increase the quantity of spent fuel stored in the facility.

The dense storage mode leads to changes in normal operating conditions and 
in some transport technology operations.

The list of initiating events for design basis accidents changes correspondingly. 
The list o f initiating events for beyond design basis accidents remains unchanged, 
but the consequences of these accidents will change owing to the increased quantity 
of fuel stored.

The safety assessment for dense storage technology has been carried out by the 
All-Russian Design and Scientific Research Institute of Complex Power Technology 
(VNIPIET) (the general designer of the storage facility) on the application of the 
Leningrad nuclear power plant (the operator) and with the participation of the 
Nuclear Safety Department of FEI, the general constructor of fuel (NIKIET) and the 
scientific leader (the Kurchatov Institute).

The new technology involves compact suspension of fuel assemblies in 
twin casks; the array of the casks is in a triangular configuration, with spaces of 
115 mm X 110 mm and a twofold increase in the pool capacity (i.e. 8760 casks 
against the designed quantity of 4380 casks).

A special cask suspending system provides the necessary strength of the metal 
construction. The system uses spring suspensions, which transmit 50% (±15% ) of 
the load to the metal beams of the slotted floor and another 50% (±15% ) of the load 
to the pool bottom. Increasing the storage capacity through dense fuel packing results 
in growth of the total heat release up to ~  3000 kW as against 1100-1200 kW in the 
original design. Calculations have shown that increased heat removal and main
tenance of pool water temperature below 50°C can be effected by additional heat 
exchangers, providing for the removal of 3500 kW.
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Calculations by the Nuclear Safety Department, FEI, have confirmed the level 
of nuclear safety for dense fuel packing under changed operating conditions. With 
the fuel configuration adopted for dense fuel packing, the neutron multiplication fac
tor of 2.4% enriched fuel becomes 0.837, while that for 2.0% enriched fuel is 0.788, 
which is in fair agreement with the requirements of the standard and technical 
documentation now in force. The safety assessment, through calculations, has shown 
that nuclear safety requirements have also been met for design basis accidents 
connected with heat removal system malfunction.

From evidence derived from radiation safety calculations, the y dose rate at 
the level o f the slotted pool floor (the most dangerous place for personnel) will not 
exceed 2.5 mR/h even for fuel cooled for one year.1 This situation agrees with the 
requirements of standard and technical documentation.

Data calculated on hydrogen evolving from pool water ( ~  820 normal litres/h) 
at the dense fuel packing site show that fire and explosion safety is provided both 
during normal operation of the facility and during malfunctioning of the ventilation 
system (design basis accident). In the latter situation, the period for achieving the 
explosive concentration is 12 days. Windows in the main hall o f the facility and 
provision for natural air circulation extend this period still further.

A safety analysis for design basis accidents and a safety justification have been 
completed in accordance with the list of initiating events, which includes:

— External impacts (seismic impacts, shock waves, hurricanes, tornados, or 
floods);

— Complete failure of the power supply;
— Fire in the storage facility building;
— Dropping of objects, which can change the fuel configuration or cause a loss 

of fuel integrity;
— Dropping of individual assemblies or filled casks and canisters;
— Personnel errors;
— Leak in the pool liners, causing a decrease in the water level;
— Malfunction of the water cooling and purification systems;
— Formation of explosive mixtures;
— Malfunction of the storage facility system equipment;
— At-reactor accidents, which threaten the safety of the storage systems.

The safety analysis for design basis accidents serves as the basis for developing 
a complex of organizational and technical measures to provide safe facility operation 
in the event of design basis accidents.

The safety analysis for beyond design basis accidents (calculating the conse
quences and developing a complex of compensatory measures) was carried out in 
accordance with the list of initiating events for such accidents (see Annex П).

1 1 röntgen (R) =  2 .58  x  1(T4 C/kg.
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On the basis o f the safety assessment for normal conditions of operation, 
design basis and beyond design basis accidents, the designer has prepared a supple
ment to the facility design entitled ‘Dense Storage of Spent Fuel Assemblies in the 
Storage Facility of the Leningrad Nuclear Power Plant’. Upon reaching agreement 
with the above mentioned regulatory organizations and obtaining the approval of 
GOSATOMNADZOR, this supplement was made an official document, permitting 
operation of the storage facility with a dense fuel packing system.

In-plant experiments were carried out to study the condition of the fuel 
cladding and construction materials of the fuel elements and storage pools (casks, 
pool liner, etc.). The composition of the storage medium (water) in casks and the 
pools was also analysed. The study’s aim was to improve and control storage safety 
and predict the impact of various factors on the storage process, such as conversion 
to dense fuel packing and extension of the fuel residence time in storage pools.

The condition of fuel cladding after 13 years of storage, was studied by metal
lography. A fuel rod from the top bundle of a fuel assembly was used. The study 
revealed (Table I) that during in-reactor operation the cladding surface was covered 
with a dense oxide film, its thickness growing from the top of the rod down. The 
quantity of fuel deposits grew as well. The change in cladding thickness along the 
rod length was within tolerable limits — the minimum thickness (of about 680 pirn 
under the deposits, comprising 83% of its initial minimum thickness) gave no cause 
for alarm as far as the reliability of further storage was concerned. Minor 
hydrogeneration caused no deterioration of mechanical properties. In fact, the 
strength characteristics were improved owing tó irradiation hardening of the metal, 
and the plasticity remained reasonably high: >  16%. On the whole, from the results 
obtained it follows that the long .term storage of spent füel assemblies induces no 
noticeable change in the physical châracteristics of fuel cladding.

On-site testing of Zircaloy and stainless steel samples revealed that corrosion 
was of predominantly uniform character, its rates being within the ranges of 7 and 
10 /¿m/a and 0.1 and 0.5 /xm /afor Zircaloy and stainless steel, respectively. Such 
corrosion rates guarantee safe storage of fuel assemblies for at least 40 years as far 
as fuel cladding integrity is concerned (during that period, only about half of the 
cladding thickness would corrode). This period would be even longer for casks and 
pool liners. Some threat comes from corrosion under deposits, though in this case 
the safety of fiiel storage can also be guaranteed for at least 30 years without resort
ing to any particular protective measures, since by the end of this period no more 
than 50% thinning of the fuel cladding would occur.

Chemical and radiochemical analysis of fuel deposits show that their composi
tion depends on the inventory of impurities deposited on the fuel surface during in
reactor operation of fuel, in the quantitative sense that Fe oxides are dominating. The 
radioactivity inventory in the fuel deposits depends on the type of cladding material 
and radionuclides of corrosion origin. On the inner cladding surface, traces of 
volatile fission products — iodine and caesium — were found.
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FIG. 1. Change in the total activity of pool water as a function of water temperature 

(I :  intermediate storage pool; 2: cooling pool).

Since the activity of fuel deposits did not increase, it was believed that the 
assemblies retained their integrity during the storage period.

From the safety viewpoint, pool water activity is of great importance. Since 
the water activity is, to a great extent, defined by the release of active corrosion 
products from fuel deposits, studies were carried out to determine the influence of 
water pH, oxygen content and temperature conditions on the behaviour of corrosion 
products. It was found that the total activity grew with the temperature (see Fig. 1). 
This is due to activity leaching and reléase from the fuel surface, together with an 
increase in solubility for practically all water impurities and an increase in water 
convection. The pH and oxygen content grew from the pool bottom to the top, and 
the soluble iron content grew correspondingly.

The experiments served as a basis for improving the technology to maintain 
pool water ¡quality at the specified level and reducing the total water activity to
3 Bq/kg. The technology includes:

— Cyclic pool water temperature elevation to 40-50°C, followed by a drop to 
20-30°C, with the water purification system in operation at the elevated 
temperature;

— Cyclic saturation of the pool water with air up to its solubility limits of 
(15-18) x  1СГ6 m3/L, with simultaneous water mixing by air bubbling for 
three to four days while the purification system is running.
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These operations provide for the transformation of corrosion products into 
soluble form and their removal through ion exchangers. In this way, additional water 
purification is achieved.

Storage cask examination showed that the current lack of water purification or 
water change in casks results in relatively high C l ' and F" ions and corrosion 
product concentrations. Therefore, we have proposed new cask designs which pro
vide for in situ water change and purification through disc filters with fibre packing 
(for instance the polyacryl fibres called ‘Krepan’)-

To suppress the effect of water radiolysis products formed under irradiation, 
inhibitors (i.e. acceptors of radiolysis products) such as C aC 03 or CaO are added 
to cask water.

The measures proposed substantially increase the duration of safe spent fuel 
storage in water pools.
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Annex I

LIST OF MAIN REGULATORY DOCUMENTS

1. General Rules for the Provision of Safety at Nuclear Power Plants, 
Rep. OPB-88, PNAE-G-011-89 (1989).

2. General Rules and Regulations for Spent Fuel Storage and Transportation at 
Nuclear Installations, Rep. PNAE-G-14-29-01.

3. Typical Contents of Nuclear Power Plant Technical Safety Analysis,
, Rep. TS-TOB-AS-85, PNAE-G-001-85 (1985).

4. Method Guide MR-TOB-ChOYAT-RBMK. Typical Safety Justification for an 
Intermediate Spent Fuel Storage Facility at a Nuclear Power Plant with 
RBMK-1000 Reactors. Structure and Contents, Minatom, Moscow.

5. Rules for Nuclear Power Plant Design and Operation, Rep. SPA-C-88 (1988).
6. Basic Rules for Working with Radioactive Substances and Other Sources of 

Ionizing Radiation, Rep. OSP-72/87 (1987).
7. Standards for Structural Design of Nuclear Power Plants with Different 

Reactor Types, Rep. PI-NAE-5.6.
8. Radiation Safety Standards, Rep. NRB-76/87 (1987).
9. Standards for Designing Earthquake Resistant Nuclear Power Plants, 

Rep. PNAE-G-5-006-87 (1987).
10. Fire Prevention Norms of Nuclear Power Plant Design, Rep. PSN-OT-87 

(1987).
11. All-Union Norms for Technological Designing. Definition of Categories for 

Rooms and Buildings on Fire Explosives and Fire Safety, Rep. ONTP-24-86 
(1986).

12. Rules of Arrangement and Safe Operation of Hoisting Cranes, State Standards 
Committee, Moscow.

13. Rules of Arrangement and Safe Operation of Nuclear Installation Equipment 
and Piping, Rep. PNAE-G-7-008-89 (1989).

14. Standards for Nuclear Power Plant Equipment and Piping Strength Calcula
tion, Rep. PNAE-G-7-002-86 (1986).

Annex П

INITIATING EVENTS ADOPTED FOR ANALYSIS 
OF DESIGN BASIS ACCIDENTS

1. Seismic and other natural phenomena (hurricanes, floods).
2. Complete failure of the power supply.
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3. Air shock wave from explosion at a given and/or neighbouring installation, 
passing transport, etc.

4. Fire.
5. Dropping of objects which can change the fuel configuration or cause fuel 

integrity loss.
6. Dropping of individual assemblies, filled casks and canisters during transport 

operations.
7. Hanging of fuel assemblies, filled baskets and canisters during transport.
8. Malfunctioning of equipment.
9. Leaks in cooling pools.

10. Formation of explosive mixtures.
11. At-reactor accident affecting storage complex safety.
12. Personnel errors.

Annex III

INITIATING EVENTS ADOPTED FOR CALCULATING CONSEQUENCES 
OF BEYOND DESIGN ACCIDENTS

1. Development of a self-sustaining chain reaction in storage systems.
2. Complete dewatering of storage pools.
3. Dropping of technical equipment and building construction materials on the 

floors of storage pools or on the fuel.
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LICENSING PROCESS FOR INDEPENDENT 
SPENT FUEL STORAGE FACILITIES IN UKRAINE

I. PETCHERA
Nuclear Safety Department,
Ukrainian State Committee for Nuclear 

and Radiation Safety,
Kiev,
Ukraine

Presented by A. Suhov 

A bstract

LICENSING  PROCESS FOR IND EPEND ENT SPENT FUEL STORAGE FACILITIES IN  

UKRAINE.

At the present time there are ten WWER-1000, two WWER-440 and two RBM K type 

reactor units in operation in Ukraine. They were constructed and commissioned before 1990. 

The idea behind spent nuclear fuel management as part o f  the former USSR’s nuclear power 

concept was as follows. After unloading from the reactors, spent fuel was placed in at-reactor 

(A R ) cooling ponds for storage for at least three years (one and a half years for RBM K spent 

fuel). After that, the fuel was transported either to reprocessing facilities in Krasnoyarsk (for 

WWER-1000 spent fuel), Chelyabinsk (for WWER-440 spent fuel), or to a spent fuel storage 

facility (for RBM K spent fuel). After the USSR ceased to exist, Ukrainian nuclear power 

plants have not shipped spent nuclear fuel to Krasnoyarsk. There are also some difficulties 

with spent fuel transportation to Chelyabinsk. Currendy, it is impossible to carry Out complete 

core unloading at some WWER-1000 units directly to A R  cooling ponds owing to lack o f 

space. The RM BK spent fuel storage facility is also close to being filled up. Approximately 

2300 WWER-1000, 700 WWER-440 and 1500 RBM K spent fuel assemblies are currently 

stored at Ukrainian nuclear power plant sites.

Different measures to implement safety provisions for spent nuclear fuel 
storage are undertaken at all Ukrainian nuclear power plants. The best solution 
would probably be to build a common State storage facility, as has been planned in 
some countries. However, it is necessary to cover the so-called ‘temporary pause’ 
before the commissioning o f such a facility by storing spent nuclear fuel in special 
transport containers at specific sites.

However, foreign experience indicates that the most appropriate solution to the 
problem is to construct a storage facility at each nuclear power plant site, and such 
facilities should be erected as soon as possible. Taking into account the lack of 
experience in storage design, safety justification and licensing, the situation with

389
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regard to spent nuclear fuel storage in Ukraine can be considered to be very 
complicated.

The Ukrainian State Committee on Nuclear and Radiation Safety (UkrSCNRS) 
has received documents which deal with the safety issues for spent nuclear fuel 
storage designs at the Rovno and South Ukraine nuclear power plants. These designs 
use TK-13 transport containers. Design efforts for a dry spent fuel storage facility 
for the Zaporozhe nuclear power plant are under way, based on a VSC-24 ferro
concrete container licensed from the USA. Ukrainian organizations and US compa
nies are involved in the design of the storage facilities and the safety justification. 
It is also planned to build dry spent fuel storage facilities at the Chernobyl and 
Khmelnitsky nuclear power plant sites.

Spent nuclear fuel storage facilities were not planned as a constituent part of 
nuclear power plant designs. This was because existing regulations did not stipulate 
any specific requirements and conditions for the storage of spent nuclear fuel in 
independent installations — i.e. in spent fuel storage facilities.

New nuclear safety rules containing the general requirements for safe spent 
fuel storage and transportation at nuclear energy utilities were introduced in 1992. 
However, there are no regulations covering the specific requirements for the design, 
construction and operation of spent nuclear fuel storage facilities, nor is there 
documentation regulating licensing procedures for the construction and operation 
phases of these facilities.

At present, the UkrSCNRS has approved the various stages of the licensing 
process for nuclear facilities. The list o f documents which should be submitted to 
the UkrSCNRS in order to receive a licence for construction of a spent nuclear fuel 
storage facility is defined, as are the requirements for the approximate contents.

“ Instructions”  on permit (licence) issuance procedures for the construction of 
spent nuclear fuel storage facilities, and the conditions and monitoring of this 
activity, as well as the requirements for the content and format of the Safety Analysis 
Report (SAR) of the storage facilities have already been developed and will be 
published in 1994. The development of other regulations is being planned.

The instructions determine the order of the licence issuance procedures for the 
construction of a spent nuclear fuel storage facility. In the supplement to these 
instructions, the basic principles of spent fuel storage safety are described. The basic 
safety principles are formulated in accordance with international and national 
experience, as well as the relevant IAEA, US and Ukrainian documents.

“ Requirements”  were developed on the basis o f US and national experience, 
taking into account the US Code of Federal Regulations and RG provisions, as well 
as rules, standards and other Ukrainian documents. These requirements will be in 
the first issue of the planned “ Nuclear Spent Fuel Storage Safety”  documents series. 
Development of other documents in this series is planned in 1995.

The basic principles o f the licensing system developed for spent nuclear fuel 
storage facilities are given below.
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(1) The licensing process for an independent spent fuel storage facility consists of 
three stages: a licence for construction, a licence for operation and a licence for 
decommissioning. Specific permits are issued for appropriate activities and their 
various stages during the interlicensing periods.

(2) Licences and specific permits are issued by the UkrSCNRS and its depart
ments. The UkrSCNRS is a regulatory body in the field of nuclear power utilization 
in Ukraine. The regulation of activities in this field is based upon the principle of 
permission.

(3) A licence for the construction of a spent nuclear fuel storage facility can be 
issued on the basis o f an appropriate design, which should be approved in accordance 
with the established procedures. The licence for specific activities is granted after 
consideration by the UkrSCNRS of the application and the attached legal and techni
cal documents, on the basis o f which the safety assessment of the spent nuclear fuel 
storage facility can be carried out. These documents are the following:

— A SAR for the spent fuel storage facility;
— Design documentation necessary to review the conclusions in the SAR;
— Results o f the State’s examination of the design, which is carried out by 

governmental bodies in accordance with existing legal acts;
— Quality assurance programme results.

(4) While the application, with the attached documents, is being considered, exam
ination of the applicant and SAR expert assessment should be carried out. Examina
tion of the applicant should be carried out by the Main State Inspectorate on Nuclear 
and Radiation Safety in order to determine the effectiveness of the quality assurance 
programme during the construction phase of the spent fuel storage facility.

The SAR is assessed by experts from the UkrSCNRS, together with indepen
dent experts, with the aim of impartially evaluating the safety level o f the proposed 
spent fuel storage facility. In order to organize the activities involved in studying the 
application, a nuclear facility design leader is appointed within the UkrSCNRS.

(5) Expert conclusions regarding the safety level of the storage facility, as well as 
the results of the investigation of the applicant, are jointly considered by the 
UkrSCNRS chairpersons. On the basis of a review of the results, a decision on 
issuance of a licence is made. On these grounds, the Chairman of the UkrSCNRS 
issues a licence.

(6) For a storage facility design based on foreign experience, it is possible to carry 
out the licensing process taking into account the regulations and requirements 
adopted in the relevant country, with the assistance of the appropriate regulatory 
bodies and consulting organizations.
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SUMMARY OF THE SYMPOSIUM
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SESSION 1: SPENT F U E L  STORAGE PROGRAMMES

In this session, 13 papers were presented which examined the three main 
methods used in national programmes for spent fuel, management:

— Reprocessing,
— Direct disposal,
— ‘Wait and see’.

In spite o f improved reprocessing capacity, the need for increased interim storage 
capacity was emphasized in many of the papers. In some cases the need has become 
urgent.

It should be noted that while there remain challenges in the area of spent fuel 
management, much progress has been made in the last five years. Additional wet and 
dry storage facilities have been designed, constructed, licensed and put into opera
tion. It was clear from the papers presented and the discussions that took place at 
this Symposium that the handling and storage o f spent fuel is taking place continu
ously and safely. The fimd o f experience is thus rapidly increasing. One general 
remark that can be made here is that the storage of spent fuel is a maturing 
technology.

SESSION 2 : SPENT F U E L  STORAGE TECHNOLOGY

The 15 papers presented in this session described recent developments in the 
area of spent fuel storage technology. The focus was on: (a) wet storage and (b) dry 
storage. The presentation examined the following storage technologies:

(a) Wet storage:
— Pond storage at-reactor (AR);
— Pond storage away-from-reactor;
— Multiple storage rack designs with simple and consolidated racks, open 

fuel assembly storage in pond water and containerized fuel assembly 
storage.

(b) Dry storage
— Casks with metal or concrete structures,
— Multipurpose casks,
— Storage in vaults with active and passive cooling.
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(1) Not all spent fuel storage technologies are available to those with a need for 
them. Thus, instead of individually developing a technology, it might be better 
to co-operate with organizations which already have the storage technology 
needed. This can be accomplished through:

— Conferences such as the present Symposium;
— The IAEA, for example, using the Co-ordinated Research Programme 

BEFA ST1;
— Commercial contacts, since the transfer of know-how under commercial 

terms is well developed in the nuclear technology area.

(2) During the Symposium, the outer engineered barriers of different storage con
finement technologies were discussed in detail. However, the fuel matrix and 
the cladding, even though they are the first and second barriers preventing 
fission product release, were discussed in only a few papers. Increasing the 
bumup provides an impetus to focus on the effects of altering fuel assembly 
in-service EOL conditions for spent fuel storage performance under different 
storage conditions.

Post-irradiátion creep and iodine stress corrosion cracking experiments on 
Z r-1 %Nb cladding to establish the maximum allowable temperature for the spent 
fuel storage of W W ER-1000 spent fuel in an inert gas were also discussed in this 
session. Based on the results of the experiments, the preliminary assessment for 
three-year cooled fuel with a maximum bumup of 50 GW-d/t U predicted an initial 
storage temperature of between 375 and 400°C , assuming an allowable hoop creep 
deformation limit of 2% . The experiments also indicated that irradiation induced 
hardening significantly reduces the thermal creep rate in irradiated Zr-l% N b, as is 
the case with Zr-2 and Zr-4.

The response of industry in coping with the growing inventory of spent fuel 
ÁR sites was another topic discussed in this session. One such response 
was the design of the first multipurpose container (MPC) for storage and transporta
tion to be reviewed by the United States Nuclear Regulatory Commission (USNRC). 
This review resulted in several changes to the technology used in the design. 
Although the MPC design is still awaiting approval, the experience gained during 
the review process is beneficial for upcoming systems seeking USNRC approval for 
multiple licences.

It was stated in this session that in some countries the quantity of high bumup 
and mixed oxide (MOX) spent fuel arisings will be increasing in the near future, and 
the amount generated will exceed reprocessing capabilities. The efforts at a research

The two main observations were:

1 BEFAST: Behaviour of Spent Fuel and Storage Facility Components During Long 
Term Storage.
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laboratory to develop an advanced spent fuel storage system to cope with the 
predicted inventory of high burnup and MOX fuel were described in the session. 
Because of the increase in enrichment, radioactivity and heat generation of high 
bumup and MOX fuel, new technologies such as bumup credit and high performance 
designs for increased shielding and heat dissipation are being investigated.

The high cost of fuel reprocessing is leading a number of utilities to consider 
long term interim storage, and possibly direct disposal, of spent fuel. In order to 
meet this challenge, there has been a dramatic increase in the number of utilities 
utilizing casks and other methods for interim storage. In response to this increased 
demand, vendors are developing casks with greater storage capacities.

Finally, the economic incentives for achieving high discharge bumups 
approaching batch averages in the range of 50-60  GW - d/t U were discussed. Infor
mation was presented on the more detailed assessments of the dry storage integrity 
of this high bumup fuel. These assessments were made because of: high fission gas 
release, which results in high internal gas pressures and creep rates; high H2 con
centrations in the cladding, resulting in embrittlement, and more corrosion of the 
cladding, which results in a thinner cladding wall and increased cladding strains. The 
benefits and drawbacks of early encapsulation were discussed to cope with these 
factors and with the dry storage of high bumup fuel.

In summary, all of the papers presented in this session illustrated how industry 
and research laboratories are responding to the challenge of dealing with the ever 
increasing inventory of spent fuel.

SESSION 3 : LICENSING AND SA FETY ASPECTS  
O F SPENT F U E L  STORAGE

The views of regulators and others on current regulatory matters relating to 
spent fuel storage were presented in this session. There were papers on changes in 
regulatory practice in a number of countries, and on how some countries have 
tackled the challenge of introducing new interim storage facilities or increasing the 
capacity of existing ones. It is clear that countries around the world are supporting 
regulatory bodies charged with overseeing the safety of all aspects of nuclear power.

Regulators expressed concern over the importance of the integrity of the clad
ding and the need for operators to demonstrate the continuing safety of the storage 
facilities they operate for whatever fuel is stored. It was suggested that the BEFAST 
programme might form a useful forum for the exchange of information in this area.



P O S T E R  P R E S E N T A T I O N S



P O S T E R  P R E S E N T A T I O N S

IAEA-SM-335/1P

CHARACTERIZATION OF THE FUEL CLADDING 
INTERFACE FOR INTERMEDIATE AND FINAL 
STORAGE OF SPENT FUEL

M. COQUERELLE, J.-P. BERTON,
C.T. WALKER, J.-P. GLATZ 
Institute for Transuranium Elements,
Joint Research Centre,
European Commission,
Karlsruhe

In the back end of the nuclear fuel cycle, two main strategies are under con
sideration: reprocessing and direct disposal. For both strategies, intermediate storage 
o f between 30 and 50 years is foreseen. Permanent disposal of vitrified HLW or 
spent fuel is planned to start around the year 2020. Consequently, about 200 000 t 
o f spent fuel from about 400 nuclear power plants must be stored around the world 
up to that time [1]. The probability of radionuclide release to the environment during 
intermediate storage is directly related to a deterioration in the mechanical properties 
of the cladding with increasing burnup. Theoretically, a higher risk of cladding 
failure can be expected with higher burnup. It is evident that a potential leachant will 
first reach the fuel cladding chemical interaction (FCCI) layer, and a characterization 
o f this layer is helpful in predicting fuel leaching behaviour in the repository.

At the Institute for Transuranium Elements, sophisticated microstructural 
examination techniques, elemental and isotopic analyses, as well as leaching experi
ments are used to better understand the leaching that occurs at the fuel cladding inter
face. Electron probe microanalysis (EPMA) profiles show an increase of fission 
products in the rim region of the fuel, where in PWR fuels a microstructure transfor
mation occurs when the average bumup exceeds 40-45 G W -d/t U [2]. In this region, 
the fuel is characterized by a high density of small gas filled pores and ultrafine 
grains roughly 1 ц,т in size. At a moderately high average burnup (less than about 
60 G W -d/t U), the microstructure change penetrates at the most 200 цт into the 
fuel. In PWR fuel, the bumup in the rim region is at least twice as high as the average 
burnup and the local concentrations of fission products, such as Sr, Те, Cs and I, 
increase accordingly. In addition, the concentration of plutonium increases from 
slightly less than 1 wt% in the body of the fuel to 3-4  wt% at the pellet rim [3].
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In the FCCI zone, phases containing U -(P u )-C s-0  or U -Z r-C s-T e-O  may 
possibly form at high burnup. Therefore, in order to study the properties of U -C s-0  
compounds, Cs2U 0 4 was mainly synthesized and pellets were prepared by hot 
pressing to investigate the mechanical and thermal expansion properties of this 
material. The deformation was measured at temperatures up to 800°C and the 
plasticity of Cs2U 0 4 was found to be relatively important at temperatures higher 
than 600°C. The thermal expansion, determined by means of a differential dilato- 
meter, was found to range between that of U 0 2 and Cu.

Scanning electron microscopy examinations of the inner surface of cladding 
from 52 G W -d/t U fuel revealed a Z r0 2 layer with a nodular structure, and an 
intermediate layer resulting from the interdiffusion of Zr into the fuel. Elemental 
analyses of the FCCI layer revealed the increased fission product inventory, espe
cially for Sr, Te and Cs. The same material was analysed using EPMA and was also 
identified as Z r0 2. Close to the cladding surface the oxide contained less than
0.5 wt% of impurities, but away from the cladding 10.7 wt% Cs and 6.1 wt% U 
were measured. These Cs and U concentrations correspond to just 3 .6 and 1.1 at. %, 
respectively, which suggests that if caesium uranate was present, only a small 
amount had formed (10 at.% at the most).

The complete dissolution of the layer and of the corresponding fuel (35 mg) 
was made by H F/H N 03 digestion at 200°C in autoclaves. The elemental composi
tion was obtained by inductively coupled plasma-mass spectroscopy. The results for 
each element were normalized to the same amount of material to obtain the ratio of 
its content in the FCCI layer to that in the bulk fuel.

The results show increased fission product and minor actinide concentrations 
on the fuel pellet surface owing to increased fission and neutron capture, but for 
mobile fission products also due to migration. A dynamic leaching test under stan
dard conditions was carried out to compare the leaching behaviour of the FCCI layer 
to that of a corresponding fuel sample. For the same weight of material the leached 
amounts were higher in the case of the FCCI layer. After normalization with the 
corresponding inventory, the leach rates of the actinides were still up to a factor 6 
higher compared with those of the bulk fuel.
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SEARCH FO R  D EFECTIV E F U E L  ASSEM BLIES  
A FTER  PROLONGED STORAGE  
O F SPENT M ATRIX T Y P E  FU EL

V.A. LEVADNYJ 
Institute of Radioecological Problems 

of the Academy of Sciences of Belarus,
Minsk,
Belarus

IAEA-SM-335/3P

A movable nuclear power plant with matrix type fuel and chemically active 
N20 4 coolant has been tested in Belarus. The 5 MW(th) reactor of the nuclear 
power plant contained metal-ceramic fuel, with 60% U 0 2 by volume and 40% 
metal matrix consisting of 60% Ni and 40% Cr by mass. The enrichment of the 
uranium was 45%.

After completion of the tests, the fuel assemblies, containing nuclear fuel with 
an average burnup of heavy atoms equal to 1.4%, was stored in borated water for 
three years. Monitoring of the radionuclide content of the water revealed the 
presence of both corrosion and fission products, such as 137Cs and 95Nb, with 
specific activities of 102-1 0 3 Bq/kg. A slow increase in the specific activity of 
137Cs was found. This was evidence of the lack of leaktightness of the stored fuel. 
The decision to search for the defective fuel assembly was made on the basis of such 
monitoring.

Owing to the fact that the fission product yield from matrix type fuel is an order 
of magnitude less than from uranium oxide and that the fuel is of low burnup and 
has been stored for a long time, methods were developed to permit enhancement of 
the sensitivity of monitoring and the reliability of detection of defective fuel assem
blies. A special technical system has been developed for the implementation of these 
methods. The system is shown in Fig. 1.

The search for a defective fuel assembly was carried out as follows. The 
assembly was remotely inserted into a box under water and the box was made water
tight with a cover. A pressure of 0.3 MPa was produced in it and the assembly was 
heated up to 430 K, with a heating rate equal to 0.1 K/s. Such a rate of heating main
tains the optimum discharge of fission products from the defective fuel element and 
heating up to 430 К creates an output o f fission products sufficient for detection at 
a low level of desorption of radionuclides from the cladding surfaces of the fuel ele
ments, thereby decreasing the effect of surface contamination and increasing the 
reliability of fission product detection.
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F IG . 1. Special technical system to enhance the sensitivity o f  m onitoring and reliability  o f  

detection o f  a defective fu e l assembly (1: box; 2; e lectric heater; 3; refrigera tor; 4; m a jor p ip e 

lines; 5 ; water feed  line; 6 -8 ; gas delivery lines discharging into special ventilation and 

drainage systems; 9; sampler; 10; detector o f  the gamma spectrometer).

By heating up to 430 K, the water pressure in the box reached 0.8 MPa. This 
made it possible for water to pass through the defect into the cladding of the fuel 
element, which was not leaktight. The fuel assembly was then cooled to 300 К  at 
a cooling rate of 5 K/s, the pressure was released in the box and the water was carried 
for analysis to the semiconductor detector of the gamma spectrometer.

The cooling rate of the assembly of 5 K/s increased the total discharge of fis
sion products from the fuel elements, which were not leaktight. The time needed to 
check one assembly was 30 min according to the method described, and inspections 
for likely defects in all stored assemblies were carried out. In addition, the activity 
of the corrosion products was at the background level in the detection of the fission 
products 54Mn, 60Co, and 152Eu and 154Eu, amounting to 104—10s Bq/kg.
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As a result, one assembly with fuel elements (or;fuel element) which were not 
leaktight was detected. The specific activities of the .fission products in the water 
from the box with this assembly were as.follows. 144Ce: 1.1 x  106 Bq/kg; 137Cs:
7.4 x  104 Bq/kg; 105Ru: 1.9 X 104 Bq; 125Sb: 1.1 X 104 Bq/kg.

The presence of solid 106Ru and 125Sb fission products is evidence of a 
pronounced defect in the fuel element cladding. In addition, a second assembly was 
found with 144Ce, 137Cs and 106Ru fission products in water from the box, using the 
methods described above, with a level o f activity of 104-1 0 5 Bq/kg. Thus, in order 
to increase the reliability of detection o f defective assemblies, the method was 
changed and repeated inspections of the assemblies for defects were carried out. 
After the assembly was heated up to 430 К with a pressure of 0.8 MPa, the pressure 
in the box dropped to 0 .4-0 .5  MPa, resulting in active water boiling under the clad
ding of the defective fuel element, pronounced desorption of fission products from 
the surface of the fuel core and migration of these products with steam from beneath 
the cladding.

When carrying out inspections for defects using this method, a decrease of 
30 times in the specific activity of 144Ce and 137Cs was detected in water from the 
box of the second assembly. Solid fission products were not detected. The specific 
activity o f 144Ce and I37Cs increased by 30 times in water from the box of the first 
assembly. This led to the conclusion that the presence of fission products in the 
inspected water of the second assembly is caused by background surface contamina
tion with fission products. In the meantime, the lack of leaktightness of the fuel ele
ments of the first assembly was confirmed. The imperfect assembly was placed in 
a leakproof container.

IAEA-SM-335/4P

STUDY ON CHANGES IN RADIOLOGICAL CONDITIONS 
AFTER INTRODUCTION OF HIGH DENSITY RACKS 
IN THE ANGRA 2 SPENT FUEL POOL

L.E. MASSIÈRE DE CASTRO SILVA, E.M. PÁSSOS 
NUCLEN — Engenharia e Serviços, S.A .,
Rio de Janeiro,
Brazil

Calculation, of gamma dpse rates at accessible areas of interest near the spent 
fuel pool of the Angra 2 nuclear power plant, which has two types of spent fuel rack 
arrangements (compact (C) racks and high density (HD) racks), was performed using
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TABLE I. SOURCE STRENGTHS OF A
FUEL ASSEMBLY FOR A POWER DENSITY OF
100 W /cm3 AFTER DECAY TIMES OF 300 DAYS

Group mean 

energy 

(M eV )

Source strength 

(7/s per cm3)

0.450 3.38 x  10u

1.125 1.80 x  108

1.570 8.28 x  107

2.000 8.00 x  108

2.400 2.29 x  107

TABLE П. ACTIVITY INVENTORY (Bq/m3) OF SPENT FUEL POOL WATER 
UNDER STEADY STATE CONDITIONS WITH SEVERAL SPENT FUEL ELE
MENTS (SFEs)

Radioisotope
1088 SFE 

(HD racks)

768 SFE 

(C  racks)

C o-160 2.74 x  106 9.79 X  106

Cs-134 2.18 X  107 1.54 X  107

Cs-137 2.74 x  106 1.95 x  106

the PELSHIE-3 computer program [1]. The principal task was to verify the radiolog
ical conditions, after the installation of HD racks (pitch: 248 mm) in relation to the 
earlier conditions with С racks (pitch: 283 mm), in order to ensure the observance 
of the previously set radioactivity levels for the areas of interest.

The dose rates in the vicinity of the spent fuel pool are mainly from the storage 
of spent fuel elements and the concentration of radionuclides in the pool water. The 
parameters affecting the level of radioactivity in the pool water are the activity 
released from the fuel assemblies, the degree of contamination of the pool water by 
primary cooling during refuelling, and the purification rate of the pool water. The 
activity contribution from the primary coolant plays only a short lived role during 
refuelling and neither it nor any other transient sources were considered.
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Reference [2] presents an investigation of shielding for the installation of com
pact racks in the spent fuel pool using the QAD computer code [3]. A similar proce
dure is followed in the present work for evaluating the contribution to the dose rate 
o f the fuel assemblies only. Reference [4] provides a model to calculate the dose rate 
from the concentration of activity in the pool water, which was useful for the pur
poses of this work.

Reference [5] presents the source strengths of a fuel assembly for a power den
sity of 100 W /cm3 and various decay times up to 300 days. Considering that the 
new high density array permits storage for 14 years, filling the spent fuel pool with 
arrays with a decay time of 300 days implies a conservative approach for the source 
term, and this has been the condition taken into account for the calculations. Table I 
shows the source strength as a function of the energy group of the spectral gamma 
emission from the fuel assemblies. At some places of interest the activity in the water 
of the spent fuel pool plays the main role in determining the dose rate level. Table 
П shows the activity of the principal radioisotopes present in the spent fuel pool 
water under steady state conditions [6].

The PELSHIE-3 computer program permits fast evaluation of dose rates from 
sources with a previously defined geometry, since it has eight subroutine options for 
source and shielding geometry calculations. The rectangular volume source is one 
of those, with shielding of the same shape; in this case, the program uses the Monte 
Carlo integration method.

In a two region storage pool, region I is intended for storing fresh fuel assem
blies. Region П, formed by new storage racks, is intended for storing spent fuel 
assemblies.

To allow the fuel assembly to be represented in PELSHIE-3, the assemblies 
were homogenized to give a uniform composition source. The geometric model 
includes a variable water layer between the source and the concrete shielding.

The attenuation coefficients and the Berger’s buildup constants employed by 
the computer program are calculated using the proper library of the code for each 
material for each region.

The results shown in Table HI indicate that the calculated dose rates are in 
compliance with the designed room classification, according to the local dose rate, 
behind concrete shielding as well as over the pool water surface, although the 
assumptions are largely conservative. It is possible to improve the accuracy of the 
results by finer calculation of the source term taking into account assemblies with 
different decay times [6].

REFERENCES
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Faculty of Electrical Engineering,
University of Zagreb,
Zagreb,
Croatia

A recent study of fuel cycle strategies for small or medium nuclear 
systems [1] showed that under the assumptions of the study, a direct fuel cycle is 
the optimal solution. When the direct fuel cycle is selected, transport to a reprocess
ing plant is not required, offering advantages in avoiding any transport of spent fuel 
outside of the power plant site. This is an attractive feature from the point of view 
of safety. This solution is also rational as it uses the site already purchased and 
reserved for nuclear use. The site has controlled access and is under permanent 
supervision during operation and under varying degrees of surveillance afterwards, 
depending on whether the plant is to be replaced with a new nuclear power plant or 
is to be decommissioned.

Among several possibilities for intermediate spent fuel storage at the nuclear 
power plant site, dry storage in concrete casks appears to be an attractive option [2]. 
In order to investigate the feasibility o f on-site dry storage, the basic parameters of 
a hypothetical storage cask were specified. It was assumed that the concrete cask is 
enclosed in a steel shell and has a capacity of 21 fuel assemblies from the Krsko 
nuclear power plant (the inner cavity diameter is 1.4 m and the approximate height
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is 6 m). A steel structure inside the cavity fixes and positions the fuel assemblies. 
Sixty to ninety casks would be required for the entire working life of the plant. An 
intermediate spent fuel storage facility at the power plant site would consist of a 
restricted access area, with several double arrays of sealed concrete casks placed 
upright on concrete pads.

Parametric studies of dose rates on the cask surface were carried out using the 
SAS2 shielding module from the SCALE package [3]. This module performs both 
depletion (to generate the source term) and one dimensional radial transport shielding 
calculations for a cask type geometry. The dose rates at points outside of the cask 
are calculated using gamma and neutron angular fluxes on the cask surface and 
standard American National Standards Institute conversion factors. A series of calcu
lations was carried out, varying burnup (33 and 55 G W -d/t U), cooling time (five 
and ten years), shield thickness and shield composition.

The site dimensions of the spent fuel storage facility (consisting of three 
separate fields containing 2 X 15 casks) were determined using the QAD-CGGP 
computer code [4 ], based on the requirement that the dose rates at the site boundary 
are below the prescribed general public dose rate level.

The study showed the possibility of on-site dry storage over the entire life of 
the Krsko nuclear power plant. The total dose rates on the site boundaries are within 
the requirements defined in US 10CFR72.
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1. INTRODUCTION

In order to increase the capacity of the original (non-high density) storage racks 
in WWER-440 and WWER-1000 power plants, new high density (compact) racks 
were developed and manufactured. All research and development efforts were 
carried out in the Czech Republic and Skoda Nuclear Machinery was involved in all 
the stages. P. Kladno developed the material known as ATABOR. The Nuclear 
Research Institute, Rez, assessed subcriticality by means of experiments in the LR-0 
reactor. Skoda has also prepared a dual dry cask for the long term storage of spent 
fuel.1

2. DESCRIPTION OF THE NEW RACKS

The new high density storage racks are for WWER-440 and WWER-1000 
units. They replace the original spent fuel storage racks in the pool next to the reac
tor. In comparison with the original racks, thé new racks have more than twice the 
capacity for the compact storage of fuel assemblies (303 assemblies in the original 
racks as against 682 high density places for WWER-440 reactor fuel). The new racks 
permit storage of spent fuel assemblies for six and nine years for WWER-1000 fuel 
in the pool. The number of places reserved for hermetically sealed containers with 
leaking fuel assemblies has been reduced to 17 (for WWÈR-440 fuel) and 25 (for 
WWER-1000 fuel) in comparison with the original racks, which hád a larger capac
ity for such containers. However, the reduced space is still sufficient, based on our 
experience with other nuclear power plants.

1 VALENTA, V., “ Development of a transport and storage cask for the Skoda 
WWER-440/84 (84 fuel assemblies)” , Development of Transport and Storage Casks for Spent 
Fuel (Proc. Advisory Group Mtg Vienna, 1994), IAEA, Vienna (unpublished).
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TABLE I. TECHNICAL SPECIFICATIONS OF THE NEW SPENT FUEL 
STORAGE RACKS

Parameters
Component

WWER-440 WWER-1000

Number of fuel assemblies 632 680
Number of hermetically sealed 

containers
17 25

Pitch between fuel assemblies (mm) 162 288
Pitch between transport casks (mm) 230 400
Length of hexagonal tube (mm) 3 000 3 590
Thickness of hexagonal tube sheet (itmi) 3 4.2
Distance of the two parallel sides of the 

hexagonal inner tube (mm)
152 242

Thickness of water layer between fuel 
assembly and hexagonal tube (mm)

4 4

Approximate mass'of storage racks (kg) 33 500 125 780

Materials

Hexagonal tube Austenitic stainless unstabilized steel, 
type AISI-304, alloyed with 1 % 
natural boron

Other parts Stainless steel, type AISI-321

The capacity Of the racks was increased by reducing the pitch between the fuel 
assemblies from 225 to 162 mm (from 400 to 288 mm for WWER-1000 fuel). To 
achieve the necessary subcriticality value (&eff <  0.95), the fuel assemblies were 
inserted into hexagonal absorptive tubes which form the base of the racks.

The design of the racks makes it possible to assemble the racks in an empty 
pool, as well as in the pool after the original racks have been dismantled. It thus 
eliminates the need for any modifications to the pool structure. The racks are also 
designed for low and high seismic sites (Table I).

Designs are being prepared for PWR fuel assemblies. The WWER-440 racks 
were licensed in 1992 and the WWER-1000 racks in 1994. Re-racking of all four 
units of the Dukovany WWER-440 power plant and delivery to the Rovenska nuclear 
power plant (WWER-1000) were carried out in mid-1994.



POSTER PRESENTATIONS 413
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1. INTRODUCTION

Among the most recent developments in dry storage cask technology for spent 
fuel are two casks for fuel from RBMK and WWER-440 reactors. The CASTOR 
RBMK is the newest member of the CASTOR family of casks and is made of ductile 
cast iron. The SBB-440/54 has a steel/concrete design as an alternative to ductile cast 
iron material. Both cask designs are described in detail below.

2. CASTOR RBMK CASK

In December 1993, the Gesellschaft für Nuklear-Behälter mbH (GNB) was 
contracted by Lithuania to supply 60 casks for the interim storage of spent fuel from 
the Ignalina nuclear power plant (RBMK-1500 type). This particular CASTOR cask 
was developed for this purpose. It is designed for the storage of 102 fuel bundles, 
with the following fuel parameters:

Initial enrichment: 2.4 wt% 235U,
Average bumup: 20 000 M W -d/t U,
Cooling time: 5 years.

The metal cask consists of a thick walled casting made of ductile cast iron. The 
fuel basket already containing the fuel is placed in the cask. The cask is then closed 
with a plug lid, which is bolted to the cask body, and a protective lid, which is also 
bolted on. On these lids, a protective cap is fixed which offers shielding and weather 
protection. The major dimensions and weights are shown below:
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Diameter

Overall diameter: 2072 mm,
Inner cavity diameter: 1485 mm.

Length

Overall length: 4395 mm,
Inner cavity length: 3810 mm.

Wall thickness

Bottom: 250 mm,
Side wall: 293 mm.

Weight

Empty cask: approximately 63 000 kg,
Loaded cask: approximately 72 000 kg.

3. SBB-440/54 CASK

A new steel-concrete design has been developed, the SBB-440/54 cask, for 
the storage of fuel from WWER-440 reactors. This type of cask has the advantage 
of having a more favourable price, as well as being able to be fabricated in countries 
with limited industrial capacities.

The SBB-440/54 cask is designed as a storage cask for 54 spent fuel assemblies 
from a WWER-440 reactor and has the following parameters:

Initial enrichment: 4.4 wt% 235U,
Average burnup: 42 000 M W -d/t U,
Cooling time: 6 years.

The cask consists o f a double walled cask body made of steel with a flange on 
top and with concrete filling, a double lid closure system (primary and secondary 
lids), as well as a fuel basket, which is placed in the cask cavity to accommodate 
the fuel assemblies.

For handling, two trunnions are installed at each end of the cask. During 
storage, a supplementary protection hood made of concrete is installed.

The major dimensions and weights of the cask are as follows:

Diameter

Overall diameter: 2660 mm,
Inner cavity diameter: 1800 mm.



POSTER PRESENTATIONS 415

Length

Overall length: 
Inner cavity length:

4000 mm, 
3260 mm.

Weight

Empty cask: 
Loaded cask:

75 000 kg, 
95 000 kg.

This cask has been proposed for storage use at the Slovak power plants of 
Jaslovské Bohunice and Mochovce. The options for site design include three 
concepts:

— A closed storage building,
— A hall structure made of steel,
— An open air site with casks lined up on a concrete pad.

IAEA-SM-335/8P

INTERIM DRY VAULT STORAGE 
SYSTEM FOR SPENT FUEL

T. SAKAYA, H. FUJIWARA, T. KURASHIGE 
Ishikawajima-Harima Heavy Industries 

Company Limited,
Tokyo,
Japan

Many types of interim spent fuel storage facilities such as pools, metal casks, 
vaults and concrete casks, have been built in many countries. In Japan, at-reactor 
(AR) storage facilities with pools and metal casks are to be constructed. Since 
Ishikawajima-Harima Heavy Industries has designed and constructed a vault type 
storage facility for vitrified products, we selected this type for an interim spent fuel 
storage facility and carried out a conceptual design.

Figure 1 shows the basic concept of the vault. Spent fuel is placed in a canister 
in whole assemblies, and the canisters are placed in a thimble tube. The ventilation 
pipe is located outside the thimble tube cylinder and surrounds it. The decay heat



416 POSTER PRESENTATIONS

FIG. 1. Concept of the natural air convection spent fuel storage vault.

FIG. 2. The spent fuel storage canister concept.
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is removed by air flow through the annular gap between the thimble tube and the 
ventilation pipe. The thimble tubes are fixed on the ceiling slab and the ventilation 
pipes are supported on the building using a support frame. The thimble tube is kept 
under negative pressure.

Helium gas is filled in the canister and the lid is welded on. The canister is 
cylindrical and can be changed to fit PWR or BWR fuel assemblies by replacing an 
inner partition with another one. Figure 2 shows an example of this canister.

In designing the storage facility, the following were decided as design criteria:

Storage capacity: 500-3000 t U
Fuel:

Type: PWR or BWR
Bumup: under 55 000 M W -d/t
Cooling time: over four years

Based on the above, the facility’s conceptual design was worked out and the 
properties related to heat removal, radiation shielding and critical prevention were 
evaluated. With regard to the heat removal property, it is clear that whichever way 
the canisters are placed in the thimble tube, there is enough of a temperature margin 
for the fuel claddings to ensure that the limit is not reached during storage. It is also 
clear from calculation results that the airborne public dose equivalent is so small that 
it is below the Japanese regulatory criteria. It is confirmed that the subcritical multi
plication factor is below 0.95.

BIBLIOGRAPHY
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Fuel Under Dry Storage Conditions, report, Central Research Institute of Electric Power 
Industry, Abiko (1989).
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EVALUATION OF HEAT REMOVAL SYSTEM 
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DRY STORAGE FACILITIES
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Central Research Institute of Electric Power Industry, 
Abiko, Chiba,
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1. INTRODUCTION

For a large capacity spent fuel storage facility in an away-from-reactor site, 
dry storage facilities using a cooling system with natural convection, such as cask, 
vault and silo storage, have economic merit. To use dry storage technology in a large 
capacity storage facility, it is necessary to have an optimum heat removal design. To 
optimize such a design, it is important to evaluate the natural cooling efficiency and 
the limit o f the cooling system by natural convection, and to establish the analytical 
method. For the purposes of this study, the evaluation method of a heat removal 
system at the cask, vault and silo storage facility is developed.

The heat removal mechanism of each storage facility is classified as follows:

— Natural convection near the storage container,
— Circulation flow in the storage facility.

To confirm and study these two phenomena using one piece of test equipment, 
a full scale model is needed. However, it is not easy to change the test parameters 
in a full scale model. Thus, a small scale model is used. To clarify the nature of each 
phenomenon, two types of test models are made for each storage method. One is a 
model which represents one storage container (or pit), with a scale of 1/1-1/2. The 
other model, which is 1/5 scale, represents one module of the storage facility. Tests 
with the model have been performed for each type of storage. In this report, an out
line of the results is given.

2. CASK STORAGE SYSTEM

The 1/2 scale test model represents one storage cask (Fig. 1). The circulation 
flow in the storage facility is taken into account in the tests, which are carried out



POSTER PRESENTATIONS 419

Blower

F IG . 1. Test m odel f o r  cask storage (a ll dimensions in mm).

under combined forced and natural convection conditions, as well as natural convec
tion in buoyancy assisting conditions. The test results are as follows:

— In the test natural convection in buoyancy assisting conditions, the temperature 
and velocity profiles near the wall are similar to the previous test results for 
natural convection from a vertical flat plate.

— In the test of combined forced and natural convection, when the mean velocity 
is larger than the peak velocity obtained in the test of natural convection 
(0.8- 1.0 m/s), the tendency of forced convection is dominant.

3. VAULT STORAGE SYSTEM

The test model, which is full scale, represents one pit of the vault storage sys
tem (see Fig. 2). The evaluation method for the heat transfer coefficient is important. 
The results are as follows:
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FIG. 2. Test model fo r  vault storage (all dimensions in mm).

FIG. 3. Test model for silo storage (all dimensions in mm).
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— The volume flow rate caused by the force of buoyancy can be calculated 
accurately using the balance equation of the pressure drop, heat balance and 
total pressure balance.

— To discriminate between natural convection and forced convection on the 
average heat transfer coefficient, the non-dimensional parameter

£ =  Gr*/Nu • Re2,7 • P r06

can be used.

4. SILO STORAGE SYSTEM

The test model in this case, which is 1/1.75 scale, represents a canister used 
in a silo storage system (see Fig. 3). In this test, the heat transfer characteristic of 
the horizontal cylinder in the free space is evaluated. As a result, on the average heat 
transfer coefficient the earlier evaluation formula applied within the range of the 
small diameter can be used up to the diameter o f this test model.

5. FUTURE PLANS

Small scale modules which represent the storage facility have been 
constructed. By taking into account the circulation flow in the facility, the test will 
lead to a change in the test parameters; the method of optimum thermal design for 
the storage facility will then be established.
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Quite a large quantity o f depleted uranium is formed as a by-product of the 
uranium enrichment process every year all over the world. However, an effective 
utilization method has not yet been developed. In many cases, depleted uranium is 
stored in special containers, such as 48Y cylinders, in the form of uranium hexafluo
ride. Some storage space and certain facilities are required for them.

We have begun development o f heavy concrete with depleted uranium to utilize 
the excellent shielding ability of uranium. The main purpose o f this study is to 
develop good shielding material which can be used for a spent fuel storage cask. In 
addition, the economic benefits of a concrete cask and the effective utilization of 
depleted uranium are also recognized.

In the preliminary study, concrete samples were produced with uranium oxide 
powder. However, heavy concrete with a sufficient specific weight (i.e. more than
3.5 g/cm 3) could not be obtained because the specific weight of the powder is not 
high enough for heavy concrete. The specific weight o f the uranium we could obtain 
was 3.3 g/cm 3, which does not meet our requirements.

In the second study, concrete samples with simulated uranium pellets (tungsten 
pellets) were produced because it is easier for us to carry out experiments using non
radioactive material whose handling is not limited by regulations. As a result, heavy 
concrete samples were obtained which had a high enough specific weight (more than
3.5 g/cm3), compressive strength (more than 300 kg/cm2) and workability. 
However, non-uniformity was discovered between the top and bottom o f the sample 
cylinders (diameter: 10 cm; height: 30 cm). So, in order to improve uniformity, an 
additive must be used which can increase the viscosity of concrete.

In the third study, concrete samples were produced with both uranium pellets 
and particles in order to improve the uniformity of depleted uranium, resulting in
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heavy concrete samples which had enough specific weight, compressive strength, 
workability and uniformity. The specific weight o f the heavy concrete samples was 
more than 3.5 g/cm 3 and the compressive strength after four weeks was more than 
300 kg/cm2. There is no problem in the workability and uniformity of this concrete 
from the viewpoint of construction and shielding ability.

We have also confirmed the effectiveness o f the shielding ability of heavy con
crete with depleted uranium using shielding analysis. The calculation codes used 
were QAD for gamma ray analysis and ANISN for neutron analysis. It was assumed 
that high bumup BWR fuels at 55 G W -d/t and cooled for ten years are stored in the 
typical spent fuel storage cask, which is made of heavy concrete with depleted ura
nium. The enrichment of this fuel was assumed to be 4.275 wt%. The other calcula
tion conditions were as follows:

— Number of BWR fuel assemblies in the cask: 32;
— Diameter o f the cask: 3 m;
— Thickness o f heavy concrete: 60 cm;
— Specific weight o f heavy concrete: 3.7 g/cm 3.

In order to compare the shielding ability o f depleted uranium, we assumed a 
case where a cask had the same specific weight o f heavy concrete with iron and the 
usual concrete. The results of the calculations are as follows.

Heavy concrete with depleted uranium is effective for the shielding of gamma 
rays as compared with both heavy concrete with iron and the usual concrete. 
Furthermore:

— The dose rate in the case o f depleted uranium concrete is about one-third as 
compared with iron and heavy concrete at the same specific weight of 
3.7 g/cm 3.

— The dose rate for depleted uranium concrete (3.7 g/cm 3) is less than 1% as 
compared with the usual concrete (2.1 g/cm 3).

The conclusions from these experiments and calculations for heavy concrete 
with depleted uranium are:

— It is good shielding material, especially against gamma rays;
— It is one o f the most effective utilization methods for depleted uranium;
— Mock-up tests for shielding ability and workability will be necessary to con

firm the practical uses of this material.
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A feasibility study of a horizontal dry storage system with an overpack for 
five-year-cooled BWR spent fuel assemblies has been carried out to confirm that the 
system meets Japanese safety requirements.

The horizontal dry storage system, which is called NUHOMS and has been 
used at integrated spent fuel storage installations at a number of reactor sites in the 
United States of America1, is one of the candidates for a dry storage system in 
Japan because it can be constructed in phases and has an advantage in cost. It pro
vides for the horizontal dry storage of spent fuel assemblies in canisters in a concrete 
silo which forms a radiation shield. Decay heat from the spent fuel assemblies is 
removed by passive natural circulation air cooling.

The canister, which contains spent fuel assemblies, has double, redundant seal 
welds which join the shell and cover plates. It is considered that this configuration 
can prevent the leakage of helium from the canister. Therefore, the NUHOMS 
system has no leak detection system.

However, in this study a leak detection system is used to emphasize the safety 
margins. An overpack concept which provides one of the options for a leak detection 
system was studied to confirm its feasibility. Figure 1 shows the arrangement of the 
horizontal dry storage system used for this study. The overpack is a cylindrical stain
less steel vessel which contains a canister. It is filled with pressurized helium and 
the pressure is monitored continuously to detect canister leakage.

Thermal analysis shows that 36 spent fuel assemblies with a channel box, or 
40 assemblies without a channel box, can be stored in a canister. The maximum fuel

1 PACIFIC NUCLEAR FUEL SERVICES, Safety Analysis Report for a Standard
ized NUHOMS Horizontal Storage System for Irradiated Nuclear Fuel, Pacific Nuclear Fuel 
Services, Inc., San Jose, CA (1991).
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FIG. 1. Arrangement of the horizontal dry storage system with overpack.

cladding temperature is 379°C during normal storajge and 381 °C during canister 
transfer from the reactor building to the concrete silo.

Shielding and subcriticality analyses show that the dose rate on the outer 
surface of the concrete silo is 1.7 /tSv/h, which is low enough to reduce the opera
tional exposure, and the effective multiplication factor {keR) is kept at less than the 
allowable value of 0.95 by using a suitable neutron absorber in the basket. An evalu
ation of the structural integrity of the concrete silo also shows that the silo can 
maintain its integrity under Japanese seismic conditions if  the concrete wall thickness 
meets the shielding requirements.

On the basis of these results, it was confirmed that a horizontal dry storage 
system with an overpack meets Japanese safety requirements.

To confirm and establish the means o f evaluating the heat transfer characteris
tics of the canister, experiments are being carried out using a 1/4 scale model and 
a visualization model. The results o f experiments at different helium pressures in the 
1/4 scale model show that natural convection is effective in removing the decay heat 
o f the fuel assemblies and in decreasing the maximum fuel cladding temperature.
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FIG. 2. Contributions o f the heat transfer modes (CNV: convection; CND: conduction; 
RAD: radiation).

Figure 2 shows the contributions of each heat transfer mode as a function of the 
helium pressure, which is obtained from the evaluation of the experimental data. It 
is clear from this figure that the evaluation method for the maximum fuel cladding 
temperature is realistic in taking natural convection into account. This will provide 
more precise evaluation of the fuel cladding temperature or make clear the safety 
margin of the thermal design. It will be applied to the analysis of the safety evaluation 
o f the system.
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A. SUHOV 
Data С Company,
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At present there are ten water cooled WWER-1000 power reactor units and 
two WWER-440 units in the Ukraine. The nuclear engineering concept in the former 
USSR called for spent fuel assemblies to be moved from the reactor to a cooling 
pond, where they were kept for less then three years. After that the assemblies were 
sent to the fuel reprocessing plant in Krasnoyarsk in TK-13 shipping containers. 
After the USSR ceased to exist, Ukraine has had no opportunity to send the spent 
fuel assemblies to the Russian Federation for reprocessing.

With the scheduled refuelling of the reactors in Ukraine approaching, the 
problem of the clearance of these cooling ponds has become urgent, since newer 
spent fuel assemblies have to be accommmodated.

Transferring the spent fuel assemblies from the cooling pond underwater to 
special cylindrical tanks made of special steel is one possibility. The overall dimen
sions of the tank allow it to be placed in a TK-13 shipping container. After loading 
the tank with 13 spent fuel assemblies and closing the top cover, a special biological 
shield in the form of a capsized ‘cup’ under the water level of the cooling pond is 
suspended by a crane. The tank is then pulled under the cup by the crane.

The tank and cup are transferred to a TK-13 shipping container installed verti
cally and the cup is returned to the cooling pond site. The loaded shipping container 
is transported to the storehouse, which is a site enclosed with concrete breastwork 
as high as the tank itself. A roof with shifting sections is installed over the 
storehouse.

After installing the shipping container vertically and opening its top hatch, 
another similar cup is installed by a crane, the tank with the spent fuel assemblies 
being placed underneath. The module is transferred and installed in its regular 
storage place. Before removing the cup the tank is provided with a condensing 
radiator.

A two phase thermosyphon with an evaporator inside and a condensing radia
tor on the top cover of the tank is used as a passive system of residual heat removal.
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Two methods of heat removal from the tank with the spent fuel assemblies are 
provided by our technology.

The first method is a ‘wet’ one. It involves forced heat removal, with water 
between the external surface of the spent fuel assemblies and the evaporating zone 
of the thermosyphon being used as a coolant. The water fills the interchannel space 
of the tank during the transfer o f spent fuel assemblies from the cooling pond; At 
the same time the water coolant functions as an additional biological shield.

The second method is ‘dry’, where the tank is filled with nitrogen after water 
has been removed by the dislodgement technique.

The wet method is used during the first stage of storage in lanes, when the 
quantity of residual heat released from each spent fuel assembly is 
Q =  (5 -  2) kW.

The dry method is used when Q < 2 kW. In this case, nitrogen plays the role 
of a coolant. Heat release from the spent fuel assemblies to the air is carried out by 
means of natural circulation in heat exchange media.

The use of a water coolant in the tank in the wet method of spent fuel assembly 
storage increases the rate of release of upper level heat. This results in a twofold 
reduction in the time needed in the cooling pond. Mass introduction of our technol
ogy will solve the problem of scheduled refuelling in all reactor units in Ukraine, 
and the safe and reliable storage of spent fuel assemblies in tanks will be ensured 
for 15-20 years.
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1. INTRODUCTION

The evaluation of the radiation source term of spent fuel is important for radia
tion shielding design and safety analyses of spent fuel storage facilities, such as a dry 
cask or a storage pool. Computer codes such as ORIGEN-2 [1] and ORIGEN-S [2] 
can be used for radiation source evaluation. The accuracy of these evaluations has 
been verified through numerous experimental data available for uranium oxide 
(UOX) spent fuel with a burnup of up to 40-50 GW • d/t HM (tonnes heavy metal)
[3]. However, data corresponding to spent fuel, both mixed oxide (MOX) (Pu ther
mal) and high burnup UOX, are scarce. Hence, a programme has been set up in 
order to obtain experimental data for the verification of codes used in the evaluation 
of the radiation source term for MOX and high burnup UOX spent fuel. The 
programme called ‘Spent Fuel Characterization Programme for Interim Dry Storage’ 
has been started for the period 1993-1997.

2. OUTLINE OF THE PROGRAMME

The UOX and MOX spent fuels used in the programme have been irradiated 
in PWR commercial reactors. The main parameters of the fuels are shown in Table I.
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TABLE I. MAIN PARAMETERS OF THE UOX AND MOX SPENT FUEL 
USED IN THE PROGRAMME ON SPENT FUEL CHARACTERIZATION

Fuel type Declared average bumup Enrichment

High bumup UOX About 60 GW-d/t HM 3.8% U-235

M OX (P498) 44.5 GW-d/t HM 3.6% fissile Pu

M OX (P504) 45.7 GW-d/t HM 3.6% fissile Pu

Experimental studies have been carried out at the Institute for Transuranium 
Elements in Karlsruhe, Germany. The studies include:

— Axial distribution along the fuel rod of the neutron emission and fission
products,

— Isotope analyses of fuel pellets for actinide and fission product inventory,
— Electron probe microanalysis (EPMA) of fuel pellets,
— Material behaviour.

Electron probe microanalysis is carried out in order to obtain the radial distri
bution of Pu, U, Cs, Xe and Nd (burnup) along a pellet. It is known that the concen
tration of Pu and the bumup at the pellet rim region are considerably higher than 
the corresponding average values in the pellet. This phenomenon, accordingly, 
affects the accumulation of minor actinides such as Am and Cm, which are important 
nuclides for the accurate evaluation of the source term.

The radiation source term is being calculated using the ORIGEN-2 code and 
NULIF (a pin cell calculation code in the Nuclear Fuel Industries Ltd in-core fuel 
management code system). The former has been selected as a standard code and the 
latter as a detailed calculation code.

3. PRELIMINARY RESULTS

The neutron source distribution that may well serve as a normalization para
meter in neutronic calculations has been measured along the axis of the fuel rods. 
The work was performed using a compact, semi-cylindrical array of three B-10 lined 
proportional neutron detectors embedded in a polyethylene moderator. This unit is 
installed, inside a beta gamma hot cell, above a metrology bench on which the fuel 
rod rests. The rod can be translated horizontally on the bench and in passing through 
the unit is scanned, yielding the axial distribution of the neutron emission. Passive 
neutron interrogation permits neutrons from spontaneous fission and (a , n) reactions 
in the fuel to be measured [4]. An efficiency calibration of the counting unit has been
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TABLE II. AVERAGED VALUES OF NEUTRON EMISSIONS FROM UOX 
FUEL RODS AND MOX FUEL SEGMENTS

Fuel type Measurement

Calculation

ORIGËN-2 N U LIF

High burnup UOX 1854 1816 (0.98)* 1453 (0.78)

M O X (P498) 4582 4969 (1.08) 3975 (0.87)

M O X (P504) 5176 5234 (1.01) 4187 (0.81)

a Calculated value/experimental value.

performed using a 252C f neutron source. Hence, quantification of the neutron emis
sion from the fuel can be accomplished.

Averaged values of the neutron emission from the UOX fuel rod and the MOX 
fuel segments (P498 and P504) are shown in Table II. The results from preliminary 
calculations performed for the fuels using ORIGEN-2 and NULIF are included for 
comparison. The neutron emission rates are expressed as neutrons per second 
millimetre length of fuel.

4. SUMMARY

Radiation source measurement, isotope analyses and EPMA studies are mutu
ally related. Therefore, integrated verification of radiation source evaluation codes 
requires the complete set of data from measurements and analyses. However, 
preliminary comparison of the neutron emission rates as measured and calculated 
indicates that ORIGEN-2 has potential for the evaluation of the radiation source for 
high burnup UOX and MOX fuel. The use of the more detailed NULIF code shows 
reasonable results, although more detailed evaluation is necessary where fuel assem
bly and core designs are considered. A more accurate and detailed verification of 
radiation source evaluation codes can be achieved using experimental dâta, such as 
burnup and isotope analyses.
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The long term storage of spent nuclear fuel is the most acute problem in all 
countries where nuclear power is under development. Currently, at nuclear power 
plants with RBMK reactors, there are 65 000 spent fuel assemblies; some of them 
are leaking.

Currently, spent fuel asemblies are stored at the site in cooling pools or in spent 
nuclear fuel storage facilities. The period of this storage is limited to ten years. 
During long term storage in water (more than ten years), the fuel cladding and spacer 
grids can be damaged by corrosion and, hence, the guide thimble can fail. In our 
opinion, dry storage of spent fuel calls for the solution of a number of problems 
connected with long term storage that results in structural material corrosion, 
especially if there are leaking assemblies.

For leaking RBMK fuels, a long term storage concept is suggested involving 
a metal matrix in steel casks. The concept suggested is o f dry storage of spent fuel 
assemblies in casks filled with a low melting point metal (an additional corrosion 
barrier). In this case, it will be lead or its alloy which, under conditions of storage 
and short term extreme situations, is not harmful to the steel o f a cask. Zirconium 
alloy or uranium dioxide will promote long term storage (up to 1000 years) and meet 
all requirements for safety (nuclear, radiation and ecological). The conditions 
involved are described in what follows.
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As cask (container) material, the choice was made of the well studied and com
mercially produced austenitic chromium nickel steel 12 X 18H10T, which is 
corrosion resistant against water, steam, air and other rigorous environments. This 
fact, and its good mechanical properties, ensure external integrity of a cask both 
under normal operation (contact with air at 50-250°C) and abnormal conditions 
(flood, fire and earthquakes). This type of steel is very compatible with molten lead 
at the temperature at the time of cask filling, namely 350°C. The short term (30 min) 
rise in temperature to 800°C under extreme conditions (fire) that should be taken into 
account in accordance with IAEA regulations on spent nuclear fuel shipping is no 
cause for concern since 12 x  18H10T steel contains limited amounts of manganese 
(0.4% mass) and nickel (10% mass), which have higher solubility in lead at 800°C. 
The good lead compatibility of such a steel for a limited period of time (up to 100 h) 
has been corroborated by worldwide experience.

The shape o f the cask, its mass and geometrical size are chosen so as to facili
tate shipping and technical operations using equipment available in the spent nuclear 
fuel storage facility, as well as transportation in a container van.

For the material filler of the cask, which is an additional corrosion and radia
tion barrier, the choice was made in favour of lead or its alloys with tin, bismuth, 
cadmium, etc. The main advantage of lead as à filler material is its good compatibil
ity with the cask material, zirconium alloy, uranium dioxide and fuel transmutation 
products. Lead is somewhat chemically unreactive with air, water and steam, In air, 
the metal forms a surface film of hydroxide which, under the action of carbon diox
ide, converts to water insoluble compounds (like lead itself). The film of the above 
compounds protects the metal against further corrosion. This ‘self-healing’ ability of 
lead makes it a reliable barrier that eliminates air (or water)-fuel contact even if the 
integrity of the cask is destroyed. The available lead matrix leads to a decrease of 
several times in the gamma background on the cask surface.

The melting temperature of lead is sufficiently high to keep it in a solid state 
during spent fuel assembly storage and is low enough to allow the rather simple oper
ation of filling a fuel assembly without damaging the integrity of the fuel rods.

The availability of a lead underlayer ensures good heat transfer from the fuel 
rods. With heat transfer by the natural convection of air (at an air temperature of 
50°C), the temperature drop between the fuel rod surface and cask will not be in 
excess of 300°C, which ensures the solid state of lead.

The process of filling fuel assembly casks with lead, their sealing and checking 
involves the following operations:

— Conditioning of the casks,
— Cutting o f spent fuel assemblies into two subassemblies (if filling is accom

plished at a nuclear power plant site),
— Preparation of molten lead in a special rig equipped with a device to remove 

impurities,
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— Heating of casks loaded with spent fuel assemblies to 350°C in a facility with 
a gas cleanup device,

— Filling casks loaded with spent fuel assemblies with lead and checking the 
quality of the filling,

— Plugging a filled cask by welding and checking the joint quality,
— Washing the cask to remove surface contaminants.

Checking the size of a loaded cask and its mass (from 300 kg to 10 t) allows 
use of standard shipping casks and arrangement in dry premises, with protection 
against gamma irradiation and cooling by air convection.

The sealing of through defects in fuel cladding with lead has now been inves
tigated. Investigations were carried out using 12 X 18H10T steel and Z r-l% N b 
alloy samples cut from cladding tubes with different surface conditions. The samples 
had purposely made defects, such as cuts, punctures and holes, which simulated 
defects in fuel cladding. A steel bar was inserted in the centre of a tube, thus simulat
ing a gap between the fuel pellet and cladding. Materials science studies indicated 
good lead sealing of defects in the samples. In all samples lead penetrated to the 
interior through purposely made defects and completely blocked the defects in clad
dings. A rig for filling a spent fuel assembly prototype with lead has currently been 
prepared.



CHAIRMEN OF SESSIONS

Session 1 J. VOGT (Chairman)
F.F. SOKOLOV (Co-Chairman) 
V.S. SRINTVASAN (Co-Chairman) 

Session 2 M. PEEHS (Chairman)
K.M. WASYWICH (Chairman)
C. BRISTOL (Co-Chairman)
V. FAJMAN (Co-Chairman)
J.-P. MERCIER (Co-Chairman) 

Session 3 D. KANE (Chairman)
N.S. TIKHONOV (Co-Chairman) 

Session 4 E.M . DIXON (Chairman)
N. TAKAHASHI (Co-Chairman)

Sweden
Russian Federation
India
Germany
Canada
United Kingdom 
Czech Republic 
France
United States of America 
Russian Federation 
United Kingdom 
Japan

SECRETARIAT OF THE SYMPOSIUM

A. GRIGORIEV 
N. ZARIBAS 
T. NIEDERMAYR 
G.V. RAMESH

Scientific Secretary (IAEA) 
Scientific Secretary (OECD/NEA) 
Symposium Organizer (IAEA) 
Proceedings Editor (IAEA)

435



L I S T  O F  P A R T I C I P A N T S

Alexandre, D .C .

Andreescu, N.

Aritomi, M.

Ayatollahi, M.S.

Baschwitz, R.

Beres, J.

Bonnet, C.

Botzem, W .

Bristol, C.

Cattaneo, L.

CEA, Centre d’études de Cadarache (DCC/DESD), 

F-13108 Saint-Paul-lez-Durance Cedex, France

Centre for Technology and Engineering 

for Nuclear Projects,

P.O. Box 5204-MG-4,

Bucharest-Magurele, Romania

Research Laboratory for Nuclear Reactors,

Tokyo Institute o f  Technology,

2-12-1, Ohokayama, Meguro-ku,

Tokyo 152, Japan

Permanent Mission o f the Islamic Republic o f  Iran, 

Heinestrasse 19/1/1,

A -1020 Vienna, Austria

Division o f Nuclear Fuel Cycle 

and Waste Management,

International Atomic Energy Agency, 

Wagramerstrasse 5, P.O. Box 100,

A-1400 Vienna, Austria

Nuclear Regulatory Authority o f  the Slovak Republic, 

Okruzna 5, 918 64 Trnava, Slovakia

Société générale pour les techniques nouvelles,

1 rue des Herons,

F-78182 Saint-Quentin-en-Yvelines, France

N U KEM  GmbH,

Industriestrasse 13,

D-63755 Alzenau, Germany

British Nuclear Fuels pic,

Risley, Warrington, Cheshire W A3 6AS,

United Kingdom

ENEL,

Via G.B. Martini, 3,

1-00198 Rome, Italy

437



4 3 8 LIST OF PARTICIPANTS

Crossan, I.F .

De Valkeneer, M.

Dionisi, M.

Dixon, E.M.

Dreisvogt, H.

Dutton, S.C.

Elkady, A .A .

Fajman, V.

Ferraris, M.

Florentin, F .

HM  Nuclear Installations Inspectorate,

St. Peter’s House, Balliol Road,

Bootle, Merseyside L20 3LZ,

United Kingdom

BELG ATO M  S.A.,

Avenue Ariane 7,

B-1200 Brussels, Belgium

Directorate for Nuclear Safety and Health Protection 

(ANPA-D ISP),

Via V. Brancati, 48,

1-00144 Rome, Italy

HM Nuclear Installations Inspectorate,

St. Peter’ s House, Balliol Road,

Bootle, Merseyside L20 3LZ,

United Kingdom

Bundesministerium für Umwelt, Naturschutz 

und Reaktorsicherheit,

Husarenstrasse 30,

D-53117 Bonn, Germany

Transport Division,

British Nuclear Fuels pic,

International Group, Fleming House,

Risley, Warrington, Cheshire W A3 6AS,

United Kingdom

Atomic Energy Authority,

101 Kasr El-Ainy Street,

Cairo, Egypt

State Office for Nuclear Safety,

Slezská 9,

120 29 Prague 2, Czech Republic

Permanent Mission o f the Holy See

to the International Organizations in Vienna, 

Theresianumgasse 33/4,

A-1040 Vienna, Austria

Fragéma,

10, rue luliette Recamier,

F-69456 Lyon Cedex 06, France



LIST OF PARTICIPANTS 439

Frejtich, Z.

Fujita, C.

Futami, T.

Gago, J.A.

Ghannadi-Maraghem, M.

Glatz, J.-P.

Grahn, P.H.

Grávalos, J.M.

Guerra Valdes, R.J.

Nuclear Power Systems,

Skoda,

Milady Horakove 109,

160 41 Prague 6 , Czech Republic

Tsugura Power Station,

Japan Atomic Power Company,

Myojin-cho, 1-Banchi,

Tsuruga City, Fukui Prefecture 914, Japan

Sumitomo Metal Mining Company Ltd,

11-3, Shimbashi 5-chome, Minato-ku,

Tokyo 105, Japan

Empresa Nacional de Residuos Radioactivos, S.A.

(ENRESA),

Emilio Vargas 7,

E-28043 Madrid, Spain

Jaber Ibn Hayan Research Laboratories,

Atomic Energy Organization o f Iran,

P.O. Box 11365/8486,

Tehran, Islamic Republic o f  Iran

Institute for Transuranium Elements,

Joint Research Centre,

European Commission,

P.O. Box 2340,

D-76125 Karlsruhe, Germany

OKG Aktiebolag,

Oskarshamnsverket,

S-572 83 Figeholm, Sweden

Empresa Nacional de Residuos Radioactivos, S.A.

(ENRESA),

Emilio Vargas 7,

E-28043 Madrid, Spain

Centro de Investigaciones Nucleares (SEAN ), 

Calle 18A y 43, Miramar, Playa,

Apartado Postal 6094,

La Habana, Cuba



440 LIST OF PARTICIPANTS

Hanson, A .S.

Haslam, S.

Havard, P.

Hirose, M.

Ioltykhovsky, A.G .

Ishii, T.

Janberg, K.

Kadarmetov, I.M .

Kakuna, H.

Kane, D.

Transnuclear, Inc.,

2 Skyline Drive, Hawthorne, N Y  10532,

United States o f  America

British Nuclear Fuels pic,

Fleming House,

Risley, Warrington, Cheshire W A3 6AS,

United Kingdom

ELECTRABEL,

Boulevard du Regent, 8 ,

B-1000 Brussels, Belgium

Nuclear Systems Division,

Mitsui Engineering and Shipbuilding Company Ltd,

5-6-4, Tsukiji, Chuo-ku,

Tokyo 104, Japan

All-Russian Scientific Research Instititute 

o f Inorganic Materials,

Rogov str. 5a,

123479 Moscow, Russian Federation

Litigation Bureau,

Ministry o f Justice,

1 Kasumigaseki, Chiyoda-ku,

Tokyo, Japan

GNB Gesellschaft für Nuclear-Behälter mbH, 

Zweigertstrasse 28-30,

D-45130 Essen, Germany

All-Russian Scientific Research Institute 

of Inorganic Materials,

Rogov str. 5a,

123479 Moscow, Russian Federation

26-1 Takaoka Okubo,

Akashi City, Hyogo Prefecture, Japan

United States Department o f  Energy,

1000 Independence Avenue,

Washington, DC 20585, United States o f America



LIST OF PARTICIPANTS 441

Kapocs, L.

Kashiwagi, E.

Kato, H.

Kazakov, A .N .

Kim, Chang-Bum

Kim, Young-Sang

Kirchner, В.

Klosendorf, F.

Knecht, В.

Koshkin, I .S .

Nuclear Safety Inspectorate,

Hungarian Atomic Energy Commission,

Czorsz utca 35,

H-1124 Budapest, Hungary

Central Research Institute o f  Electric Power Industry, 

1646 Abiko,

Abiko City, Chiba 270-11, Japan

Nuclear Chemical System Design 

and Engineering Division,

Toshiba Corporation,

8 , Shinsugita, Isogo-ku,

Yokohama 235, Japan

V N IP I,

33, Kashirskoje shosse,

115449 Moscow, Russian Federation

Korea Institute o f  Nuclear Safety,

P.O. Box 114, Yuseng,

305-606 Taejeon, Republic o f  Korea

Korea Institute o f  Nuclear Safety,

P.O. Box 114, Yuseng,

305-606 Taejon, Republic o f  Korea

Transnucléaire,

9, rue Christophe Colomb,

F-75008 Paris, France

Cogéma Deutschland GmbH,

Solmstrasse 2-26,

D-60486 Frankfurt, Germany

Swiss Federal Nuclear Safety Inspectorate;

CH-5232 Villigen-HSK, Switzerland

Ministry o f Atomic Energy o f the Russian Federation, 

Staromonetny pereulik 26,

109147 Moscow, Russian Federation



4 4 2 LIST OF PARTICIPANTS

Kurosawa, M.

Kusuno, S.

Le Motáis, В.

Levadnyj, V .A .

Loose, A.

Marticorena, J.O.

Maruoka, K.

Marzullo, T.

Massière de Castro Silva,

M ele, I.

Department o f Fuel Cycle Safety Research, 

Japan Atomic Energy Research Institute,

2-4 Shirakata-Shirane,

Tokai-mura, Naka-gun,

Ibaraki-ken 319-11, Japan

Institute o f  Applied Energy,

Shimbashi Sy Building,

14-2 Nishishimbashi 1-chôme,

Minato-ku,

Tokyo 105, Japan

Cogéma,

B.P. 4,

F-78141 Vélizy Cedex, France

Institute o f  Radioecological Problems o f the 

Academy o f Sciences o f  Belarus,

220109 Minsk-Sosny, Belarus

Agency for Radwaste Management, 

Hajdrihova 2,

6111 Ljubljana, Slovenia

Comisión Nacional de Energía Atómica, 

Avenida del Libertador 8250,

1429 Buenos Aires, Argentina

Mitsubishi Heavy Industries Ltd,

3-1-1 Minatomirai Nishi-ku,

Yokohama-shi 220, Japan

ENEL,

Viale Regina Margherita 137,

1-00198 Rome, Italy

L.E. NUCLEN — Engenharia e Serviços, S.A.,

Rua Visconde de Ouro Preto, 5,

5 andar,

Rio de Janeiro 22250-180, Brazil

Agency for Radwaste Management, 

Hajdrihova 2,

6111 Ljubljana, Slovenia



LIST OF PARTICIPANTS 443

Mercier, J.-P. Institut des protection et de sûreté nucléaire, 

CEA, Centre d ’études de Fontenay-aux-Roses,

B.P. 6 ,

F-92265 Fontenay-aux-Roses Cedex, France

Meyer, A .I. Atomic Energy Corporation o f South Africa, 

P.O. Box 502,

Pretoria 0001, South Africa

Minami, R. Nuclear Systems Division,

Research and Development Department, 

Kawasaki Heavy Industries Limited,

6-5, 2-chome, Minamisuna, Koto-ku, 

Tokyo 136, Japan

Miyahara, K. Nuclear Fuel Industries Ltd,

3-7, Tosabori 1-chome, Nishi-ku, 

Osaka 550, Japan

Nakajima, T. Nuclear and Electric Power Engineering Division, 

Toyo Engineering Corporation,

22-8-1, Akanehama, Narashino-shi,

Chiba 275, Japan

Nersessian, V. Department “ Armatomenergo” ,

Ministry o f  Energy and Fuel,

Republic Square, 2, Government House, 

Yerevan, Armenia

Novikov, V. International Institute o f  Applied Systems Analysis, 

A-2361 Laxenburg, Austria

Nuyt, G .R .A . Belgonucléaire,

Avenue Ariane,

В-1200 Brussels, Belgium

Obi, H Litigation Bureau,

Ministry o f Justice,

1 Kasumigaseki, Chiyoda-ku, 

Tokyo, Japan

Oi, N. Division o f Nuclear Fuel Cycle 

and Waste Management, 

International Atomic Energy Agency, 

Wagramerstrasse 5, P.O. Box 100, 

A-1400 Vienna, Austria



444 LIST OF PARTICIPANTS

Ono, K. Nuclear Fuel Industries Ltd,

950, Ohaza-Noda, Kumatori-cho, 

Sennan-gun,

Osaka, Japan

Palmu, J.-P. Imatran Voima Oy, 

SF-01019 Ivo, Finland

Park, S.W. Korea Atomic Energy Research Institute, 

P.O. Box 105, Yuseng,

305-606 Taejon, Republic o f  Korea

Paré, F.E. AE C L CAND U ,

1155 Metcalfe Street, 

Montreal, Quebec H3B 2V6, 

Canada

Peehs, M. Nuclear Fuel Cycle,

Power Generation Group (K W U ), 

Siemens AG,

Postfach 3220,

D-91050 Erlangen, Germany

Peev, P.H. National Electric Company,

8 , Triaditca st.,

BG-1040 Sofia, Bulgaria

Pevec, D. Department o f Physics,

Faculty o f  Electrical Engineering, 

University o f  Zagreb,

P.O. Box 1170,

41001 Zagreb, Croatia

Poncet, В. Fuel Procurement Department, 

Electricité de France,

23 bis, av. de Messine, 

F-75384 Paris, France

Price, W. Department o f  Safeguards, 

International Atomic Energy Agency, 

Wagramerstrasse 5, P.O. Box 100, 

A-1400 Vienna, Austria

Raisonnier, D. Transnucléaire,

9, rue Christophe Colomb, 

F-75008 Paris, France



LIST OF PARTICIPANTS 445

Remade, J. Environment, Nuclear Safety and C ivil Protection, 

Directorate-General X I,

European Commission,

Avenue de Beaulieu, 5,

B-1160 Brussels, Belgium

Risoluti, P. ENEA (ERG-RAD),

Via Anguillarese 301,

1-00060 F. Maria di Galeria/Rome, Italy

Roinel, Y . Commissariat à l ’ énergie atomique (DSE/DSP), 

31-33 rue de l'a Federation,

F-75015 Paris 15 Cedex, France

Roland, V. Transnucléaire S.A.,

9, rue Christophe Colomb, 

F-75008 Paris, France

Sakaya, T. Ishikawajima-Harima Heavy Industries Company Ltd, 

1, Shin-Nakahara-cho, Isogo-ku,

Tokyo 235, Japan

Saverot, P. NUSYS,

9, rue Christophe Colomb, 

F-75008 Paris, France

Sedlácek, J. State Office for Nuclear Safety, 

Slezská 9,

120 29 Prague 2, Czech Republic

Shabbir, M. Directorate o f  Nuclear Fuel and Materials, 

Pakistan Atomic Energy Commission,

P.O. Box 1114,

Islamabad, Pakistan

Simek, Z. Skoda Nuclear Machinery Company Ltd, 

Orlik 266,

316 06 Plzen, Czech Republic

Slack, J. AE C L CAND U ,

2251 Speakman Drive,

Mississauga, Ontario L5K  1B2, Canada

Smiesko, I. Nuclear Power Plant Jaslovské Bohunice, 

919 31 Jaslovské Bohunice, Slovakia



446 LIST OF PARTICIPANTS

Sokolov, F.F.

Srinivasan, V.S.

Stobbs, J.J.

Su, Bao

Suhov, A.

Supervil, S.

Takahashi, N.

Takala, H.J.T.

Takáts, F.

Taylor, Jr., M .

All-Russian Scientific Research Institute 

o f Inorganic Materials,

Rogov str. 5a,

123479 Moscow, Russian Federation

Nuclear Power Corporation o f  India Limited, 

Department o f Atomic Energy,

Vikram Sarabhai Bhavan,

Anushakti Nagar,

Bombay 400 094, India

N A C  Holding Inc.,

655 Engineering Drive, Suite 200,

Norcross, G A 30092, United States o f  America

Lan Zhou Nuclear Fuel Complex,

P.O. Box 508 (3),

Lan Zhou, Gansu Province, China

Higher Naval College,

18-12 General Lebed Street,

Sevastopol 335055, Ukraine

Direction de la sûreté des installations nucléaires 

(DSIN-CEN),

B.P. 6 ,

F-92665 Fontenay-aux-Roses Cedex, France

Central Research Institute o f Electric Power Industry, 

1646 Abiko,

Abiko City, Chiba 270-11, Japan

Finnish Centre for Radiation and Nuclear Safety,

P.O. Box 14,

SF-00881 Helsinki, Finland

Division o f Nuclear Fuel Cycle 

and Waste Management,

International Atomic Energy Agency, 

Wagramerstrasse 5, P.O. Box 100,

A-1400 Vienna, Austria

Fuel Services,

V ECTRA Technologies, Inc.,

6203 San Ignacio Avenue, Suite 100,

San Jose, C A  95119, United States o f America



LIST OF PARTICIPANTS 447

Tikhonov, N.S.

Ulaga, G.

Völzke, H.

Velkov, L .M .

Vogt, J.

von Heesen, W.

Wasywich, K .M .

Weis, M.

Wilson, J.A.

Yamaguchi, K.

All-Russian Design and Scientific Research Institute 

o f Complex Power Technology (V N IP IET ),

55, Dibunovskaya Str.,

197228 St. Petersburg, Russian Federation

Slovenian Nuclear Safety Administration,

Vojkova 59,

61113 Ljubljana, Slovenia

Bundesanstalt für Materialforschung und -prüfung, 

Unter den Eichen 87,

D-12205 Berlin, Germany

Committee on the Use o f Atomic Energy 

for Peaceful Purposes,

69 Shipchenski Prokhod Blvd.,

BL-1574 Sofia, Bulgaria

Swedish Nuclear Fuel and Waste Management 

Company,

P.O. Box 5864,

S-102 48 Stockholm, Sweden

STEAG Kernenergie GmbH,

Bismarckstrasse 54,

D-45128 Essen, Germany

A E C L Research,

Whiteshell Laboratories,

Pinawa, Manitoba ROE 1LO, Canada

Vereinigung Deutscher Elektrizitätswerke 

(VD EW  eV ),

Stresemannallee 23,

D-60596 Frankfurt/Main, Germany

Scottish Office, Environment Department,

HM  Industrial Pollution Inspectorate,

27 Perth Street,

Edinburgh EH4 5RB, United Kingdom

Power Reactor and Nuclear Fuel Development 

Corporation,

1-9-13 Akasaka, Minato-ku,

Tokyo, Japan



448 LIST OF PARTICIPANTS

Yamanaka, T. Nuclear Equipment Design Department, 

Hitachi Works o f  Hitachi Ltd,

1-11, Saiwai-cho 3-chome,

Hitachi-chi, Ibaraki-ken 317, Japan

Zsoldos, J. Nuclear Safety Inspectorate,

Hungarian Atomic Energy Commission, 

Czorsz utca 35,

H-1124 Budapest, Hungary



A U T H O R  I N D E X

Agace, S.J.: 135.
Ajima, T.: 295 
Akamatsu, H.: 71 
Andreescu, N.: 93 
Васе, М .: 409 
Banck, J.: 321 
Barcelo, G.: 15 
Belko, D.: 103 
Bellanger, A .: 201 
Bergallo, J.: 15 
Berton, J.-P.: 401 
Bibilashvili, Y .K .: 269 
Bonnet, C.: 209 
Botzem, W .: 413 
Bristol, C.: 219 
Chevalier, P.: 201 
Clark, J.R.: 145 
Coquerelle, M .: 401 
Dannert, V .: 321 
De Valkeneer, M .: 29 
Diersch, R.: 413 
Dreisvogt, H.: 355 
Droste, В.: 355 
Fajman, V .: 337 
Freire-Canosa, J.: 41 
Fujita, C.: 183 
Fujiwara, H.: 415 
Gago, J.A.: 113 
Glatz , J.-P.: 401 
Gomi, Y .: 418 
Grahn, P.H.: 167 
Grávalos, J.M.: 113 
Grgic, D.: 409 
Grigoriev, A .: 3 
Hanson, A.S.: 259 
Hattori, Y .: 418 

Hirose, M .: 71 
Honma, C.: 429 
Ioltykhovsky, A.G .: 432

Ito, C.: 295, 422
Ivashov, Yu.V.: 193
Janberg, K.: 307
Joubert, W .-M .: 247
Kadarmetov, I.M .: 269
Kane, D.: 135, 145
Kapocs, L .: 369
Kashiwagi, E.: 418

Katayama, N.: 183
Kato, O.: 295
Kato, H.: 71
Kim, B.T.: 83
Kmosena, J.: 103
Knapp, V .: 409
Kolobov, E .A.: 193
Kondo, K.: 183
Kosaki, A .: 295
Kozlov, Yu.V.: 377
Kritzky, V .G .: 377
Kurashige, T.: 415
Kuriyama, H.: 71
Levadnyj, V .A .: 403
Maccarone, P.: 15
Makarchuk, T.F .: 193, 377
Marticorena, J.O.: 15
Massière de Castro Silva, L.E.: 405
Matsumoto, K.: 422
Matsumura, T.: 295, 429
Medvedev, A .V .: 269
Methling, D.: 413
Minami, R.: 424
Miyahara, K.: 429
Morozov,, V .V .: 377
Nakajima, T.: 71
Naqvi, S.J.: 41
Nicolaou, G.: 429
Novikov, Yu.B.: 193
Ohmori, T.: 183

Oi, N.: 3

449



450 AUTHOR INDEX

Ono, K.: 422 
Ozaki, S.: 418 

Paré, F.E.: 247 
Park, S.W.: 83 
Park, H .S.: 83 
Passos, E.M.: 405 
Peehs, M.: 157, 321 
Petchera , I.: 389 

Pevec, D.: 409 
Polyakov, A.S.: 432 

Probst, U.: 355 
Razmashkin, N .V .: 377 
Richardson, J.: 135 

Roland, V .: 259 
Roux, P.: 209 
Saegusa, T.: 295 
Sakaya, T.: 415 

Satoh, K.: 424 
Saverot, P.: 201 
Sedlácek, J.: 337 
Semenov, B.: 3 
Shirai, K.: 295, 422 
Simek, Z.: 411 
Smiesko, I.: 103 
Sokolov, F.F.: 432

Srinivasan, V.S.: 57 
Stuart, I.F.: 281 
Styazhkin, P.S.: 377 
Su, Bao: 177 
Suhov, A .: 427 
Supervil, S.: 347 

Takahashi, N.: 295, 424 
Takáts, F.: 3, 157 
Takeuchi, Y .: 424 
Tebus, V .N .: 432 
Tikhonov, N.S.: 193, 377 
Valenta, V .: 411 
Varley, G .A .: 281 
Velkov, L.M .: 331 
Velyukhanov, V .P.: 432 
Vitikainen, E.: 157 
Vogt, J.: 121, 167 
Völzke, H.: 355 
Wagstaff, R.G.: 145 
Walker, C.T.: 401 
Wasywich, K .M .: 41, 157 
Wataru, M .: 418 
Williams, J.R.: 135, 145 
Yamakawa, H.: 295, 418 
Zsoldos, J.: 369



INDEX OF PAPERS AND POSTERS BY NUMBER

Papers

IAEA-SM-335/ Page IAEA-SM-335/ Page

1 ............................................  3
2 ...................................................  15

3 .............................................  29
4 .............................................. 41
5 .............................................  57
6 .............................................  71
7 .............................................  83
8 .............................................  93
9 ......!..................................  103

10 ..........................................  113
11 ..........................................  121
12 ..........................................  135
13 ..........................................  145
14 .................................... . 157
15 ......... ........... ................. . 167
16 ..........................................  177
17 ..........................................  183
18 ..........................................  193

19 ................................................. 201

20 ................................................. 209

21 ................................................. 219

23 ................................................. 247

24 ................................................. 259

25 ................................................. 269

26 ................................................. 281

28 ............ ....................................  295

29 ................................................. 307

30 ................................................. 321

32 ................................................. 331

33 ................................................. 337

34 ................................................. 347

35 ................................................. 355

36 ................................................. 369

37 ................................................. 377

38 ................................................. 389

39 ................................................. 395

Posters

IAEA-SM-335/ Page

IP  ...................................... . 401

3P ....................................... ........ 403

4P ................................... ...........  405

5P ................................................ 409

6P ................................................ 411

7P ......................... .....................  413

8P ................................................ 415

IAEA-SM-335/ Page

9P ................................................. 418

10P ...................................... :........ 422

I IP  ................................................. 424

12P ................................................. 427

13P ................................................. 429

14P ................................................  432

451



INTERNATIONAL ATOMIC ENERGY AGENCY 
VIENNA 

ISBN 92-0-101695-6 
ISSN 0074-1884


