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INTRODUCTION

A series of cost/benefit surveys has been made at Oak Ridge National
Laboratory to: (l) determine the cost in dollars that would be required to
reduce the amount of radioactive materials released to the environment from
fuel cycle plants and (2) evaluate the radiological impact of these releases.
These surveys are designed to assist in defining the phrase "as low as is
reasonably achievable" as applied to the release of radioactive materials.
The first survey served as a part of the technical basis for the environmen-
tal statement concerning the guidelines for limiting the releases of radio-
active materials from light-water reactors (LWRs)[l]. Surveys on other fuel
cycle facilities are summarized in this paper.

In these surveys, a base case is selected which corresponds to a typi-
cal plant that could be licensed using current technology. Additional
equipment is added to the plant in a series of case studies to decrease the
amounts of radioactive materials released and reduce the radiological dose
commitment to the surrounding population. The plants are located in a typi-
cal midwestern area of the United States where the population is 3,562,135
in an 88.5-km radius; the U mill is located in New Mexico, and the population
is 53>O53 in the 88.5-km radius. The amounts of radioactive materials re-
leased in gaseous and liquid effluents, the dose to the surrounding popula-
tion, and the costs for the waste treatment equipment, including structures,
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are estimated for each case. Isotopes released from the plants which con-
tribute greater than 0.02$ of the relative inhalation hazard are included in
the dose calculations. Estimates of maximum dose are obtained by assuming
that an individual resides at his location 100$ of the time and that all
food is grown locally. Capital costs are the sum of the direct and indirect
costs. Generally, the annual costs include an annual fixed charge of 26$ of
the capital cost and an annual operating cost of kofo of the annual fixed
charge. In the final analysis, radiological dose is plotted vs the annual
cost for waste treatment to determine the point of diminishing returns in
reducing dose at additional cost. The technology used in the case studies
ranges from that currently available to that which may be developed over the
next 30 years. The fact that additional development and time are required
to implement these technologies must be considered in evaluating the results.
The reference reports contain discussions of the status of -ohe technology,
comprehensive estimates for maximum, individual total-body and organ doses at
the plant boundary and for population total-body and organ doses in a radius
of 88.5 km and complete cost estimates. The costs are in late 1973 U.S.
dollars. Thus, the surveys are comparable. Costs are estimated to be kCffo
higher in 1976.

REPROCESSING LWR AHD HTGR FUEL [2]t3]

In the base case flowsheet for the model plant, the LWR fuels are shear-
ed into 5-cm pieces, and the fuel is dissolved in HNO3. HTGR fuels are
crushed, the graphite eliminated by burning, and the fuel residue dissolved
in HNO3. The U and the Pu or the U and the Th are recovered by a solvent
extraction process. Off-gases pass through a mercuric nitrate scrubber, a
silver zeolite adsorber for iodine removal, and two High Efficiency Partic-
ulate Air (HEPA) filters for particulate removal. The cleaned off-gases
containing all of the 8SKr and 14C and some of the tritium are released up a
100-m stack. Liquid wastes are treated by a series of evaporators which are
designed to retain volatile iodine species, as well as the nonvolatile radio-
nuclides. Excess purified water, containing the remainder of the tritium, is
evaporated and released up the stack. The high and low activity wastes are
stored in tanks. Wo liquid radioactive wastes are released.

Many of the assumptions for the LWR and ETGR plants are the same (Table
I). The greatest differences lie in the amounts of l4C and tritium formed in
the fuels from the 14N(n,p)14C, 170(n,a)14C, and 6Li(n,ar)3H reactions and the
fact that HTGR fuels are burned. The annual tritium content of the HTGR fuel
and graphite is ~1.2 times higher than the LWR fuel (i.e., 8.9 x 106 Ci vs
7.7 x 10s Ci), and the 14C content is ~9 times higher than that of LWR fuel
(i.e., 7.^ x 103 vs 83O Ci). As a result of the burning step, the volume of
the process off-gas from the HTGR plant is -\4 times that from the LVJR plant.
Thus, larger and more costly off-gas treatment units are required in the HTGR
plant. Isotopes contributing major fractions of the dose are shown in Tables
II and III.

Cost/benefit analyses for reduction of the maximum, annual, individual,
total-body dose commitments are shown in Figs. 1 and 2. The doses for the
base case LWR and HTGR plants are I1* and 29 mrem at the plant boundary (2.^
km). Small reductions in dose are achieved at the LWR plant by adding an ion
exchange unit to remove 98$ of the iodine from the excess water before the
water is vaporized and released up the stack, a caustic scrubber to remove
80$ of the Î4C and 90$ of the Ru, and a sand filter to remove 90$ of the
particulates. A large reduction is achieved by adding a voloxidation system
to remove 99$ of the tritium and 60$ of the iodine, and a final smaller



Table I. Assrrîptions for the Model Fuel Reprocessing Plants• a

LWR HUGE

Plant capacity, t heavy metals/a
Fuel irradiation, M'/fd(th)/t heavy metals
Energy from fuel, GWa(e)
Fuel decay time after reactor discharge, d
Nitrogen in fuel, ppm

ia'13C content of fuel, t C/t(U+Th)
Ii in fuel, ppm

Stack height, m
Dilution factor (X/Q) at 2.4 km, s/m3 x 10"

1500
33,000
45
l6o
25 (UQs)

0
0

100
6.7

450
95,000

160
30 (graphite)
2.5 (fuel)
10.93
0.05 (graphite)
2 (fuel)
100
5-8

Base case.

Table II. Major Contributors to Dose at 2.4 kilometers from Model IÍWR
Fuel Reprocessing Plant in Base Case (Percent)

Nuclide

3H
14C
8EKr
129j
131j
1 0 6 Ru
1 3 4 C s
1 3 7 C s
9 0 S r
342Cm
2 3 8 P u
a 3 9 P u

Total Body

52.3
16.2
3.3
7-7
2 . 1
2 .0
6.0
6.7
0.5
1.4
0.3

<0.l

GI Tract

21.0
5.2
0.9
0.3
0.5

64.4
1.6
2 . 1
0 . 1
0 . 1

<0.1
<0.1

Bone

28. 4
10.8

2 . 1
5-9
1.2
2 .2
3-1
4.7

17.4
7 .2
7.2
0.9

Thyroid

2.6
0.4
0.2

51.1
44.9

0 . 1
0 .3
0 .3

<0.1
<0.1
<0.1
<0.1

Lung

59-6
8.0
7.5
5.3
2.5
3-0
4.4
6.7
0.7
0.9
0.5
0 . 1



Table III. Contribution of Major Isotopes to Maximum Individual
Total-body Dose at 2.k kilometers from Model ISffi and HTGR Fuel

Reprocessing Plantsa

IWR HTGR

(mrem)

86Kr
i a 9 I

134Cs .
13*Cs
90Sr
10SRu

7.3
2.3
0.5
1.1
0.3
0.8
0.9
0.07
0.28

of total)

52.3
16.2
3-3
7.7
2.1
6.0
6.7
O.p
2.0

(mrem)

7.4
17.5
0.8
1.1
0.1
0.7
0.7
0.1
0.03

($ of total)

25.8
61.0
2.9
3.8
0.3
2.4
2.5
0.3
0.1

case.

Table IV. Cost/Benefit Analysis for Reprocessing IWR Fuel

Case
Wo.

1
2a
2b

2c
3
4
5
6
6c
7

Additional Treatment
(radionuclide removed)

Base case
Ion exchange ( I s )
Hg(WÛ3)2 scrubber .
Hg recycle, I s eyol. ( l2)
lodox, I2 evol. ( l2)
Selective absorption (Kr)
Sand f i l t e r (particulates)
Caustic scrubber (Ru, l4C)
Voloxidation (3H, I8 )
Composite of 1 to 6 (all)
Recycle of gases and
liquids (all)

Annual
Cost

(U.S. ÍIO3)

0
35

404

455
1,635

303
123
998

3,514

45,500

Annual
Total-body
Population

Dose in
88.8-km
Radius

(man-rem)

io4o
965
962

962
818
902
881
438

22

0.7

Cost/Benefit
Ratio

(U.S. ÍIO3/man-rem)

0
0.45
5.05

5.69
7.30
2.16
0.76
1.65
3.45

43.70

aIncludes 3>562,135 people.

la evolution.



reduction in dose is achieved by the addition of a fluorocarbon absorption
system to remove 99$ of the 85Kr and an additional 19$ of the l4C. The
dose is 0.3^ mrem in the composite case. A further reduction to 0.01 mrem
is obtained at a large increase in cost by redesigning the plant to permit
recycle of off-gases and liquids. Only small fractions of the recycled
gases and liquids are treated and released. Similarly, for the HTGR plant,
a small decrease in dose is achieved by adding an ion exchange unit to re-
move 98$ of the iodine from a liquid waste stream, a larger reduction by the
addition of a bakeout and molecular sieve system to remove 99$ of the tri-
tium, and a small reduction by the addition of a sand filter to remove 90$
of the particulates. The addition of a Krypton Absorption in liquid C02

(KAIC) system to remove 99$ of the particulates and 99% of the Kr also
produces a small reduction in dose. The largest reduction is achieved by
the removal of 99/0 of the 14^ by conversion of the retained C03 to CaCCfe.
The population dose within a radius of 88.5 km decreases from lOto man-rem
in the base case to 22 man-rem for the cumulative case for the LWR plant.
The corresponding doses for the HTGR plant are 2360 and 23 man-rem, respec-
tively. The cost/benefit ratios for the reduction in population dose for
the LWR plant vary from $1+50 to $1+3,7OO,OOO/man-rem (Table IV).

The study shows that: (l) the maximum, annual total-body doses at the
boundary of the base case plants are **lk mrem for the LWR plant and 29 mrem
for the HTGR plant; (2) these doses are 2 to k times higher than the numer-
ical guides [U-2 for liquid plus gaseous releases from one EWR reactor in the
United States (however, each reprocessing plant serves -^0 reactors); (3) the
doses could be reduced to ~1$ or less of the natural background dose, if the
waste treatment methods can be developed and applied successfully; and (h)
the capital costs for installing all of the waste treatment methods in the
composite cases (Figs. 1 and 2) are estimated to be less than 8$ of the cap-
ital cost of the base plant, and the annual operating cost, including fixed
charges, is less than 3.2$ of the capital cost for the base plant.

FABRICATION OF LWR FUEL [5]

In the model plant, 1500 t of enriched UF6 (h%
 23BU) are converted

annually to U02 pellets which are sealed in Zircaloy fuel tubes. The wet
ammonium diuranate (ADU) process is used in which UF6 is hydrolyzed with
water and neutralized with, ammonia to form a slurry of ADU in an aqueous
solution of NH4F and ÏÏH4OH. The ADU is separated, dried, and calcined to
form a U02 powder which is pressed into pellets. A dry "direct conversion"
(DC) process is also considered in the reference survey. In the model ADU
plant, pellets and U0s powder that do not meet specifications are treated in
a recycle system where they are dissolved in HNO3. The solution is then
neutralized with ammonia, and the uranium is precipitated as UO4 with H202.
The UO4 is recovered and calcined to form U02. Impure materials, such as
incinerator ashes, are treated in a scrap recovery system to recover the
contained uranium values. The scrap is dissolved in HNO3, the solution fil-
tered, and the uranium recovered by solvent extraction.

The gaseous effluents from process vessels contain small amounts of
UFs, HF, and particulates. The latter contain a spectrum of the radioactive
and nonradioactive materials in the process liquids. Additional particulates
are derived from the drying and calcining operations and from the radioactive
waste treatment units. The ventilation air from the operating areas also
contains particles of radioactive material. In the base case, the process
air is treated with a water scrubber and the ventilation air with a roughing
filter. The off-gases are released through roof vents. However, a ground
level release is assumed for meteorological and dose calculations.
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Fig. I CUMULATIVE ANNUAL COST FOR REDUCTION OF TOTAL-BODY
DOSE AT THE MODEL LWR FUEL REPROCESSING PLANT ( 2 . 4 km)
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Fig 2 CUMULATIVE ANNUAL COST FOR REDUCTION OF TOTAL-BODY
DOSE AT THE MODEL HTGR FUEL REPROCESSING PLANT ( 2 . 4 km)



The liquid waste effluent from the ADU process contains NHiOH and NH^F,
and the waste from the recycle and scrap recovery systems contain MH4NQ3.
Both wastes contain small anounts of U, Th, and Pa. In the base case, the
liquid wastes from the ADU process and the scrap recovery system are filtered
to retain the precipitated radionuelides, and the clarified waste is released
to a holding lagoon where the average retention time is 70 d to allow for the
decay of 234Th, 231Th, and aa4Fa. The waste is then rcixed with other plant
effluents in an equalization basin and released to a river.

238T

The significant radionuclidos ±n the ADU plant are a 3 4U, 33BU, 3 3 éU,
331nU, xTh, Th, and Pa. The uranium has aged several months such

that the parent and daughter radionuclides have reached equilibrium. Most of
the internal dose (inhalation and ingestion) and dose from contaminated
ground is due to S34U, which is the radionuclide which contributes the major
fraction of the alpha activity in the particulates suspended in the off-gases.
The dose from submersion in air comes mainly from 3 3 Su and S34Pa. Since
^ 9 $ of the total-body dose is due to ingestion of radioactivity, 3 3 4U and

U, which account for 93$ of the dose due to ingestion, are the most impor-
tant radionuclldes in the gaseous effluent. The main contributors to dose
from the river water (into which the liquid wastes are released) are 3 3 4U
and 338U. A major contributor from swimming is 234Pa.-

In the base case plant, the maximum, annual, individual total-body dose
from the gaseous waste effluents ai a distance of 800 m is 0.9 mrem. The
dose is decreased by adding a filter (95$ efficiency) in Case 2, a HEPA
filter (99.95$ efficiency) in Case 3, and two HEPA filters (efficiencies -
first filter 99.95$, second filter 99-9$) in Case k. The total-body dose in
Case h is reduced to 1+.6 x 10"s mrem at an annual cost of $1*77,000. The
population total-body doses in a radius of 88.5 Ion from the plant are 1.1
man-rem in Case 1 and 5.5 x 10"s in Case h. The cost/benefit ratio from
Case 1 to Case 2 is $1.36 x 10&/man-rem and is $3-69 x 10e/man-rem from Case
3 to Case k.

The doses from liquid waste effluents are considered after the waste has
been diluted in a river flowing at a rate of 38.8 m3/s. The annual total-
body dose in the base case is 0.07 mrem for eating fish, swimming, and drink-
ing the river water. A number of liquid wa;rte treatment methods are applied
in the advanced cases including: (l) neutralization with lime to precipitate
and retain radioactive materials and fluoride as CaF2; (2) distillation to
recover and recycle the ammonia and water; (z) treatment with ion-exchange
equipment to retain uranium; (k) spray calcination of wastes to decompose
nitrates as a step in the recovery and recycle of HN03; and (5) anaerobic
digestion to decompose nitrates and eliminate the releases of nitrates. With
the application of these methods, the total-body dose is reduced to 1.5 x 10~7

mrem in Case h at an annual prorated cost of $1,11^,000. The prorated cost for
removal of the chemical contaminants (NO3-, NH3, and F~ ) is $92^,000 in the
advanced case.

The study shows that the dose can be reduœd by orders of magnitude and
the chemical contaminants removed by the development and application of addi-
tional waste treatment methods at an annual cost of $2,515,000, which is 7$
of the capital cost of the plant.

FABRICATION OF LWR FUEL CONTAINING PLUTONIUM [6]

In the model plant, 300 metric tons of natural uranium and plutonium are
fabricated annually into "mixed oxide" (k wt$ Pu02-U02) pellets which are
sealed in Zircaloy fuel tubes. The oxide powders are received as feed mate-
rials which are blended and formed into pellets. The plant is also designed



to convert plutonium nitrace solutions from an adjacent fuel reprocessing
plant to PuOa by the oxalate process. The model plant includes a system for
recycling powders and pellets that do not meet specifications and a system
for recovering uranium and plutonium from scrap materials. The ventilation
air from the operating areas is combined with the process gaseous effluent,
and the combined off-gas is treated in the gaseous radioactive waste treat-
ment system. Chemical process gaseous effluents are passed through spray-
type water scrubbers before being released to the gaseous radioactive waste
treatment system. The liquids from these scrubbers, containing traces of
uranium and plutonium as well as nonradioactive chemical constituents, are
added to the liquid radioactive wastes.

liquid waste streams are monitored to determine if they contain radio-
activity. Radioactive liquids are evaporated, and the condensate is recycled
for reuse or discharged, if nonradioactive. Radioactive concentrates are
incorporated in cement. Ko radioactive liquids are released from the plant.

The following assumptions are used to establish the isotopic composition
of the plutonium: (l) the reactor fuel is based on the lifetime, average,
reload fuel requirement for a lOOO-MW(e) plutonium recycle, BWR reactor,
assuming 12 years of plutonium recycle before equilibrium is reached; (2)
the reactor contains 115% of the amount of plutonium present in a "self-
generating" reactor at equilibrium; (3) the fuel burnup is 27,500 MWd/t, the
load factor is 80$, and the refueling cycle is k years; and (k) a 2-year
aging time for the plutonium after the fuel reprocessing step, resulting in
the decay of 241Pu to form 241Am. The major ra&Lonuclides in the plant feed
are 234U, 2 3 EU, 238U, 238Pu, 239Pu, 24OPu, 241Pu, 242Pu, and 241Am. Internal
exposure from inhalation and ingestion accounts for 99$ ot the total-body
dose. Most of this results from plutonium radionuclides (338Pu - 57$ and
241Pu - 27$). Since ~98$ of the total-body dose is due to inhalation of
radioactivity, the plutonium radionuclides, which account for 95$ of the dose
due to inhalation, are the most important radionuclides in the gaseous ef-
fluent of the plant.

In the base case plant, the maximum annual total-body dose at 800 m is
0.0086 mrem, and the bone dose is 0.35 mreiu. The dose is decreased by
orders of magnitude in Cases 2 and 3- Case 2 consists of adding an addi-
tional HEPA filter in series with the two present in the base case. Case 3
consists of recycle Tig 98$ of the air from the alpha enclosures through one
HEPA filter and then back to the alpha enclosures. The remaining 2$ of the
air is treated by two HEPA filters in series before it is combined with the
ventilation air. The combined process and ventilation air is then treated
by two final HEPA filters in series before the air is released. The annual
costs in Cases 1, 2, and 3 are $700,000, $9^0,000, and $1,200,000, respec-
tively. The total-body population doses in the 88.5-km area around the
plant are 1.1 x 10"2, 1.1 x 10"4, and 1.1 x 10~9 man-rem, respectively. The
cost/benefit ratio is $2.2 x 107/man-rem for total-body dose from Case 1 to
Case 2 and is $3.3 x 109/man-rem from Case 2 to Case 3.

The study shows that the doses can be reduced by orders of magnitude at
an annual cost of ̂ 1,200,000, which is ~3$ of the capital cost of the base
plant.

URANIUM MILLING [7]

Mills extract a semirefined, uranium compound (yellow cake) from natural
ores. Typically, 1 t of ore yields 1.8 kg of UaOs product, 1 t of solid
waste, and 1.5 t of liquid waste. The ore is crushed, wet ground, and
leached with H3SO4. Uranium is recovered and separated from impurities in



the leach solution by amine solvent extraction or ion exchange. Finally,
the uranium is precipitated with ammonia and is dried and packaged. The
wastes, called tailings, are pumped as a slurry to a natural basin with a
dam across the opening. The water is eliminated by natural evaporation,
and the solids accumulate over the life of the mill. During the early years,
most of the solids are wet. However, an exposed beach, which is a source of
windblown particles and radon gas, forms with time. After the mill closes,
the pond evaporates or is drained leaving a large expanse of radioactive
sand and crystallized salts. It is desirable to stabilize the tailings
(i.e., cover with earth) to prevent wind and water erosion from transport-
ing tailings off-site. Mills must be considered separately from other fuel
cycle facilities because of the magnitude of the immediate and long-range
problem in managing the tailings wastes.

The ore contains 338U in secular equilibrium with 13 radioactive daugh-
ters and has a specific activity of about 65OO |aCi/t. The 230Th (half-life,
83,000 a) and its nine radioactive daughters, including 22SRa and 332Rn, are
rejected to the tailings waste. Radium and thorium are major contributors
to the dose by the food ingestion pathway. Radon gas diffuses out of the
tailings and becomes airborne where it decays to seven radioactive daughters.

The base-case model mill is typical of an older mill which processes dry
ore. The mill uses the solvent extraction process, treats IBOO t ore/d con-
taining 0.2$ U3O8, has operated ̂ 365 d/a for 20 years, and is located in Hew
Mexico. The tailings pile covers an area of 5 x 106 m2. Viet scrubbers are
used for removing particulates from off-gases from crushing ore (9^$ effi-
ciency) and from handling yellow cake (98$ efficiency). Ho treatment methods
are used to control the resuspension of tailings by the wind from the tail-
ings beach or to limit the release of Rn. After the mill closes, the tail-
ings are stabilized by covering them with 15 cm of earth topped by 15 cm of
rock. The total annual cost for waste treatment is $17^,000.

The maximum, annual, individual doses from airborne effluents at 800 m
are: total-body - 37 mrem and bone - UOO mrem (assuming 100$ consumption of
local food) or total body - 2 mrem and bone - 55 mrem (assuming 0$ local
food). Approximately half the dose is from mill particulates and half from
tailings particulates. With the exception of raising beef cattle, little
agricultural activity occurs in this area, and consequently, it is likely
that less than 30$ of the food would be produced locally. The annual total-
body dose to the population within a radius of 88.5 km is 1 man-rem. After
the mill closes, an interim period occurs after most of the pond has evap-
orated and before the tailings are stabilized when doses are potentially
higher than when the mill is active; for example, total-body - kk mrem, bone -
lj-50 mrem, and lung - 155 mrem at 800 m (assuming 100$ local food) or total-
body - 0.7 mrem, bone - 19 mrem, and lung - 110 mrem (assuming 0$ local food).
Stabilization with 15 cm of earth eliminates resuspension of tailings par-
ticles by the wind but has little effect on the amount of radon released.
After stabilization, the maximum, annual Rn dose to the lungs is 100 mrem at
800 m. Theoretically, the Rn from the model pile is diluted by the atmo-
sphere to 5$ of natural background at 8 km; experimentally, it is not detect-
able beyond 800 m. The annual Rn release from the model pile with a 15-cm
earth cover is ~0.00^$ of the Rn released naturally from the soils of the
conterminous United States.

Many treatment methods were studied for limiting the release of parti-
culates and decreasing the potential for seepage. For example, a case study
could include: (l) more efficient particulate collectors on the mill off-
gas (99.9$ efficiency), (2) a chemical spray to control the production of
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airborne particles from the tailings beach, and (3) permanent stabilization
of the tailings with either a 6.1-m cover of earth or an 0.8-cm asphalt
membrane plus a 60-cm cover of earth. The maximum annual doses (100$ local
food) at 800 m are reduced to: total-body - O.k mrem, bone - 5 mrem, and
lung - 26 mrem from the active mill and tailings area; total body - k mrem,
bone - 35 mrem, and lung - IOU mrem during the interim period after the mill
is closed; and a Rn dose to the lung - 2 mrem after stabilization of the
tailings area. The annual cost for this case is $190,000 or $O.l6/kg ifeOe.
The cost/benefit ratios for total-body dose from Case 1 to this case are
$176,000/man-rem for the ore particulates, $370,000/man-rem for yellow cake
particulates, anel $19,000/man-rem for spraying the beaches with chemicals.
The annual cost amounts to ~1.5$ of capital cost for the mill.

The most cost effective waste treatments in order of priority are: (l)
stabilization oi: tailings and treatment of beach areas, (2) more efficient
ore particle collectors on mills processing dry ores, (3) more efficient
particulate collectors on the yellow cake system, and (h) thicker earth
covers on the tailings piles to reduce the release of Rn. Clay core dams
can be used to reduce the potential for accidental releases and for releases
by seepage. The incorporation of tailings wastes in asphalt or cement is
relatively e:cpensive and has marginal, relative value in an arid environment.

OTHER FUEL CYCLE PIAHTS

Hants for fabrication of HIGR fuel [8] and the conversion of virgin U
and recycle U [9][l0] have also been considered (Table V). The doses esti-
mated for the surrounding population are generally low. The maximum individ-
ual total-body doses in the base cases at 800 m for treatment of gaseous
effluents vary from 0.06.I to 9.9 mrem and in the final cases from 2.7 x 10"5

to 0.019 Direm. Similarly, the population total-body doses vary from 0.52 to
9.3 roan-rem in the base cases and from 3̂ 2 x 10~4 to 0.12 in the final cases.
The cost/benefit ratios vary from $1.3 x 10s to $̂ .3 x 103/man-rem. Annual
costs are less than 8$ of the capital costs for the plants.

CONCLUSION

The studies indicate that: (l) in the base cases, the estimated dose to
the individuals surrounding many of the fuel cycle facilities is less than a
few percent of the natural background dose (100 mrem) at sea level. For the
reprocessing plants and the operating mills (excluding the tailings areas)>
the maximum annual total-body dose at the plant boundary is 1^ to 29% of
natural background. (2) The annual doses can be reduced to low fractions of
the natural background dose by the successful development and application of
radioactive waste treatment methods. (3) The capital costs for tie treatment
methods vary from 0.02 to Q% of the capital cost of the base plants, and the
total annual costs (fixed charges plus operating costs) vary from 0.009 to
7.0$ of the capital costs for the plant (excluding the tailings area at mills).

R E F E R E N C E S

[l] Final Environmental Statement Concerning Proposed Rule Making Action:
Numerical Guides for Design Objectives and Limiting Conditions for
Operation to Meet the Criterion "As Low As Practicable" for Radioactive
Material in Light-Water-Cooled Nuclear Power Reactor Effluents,
WASH-I258 (July 1973).
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Table V. Summary of Surveys on HTGE Fuel Fabrication and
Uranium Conversion Plants

HTGR Fuel Fabrication Uranium Conversion

Fresh Fuel Recycle Fuel Virgin U Recycle U

Capacity, t/a

Feed

Product

Major isotopes
(biological
effect)

Stack height, m 10

225

6 (9336 3 3 Bu) uo2 (W03 ) 2
Th(N03)s-6H20 ThOa

Graphite fuel containing UC2,
U0 a, ThO2 microspheres

3 a aU, 3 3 3U,
3 3 4U, 338Th,
S 3 4Ra

100

10,000

U3O8

(yellow cake)

UFs

1500

UQ3 (WO3 )s

UF6

y U
330Th, 333Th.
3 3 0Rn, 338

K a T
334TI 236. .
33aU, 283Rn

g ,
Maximum annual individual total-body dose at 800 m (airborne)

333 u

335TI 23STT

S 3 8 U , 3 3 8 P u

50

Base case
(mrem)

Fiaal case
(mrem)

O.lU . 0.2
( l .6xlO" 3 ) c

8.5 x 10"B 2.7 x 10"
(0)a

9.9 6.1 x 10~3

(7.1xlO-3) c

1.9 x 10~s 9.6 x 10"B

(0)a

Base case,
man—rem

Final case,
man-rem

Total-body dose to populf.sion in 88.5-km radius (airborne)

7.50.52 7.5 . 9-3

3.2 x 10~4 1.1 x 10~3 0.12 2.1 x 10'3

Increase of annual cost from base case to final case ($1000)

2.3 x 103 9.7 x 102 1.9 x 103 1.1 x 103

Cost/benefit rat io of final to base case (airborne)

ao radioactive liquids released.

Dry process.
CIiquids released to 36.8 m3/s r iver.

Individual
total-body
dose
($1000/mrem) (2.9 x 10*)C

Total-body
Population dose
($1000/mar-
rem) k.3 x 103

^.8 x 103

1.3 x 10a

1.9 x 10s

(6.5 x 103)

2.1 x 1Ó3

c 1.9 x 10*

8.2 x 108
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