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FUEL COSTS IN SINGLE-REGION HOMOGENEOUS POWER REACTORS

P. R. Kasten T. B. Fowler M. P. Lietzke

INTRODUCTION

The fuel costs associated with electrical power produced from nuclear
reactors will be a function of feed cost, lnventory charge, fuel processing
cost, and operating conditions. In order to better understand the relative
importance of these costs under specified conditions, a parameter study was
undertaken. The fuel cost as used here is defined ag the cost of electrical
power other than that associated with capital investment charges (reactor
plant plus turbogenerator unit), fixed charges for fuel processing, and
operation and maintenance charges. Included in the fuel cost is the cost
of nuclear-fuel feed, inventory charge based on the initial fuel loading,
and variable fuel-processing charges. Spherical single-region, homogeneous
aqueous reactors were studied, moderated with either H2O or D20 and fueled
with enriched UO3 plus Th02, or UO2SOh of varying enrichments. The effect

of adding L12soh to the Uo2soh was also considered. In the UO. + ThO2 system,

3
it was assumed that the initial fuel was U-235 and that a sufficient supply
of U-233 was available as feed material. However, estimates were made of
the effect upon fuel costs of using U-235 as feed material in non-breeder
reactors. The reactors were considered to operate at a temperature of 280°C
and a pressure of 2000 psia. An 80% load factor and a net thermal-to-

electrical efficiency of 25% was assumed. The thermal pover level was

considered to be 500 Mw for nearly all cases.

Page 1
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For the systems and operating conditions given above, the fuel
costs were obtained for cases in which inventory charge, cost of nuclear
fuel, fuel process-cycle time, fuel processing charge, absorption cross
section of fission products, reactor diameter, and concentration of fertile .
material were considered as parameters. *In more restriited parameter studies
the effects of power level, value of n23 , value of nhg , and poison removal
upon fuel cost were also determined. For all cases, non-steady-state con-

ditions were considered; fuel costs were calculated for 10- and 25-year

periods.

" v
The value of n for Pu239 and U233 are represented by qhg and q23,

respectively , where 7 represents the number of neutrons produced
per neutron absorbed by fuel.

Page 2
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SUMMARY

The results obtained indicate that fuel costs based on non-steady-
state conditions are less sensitive to increases in fuel-cycle time than are
fuel costs based on equilibrium conditions. However, for operating times
greater than about 10 years, the optimum reactor conditions (reactor con-
ditions refer to the specified reactor diameter, fuel-processing cycle time,
and fertile material concentration) were about the same as those obtained on
the basis of equilibrium conditions. The corresponding fuel costs were about
the same for either 10- or 25-year operating periods. Based on present -day
uranium values ($40/kg for natural uranium and $15/gm for uranium containing
90% U235) and h% inventory charges, reactors processed at the end of 10-year
operation appear to have fuel costs as low as 1.4 mills/kw-hr. This cost is
about the same as that for reactor systems having fuel-processing cycle times
of 1 - 2 years if for such systems the fixed charges for fuel processing and
shipping are about 0.7 mill/kw-hr higher than for the batch-operated system.
The optimum reactor conditions were a function of the inventory charge, ef-
fective fuel processing charges, reactor power level, fuel-feed value, reactor
system, and the fission-product poisoning. Of the parameter values considered,
the reactor system, power level, inventory charge, and the value of fissionable
fuel had the greatest influence on the fuel cost. Changing the power level
affected optimum reactor conditions significantly; however, optimum power |
density was relatively independent of pover level. The variations in fission-
product poisoning and fuel-processing charge considered here did not change
fuel costs to a large degree, the individual effects usually being equivalent
to about 0.1 mills/kw-hr. The addition of Liesoh in equimolar proportions

to UOESOh in UOESOh - D20 systems increased fuel costs by about 0.1 mill /kw-hr.

Page 3
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This addition in UO2SOh - H20 systems had no effect on fuel costs because of

the high poison-fraction already present due to the H2O. Based on present-

day uranium values, increasing the inventory charges from k to 12% for the

D20 gystems increased the fuel cost by about 0.5 mill/kw-hr, while increasing
the power from 100 to 1000 thermal Mw decreased fuel costs by about 1 mill/kw—hr.
The influence of reactor composition upon fuel costs is due to the different
values of n and fraction poisons associated with the different systems. The

fuel costs for ThO2 - U0, - D50 systems were about 1 mill/kw-hr lower than

3
those for systems initially fueled with ansoh - D20°

Page b4
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PARAMETER VALUES AND COST FACTORS

The parameter values used in this study are given in Table I.
Although only a small fraction of the possible permutations were considered,

. enough cases were calculated to determine various optimum points.

Cost factors which wére considered but which made only a small
contribution to the total fuel cost, were fuel processing losses (O.l% of
fuel processed was considered lost), D20 losses (5% of D20 inventory per
year), hydroclone costs ($70/day), 30~day inventory supplies, and shipping
charges (it was assumed that the amortization charges for shipping costs
would be negligible). 1In all cases the inventory charges were based on
the volume of the reactor vessel plus the volume of the external system.
This latter volume was calculated on the basisg of an average heat-removal
capability of 20 kw per liter of externmal volume. The enrichment of the
heavy water was assumed to be 99.7%% D20, and the Dzo cost was taken as
$28/1b.

- Only the optimum or near-optimum reactor conditions were selected
in plotting results. These optimum conditions refer to the diameter, fuel-
processing cycle time, and fertile-material concentration which gave the
minimum fuel cost of all the diameters, cycle times, and fertile-material
concentrations studied for that particular case. TFuel costs were calculated
for both 10 and 25 years of reactor operation; these costs were usually
slightly lower after 25 than after 10 years, but the differences were small,
usually being between zero and 0.1 mill/kw-hr. Therefore, only results for

10-year operation are given here.
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TABLE I

RANGE OF PARAMETER VALUES USED IN FUEL-COST STUDY

0-U0

Reactor systems, D20-UO o

JTh02, H JTh02, D20-U0250h, H20-U0280h

3 3
D20-U0280u-L1250h, H20-U0280h-L1280u
Reactor diameter, ft 3 to 1h

Fertile-material conc., g U-238 or Th-232/liter, 100 to 1000

Value of 90% enriched

a
fuel,( ) $/g 15, 22.5, 30, 60
Relative processing
charge(b) 1, 2
Inventory charge, % L, 12

Fuel process cycle

time, days 100, 300, 500, oo

Relative fission- :
product poisoning(c) 1/4, 1/2, 1

Power level, thermal Mw 100, 500, 1000

nh9 1.93, 2.00, 2.05

723 2.15, 2.25

(a) Value of material of lower enrichments was calculated relative to these
costs, and a natural uranium cost of $L0/kg.

(o) A value of "1" for relative fuel processing implies a charge of $0.54/g
of U-233 + U-234 + U-235 + U-236 processed, $1/g Pu processed, and
$3.50/g fertile material processed. A value of "2" implies processing
charges twice the above values.

(¢) A relative poisoning of "1" implies representation of the fission-product
polsons by two effective nuclel having yields of 0.1l and 1.81 atoms
per fission, and thermal absorption cross-sictions of 132 and 13.9 barns, -
respectively (based on values of Robb et al ). A value of "1/2" or
"1/4" implies cross-sections 1/2 or 1/4 the above values.

Page 6
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The value of fuel of variable enrichment* was considered to be
the value of a U235 - U238 mixture enriched iq U235 to the same extent.
This value was obtained on the basis of the separative-work concept,
using the characteristic equations of an ideal isotope separation plant,
and costs of $40/kg for natural uranium and either 15, 22.5, 30, or 60
$/em Tor 90% enriched material. This implies that the cost of separative
work can vary. If the cosf of natural uranium were increased, but the

235 238

cost of separating U from U were not, then the values obtained here
for fuel costs as a function of fissionable-fuel value (based on 90% en-
riched fuel) would not be correct; however, the indicated trend in fuel
costs vs fuel value would still be valid. Under the above circumstances,
if the fuel value were increased, the increase in fuel costs would be
greater than shown in the figures below.

At relatively high feed-enrichments (>a«Jl5%), the fuel-feed value
per gm of fissionable fuel was not very dependent upon the enrichment of
the feed material, while at lower enrichments the feed cost was not a ma jor
contributor to the fuel cost and so the fuel cost depended only slightly
~upon the value per gram of fissionable fuel used in calculating the feed
cost. Because of these effects, and in order to simplify the calculations,
the feed cost‘per gram of fissionable material was assumed independent of
enrichment. Chemical-process‘ng costs were calculated using the fuel
concentrations which existed at the end of the operating period. The fuel
enrichment at this time, required in determining fuel value and the amount
of fuel processed, was calculated taking into consideration the buildup of

236 234

U or U .

Enrichment was based on ratio of moles of fissionable material
to moles of total U + Pu (U-Pu systems), or ratio of moles of
fissionable material to moles of total uranium (Th-U gystems).

Page T
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RESULTS

The results are given in Figs. 1 - 18. Unless otherwise specified,
only the optimum or near-optimum reactor conditions were selected in plotting
the results. These optimum conditions refer to the diameter, fuel-process
cycle time, and fertile-material concentration which gave the minimum fuel
cost of all the diameters, cycle times, and fertile-material concentrations
studied for that particular case. These conditions are given in parenthesis
with the core diameter given first (in feet), fuel-processing cycle time
second (in days), followed by fertile-material concentration (in gm/liter).
In a few cases optimum conditions are not given, but the points shown 1illus-
trate the effect of the variable in question.

All cases given in the figures refer to reactor operation for 10
years. Costs were also calculated for 25 years of operation. Fuel
costs after 25 years of reactor operation were usually slightly lower than
after 10 years, but the differences were small, usually being between O and
0.1 mills/kw-hr.

The parameter values given in Table I are also specified on the
individual figures. The relative chemical processing charges-are specified
as either "1" or "2" in the‘figures. The term “relative chemical précessing

= 1 or 2" refers to processing charges of 5h cents/gm of U233 + U23h + U235

2
+U 36; $1/gm of Pu, and $3.50/kg of fertile material. The value "2" refers

33, 23k 235 236

to twice the above figures; namely, $1.08/gm of 3B 4y + U +U

239

processed, $2/gm of Pu processed, and $7/kg of fertile material processed.

The term "relative poisons" (abbreviated as rel. pois.) refers to the relative
poisoning of fission products. The absorption cross sections of the fission

(1)

products were considered to be relative to the values given by Robb et al.

Page 8
UNCILASSIFIED




UNCLASSIFIED

Thus a "rel. pois. = 1" implies use of the same fission-product-poisoning
cross-sections given by Robb et al. This is equivalent to representing
the fission products by two effective nuclides having yields of 0.1l and
1.81 atoms/fission, with absorption cross sections of 132 and 13.9 barns,
respectively. The different values for relative poisoning were used to
show the effect of removing part of the poisons by some means, such as
hydroclones, or to show the effect of these cross sections upon fuel
costs. The value of 1/4 for relative poisons implies the use of hydro-
clones (for the solution-type reactors) to remove the fission-product
poisons which are insoluble (this implies sufficient solubility of Pu
so that it is not removed by the hydroclones).

The results are presented from two viewpoints. Figures 1-5 give
the results obtained on the basisg of present-day uranium values, while
Figures 6-18 give the results obtained by considering uranium values as

a parameter.

Fuel Costs Based on Present-Day Uranium Values

Figures 1 and 2 show the effect of power level, inventory charge,
and reactor composition upon fuel cost. The influence of reactor composition
is due to the different values of 7 and fraction poisons associated with
the different systems. The influence of fuel-processing cycle time, fuel-
processing charge, and fission-product poisoning upon fuel cost are shown
in Fig. 3 for the UO3JTh02-D20 system. It is seen that doubling the fission-
product poisoning increased the fuel cost by about 0.1 mill/kw-hr throughout

the range of cycle time considered, and that doubling the processing charge

increased the fuel cost by about 0.1 mill/kw-hr at optimum conditions.

Page 9
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Fig. 1. Fuel Costs in Single-Region Reactors as a Function of Power Level.
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Fig. 2. Fuel Costs in Single-Region Reactors as a Function of Power Level.
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Throughout this study the fixed charges for fuel processing were
neglected (although the results obtained for different fuel-processing
charges could in a sense be considered to show the effect of adding fixed
charges). In all cases studied, increasing the fuel-processing charges
increased the optimum fuel-processing cycle time. Clearly, if processing
charges were high enough, the optimum reactor conditions would correspond
to zero fuel-processing. Although fuel would undoubtedly be processed at
the end of reactor operation, the permissible unit cost for processing at
that time would be high compared to the permissible unit cost for a short
fuel-processing cycle time. This is indicated in Fig. 3, which shows the
fuel cost to be quite insensitive to fuel-processing charge at infinite
cycle time. The small difference in fuel cost shown is associated with
the fuel processing which was assumed to occur at the end of reactor
operation.

If the fixed charges for processing correspond only to that
period required to process the fuel, then the optimum cycle time would
be greater than that corresponding to fixed charges independent of cycle
time. The AEC has recently announced that slightly-enriched fuel would
be processed for about $l5,000/day at a rate of 1 ton/day. This is equiva-
lent to a "rel. chem. proc." charge of about "2", with fixed charges included
in this charge. The AEC charge also implies that processing charges would
apply only during the time the fuel is processed, so that fixed charges
for processing correspond only to that period during which fuel is processed.
The above processing capacity, however, is relatively large, corresponding
to a reactor thermal capacity of ~ 10,000 Mw, and so the processing plant

would probably serve reactors located over a large physical area (at least

Page 13
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during that period corresponding to the establishment of a nuclear power
industry). If a relatively small reactor plant were not located near a
processing plant, and fuel shipping charges were appreciable, the tendency
would be to increase the cycle time. As indicated in Fig. 3, if fixed charges -
for fuel-shipping equipment were about 0.2 mill/kw-hr, the optimum cycle-
time would tend toward the period of reactor operation.
The Th02-slurry reactors were assumed to be initially fueled with

235

U For mathematical simplicity all additional fuel was considered to be

233

U This latter condition would only be valid for reactors having a breeding

ratio of one or greater. To indicate the magnitude of the error involved, calcu-
lations were performed using values of n23 equal to 2.25 and 2.15. The results
obtained are given in Fig. U4, and indicate that decreasing q23 from 2.25 to 2.15
would increase fuel costs by about 0.25 mill/kw-hr. An effective q23 of 2.15

235

would be equivalent to that in a ThO2 fueled reactor using U as feed material

and having a breeding ratio of ~~0.8. 1In Table II is given the average value
of breeding ratio over a lO-year operating periocd for different reactor conditions. -
Based on the above statement, it is seen that reactor conditions of (14,500, 200)

3 235 3

2
and an 7 of 2.15 corresponds to using U as reactor feed material (with ne

= 2.25 and n25 = 2.08).

Page 14
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TABLE II

EFFECTIVE BREEDING RATIO IN ThO2 -U0o, - D20 REACTORS

3
(Reactor Power = 500 Mw; rel. pois. = 1)

2
Reactor Dia. Fuel-Processing Cycle Time Th Conc. )] 3 Effective Breed-~
(£t) (days) (gm/liter) ing Ratio over
10-year Period

12 100 200 2.25 0.93
12 100 300 2.25 0.98
1h 300 200 2.25 0.94
14 300 300 2.25 1.00
1k 500 200 2.25 0.92
1h 500 300 2.25 0.98
1k 300 200 2.15 0.85
14 300 300 2.15 0.91
14 500 200 2.15 0.80 .
14 500 300 2.15 0.90
Page 16
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As seen, all other cases given in Table II correspond to average breed-

ing ratios greater than 0.8, and so the mathematical model appears

sufficiently reliable. The optimum reactor conditions were usually

such that if U235 were used as feed material (in non-breeder reactors) A

rather than U233, the increase in fuel costs would be about 0.1 mill /kw-hr.
With only U235 available as feed material it may be more economical

to operate as a breeder than as a non-breeder. Results obtained in this

study indicate that for reactors generating 500 thermal Mw, a change in

operating conditions which would permit non-breeders to become breeders

would cost about 0.1 mill/kw-hr. It therefore appears that the fuel cost

could be about the same whether the reactors were operated as breeders

or non-breeders. If U235 vwere used as the fuel material and the fuel

cycle time were increased, the effective breeding ratio would be lower

than the values given in Table II. This would cause the fuel costs to

be greater than indicated in Fig. 3; at an infinite cycle time, use of

U235 as feed material in a Th02- UO3 - D20 reactor would increase fuel

costs by about 0.3 mill/kw-hr above the values given in Fig. 2. The

influence of fuel-feed composition upon fuel costs in Th02—UO3-D20 systems

is indicated in Fig. 5.

Figures 6 - 18 summarize the results obtained for all parameter

values considered.

DQO Moderated, Solution-Type Reactors

Figures 6 - 10 consider D20 moderated, solution-type reactor
systems. The results also apply to UO3-slurry systems; the fuel cost
for slurry-type reactors, however, would be slightly less than for solution-

type reactors since sulfur, which acts as a poison, would be absent. The
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difference in fuel costs between the two systems would be ~~0.1 mill/kw-hr
for enriched-fissionable-fuel values of $20/gm and less.

Figure 6 gives the effects of enriched-fuel value, inventory charge,
fuel-processing charge, and poison level upon fuel costs in U02SOh€D20
reactors operating at 1000 thermal Mw. It is evident that for these reactors
the fuel cost is very much dependent upon the value of enriched fuel. Also,
the optimum reactor conditions (as specified by reactor diameter, fuel-
processing cycle time, and fertile-material concentration) change as the
value of enriched fissionable fuel varies. For cases studied, the fuel
cost varied nearly linearly with the price of £1ssionable fuel. The increase
in fuel cost as a result of increasing the chemical processing charge was
relatively independent of the value of enriched fuel, but did increase
slightly as the fissionable-fuel value increased. Increase in chemical
processing charge did, however, tend to increase the optimum fuel-processing
cycle time. As the relative poisoning was increased, the trend was to go
to shorter fuel-processing cycle times. Of the parameter values considered
in Fig. 6, the change in inventory charge from 4 to 12% had the largest
effect upon fuel cost for a given enriched-fuel value.

In Fig. 7 are shown the effects of enriched-fissionable-fuel value,
chemical processing charge, inventory charge, and poison level upon fuel
cost in ansohéDzo reactors operating at 500 thermal Mw. Increasing the
inventory charge from L4 to 12% had the largest effect upon fuel cost of the
variables considered (for a given enriched-fuel value). Increasing the
relative chemical processing from 1 to 2 increased the fuel cost by about
0.1 mill/kw-hr, which was about the same change obtained when the relative

poisons were increased from l/h to 1/2. Optimum reactor conditions changed
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appreciably as parameter values were varied. With given values of fissionable-
fuel value, relative poisons, relative chemical processing, and inventory charge,
it is conceivable that more than one condition of reactor diameter, fuel cycle -
time, and fertile-material concentration will give the same fuel cost. For
example, in the lower curve in Fig. 7, the optimum reactor .conditions are
given as (14, 500, 300) at an enriched-fuel value of $17/gm. However, reactor
conditions of (9, oo, 800) gave slightly lower fuel costs. Because of the
high uranium concentration and the neglect of displacement of water by fuel,
the results obtained for the 9-ft-dia reactor are slightly lower than they
actually would be. Nevertheless, it appears that under some circumstances
two sets of quite different reactor conditions will give the same fuel cost.

In Fig. 8 the effect of power level upon fuel cost in U0,80),-D 0
systems is shown as a function of the different parameter values. Power
levels considered were 100, 500, and 100 thermal Mw. In general, it is seen
that increasing the power level decreases the fuel cost. Also, the dependence -
of fuel cost upon the value of fissionable fuel varied as the total power was
changed. A marked change in optimum reactor conditions also occurred as the
power level was changed; e.g., for a $l7/gm enriched-fissionable-fuel value,
the optimum reactor diameter was around 6 ft at a power level of 100 thermal
Mw, at 500 thermal Mw the optimum diameter was around 10 ft, while at 1000
thermal Mw, a lh-ft diameter was indicated. These results indicate that spe-
cific power GKw/kg fue%)is roughly the same in'Optimum systems operating at
different power levels. The effects of the value of relative poisons, in-
ventory charge, and relative chemical processing upon fuel power-costs were
fairly independent of power level, although there were some changes as the

enriched-fissionable-fuel value was increased.
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Figure 9 shows the effects of the value of nhg

and other parameters
upon fuel cost in UOESOhJDEO reactors operating at different power levels.
It is seen that fuel costs were quite dependent upon the value of nh9, increas- -
ing with decreasing value of nh9. The effects of chemical-processing charge
and relative-poison level upon fuel costs appear to be relatively independent
of the value of nh9. Changes in nh9 influenced fuel costs more markedly at
the higher enriched-fuel values and higher power levels. At the higher fuel
k9

values, this was due to the importance of n ~ with respect to the conversion

ratio. At the lower power levels, the optimum reactor was small enough that

neutron leakage was relatively high, and for these reactors a decrease in nh9

had a relatively small effect upon conversion ratio. At the higher enriched-

fuel values, an increase in nh9 from 1.93 to 2.05 decreased fuel power-costs

more than did decreasing the inventory charge from 12% to 4. The reactor

conditions specified in Fig. 9 are not necessarily the optimum conditions,

but probably represent the minimum fuel power-cost within 0.1 to 0.2 mill/kw-hr. .
Figure 10 shows the effect upon fuel cost of adding LiESOh to the

ersoh solution. The Lizsoh addition has shown promise with regard to effective-

ly decreasing the corrosion rate in reactor systems, and also with regard to

increasing the temperature at which reactor solutions undergo two-phase sepa-

ration. The Liasoh addition was such as to maintain a ;;2;;% molar ratio

of one-to-one. HKHowever, the addition of Liesoh increagses inventory charge

due to the poisoning effect of the added Lizsoh. Also, the resonance escape

probability will be affected. In-this study it ﬁas assumed that the isotope

Li7 was employed so that the poisoning effect of the Lizsoh was that agsociated

with the added sulphur. The Lizsoh addition effectively increased fuel costs

by about 0.1 mill/kw-hr. This increase was nearly independent of the value of

fissionable fuel. The reactor conditions given may not necessarily represent
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optimum reactor conditions since those shown were those for an infinite
fuel-processing cycle time. The effect of Ligsoh addition upon fuel cost,

however, is considered to be shown correctly.

H204Moderated, Solution-Type Reactors

Figures 11-1k consider Uozsoh-Hzo systems. The fuel costs in these
systems were, of course, higher than for the D20 systems due to the relatively
high cross section of light water. Because of the high poisoning of the H,0,
the results would be virtually the same whether UO3 or ersoh were the fuel.

In Figure 11 are shown the effects of fuel processing charge, in-
ventory charge, and relative poisons upon fuel costs in Uozsou-ﬂgo systems
operating at 500 thermal Mw. Of the parameter values considered, increasing
the inventory charge from 4 to 12% had the largest effect on fuel cost for
a specified enriched-fuel value. Increasing the value of enriched-fuel
changed optimum'reactor conditions only slightly, because of the heavy
poisoning due to the H20. Because of the relatively high fuel concentration
in these systems, the optimum reactor diameters were smaller, and the effect
of fuel-processing charge upon fuel cost was greater than for the correspond -

3 235

ing Uozsoh-Dao systems. Previous results~ for U -burner reactors indicate
fuel costs of about 4 mills/kw-hr if inventory charges were W% and enriched
fissionable fuel had a value of gbout $l7/gm. The results in Figure 11
indicate that the addition of fertile material to such systems would not
lower fuel costs more than about 1 mill/kw-hr. The change in reactor

conditions corresponding to an increase in inventory charge was due to the

importance of keeping the critical mass low at the higher inventory charge.
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Figure 12 shows the effect of power level, enriched-fuel value,
and fuel-processing charge upon fuel costs in ersoh-Hzo systems. Increas-
ipg»the power level from 100 to 500 thermal Mw decreased fuel costs about
0.25 mill/kw-hr and significantly changed the optimum reactor conditions.

At the 100~ and 5064Mw pover levels the optimum diameters were about 4 ft
and 8 ft, respectively. This is due to the change in the relative importance
of inventory charge to fuel-feed cost as the power level changes. The same
effect was noted for the UOQSOL'DQO systems, except the magnitude of the
effect was about 1 mill/kw-hr for the DO systems (see Figure 8).

In Figure 13 is shown the effect of nh9 and fissionable-fuel value
upon fuel cost in UOQSOh-HEO systems operating at 100 thermal Mw. The fuel
cost was only slightly affected when qh9 was changed from 1.93 to 2.05.

This was due to the low conversion ratio which existed because of the poison-
ing of the H20. The cost of chemical processing, however, had an appreciable
effect upon the fuel cost since the critical fuel concentrations in light-
water systems would be relatively high.

Figure 14 shows the effect of LiZSOh addition upon fuel costs in
UOQSOh-HQO systems operating at 500 thermal Mw. The molar ratio of
Liesoh/ersoh was congidered to be unity. As indicated, the effect of the
Lizsoh addition on fuel cost was negligible. This was due to the heavy
poisoning already present because of the HEO' Changing the relative poisons
from one to one-half decreased fuel costs by about 0.1 mill/kw-hr. Increasing
the value of enriched fuel from 17 to 25 $/gm changed the optimum reactor
diameter from 6 ft to 7 ft. In all cases no fuel processing was indicated.
This was also due to the high poisoning contributed by the H20, inasmuch as
the critical fuel concentration was relatively high, and so fuel processing
costs were higher than the savings associated with removal of fission-product

poisons.
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Reactors Containing UOBJThO - Water

2

Figures 15-18 give the results for UOBJThoz-water systems, with

D20 or H20 as the moderator coolant. These reactors were considered to
be fueled initially with U235, after which any additional feed was U233.

In Figure 15 is shown the effects of inventory charge, enriched-
fuel value, fuel-processing charge, and poison level upon fuel costs in
D20-UO3-'I'hO2 systems operating at 500 thermal Mw. As shown, the fuel
cost was quite dependent upon inventory charge and also upon the value
of enriched fuel. The increase of fuel cost with increasing fissionable-
fuel value was greater for the 12% than for the e inventory charge.
Changing the relative chemical processing from "1" to "2" increased fuel
costs about the same as increasing the relative poison from "1/2" to "1"
(0.1-0.2 mill/kw-hr). Changing the value of enriched fuel changed the
optimum reactor conditions, as evidenced by the increase in reactor
diameter with increasing value of enriched fuel. At an enriched-fuel
value of $17/gm the optimum diameter was about 12 ft, while at $67/gm the
optimum diameter wvas 14 ft (the largest diameter considered). The optimum
fuel cycle time was longer at the lower fissionable-fuel value since under
these conditions it would be less important to remove the poisons. As
the fuel-processing charge was increased, the optimum processing cycle
time tended to increase, while increasing the relative-poison level tended
to decrease the optimum cycle time.

Figure 16 shows the effect of the value of n23, value of fissionable
fuel, and inventory charge upon fuel costs in UO_~ThO -DQO systems

3 2
operating at 500 thermal Mw. As shown, the value of 1 markedly affects
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the fuel cost, particularly at the higher values of fissionable fuel. At
these higher enriched-fuel values ( > $40/gm), decreasing n from 2.25 to
2.15 increased fuel costs more than did increasing the inventory charge .
from ¥ to 12%. As the cost of fissionable fuel decreased, however, the

3

dependence of fuel cost on the value of n2 decreased. At a fissionable-
fuel value of $17/gm, decreasing n23 from 2.25 to 2.15 increased the fuel
cost by about 0.2 mill/kw-hr. Changing the value of n23 had relatively
little effect upon the optimum conditions as given by core diameter fuel
cycle time, and fertile-material concentration. As the inventory charge
increased, the fuel cost became less dependent upon the value of n23.
Figure 17 shows the effects of power level, inventory charge,

fuel-processing charge, fissionable-fuel value, and poison level upon fuel

cost in ThO,-U0_-D.0 systems. The two power levels considered were 100

2 7372

and 500 thermal Mw. As shown, decreasing the total power had a marked

effect upon optimum reactor conditions. At a 100-Mw power level the opti- .
mum reactor was 6 ft in diameter, had an infinite fuel-processing cycle

time, and a fertile-material concentration of 300 gm/liter, whereas at

500 Mw the optimum conditions correspond to a 12- to 14-ft diameter, 300-

to 500-day cycle time, and a fertile-material concentration of 200 to

300 gm/liter. Also indicated in Figure 17 is the effect upon fuel costs

of increasing the power level in the 6-ft-diameter reactors. As shown, the

fuel cost decreased only slightly (about 0.1 mill/kw-hr) when the power

level was increased from 100 to 500 Mw. However, the cost difference- between
the optimum 100-Mw reactor and the optimum 500-Mw reactor was about 1 mill/kw-hr.

This points out the economic advantage of designing the reactor in accordance

with the power level at which the reactor will ultimately operate. For the
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two power levels considered, changes in relative chemical processing from

1 to 2, and relative poisoning from 1/2 to 1, appear to increase fuel costs

by about the same amount ( ~0.1 to 0.2 mill/kw-hr). -
In Figure 18 is shown the effects of inventory charge, value of

fissionable fuel, and fuel-processing costs upon fuel costs in U03JTh02-

water systems operating at 100 thermal Mw. The optimum reactor diameter for

the D20 reactors was 6 ft, while the optimum diameter for the H20 systems

was 4 ft. The inventory charge again had a pronounced effect on the fuel

costs, being the most important of the variables studied (for a specified

enriched fissionable-fuel value). Increasing the relative chemical process-

ing from 1 to 2 increased fuel costs only about 0.05 mill/kw-hr. At the

power level considered, no fuel processing was indicated. The effect of

inventory charge was more pronounced for the light-water reactors because

of the higher fuel concentration required. As the value of fissionable

fuel decreased, the difference in fuel cost between the light -water and .

heavy-water reactors also decreased, belng about 0.5 mills/kw-hr if enriched

fissionable fuel has a value of $17/gm and the 4% inventory charge applies.

For the light-water reactors, the optimum concentration of fertile material

was quite high, since the thorium had to compete with H20 with regard to

neutron capture. As the value of fissionable fuel increased, the fuel process-

cycle time tended to decrease only if the chemical processing charges were low.
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CONCLUSIONS

Of the parameter values considered, the fuel cost was affected
primarily by the enriched-feed values, inventory charge, reactor power
level, and the effective values for 1 and initial poisoning. The latter .
quantities are related to the composition of the reactor system. Changing
the reactor power changed the optimum reactor conditions markedly; however,
the core power density was considerably less sensitive to power level.
Doubling either the fission-product poisoning or the cost for fuel process-
ing increased the fuel cost by about 0.1 - 0.2 mill/kw-hr independent of
the enriched-feed value; changing these parameter values had little effect
on optimum reactor diameter and fertile-material concentration, but did
significantly change the optimum fuel cycle time. The addition of Lizsoh
to the UOESOh-fueled reactors had little effect upon fuel costs.

Based on present-day uranium values, increasing the inventory
charge from 4 to 12% increased the fuel cost by about 0.5 mill/kw-hr
for the D20 system. Increasing the power level from 100 to 1000 Mw -
decreased fuel costs by about 1 mill/kw-hr (DEO system), while changing
from a U0280h4D20 to a ThO,-UO_-D

2 77372
4
about 1 mill/kw-hr. Comparison of these results with those obtained

0 system also decreased fuel costs by

assuming steady-state (or equilibrium) conditions indicate that the optimum
reactor conditions are nearly independent of the model used; however,
increasing the fuel cycle time to greater than the optimum value appears

to have much less effect upon fuel costs when the non-steady-state model

is employed. -
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Based on present-day uranium values and a h% inventory charge,
if fixed charges for fuel processing and/or fuel shipping are high
(~0.7 mill./kw-hr), it appears that reactofs processed at the end of
10 years of operation would compete economically with those processed
more frequently. Also, since the fuel costs for a given reactor system
changed only by tenths of a mill/kw-hr when significant changes in fertile-
material concentration and fuel cycle time were considered, it appears more
important to find which reactor conditions are most feasible than to develop

the reactor conditions which optimize fuel costs alone.
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APPENDIX

Mathematical Formulation

The fuel costs are a function of the required fuel concentrations and
reactor power level. The time behavior of the fuel concentration is controlled
by the rate material balances in combination with the critical equation. In

this study a U2334Th fuel system and a U235-U238-Pu239 system were considered.

Converter-Reactor Equations

238

For the U235-U238--Pu239 fuel system, the U concentration was con-

sidered to be independent of time. Assuming that the fuel fluid was exposed

to an average neutron flux while within the reactor system, that fluid trans-

port times were negligible in comparison to times of interest, that U239

236

decayed virtually instantly to Pu239, and that U and Pugb'O could be treated

*
mathematically as if they had zero neutron-absorption cross sections, the .
appropriate equations were

dn(25)

X F(25) - o(25) N(25) ¢ (1)

aN(4o) _ 5(28) ¢ + 1—'%-2%)- [n(25) £(25) + n(%9) z(h9)] g -o'(k9) N(k9) ¢ (2)

at 1+8B

Feet = (1+3°7) (143D (3)

z(p) = Z(py) + Z(pp) (k)

dN(p,) -

Tl = o [ + zf(h9ﬂ g - o(p)) N(p;) 9 (5) .
236

¥ The poisoning effect of U was considered in the "fraction poisons"
term of the critical equation, while Pu-240 was effectively
| considered as a fertile material.
\
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dN(p,)
T = ey [5(29) + 2,9)] ¢ - 0'(ny) Ny ¢ (6)
Egs. 1 and 2 are rate material balances on U235 and Pu239; Eq. 3

is the critical equation; Eq. 4 relates the total neutron poison
cross section in terms of two effective poison cross sections, as
approximated by Robb et al;l Egs. 5 and 6 are rate material balances
on these effective neutron poisons. Defining 4T = @dt, Egs. 1 - 6

can be written (after manipulating the critical equation) as

dN(25) F(25)

= = =5 - a'(25) N(25) (7)

W) - 5(e8) + LoB(20) [11(25)0(25)N(25) . n(h9)o(h9)N(h9£l

1+ BT

- o' (49)N(L9) (8)
B(25) N(25) + B(49) N(49) = m; + o(p,) N(p;) + a(p,) N(p,) (9)
aN(p, )
s = o [7(29) W(25) + o, (b9) W(A9)| - o(py) W) (10)
aN(p,)
- = % [cf(25) N(25) + a.(49) N(29)| - o'(p,) N(p,) (11)

t

B(25) = [”(25)52"(28) -1-(fp>J a(25)
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B(k9) = [‘1(“9)6"(28) -1-(qu o(49)

1487
m = BED + Z(mod) + Z(28) -
(f.p.)0 = fraction poisoning due to high absorption-cross-section poisons )
and absorption by U-236; based upon fuel absorption-cross-
section.

Egs. 7 - 11 were solved simultaneously and the results written in

the following form:

rir rér rér
N(49) = A e + A e + A3 e + A (12)
r.T rT r.T
_ 1 1 2 3
N(25) = 5725 E?l +D) +D e + Dy e + D3 e ] (13)

r.T
F(?) ) {(Du +m) 0'(25) + Dy e E"(%) ¥ rl]

rér rir
+ Dy e ‘EJ'(25) + r2] + D3 e [o'(25) + ra] (1)
where Ty rs and r3 are the roots of the equation
3 2 =
s+ E 8 +E;s8+ E3 =0 (15)
and Ai’ Di and Ei are functions of input parameter values and are
defined in the Nomenclature.
Since £(28) was assumed constant, the feed rate of U238 required
to satisfy this condition was obtained from the equation
F(28 1 - p(28
P2 . nes) + LED fes) s(es) + (i) £9) (16)
1+B T i
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The enrichment, y, of the uranium fed to the system was then obtained from

the relation

- F(25)
. 7 T F(35) + F(2B) (17)

Separation of t and T could be obtained since Zp ¢ is

a constant for constant power operation. Thus,

t T
= dt =
t Of %— ’[ b [Zf(Tﬂ ar (18)

wvhere b is a constant, and Zf(T) = of(h9) N(L49) + of(25) N(25).
t
The value of L/ﬂ Fdt was found analytically by combining Eq. 14 with
(o]
the relation

t T

£
. f Fdt =f g g at = f 1%(T) ar (19)
(o] O (o] ‘

Breeder-Reactor Equations

The thorium-breeder reactor was considered to be initially fueled

235 33 33

2
with U and Th, and subsequently to contain Pa and U2 in addition

35

to U2 and Th. Assuming that the fuel fluid was exposed to an average

neutron flux while within the reactor system, that the thorium concentration

was constant with time, that fluid transport times were negligible in

236 234

comparison to times of interest, and that U and U could be treated

- mathematically as if they had zero absorption cross sections (actually,

236

was considered in the "fraction poisons"

3k

the poisoning effect of U
terms of the critical equation, while'U2 was effectively considered as a

fertile material), the appropriate equations were:
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W) -~ r(25) - 0'(25) N(25) ¢ (20)
W) - o(o2) No2) ¢ + B2 E(es) 5(25) N(25)
1+ B°7

+ 1(23) o(23) N(23)] ¢ - g'(13) N(13) ¢ (21)
'—(—des?’) = A (13) N(13) + F(23) - o'(23) N(23) ¢ (22)
TE€pt = (1+B7T) (1+ 1O (23)
=(p) = Z(p) + Z(p,) (24)
aN(p;) -
o = o [029) W25) ¢ og(en) M23)] g - o) N 6 (25)
o = oy [04(29) NE5) + ay(23) N3] § - o'(ep) We) 4 (26)

The primed values of absorption cross sections include the effect

of removal of fuel solution for processing and, where appropriate, the

233

ratioactive decay of Pa ; 1.e.:

kl
0'(25) = o(25) + i)

K
0'(13) = o(13) + ag , AQ3)
‘ k
'(23) = o(23) + =a§ -
K
o'(py) = olpy) + a_g_
k3
a'(py) = olpy) + o)
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wvhere © 1is the effective fuel-removal cycle time and the ki's are the
fractions of respective atoms removed in passing through the fuel-processing
plant.

Although ¢ varied with time, it was consldered constant here
insofar as its effect upon the o¢'(i)'s was concerned; thus, in Eq. 27,
¢ was replaced by the initial value of the flux, ¢o'

Equations 20 - 27 were rewritten in terms of a new variable,
t

T_——.f ¢ at to give:

[¢}

dl(\ilé25) - F(;ﬁ) - o'(25) N(25) (28)
UCCI /\(;3) N(13) + F—(gﬁ - 0'(23) N(23) (29)
WA - o(o2) w(oe) + L=B02) |:n(25> o(25) NM(25) + n(23) o(23) N(23ﬂ
1+ B~ 7

- o(13) N(13) (30)
daN(p, )
- = o [%(23) M(23) + 0,(25) N(25)] - o'(p,) N(py) (31)
dN(p,)
G = cp [5,(23) W(23) + 0,(25) N(25) - o*(p)) N(py) (32)
B(25) N(25) + B(23) N(23) = m + o(p;) N(p,) + o(p,) N(p,) (33)

- 7

were p(25) = |EBUB) qa5) L1 (ep)] a(en)

1+ 3B8°T

o(23)

1}

° __t

-
€ p(02)

(23) - (23) -1 - (£p)

g E.+ B 7"’Tl g

-

o= 2(02) + =(Mod) + B2D
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Note that £(13) was omitted from the formulation of m; its contribution to
.m was small; it may be included in the (fp)o term.

The above mathematical system was solved for the case F(25) = 0.
This would not be true for reactors with breeding ratios less than one;

233

however, the U feed rate, F(23), obtained for such systems can be con-

verted to an equivalent value for F(25).
-g'(25)T
With F(25) = 0, N(25) = No(25) e . The remaining equations
were 2 F(23)
solved” to give N(23), N(13) and =5 as functions of T. The value of

t
t at a given T and the value of ‘//~ F(23) dt were obtained in the same
)

manner indicated in Eqs. 18 and 19.

Justification of Some Assumptions

In solving the mathematical systems, the poisoning effects of U236

2
and Pa 33 were considered in the fraction poisons, or (f.p.)O terms, while

2o 234

Pu and U were effectively considered as fertile material. To indlcate

that this approach was adequate for the reactors studied, consider the equation

dN
3T = Zc¢ - 0N¢ (3h)

where N and o refer to the concentration and cross-section of the

element in question, and

Zc refers to the macroscoplc capture cross-section of the

element which produces nuclei N upon neutron absorption

If I, is assumed constant, and if N(o) = 0, Eq. 34 gives
. A
-g f gdt
(s
-e

oN = = |1 (35)
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For the reactors considered, the initial value for ¢ was higher than the
4

average value over 10 years of operatioh, and was usually less than lOl

2
neutrons/cm”-sec. The average poison fraction will be assumed to be that

t
after T years of reactor operation, and so q(ﬁ gdt == 1.8 x 1022 neutrons/cme.

2
For U 36, the effective absorption cross section would be about 8 barns, and
t
-q [ gdt
80 e = 0.86. Thus, the average wacroscopic absorption cross
236

would be about 0.14 of the cross section under steady-state

236

section of U
conditions, or a fraction-poisons of 0.022. TIn most cases studied the U
contributed less to the fraction poisons than calculated above, since the
production of fissibn-product poisons increased the critical ﬁass significantly,
leading to a lower average flux value than that chosen above.

The flux level for most of the reactors under consideration was
sufficiently low so that the neutron losses to Pa233 were not high. Generally
these losses were equivalent to a fraction poisons of about 0.0l and thus
not very significant.

The fraction polsoning due to U23h and Puzho would be quite high
1f these elements did not act as fertile material. However, since U235
and Pu2hl are nuclear fuels which effectively produce more than 2 neutrons
upon absorption of a neutron, the U23h and Puzho act ag fertile materialsg.

234

Thus, the presence of U or Pu2ho would tend to decrease the optimum

concentration of other fertile material present, and this would be the
234 2o .
primary effect. Since U or Pu would be present in relatively low

232 o 238

concentrations with respect to the Th r U concentration, the

results of this study would not be affected.
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The contribution that high fraction poisons would give to fuel cost
can be shown by comparing the costs obtained for the different values of -
relative poisons. Increasing the relative poisoning froﬁ 1/2 to‘l generally
increased fuel power-costs by about 0.1 to O.2_mill/kw-hr; since the fission~
product poisons would contribute much more poilsoning than the elements con-
sidered above, it is again apparent that the mathematical model was sufficient
for this study.
In calculating the value of the uranium at the end of the operating

period, the enrichment of the fuel at that time was used, taking into conslder-~

236 234

ation the buildup of U and U with time.

The value of relative poisoning which best represents the fission-
product poisoning has not been firmly established. However, fuel cost studies

6
in Canada have used the results of Walker; these results correspond to a

2
relative poisoning value of about 1/2. Also, the fission products of U 33 -

235

fission appear to have lower cross-sections than those of U fission.l

In this study, no distinction was made between the fuels, and fission-

235

product poisoning was based on U fission, which would tend to make the

233

results for the U systems conservative.
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NOMENCLATURE
r2 J
Pify + Ty )+ dp
rl(rl - r2)(rl - r3)
2 J dJ
PP T + T d) +J,
r2(r2 - rl)(r2 - r3)
2 J J
Py Ty +T3J) +J,
r3(r3 - rl)(r3 - r2)
- J2
] Tp Tg
%Y
¢, 0,(25)
0'(py) = —mrar a(p,)
1 G 1
-q
2
—EI U(Pg)
2
2 .
buckling of reactor; B~ = R where R 1is the physical reactor

radius plus an effective extrapolation distance; cm”
Ratio of thermal neutron leakage to absorption, dimensionless

Ratio of fast neutron leakage to moderation; dimensionless

2
q2 rl + Kl rl + K2

rl(rl - r2)(rl - r3)

2
s r2 + Kl Ty o+ K2

r2(r2 - rl)(r2 -'r3)
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2
a4 r3 + Kl r3 + K2

r3(r3 - r2)(r3 - rl)

_K2

r,r

I T2 T3

effective fraction of atoms produced having average cross section
a(pl) per figsion; = 10 if no hydroclones are usged; = kh 10
if hydroclones are used

effective fraction of atoms produced having average cross section

a(pz) per fission; = 020 if no hydroclones are used; = kuczo

if hydroclones are used
RIS

- q3 G(pl)/ml

a'(p,) - ¢,

!
Lo
L~~~
o
i
S
Q
—
ks
n
—

2
A3 Ty + Ty Lyt

rl(r1 - r2)(rl - r3)

+
H
\o
t
|_l
+
.
V)

q3 Ts
r2(r2 - rl)(r2 - r3)

2
q3 r3 + r3 L1 + L2

r3(r3 - rl)(r3 - r2)
_L2

r. r,r

17273
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D = thermal diffusion coefficient for reactor core, cm
Dy = a(py) By + o(py) Cy - B(19) 4,

D, = olpy) By + a(py) C, - B(49) A,

Dy = a(py) By + olpy) Cy - B(49) A,

Dy = olpy) By + o(py) Cy - B(49) A,

E, = by te, + vy,

E, = b_c -b c. + . (by + cz) - vy b, -V, c

2 Yy "z z ¥y

E, = v, (by c, - b, Cy) - vy (bx c, - c, bz) + Vz,(bx c, -c b))

3 y - x 'y
f = thermal utilizationm, ZKEEE&)’ dimensionless
f.p. = fraction poisonms, EiEl___
Z(fuel)
(fp)o = fraction poisons due to high cross section poisons; 0.02
- . atoms gus

F = feed rate of uranium to reactor system, barn-_co-see or day
for system. F(25) = U235 feed rate; F(28) = U238 feed rate;
F(23) = U233 feed rate
1 - p(28)

J(x) = —== 3(x) o(x)
1+B°7T

Jy = (by + cz) - Vy dp -V, 4g

J2 = 121 [by cZ - bz cy] - Vy [q_g c, - bZ q3:\ + v, [q_a cy - q3 b)J
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fraction of U235 passing through fuel-processing plant which is not
returned to reactor system

fraction of Pu239 passing through fuel-processing plant which is
not returned to reactor system

fraction of fission-product poisons passing through fuel-processing
plant which is not returned to reactor system

fraction of fission-product poisons which are removed by hydroclones
when hydroclones are used; = 1 when hydroclones are not used

2
fraction of Pa 33 passing through fuel-processing plant which is
not returned to the reactor system.

fraction of U233

returned

passing through fuel-processing plant which is not

L) (cz + vx) - b, Q3 - Py by

[é2 €2 " Py qé] Vx T [Px . " Py cx} P+ Y, [bx 3 - 9 cx]

; cm

D
Zp .

square of thermal diffusion length:
a3 (vx + by) - ey Gp - Py Sy

(q3 b, - ¢y %) v, - (bxq3 - e, %) vy + Py (bx cy - by)

B2 D + Z(mod) + =(28) 3 cm ™t
R . atoms gus .
concentration of particular element; Tarn - om or Iiter !
N(23) refers to U233 concentration; N(25) refers to U235
concentration; N{28) refers to U238 concentration; N(L9)
2
refers to Pu 39 concentration, N(13) refers to Pa233 concentration;
2 -
N(02) refers to Th 3 concentration
P = resonance escape probability as determined by U238 i

concentration
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p(28) = P = resonance escape probability as determined by U238
concentration |
8 3(25) m;
o= HE
7,(25)
q = 0p(49) - oy B(M9)
°p 95(25) m,
12 - B(25)
cs of(25) my
13 - B(25)
Tis Tos r3; roots of cubic equation: s3 + El 82 + Ezs + E3 = 0
t = time, sec or yrs.
t
T = f dat, barn ™t
(o]
v = o'(k9) - 3(k9) + y(20) B4
v - j(25) U(p )
y B(25)  *
v = = 3(25) U(p )
g p(25)  °
B(25) = Mlé__é P _1. (fp) o(25) ; barns
[; + BT °
B(k9) = (49) € -1 - (f.p.)o o(49) ; barns
1+B 77
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y = fraction enrichment of feed uranium

€ = fast effect; taken to be 1 .
n = fast neutrons per thermal neutron absorbed in fissionable fuel
T = average value of 7§ for all fuel atoms
%] = fuel proéessing cycle time, days
A(13) = decay constant of Paa33, sec
o(25) = absorption cross-section of U235;‘barns
o'(25) = o(25) + E-l-—
C
o(49) = absorption cross-section of Pu239, barns
ko
a'(49) = o(k9) +
of
o .
c(pi) = absorption cross-section of effective-fission-product poison p,, barns .
k3
o'(p;) = olp;) +
i i a .
P,
0(13) = absorption cross section of Pa233, barns
k
A (13) 5
a'(13) = o(13) + + -, barns
ol
0(23) = absorption cross section of U233, barns
%6
* =
g'(23) = o(23) + 3.
e = microscopic fission cross section of fuel; barns
z = macroscoplc absorption cross section; cm~1; % = No )
Zo = macroscopic fission cross section, P .
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Z(mod) = macroscopic absorption cross-section of moderator; cm
. e . . . -1
(p) = fission-products macroscopic absorption cross section; cm
.
: . A . -1
Zr = total macroscopic absorption cross section; cm
- . -

\i

Fermi Age; cm2
) = neutron flux; neutrons/barn-sec

¢o = @ evaluated at time zero, or an average value of §; neuts/barn-sec
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