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FOREWORD

The generation of electricity by light-water-cooled nuclear power
reactors using enriched uranium for fuel is experiencing rapid growth in
the United States. This increase in nuclear power reactors will require
similar growth in the other activities that must exist to support these
reactors. These activities, the sum total of which comprises the uranium
fuel cycle, can be conveniently separated into three parts: 1) the
operations of milling, conversion, enrichment, fuel fabrication and
transportation that convert mined uranium ore into reactor fuel, 2) the
light-water-cooled reactor that burns this fuel, and 3) the reprocessing
of spent fuel after it leaves the reactor.

This report is one part of a three-part analysis of the impact of
the various operations within the uranium fuel cycle. The complete
analysis comprises three reports: The Fuel Supply (Part I), Light-Water
Reactors (Part II), and Fuel Reprocessing (Part III). High-level waste
disposal operations have not been included in this analysis since these
have no planned discharges to the environment. Similarly, accidents,
although of potential envirommental risk significance, have also not been
included. Other fuel cycles such as plutonium recycle, plutonium, and
thorium have been excluded. Insofar as uranium may be used in high-
temperature gas-cooled reactors, this use has also been excluded.

The principal purposes of the analysis are to project what effects
the total uranium fuel cycle may have on public health and to indicate
where, when, and how standards limiting environmental releases could be
effectively applied to mitigate these effects. The growth of nuclear
energy has been managed so that environmental contamination is minimal
at the present time; however, the projected growth of this industry and
its anticipated releases of radioactivity to the environment warrant a
careful examination of potential health effects. Considerable emphasis
has been placed on the long-term health consequences of radioactivity
releases from the various operations, especially in terms of expected
persistence in the environment and for any regional, national or world-
wide migration that may occur. It is believed that these perspectives
are important in judging the potential impact of radiation-related
activities and should be used in public policy decisions for their
control. 4

Comments on this analysis would be appreciated. These should be
sent to the Director, Criteria and Standards Division of the Office

of Radiation Programs.
9, P (hn-e__

‘ W. D, Rowe, Ph.D.
Deputy Assistant Administrator
for Radiation Programs
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PART III ~ NUCLEAR FUEL REPROCESSING

INTRODUCTION

Economic analyses performed both by the AEC and by commercial
investors have concluded that the economical generation of electric
power by'nuclear plants requires that valuable isetopes of uranium and
plutonium be recovered ffom spent reactor fuels for re-use in new fuel
elements. Recovery of uranium and plutonium involvee mechanical
chopping of spent'fuel elements into small pieces and placing them in an
acid diseolver to separate the spent fuel from its metal cladding prior
to chemical separation of useful isotopes from waste products by some
adaptation of the Purex solvent extraction process. This operation
results in the controlled release of fission products and other
radioactive waste materials which accumulate in the elements during
burnup in the power reactor. Since the quantities of these waste
materials are large, considerable care is taken to assure thet the fuel
elements‘maintain integrity through the cycle in the reactor. In
essence, therefore, the fuel reprocessing step breaks this carefully
constructed barrier and, as a consequence, represents the main source of
radioactivity from the nuclear power industry which could potentially
enter the environment.

Many complex technoiogical, environmental, and biological factors
are involved in judging the impact of radioactivity on the environment.
Tt is the purpose of this analysis to examine these factors with respect
to fuel reprocessing requirements over the next several decades in terms

of Ehe potential public health and environmental risks involved.
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The main objectives of this review are twofold: (1) to determine the
population health risks and the cost effectiwveness of‘ﬁaste controls
relating to these risks for the present and future nuclear fuel
reprocessing industry, and (2) to document the data base and techﬁiques
for assessing the environmental impact of(the fuel reprocessing industry.
A number of-considerations are involved in accomplishing these objectives.
These include forecasts of fuel reprocessing requirements through'the
?ear 2020, a detailed analysis of effluent control systems, the environ-
mental transport of radionuclides, and considerations of the resultant
dosesvand health effects. The data base and techniques used for these
-analyses are presented in detail in the appendixes of this report.

These studies are based on the performance of a hypothetical-
reprocessing plant having characteristics typical of plants now under
construction. This model plant was used to evaluate potential
reductions in health effects for various controls that limit the release
of radionuclides to the environment. Control system costs were
cénsidered as well as .their relation to total plant costs. These
analyses were then expanded tghpfoject the impact of éll the nuclear
fuel reprocessing operations expected in the United Sta#es up to the
year 2020. Doses and world wide health effects have been estimated on
the basis of projected nuclear power production and anticipated
radioactive effluent control techniques. Only the.contribution from
United States reprocessing facilities and only the most significant

radioisotopes, in terms of total effect and persistence in the



environment, have been considered in this analysis. Major changes in
normal operating procedures, such as shorter cooling time (storage
between fuel discharge from the reactor and initiation of reprocessing)
should significantly affect local and regional doses but would not
appreciably-affect national and world impact. !

Three reprocessing plants, with an estimated combined annual

' ; Q_//’//
capacity of 2,700 metrig tons of uranium (MTU), are expected to be in

T SO

e s sttt

operation in the United States in the next several years. The fuel
reprocessing industry is expected to increase along with nuclear power
growth to about 50 to 60 plants with reprocessing capacity of about
80,000 MIU per year projected by the year 2020.

Uﬁ to the present, only one commercial facility has been
operational, but is now shut down for modification. This is the Wuclear
Fuel Services plant in West Valley, New York, with a capacity of 1 tonne
of uranium per day. Processing of spent nuclear fuel was initiated in
1966 and continued with sporadic interruptions until December 1971 when
the plant was‘shut’down_to permit éxpansion of processing capability
whiqh will increase plant capacity to 3 tonmnes per day. The plant is
located oﬁ a 3,300 acre tract owned by the State of New York in Ashford
Township, Cattaraugus County, New York (Ref. . 'Bﬁffalo, New York, is
26 miles from the plant énd several of its southern suburbs are within a
25 mile radius. Considerable dairy farming and other agricultural
activities afe conducted close to the site. New York State conducts a
comprehensive monitoring program around the facility including daily raw

milk surveillance (Ref. 2 and 3). Extensive studies have been conducted



at this facility by EPA and its predecessor organizations (Ref. 4, 5, 6,
and 7).

Two other piants are under construction. The Midwest Fuel Recovery
Plant is a toﬁﬁe per day plant located at Horris, Illinois, adjacent
to the Dresden Nuclear Power Station on privately owned property (Ref.
8).. The General Electric Company, which has received a permit to store
spent fuel and process unirradiated fuel, owns and operates the plant.
Operations with -irradiated fuel ffom nuclear power reactors will
probably be started during the summer or fall of 1973.

The closest bopulatioh center is Joliet, Illinois, 14 miles from the
plant. Part of the city of Chicago is included within a 50-mile radius
of the plant, thus significantly increasing the local population of
concern. Offsite concentrations must be evaluated in\terms:of a
multiple source since the three Dresden reactors are in close proximity.

The Barnwell Nuciéar Fuel Plant is designed to reprocess 5 tonnes of
uraﬁium fuel pef day (1,500 tonne per year), and is located adjacent to
the.Savannah Riﬁer Laboratories (SRL) in Barnwell County, South
Carolina, on privately owned property (Ref. 9). C&nstruCtion of this
facility vas begun during the‘spring of 1971, and the projected
completion date is 1975.

vAugﬁsté, Georgia, which is 31 miles from Barnwell, is the nearest
populatidn’center. The population within 50 miles of the facility is
about 500,000 or a factor of 10 below the corresponding population at
Midwest. Additional site characteristics of these three facilities are

presented in table 1.
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The Western Interstate Nuclear Board has been assessing the need for
a fuel reprocessing facilify in the Western fegion. It has concluded
that such a facility will be required in the late 1970's but may be
profitable during the middle 1970's (Ref. 10).

EFFLUENT CONTROL TECHNOLOGY

Current practices and effluent control measures in the nuclear fuel
reprocessing industry are not totally indicative of the workload and
performance to be expected in new plants coming online during the period
discussed in this report (1970-2020). Because newer designs will differ
substantially from the first coﬁmercial facility, Nuclear Fuel Services,
presestly available performance data are of limited use in predicting
environmental releases. The two newer plants, the Midwest Fuel Recovery
Plant at Morris, Illinois, and the Barnwell Nuclear Fuel Plant at
Barnwell, South Carolina, are far enough along in their design and
construction to provide some idea of what the cost and expected
performance characteristics of new plants may be. Both of these plants
will utilize the recycling of liquid wastes so that in theory the only
radioactive liquid discharges will be from spills, accidents, or leaks.
The tritium present in the fuel will be released as a stack gas. This
approach is in contrast to the NFS facility which uses a system designed
to release low-level radioactive liquid wastes into the environment.

Waste control systems under construction for use in fuel
reprocessing plants and their costs are described in appendix B. The
design of NFS and the two plants under construction calls for the

release of radioactive krypton-85 as stack gas, although the owners of



Midwest and Barnwell have indicated é willingness to add krypton removal
equipment when if is considered practical (Ref. B-38 and B-39). Rgmoval
efficiencies of at least 99% are expected for such systems, although an
efficiency of 99.9% has been claimed by some vendors (Ref. 12). Other
effluent control systems to be incorporated in these plants will include
ibdine removal systems, wﬁich are expected to retain more than 99.97 of
'thé iodine~129 and iodine-131, and particulate filters which should
reduce releases of the actinides (particulate forms) by a factor of 103
greater than the decontamination which is effected by the chemical
separation process. While the-operating experience at NFS confirms the
effectiveness of particulate filters (Ref B-41), the anticipated
efficiency of silver zeolite which provides backup to the aqueous
scrubber iodine removal systems has not been verified in operational
situations. The experience at NFS with a different but modern iodine
recovery system has not been‘as good as orginally predicted (Ref. B-40);
:this equipment is now being replaced with a silver zeolite system. The
radionuclide feleases used in this report are estimates based on current
knowledge of the capability of waste control technology. Technological
.innovation in waste control systems may reduce projected releases, while
maintenance pfoblems in aging équipment may result in increased

environmental contamination.



RADTOLOGICAL IMPACT OF A REPESENTATIVE PLANT

The assessment of the local, regional, or worldwide radiological
health impact that may result from operation of a particular source or
distribution of sources of radioactive pollutants is dependént upon a
number of assumptions. The calculational models used are generally
categorized as follows:

1. Source term models.

2., Environmental transport models.

3. Dose models

4, Risk models.

Source term modeling includes assessments of pollutant generation
rates, inventories, and physical and chemical characteristics and
release rates to the hydrologic or atmospheric carrier.

The environmental transport model permits an estimate of the media
(air, water, food chains, etc.) concentrations at a particular point in
the space-time continuum. These models considered all important
pathways from the source to the receiver.

The dose model allows an estimate of the energy deposition and biological-
effectiveness in a biological system that results from exposure to the media
concentrations. It considers such variables asvingestion rates, in-vivo
distributions and biological half-life, and energy deposition in critical
organs.

The risk model provides for estimation of biological effect
resulting from doses due to ionizing radiation.

A useful approach fo evaluating the potentiél environmental impact
of fuel reprocessing plants and rélated control costs is to consider a

single plant which is representative of current technology and design.



Such a representative plant has been assumed to have a capacity of 5
tonnes per day, or an annual capacity of 1,500 tonnes over an operating
lifetime of 40 years. The fuel mix to be processed was assumed to
consist of equal amounts of uranium and plutonium»fuel. Of the residual
waste product and fissionable material in the fuel, only the foilowing
specific radionuclides are considered in this analysis: krypton-85, .
tritium, iodine-129, iodine-131, plutonium-239, and other actinides.

The release of other nuclides into the enviromment is anticipated.to be
less than one part in 108 and will not produce health effects comparable
to those produced by the nuclides considered here (Réf. D-8), although
the situation for ruthenium is unclear at present.

Projectéd amounts of the radionuclides in spent fuel are‘given in
table A.2 through A.4, appendix A, Liquid radioactive releases are
assﬁmed Eo be insignificant, and all environmental releases are assumed
to be via the air pathway. The population within 80 km of the model
plant Wasbestimated to be 1.5 x 106 people by the year 1980 and was
projected to double during a 40-year plant operating life (see appendix
D). Using these assumptions, annual dose rates from the various
nuclides were calculated (appendix D) for individuals located 3
kilometers from the plant, and both annual and total pépulation dosés,
measured in person-rem, were determined for: (1) the population within
80 km of the plant, (2) the total United States population excluding
those persons residing within the 80 km zone, and (3) the world
population excluding thé.United States. These doses are listed in table

2. For tritium, most of the United States population dose results from



Radionuclide 1/

Projections of Average Annual Population Dose
from a 5 MT/Day Nuclear Fuel Reprocessing Plant

10

TABLE 2

Average Organ Dose from One Year's Release for 1980 Startup

Critical mrem/yr. man-rem/yr. man~rem/yr. man-rem/yr.
Source Organ @ 3 km Regional U. S. World (less U.S.)
Kr-85 ~Whole-body 0.38 24 520 8,100
Lung 0.75 47 1,000 16,000
Skin 13 - 790 17,000 273,000
Gonads 0.50° 14 300 4,700
H-3 Whole-body 3.2 200 3,700 1,100
- Gonads 3.2 100 1,800 570
I-129 Thyroid— 1.4 2.3 2 -
infant
Thyrotd- A 27 85 -
‘adult
1-131 . Thyroid- 13 20 - -
- infant
"Thyroid- .8 53 - -
adult
Actinides Lung 1 64 400 -

1/ Decontamination factors used are 1.0 for Kr-85 and H~3, 1000 for the iodines

and 109 for the actinides.
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nationally deposited tritium rather than from the worldwide distribution
of tritium. However, most of the‘United States population dose from
krypton~85 is due to the worldwide distribution of this isotope.

Local and regionél population doses couid Qarf‘considérably due to
differences in.the.population distributioﬁs andﬂmeteqrological
conditions around specific plants as.well as variationshin efficiency of.
effluent control equipment. Howevef, estimated national doses are
probably conservative. The projected world doses are probably correct
within a factor of five unless decontamination factors change by'largg
amounts.

The estimated health effects (in terms of cancer induction and/or
mortality) for a single 5 MTU/day reprocessing plant operating over 40
years are given in table 3. These values are based on the population
doses in table 2 and dose-effect conversion factors presented in |
appendix C. The dose-effect conversion factors are based on a récent
study ﬁerformed by the National Academy of Sciences and use the
assumption of a linear non-~threshold dose-effect relationship. This
éssﬁmption is considered prudent for decision making. The health
effects were projected onrthe basis of the total dose irreversibly
committed by environmental releases, and include the effects of
extremeiy long~lived radionuclidgs for the first - 100 years. The
individual risk calculation assumes that an individual resides 40 years
at a location 3 kilmeters from a reprocessing plant and also obtains his

food and water from this location.
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TABLE 3

Projections of Total Health Impact

from a 5 tonne/Day Nuclear Fuel Reprocessing Plant

Estimated Induced.Health Effects for 40 Years of Operation

Radionuclide Critical Individual Regional United States World
. Organ @ 3 km Population Population Population . Total
_ ) ‘ . N
Kr-85 Whole~body 6_.0x10~-6 0.38 8.3 130 140-/
Lung 1.5x10-6 0.095 2.1 32 32
3
Skin 1.5x10"6 0.095 2.0 32 3
E 2
Gonaded/  6.0x1076 0.17 3.6 57 612/
B-3 Whole-body 5.2x10™° 3.3 59 18 gol/
Gonadsd/  5.2x10™° 1.2 22 6.9 302/
4/
1-129 Thyroid- .012 .024 - .04~
: infant -7
' 7.4x10
4
Thyroid- .02 12 - .14—/
adult
» 4/
I-131 Thyroid- .12 ‘ - - 12—~
infant 4.5x10 -6 .
* Thyroid- .04 - - ou2!
adult
. -6 ’ __2_/
Actinides Lung 2.0x10 0.13 0.4 - 0.5

1. 50% Mortality

2. Very high Mortality

3. Low or Zero Mortality

4, Probably less than 25% Mortality
5. Genetic zffects only.
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About two-thirds of the health effects are estimated to accrue to the
world population outside the Uhited States, but for this grdup, the indi-
vidual dose rates are extreﬁely small'(much less that one millirem per year).
The regional population group incurs about 25% of the total effects, but

receives larger individual doses than experienced'by the world population group.

CUMULATIVE RADIOLOGICAL IMPACT OF THE INDUSTRY

“In addition to determining the impact of individual plants, the
radiological impact of the eﬁtire United States nuclear fuel reprocessing.
industry was assessed. This total industry impact assessment considered
the total accumulation of the long-lived isotopes and the health effects
Which can be attributed to them. A determination was made of the total
eﬁvironmental buildup of long-lived environmental radionuclides resulting
from operations of the United States industry through the year 2020.
These accumulations are shown in figure 1 and represent the estimated
cumulative environmental inventories of tritium, kryﬁton—SS, iodine~129,
and plutonium-239. These inventories determine the magnitudes .of doses
and of future health effects resulting from such cumulative envirommental
contamination.

Health effects attributable to the presence of these radioisotopes‘in
the environment were considered in terﬁs of the cgmulative health‘effects
that will be caused in the future due to release of these isotopes during.
one year of operation of the entire industry, as well as for the
.accumulated inventories shown in figure 1. |

Figures 2 through 5 represent the estimated health effects that'will
be committed by the environmental buildup of certain long-lived

radionuclides if the industry is allowed to operate through a given year

at the plant decontamination factors typical of current design (1.0 for
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10 Figure 1. Cumulative environmental buildup of
radioisotopes released from total U.S, Kr-85
" fuelreprocessing industry '
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HEALTH EFFECTS DUE TO TRITIUM
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Figure 2. "Estimated pas‘t and future health effects
_ committed by tritium releases from the
United States fuel reprocessing industry
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HEALTH EFFECTS DUE TO KRYPTON-85

16

- Figure 3. Estimated past and future health effecis

committed by krypton-85 releases from the
United States fuelreprocessing industry
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HEALTH EFFECTS DUE TOIODINE-129
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Figure 4. Estimated past and future health effects
committed by iodine-129 releases from the
United States fuelreprocessing industry
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HEALTH EFFECTS DUE TO ACTINIDES
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Figure 5. Estimated past and future health effects
committed by actinide releases from the
United States fuelreprocessing industry
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tritium and krypton-85, 10° for iodine-129 and 10° for the actinides).
For example, in figuré 2 for tritium, if all tritium is released from
fuel reprocessing plantSIWith_a decontamination factor of 1.0, then by
the.year 1990, the graph shows that three estimated health effects will
have been committed by exposures received pfior to 1990 and nine
estimated health effects Will 5e caused By.exposures beyond 1990 from
‘the quantity of tritium already in thé environment in 1990. By the year
2020, 105 health effects will have been committed by past exposures to
tritium and:250 estimated health effects will be ecaused by future
exposures to past releases.

Future health effects for tritium and krypton-85 are éstimated
assuming the complete decay of the quantities present. For iodine-129

241

241 Cm) only the

and the actinidés (238Pu, 239Pu, zquu, 241Pu, Am,
first hundred years of exposure beyond the time of interest are considered
for estimating health effects. The calculational techniques used are
"described in appendix D:

These curves demonstrate a rapid change in the environmental impact
of the fuel reprocessing industry, especially after'the>1980's. They
indicate that if repfocessing plants continue ﬁo release radioactive
material, especially krypton-85 and tritium, at current levels éf
emission (which are well below current regulations), an environmental
burden of radiocactive material will accrue which'preSumably c¢ould result

in a significant number of avoidable health effects. Iodine~129 and the

actinides have extremely long half-lives, and could impose additional
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health risks for future generations if they remain in the biosphere

beyond the 100 years assumed for this analysis.

ECONOMICS OF HEALTH EFFECTS REDUCTION AND EFFLUENT CONTROL

The fblloﬁing'economic considerations apply to a siﬁgle
represéntative 5 tonne/day fuel reprocessing plant. Industry totals, as
applicable, are obtained by multiplying by the number of projected
plants (appendix A).

The fragtional cost of fuel reprocessing in terms of total energy
cost was derived. At present, the value of plutonium is approximately
$7-8/gram while the value of uranium, in the form of oxide, is about
$.02/gram. For a typical 1,000 MW(e) nuclear power plant, costs of all
aspects of the fuel cycle from mining through waste disposal represent
about 18% of the total costs of power (Ref. D-16). The reﬁrocessing
portion alone represents about 7% of the total costs of the fuel, or
1.3% of the cost of power generation (Ref. D-16). The capital
investment for the Allied-Gulf Company's Barnwell Fuel Recovery Plaﬁt &
tonne/day capacity for U0, and U0, + Pqu fuels) is approximately $80
million. A plant of this size is capable of processing fuel from
approximately 40 to 50 power reactors, each of which cost $300 to 400
million. Since the only reason for fuel reprocessing is to supporﬁ
electric power generation by reactors, it is apparent that neither‘
reprocessing nor:substantial emission control cost could significantly
alter the cost of power production.

Operating costs for a 5 tonne/day plant have been estimated to be

about $13 million per year when operating at full capacity. Of this,



21

approximately $3 million is for labor. State and local taxes, insurance
and interim replacement can give rise to an estimated‘additional annual
expense of about $2.4 million. The capital costs associated with
environmental studies, research; and construction ié reported to
approach 307 of the capital costs of the plant, much of which has
already been incorporated in plants appropriate for reprocessing fuels
used in tﬁé uranium cycle. For the plutonium cycle,'the le§e1 of
,invéstment.for environmental considerations is anticipated to bé about
twice that for processing of uranium-cycle fuel. Present effluent
treatment cgpital costs are estimated to be approximately 6% of the
total capital costs. |

‘ Table 4 summarizes, for a model plant, the estimated health effects
to the world's population attributable to 40 years of operation and fhe
‘total costs of waste confrol systems for the four isotopes considered in
detail by this analysis. These total costs were.computed assuming an
effective interest fate of 24%, a debt lifetime of 20 years and the
operating éosts of the system over the projected life of 49 years. A
7.5% discquﬁt factor was used to estimate the present worth of these
costs. From thése valueé, the cost effectiveness of the individual
component systems for control of emissions have been calculated. The
health effects reduction as a function of system cost is displayed in
figure 6. From these data, the overall cost efféctiveness of combined

systems is generated and is displayed in figure 7 for health effects to

the world's population,
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Certain waste product removal systems are already incorporated in
present plant designs. These include provisions for filtration of
particulates, includiﬁg the actinides, and for reduction of iodine
emissions. As is shoﬁn by the figures, krypton removal systems are
almost equally as cost effective as contfol systems for iddine which are
_currently incorporated into plant designs when viewed, in terms of the
.worldwidé population. Tritium removal systems are less cost effective,
on the same basis.

Some of these conclusions may be modified as the underlying bases
are ch;nged. For example; if the calculations are based on mortality
rather than totai health effects, the relative cost effectiveness of
iodine and krypton removal systemé are interchanged. Similarly, if the
calculation is based on regional effects rather fhan world effects, the
cost effectivéness of all systems except that for control of actiﬁides
is sharply reduced. These results are described in more detail in
appendix D.

SUMMARY 'AND CONCLUSIONS

The foregoing analysis of the potential environmental impact of the
fuel reprocessing industry, and of the feasibility of minimizing this,
has involved consideration of:

1. projection of nuclear ﬁower demand and associated speht fuel

-inventories expected to be reprocessed,
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2, the present and pdtentially available technology for fission
product removal including estimates of costs based on iInitial cost

and operating expense,

3. the distribution throughout the environment of certain
~radionuclides released during normal operation and the resultant

doses to the regional, national, and world populations, and

4. estimates of the statistical relationships of population
exposure for specific radionuclides and the number of health effects

expected to be associated with these.
The major conclusions derived from these considerations are as follows:

1. the fuel reprocessing industry, as an intergral part of the
entire nuclear power industry, can be treated as a separate entity
for purposes of evaluating its contribution to the overall release

of radionuclides to the environment,

2. the quantites of certain radionuclides which may be released, if
industry growth projections are substantially correct, are large.
Consequently, the reprocessiné step represents the point in the
nuclear fuel cycle where the consequences of release of the long~-
lived isotopes, such as tritium, krypton—-85, iodine-~-129, and

plutonium 239 should be carefully considered,
G
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3. the consequences of the buildup 6f very long-lived radionuclides
(such as iodine-129 and plutonium-239) from the fuel feprocessing
industry can produce cumulative and irreversible environmental
levels which can be projected to cause adverse health effects on a
national and worldwide scale. The consequences of the release of
- the shorter-lived isotopes, while possibly more severe on a shqrt—
term scale, are more easily reversed by effective control

techniques,

4, control technology exists to reduce emissions of these materials.
During the near-term future, all the tritium and krypton-85 produced
during the fission process will be released to the enviromment
during the reprocessing stage. Some control currently is applied
for iodine and plutonium releases. Control technology to achieve
confinement of krypton is essentially developed and some reduction
for neariy all radioisotopes would appear feasible on a long-term

basis,

5. removal'of plutonium and other actinides is the most cost
effective method of health risk reduction. Next in order of
effectiveness are systemé for removal of krypton and iodine which
are about equal from a cost effectiveness standpoint. Tritium
control technology is least cost effective at the present time, but

future developments should be pursued to alleviate this problem,.

@
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6. available data allows an estimate of the incremental additional
cost to the cost of nuclear production of electricity from the
imposition of waste control systems at fuel reprocessing facilities
to be about 0.1 percent of the total present.cqst to the producer of

electricity,

7. evaluation of the total environmental impact of fadioactive
effluents requires a consideration of dose commitments beyond those
delivered immediately in the site area, and, because of the lohg life
of those materials in the biosphere, must include the exposures to
nationai and world populations, beyond those delivered in the year

of release, and

8. althoﬁgh the estimated health impact from the operation of a
single 5 tonne/day reprocessing facility is relatively small,
extrapolation of the industry as a whole over the next 50 years of
operatioh indicates that long-term cumulative effects may be quite

large.
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11.
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APPENDIX A~

SPENT NUCLEAR FUEL RADIOACTIVITY FORECASTS






1I.

INTRODUCTION

As a starting point in the assessment of the radiological

impact of nuclear fuel reprocessing plants on the general

population, an estimate of the total quantity of radioactive

materials present in spent fuels produced by nuclear electric

power generation must be obtained.

These estimates are bésed primarily on the pfojected
electric power demand and on the fraction of that demand
expected to be safisfied by nuclear plants. To some extent,
they are also contingent on the projected number of various
reactoritypes resultiﬁg in differing am&uhts of tﬁe various
radionuclides produced. The annual reprocessing radioactive
waste and product inventories for specific nuclides are
forecast through the yeér 2020.

SIZE AND SCOPE OF THE U.S. INDUSTRY

Electrical power demand forecasts for the United States,
the.fractional amount expected to be_produced by the nuclear
industry through the year 2020 as used in this study, are
summarized in table A.1 (Ref. A-1 and A-2). .

The isotopic coﬁposition of nuclear.fuels is expected to
change over the next several decades. Presently uranium-235

is the most widely used reactor fuel material. However, the

and

expected increase in energy demand, coupled with the inefficient

utilization of the fissionable material by reactors as currently

designed, would deplete the available low-cost natural uranium

resources, which contain only about 0.7% uranium-235, by the
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end of the century. Other fissionable materials, plutonium-

‘239 and =241 and uranium-233, are then incréasingly expected to be
used to meet long-term power requirements since these can be
produced as byproducts of reactors generating electric power;
i.e., plutonium-239, -241 from uranium-238 and uranium-233 from
thorium-232,

The types of reactors are also expected to be altered as
technology advances. Currently, in the United States, most
nuclear power plants'use light-water—cooled reactors (LWR) of
two types, pressurized water reactors (PWR) and boiling water
reactors (BWR). These are fueled with natural uranium slightly
enriched to give an isotopic composition of approximately
3% uranium-235 and 97% uranium-238. In the future, many of
these LWR systems are expected to be partially fueled
with recycled plutonium instead of uranium-235.

Light water reactors are inefficient producers of plutonium;
the ratio of the amount of fissionable plutonium produced to
the amount of fuel consumed (the conversion ratio) is about 1:3.

.-More efficient reactor types, namely converter reactérs which
produce nearly as much fuel as is used, and breeder reactors,

which produce more fuel than is used, are expected to become

a significant part of the nuclear power industry after the

year 1985. Examples of tliese two reactor types most likely -
to be used are.the high temperature gas-cooled converter
reactor (HTGR) fueled with uranium-233 and uranium—235, and the
liquid metal fast breeder reactor (LMFBR) fueled with

plutonium,



Knowledge of fhe relative numbers of each type of reactor
is important primarily for determination of the total Quantities
of the actinideé'produced per unit of electric power geﬁeraﬁion.’
Fission yields for most of the other elements of interest remain
nearly constant for all fissionable materials of interest. For
this study, a mix of reactor types as given in a study by the
AEC (Ref. Arl) was used. Power capacity values were converted
to power generation values by using a 64% load factor
(percent of maximum available power utilized). These were
then converted to tomnes of fuel discharged in any given year
by using data on power generated two years earlier, a thermal
efficiency of 0.35, and a burnup of 33 GWd per tonne'of fuel:

tonne of fuel discharged per year = (gigawatt (GW))

. power generated 365 days
power capacity) x (0.64 power capacity ) x ( Jear ) %
(l Thermal power (t)) % Gl_ tonne fuel

0.35 electrical power (e) 33 GW days (t))'

A summary of spent fuel projections by reactor type and
total amounts is given in table A.l. The number of fuel
reprocessing planté necessary to service the nuclear power
industry was estimated by using these spent fuel projections
aﬁd‘the assumption that each fuel reprocessing plant will
handle 5 tonne‘of spent fuel per day (equivalent to
1500 tonne/year). These numbers were also summarized in

table A.1 for 5-year increments.
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The uncertainty in the above total nuclear electric
power generation values and total spent fuel discharge values
after 1980 is estimated to be less than a factor of two. The
distribution by reactor types may have a somewhat larger
uncértainty.

QUANTITIES OF RADIONUCLIDES IN SPENT REACTOR FUEL

There are three types of radioactive material present
in spent reactor fuel: fission products, activation products,

and actinide isotopes. The quantities of specific radionuclides

present are primarily determined by fuel type, amount of

burnup, and time of cooling (time between removal from the
reactor and reprocessing).

Tables A.2 and A;3 show quantities of the potentially
significant fission product and activation radionuclides present
in one tonne of spent fuel with 33 GW(t)-days burnup and 150 days
cooling time. fhese values (adapted from Ref. A-2) are considered
reasonably representative of all nuclear fuel types. There is
indication that cooling times shorter than 150 days may be used for
some fuel cycles in the future, since quicker recycling of the
recovered fuel produces an economic benefit. This would
significantly ;ncrease the amounts of shorter-lived radionuclides
in the fuel and available for release, but would not affect the
long~lived fission product inventories.

The amounts of actinides estimated to be present in -

uranium fuels and plutonium-recycle fuels are given in
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TABLE A.3
Representative Quantities of Potentially
Significant Activation Products in Spent Reactor Fuels

(Adapted from Reference A-2)

Half~life Curies per Grams per Release

~ Isotope (years) tonne tonne stage
‘Mn-54 0.86 30,000 3.9 Solid
Fe-55 2.7 20,000 8.3 . Solid
Fe-59 0.12 500 01 Solid
Co-58 ' 0.20 30,000 1.0 Solid

Co-60 5.26 2.000 1.8 ~ Solid

Based on 33 GWd(t) burnup/tonne

150 days cooling time
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table A.4 (Ref. A-2 to A-8). It was assumed that all fuels
(including those used in HTGR's) other than uranium-235 fuels,
can be considered equivalent to plutonium-recycle fﬁels.
This introduces an uncertainty in these values proporfional
to the deviation from this assumption.

Based on the amounts of spent fuel to be processed, and
on the estimated quantities of radionuclides pef tonne of
spent fuel, the projected annual quantities of several'of
the most significant radionuclides in fuel to be processed
were calculated and are presented in table A.5.

Based upon plant decontamination factors appropriate for
control systems presently incorporated in fuel reprocessing
facilities [109, 103, 1 and 1 for airborne pollutants (actinides, -
iodines, krypton, and tritium, respectively)], the annual inventories
showﬁ in table A.5 can be used to project the buildup of long~lived
radionuclides in thekenvironment as a result of fuel reprocessing.
The estimated buildup of tritium, krypton-85, iodine-129, and
plutonium-239 are shown in figufes A.l through A.4. Estimates of the
environmental levels for time periods beyénd 2020 by extrapolation
of these curves is inappropriate. Detailed discussion of the
status of system decontamination factors is presented in

appéndix B.
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TABLE A.4
Representative Quantities of Actinides Present in Spent Reactor Fuels

(Adapted from References A-2 to A-8)

Half-life Uranium fuels Pu-recycle fuel

Isotope (years) Ci/tonne g/tonne Ci/tonne g/tonne
U-235 710x10° <1 8,000 <1 3,000
236 24x108 <1 4,000 <1 1,500
238 4510x108 <1 950,000 <1 950,000
Np-237 2x106 <1 600 <1 200
Pu-238 86 4,000 230 6,000 340
239 24,400 500 8,100 750 12,000
240 6,580 650 2,900 1,000 4,400
241 13 150,000 1,300 300,000 2,600
242 379,000 2 510 5 1,300
Am-241 458 750 230 2,000 620
243 7,800 20 100 200 1,000
Cm-242 0.45 35,000 - 10 250,000 75
244 17.6 2,000 25 25,000 300
TOTAL 193,000 14,000 585,000 23,000

(excluding uranium)

Cooling time = 150 days

Burnup = 33 GWd(t)/tonne
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Figure A.1 Estimated Cumulative Environmental Build=up of Tritium

from the Fuel Reprocessing Industry in the United States using
a Decontamination Factor of 1.
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Figure A.2 Estimated Cumulative Environmental Build-up of Krypton-85 from

the Fuel Reprocessing Industry in the United States using a Decontamination
Factor of 1,
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Figure A.3 Estimated Cumulative Environmental Build~up of lodine-129

from the Fuel Reprocessing Industry in the United States using a
Decontamination Factor of 1000.
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Figure A.4 Estimated Cumlulative Environmental Build-up of Plutonium=239
from the Fuel Reprocessing Indusiry in the United States using a ]
Decontamination Factor of 107,
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FUEL REPROCESSING FACILITIES
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INTRODUCTION

| This appendix provides a basic deécription of the processes used
at a fuél reprocessing plant and the control systems for reducing the
radioactive discharges. There are three commefcial nuclear fuel
reprocessing plants capablé of operation or under comstruction in the
United States. Table B.l summarizes general information for these
three facilities. Currently, these plants are not processing
irradiated fuel. The first commerical plant was Nuclear Fuel
Services, Inc. (NFS) which is shut down for expansion. The Midwest
plant is processing unirradiated fuel, and operation with spent fuel
is anticipated for the summer of 1973. The Barnwell plant is.under

construction, and operations are expected to begin in 1974 or 1975.

'GENERAL DESCRIPTION OF PROCESS

Fuel reprocessing plants are essentially complex chemical plants,
the complexity being compounded by'the fact that the materials being
processed are highly radioactive. The specific pr&cess used to
separate the spent fuel element into the product streams and waste
stream is dependent upon the particular type of reactor fuel being
serviced.

All three present facilities use a shear .(chop) and nitric acid
leach method to separate the light water reactor (LWR) spent fuel
from the metal cladding. Following this step, the Purex process with
tributyl phosphate (TBP) as the solvent is used to extract the
uranium and plutonium from the fission product waste in colummn
contactors (Ref, B-1, B~2, B~3, and B~4). The uranium and plutenium

are separated and further purified by various means, including ion
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exchange, scrubbing, evaporation, etc. The design recovery rate is

. 99.5% for uranium and plutonium.

Plants designed for processing of spent fuel elements from LWR

isystems could be used to process elements from LMFBR as long as the

facilities are derated (handle smaller quantities of fuel) to avoid

criticality problems and not exceed constraints on effluents (Ref. B-

L 14).

The processing of HTGR spent elements requires a different '"head
end" proceséing system since such fuel elements may require the
burning of the graphite which contains the coated fuel particles.
The deéonfamination of the off-gas stream resulting from the burning
operation requires development of "head end" processes unique to the
HTGR processing facility (Ref. B-15). The Thorex process (Ref. B-3)
will be used for the separation of uranium and thorium from the

fission product wastes in spent HTGR fuels (Ref. B-15).

"PROCESS "FLOW

A simplified summary of the aqueous processing steps in plants
under cpnstruction or in operation is displayed in figure B.l.
The main process steps will be summarized here to indicate sources
and handling of radioactive wéste liquids and gases.

. 1. Cask Unloading and Decontamination -- Cask wash water is

discharged to low-level waste system.

2. Fuel Pool Storage —- Special provisions are made for leaking

fuel elements storage and resulting contaminated water and off gases.
Prevention of criticality is a major design factor. Inventory

control and accountability are important operating parameters.
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Figure B.1 Typical process flow schematic
Midwest Nuclear Fuel Reprocessing Plant
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3. Fuel Transfer and Mechanical Processing ~- NFS and Midwest

disassemble fuel elements before shearing-the individual fuel ;ods.
Barnwell will shear the entire element and thus is essentially
limited to reprocessing fuel from light water power reactors because
of the geometries involved. Lengths of sheared fuel rods range from
about 1.25 to 7.5 cm (1/2 to 3 inches). Very little of the krypton-
85 and tritium is released duriﬁg the shearing process. Goode‘(Ref.
B-5) reported that less than 1% of the kfypton—85 is released during
this step and Cochran et al. (Ref. B-6) confirmed this conclusion
based on field studies at an operating plant.

4. Fuel Dissolution —— TIn this step the spent fuel is leached

from the sheared cladding in nitric acid as a preparatory step to the
chemical separation prdcesses. The leached‘hulls are analyzed\for
plutonium content and returned for further leaching if necessary.
Over 99% of the krypton-85 (Ref. B~5, B-6) and about 6% (Ref. B-7) of
the tritium is released into the off-gas system by this operation.

In addition to the noble gases, a large fraction of the halogens are
also released to the off gas in this step. Most of the radionucli&e
particulates present in the off gas result from this step (Ref. 3—8),
although this may not be the case at Midwest where large quantities
of particulates will be added from the high-level waste
gsolidification process. Since NFS dissolves fuel on a batch basis,
essentially all the krypton-85 in the batch is discharged within a 3-
to 4-hour period. Present NFS Technical Specifications limit fuel
dissolution to 2 metric tons per déy. Midwest and Barnwell will

dissolve on a semicontinuous basis. Waste gases are processed
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separately through the dissolver off gas system (DOG) at NFS and
Barnwell, since most of the radionuclideé in the waste gases are
generated in this step at these facilities. Midwest has designed
their gaseous waste treatment system somewhat differently and waste
gases are nét segregated by source.

-5, Chemical Separation and Purification —- The nitric acid feed

from the dissolver which contains the uranium, plutonium, and fission
products is counterflowed in a contactor column with TBP and nitric
acid. The ﬁranium and plutonium are preferentially dissolved in the
TBP, and the fission products are retained in the nitric acid.
Separation of the plutonium and uranium in the organic solvent is
achieved by reducing the plutonium to its trivalent state where it
can be stripped with a nitric acid scrubbing process in a contactor
column., The uranium is subsequently also stripped from the TBP which -
is then recycled. The plutonium énd uranium are then purified
through a series of processes. Midwest has designed a calcining
system for conversion of the uranium to UF for shipment directly to
an enrichment facility. NFS and Barnwell will ship uranyl nitrate in
tank trucks to éonversion facilities. Plutonium will be stored and
shipped in the nitrate form in critically safe containers.

6. Recovery of Solvent and A¢id -- The TBP solvent and the acid

are recovered and recycled. The fission products ére concentrated in
the evaporator bottéms of the high-level waste concentrator system
and the aci& overheads are recovered. Additional fractions of the
semivolatiles and thg halogens are dischargea to the waste gas system

in this step, along with some particulates.
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7. High Level Waste —— At Nfs and Barnwell high-level liqgid
waste will be stored in stainless steel tanks which are located
underground and externally cooled. These tanks are placed on
concréte saucers to permit monitoring for leaks and inside concrete
vaults which prbvide a secondary containment. These acidic wastes
afe not neutralized prior to storage to simplify future
solidification. At the Midwest facility, which uses a fluidized bed
calcination process for solidification, high-level wastes are
solidified immediatelyvafter separation. This process has been used
on a production scale with intermediate level waste since 1963 at the
Idaho Chemical Processing Plant (ICPP) (Ref. B-9). The solidified
wasfe will be sealed and stored in a cooling pool. The off gases
from this process wiil contain some radioactive particulates (Ref. B-
8, B-9), especially the semivolatile fission products such as
ruthepium.

8. Low Level Waste —- The low-level liquid waste stream consists

of wastes collected from sources throughout the plant. Midwest and
Barnwell have been designed to completely eliminate the discharge of
low-level liquid waste by adding an é&aporator to the system to
process the final low-level liquid waste stream (it is discharged to
the environment at NFS). The evaporator overheads are discharged
through the stack and theoretically contain all remaining tritium
from the fuel. The bottoms are solidified and are currently shipped
to priyately operated waste burial areas on site,

In the gaseous stream, almost all of the krypton-85, and varying

fractions of tritium and other volatile nuclides, such as iodine, are
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released to the dissolver off gas (DOG) during the dissoiution
process. Treatment of this waste stream is complicated‘since it
contains varying concentrations of the oxides of nitrogen. NFS and
Barnwell are designed to have a separate waste system for the DOG.

The various process tanks have vents for off gases which are

. contaminated with volatile fission products. These are routed to the

vessel off-gas system (VOG). Midwest will combine the DOG and VOG
systems since they have additional sources of airborne wastes from
the calcining of the high level liquid waste.

The gaseous waste treatment system at all three facilities

basically consists of a caustic scrubbér, followed by a silver

zeolite absorber and then final filtratioﬁ through a high efficiency
particulate air (HEPA) filter. NFS has incorporated both an acid
scrubber and a caustic scrubber in their system. The scrubbers and
silver zeolite adsorption systems are installed to collect the iodine
in the off-gas stream. Midwest and Barnwell have installed or plan
to install in series two independent partiéulate filtration systems
which arekisolaéed to avoid dual failure. Two HEPA filter sytems are
to be installed at Barnwell. Midwest has installed a HEPA filter
system in the off-gas stream and a sand bed filter system for final
filtration of both the off-gas stream and the plant ventilation air.

CONTROL POINTS FOR EFFLUENTS

The cladding on the fuel normally provides the primary barrier
(or containment) for preventing the release of fission product
wastes. This barrier must necessarily be destroyed in the nuclear

fuel reprocessing plant in order to recover the fissile and fertile
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material for reuse. This fact, in addition to the very large
quantities of fission products present, requires that effluent

~ control procedureé must be incorporated at all processing steps. In
practice, control of the effluents from each process can be achieved
through the use of a common collecting system such as the vessel off-
gas header system which collects the off gases from several
processing vessels. The use of such common systems has definite
‘economic advantage. Fewer control systems are required and a higher
degree of reliability for control of discharges is possible since
there are fewer components subject to failure, better quality
equipment can be installed.

An example of a common collection system is the low-level liquid
radioactive waste syscem. Sources feeding this system include, but
are not 1imited to: cask decontamination water, leakage from the fuel
storage pool and waste storege tanks, laboratory wastes, laundry
wastes, high-level waste equipment drains, and floor drains. This
waste is collected and processed through an evaporator where the
overheads can be condensed and recycled, discharged, scored, or
handled in a combination of theee options. NFS, In¢. has chosen the
method of discharge of the condensed overheads through a system of
settling lagoons to a public waterway. Midwest has chosen a
combination of treatments where the evaporator overheads are
condensed and recycled to the maximum extent possible. Loﬁ—level
liquid wastes which~cannot be recycled, such as air scrubbing wastes,
are collected in a low-level waste vault which is maintained at a

constant volume by use of a second evaporator. The overheads of this
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evaporator are not condensed but discharged through a second air
cleaning system and the sand filter to the stack.

In general, air cleaning systems follow the same pfinciple.
Contaminated air is collected from various processes in a common
header and then treated to remove contaminants. Reprocessing plants
have sufficient chemical contaminants in some off-gas stfeams to
cause prbblems, such as overloading of various air cleaning systems.
Therefore, the off-gas streams are frequently segregated by source,
especially for initial treatments. |

Specific effluent control points and the principal contaminants
are: (1) Dissolver Off Gas —— noble gases (krypton-85 and xenon-133),
halogens (iodine-129 and iodiné-131),.tritium, and particulates. (2)
Solvent Extraction and Purification Off Gas -- particulates. (3)
Solvent Recovery Off Gas -~ mixed fission products. (4) Acid
Recovery Off Gas (High-Level Waste Concentration) -- halogens and
other volatile species. (5) High-Level Waste Solidification -~
rutheniumvand other potential yolatile radionuclides including
technetium, cesium, selenium, and tellurium (Ref. B-8). (6) Low-
Level Waste Treatment -- tritium, strontium, ruthenium, cesium, and
other longer-lived radionuciides (Ref. B-10).

Investigations are being conducted into modifying spent fuel
reprocessing systems to provide more positive control of the
effluents. ORNL is presently directing efforts to the design of
équipment and process flow to obtain 'near zéro release" processing
of short-cooled ILMFBR fuel (Ref. B-11l). The design includes a new

"head-end" processing step (voloxidation) that is designed to release
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tritium from LMFBR fuel and deactivate sodium prior to aqueous
processing. The tritium, krypton, and iodine are evolved during the
head end operations (which include voloxidation and dissolution) and
vented to their respective primary removal systems. The off gas from
the dissolution cell and.from the process equipment beyond
dissolution and feed adjustment is subjected to a secondary off-gas
treatment system which includes filters for particulates and

scrubbers for the oxides of nitrogen, halogens, and ruthenium,

‘Argonne National Laboratory is also developing an alternate "head—

end" pyrochemical process for decladding of LMFBR fuel which
potentially may produce an improved method for control of the
effluents (Ref. B-12, B~13).

SOLID WASTES

The solid wastes resulting from the recovery of uranium and

. pPlutonium can be categorized as high-level solidified wastes, spent

fuel cladding wastes, and low and intermediate level wastes. TFederal
regulations (Ref. B-16) require that high~level wastes, generally
interpreted as self-heating, be solidified within five years of

processing. In addition to the radiation exposure protection which

must be provided for these wastes, cooling must also be provided.

The spent fuel cladding wastes contain residual amounts of the fuel
in addition to fhe activated metallic radionuélides making up the
cladding itself. There are many sources of low and intermediate
level wastes: air filters, spent resins, silver zeolite, evaporator
bottoms, sand filters, etc. It appears the greatest problem

presented by these wastes is the presence of long-lived radionuclides



VI.

B-13

of health significance'such as the alpha-emitting transuranics and
iodine-129. These long-lived components will be present in all solid
wastes from reprocessing plants,

DISCHARGE CONTROL OPTIONS

In general, the'fuel reprocessiné industry has incorporated the
most ad&anced technology into their waste treatment systems. For
example; the control system for ibdine, one of the limiting
radionuclides iﬁ the 1o¢a1 environs of a reprocessing plant, (Ref. B-
17) will use silver-Zeolife technology which has only recently been
developed. It sho#ld.be noted thét a control method is not available
for.tritium and only tﬁe one control s&stem is planned for iodine.

Most of the radiéactiveidischarges to the environment from
reprocessing ﬁlants will be inifhe gaseous waste effluent. The two
néwer planté have deéignedvthéir processing systéms to eliminate the
discharge of 1iquid radioéétiﬁé material, HoWeﬁéf, neither of these
facilities has been oﬁéfated‘with irradiated fuel; Thus, a decision
on whether it is prefefable tb dischérge radioactive waste to the
atmosphere only or to dischérge viaAbofh the liquid and gaseous
pathways should'Be postponed until»6perating experience with both
methqdé is obtained. Since most of the current efforts to reduce
discharges have been directed toward gaseous effluents, the methods
discussed in this section are limited to the conﬁrol of airborne
discharges. However, liquid waste discharges may require additional
inveétigatiOn‘in the future. |

The radioggtive’pollutants that aré most likely to be released

from normally operating reprocessing plants are krypton, tritium,
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iodine, and the actinides. Other fission products such as strontium,
ruthenium, and cesium, and induced activities in the fuel element
cladding can also be released. In addition to the anticipated normal
discharges (gaseous waste stream), miscellaneous airborne releases |
can occur because of the complexity of the various processing oper-
ations and the unproven reliability of some of the control systems.
Such releases may not be detected by monitoring of the gaseous waste
stream (stack effluent). Inpiant air monitoring for contamination
control can, however, indicate these possible pollutants. A summary
of the characteristics of gaseous waste control systems for the
isotopes of major concern is presented in table B.2. It is seen that
the long-term operational reliability of control systems is unproven
with the exception of the HEPA (high efficiency particulate air) and
sand filter systems.

VII.  KRYPTON-85 CONTROL

Up to the present, krypton-85 and other noble gases have been
released directly to the atmosphere from nuclear reactors and fuel
reprocessing plants. With no off-gas treatment for noble gases about
10,000 Ci of krypton-85 is estimated to be discharged per metric ton
of spent fuel processed, assuming a burnup of 33,000 megawatt days
per metric ton.

Several methods have been suggested to limit such releases. The
processes are classified as ambient temperature adsorption, cryogenic
adsorption, cryogenic distillation, selective absorption,

permaselective membranes, and clathrate precipitation.
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Thé processes have been previousiy réviewed by several authors
(Ref. B-18, B-19, B—ZO, B;21, and B-22) wifh regard to development
status, advantages and disadvanéages, cost,jaﬁd effiéiency. Kirk
(Ref. B-18) has prepared gtcomprehénsive review of the radiation
hazard from kryptoﬁ—85._’Thevconclusions reached in these reviews
indicate that at present_oniy'cryogenic distiligtion; selective
absorption procesées, and cryegenic adsorption are worthy of
consideration for cﬁntrol of krypton-85 discharges.from repfocessing
plants. (See table B.3 ffém Ref. B-19.) Systems bésed upon both the
cryogenic adsorptioﬁ and cfyogenic distillatibn processes have been
designed for and are being installed at liéht—wafer—reactors for
extension 6f holdup times for gaseous effluents containihg;noble,gas
radionuclides. The selectiﬁe ébsorption ﬁrocess-has been aeveloped
for application to reactor éYstems, but requireé fufther’deVelopment
to be applicable to fuel rebrocéssing plants (Réf. 3—20).'

The cost of krypton collection'systems is highly dependent on the
design of the dissolution procesé. Essentiallj all of @he;krypton
present in the spent fuel is released during this dissolving or
leaching process. To minimize the césts,_it'is-necessary to minimize
the total volume of off gases from this process since all of tﬁe off
gas must be treated to remove the krypton.  Therefore, in a new plant
the cost of a krypton collection system would probably bé |
significantly less than inStallationfbf such a system in an operating
plant where no effort was made to mihimize the total off gas from the

leaching process. The costs presented are typical of costs for a
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krypton control system in a new facility. At the Midwest facility an
effort was made to prevent large scale dilution of the of f gas.

Cryogenic adsorption systems remove krypton .from process gas
streams by adsorption in refrigerated activated charcoal beds until
the bed capacity is reached, followed by desorption into a purging
gas while heating the'beds. ‘This was demonstrated on a large scale
at the Idaho Chemicai Processing Plant (ICPP) more than 15 years ago.
Thé disadvantages of this process are high refrigeration costs, fire
hazard poﬁential, explésion potential due to hydrocarbons, nitrogen
oxides and ozone, and impurity plugging ﬁf the adsorbers. An overall
recovery fraction of 31% was obtained for krypton although with
design éhanges and modifications in operéting procedures, a recovery
fraction of the order of 99% could be achieved. The system can be
considered but may not be the best for application to fuel
reprocessing plants. It may have more potential for application to
interim holdup for effluent gases in reactors.

Experience has been gained for this method in the development of
the HTGR and a decontamination factor of 10v appears to be achievable
under most operating conditions. Operation of the adsorber beds at
cryogenic temperatureé helps overcome the problem of an occasional
abrupt release of adsorbed contaminants which has been experienced
with ambient temperature absorbed beds. Assigning a decontamination
factor to ambient temperature systems is questionable since
experience has shown that under adverse conditions it is bossible to

experience a negative decontamination factor for interim periods.
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Total capital costs, including installation, for a cryogenic
adsorption systembare estimated at 3 million dollars based on general
estimates for use of systems at reactors. Slansky (Ref. B-19)
estimated one million dollars for capital costs which appears low.

An annual operating cost of $150,000 is reasonable.

Cryogenic distillation, which is based ﬁpon separation of gases
&ue to differences in their relative volatilities at low
temperatures, has been demonstrated and operated on a significant
scale at ICPP for removal of krypton and xenon from an off-gas stream
(Ref. B-23 and B-24); Recovery of krypton and xenon in a form
suitable for bottling in gas cylinders is possible with this process.
An additional advantage is the lower capital and operating cost of
this cryogenic system as compared to cryogenic adsorption. The
cryogenic dis;illation process entails some potential for explosion.
In spite of the explosion potential, cryogenic distillation is
considered to be one of the two most'promising processes for noble
gas control at rgprocessing planfs.

Considerable experience has been gained in oéerating fhese
systems in liquified gas (or air) plants. While decontamination
factors across the cryogenic stage of 10? have been estimated, small
leaks can occur in a system. Estimates of the recovery factbr for an
overali syétem range from 987 to 99.99%. Decontamination féctors of
103 (99.9% recovery) should be attainable with this system and
guarantees of such performance have beeﬁ submitted to the General
Electric Co. with bids for iﬁstallation of a cryogenic distillation

system at their Midwest plant (Ref. B-26).
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The General Electric Co. received bids ranging from 0.75 to 1.5
miilion dollars for the equipment needed to instail a cryogenic
distillation system in their Midwest plant (Ref. B-26). It is

. estimated that installation costs would match equipment costs, thus
producing a total capital cost of about 3 million dollars for this
system. Annual operating éqsts of $100,000, postulated by Slansky
(Ref. B-19), are probably a good estimate. Xenon is also recovered
by this system and if kept separate from the krypton, has a potential
market value.

Seléctive aBsorption (1iquid extraction) depends upon the
relative solubilitiés of gases in the solvent used -- Freon-12 being
the typicalAsolvent under consideration. Krypton and xenon are
selectively absorbed in this solvent while other materials pass
through. The solvent is then processed to recover the krypton and
xenon which can be stored while the solvent is recycled. Bench-scale
studies have been completed (Ref. B-20 and B-25) and, as indicated
previously, commercial systems fof application to reactors have been
developed. Because of the anticipated explosion hazard associated
with the cryogenic systems, management personnel of coﬁmercial fuel
'rebrocessing facilities (NFS, Barnwell) have indicated a preference
for fluorocarbon selective absorption systems of this typeQ

Major disadvantages of such a system include radiatioﬁ
degradation of the solvent, and a requirement for pretreatment of gas
streams to iﬁcrease system tolerance to impurities. Babcock and

Wilcox indicates that these prbblems can be circumvented with good
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engineéring design. Decontamination factors 6f 100 to 1000 are
expected for such systems (Ref. B-20).

The cost of a selective absorption system for installation at a
reactor is estimated at one million dollars. Assuming a slightly
greater capacity system for a reprocessing plant results in a total
installed cost of $1.5 million. Annual operating costs of $100,000
ﬁredicted by Slansky (Ref. B—19) also appear reasonable.

VITI. TRITIUM CONTROL

Processes available for tritium control have recently been
reviewedv(Ref. B-27). The techniques considered include: chemical
exchange, distillation, electrolysis, diffusion and centrifugation,
radiolysis, adsorption and chromography, solvent extraction, and
molecular excitation. At present.the information on these techniques
is inadequate to project the technical or economic feasibility of

retaining tritium.

Voloxidation is a new method of tritium control that looks
promising (Ref. B-11). In this process the fuel pins, just after
shearing, are heated to approximately 650° C in a stream of air or
oxygen. Tritiated water is generated which should be relatively free
of ordinary water and consequently occupy a much smaller volume than
tritium wastes from presently planned or operating reprocessing
plants. This process may collect approximately 997 of the tritium
which is present in the unprocessed fﬁel. Since the voloxidation
process requires a major change in the head-end design of fuel
reprocessing plants, it would probably be impractical to back-fit

existing or planned facilities.
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The projected release rate of tritium from a facility having no
tritium control systems is 88 Ci/MTU. ReleaSes.ma& be either by the
ailr or water pathways depending on plant design. With the
voloxidation head-end process, tritium decontamination factors of 100
are anticipated. Cost information on the voloxidation process is not
presently available; however, General Electric conéidered three other
methods of tritium recovery and/or disposal in connection with their
Midwest plant (Ref. B-26). Removal from off gas was stated to cost
approximately $10 million %ith no process or technical feasibility
defined. Deep-well disposal of tritiated water was reported to run
between $400,000 and $500.000. Finally, off site shipment cost was

estimated to be between $250,000 and $350,000 with no estimate of

feasibility or safety associated with the packaging and transpoft;

RADIOIODINE CONTROL

A variety of processes have been developed and used for
collection of radioactive iodine. These processes include (1) wet
collection -~ aqueous scrﬁbbing (reactive sprays, towers, wet
filters); (2) adsorption (charcoal, activated charcoal, silver
zeolite metallic filters); and (3) filtration (high efficiency
particulate -- HEPA, sand deep~bed fiber glass).

The particular treatment process to be selected depends upon the
collection efficiency desired, quantity and chemical species of
iodine involved, stream chéracteristics, i.e., flow rates,
temperature, humidity, etc. The actual overall removal efficiency of
a system is dependent upoh the off-gas flow paths as well as the

characteristics of the treatment techniques.
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Wet Collection Techniques have been used to quantitatively retain

iodine in the liquid phase by adding mercury salts during fuel
dissolution aﬁ the Savannah River Plant. The resulting Hg-I complex
is solvent extracted and the solvent is washed in ‘a solvent scrubber
to remove any remaining iodine. Disposal of the solid Hg~I complex
must be effected. However, there are no AEC guidelines for disposal
of such waste at present.

A mercuric iodate precipitate can result from scrubbing the off
gas with a mixture of 8 to 14 molar nitric acid and 0.2 to 0.4 molar
Hg(N03)2 (mercuric mitrate), Solid ipdine can be obtained by use of
concentrated 17 to 19 molar nitric acid at room temperature. The
latter systems can be considered capable of removing massivé
concentrations of elemental iodine and trace quantities of other
forms. Decontamination factors of 10“ for all forms of iodine are
reputed to be theoretically feasible in either packed or bubble-
packed scrubbers at operating thrdughput rates considered appropriate
for fuel reprocessing (Ref. B-28). If the off gas conﬁains high
concentrations of NO some loss in the decontamination factor occurs.
Alkaline solutions (NaOH, NaHCOé, NaCO3) are also use& in scrubber
columns and have reported decontamination factors of 10 to 20. In
packed columns, the separation efficiency is a function of bed
height, fiber drag coefficient, fiber diameter and fiber volume
fraction.

An oberational facility (Eurochemi Fuel Reproéessing Plant) which
uses two scrubbers (NaOH for low iodine concentrations and NaHCO, or

3

Hg(NO3)2for high iodine concentratibns) reports decontamination
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factors of SOO'for géseous iodine and 2,500 for iodine in aerosols.
The chemical form of iodine which emanates from these scrubbers is
predominantly organic (Ref. B-29) although traces .of hypoio&ous acid
have also been reported.

Reactive sprays, hydrazine and thiosulfate, have been studied for
application to iodine and methyl iodide washout from reactor
containment atmospheres with.decontamination factors of 2,000 and 100
reported respectively. Such systems have not been applied to fuel
reprocessing plants. Their performance is found to be a function of
relative humidity, temperature, drop size, solution pH, and
concentration.

‘Charcoal Adsorption has been used for more than 10 years in

reactor and fuel reprocessing off-gas systems. The iodine removal
efficiencies of activated charcoal that have been reported cover a
broad range (50-99.99%). The actual decontamination factor is
dependent upon‘the forms of iodine, concentration, stream humidity
and flow velocity, and charcoal impregnant.

Silver zeolite (AgNO3 impregnated in an alumina-silica molecular
sieve) is reputed to be superior to impregnated charcoal for the
adsorption of methyl iodide (approximately 20 times that for
impregnated charcoal uﬁder dry éir conditions) (Ref. B-30). The
principal design consideration is the effective residence time in the
bed which is related to the face velocity. If the silver zeolite
(AgZ) beds are designed to permit a mean residence time of about 0.5
seconds, efficiencies are greater than 99.97 under the most adverse

conditions of humidity and chemical form of the iodine (Ref. B-30 and
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B-31). Removal efficiencies can be optimized through'selection of
the zeolite material with its characteristic alumina-silica ratio.
‘However, this ratio largely determines the resistance of the AgZ to
acid vapors and thus the effective life of the bed. 1In general, high
acid resistance results in lower removal efficiencies.

Although the efficiency of the AgZ is acceptable, consideration
must be given to the loading characteristics of AgZ in terms of the
total iodine cleanup system. The AgZ beds will adsorb all halogens
and probably cannot be used when HC1l is used for fuel dissolution.

In addition, there is a considerable amount of iodine (iodine-129 and 
-127) present in the off gas, and this may load the AgZ at
unacceptably high rates. Current technology employs the alkaline
scrubber to remove a large fraction of this iodine which is
theoretically elemental in composition. Work is continuing on the
development of other metallic zeolites which may eventually replace
the scrubbers. Lead zeolite currently appears to be the most
attractive of these more economical and less efficient systems.

The lifetime of the AgZ system is improved by introduction of an
‘oxidizing catalyst upstream of the sorbent (Ref. B-~28). The use of
AgZ systemsvhas been shown to be feasible and practicable, but full

scale operation has yet to be accomplished. Adsorption of iodine on
metallic filtefs'(copper, steel or aluminum, silver-coated copper)
has resulted in recovery in the range of 97.4 to 99.9%. Silver-
coated silica gel has a reported decontamination factor of 10 for

iodine (elemental).
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Filtration is primarily designed for control of particulates. It
cannot be seriously considered as a primary technique for iodine
collection, since it depends upon sorption of iodine to parficulates
which are then trapped by the filter. 1In any event, all off-gas
streams from fuel reprocessing plants will be filtered through sand,
deep-bed fiber glass of high efficiency particulate air filters in
addition to the iodine control systems. The iodine collected by
particulate filters Will'experience desorption at a rate which is
‘dependent on stream conditions. While fhis desorption rate may be
significant for the short-lived iodine-~131 discharge, it will have a
negligible effect on the iodine-129 discharge. Therefore, the
removal efficiency for filtration of iodine is negligible.

Control Systems Evaluation. It is estimated (Ref. B-32) that

much of the discharged iodine will be in an organic form and that
most 6f this iodine will interact with atmospheric particles and
settle out within 10 to 20 miles of the discharge point. Thus, the
discharged iodine appéars to be principally a local problem, although
long-term environmental transport must be considered because of
iodine-129 with its long half-life.

LWR spent fuel with a burnup of 33,000 megawatt days per metric
ton will contain about 2 Ci of iodine-lBl-per metric ton after 150
days cooling. 1In addition to being dependent on the irradiation .
history of the spent fuel, the iodine-131 content decreases rapidly
with the cooling period because of its 8 day half-life. The iodine-

129 content will be about 0.04 Ci per metric ton of spent fuel.
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An overall system for iodine collection in fuel reprocessing
plants will probably consist of a combination of wet -collectors
(1iquids and off-gas scrubbers) followed by a catalytic decomposition
system, an adsofption system; and a filtration system. The overall
efficiency will be dependent upon the detailed design of the off-gas
flow system. For example, if the system is assembled in the manner
of the Midwest facility, the off-gas stream bearing the iodine is
first processed through the caustic scrubber (eff. = 90%) and then
through the AgZ bed. The gas stream is then routed to the sand
filter and stack. The overall removal efficiency for this treatment
should be greater than 99.9%. However, the scrubber solution,
theoreticglly containing 90% of the iodine, is routed to the low-
‘level-waste storage vault, The.low—level waste in the vault is
routinely evaporated for voluﬁg reduction, opening a way for a large
fraction of the iodine to bevrevolatilized. This second off-gas
stream is processed through a second scrubber but no AgZ bed.
Therefore, about 102 of the iodine routed to the low-level vault can
be discharged to the sand filter and the stack., The buildup of the
long-lived iodine-129 in‘the waste storage vault must also be
considered in this system since it is reasonable to assume that the
iodine-129 discharge will increase with the inventory buildup.

The development work previously discussed may produce more
effective iodine cleaning systems for reprocessing plant off gases
(Ref. B-11, B-12, and B-13). However, even with present technology
it is difficult to speculate what the cleaning efficiencies of actual

installed systems will be. Once these systems are in operation their
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performance can-be monitored and documented. In the interim the use
of an overall decontamination factor of 100 to 1,000 appears
acceptable. “

Based on experimental evidence it is reasonable to assume that
the ﬁet scrubber/AgZ. system can be designed to achieve a minimum
decontamination‘factor of 1,000 under most conditions. However, as
discussed/previouei§; the performance of thé off-gas iodine cleaning
system may not be the controlling factor in determining total iodine
discharges from a reprocessing plant. In particular, the system for
handllng or processing the scrubber solutions must minimally provide.
the same cleaning efficiency as the off-gas stream since a large
fr&ction'of=theziodine~is‘expected to be in the scrubber solutioms.
Therefore, it can be concluded that while the efficiency of currently
planned iodine removal systems will be a minimum of 99.9%, the total
iodine waste handling system introduces a large uncertainty.

Meager data are available regarding the costs for iodine removal
systems. The costs are dependent upon the volume of off gas which
requires processing as well as the total quantity of iodine to be
removed. The following estimates have been adjusted to 1970 dollars

using the Marshall and Stevens Equipment Index.
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Wet Collection Capital Costs¥* - Operating Costs#

a. Spray tower $310-620/1,000 cfm Unknown’

b. Packed towers $620-1,240/1,000 cfm $510-1, 020/1, 000 cfm
c. Solvent extraction  Unknown Unknown

Absorbing Systems:

a. Charcoal $40,000/bed : . Unknown - S

b. Charcoal + catalytic : o
" combiner (KRB) $750,000-$10 Unknown

c. Ag zeolite $400,000/bed Unknown

Complete System Estimate:

5 MTU/day throughput : 5 oy
a. Caustic scrubbers $7.5 x 10 . $7.5_x 10

* At an average plant the total air volume moved is approximately
60,000 cfm,
.The costs listed above are for the cauStic‘scrubber systems;on1y |
since the quantities of AgZ needed will not bé'kﬁowh-uﬁtiljoperéting-v

experience is gained to determine the extent,of the,para$itic’loadiﬂg.
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The alternative of using holdup for control of iodine-131 from fuel
reprocessing plants is applicable only in conjunction with a removal

system that will extract the lang-lived radioiodine, iodine-129,

Estimates of the cost involved for holdup are as follows:

Given: plutonium price $7/¢g
annual interest rate ' 107
LWR fuel plutonium content 16% kg/MTU
IMFBR fuel plutonium content 86 kg/MT
time increment (1 month) 30 days

16 k 7% .,.0.10 1year _

MTﬂ*g x . X year X T $930/tonne month

Example: Barnwell will have a capacity of 1,500 MTIU/year and will
process at 150 days cooling time. If the cooling time is increased to

)
300 days to permit the iodine-131 to decay by a factor of about 10 5

cost will be:

930 $ 1,500 ‘MTU

. ,$629752000
MIU month ¥ year x 5 months = year

For each additional 30 days of holdup the cost would be:

930 - § . 1,500 MTU x 1 month = $1,395,000
MTU month year year

For LMFBR fuel cooled for 150 days, the cost would be approximately

10 times greater,

*Based on 2/3 U0, fuel and 1/3 mixed oxide fuel. (See table A-4)
A 2
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PARTTICULATE CONTROL

Radioactive particulates associated with fuel reprocessing will
be found in both the liquid and the gaseous effluent streams. The
particulates arise due to the various operations (shearing through

waste solidification) and as a consequence can include a variety of

. radioisotopes. They will also be in a variety of chemical and

physical forms. Easily condensable vapors should be conSidered>as a
source of particulates bearing radioactivity. Most of the
radioactive wastes available for discharges are attached to

particulates. Included in this category are the isotopes in the

‘actinide series, many of which are highly radiotoxic since they decay

by alpha emission. Other radionuclides which potentially can
contribute significantly to the waste gas stfeam particulate makeup
include the volatile isotopes, such as ruthenium~106, cesium-134, and
the longer-lived isotcopes, such as strontium-90 and cesium-137.

The ﬁarticulate effluent from reprocessing plants will for the
most part be soluble and will quite probably be in the nitrate form.
The particulate effluents from the solidification process Will
probably be oxides and thus insoluble. Ruthenium may be an
exception, especially from the solidification process, and may be
complexed as an organic.

Probably the most acceptable theoretical estimates of discharged
radionuclides were made by Oak Ridge scientisté (Ref. B-8). These
estimates appear conservaiive, however, as indicated by the gaseous
discharges measured at the NFS facility (Ref. B-17). An annual

discharge of 1.0 to 10 Ci of beta-gamma fission products, excluding
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t&ifiﬁm; pgbié;gaées and tﬁe iodines; Eﬁrfently is the most
feaéoﬁabi;‘e;tiéété. iThé fo;tine énnual:gaseous discharge of
aétihi&éé gg‘tﬁé‘ﬁgAECiﬁcékf Fiats Plutoniﬁm Recbvery Faciiity (Ref.
’3437) aﬁefaged*éj4-millicuries from 1953 to 1970. Fuel reprocessing
piahté'méy be eﬁpéctéd.to have highér discharges (see table B.2).

"an;rol TéchniQﬁés'—.Particulatés are generally collected from

gaseous waste streams through the use of inertial separators
(cyéloné, or gravity settling), filtration (fabric, glassfil,
éanabeds, HEPA),.ﬁ;eéipitation (electric; thermal) sonic
agglbﬁeiatibﬁ,‘énd‘iidgid scrubbiné. Tﬁe'specific system used is
dependént ﬁbbn thé;tyﬁe-of source and efficiency of éontrol desired.
',Filtration‘r:Bécause of the concern regarding the inhalation of
fééibéﬁti&e.pgftiCUiéte material, high efficiency filtration systems
for reﬁovai 6fﬁﬁ;r£icdiate§ from air have received the primary
emphasis in the nuclear iﬁ&usfry and are widely used (Ref. 3—32).
Particulatéifiltefs‘aﬁd.materials of a wvariety of types are
é§ailabie."The'materialé iﬁﬁlﬁde‘cellulose—asbéstos, glass, gléss— o
asBeStos;.plaétic'fibers aﬁd_ceramics. Filters are generally
ciassified as panel (viscous impingement) filters wﬁich are coated
with a tacky éubstance'to increase pérticle adherence, and extended
medium dry-type filters which are called "bag" or "sock" filters.
Panel filters are designated Group‘I and have a low efficiency for
sqall parﬁiculé;es.: Bag £ilters are désignated as Group ITI and Group
III:(médiﬁmband{high efficiency, respectively). HEPA (High
Effiqigﬁéy;?ar;iCulate Air) fiiters are classified as a special

group. Sand‘filters_(Ref._B—BS) in general are designed for a
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specific applicétion, usually for_use.in clganing“cqggogive matgrig1s
from air streams. xTheir use in‘the nuclea; field haslbeen limited?'v
but is expected to increase sipce.they can béchnsidefgd rglégively
fail-safe. Deep-bed sand fiiters have been employgd at Hanﬁofd and
Savannah Riverbfor reprocessing plant gaseous efflugpF fiitrgtionﬂl
The Midwest facility has also instglied aﬁdeep—bed_Sand filteg‘fqr
fiﬁal filtrafion. | -

The parameters affecting filter performance, in aédition to face
velocity characteristics are: resistance? geometfigal §ize, p;egsgre
drop, penetration, collection efficiency, dustLand holding‘capggi;y,
particle sizes, loading, humidity, temperature, and chem?ggl

resistance.

Liquid Scrubbing - This method_has been used iq:clegﬁi%gltpg‘ogf_
gas streamvfrom solidificatibn processes (Ref,_B—34:§pd 3—%5),:"
Scrubbers are used as initial cleaning dev;cespapd Fhe,ggrubbe;._ o
solutions can be recycled to the process streams. Experiegge is
limited to the Idaho Chemical Prqcessipg ?iant aﬁd the_prototype work
conducted under the Waste Solidification Engineegipg Brgtqtyﬁe_‘v
program conducted by Battelle at Hanford.:

Control Systems Evaluation - The various methods of particulate

control may be grouped in the order of»increasing effic;ency as
follows:
Fair
Group I panel filtefs
Good

a) Group II bag filters
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b) Deep-bed sand or fiberglasé:filters
¢) Scrubbers

Better

Groﬁp IIT bag filters
Best‘
HEPA filters

The anticipated performapce of fibrous filters can vary from 2 to
99.97% retention for 0.3 micrometer particulates and up to 100% for
10 micrometer size. HEPA filters have consistently demonstrated
penetrations less than 0..3x10"3 (99.97% efficiency). However, the
over#ll system efficiency is highly dependent on filter integrity,
proper installation, operating conditions (particularly air flow
rates and loading), and aging chafacteristics. Adequate in-place
testing is necessary éince improper installation or filter damage in
shipment or installation could résult in 1eékages up to 30%.

A typical filter installation consists of a prefilter (roughing
filter) followed by two HEPA filters in series or by a HEPA filter
and a sand filter. The prefilter generally has a rating of greater
than 75% (Group iII for 1.0 micrometer particles) and offers a
considerable cost savings by reducing mass loadings on the more
qostly HEPA filters. The HEPA filters are rated at a minimum
efficiency of 99.97% for 0.3 micrometer particulates. iThe reported
efficiency of deep-bed sand filters for submicrometer particles.is
gréater than 997. Thus, the overall decontamination factor for the
filter themselvgs should be on the order éf 105. However, the

efficiency of the system is also dependent upon factors such as leak
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tightness and aging characteristics. The minimally acceptable in-
place test results would probably be in the order of 99.97% for a
typical HEPA system (it is emphasized this is a system test). The
system would probably be assigned a credit of 99% to 99.9%, the
aétual credit depending on tbe testing frequency.

- Capital and operating costs are highly dependent on volume flow
rates. Based on Silverman's estimates (Ref. B-36), a HEPA filter
would have a capital cost between $200-800/1000 cfm and annual
operating costs between $100—450/1000 cfm depending upon
specifications, corrosion resistance, and other operating conditions.
A pre-filter for reducing the HEPA loading would cost between $100-
300/1000 cfm for capital cost and $15-25/1000 cfm for annual
operation. Using approximate costs and a total flow of 60,000 cfm

the .system costs would be:

HEPA Pre-filter

Capital cost (X60) $48,000 $12,000
Annual operating costs (X60) $18,000 : $ 1,200
40~-year operating costs

(present worth @10%) . $176,000 $11,700
Total costs (1960 prices) $224,000 $23,700
Conversion to 1970 price -

(Miller-Stevens index 1.28) $287,000 $30,400

The costs of a glass—fiber or sand deep-bed filters were reported
by Silverman (Ref. B-36) to be between $2,860-5,500 capital costs per
100 cfm with associated operating cost between $400 and $800 per 100
cfm (based on only'depfeciation and air-moving costs). Taking a
representative tidal flow of 60,000 cfm the cost of the deep-bed

system would be:
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Capital cost ($3,500 x 60) $210,000
Annual operating cost ($800 x60) $ 48,000
40-year operating costs

(present worth @10% discount) $470,000
Total cost (1960 prices) : $680,000
Conversion to 1970 prices  Total $870,000

The reported capital cost for the sand-bed filter, discharge
stack, and associated equipment is $400,000 for the Midwest facility
(Ref. B-33). The corrected capital cost to 1970 for a deep-bed sand
filter is $269,000 which agrees well with the estimate for Midwest.

The fotal filter installation and 40-year operating costs at
reprocessing plants are:
| | 1970 Present Worth @10%

Prefilter + HEPA filter + :

Deep-bed sand filter $1,187,000

Prefilter + HEPA filter +
HEPA filter _ $ 604,000
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II.

INTRODUCTION

Radioactive materials released into the environment from nuclear
fuel reprocessing become dispersed in the surrounding media (air, water,
etc.) and ultimately may produce health effects in man.. The inmpact
of a given radionuclide release on the population surrounding a source
is assessed here in terms of three factors: (1) a dilution factor to
calculate the concentration of the released activity in the medium of
interest, (2) a medium concentration to dose conversion factor, and
(3) a risk factor which relates the likelihood of a given biological
effect to an absorbed dose of one rad.' These factors are discussed
below for tritium, krypton-85, the radioiodines, and alpha-emitting

transuranics (such as plutonium).

PATHWAYS

Releases of radionuclides from a nuclear fuel feprocessing plant
can occur by venting through an exhaust stack to the atmosphere or
drainage to a néarby waterway. The principal pathway of concern in
assessing the health impact due to nuclear fuel reprocessing plant
operations is the atmospheric pathway because such releases can
become dispersed in any'direction and lead directly to radiation
exposure tb man. The significance of the water pathway is expected to
be quite small forx future reprocessing plants Eecause presently proposed
designs do not plan on any releases to waterways.

Atmospheric dispersion of radioactivity has been discussed by a

number of authors (Ref. C-1, C-2) and for the case of interest here, a

Rad - The unit of energy imparted to matter by ionizing radiation
and equal to .01 J/kg in any medium.

-
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gaussian plume diffusioﬁ model is usually assumed to be the best choice.
At distances relatively close to a source (2-3 km) this model can
predict the air concentration of krypton-85, for example, within a
factor of two or three. Its applicability at longer distances depends
upon the local weather conditions at the time of radioactive release
- and the topogréphy. For unstable atmospheric conditions, it may be
reasonably accurate as far as 10 km from a source. Since the average
radionuclide concentrations in air around sites have been calculated
for distances as far as 80 km (50 miles) from the source, it is obvious
that the validity of thé atmospheric transport model used is an important
limitation. However, the point here is to examine the general case
and provide an overall index of health risk; the risk from a particular
plant will depend on the details of the local meteorological situation.
For worldwide distribution of gases, uniform dispersion was assumed in
determining air comcentrations. |

An important radionuclide pathway for man is the direct contam~
ination of foodstuffs -~ particularly milk. For iodinef131, this
" pathway has been studied extensively by several authors including
Garner (Ref. C-3) and Bryant (Ref. C-5, C-5). Long-term buildup of
the isotope iodine-129 may be impbrtant due to its ha;f-life of
17x108 years but appreciable buildup has not been documented
in the'literature. The short-term behavior of iodine-129 has been
considered, however (Ref. C-6), and health risk estimates are given

for both iodine-129 and iodine-131.
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MEDIA CONCENTRATION TO DOSE CONVERSION FACTORS

Organ or total body dose estimates are critically sensitive to
assumptions concerning the route of uptake, the amount of radiocactivity
inhaled or ingested daily, the fraction of activity retained in the organ
of interest, and the residence time of the activity in wvarious parts of
the body. The final necessary eleménts entering into the dose computations
are the physical considerations of organ mass and radionuclide distri-
bution within the 6rgan. In the-present state of the art, the complex-—
ifies of the radionuclide distribution within organs are nearly always
circumvented by assuming a uniform depositon. Information concerning
the other inputs is based mainly on empirical evidence, largely gathered
from fallout studies and medical investigations. In order to reduce
the number of wvariables to be conéidered in dose calculations, the
International Commission.on Radiological Protection (ICRP) has postu~

lated a "standard man;"

i.e., a model system having standardized biological
parameters based on either average values or best estimates as listed
in the scientific literature. The standard man is a hypothetical adult
industrial worker and it is not clear to what extgnt parameters so de~
fined are applicable to an envirommentally exposed population.

For particular radionuclides, the sensitivity of certain age groups
may be the limiting factor. In the case of iodine-131, the Federal

Radiation Council (Ref. C-7) has defined children as the most sensitive

population group and, therefore, the biological parameters used in

these media to dose conversion factors are not based on standard man.

Rather, models appropriate for children's thyroid glands and thyroid

metabolism have been used. For the other radionuclides considered here,
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little is known concerning differences between adults and children.
Such differences are seldom considered‘in the literature. This being
the case, the conversion factors listed in the subseQuent sections, while
adequate, must be considered only as first order approximations and |
not as definitive dose estiﬁates from environmentally distributed
radionuclides.

Media concentration~to-dose conversion factors are defined below
for krypton-85, tritium, iodine 131, iodine~129, and some of the A
actinides. Other radionuclides are not considered likely to cause
significant eﬁvironmental exposures of the population based on the
control technologies discussed in appendix B.

A, Range of Expected Doses from Krypton-85 Exposure

Since krypton-85 is not metabolized, exposure to humans is limited
to external beta and gamﬁa rays and, to a much lesser extent, the dose
due to krypton-85 dissolved in body fluids. ‘The health risk from
krypton-85 is further limited by the fact that 99% of the decay energy
is dissipated by beta rays which have no potential for deep penetration.

Four target organs are considered for these dose and risk estimates:
total body, gonad, lung, and skin, in each case it can be shown that
only one type of exposure need be considered, the other contributing
an insignificant fraction of the dose.

Kirk (Ref. C-8) has recently reviewed the literature on krypton-85
dose and established relationships between the concentration in air of
krypton-85 and various organ doses. A review of these results show
which radiations and source locations are important. TFor the whole

quy, dose and risk estimates can be based on a consideration of
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external photon exposures, i.e., gamma rays and bremsstrahlung. For
genetic risk calculations the gonadal dose, in the case of males, is
from exposure from external photons; while for females, the whole body
dose estimate can be used. Dose.estimates for the lung are based on
internal beta dose plus the total body gamma-ray dose. Skin dose and
risk estimates are based on the dose deliVere& by external beta
radiation after making an appropriate allowance (0.25) for the shielding
provided by clothing and the nonviable epithelium.

B. Range of Expected Doses from Tritium Exposure

Dose estimates from tritium. exposure have been based on the
assumption that the isotope is contained in body water (Ref. G-9).
However, chronic exposure to environmental tritium has been shown to
lead to incorporation into organic molecules from which tritium is lost
at a slower rate than from bo&vaater (Ref. C-10, C-11). If it is
assumed that, under equilibrium conditions, all body hydrogen (7.0 kg in
standard man) is uniformly labelled, a sustained concentration of 1 uCi/l
body water would lead to a body burden of 63 uCi, as opposed fo 43 uCi if,
as in the ICRP model only, distribution in body water alone is considered.
Evans (Ref. C-10) found that tritium was not, in fact, uniformly
distributed through deer tissues and, assuming that his observed factors
are applicable to man, has calculated that the body burden carried by
standard man at a sustained concentrétion in body water of 1 uCi/l would
be 60 uCi, i.e., higher by a factor of 1.4 than that based on the ICRP
model. While Evans' factor has been adopted in some dose calculationms,

a factor of 1.5 (63/43), although only marginally different, may be a
more appropriate value to use for calculations in man and, therefore, it

is used here.
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Since it is apparent that, under chronic exposure conditions,
tritium may become incorporated into the genetic material (DNA), it has
been.suggested that the relative biologieal effectiveness‘of tritium
in terms of genetic effecté may be greater than uﬁity as a result of DNA
degradation from transmutation and recoil processes in addition to that due
to absorbed energy from ionization processes due to beta emissions. How-
ever, from both experimental (Ref. C—12) and theoretical (Ref. C-13)
considerations, it has been concluded that it is the absorbed dose to
mammalian cell nuclei from incorporated internuclear tritium which deter-
mines quantitatively the degree of effect (Ref. C-24). The assumption
made in these calculations that the appropriate value for quality factor
for tritium dose equivalent estimation is 1.0 as recently adopted by the
National Council on Radiation Protection and Measurements (NCR?) (Ref. C-14).

A sustained concentration of 1 yCi tritium per liter of -body water
would thus be equivalent to a specific activity (assuming uniform
labelling of all body hydrogen) of 9x10 3 Ci tritium/g hydrogen, and
would deliver an annual dose to 5ody tissues of approximately 100 mrem.

The concentration of tritium in body water resulfing from exposure
to tritium in air is obtained by diluting the daily intake of tritium
by inhalation into the 43 1itefs of body water with a biological half-
life of 12 days. This amount of tritium is doubled to account for
absorption of tritium through the skin., This leads to an annual dose

of 1.7x10% rem? for an air concentration of 1 uCi tritium/em3.

2In the case of beta and gamma rays emitted by fuel reprocessing plant

effluents, the quality factor is one and the dose equivalent in rems

is identical to the dose in rads. Where the effects of such effluents
are considered in this report, doses are expressed in rem units and
biological effects are presented on a per rem basis.

REM - The rem represents that quantity of radiation that is equivalent--
in biological damage of a specified sort - to 1 rad of 250 kVp x rays.
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C. Range of Expected Doses from Iodine-129 and Iodine-131 Exposures

Atmospheric releases of iodine from fuel reprocessing may result
in an accumulation of iodine-129 and iodine~131 in the thyroid giands
of persons living in the surrounding area. The pathway potentially most
hazardous to mén‘for isotopes of iodine is the grass—cow-milk chain,
particularly in cases Whérefthe'milk is not diluted with uncontaminated
supplies. Direct deposition on foliage will be the only significant
route of contamination of edible herbage for iodine-131 and is likely to
be the most important for iodine-129, at least over the duration of
plant operation.

Because of the long half;life of iodine-129, recycling through
the soil should be considered. In organically rich soils, the iodine
will be strongly bounded to the soil, but it will be leached rather rapidly
from other types of soils. 1In any case, plants will incorporate
iodine-129 in ratio proportional to the amount of natural iodine~127
available. The actual amount of iodine-129 incorporated will depend on
the location of the reprocessing plant, and the specific activity of
the iodine-129 (curies of iodine-129 per gram of iodine) in each component
of the terrestrial pathway will change as a function of time as build-
up in the soil increases. At any given time the specific activity in
thé ecological chain will be soﬁewhat less that fhe specific activity of
the iodine~129 in the air. 1In many cases fhe specific activity will be
much less because of the large stable iodine reservoir in soils and other

parts of the terrestrial pathway.
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When considering the ekposure of individuals to iodine isotopes via
the grass—coﬁ—milk chain, the population potentially at greatest risk
is young children consuming fresh milk (Ref. C-15, C-16). From the data
of Durbin, et al. (Ref._C-lJ) the average daily intake of whole cows milk
by U.S. children over thé first year of life is about 760 ml. Appropriate
‘representative data to define the relationship between the amount of
iodine ingested by a 6-month-old child and its concentration in the
critical organ; the thyroid gland, are (Ref. C-6); thyroid weight, 1.8 g;
fraction of ingested iédine reaching critical organ, 0.35; and biolog-
ical half-life of iodine in thyroid, 23 d. Equivalent data for adults,
appropriate to the calculation of average population doses, are: daily
‘milk consumptibn, 500 ml (Ref. C-17); thyroid weight, 20 g; fraction
ingested reaéhing criticai organ, 0.3; and biological half—life in
thyroid, 138 d (Ref. C-6). Use of these values yields an annual dose
to the adult thyroid of 0.29 mrem for iodine-131 or 1.9 mrem for iodine-
129 for a concentration of 1 pCi/1 of each isotope. The corresponding
annual doses to the thyroid of children whose daily consumption of milk
during the first year of life contains 1 ci/1 ofvthe respective
radionuclides are 4.3 mrem for iodine-131 and 6.3 mrem for iodine-129.
The media conversion factors presented in table C.1 are also derived
from considerations discussed in references C-6 and C-7, an assumed
grazing area.for a dairy cow of 80 m? per day and an iodine deposition

velocity of 0.5 em/s (Ref. C-5).
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TABLE C.1

Milk Concentrations of Iodine-131 and Todine~129 from
Given Input Concentration and Corresponding Doses

Milk Concentrations

* Input Concentration

of Respective Nuclide Todine-131 Todine~129
1'pCi/m2 (ground surface) 0.20 pCi/1 0.28 pCi/1
1 pCi/m® (air) 6.2x102 pCi/1 2.4x103 pcif1

Annual Dose to Child Thyroid

Todine-~131 Iodine-129

1 pCi/m3 (air) ' 2.7 rem 15 rem

Annual Dose to Adult Thyroid

Iodine~131 Todine~129

1 pCi/m3 (air) .18 rem , 4.6 rem

'Esfimates of the specific activity (uCi iodine-129/g total iodine) in
the thyroid gland corresponding to an annual dose of 1 rem are, for an
adult, 2.3, and for a 6-month child, 4.1 (Ref. C-6). Adoption of a
value of 0.44 rem/yr as the dose delivered to a thyroid gland containing
1 uCi iodine-129/m® total iodine would thus appear to be a reasonable
estimate for all cases. The méan concentration of stable iodine in the
atmosphere is given as 0.2 ug/m3 (Ref. C-18). Using this value, it can
be shown that an air concentration of 1 pCi iodine—129/m3 would lead to

an annual thyroid dose of 1.8 rem. 1In areas where the atmospheric
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concentration of stable iodine-127 is low, the dose could be up to
40 times higher; this upper limit on the dose is set by the amount
of stable iodine-127 released in fuel reprocessing. Thus, for
adults the higher value presented in table C.1 of 4.6 rem/yr

per pCi/m3 of iodine-129 in air is selected for use in this study.

D. Range of Expected Doses from Plutonium-239 and Other Actinide Exposures

The potential risks from inhélation of plutonium-239 depend on whether
the plutonium is in a soluble or an insoluble form. Present experience in-
dicates that, in the case of fuel reprocessing, the plutonium Wil; be pre-
sent in the enviromment in a relatively insoluble form and the present
dose estimates are based on this assumption. There is also evidence that a
considerable fraétion of plutonium-239 inhaled in insoluble form is trans-
located, largely to the bronchial and mediastinal lymph nodes (Ref. C-19).
Since the risk to be pulmonary region depends upon both.the amount of
plutonium in the organ and its microdistribution, the region containing
the largest amount of plutonium may not be the region at greatest risk.
Particularly, since the relative sensitivity of the various cell types
encountered has not been established, the dose to the lung from inhaled
particules is calculatgd on thé basis’ of én average dose to the entire
pulmonary region for this report. In the case of alpha emitters, such
averaging is obviously inappropriate if there are only a few particles
present. ICRP Publication No. 6 (Ref. C-20) recognizes this and states, "in
the case of the lung, an estimate of the dose equivalent to the critical
tissue determined merely by the product of quality factor and mean dose
may be greatly in error, but further experimental evidence is needed before

a better estimate can be made."
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In this report, dose estimates are based on the new ICRP lung model
(Ref. C-21, C-22). The biological half-life of material in the lung
(pulmonary region) is assumed to be ;,000 days. Using this model,
sustained exposure to an air concentration of 1 pCi/m3 of
piutonium—239 in insoluble form would lead to a dose rate of 12 rem per
year in the pulmonary region. It is assumed that the risk to this
region is representative of the total risk to the lung.

Media-dose conversion factors for other actinide radionuclides
are related to the plutonium-239 conversion factor by taking into
account the effective energy absorbed per disintegration of each
radionuclide and the physical half-life as givén in ICRP Publication
Nos. 2 and 6 (Ref C-9, C—ZO). Table C.2 gives the conversion factors

used in this study for several actinides relative to plutonium-239.

TABLE C.2

‘Actinide Air-Dose Conversion Factors
Relative to Plutonium-239

Rédionuclide Relative Conversion Factor'a

Pu—2§8" 1

Pu-239 ' 1

Pu-240 1

Pu-241 " 0.001

Am-241 0.25

Cm~242 0.17

Cm~244 6.33

8 plutonium~239 Conversion Factor - (12x10°® rem/yr)/(l uci/m3).
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E. Summary

Table C.3 summarizes the media-dose conversion factors presented
in this section. Conversion factors are expressed in terms of
rem/yr resulting from continuous exposure.tp concentrations

expressed in uCi/cm3 of air.

TABLE C.3

s

Summary of Media-Dose Conversion Factors

Radionuclide Critical Organ Conversion Factor

(rem/yr)/(uCi/cm?® air)

Kr-85 Whole body ‘ 1.5x10%
Gonads (female) 1.5x10"%
Gonads (male) ‘ 2,0x10%
Lung 3.0x10%
Skin ‘ 50.0x10"%

H-3 _ Whole body 1.7x106 oy

| 100 (rem/yr)/(uCi/cm3 water)

1-129 Infant thyroid 15.0x1012
Adult thyroid 4.6%1012

I-131 ~ Infant thyroid . _ 2.7x1012
Adult thyroid 0.18x1012

Pu-239 : Lung & 12.0x1012

IV.

@ See paragraph IV D regarding comsequences of soluble form of plutonium.

DOSE-RISK CONVERSION FACTORS

Assumptions made in predicting radiation-induced health effects
from nuclear fuel reprocessing are given in this section. Consistent

with recommendations made in the recent (November 1972) National
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Academy of Sciences Committee on Biological Effeects of Ionizing
Radiation (BEIR) report (Ref. C-23), the health risks presented in this
report are based on an assumed linear relationship between absorbed
dose and biological effects and that any increased risk is in
addition to that produced by natural radiation; i.e., no threshold
exists. It is further assumed that health effects that have been
observed at dose rates much greater than those likely to be encountered
around fuel reproceséing plants are indicative of radiation effects at
lower dose rates. Only insofar as any biological repair of radiation
. damagé from low dose rate radiation is neglected do the BEIR
health risk estimates represent upper limits of risk. In most cases
the risk estimates are based on relatively large doses where cell
killing may have influenced the probability of delayed effects being
observed. The BEIR risk estimates used in this report are neither
upper nor lower estimates of risk, but simply the '"best available."
'As the BEIR report points out; a nonthresho}d linear relationship
hypothesis is not in itself sufficient for the prediction of health
risk., It is also neceésary to assume that all members of the exposed
population have equal sensitivity to the radiation insult so that the
expression of health risk is independent of how individual exposures
are distributed. This requirement is not wholly satisfied. As
documented in the BEIR report, differences in sensitivity do exist;
for example, children are more radiosensitive than adults. There are
two considerations, however, which help validate the application of

available mortality data to a consideration of health effects from
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fuel reprocessing. Some of thése data (those taken from Hiroshima and
Nagasakl) reflect, to a 1imi£ed extent, exposure of a relatively
heterogéneous populatien. More importantly, even though the number of
health effects will Bé dependendent on the exact makeup df the
populatlons at risk, the relative order of 1mportance of the various
.pathways of exposure Will not be very sensitive to the population
characteristics near a given fuel reprocessing plant, Finally, it
should be pointed out that the health risk»estimates made. here assume
that thé»expécted radiation effects are independent.of other environ-
mental stfeéses, which may be either uniéue to the population surrounding
fuel reprocessing facilities Qr-unique té the exposed groups considered
in the BEIR report.

The nﬁmerical risk estimates used in this appendix are primarily
fréﬁ the BEIR report. What must be emphasized is that though these
numbers may be used as the best available for the purpose of risk-cost:
benefit analyses,.they cannot be usedvto’accurately predict the number
-0of casualities. For a given aose equivalent, the BEIR report.estimates
a range for the health impact per million exposed persons. For example,
the BEIR results from a study of the major sources of cancer mortality
data yield an absolute risk?® estimate of 54-123 deaths annually per 108
persons per rem for a 27-year fbilowup period. Depending on the details

of the risk model used, the BEIR Committee's relative risk" estimate is

3Absolute risk estimates are based on the reported number of cancer deaths
per rad that have been observed in exposed population groups, e.g.,
Hiroshima, Nagasaki etc.

Relative risk estimates are based on the percentage increase of the
ambient cancer mortality per rem.
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160-450 deaths per-106 persons per rem. It is seen that the precision
of these estimates is at best about a factor of 3-4, even when applied
to sample populations studied on the basis of the ‘same dose rates. The
application of the BEIR risk estimates to exposures at lower dose rates
and to populétion groups more heterogenoﬁs than those studied increases
the uncertainty in the risk estimates. Considering the limitations

of presently available data and the lack of an accepted theory of
radiocarcinogenesis, emphasis should be placed on the difference in
risk estimates between the various procedures and countermeasures
discussed in this report rather than on the absolute numbers. Where the
absolute numbers must be used for risk-cost-benefit balancing, it
should be remembered that these risk estimates are likely to be re-
vised as new information becomes available. Notwithstanding these
disclaimers, it is also pertinent to note that we are in a better
position to evaluate the true risks and the accémpanying uncertainties
from low levels of radiation than from low concentrations of other
environmental pollutants which might affect populations in the vicinity
of a fuel reprocessing plant.

A. Dose-Risk Conversion Factors for Krypton-85

71. Total Body Dose-Risk
The BEIR report célculates'thé cancer mortalify'risk
(including leukemia mortality) from whole bddybradiation by two quite
diffe;ent models. The absolutg risk model predicts about 100 cancer
deaths per 108 person-rem while the relative risk model predicts between ,
160 and 450. An average cancer mortality of 300 gnnually per 106

person~rem would seem to be an appropriate mean for the relative risk
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model. The average of the absolute and relative risk models is 200,
which is close to the estimates of cancer mo;tality risk listed as
"most likely" by the Committee. Cancer mortality is not a measure of
the total cancer risk, which the Committee states is about twice that
of the yearly mortalify.

The computgtion of health risk from continuous krypton-85
total body exposure usedvin this report is the one appropriate for
total body irradiation.

Estimated Cancer Risk from Total Body Irradiation

Cancer mortality = 200 deaths per year for 10° person~rem

annual exposure. Total cancers = 400 cancers per year for

10° person-rem annual exposure.

2. Gonadal Dose-Risk

The range of the risk estimates for genetic effects set forth

in the BEIR report is so large that such risks are better considered on a
relative basis for diffe?ent exposure situations than in terms of
absolute numbers. The range of uncertainty for the "doubling dose"
_(the dose required to double the natural mutation réte) is 10-fold
(from 20 to 200 rad); and because of the additional uncertainties in
(1) the fraction of presently observed genetic effects due to back-
ground radiation, and (2) the fraction of deleterious mutations
eliminated per generation, the overall uncertainty is about a factor of
25, The total nuﬁber of individuals showing vefy serious genetic

effects such as congenital anomalies, constitutional and degenerative
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diseases, etc., is estimated at somewhere between 1,800 and 45,000 per
generation per rad of continuous exposure; i.e., 60-1,500 per year if
a 30-year generation time is assumed. This level of effect will not be
reached until after several generations of exposure; the risk to the
first generation postexposure. is abouf a factor of 5 1ess.A

The authors‘of the BEIR report reject the notion of ‘''genetic deéth"-
as a measure of radiation risk. Their risk analysis is in terms of
early and delayed effects observed post partum and not early abortionm,
stillbirths or reduced fecundity. .Because of the seriousness éf the
genetic effects considered here, e.g., mongolism, the emotional and
financial stress would be somewhat similar to death impact. Indeed,
many of the effects described are those which lead directly to infant
mortality (fetal mortality is excluded).v For the purposes of this
report this class of genmetic effects will be considered on the same
basis as mortality data.

Estimated Serious Genetic Risk

from Continuous Gonadal Irradiation

Total risk = 300 effects per year for 106 person-rem annual
exposure.
Less serious genetic effects have also been considered by the
BEIR Committee. These have been quantified under the categorgy ''unspeci-
fied i1l health.'" The Committee states that a continuous exposure of
one rem per year would lead to an increase in ill health of between

3 and 30 percent.
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3. Lung Dose-Risk
Due to the insufficient data for the younger age groups,
estimates of lung cancer mortality in the BEIR report are only for
that fraction of the population of age 10 or more. For the risk esti- -
mate made below, it is assumed that the fractional abundance for lung
tumors is the same for those irradiated at less than 10 years of age
as it is for those over 10°. On an absolute risk basis lung cancer mortality
is about 26 deaths per annum per 108 persons irradiated continuously
at a dose rate of 1 rem per year. This is a minimum value. The BEIR
report states that .the absolute risk estimates may be too low because
observation times for exposed persons are still relatively short compatred
to the long latency period for lung cancer. Furthermore, lung cancer
risks calculated on the basis of relative risk would be 1arger; For
the risk estimate made here, it is assumed that the ratio of absolute risk
to the average relative risk is at 1east‘a factor of 0.5, i.e., the
same ratio as in the case of total body irradiation discussed above.

Estimated Lung Cancer Risk :

from Continuous Lung Irradiation

Lung cancer mortality = 50 deaths per year for 10°© person-rem
annual;exposure.
4. Skin Dose-Risk
There is no doubt that the dose to the skin delivered by
krypton~85 exceeds by about two orders of magnitude the insult to other

organs. However, epidemiological evidence of any real risk from such

SAn absolute risk estimate is not very sensitive to the inclusions of this
assumption since lung cancer incidence is very small in the young.
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insults at the dose levels considered here is nonexistent. This is

not to say that the linear dose-effect. assumption does not-hold for
ékin_cancer but réther.that ihg;BEIR Committee found that from the
extensive evidence they examined "numerical,estimatés of risk at low
dose levels would not seem to be warranted." The authors of this report
concurred with the BEIR report. However, rather than defining a>
zero risk per rad for any radiation insult from krypton-85, an upper
limit of risk is proposed. It should be noted that skin cancers are
rarely fatalkand usually not very debilitating. The estimated
upper risk for continuous exposure is:
Skin cancer - upper limit = 3 skin cancers® per year for 106 person-
rem annual exposure.

B. Dose-Risk Conversion Factors for Tritium

1. Total Body Dose-Risk

.The somatic dose—effectsAfrom tritium are not expected to be
unique. Risk estimates for total body irradiation are based on the
same information reviewed in Secpion A for krypton-85 total body
exposure.

| 2, GonadalbDose-Risk

The genetic risk from tritium per unit gonadal dose is expected
to be the same as for the beta and gamma radiation from other isotopes.
Some experiments.with bacteria»(Ref. C-24) have shown that the:location

of a tritium atom on a particular DNA base can enhance the mutation rate.

6Assuming 30 years at risk exposure and that the incidence of skin cancer
will be 10% of all radiation-produced cancers except leukemia, breast,
lung, G.I. tract, and bone cancers. :
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However, if it is assumed that tritium labeling is a random phenomenon,
the perceﬁtage for such locations that are specifically labeled will be
extremely small at the exposure levels considered here. Therefore, the
risk estimgtes for gonadaloirradiation from krypton-85 listed in section
A are also appropriate for estimating the genetic risk from tritium

exposures.

«

C. Dose-Risk Conversion Factors for Iodine-129 and Iodine-131

Iodine ié concentrated in the human thyroid. Therefore, the insult
from radioiodines is important only for the thyroid. The dose to other
organs is orders of magnitude less. Two health effects follow high
level exposures of thyroid tissue to ionizing radiation: benign neoplasms
and thyroid cancer. Though the former are a more common radiation
effect, only the risk from cancer is considered here.

While children are particularly semsitive to radiation damage to
their thyroid glands, thyroid cancer is not usually a deadly disease
for persons in younger age groups but mortaiity approaches 25% in
persons well past middle age. It is not presently known if the rédi—
ation-induced cancers which are more frequent for persons irradiated
early in life will follow the same patterns of late mortality.

The BEIR report provides risk estimates only for morbidity (mot
mortality) and only for persons under 9 years of age, i.e.,, 1.6~
9.3 cancers perilo6 person-rem years. From the Hircshima data and
other étudies it would appear that for persons over 20 years old the
radiation-induced thyroid cancer incidence is much lower and may

approach zero.
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Since informatiqn in the BEIR report is not sufficient in itself
to estimate the cancer incidénce from continuous exposure, tentative
risk estimates for this study are also based on risk estimates described
in TCRP Publication No. 8 (Ref. C-25) as well as the mean of the BEIR
Committee's various estimates of incidence per rem. Infants and fetuses,
composing approximately 2.5 pércent of the population, are, of course, the
most sensitive group. TFor this group about 150 thyroid cancers may accrue
annually per 10 person-rem annual exposure. For the approximately
40% of the populations that is in the 1-19 vear age group it is assumed
that the incidence is a factor of about 4 less, and that for the balance
of the population, it is a factor of 30 less.

Estimated Thyroid Cancer Risk from Radioiodines

Morbidity for less than age 1:
150 cases per year for 10° person-rem annual exposure.

Morbidity for less than age 20:
35 cases per year for 10° person~rem annual exposure.

Morbidity for more than age 20:
5 cases per year for 106 person~rem annual exposure.

It is unlikely that the annual mortality from this cancer would be
much larger than 25% of the rate of incidence. As for other radiation

effects, a true measure of the risk from thyroid cancers would be life

shortening, but insufficient mortality data prevents such an approach,

D. Dose-Risk Conversion Factors for Plutonium and other Actinides

The lung cancer mortality risk discussed in Section A is the best
available information on the consequences of lung exposure. While it
is based on mortality information from miners exposed to alpha emissions

from particulates as well as more conventional dose~risk data, it is
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probably not really adequate for describing thelrisk”from inhaled
plutonium. There is good evidencé fhat a fraction.bf.such particulates
are cleared from the lungs and relocated into the respirétbr& 1ymph
nodes. The organ dose received by‘a lymph node in this case is not
really known, but is probably on the order 6f SOltimes the'avéragé
dose to lung tissue. Tﬁe ICRP dées not consider these highly irfadiated
nodes to be the organ at maximum risk and preliﬁinary results of animal
expgriments would tend to confirm their judgment. However, it is not
a settled question. ‘

Even if the lung is the criticél organ for such eXposures,.there
is little reason to believe that the avefage‘lung dose, preseﬁtly used
in health-risk analyses, is really feié#éﬁt t0'estiﬁating the risk from
air-borne particies. Estimates of.the aétﬁal dose from diécrete sources
of alpha radiation are subject té large Variébility simpiy because
little is known about the volume over which the energy deposition takes
place. Even though as many as 4x106 particles (0.2 Hm diameter) of
plutonium-239 are required to deliver an average energy depééition of
1 rad to the 1ung; the dose is not evenly distributed; only about 0.2%
of the lung volume absorbs the emitted energy. Health risk estimates
based on dosimetry are probably unwarranted under these circumstances
and use of a body burden approach to health-risk assessments would
appear to‘be a more likely route to success, Unfortunately, experiments
allowing this approach are not yet complete. Therefore, the lung
cancer risk estimate for exposure to actinides for purposes of this

;study is as given in Section A for uniform lung exposure.
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The dose conversion factor for a soluble form of plutonium will
differ from that presented for insoluble plutonium for a given air
concentration. However, the associated risk (expressed in effects
induced per unit air concentration) resulting from the‘soluble form
1s expected to be the same order as for the insoluble form as

analyzed here.
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 APPENDIX D

‘Radiation and Economic Impact
Analysis Techmiques






INTRODUCTTON

This appendix presents the caléulational techniques used in
arriving at radiation dose and health risk estimates for tﬁe general
population due to nuclear fuel reprocessing and the general approach
taken to assess the economic impact of effluent'controls on the
industry. The dose and risk estimates are made for individuals
living at 3 kilometers from a reprocessing plant, the regional popu-
lation within 80 kilometers (50 miles) of a reprocessing plant, for
the total United States population (including thét of the regional
zone), and for the world population (excluding the U.S. population).

The dose and risk estimates are made for a representative single five

tonne per day plant and for the projected industry as a whole. Only

reieases via thé atﬁospheric route are considered since future plants
are not expected to felease significant quantities of radioactive
material in liquid effluents. One present facility has significant
liquid releases and this case should be considered on an individual

basis,



II. ESTIMATED REGICNAL POPULATION EFFECTS

The regioﬁal population around a reprocessing plant may be
exposed to higher radioactive material concentrations due to releases
from the plant than is the total U.S. population. Thus, this
regional population group is considered as a special case. The total
regional population dose received by a specific body organ (organ i)
exposure to a specific radionuclide (radionuclide‘j)‘is estimated by

using the following equation:

D,, = . X F,. cC P erson-rem/yr
1] QJ (Q) (3 km) ij r P 7

Where:

Qj= Release rate of radionuclide»j from the fuel reprocessing plant
in curies released per second (Ci/s); The average annual
release rate is deterﬁined by using the curie/tonne values
in appendix A, the plant decontamination factors in appendix
B, and the size of the plant in tonne/day,éapagity. For this
evaluation, the capacity of a single plant_is taken as
5 tonne/day which is equivalent to lSOO.tonne/year.A‘It
is assumed that a plant operates at full capacity.

(X) ' = The meteorological dispersion factor{ i.e., the radiqnuclide
Q’ (3 km)

; concentration in air, X, 3 km from the plant per unit of
release rate from the plant [(uCi/cmS)/(Civreleased/s)].
A distance of 3 km is chosen as a reference point since the
air concentration at this point is generally hot significantly
affected by the stack height of_;he“plantf Using the methods

referenced in appendix C, X/Q values have been calculated for



13

many sites by many people. In this evaluation, a value for
(X/Q)Bkm) of 5X 10_8 ( Ci/cﬁs)/(Ci/s) is considered to be
representative of a typical plant. This value is assumed to
be pniform in all directions around the plant., Actual plantv
values may vary from the above value by as much as factors of
five or ten.

The pathway dependent dose conversion factor which gives the

dose to organ i due to a medium (air, food, or water) concen-

tration of radionuclide j [(rem/year)/( Ci/cm3)]. For
example, iodine exposure of the thyroid gland by inhalation
and milk ingestion would have two separate dose conversion
factors. The dose conversion factors used in this study are
given in appendix C.  For radionuclides with long retention
times in the body, e.g., the actinides, the conversion factor
represents the equilibrium dose rate resulting from a continu-
ous factor represents the equilibrium dose rate resulting
from a continuous constant intake for several years.

The regional dilution and population distribution correction

factor. It is a ratio of the average individual dose within

80 km of the plant to the average individual dose at 3 km. It
takes into account increaéed dilution as the radionuclides are
transported further from the plant and an uneven distribution
of population around the plant. It can be calculated
theoretically by assuming a population distribution (Ref,

D-1) or it can be determined from population dose calculations

around real plant sites. For this study, the results of dose



calculatioﬁs for about 50 reactor. sites (Ref. D-2) were
analyzed and a value of 0.028_(rem/person within 80 km)/
.rem/person at 3 km) was obtained. Thebretiéallreédlts are
similar. This‘valﬁe W;S assumed to be the same for all
nuclides. Fuel reprocessing plants are assumed to be located
ét sites with popﬁlation>cparacteristics similar to those ét
reactor sites. Individual plant correction factors may vary
by as much as a factor of five from the average valuergiven
above. The distance of 80 km (50 miles) was chésen as a cut-
off on regional calculations since the distance is large enough
to include any nearby large population center yet small enough
so that the area affected can be considered a local area.

R - The populations within 80 km of the fuel reprocessing plant
site. The population values df the above-mentioned SO'reactor
sites, taken primarily from environmental reports, lead to an
average population around a site of 1.5 x 106 people in 1980.
Population sizes around individual plants.can vary from this
by a faétor of three. The doubling time of this population
is assumed to be about 40 years. For purposes of characterizing
age—sPécific factors, 2.5% of the population is considered to be
under 1 Yéar old, 45% between 1 and 20 years old, and the remaiﬁder
over 20. One-half of the population is used for genetically.signi—
ficant dose calculations because of the child-bearing potential.

Using the above factors, the dose equation becomes:



3
= -8 pCi/em”
D.. = (Q 0 Ci/S )

13 5 Ci/s) x (5 x }

]

(Fij i%%é%ig) x (0.028) x (1.5 x lO6 people)

x (1.5 to take into account population growth)
0.0032 qQ, F
QG Fiy

This represents the average annual population dose for a 40

person-rem/year

year period of constant emissions during constant plant operation.

The equation can be modified further by considering that:
A .

Q. = i x 1500 Ci/s
3 3.15 x 10/ x dj
where: - '
‘ Aj = Curies of radionuclide j per tonmne of fuel reprocessed

(appendix A)

Plant system decontamination factor for radionuclide j

{2
e
]

(appendix B) and 1500 tonne are processed per year at a 5
~ tonne per day capacity, and there are 3.17 x 107 seconds per year).

Therefore:

A
-7 2
Dij = 1.5 x 10 d Fij . average person-rem/year

k|

The individual dose rate at 3 km is estimated by taking out the
population-related factors of the above equation (C, PR’ and popu-
lation growth). This results in:

D -9 A,
Tij = 2.4 x 10 El- Fij average millirem/year
3 .

The regional health risk due to doses to organ i, H , is deter-
mined by multiplying the total dose values for organ i by the health
risk conversion factor, Ji (health risks/person-rem), for organ i,

Therefore:
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where the Ji values are those given in appendix C. The total

regional health risk for one plant, H, is:

The total annual fuel reprocessing industry effect on the
regional populations is obtained by multiplying the effect for
one plant by the number of operating plants in any given year

(appendix A).



III.

ESTIMATED EFFECTS ON THE UNITED STATES POPULATION

Several radionuclides released in the gaseous effluents from
a fuel reprocessing plant spread from the local region fo all or
part of the total United Sﬁates land area before being diluted
around the world. . The method of estimating effects to the U.S.
population depends on the radionuclide being. considered. The radio-
nuclides considered in this study are tritium, krypton-85, iodine-129,
and the actinides. Iodine-131 is considered to be only a regional
problem because of its short half-life and the rate of local deposi-
tion assumed. Krypton-85 and tritium expose the U.S. population
only briefly before subsequent dispersion throughout the world, while
iodine~129 and the actiniées are assumed to build up only on U.S. soil.
In fact, the impact of these latter two may be restricted to a region.
A, Tritium

It is assumed that most of the tritium released as a gaseous
effluent from the reprocessing plant will enter into the hydrologic
cycle. The released tritium is assumed to fall out or rain out over

6 kmz (1.5 x 106 miz)] and becomes

the Eastern United States [3.7 x 10
diluted by tﬁe annuai rainfall [40 inches (average 100 cm)] (Ref.
D-3) over this area. With some further dilution by uncontaminated
water, this then becomes the water concentration to which the popula-
tion of the Eastern United States (80% of the total U.S. population)

along with their animals and crops are exposed.

The total population dose is then given by:

D,, = (Cj ﬁ%i) x f x (F rem/yr x 0.80 Pu person-rem/yr

ij ij pCi/ml
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where:

J

C. = The water concentration of tritium determined by diluting the

yearly input, Qj (Ci/s) x 3.15 x 107 s/yr, of tritium to

the environment by the average annual rainfall over one-half

‘ of the United States.

13

A factor to take into account dilution of tritium by uncontamin-
ated water from deep artesian wells and the fact that not all
tritium will fall out over the Eastern United States. Some,
perhaps a large portion, will fallout over the Atlantic Ocean
and will be diluted in a larger volume. For this évaluation

f = 0.5 is used although it is ohly an estimate.

Dose conversion factor from appendix C [100 (rem/yx)/(nCi/ml)
for this case.]

Population of the Unitéd States. The population growth of the
U.S. is estimated as in figure D.l. One-half Pu is used for
genetically significant dose calculationmns.

Tritium concentration, Cj’ is related to the environmental

input by:

(9]
f

6 uCi

= Ci uci
(Qj S X 10 X

Ci

3.15 % lO7 s/yr

(1.5x10° mi4)x(1.61x10° cm/mi)4x(40 in)x(2.54 cm/in)

8.0 x 10°° Q uCi/ml

13 &4
2.5 x 10 —51 N uCi/uml
N
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where:

Aj = Curies/tonne - from appendix A,

Dj = System decontamination factor from appendix -B.

N'.= Number of tonnes processed per year. (1500 tonne/yr for a

single plant and as in appendix A for the total industry.)

Therefore:

_ 13 " A, person-rem/yr to U. S. A,
D,, =2.5x%x 10" x0.80 f N—L F,, P population from the
= ' dj +J Y fallout of tritium

B. Krypton-85

Part_of the population‘of the Eastern United States is exposed
tb air concentrafions of krypton-85 as it passes ffom the fuel
reprocessing plant to the Atlantic chan on its first pass around
the world. The dose from this exposure pathway is taken from a
study recently performed at the National Oceanic aﬁd Atmospheric
Administration (Reference D-4). For a plant in Morris; Illinois,
releasing one curie of krypton-85 per year, thé“population—weighted
concentration on its first pass over the Eastern United States to
the Atlantic Ocean 15 2.5 x lO“16 persoani/cmB. For ﬁurposes
of this evaluation,'this'value is considered adequate to use for
all plants. This Value is ‘then multiplied by total annual releases

and dose conversion factors to obtain dose values.,
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person-Ci

cm3

] x 10° ¥&L |

Ci d, ij
. J ]

[2.5%107 10

D,. -
i] Ci

where N, Aj’ dj’ and Fij are as defined previously. The 1.5 factor

is to account for population growth based on a doubling time of 40

years.
Therefore:
D.. = 3.8 x 10710 § i P person—?em/yr to U. S.
ij d, "ij population from release
J of krypton-85

C. Iodine-129

As a first approximation, all of the iodine-129 release ié
assumed to fall out over the Eastern United States [3.75 x lO6 km2
(1.5 x 106 mi)z] and uniformly mix with the stable iodine in the
soil to a depth of 20 cm. This then becomes the specific activity
of iodine in the diet to which all persons in this part of the
country are exposed.: Because of its long half-life (1.6 x lO7 years),
iodine-129 will build up on the soil and expose the population long
after it has been released to the environment. The movement of
iodine-129 in the biosphere is rot well documented‘at the present

time. However, even with the assumptions that must be made, the

first estimate obtained is cqnsidered reasonable.
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The specific activity of iodine-129 in the soil at time t,

curies 129I/gr 1271, is:

Specific _ I N(t®) * B4 £ !
Activity o d, ' ° ) 105 £\ 2
J © 1.5 x 10° mis x (1.6 x 102 cm/mi)
-b 127_ . .
4 x 10 '§-——r£ - 1.0 g soil x 20 cm depth
g soil . 3 .
cm
13t A 129
=2.2x 1075 1w A4 £ e 291
0 ‘dj g 1271

where f is the fraction of iodine-129 release that stays in the

soil, and it also includes dilution by iodine taken in from other
sources, énd the other factorskare as defingd previously. For
purposes of this evaluation, f .is taken as 0.5. This value is only
a rough estimate, however, and may be.considefably in error, Like-
wise, the value of 4 x 10-“6 g 127I/g soil is taken from only one
Ref. (D-5) and may nof be representative of the Eastern United
States. These numbers can easily be changed when better values
are determined. Using the dose-conversion‘factor given in

appendix C, the annual thyroid popuiation dose rate as a

function of time, t, is determined from:

129

_ . e L. CiTT1 5 rem/yr
D,. = (specific activity ~—=—— x (4.4x10 —)
ij - ’ g127I Ci129I/glz7I
x (0.80 Pu(t))
_8 t A,
= 7.7 x 10 Pu(t) I N(t®) L £ thyroid person-rem/yr
0 d, ‘

J
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This is the annual populatibn dose (thyroid) due to the total
amount of iodine~129 in the environment ét the time of calculation.
For purposes of determining health risk, the iodine~129 is assumed
to expose the population for 100 years beyond the time of release.
D. Actinides

The actinides are assumed to buil& up i@ theanstern United
States in the same manner as iodine-129 witﬁﬂﬁhe principal ex=-
posure pathway believed to be resuspension of the material and
inhalation. The annual population dose to tﬁe lungs from the

buildup of actinides in the environment is:

-~ A '
0.8 Pu(t) N(t™) ?1; £ .Rs Fij

D, = .
3.8 x 106 km2

where Rsris the resuspension factor in- terms of Ci/m3 air per Ci/m2
on the ground. Based on’calcuiations using fallout data and data
from around Rocky Flats (Reference D-6), a value of RS = 10_6 is
used in this study. The uncertainity of this value may be of the
order of several orders of magnitude. The fraction of actinides

released that remains on the soil is taken as 0.5 for this study.

Therefore:-
. -19 e A, F
Dy. = 2.1 x 10 Pu(t)f T N¢(e?) 3 043 person—~rem
- o 0 j dj year
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The dose calculation is performed for plutonium—-239 and the totél

of all the long-lived actinides is about 10 times the plutonium—-239
dose for long-term exposure. This results from a consideration of A.j
and Fij values in appendixes A and C., For purposes of determining
health risk, the actinides are assumed to expose the population for
100 years beyond the time of release.

The health risks from all of these pathways are estimated by:

HU = Z D,, J,
S . . 1 i
i,]

Admittedly, the pathway models used in this section for the
detérmination of environmental effects to the United States popu-
lation are uncertain and unproven. They are presented as a first
order approximation of these effects and the points of uncertainty,
especialiy relative to environmental behavior, are indicative df |

research needs already identified in these areas,
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EFFECTS ON THE WORLD POPULATION OUTSIDE THE U.S.

Two radionuclides released in fuel reproéessing are expected to
result in doses to‘the worid population - krypton-85 and tritium.
A.  Krypton-85

The worldwide dose due to krypton-85 exposure can be estimated
by diluting the output from one year of fuel reprocessing into the
World's atmosphere (5.14 x 1021 g; sea level air density = 0.00129
g/cm3) (Ref. D-7), and then determining population dose while it
decays away. The total yearly dose rate at any instant in time is
a combination of contributions from all previous environmental
releases of krypton-85. The total population dose to be received
by a specific body organ (ofgan i) over the total time of decay from

a one year's input of krypton-85 is given by:

NA,

_ i v . ; 3
o e 0.00129 g/en ren/yr_
‘Dij(decay) = ('HE'X 10 yr ) x (514 x 1021 g) x (Fij uCi/em”’ *
- —}\t’ ’»
J Pw(t) X e dt
where:

Decay constant for krypton-85 (0.0645/yr)

World pofulation at time t; (t=0 at time of release). The
world population is taken as 3.56 x 109 people in 1970 with
an annual growth.rate of 1.9%/yr (Ref. D-8). For genetically
significant dose calculations, one-half the world population
is used. Five percent of the world effect is subtracted to
account for the United States contribution to world population dose.

The other factors are as defined previously.
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Therefore:

total world person~tem.
committed by one year's

D,. (decay) = 1.9 x 10 '
- release (less U, S. dose).

8 ¥y g 0-019t
i

(3

wheré t” is measured from 1970 to the time of release.
The annual dose rate at time t from the buildup of krypton-85
in the atmosphere from releases is given byﬁ

t . . Pl
: ‘ ~0.0645(t-t
Dij(buildup) = X N(t )Aj X 10b X e ( )

0 d,
J

3
x (0.00129 g/cm < Fi‘ x Pw(t)
5,14 x 1021 g J

where t=t“=0 in 1970.

' A ; t . -
-10 73 -0. 0455t ay H0.0645¢L
Thus: D, (buildup) = 8.5 x 10720 7 Fi.e x I N(t7)e
1] j 13 o

person-rem/yt to the world's population (less U.S. dose). For
genetically significant doses use one-half this value.
To estimate future doses due to the environmental buiidup of

krypton-85, the above annual dose can be multiplied by e ~0.0645T

e 0.019T and then integrated from T=0. to T=«., This accounts for
radioactive decay and for population growth.
B, Tritium

The worldwide dose due to tritium eXposﬁre is estimated by

diluting the tritium release into the circulating waters of only
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the Northern Hemisphere (one-half of 2.7 x 1019 1)‘(Ref. D-7)

and gssuming that the Northern Hemisphere's pépulation (80% of the

world population) (Ref.:D—S) is exposed to the resulting

concentration. The U.S. contribution (about 7%) is subtracted out.
The total population dose-for organ i that will be received

oﬁer the fotal time of deca& from a one year's input of tritium

is given by:

NAj 6 uCi ( 2 A
D..(decay) = ( x 10 ) X
RS d5 yr' 7 Yy 7 x 1002 x 103 m1
rem/ T -, "0.05621:’ »
x (Fy, SeifmD) * JR (&%) e dt
. NA

. - -0 ] 0.019t world person~rem
Dij(decay) = 5,3 x 10 dj Fij e committed

by one year's release of tritium (less U. S. dose) where © is
measured from 1970 'to the time of release.
The annual dose .rate at time t from the buildup of U. S. nuclear

power generated tritium released to the environment is given by:

£ N(t)A, NS
D..(bUildup) = I —_— x lob e Ooost(t t")
1] o dj ] V
2
X ( ) p.4 Fij X Pw(t)

2.7 x 1022 ml

where: t = te = 0 in l970.
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‘ . A, ‘ t s .
Dy (buildup) = 0,20 x 107° L Fy e040372t 5 i ey 10.0562t
h| o

person~rem/yr to World's'population'from'U. §. reactor produced
tritium (less U, S. dose). For genetically significant doses use
one~half this value,

Again, to evaluate future doses due to the environmental

. ~0.0562 »019T
buildup of tritium, multiply by e j?eO

and integrate
from T=o0 to T== to account for population growth and decay.
The health effects. resulting from exposure to tritium and
krypton-85 are determined by:
H=ZD.. J,
ij i
ij
(Some radionuclide fuel content and system decontamination

,factors'used in these calculations are given in table D.1)
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Kr-85
I-129
I-131

Actinides

»
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Table D 1
Factors Used in the Assessment of Environmental

Radiological Impact of Fuel Reprocessing

Activity S Plant

in Fuel Decontamination
(Ci/MT) 'Factor
800.00 . 1.0
10;506.00 ' : B 1.01;
0.06 1000 -
2,00 1000
(See Appendix A S 109

Table A.4)
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ECONOMIC ANALYSES
Annual 'costs should include considerations of debt service;
depreciation, and Federal taxes. The first two are dependent on
the assumed plant life, salvage value, investment capital and
debt. An example of the total annual costs for a 5 tonne/day
‘plant is presented in table D-2 (Ref. D-9). 1In this regard, the
total eéondﬁic impéct upon the investors of the inclusion of
‘a bérticular control system requires consideration of the cost of
monéy invested over the life of the plant. This, of course, will
be §omewhat offset by the increased value of the product over
tﬁé‘séme period.
Several ine.thods are available for presenting ‘the cost ascrib-
: éble.éolely to control systems. These methods are described as
‘annual cost, present worth, and total commitment. |
In order to obtain estimates of these vélues, it is necessary
to specify first costs (P), interest fate (1), debt lifetime (n)
plant life and estimated salvage value (L). In addition a discqunt
factor of 7.5% was used to estimate present worth. For the present
aﬁ%lfsié, the lifetime is considered to be 40 years, the salvage value
is‘qdnSidered negligible, and the effective interest rate is assumed to
be either 10% or 24%. These estimates of costs are based upon the
assumption that the control systems are add-on facilities and not directly
; ?éqﬁired for pfocessing.
“ The anpual costs are considered to be the sum of capital
recovery costs and the annual operating expenses (A.0.E.). Annual
costs therefore are estimated from the following equation:

Annual cost = P x crf + A.O.E.
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where P and A.0.E. are obtained from the estiﬁateé presented in table
B-2. The capital recovery factor (crf) for 40 years at 10% is equal
to .105 (Ref. D-10).

Annual costs can be converted to present worth of all
disbursements for lifetime, n. This is accomplishedlby multiplication
of the annual costs by the present worth factor (pwf) for the
appropriate lifetime and interest rate and by adding the result to the
first cost: PW = A.C. (pwf) + P.

| The present worth factor for 40 years at 10% is 9.779 (Ref. D-10).

The total control system cost can also be estimated over the life
of the plant. Assuming that the principal cost is repaid»within 10
years at an interest rate of 10%, the total cost over 40 years is
estimated to be as follows:

T.C. = (P x crf io) x 10 + A.0.E. x 40

O=
0 .
The system cost presented in table D-3 is in terms of total cost for

where: crfi .163

both 10% interest with 10 yr debt life and 247 interest with 20 yr debt
life. Infaddition, the present worth for the latter parameters is
presented. These figures do not consider the loss of opportunity
costs.

The costs to the investors in time and money associated with
litigation because of suits by opponents are not presently known, but
could be substantial. Introduction of expensive control systems
dufing the initial construction stage and early use might be cost-
effective in an overall view even if the system might not be cost-

effective on the basis of risk reduction alone.
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Beyond the normal costs considered, there is also the matter that
failure to introduce control systems for efflueﬁté that could have
worldwide distribution (tritium and krypton-85) could be costly to the
Federal government in terms of foreign’policy expenditures. The
‘magnitude of these costs‘is unclear at present, however.

The impact of fuel reprocessing plants upon the economy, e.g., on
industries which depend upon the economy, e.g., on industries which
depend upon the use of radiosensitive materials has been estimated to
be negligible as long as the media concentration of radioisotopes are
lower than the constraining levels set for humans by ICRP (Ref. D-11,
D-12). |

Cost Effectiveness Considerations. The effectiveness of risk

reduction of the previously described isotope specific control
(appendix B) is dependent upon: (1) the group at risk which is
considered, and (2) the‘specific health effects used as a risk index.
The rate of decrease in number of health effects avoided by sequential
addition of the individual effluent control systems is dependent upon
the order in which the.systems are.incorporated. The number of health
effects avoided by incorporation of the individual systems in the
order of decreasing unit cost-effectiveness is presented as a function
of the cumulativé system control costbin figures D-2 and D-3. The
individual éomponent fof éontrol of particulates, iodines, krypton,
and tritium were assumed to have decontamination factors 103, 103,'
102, and 10° with present worth costs of 1, 5.4, 6.4, and 31 million

dollars respectively. A system capable of removing the residual

pollutants was assumed to be available with a cost of 20 million
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dollars also. Figure D-2 dis?lays the reduction of the projected
risks of mortality (cancer induction and genetically coupled) as a
function of cumulative system costs for the régional, Eastern United
States, and worldwide population groups. The health riské considered
and presented in figure D-3 include nonfatal cancer induction as well,
The figures show that in every instance, the particulate control
system is the most cost-effective. Thé iodine control system is the
next most cost-effective, excépt for the situation which considers the
estimated mortalities to the world population which are avoided. When
considering the world population group, the iodine and krypton control
systems appear to be practically equaily cost-effective for risk
reduction. In consideration of the regidnal and United States
population groups, tritium control appears the next most cost-
éffective to the particuléte and iodine systemsvalthough krypton
control is not significantly different from that of the tritium
control system.

The cost-effectiveness of a combined system for any group at risk
can be estimated from the slope of a directed line segment which
connects the origin and the appropriate arrow tip representing the
combination. Thé steeper the slope, the greater the cost-
effectiveness. It can be seen that the cost-effective excess of a
combined system will be necessarily less than that of its most cost-

effective component.
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FIGURED - 2 RISK REDUCTION{MORTALITY AND MORBIDITY)
vs CUMULATIVE CONTROL SYSTEM COST

NUCLEAR FUEL REPROCESSING - 40 YEAR OPERATION
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FIGURE D ~ 3 RISK REDUCTION (MORTALITY) vs CUMULATIVE CONTROL SYSTEM COST

NUCLEAR FUEL REPROCESSING - 40 YEAR OPERATION
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