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Abstract

Thori-um 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-water reactors fueled with Th~lp35 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 reactorsj 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/kwh. The aqueous-homogeneous 
breeder reactor studied had a fuel cost of about 0.9 mill/kwh at a 
fuel yield of 1$ 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.

NOTICE
This document contains information of a preliminary nature 
and was prepared primarily for internal use at the Oak Ridge 
National Laboratory. It is subject to revision or correction 
and therefore does not represent a final report. The information 
is not to be abstracted, reprinted or otherwise given public 
dissemination without the approval of the ORNL patent branch. 
Legal and Information Control Department.
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ECONOMICS OF THORIUM FUEL CYCLES*

F. R. Kasten R. S. Carlsmith
L. G. Alexander R. Van Winkle

1. Introduction
The essential justification for civilian nuclear energy development 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 
safety and cheaply huge amounts of radioactivity, and this involves a tech­
nology which is only now "being developed. Because 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 period 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 Thorium—— If we consider thorium utilization 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
*Frepared for presentation at the Sixth Nuclear Congress Symposium on 
Uranium-Thorium Cycle, Rome, Italy, June 13-15> 1961.

521 02



« 3 -

to apply it economically to thorium for long periods of time. Let us therefore 

examine what periods of time axe 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/lb) in the free world 

are 500,000 terns, and the conjectured low-cost reserves in the free world 
amount to 1,000,000 tons,1 Based on aa inventory requirement of 1 ton thorium 

per Mw(e) and a fuel exposure of 30*000 MwD/ton, even the 500,000 tons of known 
low-cost thoria are sufficient to supply thorium inventory and turnup require­
ments for an installed electrical capacity of 200 million kilowatts for over 
%0 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 
40 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-

2ity of 750 million kilowatts} 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 inexhaustible.^ 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.

Technology Considerations —— 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 vbldbt do not have particularly low feel - costs. fhis ap­
parently is due to the present influence which, fuel cycles have on capital 
and operating costs* either directly or indirectly*

Hae many studies which emphasize the potentially low power costs attaina- 
hle in fhture nuclear plants use as a eoiasoa basis the .existence of aa advanced 

technology* la particular* .a technology is required which can economically 
move,, process* and fabricate radioactive fuel during various times of the fuel 

cycle, fhese operations are directly concerned with fuel-cycle costs, While 
it is appreciated that fuel cycle costs do not constitute the major costs in 

aa advanced nuclear technology, it is important that these costs he low* or 
nuclear power cannot compete except at prices which are higher than present- 
day power costs. In addition* a technology which permits very low fuel costs 

will probably permit capital and other costs to be relatively lowj under such 

conditions reactor development will be guided by fuel-cycle development# Ibis 

paper deals primarily with the fuel cycle and conditions necessary for low 

fuel costs. AXthoagh 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 ainiaua-power-cost system.

2. general Considerations of Ifaorium lUel Cycles
Bioriusa* just as uranium* can 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 thermal reactors first.
Since natural thorium contains no fissionable materials* it must first 

be converted to before it can be used as a nuclear energy source, ttis 
requires that highly enriched fissionable fuel be supplied to a reactor system
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utilizing thorium, and so such systems depend upon relatively expensive fuel 

for criticality* While this is 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 fuel- 
bummp costs; with processing, the costs of processing and refabricatioa 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 number of neutrons produced per neutron absorbed 
in fuel. The conversion of thorium into 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 thermal spectrum, 
effective eta values for the three principal fuel isotopes may be:

2.27; U235, 2.03; Pu23^, 1.90- Thus, in thermal reactors it is easier to 

attain a higher conversion (or breeding) ratio in thorium systems, and so 
thorlum-U233 fuels can have relatively long reactivity lifetimes. With high 

conversion ratios and long fuel exposures, fuel-burnup and fabrication costs 

can be so low that spent fuel can be discarded without undue economic penalty. 

Under such circumstances, a single-region reactor with fissionable fuel mixed
with thorium can operate economically in much the same manner as proposed for

h-the CAMDU reactor. 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 such conditions, it appears more economical 

to go to two-region-type systems which have improved neutron economy.
&Oxide feels have the physical ability to withstand very high bumups, and so 
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 tharim region surrounds a fisslonable-fael region) over a 
single-region system (with fuel and thorium intimately mixed) are due to the 
lower critical mass, lower neutron leakage, and lower Pa J losses associated 
with the two-region system. However, use of such a system implies aa advanced 

technology, inasmuch as low-cost fuel processing, fuel handling, and refahri- 
catioa are required,

Thorium can also he utilized in a fast reactor, although most studies 
consider its use in thermal reactors. Here again, thorium has to eQsf>ete with 
uranium, and at high energies it does not have a nuclear advantage over uranium 

systems. In a fast reactor based on the cycle, the effective value
of eta in a metallie-fueled core is estimated to he about 2.7, while the corre­

sponding value is about 2,k for a cycle.^ If oxide fuels are considered,

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

effective eta is lower for both uranium and thorium reactors,^*® with uranium 
systems still having superior eta values. However, if power-removal consider­

ations degrade the neutron spectrum into the kilovolt region (below about
100 kev), thorium systems can have higher effective etas than do uranium

8systems.0
Fast power-reactor concepts which have been studied consist of two-region

9—11systems, with fertile-material blankets surrounding a core region. Such 

systems imply recycle of the fissionable fuel produced in the blanket to the 
core region. As mentioned previously, this will require m 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 feel processing and ^fabrication. Comparison
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of thorium and uranium systems will then he made on the basis of the processing- 
and/or-refabricatioa costs which are economically permissible in the two systems. 

Following this, an advanced technology is assumed in which fuel processing and 
refabrication costs axe low, aad which permits breeder reactors to have low fuel 
costs.

3. Near-Term Potential of gboritua Riel Cycles
In the current decade reactor technology 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 refabricatioa to be relatively 
expensive. This immediately imposes a penalty on two-region systems, such 

that both fast- aad thermal-breeder reactors would be relatively uneconomical, 
lot 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.

Hie simplest fuel cycle during this period would correspond to mixing tho­

rium and U2^ such that the conversion of fertile to fissile material has an

immediate effect in maintaining the reactivity of the reactor. My loss of 
233neutrons to Pa is accepted, and the fission products are allowed to build up 

to the point where criticality can no longer be maintained.
Examples of fuel exposures which are possible from the standpoint of re­

activity are indicated in Fig. 1. Die conditions of the calculation were; 
an equilibrium fuel cycle with fresh-fuel elements consisting of U2^ and 

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

structure of 0.01, a moderator temperature of 1000°K, and graphite as moderator
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with a feed-fael moderator-to-uranitan ratio of 4000, As sko'wn, there is an 
optisam thorinm-to-uranium ratio for a given specific power. At low thorium- 
to-ttraninm 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, hut eventually the re­
activity importance of fission-produet buildup is greater than that associated 
with the increase in conversion ratio, resulting in the maxima shown in Fig, 1. 
The lifetimes are less at higher specific powers due to greater absorptions in

ooo 105Pa , Xe , and due to the necessity of providing greater reserve reactivity
1 kgfor overriding peak Sm ^ poisoning after shutdown.

The results of similar calculations at different moderator-to-fuel ratios 
are shown in Fig* 2. In this case only the results at opt imam thorim-to-uranium 

concentrations are plotted. It can he seen that a moderator-to-fttel ratio of 

about 4000 gives generally the highest fissions per initial fissile atom under 
the stated conditions. At carbon-to-uranlum ratios greater than 4000 there are 

generally more absorptions in the moderator, leading 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 fission-product poisons with respect to criticality and shorter reactivity . 

lifetimes.

The above calculations indicate that practical reactor systems fueled 

with thorium and 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 cycle! the possibility of low fuel costs in thorium
12systems employing a throw-away cycle has also been pointed out by Lewis.
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ia 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 when fueled with natural uranium.Both thorium-U^^ 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 Thorium-U2^ Fuel.with Natural Uranium (Throw-away Cycle)---
Hie Canadians have 1)0611 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) 

CANBU (CANadian-Deut er ium-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 semicontimous 

basis, leading to relatively high fuel exposures and spent fuel of low value.

The general design of the CAIDU reactor was utilized for both thorlum-U^*'* 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 40 watts/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,using United States economic ground rules.
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Thus, fuel costs were calculated for various thicknesses of heavy-water reflec­
tors, different fuel-rod diameters, and several lattice spacingsj in addition.

was termed a CAIDU type, while the thorium reactor was called a CAHBUTH type.
The cost bases utilized in this study are given in fable 1,. fhe "USAEC" 

values correspond primarily to present USAEC economic ground rules, the. wlov" 
values correspond to possible future conditions. In all cases the spent fuel 
was assumed to be stored indefinitely. Hie calculated fuel cycle costs include 
charges for the bunmp of U2^ and thorium {or natural uranium), fabrication of 

fuel, inventory of U2^ and thorium (or natural uranium), and heavy-water in­
ventory and losses.

Fuel costs obtained for CANDEOT-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 a lattice spacing of f-Q Inches and a U2'^/Di 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-ineh lattice spacing and 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 heat rating was assumed to be the 
same as in CAHDU, namely, a temperature-integrated thermal conductivity of

of thoria at 600*C is about 20$ lower than that of urania, release of fission 

gases may occur more readily in thoria systems.- Thus, it may be more reason­

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

heat rating of 0.^3 (instead of 0.5)1 and "USAEC" costs are given in Fig. k,

the U2^/®! ratio was varied in the thorium system. The natural -uranium reactor

•surface
k d© a kO watts/cm . Since the thermal conductivity

521 12



- 13 -

Table 1. Cost Bases 1 H t

Unit Costs "USAEC” "low"

Natural U, $/lb I^Oq 8

Thorium, $/lb ThOg 10

DgO (0.14$ HgO), #/lb 28 17a
Fuel fabrication, $/kg U 88b 44c

Fuel fabrication, $/kg U + Th 88 44

Enriched uranium, $/gm U235 17 12

Annual Charges, $/yr

Fabricated fuel or fertile material4 12.7
Enriched uranium k

Heavy water 12*7

Heavy water replacement 2

Plant Utilization, $/yr 8o

Station Net Efficiency, $ 29.1

X3a. Based on possible future cost of heavy water* ^
b. Obtained from value of 20/D, where this gives $/lb UOg >dien D is the 

pellet diameter in inches) this expression fits fairly well the lower 

line given in the plot of fabrication cost versus rod diameter given 

in USAEC Cost Handbook.^
c. Conforms more with predicted fabrication costs

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, 

since spent fuel was assumed to be discarded#

5'2i 13
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along with, some of the previous results. As shown, the minimum fuel costs 
occurred at about the same lattice spacing and fuel "enrichment" independently 
of heat rating, with the fuel costs about 0.25 mill/kwh higher at the lower 
rating. 3Ms difference was obtained at different total reactor powers (the 
higher power was associated with the higher heat rating) and different average- 
to-maxixmm heat ratings, and so does not represent the effect of specific power 
alone. For the CAEDOTH 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 mtts/ea (at a given power level) and decreasing 

the flux "flatness” from 0.5 to 0*43 would increase the fuel cost by about 

0,20 adll/kwh. At an average-to-BMimam heat rating of 0,5* decreasing the 
rating from 40 to 35 watts/cm would Increase the fuel, cost by about 0,1 mill/kwh.

ikSimilar calculations involving fuel-cycle optimization were performed for
CA&DU-type reactors; the minimum fuel costs, lattice spacing, and power level 

are given in fable 2, along With the values obtained for the CANEUfH-type re­

actors considered above. She results show that under "tfSAEC" 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 vs 

3.09 mills/kwh if a heat rating of 35 watts/cm and an average-to-maximum value
of 0.43 is taken for the thorium reactors). If the same heat rating (40 vatts/em)

%
and same average-to-maximum value 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-uranium 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 gain in a relative 

manner.
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Table 2. Minimum Mel Costs in CAHMJ and CMDUTH 
Reactor Types and Associated Conditions

Reactor Type CAUXJTH CAEDU

Nominal Lattice Spacing, in. 7 9

Nominal Ratio of Ussile-to-Fertile Atoms, $ 3 = 6 Natural uranium

Cost Bases ’•USAEC" "Low" "USAEC" "Low"

Fuel Costs, mills/kwh

Heat Rating 
watts/cm ave/max

Power Level
Mw(e)

35 0.43 203 3-02
40 0.5 250 3.09 I.85
40 0.5 264 2.78 I.83

40 0.5 333 2.82 I.69

—J
H
-4



- l8 -

Value ■of Spent Fael ffga aad lateral-Urmitim Seactors-»—»«»!Ha,e amount
of fissile material present in the spent fuel from the above reactors is signifi­
cantly different for the two fuelsj for the reactors specified in Table 2, typi­
cal amounts of fissile fuel remaining after exposure are 3 feg/ton in uranium 
systems and 1% 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 oa initial enrichments) amount to $19*500 per 
ton of uranium fuel and $32,500 per ton of thorium fuel,. This cost is equiva­

lent to paying about $6*5 per gram of fissile plutonium, and about $2.3 per gram 
of fissile uranium. Clearly, in terms of recycle, there is aa advantage in proc­

essing the thorium reactors rather than the natural uranium ones. Considering 

USAEC 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 natural -uranium 

fuel. Further, if fissile uranium were sold at $15/gram, the thorium reactors 

could obtain a fuel credit of about 0.3 miH/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 U2^ plus 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 associated with the use of high-purity U2^. If 
fabrication costs for fresh fuel were $88 per kg of U2^-®!, recycle fuel could 

be refabricated at $130 per kg without increasing the fuel cost; if base fabri­

cation costs were 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 he utilized
in thorium reactors without being mixed with the thorium. Use of enriched
•uranium in separate fuel rods would permit fission products from "burned

12to he removed without removing thorium, leading to greater equivalent tho­

rium exposures than those calculated here.
Mother use for thorium is in combination with recycle plutonium from 

natural-uranium reactors. Because of the "buildup of higher isotopes, this 

fuel composition does not have very much reactivity, hut at the same time it 
does not lose very much reactivity upon additional exposure. Combining this 
material with thorium (about kfy 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-U2^ Fuel with Slightly Enriched Uranium--— In the 
United States much reactor development has been associated 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 uranium 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 uranium fuels under such conditions can be obtained from the 

studies of Jaye et al^^20 concerning the fuel values of plutonium and U2^.
In these studies the calculated fuel cost in a given reactor was the criterion 

for fuel value, with U2"^, U2^, and plutonium considered as the fissile mate­

rials. Eke value of fuel was found relative to that of U2^, with the latter 

fuel assigned the value given in the USAEC price schedule of i960.
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The reactors coastdered are types of power reactors presently in operation, 
under construction, or considered for construction. Dae specific types were: 
the Dresden toiling water reactor (Zirealoy-clad fuel)j the Yankee pressurized- 
water reactor (stainless-steel clad fu.el)f the Carollnas-Virginia heavy-water 
reactor (Zircaloy cladding and pressure tube); the Hallaia sodium-graphite re­
actor (stainless-steel-clad fuel); and the GGR-2 gas-cooled, graphite-moderated 
reactor (stainless-steel-clad fuel).

For all reactors, the fael was assumed to be in oxide form, with reactivity 
lifetime the only limitation on fuel exposure. For a given reactor, the reac­

tivity lifetime was calculated as a function of fissile enrichment for the sever­

al fuels. fuel costs were then calculated as a function of fissile enrichment 

considering the value of (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 uranium systems, with recycle 

material mixed with natural uranium.

Dae general results obtained from the above studies indicated that the 
fuel value of U2^ ms 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 with increasing recycle. Dies© 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 U2^ and fissile plutonium, respectively.

521 20



- ZL -

Bie absolute value of the fuel cost will he Influenced considerably by 
the fuel-Management scheme and by the fabrication charges as a function of 
fuel material. Hie reactivity lifetime was based on uMform-escposure 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 ■uranium reactors.

21Hie fabrication costs are based on estimates in which the specific fuel 
elements and fuel materials were considered) values used are given in Table 3;

Table 3. Fuel Element Fabrication Charges, $/hg

React or\ Shel Cycle Initial Recycle

Dresden 155 215
Yankee 52 no
Carolinas-Virginia 130 200

Hallaia 25 90
GGR-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 h} 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 uja.it costs irklcli approached the unit cost of 
in the thorium systems; this ia coablaatioa with the increased reactivity 
lifetime associated with systems led to lower fuel costs with thorium.
In the better neutrou-economy systems, however, there was a greater difference 
in initial-loading cost between the thorium and uranium reactors, which was 

not entirely compensated by the longer reactivity lifetimes obtained in the 

thorium systems. Use of coimtercurreat fueling would tend to lower thorium- 
fuel-cycle costs more than uranium-fuel-cycle costs.

With recycle material, thorium systems generally tended to have lower 

fuel costs than did uranium systems, since the recycle U2^ is a much better 

nuclear fuel than is recycle plutonium in thermal reactors. Is.shown in 

Table the fuel cost ia the thorium systems stayed relatively constant during 

recycle, whereas in uranium systems the fuel cost tends to increase with re­

cycle (this was not true ia the first recycle-with the Caroiinas-firginia and 

Hallam reactor types)®

Bather than compare differences in fuel costs, we can consider the fuel- 

processing charge which gives the same fuel cycle cost for both thorium and 
uranium systems. This is done in Table % relative to the USAEC price schedule. 

As shown, the light-water thorium reactors permit fuel processing costs to be 
substantially higher than the USAEC schedule without imposing aa economic 

penalty on thorium systems, but this ms not true of the other reactors for 
uniform-batch fueling, la terms of a recycle technology, thorium systems 

had a clear economic advantage past the first recycle for all reactors studied.
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Table 1)-. Fuel Costs in Thorium and Uranium Systems

Beactor Type/Cycle

Fuel Costs in mills/kwh(e)............
Thorium System Uranium System

Initial 1st Recycle 2nd Recycle Initial 1st Recycle 2nd Recycle

Dresd^i 4.30 4.37 4.48 4.54 5.09 7.5
Yankee 3.98 4.02 4.13 4.27 8.01 > 10

Carollnas-Virginia 4.77 5.16 5-95 4.70 3.92 7-48

Hallam 4.53 4.50 4.54 4.19 3.96 4.95
GCR-2 3.06 3.32 3.27 2.78 ~ 4 > 4

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

fabrication charges listed in Table 3*
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Table 5. Mj,el-&ocessiag Cbarges, Eelative to USAEC Schedule, ubieh 
give Same Biel Cycle Cost ia Thorium and Uranium Reactors

Reactor Type ■ Ihfi!«Rr©cessi»g Charge Relative' to ISfflG Sehedale-

Cycle Initial 1st Recycle Sad Recycle

Dresden 2.6 5.8 19

Yankee 2.45 19 26

Carolinas-Virginia 0.8 -3.8 4.6

Hallaat -1.4 -6,4 2,7
Gffi-2 -1*9 6.4 > 6.4

!&e above results indicate that thoriiM utilization is economically superior 

to nraaiwt utilization in poor neutron-econ.aay systems if fuel processing is to 
be performed, la terms of fuel recycle in thermal-reactors, thorium systems 

generally appear to permit more-econoaic development of a recycle technology 
than do uranium systems*

Use of Thorium in Single-Regioa Soaogeneqas Reactors—Thorium utilization

ia aqueous-homogeneous systems appears, to give lower fuel cycle costs than does
22use of uranium in the same type of reactor. Low fuel costs in thoria-heavy 

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 cycle* If system corrosion rates are low, and slurries 

cm withstand long periods of exposure, fuel costs in aqueous slurry systems 

can be less than 2 aills/kwh, based on zero processing for 10 or more years.

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

those specified in the WSA1C schedule and still be economical.
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k* Long-Term Potential of Thorima Riel Cycles
As nuclear technology develops, it is expected that the costs of fuel 

handling, fabrication, refabrication, and processing will became relatively 
low. This will probably come about through a gradual expansion of nuclear- 

power stations and an associated growth in facilities serving these power 
stationsj eventually, large-scale facilities should develop which will permit 

further advances in economic nuclear technology.
Once the costs of handling large amounts of radioactivity become low, 

power reactors will tend to operate on a breeding cycle. !Ehe 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 ad­
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 
utilizing thorium.

Because of superior nuclear properties, -thorium systems have more 

potential as breeders, with potentially low fuel costs. However, in attempting 

to maintain good neutron economy the designer of a reactor is faced
with a problem which does not occur to the same degree when use(| as

the fertile material. The conversion of Tb. to proceeds through the
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poo
intermediate. Pa" J •^aich decays idtli a 2?-day half life. There is some ua-

OOO
certainty about the cross sections of Pa , but they do not appear to be 

above 70 barns for the thermal cross section and 1200 barns for the resonance 

integral J (recent measurements indicate these values may be about 40 bams 
and 900 barns, respectively). Based on the higher cross section values, Hg. 5 

illustrates how seriously the absorptions in can reduce the breeding (or

conversion) ratio. Several methods of circiwentlng the Pa*^ losses have been 
proposed, each of which has sane undesirable economic features, Prom the graph 

it can be seen that one method ©f minimizing the Pa absorptions in single­

region reactors is to have a low specific power in the core. If the specific 

power is kept down to 500 w/gm, the absorptions in will be only 1 to 2$

of those in tf2^. Single-region reactors with such low specific power have 

relatively high fuel inventory charges if interest rates are high; conversely, 

less economic penalty is paid for low specific power if interest rates are low, 

A second method of avoiding Pa losses, and the one most commonly sug­

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- 

enough to avoid excessive neutron captures in the protactinium. In a solid- 

fuel reactor, the core must be reprocessed relatively frequently, since the 

maximum fuel burraip that can be achieved without conversion is somewhat less 
than 1.0 absorptions per initial fissile atom. Two-region fluid-fuel reactors 

avoid this disadvantage since it is possible to increase enrichment without 

reprocessing the fuel. Another limitation associated 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 leakage.
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Wien other aspects of the design (such as heat transfer requirements) are taken

into account, it is often, found that the total power output from the reactor is
25smaller than desired# Thus, Perry et sal studied a two-region, graphite- 

moderated reactor with a 51-cm core radius in which 300 Mv(th) power could he 
generated. Studies of a BeO-moderated two-region system, however, have indi-

26cated that IkO Mw(th) is a probable maximum for this system (31-cm core 
radius and a 610-cm core length). Limitations on total power can, of course, 

he avoided hy BMltiple-region arraagemeats having more than one hlanket region. 
Such designs Mre more c«®lex mechanically hut could prove worthwhile in some 
eases.

233A third type of proposal for limiting the Pa losses involves moving 

the thorium (either with or separately from the fuel) through the core on a 

time■scale which is short compared to the 27-day half life of protactinium.
In the case of solid-fuel-eletnent reactors this proposal would require the 

development of on-stream fuel handling equipment with a 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' hy the requirements of maximum neutron economy. 

The fuel-movement and geometry requirements imposed hy separating the thorium 

and uranium into two regions has "been mentioned above. A more stringent and 
inescapable limitation is the need to remove fission products from a breeding 

system before they accumulate and absorb an excessive fraction of the neutrons, 
Erom an economical viewpoint, this removal is practical only if fuel processing 

costs are low. However, tinder such circumstance, breeder reactors have fuel- 
cost potentials lower than other systems.
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Rather than speak in generalities, let ms consider seme specific reactor 
designs and methods of operation. In particular, five thermal, thorium breeder

Ilfreactors will be considered for which a detailed analysis was made of the 
relations between fuel cycle cost, breeding ratio, inventory requirement, and 
fuel-processing rate. Each reactor had a core region containing fissionable 
fuel, and a blanket region containing thorium! in general, U.S. cost bases 
were applied. Each reactor type was considered to generate energy for a large 
reactor station* Some major postulates were: (a) that each station have a
net electrical capacity of 1000 Mvr provided by at least two reactors, (b) that 
all processing be carried out in an on-site processing plant, (c) that the 
reactors are continuously 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. Further 
details are given in reference 14. 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 materials. The breeding credit is a direct function of the fuel 

inventory, the value of fuel, and the fuel yield; this latter quantity is 
defined as the annual net amount of fuel produced divided by the fuel in­

ventory of the reactor system. The optimum fractional burnup of thorium in 

the blanket per cycle was determined principally by balancing the cost of 
blanket reprocessing, which tends to be high for low burnup, against the U 

inventory cost, which tends to be high for high thorium exposure.
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fable 6. Characteristics of Fire fheraal, Biori-oa Breeder leactors

AHBRj Afaeous-loaDgeaeotts Breeder Keactor. Baer cores per statioa* Fuel 
was W02S©4 in B20 (^73-554-®F at 200© psi). Processed By hydroclones 
and Biorex. Station effieieney was 27$. Zircaloy core vessel. BiOa 
pellets in Maaket cooled by DgOf processed by fhorex. Key variables 
were thorium cycle time and inventory. Fuel specific power was 0.7- 
1.1 Mw(e )/lsgj thorium specific power was 6-7 Mw{e)/ton.

MSM; Molten-Salt Breeder Reactor. Two cores per station* Fuel was UF4 in
LiF-BeFa (1100-1300*F, 100 psi) in direct contact with graphite moder­
ator. Frocessed by F2 volatility,1 IF dissolution, with salt discard. 
Station efficiency was %2$. Beat exchanger and reactor vessel con­
structed of 1HQR-8. Manket contained ThF* solution in LiF-BeF2j 
processed by F2 volatility with salt discard. Key variables were 
process said discard cycle times, and thorium inventory. Fuel specific 
power was 0.8-1.2 Mw(e)/kgj thorium specific power was 4-5 Htr(e)/tQfc.

LBBRi Liqmid-Bisiaith Breeder Beaetor. Two cores per station. Fuel was 
solution of U metal in B1 (1©00-1300#F, 100 psi) in. direct contact 
with granite moderator. Fuel processed by molten-salt extraction.
Station efficiency was 42$. Tantaduni heat exchanger. ThOs slurry 
in blanket| processed by Thorex. Key variables were thorium cycle 
time and inventory. Fuel specific power was 0.5-0.7 Hw(e)/kg| thorium 
specific power was 6-11 Mw(e)/ton.

GGBRi Graphite-Moderated Gas-Oooled Breeder Reactor. Four cores per station. 
Jhel ms unclad-graphite feel plates impregnated with G02. Fuel proc­
essed by leaching and Thorex. Cooled by helium (500-1500#F, 2000 psi). 
Station efficiency was 36$. Th02 pellets la blanket were cooled by 
helium, and processed by Thorex. Key variables were processing cycle 
times and thorium inventory. Fuel specific power was 0.5-1.0 Mw(e)/kg 
thorium specific power was 5-10 lw(e)/toa»

DGBR: Deuterium-Moderated Gas-Cooled Breeder Reactor. Four cores per station.
Fuel essentially same as GGER. Station efficiency was 32$ (some heat 
in moderator was not available). Heavy water was contained in Zircaloy 
ealandria. Thorla pellets in blanket were cooled by B2Q and processed 
by Thorex. Key variables were processing cycle times and thorium in­
ventory. Fuel specific power was 0.4-0.6 Mw(fe)/kgj thorium specific 
power was 5-8 Mw(e)/ton.
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Oiaracteristically, each reactor concept will exhibit a mittimu® fuel cycle 
cost at some optimma combination of reactor size, fuel inventory, material re­

placement and fuel processing rates, and 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 reactorj 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 operating conditions selected are believed to be prac­
tical based'on an advanced nuclear technology. Continuous on-site processing 

of fuel and fertile material ms assumed in all cases, with the size of the 
processing plants and the method of processing varying from system to system.
An attempt was made to develop processing costs which accurately reflect the 
type of process and the amounts and nature of the material being handled.

Using the aforementioned concepts as a basis, multigroup nuclear calcu­

lations were performed along with equilibrium-reactor calculations! the con­

straints imposed on the system were the conservation of mss, 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 above calculations are presented graphically in Pig. 6, 
which shows the relation between total fuel cycle costs and per cent annual 
fuel yield. As shown, the ABM 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 he considered is the future cost of nuclear scarce 
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 hy rising costs of fissile material; in fact, for the better breeder 
systems, increasing the fuel value can lead to fuel costs which are lower 
than those given ia Pig. 6.

5* Discussion

In utilizing nuclear fuels, we start with materials which occur in nature. 
Since it does not naturally contain fissile material, thorium starts at an 

economic disadvantage in comparison to natural uranium. However, the 
from thorium has mclear characteristics which are superior to those of the 
plutonium bred from natural uranium, and so thorium fuels maintain their re­
activity for longer periods of exposure, Bhe exposures attainable appear 
sufficiently long so as to permit economic use of highly enriched uranium in 

thorium systems; these exposures also permit fuel fabrication costs to be 
relatively high without increasing fuel cost appreciably. 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 thermal reactors.

In this study, reactivity lifetime was considered to be the limiting 
factor concerning fuel exposure. While tests to date on thoria and uraaia 

fuels appear encouraging, much additional information is needed about the 

effects of temperature and exposure on fission gas release and material 

properties. Past reactors require fuel exposures of the same magnitude con­

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 nethod for ad­
vancing nuclear tectoaiogy* Once this technology'has developed to the point 
where costs are low for handling large quantities of radioactivity, reactor 
systems will have low fuel costs and tend to operate as breeders* Eventually 
as we deplete inexpensive fuel reserves, breeding will become even more at­
tractive . Biorium utilization appears to be attractive during both of these 

periods.
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