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Abstract

For sub-seapower generationa nuclearreactorof modestoutput power is an attractive op-
tion. Given the operationaldemandsof sub-seapower generation,a reactorof the 'graphite-
moderated,gas-cooledHigh TemperatureReactor(HTR)' typeis thebestalternative. Thisreac-
tor conceptcombinesinherentandpassive safety, fuel economy, loadfollowing capabilityand
long operatingtimesof up to several yearswithout refueling. TheHTR conceptalsoprovides
a choiceof power conversionsystems,rangingfrom direct-cycle gasturbinefor electricitypro-
duction,to indirectcyclesor industrialheatapplications.A numberof optionsareopenfor the
working �uids andgasesin theprimaryandsecondarycycles.

The HTR o� ersextremepassive safety, i.e. safetyby design,relying only on the laws of
natureinsteadof active devicessuchaspumps,valvesetc.Thesafetyof theHTR rendersmajor
accidentsalmost impossible,and if thereis an incident the e� ectswill be small. The HTR
conceptis by far thesafestnuclearreactortypecurrentlyavailable.Accidentsinvolving massive
releaseof radioactive materialsinto theenvironmentareimpossible.

The HTR o� ers load-following capabilityof up to 50% of the nominalpower output: the
power outputcanbe regulatedbetweenfull power and50% of full power. The HTR requires
only aminimumof controlsystemsto achievethisloadfollowing capability, unlikeothernuclear
reactorswhich aredesignedasbaseloadunits. HTR power outputcanbevariedin a timescale
of minutes,whereothernuclearreactorshavetimescalesof hoursor evendaysbecauseof safety
precautions.

The cost involved with a sub-seanuclearpower plant cannotbe estimatedaccurately. A
studyperformedin The Netherlandson a small-scaleco-generationnuclearpower plant with
an electricoutputof 16.5MW in 1996showed a capitalinvestmentof roughly4Me perMW
electric (total 66Me ), an estimatedOperations& MaintenanceCostof 1.5Me per year, and
decommissioningcostswereestimatedatsome550ke perMW electricoverthereactorlifetime.

In this reporta generalintroductionof nuclearreactorsandreactorcontrol is given in the
�rst chapter, followed by an introductionof the helium-cooledHTR conceptand associated
basicdesignchoices,andthesafetycasefor this reactortype is presented.As anextra a short
analysisis suppliedof two importantaccidentscenarios:the Chernobyl-accident,andthe so-
callednuclearcoremelt-down. In the third chaptersomespeci�c detailsregardinglong time,
remotecontrolledsub-seaoperationarepresented,aswell asshortanalysisof thecosts.
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1
Generalintroductionof nuclearreactors

1.1 Basicsof nuclear chain reactingsystems

All matteraroundusis composedof atoms.Theatomitself consistsof theatomicnucleus,made
of protonsandneutrons,aroundwhich circle theelectrons.Theneutronsin thenucleusactas
a kind of glue to keepthepositively chargedprotonsfrom �ying apartby Coulombrepulsion.
Not all con�gurationsof protonsandneutronsarestable[1]. Someheavy nuclei canbe split
(�ssioned)into smallerpartsby introducinganextraneutroninto thenucleus.The�ssion event
creates2 (rarely more)smallernuclei (the FissionProducts),releasingenergy anda number
of new neutrons. If the numberof new neutronsis larger thanone, the possibility of a self-
sustainingchain reactionexists. In naturethereis only one nucleuswhich can be �ssioned
easily: U-2351. The �ssion of 1 U-235 nucleusreleases(on average)2.44 new neutronsand
200MeV (3:2 � 10� 11 J) of energy [2]. This mayseema smallamountof energy, but complete
�ssion of 1 gramof U-235releases1 MWd of energy (roughlyequivalentto burning2600liters
of gasoline).

Usingasu� cientamountof �ssile materialin thecorrectgeometricalcon�gurationachain
reactionsystemcanbe made:the nuclearreactor. The nuclearreactoralsorequiresa cooling
systemto remove thegeneratedheatfrom thereactor. TheFissionProductsareusuallyunstable
nucleiwhich decay(radioactive decay)until stablenucleiareformed. Theenergy releasedby
theradioactive decayis severalpercentof the total power generatedin thenuclearreactor[2].
Becauseof the radioactivity and the neutronradiationthe nuclearreactorhasto be shielded
adequately.

1U is thesymbolof thechemicalelementuranium.235is thenumberof subatomicparticlesin theatomicnucleus.
A U-235nucleuscontains235nucleons,of which 92areprotonsand143areneutrons.
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1.2 Thermalization of neutrons

Thenew neutronsthataresetfreeby �ssion haveahighenergy (highvelocity). Theprobability
thata neutronwill induce�ssion in a �ssile nucleusis dependenton theenergy of the incident
neutron,and generallyincreasessharplywith decreasingenergy (see�g. 1.1) [2]. A higher
probabilityof inducing�ssion meansthattheamountof �ssile materialrequiredto maintainthe
chainreactioncanbereduced.Thusa mechanismis requiredto slow down (moderate)theneu-
tronsafter they areborn. Slowing down is achieved by repeatedelasticcollisions(hardsphere
collisions)betweentheneutronsandnucleiof thesurroundingmedium(themoderator).In the
collisionsenergy is transferredfrom theneutronto themoderator. Moderationis moste� ective
whenthe moderatornuclei have the samemassasthe neutrons.Hydrogenis the bestmoder-
ator (a hydrogennucleusconsistsof 1 proton,which hasalmostthe samemassasa neutron),
but otherlight nucleiarealsoused.Themostcommonlyusedmoderatorsarelight andheavy2

(watercontains2 hydrogennuclei per molecule),beryllium(oxide)andgraphite. The neutron
canbesloweddown until its movementis in equilibriumwith thethermalmotionof themoder-
atornuclei. Theneutronis thensaidto be'fully thermalized'andnuclearreactorsin which the
majorityof the�ssions areinducedby thermalizedneutronsareknown as' thermalreactors'.
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Figure 1.1: Theenergy dependenceof the �ssion crosssectionof U-235. The�ssion crosssectionis
essentiallya measure for theprobability thatan incidentneutronwill in fact causea �ssion.
Notethe doublelogarithmic scale. Theneutronsare born with an average energy around
106 eV, and after moderation they havean energy around10� 3 eV. In this energy interval
(thermalenergies)theprobabilityof inducing�ssion is abouta 1000timeslarger thanin the
MeVregion. Data fromJEF2.2nucleardatalibrary [3].

2Thechemicalformulaof wateris H2O. Thereare2 isotopesof hydrogen(H): H-1 (justaproton)andH-2, which
hasa protonanda neutronandis known asdeuterium,symbolD. Heavy wateris D2O, andhasa slightly higher
densitythannormalwater, hencethename'heavy water'.
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The vastmajority of nuclearreactorsin operationtodayare thermalsystems.A thermal
systemrequiresthreeingredients:thenuclearfuel,amoderator, andacoolingmediumto remove
the generatedheatfrom the fuel material. In light water reactors(the majority of all reactor
systems)the water actsas both moderatorand cooling medium. In gascooledreactorsthe
moderatoris usuallygraphitewith CO2 or heliumascoolingmedium[4].

1.3 Reactorcontrol, Doppler e� ect,decayheat removal

The nuclearchainreactionis controlledby adjustingthe amountof absorbingmaterialin the
core. More absorptionmeansthat lessneutronssurvive to initiate new �ssions, thusreducing
the neutronpopulation. In mostreactorsthis control is doneby usingso-calledcontrol rods,
rodsmadeof a highly absorbingmaterial. By moving theserods,theamountof absorptionis
regulated,anddoingsothereactorpowercanbecontrolled[5].

ThenuclearDopplere� ectalsoprovidesamechanismfor controlof reactorpower. Loosely
stated,thenuclearDopplere� ectis thee� ectthatfor all materialsabsorptionincreaseswith in-
creasingtemperature.Thisgivesanegativepower feedbackto all nuclearreactors:anexcursion
in power leadsto highertemperatures,increasedabsorption,a smallerneutronpopulationand
decreasedpower [6].

As statedearlierthe�ssion productsaregenerallyradioactive, andtheenergy releasedfrom
thisradioactivedecayequalsseveralpercentof thetotalpoweroutputof thereactor. Radioactive
decayis not instantaneous,but takessometime. This meansthata nuclearreactorwill keepon
producingpower even after the neutronchain reactionhascompletelystopped. This decay
heatequalsseveralpercent(usuallysome6 - 8 %) of thecorepower outputimmediatelyafter
shutdown, decreasingto 1 % afterseveralhours[7]. Fig 1.2givesthedecayheatasafunctionof
time. Specialmeasureshave to betakento makesurethatthisdecayheatis adequatelyremoved
from the core after shutdown. Specialattentionmust be given to decayheatremoval under
accidentalconditions.

1.4 Fuel enrichment, conversionand depletion

Thereis only one�ssile nuclidein nature,U-235. Uraniumis a chemicalelementandhas2
isotopes:U-238(92 protons,146neutrons,abundance99.3%), which is not �ssile, andU-235
(92protons,143neutrons,abundance0.7%).For mostreactorsnaturaluraniumdoesnotcontain
enoughof the �ssile isotopeU-235 to maintainthe nuclearchainreaction.Thereforethe fuel
is enriched:theconcentrationof U-235is increased.For example,mostpower reactorsrun on
fuel with 3 - 4 % U-235,while researchreactorsrunon20 % enrichedfuel [5].

Thereare 2 enrichmentmethods:gasdi� usion and centrifuges. Both methodsuseUF6

gas.Thegasdi� usionmethodis a molecularseparationprocessbasedon thedi� erentpassage
timesof moleculesthrougha semi-permeablemembranedueto di� erencesin sizeandmass.
In thecentrifugeprocesstheUF6 gasis let into a rapidly spinningcentrifuge(ultra-centrifuge),
afterwhichthemassdi� erencebetweenU-235andU-238providesasmalldi� erencein isotope
concentrationin the centrifuge. Urencoin Almelo (The Netherlands)is one of the world's
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Figure 1.2: Decayheatvs. timeasa percentage of thepowerof the reactor. Thisgraphis usedby IRI
for decayheatcalculationsof heliumcooledHTRs. Initially thedecayheatequalsseveral
percentof the reactorpower, decreasingrapidly to 1 percent. Note the time scale, 45000
secondsequals12.5hours.

leadingcompaniesbuilding ultra-centrifugesandproviding nuclearenrichmentservices.The
enrichmentprocessis quiteexpensive andamountsto an appreciablefraction of the total fuel
costs.Enrichmentin ultra-centrifugesis cheaperthanthegas-di� usionmethod.

TheU-238nucleuscanabsorba neutron,andbecomeU-239,which is anunstablenucleus,
decayingeventually to form Pu-239,which is alsounstablebut with a very long half-life of
24000years. Pu-239is �ssile, so in this reactionnon-�ssile material is converted to �ssile
material.Theconversionof U-238to Pu-239is anaturaloccurrencein uraniumfueledreactors.
In normaloperation,Pu-239�ssions accountfor some40%of thetotal reactorpower [8].

Thee� ective multiplicationfactorke� is themostimportantparameterof a nuclearreactor.
Looselystatedit is themultiplicationfactorbetweenthenumberof neutronsin thereactorfrom
generationto generation.For steadystateoperation,ke� mustbeexactlyequalto 1. Thecontrol
rodsareadjustedto reachke� = 1. During irradiationthe numberof �ssile nuclei in the fuel
decreases,andat somepoint therearenotenough�ssile nucleileft to reachke� = 1. Thefuel is
depletedandmustbereplacedby freshfuel or thechainreactionwill dieout.

1.5 Spentfuel tr eatment

The fuel discharged from the reactorcontainsup to 96 % U-238, small amountsof various
Pu-isotopes(mainly Pu-238to Pu-242),minor amountsof heavier nuclideslike Am, Cm, etc.,
andthe restare�ssion products,mostof which arehighly radioactive, causingan appreciable
amountof decayheat. Thespentfuel is di� cult to handleandis left to cool down for several
yearson site. After sometime mostradioactivity hasdecayedandthefuel canbe transported.
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Figure 1.3: An illustration of the nuclearfuel cycle. Uraniumore is minedand UF6 is produced,and
subsequentlyusedin theenrichmentprocess.EnrichedUF6 goesto thefuel elementfactory
to makefuelelements,for instanceTRISOparticlesembeddedin graphitespheresfor HTRs.
Afterusein thereactorthespentfuel goesto thereprocessingplant. After reprocessingnew
fuelelementscanbemadeusingtheuraniumandplutoniumretrievedfromthespentfuel.

Therearebasically2 strategiesof spentfuel treatment:

1. OnceThroughThenOut (OTTO) strategy: all of thespentfuel is packaged,conditioned
for storageandput into therepository. E� ectively abatchof fuel is usedonly once('open
fuel cycle').

2. Reprocessingfuel cycle: the spentnuclearfuel is disassembled,and the uraniumand
plutoniumareextractedfrom thespentfuel mixture. Uraniumandplutoniumareusedto
makenew fuel. Theremainderof thematerialis conditionedfor end-storage('closedfuel
cycle').

Fig. 1.3givesanimpressionof all stepsof a closednuclearfuel cycle. Theopenfuel cycle
di� ersfrom theillustrationin thatthespentfuel elementsdo not go to a reprocessingplant,but
insteadgo to a repository. After reprocessing,thewastestreamof materialsinto therepository
is muchsmallerthanwith theOTTO-strategy, becauseU andPuform thegreatestfractionof the
spentfuel. Theclosedfuel cycle useslessraw materialsandhasbetterfuel economythanthe
opencycle. The disadvantagesof reprocessingarethe requiredtransportationto andfrom the
reprocessingfacility, andthe fact that �ssile material(mainly Pu-239)is separatedsomewhere
down the line, which is conceived asa proliferationrisk. In EuropeandJapanspentfuel from
power reactorsis reprocessed,in the US an OTTO strategy is adopted. The world's largest
reprocessingfacilities are locatedin Europe,of which the plantsat Sella�eld (U.K.) andLa
Hague(France)arethemostwell-known. Releasesof radioactivematerialfrom thereprocessing
plantsto the environmentsaresmall andhave beenreduceddrasticallyover the last 10 years.
Several improved reprocessingcyclesareunderstudyin Europe,Japanandthe U.S., because
reprocessinggreatlyreducesconsumptionof uraniumandrepositoryrequirements[9].
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The OTTO fuel cycle is economicalbecausefor mostnuclearpower applicationsthe fuel
costsareonly amarginal fractionof thetotalcosts.Thismeansthatfuel economyis notaprime
target. In theOTTO cycle thewastestreaminto therepositoryconsistsof almostall materials
taken out of the reactorduring theoperatinglife. TheOTTO cycle will remaineconomicalas
long asuraniumis cheap.The uraniumprice is currentlynot very volatile. The OTTO cycle
requiresthat all fuel be conditionedin sucha way that it canbe safelystoredin a land-based
intermediatestoragefacility.

Theamountof �ssion productsin spentfuel canbeeasilyestimatedfrom thethermalpower
outputof the reactorand the time it hasbeenoperating,using the fact that 1 gramof �ssile
materialproducesroughly1 MWd of energy, andthat for every massof �ssioned materialthe
samemassof �ssion productsis produced(conservation of mass).For instancea 1350MWth
reactor(Borsselepower station)will produceroughly490kg of �ssion productsfor every year
of full poweroperation.

Storageof nuclearrest-materialsis divided in intermediate,land-basedstorage(time frame
100 years),and�nal storagein geologicallayers(for ever). Intermediatestorageis meantas
a temporarysolutionwhile geologicalrepositoriesarebeing developed. In The Netherlands
the HABOG at COVRA, the nationalintermediatestoragefacility, was recentlyopened. In
intermediatestoragefacilitiesstainlesssteelcaskssuchasshown in theright handsideof �g. 1.4
arestoredinsideair-cooledconcretecavities. Thefacilitiesarehighly automatedto reducethe
exposureto radiationof thepersonnel.Conditioningfor therepositoryconsistsof vitri�cation
in boratedglassof the materials,after which everything is packagedin several stainlesssteel
casks.Thecontainersrequirecoolingduringthe�rst severalyearsbecauseof thedecayheat.

Final disposalinvolves a repositorythat is safeon geologicaltime scales. The materials
storedin the repositoryshouldunderno conditionsever enterthe biosphereas long as they
aretoo radioactive, which is a periodof 105 yearsor longer. Geologicaldisposalrequiresfor
instanceseismicstability, no �o w of groundwater, no possibleentranceby manor animals,etc.
Currentlythereareno suchrepositoriesin theworld, but investigationsarein advancedstages
in Belgium(Mol) andtheU.S.(YuccaMountain).TheYuccaMountainrepositoryis quitehigh
above ground.Thesoil andair arevery dry. Thegeologicalsystemto which YuccaMountain
belongsis very old, seismicallystableandspecialin that it is almostperfectly isolatedfrom
otherpartsof theearth's crust.In Mol (Belgium)therepositoryis located223m below ground
in a layerof clay (see�g 1.5). This clay is impenetrableto waterandanimals,andis somewhat
�e xible. In caseof aseismicupheaval, theclaywill moveuntil it is fully closedagain.Research
hasshown thattheclaylayersarehighly stable,andthatdi� usionof materialsthroughthelayers
is virtually absent.Theprojectedrepositoryin Mol will have concretetubes(galleries),which
arelined on the insidewith anextra protective layerof concrete.Thestainlesssteelfuel casks
arethemselvesaresuppliedwith aprotective layerof concrete,andstoredin thegalleries.

1.6 Decommissioning

In a nuclearreactorthe fuel shouldnot be dispersedin the primary system,becausethe fuel
containsradioactive �ssion products. However, di� usion is a naturalprocessthat cannotbe
stopped.Becauseof theinevitabledi� usionof radioactive �ssion productsduringnormalreactor
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(a) (b)

Figure 1.4: Left: a transportcontainerfor spentfuel elements.Thecontainerhascooling �ns on the
outsideto releasedecayheat. This kind of containeris usedfor transportof fuel elements
fromtheirr adiationsiteto thereprocessingor conditioningsite. PhotofromPhénixlea�et.
Right: intermediatestorage container. Insideis vitri�ed high level radioactivewaste. This
kind of containeris usedfor storage periodsof several decades,but not for �nal disposal.
Thesecontainersare placedinsidecooledconcretecavities.PhotofromAreva.

Figure 1.5: A schematicview of the HADES-facility in Mol, Belgium. The namesindicate running
experiments.HADESis usedto performresearch on �nal geological disposalin clay layers.
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operationall partsof theprimarysystem(reactorpressurevessel,piping connectingthereactor
to thepower conversionsystem,pumps)will su� er from someradioactive contamination.All
partsof the primary systemaresubjectto intenseneutronirradiation,leadingto activation of
constructionmaterialsetc., which forms a secondsourceof radioactive contaminationof the
primarysystem.

The radioactive contaminationposesproblemswhenthe reactoris taken apartat the end
of the operatinglife. All partsof the primary systemwill have to be treatedas, and stored
in a facility for, radioactive waste. Decommissioningof a nuclearreactoris a costly exercise
that hasto be taken into accountin the planningphasealready. Currentlythe IAEA allows 3
decommissioningschemes[10]:

1. Entombment:Fueletc. is removedfrom theprimarysystem,afterwhichtheentiresystem
is left as-is,entombedin asafeenclosurenever to beopenedagain.Thereactorbasically
becomesagrave.

2. Delayeddecommissioning:the fuel etc. is removed,afterwhich a so-called'safeenclo-
sure' is erectedaroundthereactor. Thesafeenclosureshouldkeepoutpeopleandkeepin
all materialsduringthewaiting period. After thewaiting periodthereactoretc. is taken
apartif the radiationlevelshave goneto an acceptablylow level. The waiting periodis
notprescribed,for thepowerplantatDoodewaard(TheNetherlands)asafeenclosurewas
erectedrecentlyfor 40 years,in theU.K. 110yearsis theusualtime frame.

3. Immediatedecommissioning:thefuel is removed,afterwhich thereactorsystemis taken
apartand disposedof. This is the most costly option and causesthe highestdosesof
radiationfor thedecommissioningcrew.

It is upto theindividualownerof areactorsystemto selectthedecommissioninghedesires,
aslong ashe stayswithin the limits setby the IAEA, andaslong asthe licensingauthorities
allow theplans.



2
HTR: High TemperatureReactor

TheHigh TemperatureReactor(HTR) is a reactorof thegraphitemoderated,gas-cooledtype.
Theoutlettemperatureof thereactoris higherthanotherreactors,between750� C and850� C (cf.
watercooledreactors350� C, CO2 cooledreactorsmax450� C - 500� C, sodium-cooledreactors
max550� C). Thecoolantis helium.Thereareseveraladvantagesto thisdesign[4, 11]:

� Thecoolantis alwaysgaseous,without thepossibilityof phasetransitionof thecoolantin
thecore

� Helium is chemicallyinert: thereareno corrosione� ectson thecorematerials.

� Helium is neutronicallyinert: He-nucleihave almostno interactionwith neutrons,sothe
coolantdoesnotactivate,i.e. doesnotbecomeradioactive. Radioactive contaminationof
theprimarysystemis minimized,andif thecoolanteverescapesfrom theprimarycircuit
thereis no risk of radioactive contaminationof the surroundingsby the coolant. Also
leakageof thecoolantfrom theprimarysystemdoesnot in�uence theneutronicbehavior
of thereactor.

� Graphitecanbeusedasastructuralmaterialwith excellentthermalandnuclearproperties

� Thehigh temperatureof thecoolantallows a highercycle e� ciency, directcouplingof a
gasturbineto thereactor, or industrialheatapplications.

HTRs usea specialfuel form, so-calledcoatedparticle fuel, which will be presentedin
thefollowing section.In the2 following sectionsthetwo basiccorelayoutsarepresented,the
pebblebedcon�guration and the prismaticblock con�guration. Currently thereare2 HTRs
in operationin the world, HTR-10 in China(since2000)which is a pebblebed reactor, and
HTTR in Japan(since1998),which hasa block-typecore. Both coreconceptsarestudiedand
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Feature PeachBottom Fort St. Vrain AVR THTR
(U.S.) (U.S.) (Germany) (Germany)

Power [MWth] 115 842 46 750
Pow. dens.[MW/m3] 8.3 6.3 2.6 6

Tout [� C] 728 785 950 750
Pressure[bar] 25 49 11 39

Fueltype Fuelrods block pebble pebble
Operation 1966- 1974 1977- 1989 1966- 1988 1985- 1989

Table 2.1: An overview of HTRdemonstration reactors that havebeenoperatedthroughouttheworld.
Apart from the systemsmentionedhere a multitudeof research reactors hasbeenoperated.
TheTHTR(ThoriumHochtemperaturreaktor)wasshutdownunderpublicpressureafteronly
4 yearsof operation. All thesereactorsuseda secondarysteamcircuit.

developedin severalEuropeanCommunityresearchprogramsandit is likely thatHTRsof both
conceptswill beconstructedin Europein thefuture.

2.1 HTR history and futur e

Thepotentialuseof nuclearreactorswith highoutlettemperatureswasalreadyrealizedin 1945,
whenthe�rst heliumcooledHTR wasproposed,with asecondaryair circuit with agasturbine.
Thefuel technologythatled to theTRISOparticlewasdevelopedin thelate50sbothin theUS
andtheUK. The�rst largescaleHTRswentinto operationin theearly60s.Thedevelopmentis
summarizedin table2.1.

TheHTRslow power densityandthegoodperformanceof graphiteasa moderatorenable
verysmallcoresizeswith low outputpower. Researchhasbeendonein TheNetherlandsinto the
ACACIA-reactor, a 40 MWth HTR intendedfor industrialheatapplications[15, 16]. Siemens
preparedseveraldesignsfor modularHTR systemsof modestoutput(SiemensModul with 100
MWth output). Recentlythe medium-temperaturegascooledreactoris makinga comeback
in research.This reactorusesCO2 asa coolant,but with the coldestpoint in the systemvery
closeto the critical point of CO2 [17]. The lower thermale� ciency of the cycle is o� setby
a reductionin pumpingpower andsmallersizeof theprimarysystem.Thepotentialof HTRs
in industrial heatapplications,mostnotably thermo-chemicalhydrogenproductionusing the
Iodine/Sulfur process,andthepossibilityof modularHTR systemshassparked a new interest
for HTRs.Currentlythereare2 HTRsoperatingin theworld:

1. HTTR (Japan,High TemperatureEngineeringTestReactor),power30MWth, powerden-
sity 6 MW/m3, designoutlet temperatureof 950� C, prismaticfuel blocksusingTRISO
particles[18]

2. HTR-10 (China),a 10 MWth unit, usingTRISO particlesin pebbles,maximumoutlet
temperatureof 900� C (e.g.[19]).
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In SouthAfrica researchiscontinuingof thePebbleBedModularReactor, apebblebedHTR
with online refuelinganddirect cycle gasturbine, intendedfor small unit size(currently170
MWe) for developingpowergrids.Planningcallsfor a �rst demonstrationreactorby 2010[20].
Researchinto small-scalesystemsis also going on in Russia(GasTurbine Modular Helium
Reactor, usingplutoniumretrieved from nuclearweapons[21]), andJapan(GasTurbineHigh
TemperatureReactor300[22]). All thesesystemsaredesignedto bequitesmall,modularunits.
Thephilosophyis thatmass-productionof small reactorswill improve systemeconomics.The
generationIV internationalforumhaspreparedaroadmapfor thedevelopmentof nuclearpower
generationfor thecomingcentury[23]. Oneof thesix selectedcoreconceptsis thevery High
TemperatureReactor, a furtherdevelopmentof thecurrenthelium-cooledHTRswith increased
temperatures.

2.2 HTR: CoatedParticle Fuel

A fuel particleconsistsof asmallkernelof fuel,usuallyin theform of anoxide(UO2) or carbide
(UC, UC2), with atypicaldiameterof 500� m. Thefuel kernelis surroundedby abu� er layerof
porousgraphite(typical thickness65 � m), a layerof pyrolytic carbon(InnerPyrolytic Carbon,
IPyC,typical thickness45� m),adensesealinglayer(usuallySiC,45� m) andanouterpyrolytic
carbonlayer (OPyC,45 � m) [12]. The overall diameterof the particleis 0.9 mm. The dense
SiC sealinglayerprovidescompleteretentionof all �ssion products.Thesefuel particleswith
3 sealinglayersareknown as TRISO CoatedParticle Fuel (see�g 2.1). TRISO fuel allows
operationat very high temperaturesof up to 1200� C, and provides adequate�ssion product
retentionup to 1600� C. TRISOparticlescanbeeasilymass-produced.Thekernelsareusually
madeusinga dropprecipitationprocess(dropsof a �uid in another�uid) afterwhich thesmall
dropsaresintered.ThegraphiteandSiC layersaredepositedwith ChemicalVaporDeposition.
TRISO particlesarenot usedindividually in the core,insteadthey aremixed with graphiteto
makeupalargerfuel element(FE).OnefuelelementcontainsseveralthousandTRISOparticles.

Thereare2 major core layoutsfor HTRs: the so calledpebblebedcon�guration andthe
prismatic(akahexagonal)blockcon�guration.

2.3 Pebble bedcore

Thecoreis alargecylinderwith aHeight/Diameter(H/D) ratiocloseto unity. Thefuel elements
arein theshapeof sphereswith a typicaldiameterof 6 cm. EachFEcontainsacentralfuel zone
of 5 cm diameterwith a mix of TRISOsandgraphite,aroundwhich is a shellof puregraphite
of 5 mmthickness.Thesefuel ballsareknown asfuel pebbles.A largenumberof thesepebbles
areplacedinsidethecorecavity andthecoolantis pumpedthroughthebed.A usualnumberfor
thepebblesis about1000pebblesperMW of thermalreactorpower for power reactors[14].

The main impetusfor the developmentof the pebblebedis thepossibility of online (con-
tinuous)refueling:duringoperationof thereactorfreshfuel pebblescanbeaddedto thetop of
the bedwhile spentfuel pebblescanbe taken out at the bottomof the reactor, allowing fully
continuousoperationof thereactor[14]. Anotherpossibilitythatis of interestfor smallHTRsis
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(a) (b)

Figure 2.1: Left: An electron microscopeimage of a TRISOparticle. Thelight coloredshell is theSiC
layer. Photoreproducedfrom[13].
Right: A bottle with TRISOparticles as usedin the High Temperature EngineeringTest
Reactor(HTTR)in Oarai, Japan.Photoby theauthor.

peu-�a-peurefueling,whereextra freshfuel pebblesareaddedto thebedafteracertainoperating
periodto extendtheservicelife of thefuel loading[15].

2.4 Prismatic block core

The core is a large hexagonalcylinder with a H/D-ratio of roughly unity. Insidethe coreare
smallerhexagonalblocksof graphiteinto whichcylindrical holesaredrilled. Thefuel elements
arein theshapeof rodsandplacedinsidethecylindrical holes.Thecoolant�o ws in thespace
betweenthefuel rod andthesurroundinggraphiteblock (annularcooling),or thecoolant�o ws
in specialunfueledcoolantholes[11]. Heat is transportedfrom the fuel rods to the coolant
holesby conduction. The fuel rods aremadeof smallerfuel pelletsinsideof which are the
TRISOparticles.A fuel block of theHigh TemperatureEngineeringTestReactorin Japanand
thecompletecorelayouttheHTTR coreis givenin �g 2.3.

Theprismaticblock HTR is a naturaldevelopmentfrom thegraphitemoderatedgas-cooled
reactorthatwerein operationin theearlydaysof nuclearresearch[4].

2.5 HTR safety

Safetyof nuclearreactorsis mainly concernedwith two propertiesthat make nuclearreactors
di� erentfrom otherlarge-scaletechnicalinstallations:

1. Thecorecontainsradioactive material.Specialcaremustbetakento avoid any releaseof
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(a) (b)

(c)

Figure2.2: TopLeft: HTRfuelpebbles.
Top Right: This photographwastaken during the �r st fuel loading of the THTR(Thorium
High TemperatureReactor)in Germanyin theearly80s.Thecylindrical rodsarethecontrol
rods.Notethat thefreshnuclearfuel is not radioactive, thefuelbecomesradioactiveduring
irr adiationbecauseof thebuild-up of �ssion products.THTRhada thermaloutputof 750
MW, generatedin 675.000fuel pebbles.
Bottom:A look into thecorecavityof HTR-10in China.Fuelpebblescanbeseenin thefuel
dischargetube. For operation theentirecavityis �lled with pebbles.
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(a) (b)

Figure2.3: Left: A fuelblock of theHTTR.Twofuelholesareoccupiedbyfuel rods.Photobytheauthor.
Right: Overview of theHTTRcore. Theblockswith largeholesare for thecontrol rods,and
thefuel rodsare insertedinto thesmallerholes.Sourceunknown.

thesematerialsinto theenvironmentunderany condition.Nuclearinstallationsareplaced
insidespecialcontainmentbuildings,for instance.

2. The nuclearfuel continuesproducingpower, even after the neutronchain reactionhas
completelydiedout,dueto radioactive decayof �ssion products.An adequatedecayheat
removal (DHR) is requiredunderall conditions.Failureof DHR resultsin increasingtem-
peraturesin thecorewith possibledetrimentale� ectson thecoreinternals(fuel, cladding
etc).Severeoverheatingcanresultin meltingof thecore(melt-down, seesection2.10).

Both prismaticblock andpebblebedHTRs have excellent�ssion productretentionunder
all conditions.Theexcellentsafetycasefor HTRsis basedon thefollowing properties:

� Thecoolantis not radioactive, henceany releaseof coolantto theenvironmentdoesnot
causeradioactive contamination.

� Thecoolantis chemicallyinertandnon-toxic.Releaseof coolantdoesnot leadto chemi-
cal (e.g.combustive or oxidative) or biologicalreactions.

� Graphitehasexcellentthermalproperties.It cannotmelt (decomposesfrom 3850K), and
maintainsstructuralstrengthup to high temperatures.

� TRISOcoatedparticleshaveexcellenthightemperaturestability, o� eringadequate�ssion
productretentionup to veryhigh temperaturesfor adequatelylong times.

� All fuel is enclosedtwice, onceinsidetheTRISOparticle,andthenin the fuel element,
raisinganextrabarrierto �ssion productreleaseto theenvironment.
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HTRshavealow volumetricpowerdensity, andgraphitehasalargeheatcapacity, leadingto
thepossibilityof fully passive DHR. In caseof anaccidentwith completelossof DHR machin-
ery, DHR canbehandledby naturalconvection.If thereis noopportunityfor naturalcirculation
thecorematerialswill heatupslowly, andheatwill bedissipatedby conductionandradiationto
theenvironment.This is possiblebecauseof thethermalpropertiesof graphite,andbecausethe
TRISOparticlesretain�ssion productsup to veryhigh temperatures.HTRsareinherentlysafe,
i.e. safeby designandphysicalpropertiesof thesystem,andthesafestreactortypeavailable.

2.6 Safety: LossOf Flow / LossOf Coolant Accident

Two importantaccidentsmustbeconsideredfor gascooledreactors,theLossOf Flow Accident
(LOFA) andLossOf CoolantAccident(LOCA), in combinationwith a total failureof all active
DHR systems.The nuclearchainreactionstopsdueto temperatereactivity feedbackbut the
corewill heatup becauseof thedecayheat.

In a LOFA thecirculatorsstoppumping,but thepressureis maintainedat nominallevel. A
naturalcirculationof coolantwill develop. In theHTR themassive amountof graphiteandthe
low powerdensityprovideenoughthermalinertiatoaccommodatecoolingby naturalcirculation
withoutdamageto corematerialsor �ssion productrelease.In �g. 2.4thetemperaturevstimeis
givenfor theTHTR aftera LOFA. This reactorhasa downward�o w, sothenaturalcirculation
patternis againstthe nominal �o w direction, and this is the causeof the heatingof the top
re�ector duringLOFA. In theleft graphof �g. 2.4 theheatexchangersin thepower conversion
systemarestill operableto extract heat. A naturalcirculation�o w developsthroughthe heat
exchangersto releaseheatto theenvironment,andafterseveralhoursthemaximumtemperature
is reached(1200� C). This maximumtemperatureis within fuel operatinglimits. In the right
handgraphtheheatexchangersareinoperative. Thereis no �o w throughtheheatexchangers,
andthetemperatureof thecorerises.After roughly5 hoursatemperatureof 1200� C is reached.
At thatmomentit is still possibleto startactiveDHR withoutany coredamage.If anactiveDHR
systemcannotbestartedafterthis time, thecorewill heatup further. TheTRISOparticleswill
startto release�ssion productsby di� usion. If the temperaturereachesvaluesof over 2500� C
massive failureof theTRISOparticleswill occur, contaminatingtheprimarysystem(for THTR
themaximumtemperaturewasestimatedto becloseto but below this limit [14]). This doesnot
meanthatradioactivematerialis releasedto theenvironment.MoreadvancedHTR designshave
improvedpassiveDHR, leadingto slowerheatingof thecoreandlowermaximumtemperatures.
It must be stressedthat only someother reactortypesfeatureadequateDHR without active
systems,andthereareno otherconceptsthat canwithstanda lossof DHR systemsandheat
exchangersfor longperiods.

In aLossOf CoolantAccidentall coolantis rapidly lost from theprimarysystem.To reduce
thee� ectsof suchanaccidentall penetrationsof theprimarysystemarekeptsmall(coolantgas
cannot�o w out tooquickly). In agas-tightcontainmentbuilding amixtureof air andcoolantat
abackuppressureof severalbarwill develop,without suchabuilding thereactorwill endup at
atmosphericpressure.Underdepressurizedconditionsnaturalcirculationof thecoolantcannot
develop. In this caseradiationandconductionaretheonly mechanismsof DHR. ModernHTR
designsfeaturespecialwallsandreactorvesselswith liner cooling(coolant�o wing throughthe
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(a) (b)

Figure 2.4: Left: THTRtemperaturesafter a LossOf Flow Accident,with operating heatexchangers.
Themaximumtemperature in thecore reaches1200� C after 4 hours of thebeginningof the
accident,andthis temperature is well belowthemaximumallowabletemperature for �ssion
productrelease.
Right: THTRtemperaturesafter thesameaccident,but withoutheatexchangers. A natural
circulation cannotfully develop,insteadthecoolantcirculateswithin thecore, heatingthe
entirecore. Graphsadaptedfrom[14].

concreteof the pressurevessel,for instance)to provide adequatepassive DHR underLOCA
conditions. In �gure 2.5 the temperatureis given as a function of time for the HTR Modul
reactoraftera LOCA. Thefuel staysbelow 1600� C. It mustbestressedthatin all othernuclear
reactortypesa LOCA will causea coremelt-down (see2.10). The very benignbehavior of
the HTR coreafter a LOFA andLOCA is ratedas 'inherently safe', meaningsafeby design,
without relyingonany othersystemthanthecorematerialsandproperties.TheHTR is theonly
nuclearreactorableto withstandalossof all activeemergency systemsfor severalhourswithout
damage,andwithoutdangerof any releaseto theenvironment.

2.7 Safety: water ingress

A possibleaccidentscenarioinvolves the ingressof water into the core,either in the form of
steamor liquid. Wateris ane� cientmoderator, andverycorrosive atHTR temperatures.Water
ingresshasbeenstudiedwell becauseall HTRs that have beenin operationthroughoutthe
world wereequippedwith asecondarysteamcycle[14]. Wateringressinto thecorethroughthe
heatexchangersis unlikely but not impossible.Waterenteringthecorewill turn to steamand
expand,increasingthesystempressure.At thesurfaceof thehottestpebblestheheterogeneous
hydrogenreactionwill occur, producingH2 andCO,corrodingthegraphiteof thepebbles.This
reactionwill only occuron the hottestspotsin the reactor. If the CO andH2 somehow enter
thecontainmentbuilding, explosivemixturescanexist within theHe/H2/O2/COsystem.Several
passive andsemi-passive measurescanbe taken to alleviate the e� ectsof water ingress,e.g.
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Figure2.5: Temperaturesin theModul HTRafter LOCA.Graphadaptedfrom[14].

pressureoperatedmix-condensers:thepressureincreasecausedby thewaterenteringthecore
opensvalvesto condensers,wherethewatercondenses.Wateringressdeservesspecialattention
for sub-seareactors,seesection3.4.

2.8 Safety: air ingress

Ingressof air (containingoxygen)into theHTR coreleadsto severaloxidationreactionsbetween
graphiteandoxygen(burning). Oxidizing reactionsarehighly exothermic,releasingheat,in-
creasingthe core temperatureand therebyspeedingup oxidation. Threetypesof oxidizing
accidentsareconceivable:

1. At hightemperatures(1000� C andup)COis formed,whichcanformanexplosivemixture
with air. Theheliumin theprimarysystemhelpsto reducetherisk of explosions,air-CO-
heliummixturescannotexplodeif theheliumcontentis above some40%[14].

2. The oxidationrateof the graphiteis determinedby the temperatureof the graphiteand
the �o w velocity of theair. If anair tight pressurevesselis used,thedimensionsof the
penetrationsthroughwhich air can�o w in determinethemassin�o w of air andthusthe
corrosionspeed. The corrosionrate of nucleargraphiteis not very high. It is shown
in [14] thata burningpebblewill looseon average1.3mm of graphiteperhourburning.
Thisgivesamargin of some3 to 4 hoursbeforethefueledpartof thepebblestartsto burn.

3. In a reactorthechimney-e� ectmayoccur: theburningmaterialin thecorecausesanup-
draftof air, increasingthemass�o w of air throughthereactorandspeedinguptheburning
process.Again thesizeof thepenetrationsdeterminesthemass�o w of air resultingfrom
thechimney-e� ect. Thehottestpartsof thereactorarethere�ectorscloseat thecoolant
exit, andthusthesere�ectorswill burnmosteasily. It is only afterthere�ectorshaveburnt
thatthefuel pebblesarein dangerof seriousdegradation.This givesanextra time-bu� er
to take actionin casea HTR catches�re.
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In all casesthein�o w of air is determinedby thedimensionsof thepenetrationsthroughthe
pressurevessel.Air ingressis a relatively minor risk for sub-seareactors.

2.9 Illustration of graphite burning: the accidentin Chernobyl

It is instructive at this time to take a look at the accidentthat occurredin Chernobyl[7]. The
reactorin Chernobylwasof theRBMK-type,a typeof reactornotusedin theWest.TheRBMK
is a graphite-moderatedwater-cooledreactor. Thereactorwasdesignedwith themainfocuson
economy, disregardingbasicsafetyprecautionssuchasnegative feedbackcoe� cientsor a con-
tainmentbuilding. Theactualaccidentin Chernobylhas3 stages.In stage1 a power excursion
with a peakof 100timesnominalpower occurred,but damageto thereactorremainedlimited.
Thetemperatureof thecorerosequickly, andbecauseof a positive temperaturecoe� cient the
reactivity increased(this wasa basicdesign�a w of theRBMK-type reactor),causinga second
power excursionpeakingat 500timesnominalpower. This blew away theupperlid of the re-
actorvessel(mass� 106 kg), enablingmassive ingressof freshair into thenow extremelyhot
core. Immediatelythe graphitebeganto oxidize with the air. The water tubesruptured,and
oxidizingreactionsbetweenwater, graphiteandmetallicpartsof thereactorbeganonamassive
scale,releasingCO andH2. The following chemicalexplosiondestroyed the reactorandthe
buildings aroundit. The graphite�re wasnow fed by massive amountsof air, melting all the
fuel material,andreleasingthemasoxidesinto theair. It mustbestressedthattheenergy release
of thechemicalexplosionwasmuchlargerthanthatof thenuclearexcursions.

A Chernobyl-like accidentcannever occurin anHTR:

� HTRsaredesignedwith afocusonsafety. Careis takenthatnegativefeedbackfeaturesare
availableat all workingpointsof thereactor. Very fastpower excursionsareimpossible.

� Thereis no waterin thereactor, theheliumhelpspreventexplosions,andthe time scale
for oxidizing is muchlongerbecausethe mass�o w of air remainslimited at all times.
Penetrationsof thereactorpressurevesselarekeptsmallto limit themass�o w in caseof
air and/or wateringress.

� Fuelis not cladin metal,andthecladdingcannotmelt. Thereis anadequatecontainment
building, thusthecorewill never beexposedto theoutsideair.

� For sub-seaapplicationsthisaccidentscenariois impossiblebecausethereis no air avail-
able,andthewaterwill provide cooling.

2.10 Excursion: nuclear coremelt-down

The fuel in the coreof a nuclearpower reactoris usuallyin the form of an oxide: UO2. The
UO2 powder is pressedto form pellets. Pelletsarestacked insidea metallic tube, forming a
fuel pin (see�g. 2.6). Many pinstogetherform a fuel assembly, andmany of theseassemblies
togethermake up thecore. If a LOCA occurs,thenuclearchainreactionwill die out, but if no
coolingis available,thecorematerialswill heatup quickly. Thepoint wherethemetallictubes
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Figure 2.6: A fuel assemblyfor a PressurizedWater Reactor, themostcommontypeof nuclearreactor
to date. Each pin is several meters long and containsa large numberof fuel pellets. This
assemblyis a 17x17grid, which is a commoncon�guration. Each assemblyholds264 fuel
pinsand25 control pins.Thecoolant/moderator (light water)simply�ows aroundthetubes
upward.

becomeductile is alreadyreachedat 750� C. Full meltingof thecladdingoccursbetween1100
and1300� C, afterwhich theentirecorecollapses.This is known asa coremelt-down accident.
Thetimescaleof amelt-down mightbeasshortasseveralminutes.

In somereactortypesthedensemixtureof fuel pelletsandmoltensteelcanbecomecritical,
with thepossibilityof a tremendous(explosive) powerexcursion.Evenwithout recriticality, the
fuel - steelmixturewill heatup until theUO2 alsomelts(2400� C - 2600� C). At this point the
mixture is so hot that it will melt all steelandconcretebelow the reactorvessel.The mixture
of molten fuel, steelandconcreteis known ascorium. Modernreactorsaredesignedwith a
so-calledcorecatcher, which is volumeof sacri�cial materialbelow thereactorcavity, designed
to melt andevaporate,takingheatfrom thecoriumandin this way preventingmoredamage.In
Chernobyla partof thecorehada melt-down, andthenow solidi�ed coriumbelow thereactor
cavity is known as' theElephant's foot'. In thepowerstationatThreeMile Islandin Harrisburg
apartialmelt-down occurredin 1979afteravalvefailedto opento let coolantinto thecore.Note
thatthis accidentremainedcon�ned to theinnercontainmentbuilding andthatno radioactivity
wasreleasedto theenvironment.

A core melt-down is impossiblein an HTR, becausegraphitecannotmelt. Graphitehas
a high heatconductivity, so all decayheatis e� ciently transportedto the walls of the reactor
vesselandreleasedto theenvironmentin caseof aLOCA. Thereis nosteelcladding,obviating
fuel restructuringor geometricalrearrangement,sotherecannotbeany reactivity accident.The
HTR is theonly reactortypewherea melt-down accidentis impossibleby designandmaterial
properties.
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HTR sub-seaapplications

For sub-seaapplicationstherearesomespecialconsiderationsto be taken into account:long
termoperationwithout refueling,thepossibilityof loadfollowing to adjustthepower outputto
actualneed,high reliability of thecoreandbenignbehavior in caseof anaccident.Thesub-sea
environmentposesits own speci�c accidentscenarios.Thesepointswill be explainedin the
following sections.

3.1 Fuel lifetime and burnablepoison

Freshnuclearfuel hasa kfuel larger than 1. To maintainke� equalto 1 the control rods are
usedto counteracttheexcessreactivity of thefreshfuel. kfuel decreasesroughlylinearlyduring
irradiation,until at somepoint ke� equalto 1 canno longerbe maintained.The decreaseof
reactivity1 with irradiation is known as the 'burnup reactivity swing'. The steepnessof the
reactivity swingdependson thepower outputof thereactor, a largerpower outputwill causea
steepergraph.It is possibleto extendthelife of thefuel by makingtheexcessreactivity larger
at startup.This is illustratedin �gure 3.1.

In �gure 3.1 threeevolutionsof kfuel areindicated.Thenormalline is a referencecasefor
a certainreactorwith a certaininitial fuel composition.The fuel canbe useduntil k fuel drops
below unity. Thedottedline givestheevolution for a fuel with ahigherinitial k fuel. Thelifetime
of thefuel is longerthanthereferencecase.Thedashedline is for a reactorwith a lower power
densityandthesameinitial fuel. Comparedto thereferencecase,thefuel lifetime is longer.

It may be temptingto selecta fuel with a very high initial kfuel, but this is safetyrisk. If
for somereasonthecontrol rodsareaccidentallywithdrawn from thereactor, oneis left with a
reactorwith avery largereactivity, resultingis possiblyuncontrollablebehavior anddestruction

1Reactivity is commonlyde®nedas� = k� 1
k ; � = 0 correspondsto steadystateoperation(k = 1). Freshfuel has

� > 0 andcanbeuseduntil � = 0.

21
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Figure3.1: An illustrationof theburnupreactivityswing. Thethick line is thereferencecase. Thedotted
line is a reactorwith higher initial reactivityof the fuel. Thedashedline is a reactorwith
referenceinitial fuelanda lowerpoweroutput.

of the reactor. Fuel life canbe extendedby usinga lower power density, but this meansthat
it takesa longertime to earnbackthe investmentin fuel. Usuallya trade-o� is madebetween
initial fuel compositionandpower densityto give a refuelinginterval of 12 or 18 monthsfor a
power reactor. Fuel enrichmentcostsandinvestmentcostsarealsoincludedin thesetradeo�
calculations.

For applicationswherelong corelifetimesarerequired,a so-calledburnablepoisoncanbe
introducedto thefuel. The'poison' is a nuclidewith very high neutronabsorption,like boron-
10. After absorptionof a neutron,thenewly formednucleusis not a goodabsorber. Thusthe
freshfuel hasa low kfuel becausemany neutronsarecapturedby thepoison.During operation
thenumberof poisonnucleidecreases,andthedecreasein kfuel dueto fuel depletionis o� set
by an increasein kfuel due to poisondepletion. In a well-designedsystemthis leadsto the
possibility of a very small burnupreactivity swing, giving very long fuel lifetimes with only
a limited amountof excessreactivity of the freshfuel. This is indicatedin the fourth line in
�gure 3.1. Applicationof burnablepoisonis commonpracticein power reactors:thewaterin
PressurizedWaterReactorscontainsa smallamountof dissolvedboric acid(containingboron-
10) , in Boiling WaterReactorsgadoliniumis includedin the fuel. More informationon the
applicationsof burnablepoisonin HTR fuel canbefoundin [24]. Fuelcyclesof up to 10 years
canbeachievedby aproperfuel designwith burnablepoison.

A pebblebedcoreo� ersthepossibilityof continuousrefueling:freshballsareaddedto the
top of thebedwhile spentfuel pebblesaredischargedfrom thebottom. Thebig advantageof
this systemis that theamountof overreactivity in thecoreis limited at all times. Theoretically
k = 1 canbe maintainedat all times in a continuousrefueling reactoroperatingat nominal
power. Anotherpossibilityo� eredby thepebblebedcon�gurationis peu-�a-peurefueling,where
from time to time freshfuel pebblesareaddedto the top of the bedto counteractthe burnup
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reactivity swing. To dateno reactorshave beenconstructedoperatingon this principle,but for
instancethe ACACIA conceptusespeu-�a-peurefueling. Continuousrefuelingandpeu-�a-peu
refuelingrequireintricaterefuelingmechanismscomplicatingthedesignof theprimarysystem
considerably, andtheserefuelingoptionsareprobablytooambitiousto pursuefor sub-seasmall
scaleHTR systems.

3.2 Dynamic behavior and load following

Most nuclearreactorsaredesignedasbase-loadunits. Changesin thepower outputof the re-
actorleadto temperaturechanges,giving reactivity feedbacke� ectswhich mustbecontrolled.
For this reasonsteadystateoperationis a safetyprecaution.TheHTR corehasa largethermal
inertia,anda veryconservative fuel design,allowing somemoreliberty in loadfollowing. Sev-
eralstudies[15, 16] investigatethepossibilitiesof safelyinitiating rapidtransientsof power in
small-scaleHTR systems.HTRshave anexcellentresponseto almostall transientsthatcould
occur: suddenincreaseor decreaseof coolant�o w, suddenstepsin the inlet temperature,etc..
Of all nuclearreactortheHTR is themostsuitedfor load-following operation.

TheHTR o� ersthepossibilityof automaticload-following: anincreasein coolant�o w will
decreasethe temperatureof thecore,afterwhich the reactivity feedbackcausesan increasein
reactorpower, leadingto the original temperaturepro�le, but at a higher�o w rateandthusa
larger power output. A reductionof �o w throughthecoreleadsto a lower power output. The
HTR is capableof thesetransientsbecausethe thermalresponseof the reactoris ratherslow.
The�o w changeis causedby injectingor extractingheliumfrom thesystemwhile keepingthe
pumpsetc.at theirnominalcon�guration.Theheliumthatis notusedis storedin storagetanks.
The power requiredto remove helium can be taken from the mismatchbetweenthe current
power level andthe desirednew power level. Verkerk [15] shows that thesetransientscanbe
accommodatedwithout any useof control rods. In �g 3.2 thepower responseof theACACIA
HTR is givenafterareductionof theheliuminventoryfrom its nominalvalueto 50%of nominal.
As canbeseen,thecoretemperatureincreases,andthereactivity feedbackdecreasesthepower
output.This situationcanbemaintainedfor severalhourswithout any problem.After resetting
thehelium inventoryto its nominalvalue,thereactorrespondswith a quick increaseof power
to thenominallevel. All this is achievedwithoutany active controlelements,insteadthepower
transientssolely relieson feedbackmechanisms.This kind of transientwithout active control
would leadto seriousproblemsin othernuclearreactors.

Apart from load following an accidentcould occur in the non-nuclearpart of the system
leadingto a changein operatingconditionsof thereactor. Theseaccidentsincludefor instance
a malfunctionof thegenerator(generatortrip), a suddendisconnectionof the load(loadrejec-
tion). Suddenchangesin coolanttemperatures,pressureand/or �o w may occurasa resultof
theseaccidents.TheHTR canwithstandmostof theseaccidentswith a combinedfailureof the
isolationsystem.A notemustbemadehowever on thebehavior of thecoreon very low �o w
rate. It wasfounde.g. by [15] that thehighesttemperaturesin theHTR coresarenot reached
afteraLOCA, asexpected,but in factafterprolongedoperationatverylow �o w rates.TheHTR
canthusnotbeusedto arbitrarily low poweroutput.
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(a) (b)

(c)

Figure 3.2: Top Left: the mass�ow throughthe core as a functionof time. A reductionof the helium
inventoryceterisparibusleadsto 50%reductionin mass�ow throughthecore.
TopRight: theevolutionof thegasoutlettemperature. Theoutlettemperature increases,but
sodoestheinlet temperature. � T over thecore is almostunchanged.
Bottom: Power outputduring the transient. OutputpowerequalsessentiallyP = �mcp� T,
and sinceboth cp and � T are almostunchangedduring the transient,the outputpower is
proportional to themass�ow �m, and thusgoesdownto almost50% of the nominalvalue.
Thevariouslinesindicateresultsfromdi� erentcomputercodes.Takenfrom[15].
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3.3 Alter native coolantsand power conversionsystems

The graphite-moderatedhelium-cooleddesignis mostoften usedfor HTRs. Thereareother
possiblecoolantsapplicablefor HTRs. Theselectionof coolantdependson thespeci�c goals
theHTR hasto meet.Thefollowing optionsarethemostpromising:

� CO2: lower systemtemperatureandpressure,lower e� ciency of the power conversion
system. CO2 hasthe advantagethat it reducesthe risk of graphiteoxidation. CO2 is
very corrosive at high temperatures(e.g. Boudouardreaction: C + CO2 � 2CO), so
themaximumsystemtemperaturesarelower thanfor helium. CO2 hasdi� erentmaterial
propertiesthanhelium,allowing smallerpumps.

� moltensaltcoolant(7Li2BeF4). Thesalt cannotbeusedfor power conversion,soa sec-
ondarysystemis alwaysrequired.The moltensalt reactoris a di� erentreactorconcept
becauseit is liquid cooled. The salt is �uid between450� C and1430� C at atmospheric
pressure.Thecoreis a prismaticblock type(sameaswith helium),with thesalt �o wing
throughthe coolantchannels.The salt hasa muchhigherdensitythanhelium, allow-
ing a slower �o w andgreatlyreducingpumpingrequirements.Thetemperatureriseover
thecore� T (some400� C for helium cooledHTRs)canbe muchsmaller, which canbe
advantageousfor thekind of secondarycycle intendedfor thereactor[25].

The HTR wasoriginally designedto be coupleddirectly to a gasturbine(Brayton-cycle).
The high pressurecoolantand large � T over the core in the helium cooledHTR allow this
gasturbineoperation.Direct-cycle operationtakesmostadvantageof thehigh temperaturesto
improve cyclee� ciency. However, therearemany practicaldi� cultiesconnectedto thehelium
turbomachinery, and for that reasonno direct cycle reactorshave beenbuilt yet (PBMR will
be the �rst). The solutionis the applicationof a secondarycycle, with a heatexchanger. All
operatingHTRsin theworld have useda secondarysteamcircuit. This greatlyreducessystem
e� ciency, but decreasesR&D requirementsfor thesecondarycycle. The working �uid in the
secondarycycle hasseveraloptions,includingwater, helium,CO2, N2 or evenair. Thechoice
dependson thepossibilityof makingadequateheatexchangersfor theworking �uid. If a He-
He heatexchangeris possible,thesecondarycycle canbe at working temperaturesjust below
the reactorandvery e� cient gasturbineoperationwould still be possible. Note that helium
turbomachineryis very bulky. For Brayton-cyclesworking on CO2 themachineryis saidto be
4 timessmaller[17]

An applicationfor theHTR thathasbeendiscussedfor many yearsis couplingto achemical
process(process-heatapplications),for instancefor hydrogenproductionthroughthermolysis
of water. As is shown in [25] mostchemicalreactionsrequirea sourceof heatat a constant
temperature,andthe helium-cooledHTR with its large � T would not be the prime candidate.
The molten-saltcooledreactorwould be a bettersolutionbecauseits � T over thecorecanbe
madesmaller. WhentheHTR is connectedin achemicalprocess,asecondarycycleis necessary
to isolatethe reactorfrom the chemicalplant in caseof an emergency. In Japanthe HTTR is
to be coupledto a steam(methane)reformerto producehydrogen,andin a later stagean I/S
(Iodine- Sulfur)plantis to beconnectedto make hydrogenfrom water.
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3.4 Sub-seasafetyissues

Theprimarysystemof ahelium-cooledHTR is pressurized.High pressureincreasesthecooling
capacityof the gaseouscoolant,reducingthe pumpingrequirement.The systempressureis
usually3 - 7 MPa. A subseaHTR could take the locationdeepin the water into advantage
becausethe pressuredi� erencebetweenthe primary systemand the surroundingsis smaller
thanon land (lighter construction).Molten salt coolantdoesnot requirepressurization,enda
detailedanalysisof thereactordesignfor sub-seaoperationwill determinewhattheidealsystem
pressurewouldbe.

Thelocationdeepin thewateralsoreducestheshieldingrequirement.Nuclearinstallations
on landarerequiredto have su� cientshieldingthatany memberof thepubliccansafelyspend
2000hoursperyearoutsideof thereactorsitewithoutexceedingthedoselimits setfor members
of the public. For a subseareactortheselimits canprobablybe relaxed. A smallershielding
requirementmeanslighter andcheaperconstruction.All nuclearreactorsreleasetiny amounts
of radioactive materialto theenvironment.It hasto beexaminedwhetheror not it is allowable
to releasethis materialinto thedeep-sea.E� ectsof radiationon marinelife arenotwell-known
andshouldprobablybeexaminedbeforea licensecanbeissued.

If a sub-seaHTR is to bebuilt on theseabottom,specialcaremustbetaken to ensurethat
a properfoundationis possible.Seismicactivity canalwaysoccurandleadto damageof the
reactor, whichwould bequitehardto repair. In Japana largenumberof nuclearpower plantsis
operatingin a seismicallyvery active region,soit is safeto assumethatanearthquake resistant
designcanbeprepared.

For sub-seaoperationwater ingresscould also occur when the structuralintegrity of the
reactorsurroundingis somehow compromisedandtheoutsidewaterpressureis larger thanthe
systempressure,afterwhich theentiresystemmight be completely�ooded with water. Apart
from possibledamageto the primary systemdueto thermalshocksetc. specialcaremustbe
takenthatthe�ooded core,whichis farbelow its nominaloperatingtemperature,cannotbecome
critical (recriticality). Recriticalityof the �ooded corecanbe obviatedby usinga properfuel
composition. Water ingresscan be accuratelymeasuredby monitoring the systempressure
(wateringressincreasespressure).Fissionproductdispersionfrom the fuel to thewatercould
occurbut would be limited becauseof the doubleenclosureof the fuel. Some�ssion product
migrationcanoccurby di� usionfrom thefuel to thewater.

An advantageof sub-seaoperationis the presenceof an almostin�nite heat-sinkat low
temperature,i.e. thewater. Theoceancanbeusedfor coolingpurposesbothfor normalando� -
normaloperatingconditionswith highreliability. For instancepassiveheatexchangerscooledby
seawatercanbeusedfor DHR strategies.If thecoreis completely�ooded thewatercanbeused
for DHR althoughadetailedanalysisof accidentscenariosandtheresulting�o w conditionsmust
bedone.Graphiteburningis almostimpossible(notenoughoxygenwithin thecontainment)and
canbecompletelyeliminatedif theentiresystemis �lled with nitrogenor asimilar gas.

Land-basednuclearinstallationsrequiresomespecialsta� : a radiationprotectiondepart-
mentis required,asarenuclearsafetypersonnelandquali�ed operatorsat all time thereactor
is running. All non-military nuclearinstallationsare inspectedregularly by the International
Atomic Energy Agency (IAEA), andall nuclearinstallationsarerequiredto reportto theIAEA
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whenasked.Many nuclearpoweredvesselsarein operationin internationalwatersworld wide,
mainlysubmarines,but stationary, remotecontrollednuclearpowersystemsin thedeepseahave
notyetbeenused,soit is not clearwhich regulationsapplyto thesesystems.

3.5 Spentfuel

Thefuel costsarea only a marginal contribution to the total costof nuclearpower generation.
Thereforethe OTTO fuel cycle canbe quite economical,moreso becausereprocessingis not
verycheapeither. HTR fuel is quitepracticalfor theOTTOfuel cycle,becausethefuel is already
enclosedtwice insidea materialthatwill not degraderapidly. For PBMR anOTTO fuel cycle
is envisaged.It is possibleto designtheTRISOcoatedfuel particlesandfuel pebblesin sucha
wayasto decreasetheamountof conditioningoperationsrequiredfor �nal storageappreciably.
For instancethesealinglayersof theTRISOparticlescanbemadethicker to reducedi� usion.
The pebblescan then be storedin an intermediatestoragefacility without further ado. The
bestform of �nal disposalshouldbe researched.The fact that the spentfuel pebblesrequire
only a minimumof conditioningbeforestoragemakestheOTTO fuel cycle extra attractive for
small-scaleHTR applicationswherefuel economyis notof theutmostimportance.

3.6 Sometypical numbers

A rudimentarydesignof a 30MWth HTR cannow beprepared,to give someimpressionof the
systemsizes.All thesecalculationsareto give an insightonly. In theactualdesignsizesand
dimensionswill bedi� erent. Thegoalof long termoperationwithout refueling,say10 years,
canbeachievedby a combinationof low power density, say1 MW/m3, anda relatively highly
enrichedfuel (10 - 15 %) with burnablepoisonto counteractthe excessreactivity. For a 30
MWth systemthis meansthe corevolumeis 30 m3. Using pebbleswith a diameterof 6 cm,
thecorewould contain167000pebbles(weighing� 37500kg), which would hold some1700
kg of nuclearfuel (� 10 gramsof fuel per pebble,with � 1 gram�ssile material). The height
of thecorewould besome4.8m, thediametersome2.8m, surroundedby thick graphitewalls
(re�ectors, they returnneutronsthat leak from thecorebackto thecore). Noticehowever that
thesenumbersdependon the chosenpower density. Choosinga power densityof 2 MW/m3

alreadychangesthe numbersappreciably. The reactorvesselwould be concretewith a steel
liner. If a load-following unit is desired,the volumeof the helium storagefacility would be
several timesthecorevolume. Operationof the reactoris assumedto be 10 yearswith a load
factorof 90%. This leadsto consumptionof some100 kg of �ssile material,androughly the
sameamountof �ssion productswill bebuilt up. Thesenumbersareafunctionof thecumulative
reactoroutputonly.

After theirradiationcycleof 10years,thespentfuel wouldremainonsitefor sometime(say
2 years)to cool down. After thecool down period,a choicecanbemadeto eitherreprocessthe
fuel or conditionit for end-storage.Otherreactormaterialsalsorequireexchanging,for instance
thegraphitere�ectorsaccumulatematerialdamagedueto collisionswith theneutrons,andthey
needto bereplacedaftersometime. ControlRodsalsorequirerenewal becausetheabsorbing
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Figure 3.3: An artist impressionof the PBMRand its associatedpowerconversion system.Thelarge
cylinderon the left containsthepebblebedandthere�ectors. Thegenerator is in thelarge
cylinderon theright, with auxiliary systems(pre- andintercoolers etc) in thetwo housings
in between.

nucleiaredepletedduringoperationof the reactor. Servicelife of thesepartsis (much)larger
than1 irradiationcycle.

Thecostof asub-seaHTR cannotbeestimatedaccurately. It is possibleto deriveanestima-
tion of theorderof magnitudeof thecostinvolved. To preparethis estimationwe will usethe
costanalysiswhichwaspreparedfor theINCOGENreactorprogrammein TheNetherlands[26].
This programmestudiedthe feasibility of a 40 MWth, 16.5MWe HTR with a directcycle gas
turbine.Theresidualheatof thereactorwasto beusedfor heatapplications(city heatingetc.).
Thisreactorhasroughlythesamesizeastheenvisagedsub-seaHTR.Thecostbreakdown given
in [26] is basedon Dutchguildersin 1996,which aresimply convertedto euroshere.Thefuel
costswereestimatedbetweene 60 ande 120perfuel pebble,includingtransport.Decommis-
sioningwasestimatedat e 550 per kWe over the lifetime of the reactor. The mostimportant
costfactor(for all nuclearpower stations)arethecapitalcosts.For this posttheanalysisgave
anumberjustover e 4000perkWe. Plantoperationsandmaintenancewereestimatedbetween
1.25and2 Me peryearof operation.Theoverallcostcalculationresultedin anoverallpricees-
timatefor electricitygenerationof e 0.072/kWhe. This numberis considerablyhigherthanthe
costof electricitygeneratedin largescalenuclearpower plants(e 0.02/kWhe- e 0.03/kWhe),
becauseof theverysmallpower outputof theINCOGENreactor.

To concludethis report,anillustrationof amodernHTR with directcyclepowerconversion
system(PBMR) is given. The reactoris on the left side. The two componentsin the middle
houseturbocompressors,pre- and intercoolersetc., the rightmostcylinder containsthe main
turbineandgenerator.



4
Researchopportunities

The ReactorPhysicsgroupat IRI hasa long tradition in basicreactorphysicsof small-scale
HTR systems.For theproposedsub-seapower generationunit thegroupcano� er expertisein
thefollowing �elds:

� Designandoptimizationof thefuel compositionandthegeometryof theTRISOparticle
for sub-seanuclearreactors.

� Coredesign,e.g.thesizeanddimensionsof thecore,theselectionof thecoolant,working
pressureandtemperatures,director indirectcycleoperation.

� Reactivity controlby burnablepoison,corecontrolstructures.

� Modelingof dynamicbehavior usingcoupledneutronicsandthermo-hydraulicscodesfor
load-following ando� -normalsituations.

� Accidentscenarios,evaluationof risksandsafetyanalysis.
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