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ABSTRACT This paper le based on work carried out for the U.S. Depart-
ment of Energy (DOE), Office of CMlian RadioactiveWaste

Most countries with nuclear power are planning for spent Management, by the Pacific Northwest Laboratory.1
nuclear fuel (or high-levelwaste from reprocessingof spent
fuel) to be disposed of in nationaldeep geological reposi- DRY STORAGE CONCEPTS
torles starting in the time period of about 2010 to 2050.
While spent fuel has been stored in water basins for the early A number of concepts have been considered for dry
yearsafter discharge from the reactors, Interim dry storage storage of spent nuclear fuel, and some concept_ have been
for extended periods (I.e., severaltens of years) la being implemented In selected countries. The U.S. DOIE_sInitial
Implemented or considered In sn Increasingnumber of coun- researchand development needs reportfor a mordtored re-
tries. Dry storage technology is generally considered to be trtev6ble storage (MRS) facltity Identifiedeightdq_ storage

developed on a wodd-wide basis, and is being inlt_ed and/ conceptsthat could be placed in three general categories:
or expanded In a number of countries. This paper presents casks,vaults, or drywells°" These concepts are i_ummadzed
a summary of statusand experience In dry storage of spent be,_ow.
fuel in other countries, with emphasison zirconium-clad
fuels. Past ,qcttvities,current status, future plans, researcr_ • C_sks (or shielded canisters)
and development, and experience _ndry storage are sum- - Metal storagecasks
marized for Argentina, Canada, France,former West - Concrete casks (or silos)
Germany, former East Germany, India, Italy, Japan, South - Concrete casks In a trench or berm
Korea, Spain, Switzerland, United Kingdom,and the former
Soviet Union. Conclusions from their experience are pre- • V&utts
sented. Their experience to date supports the expectations - Surface, open-cycle vaults
that proper dry storage shouldprovide for safe extended dry Surface, closed,.cyclevaults
storage of spent fuel, Subsurface, open-cycle vaults (or tunnel racks)

• Drywells
INTRODUCTION - Surface field drywells

- Tunnel drywells
Spent fuel from the world'snuclear power reactors _nd

high-level radioactive wastes (HI.W) from reprocessing the In most dry storage concepts, the spent fuel assemblies
spent fuel are planned to be disposed of In nationaldeep areodented _:_rtlcall'j,although some horizomal orientations
geological repositories inthe respective countries of origin, have been uBed. The differencesamong the corcepts within
The plans for most countrieswith nuclear power call for any category genenallyhev_ little effect on the Iong.tenn inte-
spent fuel or HLW disposal to start between 2010 and 2050, grlty of the spent fuel that they contain, as long as the dry
Althoughstorage In water pools Is the primary method for storage containment remains Intact. Spent fuel integrity 18
managing spent nuclear fuelsfor the first few years after determined by factors such as storage temperatureand time,
discharge from the reactors,dry storage has been Impie- and storagegas composition (i.e., inert gas such as He or

mented in severalcountries and is being consIdered by Ne or Ar or N2, or oxidizing gases such as air or CO2). Be-
others. Dry storage is generallyplanned for an interim cause of the significant effect of dry storage temperature on
period (from 10 to 100 years) until the spent fuel Is dis- spent fuel Integrity,_ transfer from the storage system is
posed of or a final decision is made on reprocessing. At important. Dry storage concepts can use mechanical draft
some nuclear power stations,dry storage Is also being used systems for im_ heat transfer. However,existing instal-
to supplement w_t storagecapacity, iationa typically use only na:ural,passiveexternal air cooling,

which generally limits _he apent fuelsthat can be stored to
This paper summarizes the status of dry spent fuel those that have cooled for s_wereiyearssince discharge

storage tn other countries and the expected long-term from the raactor.2'4
integrity of the dry.stored spent fuel, based on experience.

Industrial-scale storage has bean implemented in several
types of metal casks, concrete casks (a_rade), and

" Pacific Northwest Laboratory tsoperated for the U.S. open-cycle sur/ace vaults. Ali of these concepts transfer the
Depailment of Energy by Battelle Memorial Institute under decay heat v.l¢_hlnthe spent fuel to air In passhJe,natural
Contract DE-ACO6-76RLO1830. convection sy,ffems. _ubsurface dry storage (i.e., concrete



casks In a trench or harm; subsurface, open.cycle vaults; time. Fora dry storage life of 40 years for 5-year.old fuel In
• and surface field drywells) have.only been used for test pur- Inert gases, the allowable Initialdry storage temperature, as
, posesor for small amounts of materials,s'8'7 determined by U.S. testing, is about 380°C; for 15.year-old

fuel, the allowable Initialdry storage temperature tsabout
350oc.11

MECHANISMS FOR DEGRADATION OF SPENT FUEL
CLADDING IN DRY STORAGE A study carded out by the Electric PowerResearch insti-

tutes assessed the probability of LWR fuel-rod cladding fail-
The potential degradation mechanisms for spent fuel ure by several mechanisms at variousdry storage tempera-

cladding duringdry storage are: stressor creep rupture If tures. The study concludes that failure of the cladding tn
Internalgas pressure creates high hoop stressesIn the clad- some small number of spent fuel rods (I.e., 1% In 100 years)
ding v,,all;stress corrosion crackingdue tn cladding inter- can be expected during dry storage under generally accepta-
actionswith fission productssuch as Iodtne, cesium, and ble condlltons,y In another study, the probabilityfor failure
cadmium; oxidation of the cladding material that could of Zircaloy cladding due to creep rupture at 380°C In Inert
weaken its mechanical characteristics;fatigue of the cladding gas is estimated to be less than 0.005 rod failures per rod
from thermal cycling; and hydridlngof the cladding material if over a 40-year storage period.11 Under generally acceptable
sufficient to cause Its embrittlement. For slorage in an inert storage conditions, the cladding defects that develop are
gas, the most likely mechanism for cladding failure Is creep usually small (about 1 _m), 12and the amounts of radioactive
ruptureresultingfrom high temperature and Internal fuel rod gases released to the storage chamber atmosphereare not
pressures. Forstorage in air,the mostlikely mechanisms for sufficient to Interfere with fuel retrievaloperations.
fuel cladding failure are cladding oxidation or splittingdue to
c_ldatlon of the fuel materialsexposed at cladding defects if Dry storageof spent LWR fuel tn air has not been
temperatures are sufficiently high. The other mechanisms approvedIn the U.S. because the database on the effects of
are less likely to cause failures.3'a's'_ air on spent fuel Integrity ts not yet adequate to establish

specificallowable temperature limits. The temperature limit
Potentiallydeleterious effects of dry storageon the Integ- In the U.S. may eventually be supported inthe range of

rttyof spent fuel are generally controlled by time-at. 135 to 150°C (with the air dew point no higher than about
temperature. Controlled tests under various conditions have 40°C) for 40-year storage, arid somewhat lower for longer
establisheddesign limits for extended storage In inert gas. storage periods. The concern with storage tn air is oxidation
For lightwater reactor (LWR)fuels clad in Zircaloy, the maxl. (and possibly hydration)of the UO2 fuel through cladding
mum storage temperature tn an Inert gas is accepted inter- defects to a less dense oxide (e.g., IJ400) that will increase
nationally to be In zherange of 300 to 400°C. The accept- the local fuel volume, resulting in growth of the cladding
able temperature limit with oxidizing cover gases for Zircaloy. defect and potential release of fuel particles.11,14

clad LWR fuels is not yeltwell defined, but is probably tn the
range of 135 to 160°C. u A simplIfiedsummary of the effects
of variousfactors on the Integrity of dry-stored spent fuel is DRY STORAGE EXPERIENCE IN SELECTED COUNTRIES
given In Table 16

Dry storage of small quantities of spent fuel from nuclear
The temperature criteria inthe U.S. for extended storage power stationshas been carded out for testing since about

without cladding failure due to creep rupture vary with tem. 1960. Dry storage on an industrial basis has been used
peratures,which are a function of fuel burnup. These con. since 1972. The first Industrial use was at the Wylfa nuclear
trolling conditions are the Initialdry storagetemperature, the power stationin the U.K. for storage of Magnox fuels (metal-
long.term dry storage temperatures, and the out-of-reactor IIcuranium rods clad In a magnesium-aluminumalloy),with a
age of the fuel. The older the fuel when lt Is placed In dry carbon dioxide cover gas, In a vault that was cooled pas-
storage, the lower the maximum allowable temperature dur- slvely byair. 'Twomore vaults that use air as a cover gas
ing dry storage should be, to ensure constantstress with haveoperated at Wytfa since 1979-1980.6'7
time and to eliminate creep rupturewithin a given period of

i,

Table 1. Overview of Effects of Conditions on Integrity of Spent Fuel In Dry Storages

FactorsAffecting
SpentFuelDuringDryStorage EffectsUilngInertGee Effl_"teUeln.g._C_l.dlz._JG_JL_L
Pre-etorageInawaterpool NoneIf_empemturee SameM wfth6netrgas,butdelbign

remainbelowdesignlimit temperBturelimitb lower

:1 Conditionoffuelassembly
1 - Fueltype None None
f

i! - Cladtype:e,g,,Zr-2, None None
Zr-lNb,Zr4, Zr-2.SNb

- Pre_urtzition Minoreffect M_noreffect
-. - Operetton,,,Idefects None Guidingcdtedon
J - Crud Onlyaffectsrotdevlbllity Onlyaffect=retdovabtilty

Drystorageconditions
- Temperature/time Guidingortterl_n Umltedbydefectbehavior
• Atmo_phedoImpurities Minor(Ifwider) Po_lbkDwnergts'ttoeffectwith

w=ter
• Storage.Induceddofecta Seldom LeasltmRtngthltnopemtloneu

dcfeot=
- Paokegtng None None

=.

Retrievability<10yrto >40yr Easilyrttrl_'ab)e Euily rotdev,.b_eIfw/ooperltional
de4ectoor ff towUO=ox_d=t)on



.q,_rrentD_ StomaeActlvttles Canada,Gem'_ny,Prance,Indla,Italy,Japan,Swltzerlancl,
U.K.,andtheformerUSSR),Howe_.,r,onlyCanadaand

ThehlghlIghtsofdry,spentfue_storageactlvltlesIne_ch U.K.(andtheU.S.)have_mplemer_,_drystorageonen
• of thecountrfessun,s,fedare sumrnartzedInTables2 and3. I_ndustrtalscale. By theendof lg_}1,C_n_dahad about

Datawerereviewedfrom thirteenforelign Countries that were 600 MTUof CANDUfuelsstoredI,ndry concretecasksat
kno/mtohavesome actlvl_fesIndrystorageofspentfuel. severalsltes.TheCanadianfuel('Zlmsloy_adnaturalUO2)
Sevenofthe1.0countriesthathavehadthemoreactlvepro- tsstoredInalratctaddlngtemperaturesbelow150°C.The
gramsareIdentlfledInTable2. Hlghl{ghtsfromcountrfes U.K.hasstoredhu_ndredsofMTU ofspentfuelfromIts
with lessactiveprogramsor whoseactlvtt_esarep_annedfor Magnoxreactorsat a centralvautts'toragehactlltyat one
the ft.rturearegiventnTable3. nL_ear powerstation. TheU.K._ores theMagnoxfi._elsfor

onlya fewyears(InCO2 for 150dayswttha maximumreap-
Nineforeigncountrieshaveat leastsmallamountsof eratureof 365°C,thenInair at a maximumtemperatureof

spentnuclearfuelsIndry storageInvaultsor Incasks(I.e., 150°C)beforethefuels aresentto reprocessing.

Table2. Summaryof DrySpentFuelStorageExperienceInSevenCountrieswfthActh,,ePrograms

Longev_ of Expected

Country.. Current Dr_,S'_orage _ Fu'tur¢ 0--ry ._'torae,._ Re=search &el_ Dry Slors_e Experience Durr._loOnof Fuel Imegrt_,

Canada 600 MTLI of CANDU fuel Hundreds of MTU/yr to Since lg74, az_d to con- Te4t atorsge since 1980. General: 50 to 100 yr
(n=dural UO 2 ctad In be loaded Into clutk==In tlnue pa.st 2000, Ex_'n, of ExaJ'nln_Jone after 8,3 yr Cladding: 100 to 1000 yr
Zlmaloy) tn ooncrete next few ye,u'=. Tech. clad and fuel degradation to date, at I00°C In a/r

ca=ktlnairin 1991;Tte noloo'yiel_cenee,d, AECL Inalr, 100°Cto150°C, Defected: >8yr_150°C
<100°C to 150°C, leplanning on uatng He= trar_er work, In dry aJr and fn m_hK,

venerated v=u_, Deveioptng concrete I_mlted -,lr,
CANSTOR, caake for =torLge and

tr=U'_l=,O_tlon.

Federal 0.E;2MTHM ofHTGR fuel Two 1500-MTIJAFR= for From Ig'_ to IG_8,teet.ed TNtr=on LWR r_e l_ed Ger_rtl: Up to -100 yr

Republlo of (from HTGR/AVR) tn cane _r and TN caake ar_ 3000 LWR ro¢_, Teeter up to 2 yr, for LWR fue_
Germany in hot ¢_le In He = 40°C built for LWRfuel (and dura,bll:lty _ ol_fl, ng _n Cladding: Up to -100 yr

, to 170°C, 8,g M'TI-IM in pebble-bed fuel and vi_. Ir_ertge=es _t _50=0 to _t _nl_al maxfmum temp.

_ H'TG_ fu_l (1JO= + fled HL'W) but not yet 4,30=0 and d_d he,st t_ne- of 42.0='13In theft ga= for
ThO:, spheres) In can==In operating, Technology _e far work, Developing LWR fue_
et.re_=or vault In He al lloom_cl, cask for etg,/tranep.ld_ap, Defected: T'BD,
up to 320°C,

France A concrete vauR for 9,5 C_ntlnue _torage for up From 1987 to 1_1, he= Expe,rimental fu=|o General: -50 yr for

M'THM for FBR fuel (UO;z to 200 MTU,e_pedmerrtal tranMer and factllty e_e_ _torlg, e _arted _n 1_,0, expeflmental fuels In
+ PuO2 In S.S. ctad) at fuels for decades, wfth and con_Jnment _'tudie,e, FBR fuel _tored since Ines1 gaa
<840°C, A Second con.. possible future expan- 1985. Clmddtn@: No
crete vault _tarted up in elon, Vau_tdesign ts Irrform_-t_onfound
1990 for experimental available for LWR fuel==. De_e_ed: No
fuels (GCR) using He- information f_und,
filled canis'tem st <180°C,

= India Four indigenous storage/ No In/erection on any Heat tran=rferwork. Ca=ks _oeded in 1987, No Irrfon'na,tton found.
tranaportetion cuke store more planned. Vau_t
20,8 h_l"U of fuel from planned for vitrified HLW.
BWRe In air since 1987.

T_mp. i= unknown.

Japan 15 MTU of re.search re- Space for 15 M'T'U more Oxtd_ion te_m In air and S!.arted dry _or,_ge of (_ener_J: 30 yr or more
actor fuel (natural U oi=sd re=_earohfuel, Ar on Zircaloy and UO2, re4_tmh reactor fuel tn for LWR fue_e

in AI) In cane In He in Cladding creep tee'= and 1982, Examina.t_on= after Cladding: At _wt 30 yr
below-grade dry,well vault designs of ca_ iron 5 yr, for LWR fuek_ in _r

aince 1982, No temp, In- ca=ks. Durabtl_ tee'ts of at 321_C; tn _ne,rtga= _'_
forma't_onfound, metallic seals. .'_C

Defected: About 30 yr for
LWR fuetein ,_r et

Switzerland 2,5 MrT1Jof r_eerch AFR planned for up to None found. Re,e_ar_h reactor fuel No Ir,_n'n=tion tot_d.

reactor fuel (U clad in 155gJM'I"U of fuel _,m_or loaded into ouk _n1983, Apl_u'en,tly use FRG d_t,a,
Zircaloy) In Castor cask In HLW In Cuter cMke, No ex&mtna_Jon_ of fuel,

1983 InHe et 1B0°C. Technology _e llcen_l,d.

United Hundreds of IVrTU of Continued use of e_etlng DeelgrVdeveloprnerd of S1oPage s_u'ted in CO_ in Gar_r=d: Few ye4u_ to
Kingdom Magnox fuel (U In Mu-AI v_ul_ for Magnox fuel. vau_ atorege for Magnox 1972 and in air _n lg_, severeJ decade= for

alloy) in one vault In CO t, Vault planned for -2000 and AGR ft_et=. Fuel and Fuel b u_ua_ly stored 1 to Magno_xfuel _nCO:r, then
fot_owed by stor&ge In 2 MrrlJ of AGR fi_ele by cladding o_d_lon teat= 4 yr before n_procee_l=rtg, I,na_r under U.K. vaul't

e_orage temp, _eup to nology t= I_oeneed, R&D tn progree= for AGR 4..5 yr. Ctaddl.ng: No _n_orm_n

3_5°C in CO:_ _nd 150°C fue_e, found,
In air, Defected: N,o inforrn=_Jon

found.
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Table3. Summaryof DrySpent FuelStorageActivitiesInStxCOlLl,ntrleswtth ModestPrograms
'l

t.

Long_yof
Country CurrentDrySloraoe _ Future_ Re=catch& Develo_ D_, S'toreoeExper)ence, Durationof Fuel Imeg._

Argentina Noartorageto date, Planto martuse of Starteddevelol_mentof No experienceto dme, No Inform_on found.
Canadianconcreteoa,k0 drywall,but _L,tu= te Apparentlyuelng
forCANDU fuelFnlgg3, unknown, Did he= trent- C_nedlan d_L
Ptanfor 5 to33 yr of fuel far _dtw,
production,

Former Noetorege to dcta, No plane wereFdenttfied Heat trl_nefer8tudFoefor No experienceto dlde, No Fnform_tfonfound,
German beforeu,ntflcetionwfth _toregeoiu_kl,
Democret_0 FRO, Recenttno_io_Jone
Republic ira for BnAFRhoFdFng

300 to 700 MT'Uu=lngdry
etoragecaeke,

ttaPy Fuelfrom Magnox reactor Dryetoreg_of Magnox Nonefound, Magnoxfuel =tared 16to MuchMagnoxoLaddFng
_ored 15 to 20 yr Fnair fuel wu dleccntlnued 20 yr, Recentexam of fidlureIdler 15-20 yr, but
andn,i'trogenIn enled whenfuel ehlppedfor Magnoxfuelehowed fuel rnoetfyintact. Fe_l,urei
=anl In e pool. -2 MTU reproceeelng,Dry mucholedd_ngcorro6_on, probablydue to high-
fromepe¢lallyfuel,a etoregaof epeol_ fuel temp.etorage in oxldtzfng
irtoredin a hct oelJ, to contfnue, No other gw,

pLanl,

SouthKorea No_orlge to d_te, CimadLenconcretecukl Startedgenericdry Noexperienceto date. No informationfound,
orderedfor 700 MTU of Itorage R&D, He= Apperen_yuelng
CANDUfuel, =ta_ng in trm'_'fer=_udl=_for vauR (_nau:fiamdetL
10gT. etorege.

Spain No_orl_geto dcta, P'_&nfor_500 MTU DblmOl_nueddeve,,Fop. Noexperienceto d_e, Expectto mm _rd_lld
ldorege _nNACVeneport/ rnentau_dheatlm_ifer )eamt_=0_0,
etoregeoukl forLWR el_dleeon metid
fuel in _nertetmoephere, l_lneport/ldorl_o¢m_k0,
CentrldAFRpllmnedfor Formerlyu_edmmxtmum
oa, yr 2000, and _ouk:lbe h_eloiledtru'hp,of 21_C,
repositorydte_,

Former Demon_r_Ion of VVER C_n=lded,ngeomedry Demon_etfone of VVER WER fuel inCMtor.V Notime pel_d klentffied,
USSR fuel in CNtoroV¢uk stooge, eepecl_tlyfor _uelin C._or _l_k Imdin caulkeFnoe1_4 _ _n but liming temp, in _Frii

linac 1B84end fit a RBMKfuel, (ntrlmlqx>r. 8evict auk, ¢,ndRBMK 8evict o_k etnoeI_0, 12:5°0and Lnlrmrtp= ii
US.BRtrim=portoMR t¢tlon/etoregealike in fuel te_ inhot o_l, D_a unknownfor RBMK 2_PO,
elnoa1990, both_ninert veuR_,or Fnconor_e Tem on de_rad=tk>nld fuel in hotcell.
ga, Demon_tmt|o,nof o_k0. va_rtou=temperl_u,rt_in
RBMKfuel (UO=with Zr air end inertgM.
cl_d)tn hot cell.

India Fstheonlyothercountryknc_,vnto dry-aere LWR France,India,andJapanplanno auchactMttes.CanadaIs
fuelsbeyondR&DactMtles;Indiahasabout21MTU of planningto continueaddingconcretecaskstorageof tta
boiffng.v,raterreactor(BWR)fuelstored_nfour tndFgenous CANDUfuelsat a s_gntficentrate. TheU.K.plans to continue
metalstorage/transportatl,on casks. Alithe othercountrFesIn itsexi=_ngshort-time(e.g.,a few years)vauttstorageof
Table2 currentlydry-sto_ only smallquant_tFesof speclaRy Magnc=(fuels,andone utll_ Is pi,armingforfuturevauttstor-
spentfUOIS,6'7 ageof fuelsfromRsadvanced_ss-coo_edreactors(AGR,

withUC)2 fueldad in stainlesssteel). TheFRGImscom.
Fiveof thestxcount:r_esInTable3 currentlyhaveno platedbuildingav_.from_reactor(AFR)storagefsclfftiesfor

spentfuelFndry storageotherthanforR&DactMUos.The dry storageof up to 3,000MT'Uof LWRfuelsintmnaport/
form,e_USSRhasa fewMTU of WER ($ovfetdestgr_tionfor storagecasks. SwRzertand_ budding_n AFR=on=gef_cNtty
their pressu,rLzed.weterreactors[PWR])fuelLndemonstra, thatwitluse transportablestoragecasks. Veuttstorageand/
tlons I,ntwo storagec_sks,and someRBMK(Sovietdesig- or drycaskstorage_slicensedtechnology_nthosecountries
nationfor theirwater.coo_ed,_raphite-moderatedreacto,rs) thatam usingor I_anto usedry=on=geinthe nearfu_ure,e'7
fL_elIndemonstrationstorage_na hotce_l. Bothh_elsare
UC_c_ad_nZ_mon_umalloys, Italyhasstoredfuel from its Argentina,SouthKorea.,andSpaineachplanfor r_r.
Magnc_reactorFnseatedcan_stem_ns storagepool _r_afr futuredry_tomgeof hu_ndred$of MTU of spentfuelin =or-
for a few years,then_nnitrogen.This fuel hasrecentlybeen age caaks, Argentina(startfngin1993)and SouthKema
shippedto theU.K. forreprocaasing.Italyalso hasa smalll (stert_ngin 1997)arepreparingto useC,sna_lanconcrete
amountof specialtyfuelsstoredFna hot ceJ:l.8'7 CaSksfordrystorageof theirCANDUfuelins_r. Spainis

p_ann_ngto use trarmportJ_tion/storagecasks forexter_ed
Ptann,_ D__$i_e ActivH_es tnterl_mstorageofItsLWR fuelin_ne_tgaa,pendingli)censtng

of the casksinthe U,S. The formerUSSRis consk_eringthe
Canada,the FederalRepubtFcof Germany(FRG), possiblefutureuseofdry etomgec_sksor_uRs, pert)cu-

Swttzerta_l,endthe U.K planto contl_nueor start_ndustrial. tadyfor ItsRBMKfuel. Dry caskstoraget_now expectedto
sc_.l.edrystorageof spentr_ucl.earfuels_nthe nearfuture, be _mpternemedfor fuelfromsomeof theshu_ovmme=orc



in the former German Democratic Republic, and some can be stored for about 30 years In air at up to 160°C._°
, Eastern Eu'ropean countries (e.g,, Czechoslovakia, Hungary) The C,anadk_nsestimate that their cask dry-storage concept
, are now planning for dry spent fuel s;orage, can reliably store CANDU fuels for the 50 to 100 years that

they rr_y use dry storage (at 100 to 150°C), and that technl-
Research_=mdDevelo_ cal predictions Indicate safe storage for 100 to 1000 years.

Defecter' ",ANDU fuels have been storedwithout loss of Inte.

Researchand development on dry storage of spent LWR grtty in a_rat 150°C for eight years so far. The Brtttsh Indl.
fuels In Inert atmospheres is consideredto be basically cate that they can store Magn_ fuels in their vault concept
completed tn most of the countries, now that the technol- for up to several decades.
ogtes are licensed. The FRG conducted significant extensive
R&D on dry storage ol LWRfuels (prlmar,y in Inert atmos.
pheres) In the early 19tYJs,and this work resulted tn licensing CONCLUSIONS
the technology. Canad¢_Is continuingperiodic long-term
examination of CANDU fuels stored In air, and Is contlnulr_g Based on thts survey,the general conclusionsthat can
to develop its dry storagetechnology. Japan ts carrying out be drawn for extended dry storageof spent fuels from
high.temperature c0<idatlontests of LWRfuels In air, the U.K. nuclear po,Ner reactors are givenbelow.
Is carrying out R&D on air ,,_torageof Its AGR fuels, and the
former USSR ts continuing t_,sthree demonstrations and Is 1. Foreign experience to determine long-term (i.e., decades)
starting R&D testing on degr,_dattonof Its WER and RBMK Integrity of dry stored LWR fuels has been limited mostly
fuels under various dry storage conditions. The other coun. to tests and demonstrations for about two to ten years.
tries are generally not carrying out further R&D except per.
haps for design-development work (such as heat transfer 2. Based on past and current data developed in foreign
studies) for their specific cases. Canada is developing a countries and the U.S., Inert gas storage of LWR fuels is
concrete storage cask that trj Int_._ndedto be licensed for considered Inthe countries sun,_/ed to be well devel-
transportation, and Is also d_w_.._oplngdry storagevaults, ope<l,lt is licensed for industrial application, and lt Is
The FRG Is developing Its "Poll'ax"cask for potential storage, being Implemented in the marketplace by Industry.
transportation,and disposal of spent fuels that may not be
reprocessed, ,3, Because of the developed status of dry storage, r_atlvely

little R&D ts in progress now on storage in inert gas in
Some examinationsof the dry.stoled M.agn_ spent fuels the countries surveyed. Most effortsare on

In the U.K. have been carried out after about five years of development/design for specificapplications. Acth/e
storage, with favorable observations. (However,some R&D efforts appear to be in progress In the former USSR
Magnox fuel with failed cladding was discovered in 1990 in a for possible dry storage of itsWEB and RBMK fuels;
U.K. storage vauit; the cause of the fallur_ wss determined to Canada ts continuing long-termtesting and fuel examine-
be corrosion from contact by rain water leaking through a tions for atr storage of Its CANDU fuels In air; Japan (and
roof Joint. In addition, a small amount of Magnc_ fuel that the U.S.) Is continuing some dry storage demonstrations,
was dry-stored In Italy for more than 15 years had significant but R&D on _nert gas storage is essentLsllycompleted.
cladding damage.) In Canada, test storage In air usingthe
concrete cask concept was started In 1980, a,n<:lexamtna- 4. The duration of LWR fuel Integritystored in inert gases at
tlons have been made after 8.3 years uf storage, with no initial temperatures of about 320 to 400°C is generally
cladding degradation noted. The major R&D at_tvittes and considered to be proven In the countries surveyedfor the
extrapolations for long.term storage of LWR fuet_ in the FRG needed storage t_mesof 50 to 100 years.
In the eady 1,,q_oswere done with fuel dry-stored for up to
two years. Japan has examined some of tta dry-stored re. 5. Storage ttmes with acceptably low fuel degradation of
search reactor fuel after five years, with favorable observe- LWR fuels tnair are shorter and at much lower temper-
tigris. No other foreign observationsof long-term ory storage atures than in inert gases, and there are relativelyfew re.
are kno#n, suits on long-term a_r-storageeffects on defected spent

fuels. Canadian tests have been carried out for 8.3 years
E_xDected_Durat_onof (_j..w-__..toredSDent F._elIntearfty on defected CANDU fuels in a_rat 150°C with favorable

rresults. In Germany and the U.S,, more studies wou_dbe
In the U.S., the duration of Integrttyof LWR fuels tn Inert needed for air storage for 40 to 100 years. Studies to

gas storage ls projected to be at least 40 years at the specl, date in the U.S. and Japan indicate ellov_ble tempera-
fled temperature t_mits,which range from about 325 to tu,ra for al,r storage of LWR fuels is in the range of 135 to
3BO°C,depending on the history of the spent fuel. The tam. !60°C.
perature limits are based on modeling and expeflmentsl d_ta
from German and U.S. work.4 6. The U.K. wasthe country that first implemented

tndustrta,i-sc_e dry storage (in 1972). Storage inthe U.K.
In the FRG, the duration of the integrity of LWR fuels _n is for Magnc_ _J_a for short time periods, and the ex.

dry storage _nfnert gas is projected to be about 100 years, patience has gener_ly been favorable. Canada was the
based on tests and predictionsdone there, _nthe U.S,, and second country to tm_ement industrial-scaledry stom_e
elsewhere, This view _sapparently shared by eli the sur- (_n1980); Its storage is at low temperatures in air for
veyed coLmtdeswith Interestin dr_,storage of LWRfuels. CANDU fuels. Canada's ex_rience has also been
The duration of the _ntegrltyof defe(_ed LWRrues stored _n favorable.
afr _sless we_ldefined: the Germar_spropose that a_Idat_on
testing is needed to define condR_onsand their effects on 7, Cana_ and U,K. are currently the only foreign countries
defected LWR f_el Integrity in alrrstorage of 40 to 100 years; w_thIndustrial.scale experience and are the most acttve
the Japanese estl_rr_tethat undefected LWR f_el can be fn tmp,_ementtngdry storage technolegtes. The FRG is
stored for about 30 yearsat _r)Oto 43_C _n_n,ert gas, de- planning to acttvety _mplement dry storage on an
pending on fuel condtt_onsand h_sto_ and undefected fuel



f

industrial scale as soon as the litigation on its army-from- 8. International Atomic Energy Agency (IAEA). 1985,
, reactor storage facFlittesIs satisfactorily concluded. Status of Spent Fuel Dry Storage Concepts: Concerns,
• Issues and Developments. IAEA-TECDOC..359,Vienna,

8. Casks (concreteand metal) and vaultsare the most Austria,
common dry storage concepts used in the countries sur-
veyed; ali casks and most vault concepts use natural, 9. ElectricPowerResearch Institute (EPRI). 1989. Est#
convective atr flow for cooling, mates of Zircaloy Integrity During Dry Storage of Spent

Nuclear Fuel. EPRI NP-6387, prepared by staff from
Stanford University,Atomic Energy of Canada Ltd., and
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