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A SURVEY OF THORIUM UTILIZATION IN THERMAL POWER REACTORS

WMtom J Oosterk*mp

I INTROOICTION

hat a natural interest in the thorium fuel cycle for nuclear reactors at it hat Isrge
•>roven mrnmt of thorium and only smell uranium deposits In the thortum cycle, fissile
U 233 is formed from Th 232 Thorium hat been used in the cores of several power reactors in
the nW »K\m (Indian Po»nt<? 7 \ 260MWe. ELK River 58MWTh<3) Borax IV) The
experirrenui h«gh temperature reactors Peach Bottom (40MWe) u * ' . A V * (15 MWe»'6' and
Dragon (70 MWe)17 8 * ' are thorium reactors and also the 300 MWe prototype HTGR s of Fort
St W » n and Schmenau»anft0 n > witi use the thorium cycle A r^mber of commercial size
1200 VlWe thor»um HTGR's nave bean ordered from General Atomic'1;

Most work on the us* of thorium in i<ght and heavy wale: reactors has been di«contmued
because me low prices for uranium nre and separative work a number of years ago did not give
any incentive to develop the thof«u»r cycle further Due to the ever increasing prices of
urevum the s tuet-on has changed now internationally and a renewed interest in the utilization
of thorium can be observed

Work on the utilization of thorium in high temperature reactors has b&en earned to the
commerce! stage This is due to the fact that uranium is not competitive in homogeneous
reactors like the HTGR The uranium resonances m a homogeneus reactor are poorly shielded,
leading to a low resonance escape probability This means that a high ennchement is required to
achieve cnttcelity Th* resonances of thorium are not so pronounced and the requirements of
fissile material an thus teu

Water cooled reactors have much lower effective resonance ir.tsgral* caused by the
selfshtelding of the heterogeneous fuel The resonance integrals of thorium and uranium are for
t h * reactor type about th* same Thorium 'm a disadvantage as its thermal capture cross
section is about three times the value for ur.wium leading to a significant lower thermal
utilization and thus requiring a higher fiuele loading

Thus far fuel cycle» haw* been mainly compel 3d by th* fuel cycle costs Th* cost of all
steps of th* fu*i cyd* mining, enrichment, fabrication and reprocessing wer« mainly those at
trw tim* th* studies were mad* and tto optimizations w*r* accordingly M 3 > Few consider the
longterm trends in th* coals and only th* work on fast breeders has given attention to the
availability of njMurc*» <141

The incentive to us* thorium » it* potential to coneerv* th* recourses Uranium 233 that
\; bred from Ü Thorium it potentially • better fuel in thermal reactors than Pu 239 that is brad
from U 238 U 233 dot» not occur n*tur;itly and has to be converted in thermal or feat reactors
Uranium has to be us*d to start up anc1 maintain non breeding reactors m U 236 »» th* only



naturally occwng fissHe matenal It >% thus not obvious i*. thorium utilization will indaad
reduce the demand for uranium

The reQuirements of uran>um art mainly giv*n by tha conversion rttioof tha reactors in
the power system and dapend on tha layout of tha reactor In tfm paper we will show that with
more emphasis on the conversion ratio, a substantial reduction of tha ore requirement» can be
obtained and we w»H outline under what conditions thormm utilization will reduce the urefteum
consumption

2 REACTOR TYPES

2 1 High Temperature Reactors

Thonum uMization m h-gh temperature ga» coded reacton hat reached a commercial
stage and has bean well documented A comparison of the fwM cycle with uranrum and thorium
has been made by GA for prismatic fuet elements'151 and for pebbeit (Shuiten elements)''161

by Jiilich From the work of Tevchert WA have taken Table I Thts shows that tha use of
thorium gives only a limited reduction on the uranium conniption
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2.2 Light Witw Reactors

There exist a relative larga amount of information on the use of thorium in light water
reactor* from tht prototypal in *ht aarly sixtit* Tht» information is however not too pertinent
now as tha cladding of tha fuel element» uaad in these reactors consisted of stanleu siae!
Stainless steel is not now triad « it has • high absorption croat section Tha favoriw materiel
now is ZircjJoy A zirconium alloy with an extreme low captura crow section Tha mor» recent
work of Zoraoli117 ' 8 ' • ' focusses on tha use of Th mateis m a raplaoamant for uranium oxida
and street* fuel cycta costs Atow fual cycla cost H obtainad and tha uranium damand i»
«ignificantiy raducad.ün*ndZo<otw<20>h«vedort« some itro dimantionat bumup eaiculatiorn
comparing UOj. ThO, and Th matai uung tha coda LEOPARD1211 Th«ir nmilts art of •
pratíminarv rtatum and ant givan in Tabta t.1
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Th» light wafaf bfwdar rwctor program it intandad to davalop a thermal braadar
raactor'22331 on tilt tail of tha axiiting light watar rtactor tachnology A convarsion ratio of
naarly ona it obtainad which impliat thtt ixcapr for tht initial loading, practically no rtaw fual
it natdtd. But tha complexity of tht seed and blanket concept and tpacifteafty tha movable saed
reactivity control make it ver/ doubtful! if a high availability can be obtained.

Some work he» been performed on heavy water reactors to obtain breeding uting the
thorium cycle For the euaptmion power reactor'2411 homogeneous fueled heavy watar reactor
a conversion r«t»oof 90 is prteiuiiied hetvy water reactor aconctpt similar to tht tttndtrd
PWR but modtrtted and ooottd with heavy water and Itnjer distances between fuel
pint convtnlon ratios ctett to 1 06 for thorium loadings have been obtained*251 Work on a
similar reactor typt has been ptrformtd by Siemens in Germany'2*' Tht large pressure vaaatis
for thtet rttctors can poesibt> be mtdt from prtftrtestd concerte127) Tht natural uranium
cycle for these itecton it not tttrtctivt as tht burnup reach only 4 MWd/kg



Tho"um ut'hzat'on m heavy water moderated organic cooled reactors of the pnmure
tubetype CANDU ORGEL have been exterovety studied'29 3 0 3 1 3 3 3 3 ( . and offers a hign
conversion rat on w«th tow fuel cycle costs One can start CANDU type reactors with natural
uran>urn reprocess the fuel and use the plutomum m thorium elements so as to start a U 233
Th cycle But th>s way though promising takes about 30 years to build the necessary
>nvenfories'28'

2 4 Molten Salt Breeder Reactor

An advanced and interesting thermal converter is the molten salt breeder reactor'3* 3 6 )

't combmes a low inventory with an high conversion rafo It is likely that with this system
thermal b'eedmg w«U be possible The MSBR consists of a graphite matrix m whtch a mature of
lithium urarvum and thonum fluorides are passed through The high conversion ratio is
obtained by online reprocessing of the fuel mixture, thus removing virtually all fission products
The reactor has no structural material end the moderator does not absorb neutrons Thaw
factors explain the high conversion ratio Some basic problems, it seems, require a lot of
development work

One is a corrosion resistent alloy for the reactor vessel and piping u the fission products
m the fluonde solution can be aggressive

A large amount of tntium a formed by the reaction Lt^n.ajT' about 2 4 KCt/d, and
unless suitable measures are taken an excessive amount of the tritium ecu Id reach the
atmosphere bv diffusion through the heat exchangers into the steam system

Solutions to these problem» do ex«t. but they require extensive testing on an
engineering scale In the opm-on of this author the development of the MSBR is lagging behtryj
the liquid metal fast breeder reactor by about a decade and will probably not be in commercial
operation before the next century

3 PHYSICS CONSIDERATIONS

As an example of the effects that are involved m the transition from the uranium cycle to
the thorium cycle we will have a more detailed look at the light water reactors First
approximations ere used to demonstrate the effects that are involved The results, though
basically correct should be treated with some care as second order effects can significantly
modify them fhis*particuta«itytrLiefo' conversion ratios close to umty Small changes in this
number lead to large changes m the fuel consumption

3 1 Conversion Ratio

The base quantity governing the fuel consumption is the conversion ratio In comparing
the conversion ratio of thorium and uranium reactors one should be careful to separata the
effects of U 233 and Pu 230 from other effects like change in enrichment, burnup, cladding
absorpt on, absorption in moderator and control requirements

The number of neutrons that are available for conversion per abaorption in a fiuioneWe
atom are given by v 1 of that isotope We have listed t i * TJ together with the fission cross



section and the ratio of absorption to ftuton for the most important isotopes in table III

Tabu I I !

Thermal Propartias of Som* Fi**tle Isotope*

U233
U236
Pu239
Pu241

276
277
786
766

n
23
20
1 8
22

a
1
2
4
2

Figures 1 to 4 give graphs of some of these quantities

In the standard light water reactor, plutonium is bvi't up during the irradiation and
contribute* about 30% to th« fusions Th« average T? it thus J?tvvR = 2 The f a s t fiwiorvs in
uranium increase the number of neutrons available to breeding to er? -1 = 1 1 This number is
reduced to 6 by capture m claddmg, coolant, frssion products and control absorber In
replacing uranium 238 with Th 232. we will have several compensating effects First of all the
fast fission bonus is practically tost because Th 232 has a lower fast frssion cross section,
secondly because the r/ of U 233 •$ so much higher than that of Pu 239 we obtain for
rn 1 = 1 1. The reriucton due to capture in the intermediate isotope Pa 233 is not very
significant We can thus conclude that the conversion ratio of a light water reactor without
recycling is not affected by the substitution of U 238 by Th 232 for the same enrichment,
burnup ttc

3 2 Critical Macs

What one would do >n an existing light water reactor is to substitute the UOj in the fjel
pins with a mixture of ThO; and highly enriched UO : as was done in the early light water
reactors ThO, behaves very similar to UO ; so that thts would not present significant
problems

The absorption of thorium in standard LWR's is about 20% higher than that of U-238
viffiich is caused by thermal absorption cross section that is three times higher The effect of the
tlwrmal absorption is somewhat compensated by an effective resonance integral that is only
75% of that of U 238

The increase m absorption together with the loss of fast fissions means that the fissile
mats hat to be increeded by 20% in order for the system to remain critical as the density of
ThOj is only 90% of UOj Th metal has a 20% higher density and, if that is used, the
enrichment should be increased by 60%



This increase >n enrichment necessary for Th meui results tn a conversion ratio of 75 a
value close to that obtained by Zorzoli'28' when his values are extrapolated to bumupt of
30 MWd/kg The same conversion rano can be obtained for a uranium system by reducing the
fuel to moderator ratio because the increase in conversion ratio u a result of * changt in
enrichment

3 3 Recycling

We will now consider the effect of recycling the fuel We will consider two types of
reactors, one type we call a convenor that not only produces electricity but converts fertile
isotopes to fissile e g U 238 to Pu 239 The other type we call a burner that bums converted
fissile material both of itself end of true converters

The net production of bred fuet in a converter is

Pn,f = ! I (1 • cr5) 11 f) • (1 • ab) f |CRC (1 * ab) f ] / X (1)

where

5 indicates U 23S

b indicates bred material, e g . Pu 239 or U 233
f is the fraction of the power germated in the bred fuel
X is the power per kg of fissioned material
CRC is the conversion ratio

The first term is the total production and the second term u the lou of bred material by
fission and absorption m the converter itself

The net conscption of a burner, assuming that the bred material is recycled, is given by

Cn e I = |CRb I H H e ^ V X (2)

where

CRb is the conversion ratio of the burner

From fhese equations we can now calculate the relation between the number of
converters and the number of burners

In Table IV we have given the values for the thorium and uranium cycle The standard
case is a thorium converter with the same enrichment as the standard PWR The high conversion
case is a thorium metal fed standard PWR with an adjusted enuchemant and tn« equivalent
uranium reactor As a variant on the U Th metal reactor we have ircludtd a Pu Th metal
reactor

The different conversion ratios of the burner reflect the distinct properties of U 235,
U 2 J 3 and Pu 239 The large consuption of plutonium in the burner in the uranium cycle, » a
striding fact This is due to the low conversion ration and to the high a of Plutonium If « * have



• power system with converters and burnt™ in tht relation as given in Table IV we can calculate

the average fuel consumption p*r reactor as given in Table V
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It can beobaerved thai the reduction m uranium consumption is substantial, for the thorium
cycle This <t offaat by the encreased enr>chm«nt costs as it is twice expansive to obtain 93%
enriched material than 3% enriched

For the high conversion system a factor of four reduction is achivad in ore consumption
and nearly a factor of two in separative work requirements

It it possible to stan the thorium cycle with plutonium a» a fuel and a nioa relationship
between Pu thorium and U 233 thorium reactors is obtained It take» however, 1500 kg or
ten/discharges of present day light water reactors for the loading of a Pu thorium converter, and
eight dischargers of this convenor are needed to load a U 233 thonum burner

It is thus evident that long time periods art involved in building up U 233 thorium
burners using plutonium as an intermediate fuel



3 4 The use of 20% enriched uranium

Thus far we have assumed that 93% ennched uranium would be available This might not
be the case acd the enrichment could be iimtteô to 20% There are two possibilities to build up
the U 233 tho'ium cycle under th»$ conditions

One is to use piutomum as an intermediate step To produce the 870kg/y fissile
Plutonium that a*e needed for a Pu Th metal reactor the output of five conventional light water
reactors is needed >n equilibrium conditions one standard light water reactor produces enough
fissile material to sustam one Ü 233 Th metai burner intermediate Pu converter If highly
enriched material is available, one LWR uranium converter could sustain four burners This is a
loss of a factor cf four m ore consuption and a factor of two in imperative work

The other possibility rs to use the uranium it the maximum perrmssibie emichement.
Then, plutonium is produced together with U 233 The overall enrichment for a Th-metai
reactor has to be of the order of 6% Thus 30% ->f the heavy metal is U 238 The capture crocs
section of U 238 increases by a factor of two due to the dilution and consequent reduction in
self shielding of the resonances Thus about 50% of the production of fissile material will be in
the form of plutonium

To obtain an idea of the mass balances involved we assume that the brad U 233 can be
kept separate from the U 238 by a separation of fissile material Then, wa assume that wa
construct a system of ten light water reactors as converters, twenty thorium burners supplied
with the U 233 fuel from the converters, one plutonium converter supplied wiih the plutonium
of the ten uranium converter and five thorium burners fueled from the ptutonium converter.
Thus one light water reactor can sustain 3 5 thorium burners

It is obvious that heavy penalties are involved should the uranium enrichment be limited
to 20% It probably does mean that the thcum cycfe can not economically be developped

4 REPROCESSING ANO REFABRICATION

It has been observed137) that the lack of a large scale facility for thorium reprocessing has
been a principal barrier to the development of the thorium cycle

Reprocessing of thorium based fuels can be done at existing facilities optimized tor
uranium and plutonium recovery but the cost is much higher A plant optimized for thorium
recovery can be made competitive to those of uranium plutonium138' Work it in progress in
the United States and Germany to come to large scale reprocessing of HTGR fuel The German
Jupiter plant will use, after a head end that removes the bulk of the graphite, a Thorax «olvtfit
Í13MHN0,, 1M ANNO,), 05MHFland extract» uranium, thorium and piutonkim isotopes
from this solvent witH TBP t 3^ iPig 5) This is a modified form of th*i well known pyrair
process In the U S a similar scheme will be used1401 Thaw proces* can be adapted for water
reactor fuel by a different head end to remove the bulk of the claddiftg

A problem for the fabrication of fuel elements containing recycle fuel is the radioactivity.
In the uranium cycle this is due to the a activity of the plutonium isotopes and glove box
handling is considered to be sufficient
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For the thoMum cycle there are some added problem» due to the buildup of U 232
(Fig. 6) The decry chain (Fig 7) involves the production of y rayi with energies ovar one MeV
that require heavy shielding (Table VI) Feed U 232 decays to Th 228 with a naif life of 2 y Its
daughters have short hetf !ivn K I d) Thus low radiation levels can be chernicaly obtained by
removing Th 228 from the uranium feed before reprocessing n done Th 228 cannot be
separated from the thorium itself so that on* ha» to wa<t a decade t i l the Th 228 has decayed
before the Ciorium can be reused Under these conditions glove box handling is sufficient and
no rvfabncation penalty is incurred with respect to ptutonium

Experience has bean obtained on a pilot plant scato by the Bebcock and Wilcox Company
on the fat»cation of U 233 for water cooled reactors'4'' as seen m Fig 8

The radioactive nature of the uranium 233 and the recycle thorium made it seem
worthwhile to convtwer a dote coup ing between reprocessing and refabncation in which the
used fuel;s only partially decontaminated and the fabrication :s done remotedly

Two such facilities have been constructed the thorium uranium recycle facility (TURF)
at Oak Ridge'3' and programme ciclo uranium tooo (PCUT)" m Italy TURF has been
designed mainly for HTGR elements whereas PCUT(42iwas designed for light and heavy water
fuel elements

Essentially, in these facilities it is used the SoKitl process is used for the oxide
production which n then vibratory compacted >n the fuel elements for water reactor? These
steps art very much suited to remote handling (Fig 9)

6 PROPERTIES OF THORIUM METAL AND THORIA

The properties of tho"um <ts a'loyi and compunds have been reported by Peterson et
a l ( 4 3 1 Thona behaves ve*y much the same as uranium dioxide ind does not pose particular
problems (Table VIM Metallic thonum (Table VIII) >s very atrect've because it has a higher
density than UO ; and also hat a high thermal conductivity Its irradiation behavious is
considered to be excetent and burnups of 30 MWd/xg should be obtained provided the
maximum tempereiu't >$ not much greater than 660 C1441 The large swelling above66(fC
(Figs 10111) •* probably caused by the agglomeration of fission products in pores and it is not
dear whether the swelling levels of 8% AWV per % bumup will be exceeded at temperature
above 1000 C

8 CONCLUSIONS

The thorium cycle off»'» substantial savings m uranium consumption and separative work

for reactor with a high conversion ratio The reecto' that can be used are of a standard type and

will need only slight modifications A very mtareting type is the Th metal pressurized water

reactor into which -*'tting pressurized water reactors can be converted
e

Fuel fabrication facilities to be set up in Brasil shouM be able to handle slightly
radioactive fuel and provide for removal of Th 228 from uranium

Reprocessing plants should be optimized for a large through put of thorium even if
initially the uranium cycle wiM be used

A limit on the enrichment of f#ed uranium will i t least double the uranium consumption
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Important Ptopaniaa of Thorium and Uianium Dioxidaa
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Tab!» VII

Physical and Mechanical Properties of Thorhim Metal

Lattice parameter, A
Face-centered cubic structure up to
14O0°C(2550F)
Body-centered cubic structure 1400 C
(255OF) to melting point
Density, g'cm'
Theoretical
Calcium reduceo (ascast)
Arc melted iodide
Melting point, °C(°FI
Boiling point, °C(CF)
Heat of vaporization. KcaJ/mole
Heat of fusion, Kcal/mole
Elastic constants (25CC. 77'Fl
Modulus of elasticity, psi
Shear modulus, psi
Poison's ratio
Compressibility, cm2 /dyne
Thermal conductivity, 100650 C
(212 1200°F> cal/sec/cm2/°C/cm
Coefficient of linear expansion (ev ), °C '
25 2O0°C{77 390°F)
25 1000°C(77 183O°F!
Electrical resistivity, fiohm c r
Calcium reduced metal
Estimated for pure thorium
Self diffusion coefficients, cm' /sec
1100 1400°C(2010 2550°F)
1450 1550° <2640 2825'F)

00125'C. 77 F) =5 06610 001

Q0<14506Cr2640 F} = 4 11 1 0 0

11 72
115 116
11 66
1690 1750(3075 3180)
3300 4500(5975 8130}
130177
< 4 6

10.3 x 10*
4 1 x 10*
0 27
164x 10 I T

0 090 0 106

11 Ox 10 *
125x 10 *

18
1314

2x 1C l 0 2x 10 '
2x 10 ' 1 x 10 7



RADIATION ENERGIES OF THORIUM DECAY PRODUCTS1
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