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Thorium utilization appears to permit development of an advanced
technology involving fuel handling, processing, and refabricating on
an economic basis. Based on U. S. cost rules, countercurrent fueling,
and a throw-away cycle, heavy-waber reactors fueled with Th-U232 had
fuel costs as low as natural-uranium-fueled systems. The spent fuel
from the thorium system contained four times as much fissionable fuel
as that from the natural-uranium system, and so processing costs and/or
refabrication costs for the thorium fuel could be relatively high and
still be economical. With fuel processing, U. S. processing charges,
and uniform-batch fueling, light-water reactors fueled with Th-U235
had lower fuel costs than slightly-enriched-uranium reactors; for
higher neutron~economy systems, the uranium reactors had lower fuel
costs in the initial uniform-batch cycle, but recycle of thorium fuel
was generally more economic than recycle of uranium fuel. Based on
the existence of an economic, advanced technology, calculated fuel=-
cycle costs for thorium-breeder reactors (including special-materials
inventory charges) were less than 1 mill/kwhu The aqueous-~homogeneous
breeder reactor studied had a fuel cost of about 0.9 mill/kvh at a
fuel yield of 7% per year, while a molten-salt-breeder reactor had a
fuel cost of about 0.6 mill/kwh at a fuel yield of 1% per year.
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not the: Commissian, nor-any person gcting on behalf of the Commission:

A.'Makes any iwarranty or representation, expressed or implied, with respect to the gccuracy;
completeness; ~or ‘usefulness of the information confained in this report, or that the use of
any.information; ‘apparatus, method; or process -disclosed in this report may not infringe
privately owned rights; or o

B..‘Assumes ‘any liabilities with regpectto the use of, or for damages resulting from the use of
any information, apparatus; method; or process disclossd in this report.
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*
ECONOMICS OF THORIUM FUEL CYCLES

P. R. Kasten R, 8. Carlsmith
L. G. Alexander R. Van Winkle

1. Introduction

The essential justification for civilian nuclear energy developmént is
associated with the development of a power source which is economic generally
in the near future and for long periods of time. Thus, reactor development
should point toward those systems which have low power costs, and which show
promise for lower power costs in the future.

The utilization of the fission process requires the ability to handle
safely and cheaply huge amounts of radioactivity, and this involves a teche
nology which is only now being developed. DBecause of the necessity of an
advanced technology in order to obtain low-cost nuclear power, reactor de-
velopment should support those systems which advance nuclear technology at
the fastest pace, consistent with the economic conditions which exist during
the time of development, and the future usefulness of the development., It
is the thesis of this paper that thorium utilization will advance nuclear
technology at the fastest pace at this time, that power costs of thorium
reactors’during the initial periocd of reactor development can be as low as
those of other nuclear systems, and that an advanced technology permits low
power costs in thorium breeders and also other reactors.

Availability of Thoriume~-= [f we consider thorium utiliiaticn as an

economic stepping stone for advancing reactor technology, it is not too im-
portant whether we have enough thorium for tens of years or for thousands of

years. However, if a thorium technology is developed, it would be desirable

*Prepared for presentation at the Sixth Nuclear Congress Symposium on
Uranium=Thorium Cycle, Rome, Italy, June 13-15, 1961.
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b0 apply it economically to thorium for long periods of time. Let us therefore
examine vhat periods of time are pertinent to thorium utilization.

Although there has been no intensive search as yet for thorium ores, the
known reserves of low=-cost thorium oxide (less than $10/1b) in the free world
are 500,000 tons, and the conjectured low-cost reserves in the free world
amount to 1,000,000 tans.l Based on an inventory requirement of 1 ton thorium
per Mw(e) and & fuel exposure of 30,000 MmD/ton, even the 500,000 tons of known
low-cost thoria are sufficient to supply thorium inventory and burnup reguire-

- ments for an installed electrical capacity of 200 million kilowatts for over

4O years. Thus, free-world thorium reserves appear capable of establishing an
electrical industry greater than that presently in the U.S. for a period of

L0 years, based on relatively low burnup of the thorium. In addition, if high-
performance thorium breeders are developed, the United States and Canada alone
have enough low-priced thorium to supply the inventory for an electrical capac-
ity of 750 million kilowatts;a also, the supply of thorium raw materials required
for this system at prices which increase fuel costs but slightly (less than 0.1
mill/kwh(e) ) appears virtually inaxhaustible.s Thus, from both the short term
and long term view, the supply of thorium (and also uranium) appears adequate,
and the success of thorium (as well as uranium) systems depends primarily upon

the economic success of reactor technology.

,Tedhnalbgy Considerations=»w« A large fraction of nuclear power costs
appears to be associated with capital investment; in fact, it is generally
agreed that capital costs of nuclear plants will be higher than those for
fossil=-fuel plants. Thus, the major economic advantage of nuclear fuel is
the potentially low fuel cost associated with its use., However, the nuclear

power plants built to date correspond to systems which have relatively poor
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neutron economy and which do not bhave particularly low fuel costs. This ap- . ,‘
parently is ,due to the present influence which fuel cycles have on capltal k
end operating costs, either directly or indiréctly.
The many studies which emphasize the potentially low power costs attaina-
ble in‘ future nuclear plants use a8 a common basis the ‘existence of an advanced
technology. In particular, a technology is required which can economically
move, process, and fa‘bricate'radiqactive fuel during various times of the fuel
‘eycle, These operstions are dﬁrec‘bly concerned with fuel-cycle costs. While
it is appreciated that fuel cycle costs do not constitute the major costs in
an advanced nuclear technology, it is important that these costs be low, or
nuclear power cannot compete except at prices which are higher then present-
day power costs. In addition, a technology which permits very low fuel costs
will probably permit capital and other costs to be relatively low; under such
conditions reactor development will be guided by fuel-cycle development. This
peper deals primerily with the fuel cycle and conditions necessary for low
fuel costs. Although neutron economy will not be an objective in itself, it
will affect fuel and power costs; or, stated differently, changes in economic

conditions will influence the neutron economy of a minimume-power-cost system.

2, General Considerations of Thorium Fuel Cycles

Thorium, Jjust as uranium, cen be utilized in either fast or thermal
reactors; the nuclear characteristics of a thorium system relative to a ura-
nium system, however, are quite different for the two reactor types. We will
consider thermsl reactors first.

Since natural thbrium contains no fissionable materials, it mst first
be converted to 8233 before it can be used as a nuclear energy source. This

requires that highly enriched fissionable fuel be supplied to a rea.ctér systen ‘
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utilizing thorium, and so such systems depend upon relatively expensive fuel
for criticality. While this 1s in itself an economic disadvantage when com~
pared with natural uranium systems, the initial-loading cost does not give
the complete picture. With no processing of the spent fuel, it is the attain-
able exposure in combination with the initial fuel cost which determines fuelw-
burnup costs; with processing, the costs of processing and refabrication in-
fluence the effective cost of the fuel.

The attainable fuel exposure* is a function of neutron economy and the
value of eta, the average nmuber of neutrons produced per neutron absorbed
in fuel. The conversion of thorium into U233 results in a fuel having a
superior value of eta, and it is this characteristic which is primarily
responsible for the interest in thorium.

The average value of eta in a thermal reactor varies with the specific
neutron-energy spectrum, and with the fuel. In a typical thermel spectrum,

‘effective eta values for the three principal fuel isobopes may be: U233

2.273 0935, 2.03; Pu2

¥

39, 1.90, Thus, in thermal reactors it is easier to
attain-a higher conversion (or breeding ) ratioc in thorium systems, and so
thorium»‘{}233 fuels can have relatively long reactivity lifetimes. With high
conversion ratios and long fuel exposures, fuel-burmup and fabrication costs
can be s0 low that spent fuel can be discarded without undue economic penalty.
Under such circumstances, a single-regicn reacbor with fissionable fuel mixed
with thorium can operate economically in much the same manner as proposed for
the CANDU reactorgh However, if fuel-processing and refabrication costs are
low, long fuel exposure during a fuel cycle is no longer a prerequisite for
low fuel costs. In fact, under suchrcen&itions, it appesars more economical

t0 go to two=region~type systems which have improved neutron economy.

*oxide fuels have the physical gbility to withstand very high burnups, and =o
reactivity lifetime was taken as the limiting exposure condition.
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Using fuel cost as the criterion of merit, the advantages of a two-region .
reactor (in which a thorium region surrounds a fissionable-fuel region) over a
single-region system (with fuel and thorium intimately mixed) are due to the

lower critical mass, lower neutron leakage, and lower %233 losses associated

with the two-region system. However, use of such a system implies an advanced
technology, inasmuch as low-cost fuel processing, fuel handling, and refabri;-
cation are required,; |

Thorium can also be utilized in a fast reactor, although most studies
conslder its use in thermal reactors. Here again, thorium has to compete with’
uranium, and at high energies it does not have a nuclear advantage over uranium
systems. In a fast reactor based on the 0238~Pu239 cycle, the effective value
of eta in a metallic-fueled core is estimated to be about 2.7, while the corre-
233

sponding value is sbout 2.4 for a Th-U cycle .5 If oxide fuels are considered,

the neutron-spectrum is degraded relative to that in a metallic system, and the

6,758 with urenium

effective eta is lower for both uranium and thorium reactors,
systems still having superior eta wvalues, However, if power~removal consider=
ations degrade the neutron spectrum into the kiloveolt region (below aboub
100 kev), thorium systems can have higher effective etas than do uranium

systems,

Fast power-reactor concepts which have been studied consist of two-region

9-11 ayeh

systems, with fertilee-material blankebs surrounding a core region.
systems imply recycle of the fissionable fuel produced in the blanket to the

~core region. As mentioned previcusly, this will require an advanced technology,

wherein fuel. is handled, processed and refabricated safely and economically.
In the following sections, emphasis will first be placed on conditions and

fuel costs associated with no fuel processing and refabrication. Comparison .



of thorium and uranium systems will then be made on the basis of the processing=-
and/or—refabricatien costs which are ecopomically permissible in the two systems.
Following this, an advanced technology is assumed in which fuel processing and

refabrication costs are low, and which permits breeder reactors to have low fuel

costs.

3. HNear-Term Potential of Thorium Fuel Cycles

In the current decade reactor techunology may not advance to the point where
breeder-~reactor fuel cycles are economically attractive; however, advances in
technology should improve the relative position of breeder systems. For the
moment, let us consider processing and/or fuel refabrication to be relatively
expensive, This immediately imposes a penalty on two-region systems, such
that both fast- and thermel~breeder reactors would be relatively uneconomical.

Hot all situations have been examined; nonetheless, it appears reasonable that
thermal reactors which do not depend upon low fuel-processing and fuel-~fabrication
costs will develop during this period. We wish to examine the relative fuel costs
of thorium and uranium systems under such conditions.

The simplest fuel cycle during this period would correspond to mixing tho-
rium and U233 such that the conversion of fertile to fissile material has an
immediate effect in maintaining the reactivity of the reactor. Any loss of
233

neutrons to Pa is accepted, and the fission products are allowed to bulld up
to the point where criticality can no longer be maintained.

Examples of fuel exposures which are possible from the standpoint of rew
activity are indicated in Fig. 1. The conditions of the calculation were:
an equilibrium fuel cycle with freshefuel elements consisting of U235 and

thorium, a core neutron-leakage fraction of 0.05, fraction absorptions in

structure of 0.0l, a moderator temperature of 1000°K, and graphite as moderstor

w

™

.
(]
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with a feed-fuel moderator-to-uranium ratio of 4000. As shown, there is an . .
optimum thorium~to-uranium ratio for & given specific power. At Low thorium-
to-uranium ratios the conversion ratio is relatively low, resulting in short
reactivity lifetimes} increasing the thorium concentration increases the con-

version ratio and initially increases the lifetime, but eventually the re-

activity importance of fissionnprdduct buildup is greater than that associated
with the increase in comversion ratio, resulting in the maxima shown in Fig. 1.

The lifetimes are less at higher specific powers due to grester absorptions in

pa233 5 135

s X&' 77, and due to the necessity of providing greater reserve reactivity

49 poisoning after shutdown.

for overriding peak Sm;
The results of similar calculations at different moderator=to~fuel ratios
are shown in Fig. 2. In this case only the results at optimm thorium~to=uranium

concentrations are plotted. It can be seen that a moderator-to=-fuel ratio of

about 4000 gives generally the highest fissions per initial fissile atom under
the stated conditions. At carbomn~to-uranium ratios greater than 4000 there are
generally more absorptions in the moderator, léading to lower conversion ratios

and shorter reactivity lifetimes. At ratios less than 4000 the corresponding

increase in thorium concentration leads to a relative increase in the importance
of fissioneproduct poiécns with respect to criticality and shorter reactivity
lifetinmes.

The above calculations indicate that practical reactor systems fueled

with thorium and 0235 may obtain about 2 fissions per initial fissile atom;

reactors with lower leakage than that specified above can obtain greater ex-
posures., Thus, fuel-burnup costs of about 1 mill/kwh can be obtained based
on a throw-away fuel cyclej the possibility of low fuel costs in thorium

systems employing a throweawsy cycle has also been pointed out by Lewis .3”2 .
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In order to explore this point in more detail, a specific reactor system
was investigated. The reactor chosen was a heavy-water moderated and cooled
system, since this type appears to have relatively low fuel costs for a throw-
away cycle vwhen fueled with natural uranium,h’lB Both thorium—U235 and natural
uranium were considered as fuels, so the results of this study permit evalu-

ation of the relative merits of thorium and uranium fuel cycles.

Comparison of TboriumpU235 Fuel with Natural Uranium (Throwe-away Cycle )=m=e

The Canadians have been working intensively for a number of years speci=-
fying the design characteristics of an optimum power reactor utilizing natural
uranium and heavy water, and so their work formed a base for the comparison
considered here. Specifically, we will model our reactor after their 200 Mw(e)
CANDU (CANadien-Deuterium-Uranium) reactor,& which is fueled with natural-
uranium dioxide clad with Zircaloy, moderated with low-temperature heavy water
(80°C), and cooled with heavy water contained in Zircaloy pressure tubes. It
is assumed that countercurrent fueling (addition of fresh fuel bundles to ad-
jacent fuel channels at opposite ends of the reactor) occurs on a semicontinuous
basis, leading to relatively high fuel exposures and spent fuel of low value.
The general design of the CANDU reactor was utilized for both thorium~U235 fuel
and natural-uranium fuel; in all cases the geometry of the fuel bundles, pres=-
sure tubes and calandria tubes were the same. The maximum-permissible heat
rating was that associated with a temperature-integrated thermal conductivity
of Aoywaﬁts/cm; the average heat rating was 0.5 times the maximum-permissible
value.

In order to obtain valid comparisons between thorium and uranium systems,
consistent nuclear-design optimizations based on total fuel-cycle costs were

performed for both systems,lh-l6 using United States economic ground rules.

1 11
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Thus, fuel costs were calculated for various thicknesses of heavy-water reflec- . ’
tors, different fuel-rod dismeters, and several lattice spacings; in é.d&ition,
the 6235/1&1 ratio was varied in the thorium system. The natural-ursnium reactor
was termed & CANDU type, while the thorium reactor was called a CANDUTH type.
The cost bases utilized in thils study are gi&en in Table 1. The "USAEC"
values correspond primarily to present USAEC economic ground rules, the "low"
values correspond to possible future conditions. In all cases the spent fuel
was assumed to be stored indefinitely. The calculated fuel cycle costs include
charges for the burnup of 0732 ana thorium (or natural uranium), fabrication of
fuel, inventory of %32 end thorium (or natursl uranium), and heavy-water in=-
ventory and losses.,
Ftiel wsts obtained for CANDUTH-type reactors are given in Fig. 3. As
shown, the minimum fuel cost based on “USAEC® costs was about 2.8 mills/kwh,
and occurred at & lattice spacing of T-8 inches and a 0235/Th ratio of about
0.036. On the basis of the "low" cost assumptions, the minimum fuel cost was
about 1.83 mills/kwh, and occurred at a T-inch lattice spacing é.nd a fuel
"enrichment" of about 3.6%. The fuel exposures corresponding to these minimum
costs were in the neighborhood of 60=~70,000 MwD/ton.
| In the above calculations the maximum hest rating was assumed to be the

same as in CANDU, nemely, & temperature-integrated thermal conductivity of

center '
Lo watts/cm [ f k d6 = L0 watts/cm ] . Since the thermal conductivity

surface

of thoria at 600°C is about 20% lower than that of urania, release of fission

Thus, it msy be more reason-

gases may occur more readily in thoria systems.-

able to assume a meximum heat rating of 35 watts/cm when thoria is used. The

6

resul‘bsl of ‘calculations based on the lower heat rating, an average-to-meximum

heat rating of 0.43 (instead of 0.5), and "USAEC" costs are given in Fig. k4, .
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Table 1. Cost Bases Employed

Unit Costs "USAEC™ "low"
Naturel U, $/1b U308 8
Thorium, $/1b ThO,, 10
D0 (0.14% H,0), $/1b 28 172
Fuel fabrication, $/kg U ag® I
Fuel fabrication, $/kg U + Th 88 Ly
Enriched uranium, $/gm u?35 17 12

Anmual Charges, %/yr
Fabricated fuel or fertile materiald 12.°7
Enriched uranium b
Heavy water 12.7
Heavy water replacement 2

Plant Utilization, %/yr 80

Station Net Efficiency, % 29,1

a. Based on possible fubture cost of heavy water.lB

b. Obtained from value of 20/D, where this gives $/1b U0, vhen D is the
pellet diameter in inches; vthis expression fits fairly well the lower
line given in the plot of fabricatlion cost versus rod diameter given
in USAEC Cost Hamibc»ok.l?

¢. Conforms more with predicted fabrication costs ¢13 ,18

d. Applies to natural uranium and thorium; the annual charge of 12.7% was

applied to one~half the value of the natural-uranium fabricated fuel,

gince gpent fuel was assumed to be discarded.

521
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along with some of the previous results. As shown, the minimum fuel costs
oceurred st cbout the same letbice spacing and fuel ‘enricmment: independently
of heat rating, with the fuel costs about 0.25 m:i.ll/kwh higher at the lower
rating. This difference was obtained at different total reactor powers (the
higher power was associated with the highgr‘heat raﬁing),and differenﬁ ayerage;
to-maximum heat ratings, and so does not represent the effect of specific power
alone. For the CANDUTH sizes considered, there appeared to be little influence
of power level on attainable fuel exposures. It is estimated that decreasing
the heat rating from 40 to 35 watts/cm (at a given power level) and decreasing
the flux “"flatness" from 0.5 t6k0n43 would increase the fuel cost by about

0.20 mill/kwh. At an aversge-to-maximum heat rating of 0.5, decreasing the

rating from k0 to 35 watts/cm would increase the fuel cost by sbout 0.1 mill/kwh.

' Similar caleulations lavolving :f."uel-cyclé optimization were jperformedm for
CANDU-type resctors; the minimum fuel costs, lattice spacing, and power level
are given in Table 2, along with the values bb’cained. for the CANDUTH-type re=-
actors considered above. The results show that under "USAEC" ground rules
and with reactor power levels in the range from 200 to 250 Mw(e), the thorium-
fueled reactors had lower fuel costs than the natural-uranium systems (3.02 ve
3.09 mills/kwh if a heat rating of 35 watts/cm and an average-to-meximum value
of 0.43 is taken for the thorium reactors). If the same heat rating (40 watts/cm)

©

and same average-to-maximum velue can be applied to both systems, then the tho-

rium reactor had lower fuel costs on both cost bases at a power level of about
250 Mw(e). At higher reactor power levels (and larger reactor sizes), the
natural-urenium systems gained relatively more in fuel-cost reduction, because

reactor size had a greater influence on attainable exposure in such systems;

conversely, at lower power levels; the thorium systems would ga.ixi in a relative .

manneyr., .

|
!

521 16




128

LT

Reactor Type

Nominal Iattice Spacing, in.

Table 2.

Minimum Fuel Costs in CANDU and CANDUTH

Reactor Types and Associated Conditions

CANDUTH

Nominal Ratio of Fissile-to-Fertile Atoms, %

Cost Bases

Fuel Costs, mills/kwh

wat§:72m§a:§2§max
35 0.k3
Lo 0.5
4o 0.5
ko 0.5

"USAEC"

Power Level

Mu(e)

203 3.02
250

264 2.78
333

7
3.6

“LOW "

1.83

CANDU

9

Natural uranium

nUSAEC " NLOWN
3.09 1.85
2.82 1.69

LT
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 Value of Spent Fuel from Th-U>>> and Natural-Uranium Resctors----The amount ()

of fisgj.le’ material present in the spent fuel from the above reactors is signifi-
cantly di;f‘ferent i“br the two fuels; for the reactors specified in Table 2,' typi-ﬂ
cal smounts of fissile fuel remaining after exposure are 3 kg/ton in wrenium
systems and 14 kg/ton in thorium systems. If the processing costs are those
associated with the USAEC cost schedule, and one reactor loading is processed in
a batch, processing costs (based on iqitié.l enrichments) amount to $19,500 pér
ton of uranium fuel and $32,500 per ton of thorium fuel. This cost is equiva-
lent to paying sbout $6.5 per gram of Pissile plutonium, and about $2.3 per gram
of fissile uranium. Clearly, in terms of recycle, there is an advantage in proc-
essing the thorium reactors rather than the natural uranium ones. Censideiing
 USAFC suggested charges for shipping spent fuel of $16,000 per ton, the costs
for recovering fissile plutonium and uranium would increase to about $11.8/gram
and $3.5/gram, respectively. Under these conditions and with a fissile-plutonium
value of $12/gram, there would be little incentive for processing hatural—uranium
fuel. Further, if fissile urenium were sold at $15/gram, the thorium reactors
could obtain a fuel credit of about 0.3 mill/kwh. Thus, processing costs of
thorium reactors could be significantly higher than those assumed here and still
be economical.

Studies were also made in which recycle fuel obtained from thorium reactors
was mixed with highly enriched 0235 pius thorium. If recycle uranium were avail-
able at about $3.5 per gram of fissile material, the fuel fabrication cost could
‘be appreciably higher than that aﬁsaaime@ with the use of high-purity U23 > « 1T
fabrication costs for fresh fuel were $88 per kg of 11235 «~Th, recycle fuel could
be refabricated at $130 per kg without increasing the fuel cost; if base fabri-

cation costs were $44 per kg, recycle-material fabrication could cost $90 per kg .

without increasing fuel cost.
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Although not considered here, highly enriched uranium could be utilized
in thorium reactors without being mixed with the thorium. Use of enriched

235

uranium in separate fuel rods would permit fission products from burned U
to be removed withoub removing thcrium,12 leading to greater equivalent tho~
rium exposures than those calculated here,

Another use for thorium is in copbination with recycle plutonium from
natural-uranium reactors. Becsuse of the buildup of higher isctopes, this
fuel composition does not have very much reactivity, but at the same time it
does not lose very much reactivity upon additionsl exposure. Combining this
material with thorium (about 4% Pu) gave fuel exposures of about 40,000 MwD/ton,
with relatively little reactivity change in the fuel as it passed through the
reactor. Although such a system does not appear economic when applied to
large power reactors, there may be special applications in which long, batch

exposures are desired having relatively little reactivity change.

Comparison of Thorium~U235 Fuel with Slightly Enriched Uraniutie--- In the

United States mach reactor development has been assoclated with systems uti-
lizing slightly enriched uranium, and this development has encompassed a number
of reactor types. A study of the relative virtues of thorium and uwranium fuels
should therefore consider several specific reactor designs, with fuel-processing
costs specified by the USAEC schedule, Fortunately, a comparison of fuel costs

for thorium and uwranium fuels under such conditions can be obtailned from the
19,20

studies of Jaye et concerning the fuel wvalues of plutonium and 0233.
In these studies the calculated fuel cost in a given reactor was the criterion
for fuel value, with U235, U233g and plutonium considered as the fissile mate-
rials. The value of fuel was found relative to that of U-5°, with the latter

fuel assigned the value given in the USAEC price schedule of 1960,



The reactors considered are types of power reactors presently in operation, .
under coﬁsﬁmction, or considered for comstruction. The specific types weres |
the Dresden boiling water :Eea.etor (Zircaloy=-clad fuel )} the Yankee pressurized-
water reactor (stainless-steel clad fuel )} the Carolinas-Virginia heavy-water
reactor (Zircaloy cladding and pressure tube); the Hallam sodium-graphite re-
actor (stainlessw-steel-clad fuel); and the GCRf-a gasg=cooled, graphi‘oe»moderated
reactor (stainless-steel~clad fuel).

For all reactors, the fuel was assumed to be in oxide form, with reactivity
lifetime the only limitation on fuel exposure. For & given reactor, the reac-
tivity lifetime was calculated as a function of fissile enrichment for the sever~
al fuels. The fuel costs were then calculated as a function of fissile enrichment,
considering the value of U233 (or fissile plutonium) as a parameter.

In obtaining the fuel value of recycle material in thorium cycles, fuel
product from the previous cycle was mixed in various amounts with thorium and
the above-indicated calculations repeated} this procedure was followed for both
once- and twice-recycled uranium. An analogous procedure was used in deter-
mining the fuel value of recycle plutonium in urenium systems, with recycle
material mixed with natural uranium.

The general results obtained from the above studies indicated that the
fuel value of U233 was significantly more than that of plutonium, and that the
fuel value of recycle material in thorium systems did not vary greatly through
the second recycle, whereas in uranium systems the value of recycle material

tended to decrease markedly 'wit.h increasing recycle. These studies in them~

selves did not compare uranium and thorium systems. However, a comparison
can be made using the above results, and this is given here, based on assumed
values of $15/g and $12/g for 0233 and fissile plutonium, respectively.
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The absclute value of the fuel cost will be influenced considerably by
the fuel-management scheme and by the fabrication charges as a funetion of
fuel materisl. The reactivity lifetime was based on uniform-exposure in a
batch cycle, and so the fuel costs given are greater than those associated
with countercurrent fueling. Use of fuel-management schemes which approxi-
mated countercurrent fueling would tend to lower the fuel costs of the thorium
reactors more than those of the wranium reactors.

The fabrication costs are hased on estimatesgl in which the specific fuel

elements and fuel materials were considered; values used are given in Table 3:

Table 3. Fuel Flement Fabrication Charges, $/kg

Reactor \ Fuel Cycle Initial Recycle

Dresden 155 ‘ 215
Yankee 52 110
Carclinas-Virginia 130 200
Hallam 25 90
GCR~2 22 85

Using USAEC economic ground rules and processing=-cost schedule, the fuel-
cycle cost was calculated as a function of fuel material. The results are
listed in Table 4; these show that for the initial cycle the thorium systems
give lower fuel costs in the light-water reactors, while the better-neutron-
economy systems have lower costs when using uranium. This result is asso~
ciated with the fuel enrichments required in the different reactor types.

In the light-water uranium reactors, relatively high fuel enrichments were
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required, leading to unit 0235 costs which approached the unit cost of U235 ‘
in the thorium systems} this in combination with the increased reactivity | |
lifetime associated with U233 systems led to lower fuel costs with thorium.
In the better neutron;econamy systems, however, there was a greater difference
in initialyﬁloaaing cost between the thorium and uwranium reactors, vwhich was
not entirely compensated by the longer reactivity lifetimes obtained in the
thorium systems. Use of countercurrept fueling would tend to lower thorium-
fuel-cycle costs more than uranium-fuel~cycle costs. |
With recycle material, thorium systems gemerally tended to have lower
fuel costs than did uranium systems, since the recycle U233 is & much better
- nuclear fuel than is reéycle plutonium in thermal reactors. As shown in
Table 4, the fuel cost in the thorium systems stayed relatively constant during
recycle, whereas in uraniuom systems the fuel cost tends to increase with re-

cycle (this was not true in the first recycle with the Carolinas-Virginia and

Haellam resctor types).

Rather than compare differences in fuel costs, we can consider the fuel-
processing charge which gilves the same F:mel cycle ¢<>st for both thorium and
uranium systems. This is dome in Table 5, relative to the USAEC price schedule.
As shown, the light-water thorium reactors permit fuel prmcéssing costs to be
substantially higher than the USAEC schedule without imposing an economic
penalty on thorium systems, but this was not true of the obther reactors for
uniform~batch fueling. In terms of a recycle technology, thorium systems

had & clear economic adventsge past the first recycle for all reactors studied.
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Table 4. Fuel Costs in Thorium and Uranium Systems*

Fuel Costs in mills/kwh(e)

Thorium System Uranium System
Reactor Type / Cycle Initial 1st Recycle 2nd Recycle Tnitisl 1st Recyele 2nd Recycle
Dresden k.30 4,37 4,48 L.sh 5.09 7.5
Yankee 3.98 L,02 L,13 k.27 8.01 > 10
Carolinas-Virginia Lot 5.16 5.95 k.70 3.92 7.48
Hallam k.53 L,50 b 5k k,19 3.96 k.95
GCR~2 3.06 3.32 3.27 2.78 ~ b >h

*
Based on fissile plutonium value of $12/gram, and a 1733 value of $15/gram; uniform-batch cycle;

fabrication charges listed in Table 3.

‘€2




Table 5. Fuel-Processing Charges, Relative to USAEC Schedule, which .
give Same Fuel Cycle Cost in Thorium and Ursnium Reactors

Reactor Type : Fuel~Processing Charge Relative to USAEC Schedule

Cyele Initial 1st Recycle 2nd Reeycle

Dresden ; 2.6 5.8 19
Yankee = 2,45 19 26
Carolinas-Virginia 0.8 =3,8 .6
Hallam =Lok =64 2.7
GCR=2 =) o9 6.4

> 6.4

The above results indicate that thorium utilizetion is economically superior
to uranium utilization in poor neubtron-economy systems if fuel processing is to
be performed. In terms of fuel recycle In thermal reactors, thorium systems
generally appear to permit more-economic development of a recycle technology

than do uranium systems.

Use of Thorium in Single-Region Homogeneous Reactorse~~=- Thorium utilization
in agqueocus-homogeneous systems appears to glve lower fuel cycle costs than does

22 Low fuel costs in thoria-heavy

use of uranium in the same Typée of reactor.
water slurry reactors result from the long fuel exposures which are possible
without processing; high SPecific power, and the relatively high conversion
ratio over the fuel cyc:l@; If system corrosion rates sre low, and slurries
can withstand long periods of exposure, fuel e@é’bs in aqueocus slurry systems
can be less than 2 mills/kwh, based on zero processing for 10 or more years.

At the end of that exposure, fuel-processing costs can be much greater than

those specified in the USAEC schedule and still be economical.
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k. Long-Term Potential of Thorium Fuel Cycles

As nuclear technology develops, it is expected that the costs of fuel
handling, fabrication, refabrication, and processing will become relatively
low. This will probsbly come aboub through a gradusl expansion of nuclear-
power stations and an assoclabted growth in facllities serving these power
stations; eventually, large=-scale facilities should develop which will permit
further advances in economic nuclear technology.

Once the costs of bhandling large amounts of radioactivity become low,
power reactors will tend to operabte on a breeding cycle. The actual value of
the breeding (or conversion) ratio will depend on the relative worth of the
fuel produced, inventory charges, the reactor type, and the cost of processing
and refabricating the fuel in question. Under the circumstances postulated,
both fast and thermal reactors should have low fuel costs, and it is difficult
to know which of these reactor types will first overcome the technical problems
which exist today. The point here is that breeder reactors in an era of ade
vanced technology can have lower fuel costs than nonbreeders which do not use
fuel processing and refabrication. It is only necessary to show that this is
true for a certain class of reactors; thus, we will restrict our studies to
thermal, thorium breeder reactors. If these reactors have very low fuel costs,
then there are advantages in developing an advanced; fuel-handling technology
ubilizing thorium.

U233»thoriam systems have more

Because of superior nuclear properties,
potential as breeders, with potentially low fuel costs. However, in attempting
to.maintain good neutron economy the designer of a U233~Th reactor is faced
with a problem which does not occur to the same degree when U238 is used as

the fertile material. The conversion of Th ‘o U233 proceeds through the
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intermediate, Pa?”g 3 which decays with a 27-day half life. There is some un- .

certainty aboul the cross sections of Pa833

, but they do not appear to be
above 70 barns for the thermal cross section and 1200 barns for the resonance

integra123 {recent measur@mentsak indicate these values may be about 40 barns

and 900 barns, respectively). Based on the higher cross section values, Fig. 5

illustrates how seriously the absorpbions in Pa233

can reduce the breeding (or
conversion) ratio. Several methods of circumventing the Fa233 losses have been
proposed, each of which has some undesireble economic features. From the graph
it can be seen that one method of minimizing the Fang sbsorptions in single~
region reactors is to have a low specific power in the core, If the specific
power ls kept down to 500 w/gm, the absorpbtions in Pa233 will be only 1 to 2%
of those in U233. Singlémregi@n reactors with such low specific power have
relatively high fuel inventory charges if interest rates are high; conversely,
less economic pepalty ds peid for low specific power if interest rates are low.
A second method of avoiding Pa233 losses, and the one most commonly suge-
gested for thermal breeders, is to segregate the thorium in a separate region
outside the core (referred to as a two-region reactor), where the flux is low
encugh to avold excessive neutron capbures in the protactinimm. In a solid=
fuel reactor, the core must be reprocessed relatively frequently, since the
maxinun fuel burnup that can be aahiéve@ without conversion is scomewhat less
than 1.0 absorpbions per initial fissile stom. Two-region fluid-fuel reactors

avoid this disadvantage since it is possible to increase enrichment without

reprocessing the fuel. Another limitation associasted with good neutron economy,
and affecting all two-region systems, is that the net leakage from the fissile
region to the fertile region must be almost 50% of the neutrons produced. At

least one dimension of the core must be small to achieve this much leskage.
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When other aspects of the design (such as heat transfer reguirements ) are taken ‘
into account, it is often found that the total power output from the reactor is
smaller than desired. Thus, Perry et g&?ﬁ studied s two—regionrgraphiteé
modersted reactor with a Sl-cm core radius in which 300 Mw(th) power could be
generated, Studies of a BeO-moderated two-reglon system, however, have indi-

cate&aé

that 140 Mw(th) is & probable meximum for this system (3l-cm core
radius and & 6lO-cm core length). Limitations on total power can, of course,

be avoided by multiple~region arrangements having more than one blanket region.

Such designs are more complex machanically but could prove wo?tﬁﬁhile in some
cases.,

A third type of proposal for limiting the Paa33 losses involves moving
the thorium (either with or separately from the fuel) through the core on &
time scale which is short compared to the 27~dsy half life of protactinium.
In the case of solid-fuel-element reactors this proposal would require the
development of one-stream fuel handling equipmenﬁ with & high degree of re~
liability and a moderate cost.

An economic disadvantage of reactors designed to breed is that a relatively
short fuel lifetime is imposed by the requirements of maximum neutron economy.
The fuel-movement and geometry requirements imposed by separating the thorium
and uranium into two regions has been mentioned above. A more stringent and
inescapable limitation is the need to remove fissi@n‘pro&ucts from a breeding
system before they scoumilatbe and absorb an excessive fraction of the neutrons,
From an economical viewpoint, this removal is practical only if fuel processing
costs are low. However, under such circumstance, breeder reactors have fuel=-

cost potentials lower than other systems.
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Rather than speak in generalities, let us consider some specific reactor
designs and methods of operation. In particular, five thermal, thorium breeder
reactors will be considered for vhich a detailed analysis was ms.ciell1L of the
relations between fuel cycle cost, breeding ratio, inventory requirement, and
fuel-processing rate. Each reactor had a core region conbaining fissionable
fuel, and a blanket region containing th@rium; in general, U.S. cost bases
were applied. Eéch reactor type was considered to generate energy for a large
reactor station. Some major postulates wereé (&) that each station have a
net electrical capacity of 1000 Mw provided by at least two reactors, (v) that
all processing be carried ocut in an on~site processing plant, (¢) +that the
reactors are continucusly fueled and processed and have reached equilibrium
with respect to fission product poisoning and uranium isotopic concentration;
and (d) the isotopic composition of new fuel produced is the same as the average
composition of the entire system. A general, brief description of the five re-
actor systems and their operating conditions are given in Table 6. Purther
details are given in reference 1l, The fuel cycle cost was composed of in-
ventory and replacement charges for nuclear materials (fertile and fissionable
isotopes, moderators, special coolants, carriers, or structural materials ),

- processing costs, and breeding credit. The components of the fuel cost are a
complex function of the reactor concept; its mode of operation, and the value
of nuclear materisls. The breeding credit is a direct function of the fuel
inventory, the value of fuel, and the fuel yield; this latter quamtity is
defined as the annual net amount of fuel produced divided by the fuel ine-
ventory of the reactor system. The opbimm fractional burnup of thorium in
the blanket per cycle was determined principslly by balancing the cost of

blanket reprocessing, which tends to be high for low burnup, against the U233

inventory cost, which tends to be high for high thorium exposure.



MSHR:

LEBBR:

GGER3

DGBR:

Table 6. Characteristics of Five Thermal, Thorium Breeder Reactors
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Aqueous-Homogeneous Breeder Reactor. Four cores per station. Fuel
was U0sS04 in D20 (473-554°F at 2000 psi). Processed by hydroclones
and Thorex. Station efficiency was 27%. Zircaloy core vessel. ThOp
pellets in blanket cooled by Dz0; processed by Thorex. Key variables
were thorium cycle time and invenmtory. Fuel specific power was 0.7-
1.1 Mw(e)/kg; thorium specific power was 6-7 Mw(e)/ton.

Molten-Salt Breeder Reactor, Two cores per station. Fuel was UFg in
LiF-BeFz (1100-1300°F, 100 psi) in direct contact with graphite moder-
ator. Processed by Fo volatility, HF dissolution, with salt discard.
Station efficiency was 42%. Heat exchanger and reactor vessel con-
structed of INOR-8. Blanket conteined ThFg solution in ILiF-BeFz;
processed by Fo volatility with salt discard. Key variables were
process and discard cycle times, and thorium inventory. Fuel specific

power was 0.8-1.2 Mw(e)/kg; thorium specific power was L-5 Mw(e)/ton.

Liquid-Bismubth Breeder Reactor. Two cores per station. TFuel was
solution of U metal in Bi (1000-1300°F, 100 psi) in direct contact
with graphite moderator. Fuel processed by molten-salt extraction.
Station efficiency was 42%., Tantalum heat exchanger. ThOz slurry

in blanket; processed by Thorex. Key varisbles were thorium cycle
time and inventory. Fuel specific power was 0.5-0.7 Mw(e)/kg; thorium
specific power was 6-11 Mw(e)/ton.

Graphite-~Moderated Gas=Cooled Breeder Reactor. Four cores per station.
Fuel was unclad-graphite fuel plates impregnated with UOp., TFuel proc=
essed by leaching and Thorex, Cooled by helium (500-1500°F, 2000 psi).
Station efficlency was 36%. ThOz pellets in blanket were cooled by
helium, and processed by Thorex. Key variables were processing cycle
times and thorium inventory. Fael specific power was 0,5-1.0 Mw(e)/kg
thorium specific power was 5-10 Mw(e)/ton.

Deuteriun-Moderated Gas~Cooled Breeder Reactor. Four cores per statlon.
Tuel essentially seme as GGBR. Station efficlency was 32% (some heat
in moderator was not available). Heavy water was contained in Zircaloy
calendria. Thoria pellets in blanket were cocled by D20 and processed
by Thorex. Key variables were processing cycle times and thorium in-
ventory. Puel specific power was 0.4-0.6 Mw(e)/kg; thorium specific
power was 5-8 Mw(e)/ton.
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Characteristically, each reactor concept will exhibit a minimum fuel cycle
cost at some optimum combination of reactor size, fuel inventory, meterial re-
placement and fuel processing rates, asnd power level per reactor. Factors
which were considered in obtaining minimum fuel costs included the influence
of moderator and fuel concentration on neutron energy spectrum and moderator
absorptions; examination of the heat transfer characteristics of the reactor
and (for the fluid fuels) of the system external to the reactor; influence
of thorium inventory on protactinium losses and fuel inventory; and the in-
fluence of processing rates on processing costs, fuel inventory, and fuel yield.
The reactor design and operabting conditions selected are believed to be prac-
tical based on an advanced nuclear technology. Continuous on-site processing
of fuel and fertile material was assumed in all cases, with the size of ‘the
processing plantg and the method of processing varying from system to systenm.
An attempt was made- to dévelop processing costs which accurately reflect the
type of process and the amounts and vature of the material being handled.

Using the aforementioned concepts as a basis, multigroup nuclear calcu=
lations were performed along with equilibrium-reactor caleulations; the con=-
straints imposed on the system were the comservation of mass, criticality,
and neutrons. Finally, the nuclear data were used in conjunction with estab-
lished cost bases to determine fuel cycle costs.

The results of the sbove caleulations are presented graphically in Fig. 6,
which shows the relation between total fuel cycle costs an@ per cent annual
fuel yileld. As shown, the AHBR and MSBR have the lowest fuel cycle costs,
but all of the concepts have relatively low costs, indicating the worth of an

advanced technology.
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Another factor to be considered is the future cost of nuclear source
materials. Eventually, it is expected that these costs will increase. How-
ever, reactors with high fuel yield have fuel costs which are least adversely
affected by rising costs of fissile material; in fact, for the better breeder

1k

systems, increasing the fuel value can lead to fuel costs which are lower

than those given in Fig. 6.

5. - Discussion

In utilizing nuclear fuels, we start with materials which occur in nature.
Since it does not naturally combtain fissile material, thorium starts at an
economic disadvantage in comparison to natural uranium. However, the 0233 bred
from thorium has nuclear characteristics which are superior to those of the
plutonium bred from natural uranium, and so thorium fuels maintain their re-
activity for longer periocds of exposure, The exposures atbalnable sppear
sufficlently long so as to permit economic use of highly enriched uranium in
thorium systems; these exposures alsc permit fuel fabrication costs to be
~ relatively high without increasing fuel cost apprecisbly. In addition, the
value of spent fuel from thorium systems is appreciable;, and fuel-processing
costs can be several times as great as present USAEC charges and still be
economical. In terms of fuel-recycle development, thorium fuels appear to
offer economic advantages in thermsl reactors.

In this study, reactivity lifetime was considered to be the limiting
factor concerning fuel exposure. While tests to date on thoria and urania
fuels appear encouraging, much additional information is needed asbout the
effects of temperature and exposure on fission gas release and material
properties, Fast reactors reguire fuel exposures of the same magnitude cone
sidered here for thermal thorium reactors, and so development of thorium-

reactor technology will help advance reactor technology in general.
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Generally, thorium utilization appears to be an economic method for ad~ ’
vancing nuclear technology. Once this technology has developed to the éoint |
where costs are low for handling large gquantities of radioactivity, reaétar
systems will have low fuel costs and tend to operate as breeders" Eventually,
a5 we deplete inexpensive fuél‘reserves, breeding will become even more abe
tractive. Thorium utilization appears to be attractive during both of these

periods.
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