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ECONOMIC COMPARISON OF A LARGE-SCALE LMFR BREEDER AND BURNER

I. General

An economic comparison has been made between a burner and breeder type

reactor based on the L4MFR concept. This study was carried out in compliance

with a request set forth in a letter from the Atomic Energy Commission, Brook-

haven Area Office.I It is understood that the AEC will agree to undertake an

extensive research and development program of the breeder or converter con-

cept only if the breeder appears to be economically superior to the burner. A

current review of available information led to the decision that a study based on

BAW-2, 2 but brought up-to-date with information developed since this report,

should be an adequate basis for this comparison.

The first known economic study of the LMFR concept was "Project Dynamo"

(1953) in which the expected power costs for the seven most promising reactor

concepts were compared. The conclusion of this study was that the LMFR con-

cept was the most attractive considered. The first known economic comparison

between a LMFR burner and converter was made in BAW-2; the estimated power

cost for the two types of reactors was so close that no definite conclusion could

1 Letter from Mr. E. L. Van Horn to Mr. H. H. Poor, dated March 26, 1957.
2 Liquid Metal Fuel Reactor Technical Feasibility Report-June 30, 1955



be reached. Since then, the establishment of uranium repurchase prices, a

revised chemical processing cost, refinements in life-time calculation, and

further studies advancing graphite and chemical processing technology have

been integrated into this study. These factors have produced data which indi-

cate that the breeder is more economical than the burner0

In substantiation of this statement, the following economic study is pre-

sented:

II. Criteria

The criteria for this study as set forth in the reference letter are listed

below.

1. It is assumed that the basic technology for the LMFR has not and will

not be demonstrated until the LMFRE has been operated successfully.

20 The burner and breeder to be considered should generate 200 MW of

electrical power.

3. The study should be based upon technology which can be developed rea-

sonably within the next five to ten years without affecting the progress

of the LMFRE0

In addition to the criteria set forth above, further standards, which are described

below, have been set up to guide this study.

1. The chemical plant should be the minimum necessary to assure opera-

tion of the particular concept under consideration.

20 That for comparison purposes, the power plant considered will be basi-

cally the same as those described in BAW-2 (except for improvements
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or corrections).

In the initial review of the differences between the burner and breeder, it was

found that the majority of the equipment to be used is the same for both concepts

and that the major economic differences lie in the value of the converted fertile

material and the cost of operating the chemical plant.

III. LMFR Burner

The assumed LMFR burner plant is the minimum plant capable of design at

this time which will burn U235 and which has the same power plant external to

the fuel (primary) system as the breeder. The burner consists of a graphite core

of maximum diameter, consistent with low initial concentration of uranium (and

no reflector) and a minimum bismuth inventory consistent with overall economic

design.

The chemical plant consists of a degassing system, a fuel make-up and re-

moval system, and a bismuth clean-up system.

The degassing system is required to remove volatile fission products gen-

erated in the fuel system. These products must be removed since they can col-

lect in pockets at the highest points of the fuel system. These gaseous products

are thermally hot and radioactive, and they therefore can create an extremely

difficult maintenance problem by allowing the metal to be heated by gamma radi-

ation while the gas reduces the heat that is transferred to the coolant.

A fuel make-up system is required because it will be necessary to add fuel

continually and a fuel-removal system is required because it is conceivable that

it may be necessary to reduce the concentration of fissionable material in the



fuel system.

The bismuth clean-up system is required initially and at the end of each

fuel loading. Initially, at the completion of pre-conditioning the primary sys-

tem, the natural uranium used in pre-conditioning must be removed from the

bismuth. The end of a fuel loading is reached when the allowable solubility of

uranium in bismuth is reached. In order to obtain maximum fuel charge life-

time, the reactor is designed with a large core (eight feet in diameter) which

allows a low initial uranium concentration of 400 ppm. If it is assumed that the

maximum safe concentration of uranium at 750 F is 1500 ppm, then 1100 ppm

remain for the buildup of higher isotopes of uranium and for overcoming the poi-

soning effect of fission products. The buildup of higher isotopes can be predicted

with reasonable accuracy but, depending upon the procedures used for calculating

fission product poison buildup, the life of a fuel charge is between six and twelve

full-power years; separate economic studies have been made using these two

values When the end of the fuel charge life is reached, it is necessary to remove

the entire inventory of fuel solution. The economical procedure is to clean-up the

bismuth for recharging to the core, and to prepare the residue containing uran-

nium and fission products for decontamination processing at a government or

privately owned facility~

IV, LMFR Breeder

With two modifications, the LMFR breeder is essentially the same as that

described in BAW-2. A graphite core tank will replace the Croloy core tank to

increase the breeding ratio by a factor of o 12, and the chemical plant has been
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modified to reflect the more recent information avaiiawte on pyrometa urgica

processes. Fission product poison buildup is limited to five percent by the

chemical processing rate as in scheme "B". The overall effect of these modifi-

cations produces a net breeding gain of 1. 0. This breeding gain is obtained as

follows:

Average breeding gain from BAW-2: .82

Increase (by replacing the Croloy
core tank with a graphite core tank): .12

Increase (by additional chemical
processing of the core fluid to re-
duce the poison level from 12% to 5%): . 07
Total Breeding Gain 1.01

(The . 01 is assumed as a contingency factor)

A degassing system is required for the reasons of maintenance as described

in the burner section, P-3, and in order to maintain the highest possible breed-

ing ratio. A fuel make-up and removal system is required for the same reasons

given for the burner.

That portion of the chemical plant which is required for processing the core

and blanket is basically a fluoride volatility or fused-salt contacting process

without the aqueous chemical process included in the BAW-2 study. It is ex-

pected that present and future development of pyrometallurgical processes with-

in the next-five to ten years will preclude the need for this final uranium puri-

fication step, the aqueous processing, in a large-scale LMFR.

The chemical plant operation and maintenance charges given in BAW-2 were

reviewed and have been reduced in accordance with the change in the chemical

-5-



plant0

As in the case of the burner, it is necessary to establish the fuel charge

lifetime. The initial uranium concentration required in the breeder is 669 ppm,

and the uranium concentration necessary to overcome the fission product poi-

soning effect is 50 ppm. If the maximum allowable concentration is assumed

to be 1500 ppm, 781 ppm are left for the buildup of higher isotopes. Recent cal-

culations indicate that approximately 100 years are required to buildup the higher

isotopes to this value. For the purpose of this study, it is assumed that the core

is reprocessed after 30 years; this cost will closely approximate the cost for re-

processing the burner core fluid ($2, 500, 000)

V0 Cost Calculations

The basis used in this study for determining the economics of the burner and

breeder concepts, as in BAW-2, is the cost to generate electricity at the switch

yard. The procedures used in this comparison for determining the depreciable

and non-depreciable charges and the equipment lifetime also are the same as those

used in BAW-2 0

A. Inventory Charges

The core fluid must be processed when the maximum solubility of ura-

nium in bismuth is reached, which can be considered an infinite period of time

for the breeder and six or twelve full-power years for the burner. During this

study the average uranium concentration in the breeder is 1200 ppm based on a

30 year lifetime. The average U2 3 5 concentration in the burner is 1055 ppm on

the basis of a six-year life, and 768 ppm on the basis of a twelve year life.



1. Inventory Charges for the Breeder:

(l20g/106 g) ($15.00) (1, 405, 000 lb of Bi) (454g/1b) (0.04$/$-yr) =

$459, 000/yr

In the burner concept, the U235 which is transmuted to the higher isotopes

is paid for yearly; only the U 2 3 5 isotope is carried as inventory.

2. Inventory Charges for the Burner (six-year core life)

(1055g/10 6 g) ($17.10/g) (1,535, 000 lb of Bi) (454g/lb) (0.04$/$-yr)

$503, 000 /yr

3. Inventory Charges for the Burner (twelve-year core life)

(768g/106g) ($17.10/g) (1, 535, 000 lb of Bi) (454g/lb) (0.04$/$-yr) =

$366, 000/yr

B. Burn-up Charges

1. Breeder

There are no burn-up charges on the breeder.

2. Burner

With no breeding in the burner, the net burn-up of U235 amounts

to (550 MW) (l.26g /MWD) or 693g /day. For a 0.7 plant utilization factor the

burn-up per year is: (693g/day) (365 days/yr) (0.7) = 177,000g/yr.

Based on the use of 95% enriched uranium, the total yearly cost for fuel

consumed is: (177,000g/yr) ($17. 75/g)* = $3,141,750/yr.

C. Core Clean-up and Replacement Charges

1. Breeder

* This includes the charge for conversion of UF6 to U metal @ $650 per kg.
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The core clean-up charges are expected to be the same as those

for the burner, approximately $2, 500, 000. Based on a 30 year core life this

results in an annual charge, using a five percent sinking fund, of $38, 000 per

year.

2. Burner

a) On-site Chemical Processing Charge:

This charge is estimated at $12, 000 per recharge regardless

of core life.

b) Off-site Chemical Processing Charge:

This estimate is based upon a hypothetical facility proposed

by the AEC. This facility could accommodate up to three percent enrichment

of fissionable material in processing solutions, and the operating cost per day

would be $15, 300.

For six-year full-power life.

There will be 1175 ppm of U2 3 5 in the core fluid at the end

of the life of the fuel charge. As the processing charge is based on tons of

three percent enriched uranium equivalent, the 1175 ppm of U2 3 5 is equal to:

(1175g/10 6 g)(1,535,000lb of Bi)(454g/lb)(10 - 6 g/ton)(33 tons of 3% /ton of 100% enriched):

27. 27 tons of 3% enriched uranium equivalent.

At the rate of one ton of three percent enriched equivalent per day, it will

take 28 days to process the U 2 3 5 remaining in the core, and the 8 days esti-

mated for.plant preparation and clean-up must be added to this. Thus, there is

a charge for 36 days. At a rate of $15, 300/day, the cost of off-site processing

is: (36 days) ($15,300/day) = $551,000/core recharge.
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For twelve-year full-power life.

At the end of the fuel loadings life there will be 835 ppm.

This is equal to:

(835g/10 6 g)(1, 535, 000 lb of Bi)(454g/lb)(10g 6 /ton)(33 tons of 3%/ton of 100% enriched):

19. 37 tons of 3% enriched uranium equivalent.

Thus, it will take 20 days to process the U235 remaining in the core plus

8 days estimated for preparation and plant clean-up. At $15, 300 /day this is

equal to: (28 days) ($15, 300/day) = $428, 000/core recharge.

c) Uranium Depletion Charge:

The uranium which is removed from the core fluid will con-

tain a sizeable percentage of the higher isotopes. It is necessary to charge the

clean-up procedures with the difference between the value of the 95% enriched

uranium received and the lower-enrichment uranium that is returned.

(1) For six-year full-power life.

*1175783
Enrichment at the end of the fuel life is = 78.3%

1500

The value of 78. 3% enriched uranium from AEC's published price list is $17. 00/g.

The loss in value is: (1175g/10 6 g)(1, 535, 000 lb of Bi)(454g/lb)($17. 75-$17.00)=

$614, 000.

(2) For twelve-year full-power life.

Enrichment at the end of the fuel life is 835.= 58. 2%
1435

The value of 58. 2% enriched uranium from AEC's published price list is $16. 83/g.

The loss in value is: (835g/10 6 g)(1, 535,000 lb of Bi)(454g/lb)($17.75/g-$16.83/g)=

$535, 000.
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d) Inventory Charge During Processing:

It is assumed that one year is required to complete the pro-

cessing and return the uranium.

For six-year full-power life.

(1175jg)(l, 535, 000 lb of Bi)(454g /lb)($17. 10 /g)(0o 04$/$-yr) $560, 000.

106 g
For twelve-year full-power life.

(835g /10 6 g)(1, 535,9000 lb of Bi)(454g/lb)($17. 10/g)(0. 04$/$-yr) = $398,000.

e) Losses in Process at 1%:

1. Burner

For six-year full-power life.

(1175 g)(1, 535, 000 lb of Bi)(454g/lb)($17. 10/g)(0.0 1) = $140, 000.

106
g09For twelve-year full-power life.

(835g/10 6 g)(1, 535, 000 lb of Bi)(454g/lb)($17. 10/g)(0. 01) = $99, 000.

f) Transportation Charge:

Based upon the use of a containment tank which weighs

140, 000 lbs, when fully loaded, the estimated trans-continental shipping rate

is $3. 83 per hundred weight. The transportation charges for the burner are

estimated at $365, 000.

The Total Cost For Core Clean-up And Recharge:

Burner Breeder

6 yr. life 12 yr. life

Off-site processing 5519000 428,9000
On-site processing 12,9000 129000

Uranium depletion 614,000 535,9000
Inventory charge (1 yr.) 560, 000 3989 000
Process loss at 1% 140,000 99,000

Transportation 365,000 365,000

TOTAL $2, 242, 000 $1, 8379 000 $29 5009 000
(approx0 )

10 -



The amount of money which must be deposited each year in a sinking fund

at 5% compound interest with a 0. 7 plant utilization factor is:

Burner Breeder

8.6 years 17.2 years 30 years

$2159 000/yro $709 000/yr. $389 000/yr.

D. Thorium Expense

1, Breeder

The thorium make-up will amount to 924g per full-load operating

day.

Thorium make-up:

( 924g /day) ($200 00 /kg) (365 days/yr.) (0 7) = $5, 000 /yr.
(1000g /kg

2, Burner

There is no thorium charge for the burner.

E. Chemical Plant Operation and Maintenance

1, Breeder

Based upon more recent technical information and the deletion

of the aqueous chemical processing system9 the cost of operating and main-

taining the chemical processing system is estimated at $1, 500, 000 per year.

2. Burner

Based upon work done in estimating the cost of operating and

maintaining the chemical processing system for the breeder 9 and taking into

account the smaller number of systems and their simplification, the cost of

operating and maintaining the burner is estimated at $3759 000 per year.

- 11



In order to make a more logical comparison between the burner and breeder

and the reference design in BAW-2, the core solution clean-up charge for BAW-2

was revised using the same procedure employed for the burner-breeder compari-

son. This procedure is presented below.

a) On-site Chemical Processing Charge:

This charge is estimated at $21, 000 per recharge regard-

less of core life.

b) Off-site Chemical Processing Charge:

This estimate is based upon the hypothetical facility mentioned

in the Burner Section.

For ten-year full-power life.

There will be 1040 ppm of U233 in the core fluid at the end

of the life of the fuel charge. Since the processing charge is based on tons of 3%

enriched uranium equivalent, the 1040 ppm of U 2 3 3 is equal to:

(1040g/10 6 g)(1, 492, 000 lb of Bi)(454g/lb)(10- 6 g/ton)(33 tons of 3%/ton of 100% enriched):

23. 5 tons of 3% enriched uranium equivalent.

At the rate of one ton of three percent enriched equivalent

per day, 24 days are required to process the U233 remaining in the core, and the

eight days estimated for plant preparation and clean-up must be added to this.

Thus, there is a charge for 32 days. At a rate of $15, 300/day the cost of off-

site processing is: (32 days) ($15, 300/day) = $490, 000/core recharge.

c) Uranium Depletion Charge:

The uranium which is removed from the core fluid will con-

tain a sizeable percentage of the higher isotopes. It is necessary to charge the

- 12 -



clean-up procedure with the difference between the value of the 95% enriched

uranium received and the lower enrichment uranium which is returned.

For ten-year full-power life.

Enrichment at the end of the fuel life is 1040 = 74 77%
1391

The estimated value of 74. 8% enriched U233 from AEC's published price list is

$14. 8 9/g.

The loss in value is:

(1040g/10 6g) (1, 492, 000 lb of Bi) (454g/lb) ($160 00-$140 89) = $782, 000.

d) Inventory Charge During Processing:

It is assumed that one year is required to complete the pro-

cessing and to return the uranium.

For ten-year full-power life.

(1040 ppm)(1, 492, 000 lb of Bi)(454g/lb)($15. 00/g)(0 04$/$-yr) = $423, 000/yr.

e) Losses in Process at 1%:

(1040g/10 6 g)(1, 492, 000 lb of Bi)(454g/lb)($15,00/g)(0, 01):= $106, 000.

f) Transportation Charge:

Based upon the use of a containment tank which weighs

140, 000 lbs when fully loaded, the estimated trans-continental shipping rate

is $3. 83 per hundred weight. The transportation charges are estimated at

$365, 000.

The total cost for core clean-up and recharge is shown on the following

page.
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The Total Cost For Core Clean-up And Recharge

10 yr. life

Process loss at 106, 000

Inventory charge (1 yr. ) 423, 000

Off-site processing 490, 000

On-site processing 21,000

Transportation 365,000

Depletion 782, 000

$2, 187, 000

The amount of money which must be deposited each year in a sinking fund

at 5% compound interest with a 0. 7 plant utilization factor is:

14. 3 yrs
$109, 000
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SUMMARY OF COST

(a) Total Yearly Cost

Yearly Electrical Output:

(1, 583 x 109 KW-Hr/year)

Investment @ 13. 5% (30 yr Life)

Investment @ 15% (20 yr Life)

Investment @ 20% (10 yr Life)

Investment @ 12% (Non depreciable)

Uranium Inventory

Uranium Consumption

Thorium Make -up

Chemical Plant Operation and Maintenance

Core Solution Clean-up and Recharge

Reactor and Turbo-generator 0 & M

Interest on Working Capital

TOTAL

BURNER

6 YEARS
(Full-Power Life)

Mills / Dollars /
KW -Hr Yr .

0.519
2.413

.689

. 517

. 330
1.985

. 237

. 136

. 037

821, 000
3, 820, 000
1, 00, 000

819, 000
522, 000

3, 142, 000

375, 000
215, 000

59, 000

6. 863* 10, 863, 000

12 YEARS
(Full-Power Life)
Mills /
KW-Hr

0. 519
2. 413

.689

. 517

. 240
1.985

. 237

. 057

037

Dollars I
Yr.

821, 000
3, 820, 000
1,090,000

819, 000
380, 000

3, 142, 000

375, 000
90, 000

59, 000

6.694* 10. 596, 000

BREEDER

Mills /
KW-Hr

0. 519
2. 489

.976
.649
. 290

" 003
. 948
. 024

. 037

Dollars /
Yr.

821, 000
3, 940, 000
1,546,000
1,028,000

459, 000

5, 000
1,500,000

38. 000

59, 000

5.935* 9,396,000

REVISED BAW-2

Mills /
KW-Hr

0. 519
2.489
1.. 144

.663

. 287
. 522
. 003
.948
. 067

. 037

Dollars /
Yr.

821, 000
3, 940, 000
1,811,000
1, 050, 000

454, 000
826, 000

5, 000
1,500,000

109, 000

59, 000

6. 680* 10, 575, 000

* Does not include Reactor and Turbo-generator Operation and Maintenance

(b) Total Capital Cost
Account
310 & 311 Land, Building, and Improvements

312 Steam Generator

Chemical Plant

314 Turbine Generator

315 Accessory Electrical Structures

316 Transmission Structures

342 & 343 Station Equipment

Metal Inventory

TOTAL

6, 079, 000
17, 254, 000

1,714, 000
9, 530, 000
1, 260, 000

130, 000
1,040,000
6, 827, 000

43, 834, 000

Net Installed Cost

6, 079, 000
18, 425, 000
3,611, 000
9,530,000
1,260,000

130, 000
1, 040, 000
8, 557, 000

48, 632, 000

$2l5/kw

6, 079, 000
18, 425, 000
4,937, 000
9,530,000
1, 260, 000

130, 000
1, 040, 000
8,557,000

49, 958, 000

$221/kw
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