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1. INTRODUGCTION

This report contains background information which is believed to be
pertinent in establishing a policy with respect to the siting of spent-fuel
processing plants and their radioactive waste management facilities. It
contains much basic information that has been published previously; how-
ever, this material has been reviewed and revised, where required, to
serve present needs. In addition, much new information has been included,

particularly on the health and safety aspects of the problem.

The information is organized to conform generally with an outline
transmitted to ORNL by the USAEC (letter from Milton Shaw, USAEC, to
F. L. Culler, Jr., ORNL, dated February 16, 1968). It was developed in
cooperation with Battelle-Northwest, the Idaho Nuclear Corporation, the
Savannah River Plant and the Savannah River Laboratory, the Atlantic
Richfield Hanford Company, and the Atmospheric Turbulence and Diffusion

Laboratory of the Environmental Science Services Administration,

The information is analyzed and discussed principally within the
context of the subject matter contained in individual sections; however,
an attempt has been made to interpret a number of key issues more compre-
hensively in the Summary and Conclusions, Sect. 2. Section 3 contains the
basic data on reactor and fuel characteristics, projections of spent-fuel
processing loads, fuel shipping requirements, and waste characteristics
and production, In Sect. L, fuel reprocessing is discussed very briefly
and waste management technology is considered in significant detail;
considerations of cask design as related to safety in transporting spent
fuel and solidified waste are discussed in Sect. 5; fuel reprocessing and
waste management costs are considered in Sect. 63 envirommental and geo-
graphical considerations of siting are reviewed in Sect. 7; and health

and safety aspects are presented in Sect. 8.
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2. SUMMARY AND CONCLUSIONS

The principal objective of this study is to identify and characterize
the factors that may influence the growth patterns of the fuel reprocessing
industry. Emphasis is placed on the siting of reprocessing plants and
waste storage and disposal facilities, particularly those for high-level
waste., Another purpose is to explore the need for an AEC policy on siting,
which, while fully meeting the requirements imposed by considerations of
public health and safety, would not present an impediment to the growth

of economic nuclear power.

In this section, a compilation of the key issues under consideration
and the principal conclusions of the study are presented. Then, the
technical information found in the body of the report relating to these

issues and conclusions is summarized.

In this study, it has been assumed that future fuel reprocessing
plants and their associated waste management facilities will be located,
built, and operated subject to the following bases, which are believed to

be practical and reasonable:

(1) The secondary confinement barriers (the cell, vault, water in the
storage pool, and ventilation-filter system) and the tertiary
barrier (the building) will be designed, tested, and routinely
inspected to ensure that their confinement potential is maintained

following exposure to any credible internal forces.

(2) Process and confinement systems will be designed, tested, routinely
inspected, and maintained so that exposure to credible external
events or forces (loss of power, earthquakes, tornados, floods,
hurricanes, impaction by moving vehicles, etc., but not including
acts of war) will not impair the ability to shut down the plant

safely and maintain safe shutdown conditions.

(3) While the circumvention of administrative measures (as well, in
general, as those involving instrument systems) for prevention of
accidents is considered credible, it is considered incredible that

the obvious remedial measures for mitigation of the consequences



2-2

of accidents would not be instituted within hours following a

clear notification of the occurrence of an accildent,

2.1 Key Issues

key issues of this study were considered to be the following:

Are new federal regulations needed to govern the siting of fuel
reprocessing plants and waste management facilities, or should
licensing procedures continue to be performed using existing
federal regulations for protection of the public against radia-
tion (LOCFR20), siting of nuclear power reactors (LOCFR100), and
licensing of production and utilization facilities (1OCFRS0)?

Do routine releases or potential releases from accidents control

the siting of fuel reprocessing plants and waste storage facilities

with respect to site boundaries and population centers? After
what period of time will it be necessary to limit the release of
noble-gas fission products and tritium to the atmosphere to pre-
vent worldwide pollution of the troposphere? What local restric-
tions are imposed by the routine release of radiocactive materials

to the enviromment?

Current fuel-cycle economics favor the use of large-capacity fuel
reprocessing plants, Are there technical and safety factors which
indicate preference for either a few large-capacity, or more
numerous small-capacity, fuel reprocessing plants (sites)? Are
there Llimitations, either inherent or as a matter of prudence,
which should be imposed on the capacity of fuel reprocessing
plants (independent of site size and geography) from a public
safety standpoint? Is the risk to the public increased by higher

inventories of hazardous materials?

Does the storage of high-level liquid waste in subsurface tanks
represent an acceptable waste management approach? (In this
report, "storage" connotes intended retrievability and a high

degree of surveillance, whereas "disposal' connotes the reverse.)
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What are the technically acceptable alternatives to tank storage
of high-level waste? Is a significant economic penalty involved
in providing greater assurance of containment than has been demon-
strated by tank storage of waste? Does immediate solidification
of liquid waste result in an appreciable decrease in risk to the

public?

What are the considerations that affect the decisions to dispose

of radioactive waste on other than government-owned land?

Can the reprocessing plant ever be decontaminated to the degree
necessary to permit subsequent abandomment? If not, is government

ownership of the property required?

Are the hazards or the economics of shipping spent fuels, solid
wastes, and fissile materials of such magnitude that these ship-
ments should be limited to specified routes within regional

boundaries or that shipping off-site should be precluded?

2.2 Conclusions

Minimal impediments to the growth of economic nuclear power,

while meeting the requirements imposed by considerations of

public safety, may result from the promulgation of standards

or regulations that establish (1) the acceptable chronic and

acute radiation exposure of each of the critical organs of men,
women, and children, both in individuals and in critical popula-
tion groups, and (2) performance criteria for engineered safety
features., Information is presently available to allow substantial
progress toward these goals through revision of existing AEC regu-
lations., Any revisions should attempt to provide an appropriate
balance of risk vs benefit on the basis of current technological
alternatives, should be subject to periodic upgrading, and,
preferably, should be sufficiently inclusive to apply to all
nuclear fuel-cycle installations including their waste storage
and disposal facilities. The criteria for chronic exposure of

members of the public should be related to maximum acceptable
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doses and to body organs rather than to permissible concentra-
tions of radioactive effluents in air and water. The latter do
not explicitly consider perhaps more limiting pathways of radia-
tion exposure than those caused by submergence in (or inhalation
of) air and ingestion of water. Given acceptable doses and dose
rates, the designer (with the assistance of experts in the field
of radiation protection) can evaluate all important pathways of
radiation exposure, However, it may be desirable to retain the
"maximum allowable’ concentrations in air and water as point-of-

departure reference values to facilitate monitoring and inspection.

The criteria for acute or emergency exposure of members of the
public surrounding a nuclear facility should provide guidelines
for acceptable doses and dose commitments to all organs and be
developed in conformance with the recommendations of authorita-
tive agencies such as the Federal Radiation Council (FRC) and
the National Council on Radiation Protection and Measurement.
The acceptable acute doses and dose commitments for members of
the public would presumably be applicable to the quantitative
determination of a site boundary and the required distance from

a large population center,

The performance criteria for engineered safety features in fuel
reprocessing plants and waste management facilities would pre-

sumably be similar to those proposed for nuclear power reactors
in the proposed Appendix A of 10CFR50 entitled, "General Design

Criteria for Nuclear Power Plant Construction Permits."

These studies indicate that, based on the current technology of
systems for cleaning off-gas streams from fuel reprocessing
plants, routine releases tend to control the site boundaries.

It is estimated that on-site waste storage facilities do not
materially increase either the rate of routine release of radio-
active material or the potential release of such material as a
result of accidents, provided these facilities are designed to
ensure containment following exposure to internal and external

forces. For large plants, the estimated site boundaries are of
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such a size that economics will probably favor the installation
of noble-gas removal equipment in plants handling more than a few
tons of fuel per day. The development of off-gas systems having
a capability of routinely removing iodine by a factor of about
lO8 is necessary if FBR fuels are to be processed after decay

periods approximating only 30 days.

Study indicates that the worldwide distribution of 85Kr and 3H

in the year 2000, assuming the complete release of these nuclides
during fuel reprocessing, results in dose equivalents to man that
are small (<1%) compared with current guidelines for population
exposure. In other words, these nuclides will constitute radiation
problems to the local enviromment long before they cause worldwide

pollution hazards,

These studies indicate that the confinement barriers of fuel
reprocessing plants in the size range of interest, including

their waste storage facilities, can be designed to maintain

their confinement potential following exposure to credible
internal or external forces (excluding acts of war or sabotage).
Regardless of size, plants that are sited and constructed within
a given set of acceptable criteria for chronic and probably acute
exposure of members of the public at the site boundary are con-
sidered to be equivalently safe. The costs of preventive measures
and the relatively expensive confinement systems are estimated to
scale in such a way that larger plants are favored, while the
costs of off-gas treatment facilities required to achieve practi-
cal site sizes in large plants are estimated to be modest. Conse-
quently, the conclusion that economics favors fewer larger plants

is valid.

High-level liquid wastes can be stored safely in tanks that have
been provided with adequate engineered safety features. These
features include, as a minimum, two independent cooling systems
(e.g., submerged coils and a reflux condenser); reinforced
concrete vaults, lined with steel, which are designed either to

withstand credible internal pressures without rupture or to
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relieve these pressures safely by ventilation to a containment
system with large capacitance or to a pool of water for steam
suppression; installation of a contaimment structure,located
above the waste vaults, that is ventilated through a condenser
and filter; provision of spare tankage; and the capability for
prompt, efficient transfer of the waste from any tank to a spare.
Because of the requirement for the continuous removal of heat,
the effectiveness of the containment system will require a very

high degree of survelllance. Liquid waste storage can be con-

doned only as long as the reprocessing plant remains fully active.

In this context, "storage!" does not constitute disposal, and
"perpetual tank storage,!" even under government auspices, is not

an acceptable substitute for disposal.

The only current, technically acceptable alternative to tank
storage of high-level liquid wastes is immediate solidification
of the wastes. Currently, the disposal of solidified wastes by
emplacement in bedded salt deposits is believed to be the safest
method and has been shown to be technologically feasible. Eco-
nomic studies indicate that the series of operations consisting
of immediate solidification, storage of the solid wastes on-site
for 3 to L years, and shipment and disposal in salt mines, could
be carried out for about 0.038 mill/kwhr (electrical). This is
about 20% more than is estimated for perpetual storage of liquid
wastes in tanks, If the solidified wastes are shipped to salt
mines after storage on-site for only one year (the earliest time
believed to be feasible), the total cost would be about 0.0LL
mill/kwhr. Disposal of wastes of low specific heat generation
rates by hydrofracturing or by emplacement in bedrock caverns
may be acceptable at sites with suitable geology. The applica-

tion of properly engineered safety features, together with a

high degree of surveillance, can result in low risk to the public,

regardless of whether the waste is stored as a solid or liquid.
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Considerations of the long-term hazard of the wastes and the
nearly prohibitive costs for reclaiming large areas of contami-
nated land militate against any disposal (or burial) of wastes

on privately owned land., All radioactive wastes must be main-
tained in a retrievable condition as long as they are retained
on-site. In-tank solidification of wastes, as practiced at
Hanford and SRP, is not an acceptable form of storage on privately
owned land because of the difficulties that would be encountered

at the time of removal,

Government ownership must extend to any subsurface geological
formation used for disposal, as well as to the land areas above.
Control of the land surface must be maintained to prevent
unauthorized explorations of the formations utilized for disposal,
although the surface per se can be put to agricultural or recrea-

tional use,

Plants and storage facilities built with proper foresight can be
decontaminated and/or made sufficiently inaccessible (e.g., by
grouting) so that they do not represent hazards to public safety.
If it can be stipulated that all contaminated equipment and mater-
ials outside the massively shielded concrete canyons and vaults
be removed from the premises before abandonment of the site, then
government ownership is not required. Private ownership of the
site should be permitted, however, only if the site, with all its
facilities, appurtenances, buildings, tarks, cribs, and lands, can
be returned to unrestricted use within some finite time (perhaps

10 to 50 years) after plant retirement.

These studies indicate that shipping of all nuclear materials,
except high-level liquid wastes, can be conducted safely and
economically. The costs of shipping will tend to favor location
of the various fuel cycle and waste disposal facilities in close
proximity. The shipment of liquid wastes is considered to be
unwise because of considerations of steam-pressure buildup within

casks following a loss-of-cooling incident.
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2.3 Magnitude of the Problem

Projections of the Civilian Nuclear Power Program (Table 2.1) indi-
cate that the nuclear economy will expand from about 1l gigawatts (elec-
trical) in 1970 to about 153 gigawatts by 1980, and to about 735 gigawatts
by the year 2000, It is expected that most of the nuclear power stations
will be located in FPC Power Supply Regions III (southeastern states) and
I (northeastern states) by the year 2000, and that the fewest will be found
in Regions VI and VIT (the western plains and mountain states). The fuel
shipping industry will also expand at a very rapid rate. The number of
casks to be shipped annually will increase from 30 in 1970 (an average of
one in transit on any given day) to 1200 in 1980 (1l in transit on any
day) and to 9500 in 2000 (85 in transit). Approximate total fuel reproc-
essing rates (in metric tons/year) will increase from 100 in 1970 to 3500
in 1980, and to 15,000 in the year 2000. The heat-generation rate of FBR
core fuels at the time of processing, i.e., after 30 to 75 days of cooling
for FBR fuel and after 150 days for LWR fuel, will be 10 to 6 times as
high as that for LWR fuel. The gross beta activity of FBR core fuels will
be 8 to 5 times that of LWR fuels.

w

The total radioactivity due to beta emitters in the accumulated
wastes will increase from 210 megacuries in 1970 to 18,800 megacuries in -
1980 and to 209,000 megacuries in 2000. The annual generation of high- -
level wastes will increase from 17,000 gal in 1970 to 1,000,000 gal in -
1980 and to 4,600,000 gal in 2000, If these wastes are stored as liquids,
60,000,000 gal is expected to accumulate by the year 2000, On the other
hand, if they are converted to solid forms, volumes may be reduced by a
factor of about 13.

Another significant type of solid waste will be spent-fuel hulls.
Induced activity will be produced in either stainless steel or Zircaloy
by (n,y) or (n,p) reactions; in each case, shielding will be required to
handle or to ship these hulls, In addition to the induced activities, up
to 0.1% of the plutonium in the fuel can be associated with the cladding.
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Table 2.1. Projected Fuel Processing Requirements and High-Level Waste

Conditions for the Civilian Nuclear Power Program

Calendar Year

1970 1980 1990 2000
Installed capacity, Mw(e)a 14,000 153,000 368,000 735,000
Electricity generated, 10° kwhr/year® 7 1000 210 W20
Spent fuel shipping
Number of casks shipped annually 30 1200 6800 9500
Number of loaded casks in transit 1 1 60 85
Spent-fuel processed, metric tons/yeara 9l 3500 13,500 15,000
Volume of high-level liguid waste generatedb’c
Annually, 1o6 gal/year 0.017 0.97 2.69 L.60
Accumulated, 10~ gal 0.017 L.Lo 23.8 60.1
Volume of high-level waste, if solidifiedb’d
Annually, 10° £t3/year 0.17 9.73 26.9 146.0
Acdumilated, 107 £t2 0.17 u.0 238 601
Solidified Waste Shipping®
Number of casks shipped annually o] 3 172 L77
Number of loaded casks in transit 0 1 L 10
Significant radioisotopes in wa.steg’h
Total accumulated weight, metric tons 1.8 L50 2L00 6200
Total accumulated beta activity, megacuries 210 18,900 85,000 209,000
Total heat-generation rate, megawatts 0.9 80 340 810
E generated annually, megacuries 4.0 230 560 770
P8¢ accumulated, megacuries L.o 960 1600 10,000
13705 generated annually, megacuries 5.6 320 880 1500
L37eg accumulated, megacuries 5.6 1300 6500 15,600
1291 generated annually, curies 2.0 110 Lo 670
1291 accumulated, curies 2.0 L8o 2700 7600
SKr generated annually, megacuries 0.6 33 90 150
85Kr accumulated, megacuries 0.6 2L 570 1200
3y generated annually, megacuries 0.04 2.1 6.2 12
3H accumulated, megacuries 0.0L 7.3 % 90
238Pu generated annually, megacuries 0.0007 0.041 0.2 0.6
238p,, accumulated, megacuries 0.0007 1.20 8.3 31
239?\1 generated annually, megacuries 0. 00009 0.005 0.05 0.2
2391’11 accumulated, megacuries 0.00009 0,02 0.2h 1.3
21‘0}’\1 generated annually, megacuries 0.00012 0.007 0.06 .21
2hOPu accumulated, megacuries 0, 00012 0.04 0.4 1.9
2M‘Am generated annually, megacuries 0.009 0.5 L.y 15
2L"]'Am accumulated, megacuries 0.009 2.3 23 120
2l‘BAm generated annually, megacuries 0.00021 0.01 0.1 0.5
2h3Am accumulated, megacuries 0, 00021 0.23 1.5 5.2
2)'LLLCm generated annually, megacuries 0.13 7.4 18 23
szm accumulated, megacuries 0.13 30 140 260
Volume of cladding hulls generatedi
Annually, 10° £t° 0.3 8 L0 90
Accumulated, 107 £t 0.3 Lo 320 1030

8Data from Phase 3, Case L2, Systems Analysis Task Force (Apr. 11, 1968).

bBased on an average fuel exposure of 33,000 Mwd/ton, and a delay of 2 years between power

generation and fuel processing.

CAssumes wastes concentrated to 100 gal per 10,000 Mwd (thermal).

dAssumes 1 ft3 of solidified waste per 10,000 Mwd (thermal).

CAssumes 10-year-old wastes, shipped in thirty-six 6-in.-diam cylinders per shipment cask.

fOne-way transit time is 7 days.

Bassumes IWR fuel continuously irradiated at 30 Mw/ton to 33,000 Mwd/ton, and fuel processing
90 days after discharge from reactor; LMFBR core continuously irradiated to 80,000 Mwd/ton at
148 Mw/ton, axial blanket to 2500 Mwd/ton at L.6 Mw/ton, radial blanket to 8100 Mwd/ton at
8.L Mw/ton, and fuel processing 30 days after discharge.

hAssumes 0,5% of Pu in spent fuel is lost to waste.

*Based on 2,1 3 of cladding hulls per ton of LWR fuel processed, and 8.7 ft3 of cladding

hardware per ton of LMFBR mixed core and blankets processed,
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2.y Technical Considerations

Present-day fuel reprocessing plants make use of organic-aqueous
solvent-extraction processes to separate U, Pu, and Th from mixtures of
fission products and inert materials. Volatile fission products are
separated during dissolution of the fuel., These fission products, and
radioactive particulates from the process are removed from the plant
off-gas, as required before discharge, by sorption, chemical interactions, -
and filtration. In addition to the treatment of normal radioactive
effluent streams, special consideration must be given, during the design
and operation of these plants, to the contaimment of radioactivity in
the event of accidents or natural phenomena such as earthquakes and

tornados.

The future trends in plant design for the nuclear power industry
must take both safety and economy into account while reprocessing fuels
containing higher quantities of fissionable materials and fission products
at shorter cooling times. This implies more severe problems at almost all
stages of reprocessing, including shipment and management of the waste
effluents. .

Finally, in designing these plants, consideration must be given to

the problem of eventual decommissioning of the plants and the return of "
the site to other uses. Much of the technology for resolving these prob- .
lems either exists or is belng developed. This includes the design of -

carriers for safe transport of fuels, efficient mechanical head-end
equipment, continuous dissolution equipment, high-speed solvent-extrac-
tion contactors, methods for improved separation and containment of
fission-product gases and particulates, and improved methods of waste

management.,

High-level wastes originate mainly from the first cycle of solvent
extraction and contain greater than 99.9% of the nonvolatile fission
products. The present practice is to concentrate and store these wastes
on an interim basis in underground carbon and stainless steel tanks, which
are equipped with devices for removing decay heat if necessary., More

than 80,000,000 gal of waste are now in storage at AEC production sites. .
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Although corrosion data indicate tank lifetimes in excess of 100 years
might be expected, there have been 15 known instances of tank failure,
all in carbon steel systems at Hanford and Savamnah River. Eleven of
the failures have occurred at Hanford, where it is estimated that liquid
waste containing 14,0,000 curies of 137Cs has leaked to the ground and
been retained in the soil about 10 ft below the tank bottoms, In one of
the four tank failures at the Savamnah River Plant (SRP), about 700 gal
of waste may have escaped the liner, although ground water has shown
contamination levels equivalent to only a few gallons of waste. The
causes of these failures are established as stress-corrosion cracking
and/or thermal stress of the reinforced concrete structures, and these
factors are being taken into account in new tankage under construction;
however, it is clear that many of the liquid waste storage facilities now

in existence do not merit confidence in their long-term integrity.

Waste management plans at Hanford call for separating about 95% of
the 9OSr and 13705 from the waste and concentrating the residue, after a
sultable decay period, by in-tank evaporation until the residual salts
solidify into a massive cake. The strontium and cesium fractions are to
be solidified and packaged for interim storage in on-site storage basins
pending decisions on their long-term disposition, At SRP, the most prac-
tical, safe, and economical long-term alternative to present tank storage
practices is believed to be storage of these wastes in vaults excavated
in crystalline bedrock about 1500 ft beneath the plant site. Toward this
end, exploratory drilling has been done, hydrologic data have been collec-
ted, and safety analyses have been made, As presently conceived, the
storage facility would consist of tunnels, about 30 ft wide, 15 ft high,
and 1000 to 2000 ft long, radiating from a central access shaft that
extends vertically from the surface. At ICPP, all stored waste solutions
are converted to granular solids in the Waste Calcining Facility (WCF).

These solids are stored in underground stainless steel bins.

The storage of liquid wastes from power-reactor fuel reprocessing
will be even more difficult than the storage of current production wastes
because of their higher heat-generation rates, significant rates of radio-

lytic hydrogen production, and corrosive nature. Nevertheless, it should
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be possible to gtore them safely for a limited period of time and at an
acceptable cost, provided adequate engineered safeguards are built into

the storage systems.

The alternative to Llong-term or perpetual storage of wastes in tanks
is conversion of the wastes to thermally and radiolytically stable solids
of low solubility for burial in selected geologic formations or storage
in man-made vaults. Processes for conversion of these wastes to solids
are being developed both in the United States and overseas. The four U.S.
solidification methods currently emphasized are the pot, spray, phosphate-
glass, and fluidized-bed processes. The pot, spray, and phosphate-glass
processes have been demonstrated for the AEC on a full-radioactivity-level,
engineering scale 1in the WSEP at Hanford. The fluidized-bed process has
been demonstrated at the ICPP in a large-capacity plant operating on inter-
mediate-level feeds since 1963, Within the next few years, the AEC's waste
solidification development program of currently known concepts will be
completed. The processes will have been demonstrated using wastes from
advanced fuels, and effects of severe temperature and radiation on the
properties of the solidified waste products will have been measured and
evaluated. This technology will provide a reliable basis for the design

and safe operation of waste solidification plants.

Once solidified, the wastes may be stored safely on-site (prior to
disposal) and at less expense than can the corresponding liquid wastes.
Conceptual designs have been published for the storage of encapsulated,
solidified wastes in water-filled canals and air-cooled vaultis, and for
the storage of granular solids from fluidized-bed processing in air-cooled

bins.

The most promising method for disposal of the solidified high-level
wastes involves thelr placement in natural salt formations. In this
regard, a 19-month demonstration disposal of high-level radiocactive waste
solids was carried out in a salt mine at Lyons, Kansas, using spent reactor
fuel in lieu of actual solidified wastes. In the course of this program,
most of the technical problems related to disposal in salt were resolved.
The feasibility and safety of handling highly radioactive materials in an

underground enviromment were demonstrated; salt was shown to be stable
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under the effects of heat and radiation; and data on the creep and plastic
flow characteristics of salt were obtained, thereby making possible the
design of a safe disposal facility. Cost studies indicate that this method
is economically acceptable. The 2000 acres of salt that may be committed
to disposal purposes by the year 2000 is only a small fraction of the
500,000 square miles that are underlain by salt in the United States.

Dry openings that could be utilized for the storage of radiocactive
solid wastes can be excavated in rocks other than salt; however, investi-
gations are needed to delineate the effects of heat and radiation on the
rock media, as well as to define more precisely the geological conditions
that determine the usefulness of local sites within the most desirable

geographic regions.

Intermediate- and low-level wastes are usually large in volume and
are handled by storage in tanks, by disposal to the ground, or by partial
decontamination and release to surface waters, The release of large
quantities of these wastes to the enviromment has been controlled so that
the exposure of members of the public from this source has been consider-
ably less than the limits reccmmended by the ICRP and other authoritative
bodies. However, the trend is toward less dependence on envirommental
disposal and greater emphasis on methods for concentration and containment
of the radioactive material. Evaporation, ion exchange, and coprecipita-
tion and coagulation processes are frequently used for concentrating the
radionuclides, and waste-water recycle schemes have been studied. The
radioactive concentrates from treatment may be insolubilized by incorpora-
tion in asphalts or certain plastic materials for long-term storage, land

burial, or disposal in salt mines.

Disposal of intermediate- and low-level wastes by a method based on
the technique of hydraulic fracturing has been demonstrated to be both
safe and economical. This method prevents radionuclides from being
released, via any credible accident, into the biological environment by
depositing them deep underground in a solid matrix. The technique is
limited, however, to use at sites that are underlain by suitable geological

formations of low permeability.
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Tritium causes difficulty in waste management because it is unre-
sponsive to separation and concentration by conventional procedures. For
example, the 75 to greater than 99% of the tritium in spent fuel that
appears in the low-level liquid wastes cannot be sufficiently diluted
with process water in the plant to obtain the concentration specified in
10CFR20 (i.e., 3 x 107> wc/cc) before discharge to surface waters. Tritium
can be released more effectively as a gas to the atmosphere by vaporizing
the tritiated water up the stack; under this condition, the tritium would

be dispersed widely and diluted well below acceptable concentrations.

Currently, from 2,000,000 to 3,000,000 ft3 of low- and intermediate-
level solid wastes are buried annually above the water table on state or
federal land; about one-fourth of this volume is from commercial sources.
Projections of future land requirements for burial of the solid wastes
that will accrue from power-reactor fuel reprocessing indicate that land
consumption will increase from 1 acre/year in 1970 to 80 acres/year in
2000, and that the accumulated area of land devoted to this purpose should
increase from l; acres in 1970 to 940 acres in 2000. In the interests of
land conservation, it may be desirable to store part or all of this material
in salt mines. Sufficient space already has been mined in bedded salt to
contain all solid wastes that are expected to be generated through the
year 2020, It should also be possible to utilize part of the space that
may be mined for disposal of high-level solidified wastes.

2.5 Transportation Considerations

The transportation of radiocactive materials to and from the reprocess-
ing plant is an important consideration in plant siting., Fuel reprocessing
plants receive fuel elements from the reactor, export purified fissile and
fertile materials to fuel fabrication plants, and transport wastes to desig-

nated disposal sites.

Heavily shielded containers are used for shipping both spent fuel and
solidified waste. The main difference is in the integrity of the material
that is being shipped. Available evidence, based on experience, is that

all types of spent-fuel shipping casks can be designed to meet present
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contamination requirements. Ruptured spent fuel must be encapsulated
prior to shipment, while fast reactor fuel will probably have to be
encapsulated with sodium for heat dissipation purposes. A canister and
closure can be designed such that containment of the contents is main-
tained even under accident conditions. Containment may be lost due to
relative deflections of the 1lid and cask body in a 30-ft impact; however,
tests have shown that feasible shock-absorbing members can sufficiently
dissipate energy and distribute the impact load in such a manner that

seals are maintained.

A reprocessor has more control over the solid wastes leaving his
plant than he has over the spent fuel entering it. Decay times of the
wastes are easily varied without incurring the economic penalties that
exist for spent fuel. In addition, waste containers can be designed for
shipment via either truck or rail, whereas there may be little choice
available for transporting spent fuel. The waste product will be doubly
contained, first by a welded steel container and then by the shipping
cask itself. The calcined or glass waste product is relatively immobile;
although the 30-ft impact accident condition could create some fracturing
of the product, this amount would be of little consequence. The 1L75°F
fire accident condition could increase the center-line temperature of
calcined wastes above 1650°F, but the consequences of this thermal tran-
sient do not appear to be severe. Pressure increases would be small,
certainly within the resistance capabilities of the steel pot whose
maximum temperature will not rise more than 300°F above normal., In short,
the degree of control over solid waste shipments, coupled with the fact
that the fission products are in a relatively nondispersible form, indi-

cate that such waste shipments should be safe,

The shipment of high-level liquid wastes i1s not considered safe
because of the possibility of radiolytic gas explosions or steam-pressure

buildup within casks following loss-of-cooling incidents.

Considerable experience has been accumulated in the shipment of
fissile material in both liquid and solid forms., Shipments are made in
a birdcage-type package, often a 55-gal drum in which a central cavity

is formed by metal, wood, or other support. Since the material is free
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from most fission products, little or no shielding is required; and, since
there is negligible heat evolved from the material, substantial insulation
may be installed to protect the material from external fires. For these
reasons, the shipment of fissile and fertile products in either liquid or
solid forms is feasible. Designs of product containers that will meet
(and exceed) the requirements of the shipping regulations are available,
Potential damage resulting from severe accidents may be expected to be

minimal and thus should not affect siting of the plant.
2.6 Economic Considerations

Present-day spent-fuel processing costs, including waste disposal,
are approximately 0.2 mill/kwhr (electrical) for standard light-water
reactors (IWR's). Unit reprocessing costs are expected to decrease
significantly as plant size increases; unit waste disposal costs will
also decrease, but not as rapidly as reprocessing costs. The combined
total reprocessing cost for LWR fuel is projected to decrease to 0.1
mill/kwhr (electrical) by 1985-1990 and to 0,05 mill/kwhr (electrical)
by 2010, assuming that our cost estimates are valid up to about a LO-
metric ton/day capacity for LWR fuel or a 20-metric ton/day capacity for
FBR fuel and that plant size is permitted to increase to these levels by
about the year 2010, (By 2020, there should be about ten reprocessing
plants in operation in the U.S., with capacities ranging from 20 to 4O
metric tons/day for LWR fuel or 10 to 20 metric tons/day for FBR fuel.)
In making these estimates, we have used 1970 dollars and made no allow-

ance for escalation,

Reprocessing costs for FBR fuels are projected to be about twice
those of LWR fuels on a weight basis, but can be about the same on a
mills/kwhr (electrical) basis if the (core-plus-blanket) FBR burnup
averages about 60% higher (and the thermal efficiency averages 25% higher)
than for IWR's., If individual reprocessing plant sizes are limited to
10 metric tons/day for LWR fuel or to 5 metric tons/day for FBR fuel, the
cost will stop decreasing by about 1990. In this case, about 30 reproc-
essing plants would be needed in the United States by the year 2010, at
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a cost penalty of 754 as compared with ten larger plants ($1.3 billion vs
$0.8 billion per year in 2010).

Present-day spent~fuel shipping costs for IWR fuels are about 0,020
to 0.025 mill/kwhr (electrical) for T700-mile shipments (estimated average
distance in 1970). Our estimates for 1000-mile shipments of spent FBR
fuel vary from 0.0 to 0.11 mill/kwhr (electrical), for a variety of pro-
posed designs. The costs for 700-mile shipments would be about 15% less.
Assuming that reprocessing plants can be built in all geographical regions
of the United States (as required by economic optimization of shipping and
reprocessing cost totals), shipping costs should decrease about 20% by the
year 2000 as the average shipping distance decreases from 700 miles (in
1970) to 350 miles; they should decrease an additional 10% as a result of
technological improvements. Shipping costs in the year 2000 are projected
to be $120 million for spent fuel, plus $15 million for recovered uranium
and plutonium. If siting policies are sufficiently restrictive to increase
the average shipping distance to 1000 miles, the total costs for the year
2000 would increase from $135 million to $200 million (not ineluding an
estimated $6 million increase in inventory charges associated with

increased shipping time).

The current cost for perpetual tank storage of neutralized wastes at
Nuclear Fuel Services, Inc, (NFS) has been reported to be about 0.012
mill/kwhr (electrical); however, this does not include operating costs or
any interest or return on investment during the first 15 years. On a
somewhat more conservative basis, we estimate a total of 0.031L to 0,032
mill/kwhr (electrical) for perpetual tank storage of acid wastes in a
plant reprocessing 688 metric tons/year of spent fuel irradiated to
33,000 Mwd/ton, 0.03l to 0,039 mill/kwhr (electrical) for waste manage-
ment by a series of operations consisting of interim liquid storage, pot
calcination, interim storage of solids, shipment, and disposal in a salt
mine., Waste management unit costs decrease only slowly as the plant size
increases, perhaps 35% as the size increases by a factor of 10. Thus, in
1970, waste management may contribute 15% of a total reprocessing cost of
0.20 mill/kwhr (electrical), but may contribute 25% of a total of 0.07
mill/kwhr (electrical) in the year 2010.
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These reprocessing and waste management cost estimates probably
should be revised upward about 10% to allow for improved containment
systems costs to cover enhanced removal of rare gases and iodine, improved
containment of internal explosions, and earthquake-resistant design and
construction, This alternative appears to be more economical than accept-
ing the extremely large and remote sites that would otherwise be required
for large reprocessing plants, especlally for those handling short-cooled
FBR fuel.

We have not estimated the cost of inspection to safeguard against
the diversion of fissile material to unauthorized use; instead, we have
assumed this to be a national or international policing cost that would
not be charged directly to the electric power industry. This cost should,
however, scale in such a manner that fewer larger reprocessing plants,

rather than many small ones, would be favored.
2.7 Siting Considerations

In general, except possibly for dispersive events caused by acts of
sabotage or war, engineered safety features can be devised that will miti-
gate practically all of the envirommental or geographical deficiencies of
a site. However, in some cases (e.g., those involving the location of a
plant on a known active fault or in the center of a metropolitan city),
an economic analysis of the costs of development, design, construction,
and testing of special, engineered safety features will dictate against
a radical departure from the conservative norm. The following sections

will discuss environmental and geographical factors in site selection.

2.7.1 Environmental Considerations

The envirommental factors of principal concern in site selection are

meteorology, geology, hydrology, and geoseismology.

Meteorology. - An understanding of the meteorology of a site is
important because the atmosphere provides a potential means of conveying

an active, and practically unavoidable, threat to the safety of persons
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downwind. Conversely, 1t can serve as a very large sink for the safe
dispersal of radioactive materials if local problems can be avoided.
Fortunately, meteorology is perhaps the best understood and most easily
quantified of the envirommental factors that influence siting. The
methodology for estimating concentrations and deposition of materials is
relatively well established, and appropriate data for a given site may
usually be obtained by relatively simple measurements, complemented with

data from local or regional weather stations.

Geology and Hydrology. - The geology and hydrology of the site of a

nuclear fuel reprocessing plant can influence: (1) the foundations of

the plant, (2) the emplacement of underground waste-storage tanks, (3)

the water supply, (L) the routine disposal of liquid and solid radioactive
wastes, (5) the danger from earthquakes, and (6) the consequences of an
accidental release of significant quantities of radiocactive materials.
Geologic conditions that would be favorable for one of these considerations
might be unfavorable for another; therefore, an ideal environment does not
exist, and the selection of any actual site will require compromise. Per-
haps the only valid generalization is that all of these considerations
will be easier to evaluate if the geology and hydrology of the site are
simple and predictable,

In connection with the consequences of accidental release, simplicity
in the hydrologic and climatologic environment is particularly desirable.
Only in cases where the conditions can be analyzed in detail and with con-
siderable confidence can predictions of the possible results of an accident
be made. These predictions will allow proper precautions to be taken
against such an eventuality, as well as suggest effective remedial measures
in the event of an accident. A simple geologic and hydrologic enviromment
also makes it possible to determine, with confidence, the most effective
local methods for ultimate disposal, the maximum quantities of radioactive
material that may be released to the emviromment, and the best methods for
monitoring the enviromment to make certain that safe levels of discharge

are not being exceeded.



2-20

Geoseismology. - Faults, vibrations, and tsunamis are the major earth-

quake-induced phenomena to be considered in the siting and the design of
nuclear facilities (including fuel reprocessing plants). All of these are
important for some sites along the West Coast of the United States; on the
other hand, vibratory effects are generally the sole concern in the eastern
part of the country. In many regions of the United States, it appears that
earthquake-induced phenomena can be adequately considered through currently
acceptable engineering practices; however, in some highly seismically
active regions, the high degree of geoseismological conservatism requires

that unique and presently improved designs be considered.

2.7.2 Geographic Considerations

The primary consideration in acquiring a site for a fuel reprocessing
plant is to provide sufficient distance between the plant and private lands
to ensure that the general public will not be harmed by either normal oper-
ations or by credible accidents., Second, the site should be located at a
place where the aggregate cost of raw materials, transportation of materials
to the plant, manufacturing, and transportation of finished products to the
market will be at a minimum. In present plants, the basic raw materials
are water, nitric acid, solvent, and aggregate for concrete. Either a
railroad spur or a waterway with barging facilities is a practical necessity
since some spent-fuel shipping casks weigh 50 to 100 tons. Paved highways
are necessary for trucking smaller casks, raw materials, finished products,
and waste. Manufacturing costs are dependent on an adequate supply of
skilled labor and on the prevailing wage scales in the vicinity. Conven-
iently located housing and community facilities are desirable. Long
commuting distances, poor social facilities, and undesirable climates
all tend to result in a large labor turnover. The plant must have adequate
acreage for possible future expansion, suitable soll or rock foundations
for heavy concrete structures, and reliable electric power, preferably from
two independent sources. Ideally, the plant should be located relatively
near power reactors and sites designated for the disposal of high- and

low-level wastes,
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Site Size. - The site boundary is determined most accurately and
restrictively by the requirement that the direct exposure of the surround-
ing public to radioactive gaseous or liquid effluents must be maintained
at allowable levels. Penetrating radiation that escapes through the

shielding used in the plant is not normally a consideration.

Studies at Hanford indicate that controlled areas extending 0.5 to
1 mile from the plant are desirable for the control of "nuisance contami-
nation" resulting from a temporary loss of control of relatively small
quantities of radioactive materials. Such minor releases might result
from outside decontamination operations on large pieces of process equip-
ment or shipping casks. This is not an absolute limitation; it is possible
(i.e., at increased cost) to house those facilities that would potentially
disperse low-level contaminants. It was found that the routine release of
noxious nonradioactive chemicals to the atmosphere (most significantly NOZ)
would dictate a site boundary about 1 mile from the stack. This is also
not an absolute limitation, since such gases may be removed from stack
effluents to practically any extent required using present technology.
The discharge of low-level liquid radioactive effluents is determined
primarily by the relative flow rate of groundwater and surface water as

a function of distance from the plant and the subsequent use of the water.

Surrounding Population Density. - Federal regulations (10CFR100)

specify that there shall be a zone of low population (presently not quan-
titatively defined) surrounding a reactor plant. The primary concern is

to prevent the general public from receiving somatically or genetically
significant doses of radiation. The cost of indemnification is also of
concern; claims resulting from overexposure to radiation during an accident

would probably be directly proportional to the number of persons involved.

Land and Water Usage. - Special considerations are required when fuel

reprocessing plants are located in areas where there are mechanisms for
reconcentration of the radioactive effluents and pathways for ingestion

20 13708) are known

by the public. Since certain radionuclides (e.g., 7 Sr,
to concentrate in crops and fish, the restrictions on the discharge of
low-level liquid waste effluents containing these nuclides to surface

waters subsequently used for irrigation or fishing may be more severe
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than if the water were used only for drinking., Deposition of radioiodine
from gaseous wastes on grass, followed by the cow-milk pathway to the thy-
roids of small children, may result in maximum permissible air concentrations
which are lower by a factor of 500 to 1000 than those for inhalation.

Relation of the Plant to Other Nuclear Facilities. - The fuel reproc-

essing plant should be designed and located to take into account adjacent
nuclear facilities, including reactor plants, other reprocessing plants,
and waste disposal sites. Effluents from the plant must not mask nuclear
instrumentation at adjacent sites. Accidents in the plant should not cause
undue haste and unsafe evacuations of adjacent sites. In addition, the
effluents from each plant must be restricted in such a way that their
combined effect will not endanger the safety of the public. In practice,
the effect of these restrictions has been minimal at the production plants
and national laboratories; the incremental costs of additional engineered
safety features are generally offset by the decreased costs resulting from

shared personnel, services, and facilities.

Regional Distribution of Potential Sites. - Results of a rather general

study (see Sect. 7.2.5), which takes into account the results presented
elsewhere in this report, indicate that there are many potential sites
for fuel reprocessing plants in each of the electric utility districts in
the United States. Of the districts that are predicted to have a large
concentration of power reactors, it appears that the least difficulty
would be encountered by siting in the Southeast because of the low popu-
lation density, adequate access to railroads, and low selsmic probability;
the most difficulty should be encountered in siting near the West Coast,
primarily because of the high seismic probability.

2.8 Health and Safety Aspects of Plant Siting

The principal criterion for judging the adequacy of a site for a fuel
reprocessing plant is the provision that no undue risk exists with regard
to public health and safety in the surrounding areas. Present and foresee-
able technology requires that such plants routinely discharge small quan-

tities of radiocactive materials to the atmosphere; for this reason, and
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also because of the large inventory of hazardous materials, there is

always a small, but finite, probability of a major discharge,

2.8.1 Routine Release of Radioactive Materials

The consequences of, and the site boundary distances dictated by,
routine releases from fuel reprocessing plants were estimated by assuming
the following: (1) ORNL meteorological conditions, (2) the complete
release of noble gases and tritium, (3) iodine decontamination factors
(DF's) of 1000 (present technology) and 107 in plants for processing
highly irradiated fuels after cooling periods of 150 and 30 days, respec-
tively, and (4) a particulate-release-rate model that agrees satisfactorily
with existing data. For reference purposes, the acceptable concentrations
at the site boundary were selected as one-third of the air concentrations
listed in 10CFR20, Appendix B, Table II, Column 1, with the exception that
the 1311 concentrations were reduced by a factor of 700 to account for the

grass-cow-milk pathway to the thyroids of small children,

Table 2.2 compares the average annual air concentrations of radio-
nuclides at the (dictated) site boundaries of conceptual plants with those
estimated for the NFS, MFRP, and BNFP plants. The downwind doses resulting
from the normal release of radionuclides from plants are estimated to be

controlled by the noble gases and iodine,

The magnitude of the distances to the site boundary estimated for
plants of large capacity indicates the need for at least partial removal
of the noble gases and removal of a larger fraction of the iodine than was
assumed for the analysis. On the basis that the site boundaries dictated
by routine releases should be no greater than those dictated by "upper
limit accident," equipment for removing 50 to 99% of the noble gases
appears necessary for plants having capacities of more than a few tons
per day; an iodine removal capability greater than that demonstrated in
present technology will be required for LWR plants having capacities
greater than about 6 to 10 tons/day, while DF's as high as 1O8 will be
required for FBR plants if the FBR fuel is to be processed after decay
times of only 30 days.



Table 2.2,

Private Industrial Fuel Processing Plants

(260 days of operation per year)

Fraction of Maximum Permissible Average Annual Air Concentrations Resulting from the Routine
Release of Radionuclides at the Site Boundaries of Existing, Proposed, and Conceptual

Average

Fuel Characteristics Distance Annual Fraction of 1/3 x(10CFR20) Concentrations at Site Boundary®’®
Plant Specific Decay to Site Aeolian
Capacity Burnup Power Period Boundary Dilutign 8 199 131 Fission Product Actinide
Plant (metric tons/day) (Mwd/ton) (Mw/ton) (days) (km) (sec/m”) 5Kr-l33}(e 3 911311 Solids Solids
NFS 1 20,000 32 150 1.5 2.2 x 1077 0.23 0.002 0.47 0,0007¢ -
(3, 300, 000) (18,000} (3.1) (~1) -
MFRP 1 43,800 30 160 0.6-3 1.1 x 107 0,12 0,005 0.23 <0,0005 <0.11
(3,300,000) (100, 000) (3.1) (<2.2) (<0.63)
BNFP c.8 35,000 40 160 2 5.7 x 10‘8 0.2 . 0,02 0.27 0,003 0.017
(L.h x 10" (600,000) (21) (60) (3.5)
LwR 1 33,000 30 150 <0.6 6.3 x 1077 0.58 5 0.05h 0.15 0.003 0.021 )
(2.9 x 10°) (180,000) (0.56) (13) (0.43) 1
n
LWR 6 33,000 30 150 0.5-6 1.8 x 1077 1.0 7 0.093 0.25 0,002 0.018 =
(1.7 x 107) (1,100, 000) (3.) (L) (1.3)
LWR 36 33,000 30 150 5-29 3.0 x 1078 1.0 4 0.093 0.25 0.00% 0.009
(1.0 x 10°) (6,500,000) (20) (120) (3.8)
FBR 1 33,000 58 30 <0.6 6.3 x 1077 0.92 0,073 0.52 0,0003 0.008
(4.6 x 10%) (240,000} (3.6) (4.3) (0.16)
FBR 6 33,000 58 30 1.5-10 1.1 x 1077 1.0 . 0.079 0.56 0.0001 0.003
(2.8 x 107) (1,450,000) (22) (9.0) (0.31)
FBR 36 33,000 58 30 7-h2 1.9 x 1070 1.0 ¢ 0,079 0.56 0.0001 0.003
(1.7 x 10°) (8, 700,000) (130) (sL) (1.9)
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#The reference values selected are one-third of the concentrations found in 10CFR20, Appendix B, Table II, Column 1, They are 1l x 10_7, 7 x 1077,

1 x120710, 3 x 10

3

and L x 10—13 for 85}(1‘ -133Xe, 3H, mixed LWR fission products, mixed FBR fission product