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I. INTRODUCTION

The nuclear fuel cycle generally is taken to consist of all of the steps required to

produce the fuel for nuclear power reactors, and to recycle valuable fuel materials

and dispose of the resultant wastes. The reactors themselves are not considered to

be a part of the fuel cycle. Because power reactors rely on the fissioning of either
2 3 5 U , ^ P u , or 2 3 3 U r these materials are the fuels of interest. Of these, only

23^y ;s present in nature in any significant amount, and it is highly diluted with

other uranium isotopes, mostly notably 2 38|J. Because of this dilution, it must

either be concentrated by an isotope separation process before use, or it must be

used at the naturally occurring concentration under very special conditions in

certain kinds of nuclear reactors. 239pu ;s formed from 2 3«U in nuclear reactors,

so requires no natural source other than uranium ore for its production. 233(j ;s

produced in nuclear reactors from naturally occurring 232"rn/ which requires extrac-

tion from thorium ore.

Each step in the nuclear fuel cycle, from the mining of ore to the final storage of

the wastes, requires careful attention to ensure that no one receives an unacceptable

radiation doje, and that no significant release of radioactivity occurs, either

through process inadequacy, or operational or functional failure. In addition,

certain fuel cycle steps require special precautions, or safeguards, tc ensure that

deliberates attempts to divert or steal fuel will either fail or be of such short-lived

or limited success as to pose no hazard to the public or to the industry. These steps

are generally those involving separated and purified 2 3 9Pu, or highly enriched 2 3 ^ U .

The constraints and requirements on release of radioactivity are still evolving, and

impose continually changing technological requirements. In fact, the general

requirement is that radioactivity released is to be "asjow as reasonably achievable,"

(ALARA) which by its nature is a moving target. Beyond being as low as reasonably

achievable, the releases must also meet specified limits, which are themselves in the

process of being re-examined.



The word "reasonably" as used in the above paragraph requires further definition.

It is usually defined in terms of a cost-to-benefit ratio. That is, for the expenditure

of a certain number of dollars, a certain decrease in radioactivity release may be

attained. The number of dollars which must be spsnt to attain a specified limit to

radioactivity release is clearly subject to change, depending on the process chosen

to retain the radioactivity, the ingenuity of the equipment designer, the buying

power of the dollar, and the development of new technology—among other things.

In practice, the radioactivity release is translated into the radiation dose to

people which it causes, and it is the radiation dose reduction which most often is

used in the cost-to-benefit ratio. Making the translation from "c tries released"

to "dose received" entails use of a variety of calculational models. Some of the

models are meteorological in nature; some are demographical; some are geographical;

some are biological; some are chemical; and some are radiological. Most of them are

related to each other. Further, there is a variety of radioisotopes and of body organs

to consider, each of which must be treated separately when calculating does. Thus,

it is not easy to specify a cost-to-benefit ratio which is above criticism. Nonethe-

less, such ratios are calculated based on assumed technologies and radiation dose

models, and for the most part they are accepted by knowledgeable people.

The fuel reprocessing step is the one involving the greatest chance for significant

radioactivity release because it is the one in which the full assembly (which by its

nature is a high-integrity container for fuel and fission products) is destroyed,

and in which the fission products are put through a variety of chemical and physical

forms, and a variety of pieces of engineering equipment. Thus, in fuel reprocessing

great care is taken io treat all plant effluent streams to ensure that acceptably low

releases of radioactivity are obtained. Beyond this, extraordinary precautions are

taken to ensure that major natural disasters, such as might result from tornadoes or

earthquakes, will not affect the reprocessing plants.



This essay will present elements of the processes used in the fuel cycle steps,

and wilt give an indication of the types, of equipment used. The amounts of

radioactivity released in normal operation of the processes will be indicated, and

where feasible these will be related to radiation closes. Final ly, types and costs

of equipment or processes required to reduce these radioactivity releases to lower

values will, in some cases be suggested. The discussion will of necessity be

sketchy and often incomplete to limit this essay to a tractable size.



II. MINING AND MILLING ;
i

Uranium ore is the ultimate source of nuclear power today. Although the U. S.

has significant amounts of uranium, i t is variously estimated that sometime in the

decau'c 1990-2000 there wil l develop a shortage. It should be remarked in this

connection that the consumption of uranium must be reckoned as that required by a

reactor through its entire lifetime, not merely that needed for its first core. Also,

shortages must ba reconed in terms of uranium available at a specified cost,

A. Mining " . * " * • > • ' : • " . ' • " ' .

U. S. mining is mainly (~-94%) in small to medium-sized pockets or "rolls" of

uranium in sandstone. Of this, about 45% is at the surface and 55% is underground.

There are about 29 open pit mines and 193 underground mines in the U.S. with a

total capability of producing 8.2 million tonnes of recovered ore per year. Although

the present source of U. S. uranium is from "richer" (~0.2% U) ores, the future

trend could be to low-grade (< 300 ppm) ores that are uniform and extensive,

requiring much Jarger mills to obtain economies of scale. An extensive program of

exploration (the NURE program) is underway in the U. S, to find additional com-

mercially usefi'I uranium deposits. It should be noted thct what today is not

commercially useful, may tomorrow be the best there is, and so become useful,

though more costly, .

Factors affecting frhe selection of mining methods are: (1) size, shape, depth and

slope of the ore body, (2) physical and mechanical properties of the deposit and

the rock around.it, (3) the hydrology of the area, (4) ore grade, production rate

and comparative mining costs, (5) environmental factors.

As implied above, mining methods fall into two broad categcies: (1) open pit,

and'(2) underground. Within these broad categories, the following sub-categories,

or techniques, may be identified.



Open pit .

'single bench - single level of operation (shallow deposits)

multiple bench -several levels of operations, with the sides notched, or stepped

for stability against slides (deep deposits) .

Underground •

room and pillar-excavation of a grid of rooms ;

:open sloping - excavation with supported or unsupported walls

shrinkage stoping - excavation method for steep beds and veins

long wall - complete ore body removal wherein roof caves in behind the face

vein - of little importance in USA '

sandfill - sand injection used, to support mined out stope area

-solution - leaching of massive, laminar or fractured bed or pocket *̂ __

B. Milling : ". '

Uranium milling is carried out largely by solvent extraction or ion exchange methods,

using su If uric acid or alkaline carbonate to leach the ores, the choice depending

on the nature of the ore. If the ore contains minerals that consume an excessive

amount of.acid, then alkaline carbonate is used. Acid leaching is more common.

The product of milling is a semi refined yellow-colored uranium concentrate called .

7 allow cafce which is packaged in 55-gaHon drums for shipment. Liquid end solid,

wastes, called tailings^ are Impounded near the mi\L It is the tailings which present

the most significanr long-term radiation problem in this part of the fuel cycle. This

problem and its solutions are discussed later. Uranium milling companies and plants

in the U. S. are listed in Table 1. •

ii;,yj'!§S&>;J-J-'.C.' •' '.



Table ]

URANIUM MILLING COMPANIES AND PLANTS

Company Planf Location

NomtnaI capacity
(metric tons ore

oisr day)

The Anaconda Company

Atlas Corporation

Continental Oi l Company - Pioneer
Nuclear, Inc.

Cotter Corporation

Dawn Mining Company

Federal-American Partners

Exxon-Nuclear Company, Inc.

Kerr-McGee Nuclear Corporation

Petrotomics Company

Rio A Igom Corporation

Union Carbide Corporation

Union Carbide Corporation

Grants, New Mexico

Moab, Utah

Falls City, Texas

Canon City, Colorado

Ford, Washington

Gas Hills, Wyoming

Powder River Basin, Wyoming

Grants, New Mexico

Shirley Basin, Wyoming

LaSal, Utah

Uravan, Colorado

Natrona County, Wyoming

2,700

1,400

1,600

400

450

856

1,800

6,400

lf400a

450

1,200

900



Table 1 (continued)

Company Plant Location

Nominal capacity
(metric tons ore

per day)

United Nuclear-Homestake Partners

Utah International, Inc.

Utah International, Inc.

Western Nuclear, Inc.

Grants, New Mexico

Gas Hills, Wyoming

Shirley Basin, Wyoming

Jeffrey City, Wyoming

3,200

1,100

1,100

l,100b

26,050TOTAL

Sohio and Reserve Oil-Under construction to start up 900-metric-ton-per-day mill in 1976.

The mills have the capability of producing about 16,000 metric tons UgOg per year, considering avaiia'oimy of ore
supplies.

oo

Currently closed.

Currently closed for modifications.



As was mentioned above, uranium is most commonly extracted from the ore by

leaching it with suIfuric acid or with sodium carbonate solution. Prior to leaching,

the ore is ground to a nominal 20- to 200-mesh (0.84 mm to 0.074 mm). Finer

grinding is required with carbonate than with acid leaching to get acceptable

uranium leaching rotes and recoveries. If the uranium is present in the ore in a

chemically reduced form, a solid or liquid oxidant may be added during leaching.

Leaching in a pressurized system may be used to enhance the rate of carbonate

leaching. The product of milling is either a clarified uranium solution, or a dilute

slurry of fine solids in a uranium solution. The solid waste from milling is called

tailings and consists of all the insoluble residues, including part of the radium and

its decay chain daughters. More radium is in the tailings from acid than from alkaline

leaching because radium is more soluble in carbonate than in sulfate media.

Uranium minerals containing carbonates, e.g. CaCO3 and MgCC^, consume acid in

a direct ratio to their amounts. Above about 15 percent by weight CaCOg in the

ore it is likely that the acid cost would be prohibitive, and carbonate leaching would

be used.

Sulfuric acid is used in acid leaching because it is cheaper than other acids. There

might be advantages to the use of nitric acid or hydrochloric acid leaching from

the point of view of enhancing the removal of contributors to radiation from the

tailings piles/ i.e., radium and its daughters, especially radon, but major changes in

some milling steps would be required, and the additional cost would be substantial.

Carbonate solutions are used in alkaline leaching because of the happy circumstance

that uranyl carbonate complexes form which are of sufficient stability that the uranium

is kept in solution even at high pHs, which would normally cause uranium to precipitate.

Thus, the uranium can be successfully extracted from many contaminants which either

remain as solids or precipitate as basic compounds. (As a matter of ^ct , most

elements precipitate in basic solution; the fact that uranium forms highly soluble

carbonate complexes is fortuitous indeed.)
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] . Extraction

acid leach

Figure 1 is a schematic flowsheet for a model acid-leachisolvent extraction uranium

mill. Sandstone-type uranium ores contain hexava lent uranium which is soluble in

acid solutions, and oxidants are added only to prevent reduction of the uraniyK. by

other ore constituents or by uranium-reducing metals, e.g., i-on, introduced during

the ore grinding. Other uranium ores may contain reduced uranium as mined, and

oxidation is required to obtain high uranium yields. The oxidant, which may be

manganese dioxide or sodium chlorate (others such as air, oxygen, chlorine, sodium

nitrate and potassium permanganate work, but have high cost and other disadvantages),

is added to the acidified "pulp" after the reactions between the acid leach solution

and the materials which produce reducing gases, e.g., iron or su I fides, have taken

place. Otherwise, the oxidant would oxidize the reducing gases before their escape

from the solution, resulting in parasitic consumption of the oxidant.

Acid leaching is carried out in different ways at different mills, depending on the

nature of the ores. Usually, leaching tanks are arranged for series flow. Feed

solution enters at the top of each tank and leaves at the bottom through risers, whose

function is to reduce transfer of pulp from one tank to the next. Removal from the

bottom of the tanks prevents high-specific gravity solutions, which gravitate to the

bottom of the tanks, from building up and decreasing leaching efficiency. Propeller

or turbine-iype agitators ase used to mix the slurry of ore in acid so that the recction

rate at the mineral surface is rate controlling, rather than the movement of reactants

to or products from the ore particle surface. Rubber is commonly used to cover both

propellers and shafts/ and 18 months is about their expected service life.

alkaline (each

Figure 2 is a schematic flowsheet for a mode! alkaline-leach solvent extraction

uranium mill. Oxidized uranium minerals are readily dissolved in alkaline carbonate

solutions; however, minerals containing l P + usually require extensive oxidation,

often under pressure. It is important in carbonate leaching that the ore be ground

fine enough to free the uranium minerals from the "gangue." Carbonate leaching
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differs from acid leaching in that the carbonate ieach solutions are treated and recycled

to reduce reagent costs. Carbonate leach solution is consumed by reaction with acidic

sulfate or sulfide ore constituents to a degree which may be prohibitively expensive with

some ores. Over one third of the U. S. uranium mills have used carbonate leaching at

one time or another.

Carbonate leaching is carried out in open, agitated tanks, in autoclaves, or in open

or pressurized "Pachuca tanks." Pachuca tanks are large tanks with conical bottoms

(60° included angle) and cylindrical upper bodies, with an overall height-to-diameter

ratio of about 2.5 to 1. Steam may be added through nozzles, and air may be added

through a central air lift or a bottom jet. Air compressors are required for pressurized

operation. Pachuca tanks are Well suited for carbonate leaching because the air

used for oxidation also is used for agitation. Most such tanks are between 40 and 60

feet deep. Exhaust gases are vented through cyclone separators or other vessels

designed to remove excess froth or condensate. Pachuca tanks are used in series

and the hot exhaust vapors may be used to preheat feed slurry. Discharged slurry

from high temperature autoclave circuits is passed through a heat exchanger to

recover the waste heat and to reduce the slurry temperature to below its flash point.

Recarbonization, Which is necessary to convert excess caustic to carbonate (and

bicarbonate) and permit its reuse, is carried out in vertical towers wherein the

caustic solution passes countercurrent to boiler flue gas containing CO 2 . The

towers may be either packed or conventional bubble cap tray towers.

in-situ and heap leaching

Leaching ores in place (sometimes called""solution mining" or in-siJu leaching)

may be suitable for some ore bodies. This method eliminates the need for handling

largei amounts of material and for disposing of final wastes. Stated simply, in-situ

leaching involves introducing leaching solutions through wells into an ore body and

then recovering the leach liquor from other wells for further processing. It goes

without saying that rather special ore body conditions must exist for in-situ
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leaching to be used. Porosity and fracturing of surrounding rock must not be

excessive or the leaching solution wil l be lost. Since high-lime ore bodies may

form insoluble CaSOi, which could plug up pores necessary for movement of the

leaching solution, other acids than sulfuric have been considered, e.g., nitric

and hydrochloric. However, their high cost generally prohibits their use, and in

addition, nitrate contamination of ground waters is objectionable.

Heap leaching is literally the leaching of a heap, or pile, of ore, either confined or

in an open pile, it is accomplished by passing leaching solution down through the

heap, often on a slope, with troughs under the heap leading toward the downhill

side where the leach solution is collected. In general, a pile is 300 to 400 feet on a

side, and is 20 to 30 feet high. Piles are generally abandoned after leaching is com-

pleted, and nev; piles are constructed alongside. All heap leaching operations in the

U.S. employ sulfunc acid, and are carried out with typical sandstone ores.

2. Concentration and purification

Both ion exchange and solvent extraction purification techniques are in standard

use in acid leaching mills. Alkaline leaching combined with ion exchange shows

promise of providing a high grade pregnant liquor, and is expected to enjoy increased

use.

Solvent extraction involves only liquid-liquid contacts and so processes employing

it are readily designed and operated continuously (as will be seen later, these and

other advantages make solvent extraction the preferred separation and purification

techniques for use in nuclear fuel reprocessing plants). It is also somewhat more

selective and versatile than ion exchange. However, it is not economically

feasible to use solvent extraction (often abbreviated "SX") with carbonate leach

solutions, or with slurries containing large amounts of solids, whereas ion exchange

(often abbreviated "IX") may be used in both applications.
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solvent extraction

The SX operation involves contacting the sulfuric acid leach solution or feed solu-

tion, with sn organic solvent to effect selective transfer of the uranium to the

solvent. The solvent is typically a liquid cation or anion exchanger dissolved in

an inert diluent, such as kerosene. This solution of liquid ion exchanger in kerosene

is immiscible with the acid feed solution, so a two-phase liquid system is formed

when the two solutions are mixed and allowed to settle. In some instances emulsions

form, or the phases separate only slowly, and modifiers may be added to ameliorate

these problems. Cdtionic exchangers are typically a Iky I phosphoric acid compounds

such as di(2-ethylhexl) phosphoric acid (dFEHPA) and dialkyl pyrophosp.ioric acid

(DOPA), Anionic exchangers are typically either secondary amines such as

Amberlite LA-2 or tertiary amines such as Alamine 336 (tricapryl). Figure 3 is a

flow diagram showing the essential SX steps.

After the uranium is extracted into the organic extracfant and the two phases are

separated, the uranium must be removed.(stripped) from the exrroctant so it may be

reused. Stripping is accomplished by contacting the extractant with an aqueous

solution which has a stronger affinity for the uranium than the extractant. Thus,

extractant and stripping are, in a sense, opposite sides of the same coin, and the

uranium is involved in a short of chemical tug of war, being pulled first one way

(into the organic extractant) and then the other (into the aqueous strip solution).

Aqueous solutions which are effective stripping solutions include sodium carbonate,

sodium chloride and strong acids, with the carbonate in most common use.

Mixers and settlers are used to carry out the SX operations. Most systems are

designed to provide for recycle of part of the organic phase from the settler (where

phase separation occurs) back to the mixer of the same stage to maintain an organic-

continuous water-in^oil dispersion, in which phase separation is much more likely to

proceed successfully than in an oil-in-water dispersion.
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Fig. 3, Simplified Flowsheet of the Kerr-McGee Corporation Grants Mil l
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The extractant is valuable, and losses of it must be minimized. Loss pathways

include entrainment or solubility in the acid solution from which the uranium has

been extracted, as well as evaporation, and chemical decomposition. Large final

settling tanks are provided to permit complete phase separation and thus to

minimize losses from entrainment.

ion exchange

The IX operation involves contacting the sulfuric acid or carbonate leach solution

with coarse particles of an organic, solid ion exchange resin to effect selective

transfer of the uranium to the resin. The resin is typically a strong base (quaternary

amine) anionic type, i.e., it retains anionic (negatively charged) complexes of

uranium. The complexes are either sulfate or carbonate complexes. (In the uranium

industry the retention process is usually termed "adsorption," which, while it is a

misnomer, does no more violence to the technical language than does the universally

misused term "diffusion" when it is applied to isotope separation by a method which

really entails "effusion.") During use the resins may deteriorate and become less

effective than when they were new. This takes place because part of the quaternary

amine groups hydrolyze to form tertiary, secondary or even primary amines, which

have a reduced affinity for uranium, and a slower exchange rate.

After uranium adsorption, the resin is physically separated from the spent leach

solution and then the uranium is removed from the resin by a process known as

elation. In elution, the resin is contacted with a solution which displaces the

uranium by a process analogous to stripping in SX. This is best done with a solution

containing a chemical species that both competes with the uranium for adsorption

on the resin, and also changes the uranium species to one which either is not anionic,

or is a less tightly bound anion than the one originally adsorbed. Chloride ion is

especially effective for elution. It Is provided as a fairly concentrated NH4CI or

NaCI solution in dilute acid (either HCl or H2SO4). In order to prepare the resin
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for reuse in the next adsorption cycle it must be regenerated. That is, it must be

put back in the same chemical form it had before the adsorption cycle. This entails

removal of various ions present in the leach solution which have adsorbed on the

resin, and were not removed by elution. The most common adsorbed ions are removed

by treating the resin with caustic soda (sodium hydroxide). Concentrated su If uric

acid solutions have also been used.

In most plants ion exchange is carried out in a series of semi continuous operations.

The IX vessels are cylindrical steel pressure vessels, dished at the ends and lined

with rubber. The resin itself rests on sized crushed rock, or sometimes on a perforated

plate designed to resist clogging. The bed of resin occupies only about half of

the tank volume to allow room for bed expansion during backwashing, an operation

in which solutions are passed up through the resin bed to expand it and flush out

entrained solids. Commercial IX columns are 6 to 9 feet in diameter and 12 to 15

feet high. In fixed bed IX plants either 3 or 4 columns are used. At least two

columns are used in series to achieve uranium saturation in the first column before

excessive uranium "leakage" occurs in the second. The first column, upon saturation,

is put into the elution cycle; the second column becomes the first, while a third

column, which has been regenerating, becomes the second column, and so on,

3. Product preparation

Regardless of the concentration and purification process used, there results a product

solution, acidic or alkaline, which must be converted to a solid product prior to

shipment to the next fuel cycle step. The solid product is a uranium concentrate

called yellowcake whose specifications vary depending on the purchaser, but

typically the uranium content is in the range of 60 to 65%, calculated as U.
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The yellow cake is produced by precipitation of uranium from the SX or IX product

solution. When the solution is alkaline carbonate, precipitation is carried out by

one of several methods: adding a strong base; adding acid to displace the CO2/ thus

destroying the carbonate, and then adding strong base; and passing hydrogen gas

through the solution in the presence of a catalyst. Each method has its strengths and

weaknesses, and the one chosen depends on the particular circumstances. An addi-

tional word of explanation is in order in the case of the third method, i.e., hydrogen

reduction. It works because the uranium is reduced to U , thereby destroying the

soluble uranyl carbonate complex and permitting precipitation of uranium as UO2.

When the product solution is an acidic solution, which is the more usual case, yellow

cake is formed either by neutralization with lime, rnagnesia, caustic soda or ammonia,

or by direct precipitation with hydrogen peroxide. The advantage of using the more

costly reagent hydrogen peroxide is that it produces a very high-purity product

whose cost of preparation is more than offset by low penalty charges imposed at

the refinery for impurities present in the yellow cake.

Water is removed from the product by batch filters, by continuous vacuum-type drum

filters or by centrifuges. A variety of devices are used to dry the final yellow cake

slurry. Multiple hearth roasters are used to achieve a calcined product. The

product is packaged in 55-gallon drums for shipment.

C. Radioactivity Released

Figure 4 is a material balance flowsheet in which the amounts of material given have been

calculated from uranium milling flowsheets in such a way as to show how much material

must flow to provide the uranium necessary to fuel a 1000 MWe LWR for one year. These

numbers are average numbers, and are for an assumed SX process. They are not expected

to be very different for an IX process.
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Forty percent from natural gas use.
'Including airborne pdrtlculates.
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Ths concentrations of radionuclides in the tailings from a model acid-leach solvent

extraction mi 11 and a model alkaline-leach sol vent exact ion mi Hare given In

Tables 2 and 3, respectively. Since there must be greatly increased uranium

mining and milling activity i f the projected growth of nuclear poy/er is to be

achieved, it is important to know how these failings wil l be dealt with in the long

term. Obviously considerably more careful attention must be paid to this problem

than was paid it in the earlier days of the industry. Various steps which might be.

taken, and their cost-to-benefit ratios, are given in the section D.

• ' : • ' : . . ' • • ; . • • • • x - ' • . • • '

As far as releases of radioactivity to the public from the operations of the mines and

mills themselves are concerned, there appears to be little cause for concern.

Losses of dust and toxic vapor emissions are localized, and are controlled by collec-

tion and recovery systems. .^.

D» Low-grade Ores - .

. The supply of low-cost uranium may not meet the demand for uranium by the year

2000, or even earlier. Uranium recovery from, low-grade ores has been considered.

Chattanooga shale, found in southeastern U.S., and having a typical uranium con-

centration of about 60 ppm may be typical of such ores. A very approximate and .

cursory estimate of uranium-recovery from such ores suggests that the magnitude of

- the operation required fo recover, for example, 150,000 tons ^ O g / y r is so'huge

that the use of such shales can be seriously questioned. The production of, 150,000

tons U3Og/yr would require 460 mills of 20,000 tons/day capacity, processing

9 x 10° tons of shale/day. A total capital investment (in 1976 dollars) of $59

bill ion dollars would be required for plants based on leaching with sulFuric acid,

and *97 billion dollars for plants based on using pressurized oxygen to convert the

ore to a soluble form. Solvent extraction was assumed for uranTurn recovery From

both types of ore treatment. Wafer requirements would be 700 million gallons/day
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Table 2 *

Concentrations of Radionuciides in Solid Wastes (Tailings)
from Model Acid Leach - Solvent Extraction Mil l

Sand, > 200 mesh (pG/g ) * Slims, < 200 mesh (pCi/g)

150

1610

"••'•;•' 1750 ':;.'";:

• : • • \ • • • • - - ; 1 5 0 • ' • ; • ' • : - • • : \

Radionuclide

U natural

226Ra

230Th

234Tn

210P b

2lOP o

210BI

Sand, > 200 mej

10

120

60

10 .

120

120

120

i6io

means picocuries per gram.

. Table 3 ,
: • •' I.

Concentrations of Radionuciides in Solid Wastes (Tailings)
from Model Alkaline Leach Mi l l

Sand, > 200 mesh (pCi/g)* Slime, < 200 mesh (pCi/g).Radionuclide

U natural

236jj

2 3 & Th .*.
2 3 4 T h
2 lO P b

210R,

210B;

Sand, > 200 i

" 170

170

10

170

170

170

• 9oO'

70

960

960

960

*pCF/g means picocuries per gram.
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if evaporator condensate were recycled, and 1.8 to 3 billion gallons/day if it were

not recycled. The annual sulfuric acid requirement would be 180 million tons,

about six times the current U.S. production rate.

Extraction of uranium (present at 0.15 parts per billion) from seawater has also been

considered. In this case, certain highly selective inorganic sorbents might be placed

in an area of the ocean where strong currents flow. Periodically these sorbents would

be removed from the ocean, and the uranium leached from them. This approach to

uranium recovery appears fraught with problems, and the uranium recovered thus

promises to be expensive indeed.

E. Costs of Reducing Radiation Doses

"Base case" model mills representative of those which will process a major fraction of

U.S. ore for the next 20years have been studied. Each mill was assumed to process

2000 tons per day of ore containing 0.2% UgOg. Costs of added waste treatment

operations to decrease radiological dose commitment in the surrounding area were

calculated. Much of the technology assumed in the advanced treatment cases requires

development and demonstration.

A total of 14.4 curies enters the mill daily. Of this, 2.1 curies is uranium, and is

recovered as product. The remainder is discharged in the liquid and solid wastes

(tailings) which are impounded near the mill.

Off-site releases during mil! operation consist of airborne ore dust, concentrate

(yellow cake) dust, tailings dust, and radon gas. After the mi SI is shut down the

tailings are covered with earth which is overlain with rocks, or in some instances

vegetation, to reduce wind and water erosion. However, radon gas will seep from

the tailings pile for thousands of years, and may cause a radiation problem unless

the pile is covered in such a way as to retain the radon gas until it decoys to its

solid daughters. (The half-life of 2^Rn is about 3.8 days.)
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Total costs for the case studies include capital costs, annual Fixed charges and annual

operating costs. Annual fixed charges are 24% of total capital invesment.

Table 4 is a summary of the radwaste treatment variables. Figure 5 shows how much

these treatment methods might add to the cost in relation to dose reduction achieved.



Table 4 . SUMMARY OF VARIABLES OF RADWASTE TREATMENT SYSTEMS I

1 2 3
RadwosteCoseNo. (Current, Bo» Case) (Limited Current Ure) (Near Future)

4
(Future)

(Advanced)

Airborne (mill processes only)
"Obiective Control process dint Reduce ore dust

release by 3 and
yellow cake dust
release by 4

Reduce ore dust Reduce ore dust Some os Case 4a

release by 13 release by <S5
and yellow cake and yellow cake
dust release by dust release by
10 20 _ _

Reduce ore dust. -Slj
release by 65 :gg
and yellow cake W?§i
dust release by WiM«*. _ m

Treatment
Ore dusts

Yellow cake
dust

Liquid
Objective

Treatment

Solid
Ob[ective

Treatment
Basic

Cover, mill
active

Cover, final

Orifice

Wet impingement

Zero liquid release
to surface wasters;
10% seepage from
the tailings pond
of radioisotopes
dissolved in liquid
effluents

Natural evapora-
tion from tailings
pond;seepage to
ground; 10-ft-
high starter dam
of native material;
darn raised with
tailings

Eliminate wind-
blown tailings
dust after mill
closes end reduce
surface wafer
leaching of rai l -
ings

Tailings pile;
10-ft-high
starter dam of
native materials;
dam raised with

tailings

None

• - .

Six-inch earth

-over topped
with rock or

vegetation

Wet impingement

Low energy
venturi

Same as Case 1

Same as Case 1

Eliminate wind-
blown tailings
dust while mill is
active and increase
probability that the
long-term tailings
cover will remain
intact

Same as Cose 1

All tailings either
under pond water
or covered tem-
porarily with a
chemical spray
or mine waste

Two-foot earth
cover topped with
rock or vegeta-
tion

Low energy
venturi

Medium energy
venturi

Reduce seepage
of radioisotopes
by5

Natural evapo-
ration from pond;
site selected for
low seepage
through bottom;
earth dam with
clay core

Reduce radon
emanation from
railings by 4;
eliminate pene-
tration of tailings
by vegetation or
surface runoff

Tailings im-
poundment;
dam of native
materials and
compacted clay
core; diversion
ditches and
dikes to bypass
surface runoff;
site selected
for low seepage
through bottom

Same as Case 2

Eight-foot
earth cover
topped with
rock or vege-

tation

Reverse jet bag
filter; windbreak
around ore yard

High energy
venturi

Reduce seepage
of radioisotopes
by 100

Acidic effluents;
lime neutralize;
alkaline effluents;
copperas precipi-
tation; natural
evaporation from
pond sealed on
bottom and sides
with 5/16-in.
asphalt membrane

On-site waste
disposal which
permits some sur-
face use of land;
reduce radon
emanation by 40

Tailings impound-
ment same as
Case 3 except the
bottom and sidei are
lined with a 5/16-
in.thick asphalt
membrane

Some as Cose 2

Twenty-foot earth
cover topped with
rock or vegetation

Sams as C O M 4a

Same as Case 4a

Same as Case 4a

Same as Case 4a

Alternate method
of reducing radon
emanation by 40
without deep
burial; decrease
leach rate of
solid by 10 1 0

Sane as Case 4a

Same as Case 2

5/16-in. asphalt
memorane and Z—ft
earth cover toppe d
with rock or vege-
tation

Same as Case 4a

High energy
uanfliri* HFPA
venrun; ncrM
filter

Same as Cose 4a

Same as Case 4a

Fix solids in a
form less leach-
able by under-
ground waters;
reduce radon
emanation by
1000

Slurry with ce-
ment and pump
to landfill or
mine lined with
5/6-in. asphalt
for disposal as

i
ISm
1n
1
km

1
itF*-
f||

w
Us

w
r$

*-'%

§s
§?

if
Is
kg;

©
61
. icemented product f t

(1 part cement to i-"
20 parts tailings!

None

Same as Cose 4a

I
n
ft
|

I• U '

ft
i

• $~

3
.IS-

i
ft

*AII coses apply to botf lulfuric ocid and alkaline leach mills except whem indicated.



WASTE TREATMENT SYSTEMS FOR MODEL IKANIUM MILLS*

>

i

iCaeAa

sCose4o

Case 4a

s Case 4a

5
(Advanced)

Reduce ore dust
release by £5
and yellow cake
dust release by
104

Same as Case 4a

High energy
venturi; HEPA
filter

Same as Case 4a

a

Reduce ore dust
release by I 0 5

and yellow coke
dust release by
104

Reverse jet bag
filter; HEPA f i l -
ter; windbreak
around ore yard

Same as Case 5

Zero liquid
release

6
(Advanced)

b

Same as Case 6a

Same as Case 6a

Same as Case 5

Same as Case 6a

• t ' • • • • • • ' • • - • •

s •.• • ••' • •
I • : • .

c ! . ' . ' • ; . • • . : . ' • ' "

(Not applicable to
alkaline leach mill)

Same as Case 6a

1

Same as Case 6a

Same as Case 5

Reduce seepage of
radioisotopes by
1CH; recycle acid
and Mater

i

7
(Advanced)

Reduce radon release
from the mill by 10.;
ore dust release by
lO^andyelloW cake
release by iO

Bag filter; HEPA f i l -
ter; charcoal delay
trap; windbreak

* aroundore'yard

Same as Case 5

Same as Case 4a

j Case 4a Same as Case 4a Metal evaporator Same as Case 6a Metal evaporator and
rectifier column

Same as Case 4a

its method
icing radon
lion by 40
tdeep
dscrease

" rote of
v IQlO

Fix solids in a
form less leach-
able by under-
ground wafers;
reduce radon
emanation by
1000

Fix solids in a
form less leach-
able by under-
ground waters;
reduce radon
emanation by
160

Same as Case 6a Same as Case 6a Reduce radon emana-
tion by 50,000; lower
leach rate of solids
by 10'0

is Case 4a

I

Slurry with ce-
ment and pump
to landfill or
mine lined with
5/6- in. asphalt
for disposal as
cemented product
(1 part cement to
20 parts tailings)

Sand/slime separa-
tion; incorporate
slimes and evaporator
concentrates in
cement (1 part ce -
ment to 20 parts
tailings); cemented
product to landfill
or mine; washed
sand to landfill or

Sand/slime separa-
tion; incorporate
slimes and evaporator
concentrates in
asphalt; asphalt
product to landfill
or mine; washed
sand to landfill or
mine

Substitution of nitric
acid leach' for con-
ventional sulfurie
acid leach; incorporate
evaporator concentrates
in asphalt; tailings to
a Case" 2 type impound-
ment"

Same as Case 4a

^s Case 2 None Cover with final
cover as milling
proceeds

Same at Case 6a Cover with final
cover as milling
proceeds

Some as Case 2

>n. asphalt Same as Case 4a Same as Case 4a
s/'ine and 2-ff
<--. aver topped

Same as Case 4a Twenty-ft earth
cover over evapo-
rator concentrates
Incorporated in
asphalt; 2-ft earth
cover over tai l -
ings; both topped
by rock or vege-
tation

1-in. asphalt mem-
brane and 2-ft
.earth cover topped

' by rock or vegetation
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I I I . CONVERSION OF URANIUM CONCENTRATE TO UF6

Uranium conversion is a highly developed part of the nuclear fuel cycle, although

improvements are still being made, especially in conversion processes for use with

the uranium product of the fuel reprocessing plant. The requirement for enriched

uranium for most reactor fuels necessitates production of UF, for use in uraniun

enrichment plants. Enriched uranium may be prepared from UgOg concentrate from

the mills or from the uranyl nitrate product from fuel reprocessing plants. Since no

commercial reprocessing plants are operating in the U.S., the present conversion

operations use natural uranium UgOp as their feed. Recycled uranium from the

reprocessing plant would contain up to 0.9% ^O3U as uranyl nitrate. About 270

tonnes of UF* are required to produce one GWe-yr of electrical energy generated

by LWRs. Table 5 shows what the composition of typical feed to a conversion plant .

might be. Table 6 gives the UF, product specifications.

A. Processes

The LLOg concentrate from the mill is 75 to 85% U3O8. Conversion of LLOg to

UF$ is carried out by two different processes, a dry process and a wet process, at

approximately equal annual production rates. The "dry hydrofluor" process treats

the concentrates directly in a series of fluidized bed reactors followed by fractional

distillation which eliminates impurities either as volatile compounds or as ash. The

"wet solvent extraction" process purifies the UgOg feed by preferentially extracting

the uranium into organic solvent before conversion to UF^. These process differences

result in substantially different radioactive effluents from the conversion plants.

In the hydrofluor process the bulk of the impurities entering with the yellow cake

leaves as solids from the fluorination tower. In the wet solvent extraction process

the bulk of the impurities leaves as dissolved solids in the raffinate.

Table 7 is a summary of uranium refining and hexafluoride production facilities,

along with references to pertinent reports.

*GWe-yr means gigawatt-years of electrical energy.

27
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Table 5

Typical Yellow Cake Feed to a UF, Conversion Plant

Constituent of feed

Uranium (U)

Impurities

Ammonium (NH4 )
Sodium (Na)
Silica (SiOJ
Sulfate (SO42-)
Arsenic (As)
Boron (B)
Calcium (Ca)
Carbonate (CO32")
Chloride, bromide, iodide

(CI-, Br", 1") calc. as Cl"
Fluoride (F")
Iron (Fe)
Molybdenum (Mo)
Phosphate (PO4

3")
Potassium (K)
Vanadium (V>
Water (H2O)
Extractable organics

Nitric acid-insoluble uranium

Principal radionuclides

Skfh
234mpab
23PTh
2 2 6 R Q
222Rn

Concentrat ion
(wt %)

73.53

(wt %, U basis)

3.09
2.41
1.2
2.94
0.06
0.003
0.19
0.31

0.07
0.01
0.38
0.10
0.26
0.13
0.12
1.91
0.05

0.01

Quantity fed
(metric tons/year)

10,000

420
329
163
400

8
0.4

26
42

10
1

52
14
35
18
16

260
7

1

(Ci/year)

3333
3333
3333

141.7
15.67
15.67

aOne curie of natural uranium (Unaj.) is defined in 10 CFR 20 as the sum of 3.7 x ]0^
dis/sec from 238u, 3.7 x 1010 dis/sec from 234u, and 9 x 108 dis/sec from 2 3 5 U t
i.e., 1 Ci of U n a t consisis of 1 Ci of 2 3 8 U , 1 Ci of ^ U , and 2;43 x lO"2 Ci of 2 3 5 U ;
it is also equivalent to 3000 kg of natural uranium
i.e., 1 i o U n a t os i o , o
it is also equivalent to 3000 kg of natural uranium.

detestabl , tj / 2 min.
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Table 6

SPECIFICATIONS FOR UF6 DELIVERED TO DIFFUSION PLANTS

Numerical
Value1 Value

Maximum vapor/pressure of filled container at 2Q0°F in pounds per 75
square inch, absolute

Minimum weight percent of UF, in material 99.5

Maximum mol percent of hydrocarbons, chiorocarbons, and partially
substituted halohydrocarbons 0.01

Maximum number of parts of elements indicated per million parts of
Total uranium: Antimony

Bromine
Chlorine
Niobium
Phosphorus
Ruthenium
Silicon
Tantalum
Titanium

1
5

100
1

50
1

100
1
1

Total number of parts of elements forming nonvolatile fluorides (having
a vapor pressure of one atmosphere or less at 300°C) per million parts
of total uranium/ e.g., aluminum, barium, bismuth, cadmium/ calcium,
chromium/ copper, Iron, lead, lithium, magnesium/ manganese, nickel,
potassium,: silver, sodium, strontium, thorium, tin, zinc, and zirconium 300

Maximum number of parts of elements or isotopes indicated per million
parts of Uranium: Chromium 1,500

Molybdenum 200
Tungsten 200
Vanadiurri 200
Uranium-233 500
Uranium-232 0.110

Maximum thermal neutron absorption of total impurity elements as
equivalent parts of boron per million parts of total uranium 8

Maximum total of gamma activity due to fission products and U-237 as
percent of gamma activity of aged natural U and as measured in a high-
pressure ionization chamber (Drawing D-AWM-8798 of Nuclear
Division, Union Carbide Corporation 20

Maximum beta activity due to fission products as percent of beta
activity of aged natural Uranium 10

Maximum alpha activity from all transuranic elements in disintegrations
per minute per gram of total uranium 1,500

All specification analyses on UFO shall be performed on samples removed in the liquid
state fern each cylinder while its contents are liquid and homogeneous.
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Plant Location

"Wat" purification

Solvent
Extraction Denltratlon

h

UO3 M-
ductlon
toUO2

i j
J 1

UO2 hydro-
fluorltiatlon

toUFi

Fluorine-
atton
t o U F 6

UF4

reduc-
tion to
U metal

I
Allied Chemical

K.ir McGee

ERDA-Femald

ERDA-Padueah

ERflA-Portsmouth

Metropolis III.

Sequoyah County, Okla.

Cincinnati, Ohio

Kentucky

Ohio
(20 metric Ion/year)

AEC-Weldon Sprlngi Mlaourl
(clowd)

Eldorado Canada

Malvesl France

Springfield] Great Britain

aW. C. Ruch, 0. A. Peterson, 6. A. Gasklll, and H. G. Tepp, "Production of Pure Uranium Hexafluorlde from Ore Concentrates," Chem. Eng. Progr., Symp. Ser. Pt. 15, 56, 35-41 (I960).
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CC. D. Harrington and A. E. Ruehlo, Uranium Production Technology, Van Nostrand, Princeton, N. J., 1959, pp. 152-64.
dE. W. Mouti, Production of Uranium Tetrnfluorideond Uranium Metal, NLCO-1068 (Apr. 23, 1970).
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When the feed to the conversion plant is taken to be urany I nitrate from a fuel repro-

cessing plant there are several important differences from the case where it is U3O3

from a mill. First, the uranium is already relatively pure, and second, there are

traces of transuranium and fission product elements present which were produced during

irradiation in the reactor, and were incompletely removed during fuel reprocersing. It

is also worth noting that there is a different ratio of uranium isotopes from those fourd

in nature. Not only is the percent of U variable, but so is the percent of other

isotopes, e.g. 2 3 6 U .

1. Dry process

The dry hydrofluor process is shown schematically in Fig. 6. Schematic equipment

diagrams of typical units are shown for the reduction, hydrofluori nation, and fluorina-

tion steps in Figs. 7, 8, and 9, respectively.

Uranium trioxide is reduced to UO2 by H2 at a temperature of 538° to 621 ° according

to the reaction

U°3(s) + H2(g)-~UO2 ( s ) + H2O (g) .

Hydrogen is supplied at 100% excess by cracking ammonia at 870°, viz.,

2NH3 - — N 2 + 3H2 .

Although the reduction reaction is exothermic, a net heat input is required to heat

the feed from ambient temperature to operating temperature and to compensate for

heat losses. Careful temperature control is essential to prevent sintering of the

particle surfaces. Unreduced oxide hydrofluorinates to UO 2F 2 , which in turn con-

sumes more elemental F2 in conversion to UFQ than does UF4, evolves more heat

during fluorination, and does not fluorinate as wel! resulting in more ash recycle.

All U. S. plants use fluidized-bed reduction units. Nitrogen is sometimes added to

the cracked ammonia to maintain the fluidizing velocity of the bed. Both single-

stage and two-sfage reduction are used. The product is a highly reactive uranium
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dioxide which can be fluorinated with only a 5 to 10% excess of hydrogen fluoride.

Sulfate serves as a chemical promoter which increases the productivity of both the

reduction and subsequent hydrofluori nation steps.

Uranium dioxide is hydrofluorinated to UF4 by reaction with HF at 348 to 539° according

to the reaction

UO2(s) + 4 HF(g)-Jtf UF4(s ) + 2H 2 O ( g ) .

The fluid bed reactor has about 2-1/2 times the processing capacity of the screw

reactor at the same conversion efficiency, and is the preferred technique in the United

States. Conversion efficiency in the fluid beds may range from 98.0 to 98.5%, Overall

uranium yield for the hydrofluorination step is 99.99%,
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Sodium forms a relatively low-melting compound with uranium tetrafluoride

(7 NaF.6 UF4, melting point approximately 675°C vs 960° C for UF4) which restricts

the diffusion of HF to unconverted UO 2 / and if present in high enough concentra-

tions forms a plastic mass which plugs the bed. For this reason, high sodium feeds

must first be washed with ammonium sulfate to remove the sodium.

The fluorination reaction is highly exothermic:

UF4(s) + F2(g) - ~

The fluorine utilization is 80 to 90%. The operating temperature is 800 to 1000°F.

Heat removal is the limiting factor in the design. Heat generation can exceed the

rate of heat transfer across the bed. Therefore, CaF^ is used as the bed material

with only a small amount of UF4. Uranium hexafluoride, VF5, VOFg, and MoF^ are

volatilized. The fluorides of radioactive and other chemical impurities in the UF4

feed are nonvolatile and remain with the bed material.

After fluorination, the UF^ contains some impurities which are separated by fractional

distillation. Crude UF^ is melted and transferred from the cold traps to the distilla-

tion feed tanks where i? is maintained in a molten state. Uranium hexafluoride is

vaporized irto a none I bubble cap column which separates UFQ (sublimation point

56°C, triple point 64°C) from the more volatile UF5 (boiling point 48°C), MoFo

(boiling point 35°C), and traces of SiF^, CF^, SFQ, etc. Vanadium oxyfluoride

(VOF3, sublimation point 110°C) has only limited solubility in UF6 (0.7 wr %

at operating conditions). When present at high concentrations, VOFg is the limiting

material in the separation of low-boiling impurities. Liquid uranium hexafluoride

containing high-boiling impurities passes to a column where high-purity UF^ is

volatilized and collected in a second set of UF^ cold traps similar to the first.

The pure UF0 product is finally melted and drained info a 10-ton shipping cylinder.

Still bottoms consist principally of ah unidentified molybdenum compound, probably an

oxyfluoride, with a little UF^, VOF3, and traces of parriculates which pass the

filters. Sfill tops and bottoms are stored, as the values contained do not presently

justify recovery. Vapor phase transfers are made by pressure difference because there

is no dependable UF^ pump.
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A portion of the fluid-bed material, called ash, is withdrawn to avoid the buildup of

nonvolatile impurities such as sodium which form Ipwme I ting complexes with UF^

and may cause caking in the bed, and to avoid the buildup of nonvolatile radio-

active daughter products of uranium in the bed. The fluorination ash, including

filter fines, is drummed, stored a minimum of six months to permit decay of Z0*Th

and 2 3 4 W Pa , and leached with sodium carbonate to recover uranium. Essentially

all the radioactive impurities in the crude uranium feed to the plant are converted to

dry, solid waste.

Filters are used to remove uranium parti culates from the various off-gas streams. All

UF^ plants use bag filters to recover uranium dusts from materials handling operations.

Efficiencies are close to 100% for particles down to 1 micron in size. Sintered

stainless steel filters are used on the reduction off-gas, and either monel or nickel

sintered metal filters on the fluorination off-gas to cover uranium. A nominal 10

micron pore size filter will remove 98% of the 0.7 micron particles. Porous carbon

filters are used on the hydrofluorination step off-gas. Such filters are very efficient,

recovering >99.999% of the uranium dust. High Efficiency Particulate Air (HEPA)

filters are used as backup filters in the UF, conversion processes, just as they are

used in similar applications throughout the nuclear fuel cycle.

2. Wet process

The wet process (sometimes called the solvent extraction process) is shown schematically

in Fig. 10. It may operate either on the mill concentrate, or on the uranium recycled

from a reprocessing plant. There is essentially no difference, and because there is at

present no commercial reprocessing plant, there is no recycled uranium to convert to

UF^. When there is, it will have an abnormal mixture of uranium isotopes, and may

contain traces of lanthanide and actinides not present in mill concentrate.

The wet process steps after denitration are the same as those used in the dry process, so

the basic difference between the wet and dry processes is that solvent extraction is

used in the wet process to remove the impurities from the mill concentrate, rather

than the fractional distillation of UFQ and selective sorption of impurities on traps

used in the dry process.
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In the solvent extraction step, a solution of uranyl nitrate is passed countercurrent

to a solution of tributyl phosphate (TBP) in an organic diluent such as hexane. The

uranium extracts highly selectively into the TBP-hexane solution, leaving virtually

all of the impurities behind in an aqueous waste stream called the raffinate. A

wide variety of contactors may be used to contact the uranium and TBP solutions.

Both columns and mixer-settler arrangements ate used.

B. Radioactivity Released

The amount of radioactivity released in gaseous, liquid, and solids wastes is

relatively small from conversion plants, and except for the wastes expected from

conversion of recycled (reprocessed) uranium, consists solely of uranium and its

natural radioactive impurities.

1. Dry process

Table 8 gives the discharges from a model dry hydrofluor process plant. The basis

for the values in the table is given at the bottom of the table.

2. Wet process

Information similar to that given above for the dry process is given in Table 9 for

a model wet process using mill concentrate as feed. Table 10 gives the same type

information for a v/et process plant using feed from a fuel reprocessing plant. Note

especia I ly the presence of small amounts of plutonium and of certain fission products

tn the radioactivity released by the model plant.

C. Costs of Reducing Radiation Doses

Costs of reducing radiation doses are not presently available, although it Is expected

that they will be available in the near future.
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Table 8

DISCHARGES FROM A MODEL DRY HYDROFLUOR
PROCESS CONVERSION PLANT

f Each facility supports fourteen 1 GW power plants (2500 MT of Y/yr).]
6

Radionuclide Pathway
Possible Chemical

States
Source Term

Uranium

Uranium
226Radium

230Thorium

Gaseous and Liquid Wastes -j

Air U 3 O 8 , U O 2

Water

Water

Water

uo 2+

Th'4+

0.04 (insoluble)

0.02 (soluble)

0.8 (soluble)

Solid Wastes

Uranium-234, -235, and -238

Short-lived daughter
products in equilibrium with
natural uranium

Decayed separated daughter
products

Thorium-230

Radium-226

1.7

1.7

.25

18.0

1.8

Basis: 0 .1% Uranium loss
0.2% of radium in ore enters process with yellowcake:
2.0% of Th-236 in ore enters process with yeliowcake
Solids cooled one year before burial.
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Table 9

DISCHARGES FROM A MODEL WET SOLVENT EXTRACTION
PROCESS CONVERSION PLANT

Radionuclide

Uranium

Uranium

226
Radium

230T. . . . .
Thorium

Uranium

Pathway

Air

Water

Water

Witer

Ground (solid
wastes)

Possible Chemical
States

u3o^,uo2

UF6,UO2F2

uo2

Ra2+

Th 4 +

U3°8' UO2

Sourci Term
(C#r)

0.02 (insoluble)

0.008 (soluble)

2.0 (soluble)

0.006 (soluble)

0.006 (soluble)
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Table 10

ESTIMATED RADIOACTIVE EFFLUENTS FROM A REPROCESSED
URANIUM UF6 CONVERSION PLANT (1500 MT U/YR)

Average Annual Releases

Uranium-232

-233

-234

-235

-236

-237

-238

U-Total

Plutonium -238

-239

-240

-241

-242

Pu-Total

Ruthenium-106

Zirepnium-95

tsl!b*>ii«i^95

Main Building
Stack

2.3 x l O " 4

6.8 x 10 " 7

6.1 x 10"4

6.8 x 10~5

1.0 x 10"2

3.6 x 10"3

1.2 x 10"2

2.7 x 10"2

2.9 x 10"4

2.0 x 10"5

3.8 x 10"5

l . I x lO" 2

2.0 x 10"7

1.1 x 10"2

8.7 xlO"3

8.7 x 10"3

1.7 x 10"2

3.8 x ]0*(a)

Wall&
Roof Vents

2.6 x 10"3

7.6 x 10"6

6.8 x 10"3

7.6 x 10"4

1.1 x 10"1

4.0 x 10"2

1.4 x 10"1

3.0 x 10"1

1.8 x 10"3

1.3 x 3O"4

2.4 x 10"4

7.2 x 10'2

1.3 x 10"6

7.4 x 10"2

4.2 xlO"2

4.2 x 10"2

" 28.4 x l O

4.2 x l O 5 ^

(a),
Values in grams total uranium; al l other values expressed in curies (time period -
operating year). -



IV. URANIUM ISOTOPE SEPARATION

Uranium isotope separation is a key step in the light water reactor fuel cycle, and is also

a dominant cost in that cycle. Uranium as it occurs naturally is a mixture of the isotopes

235U, 238U and 2 3 4 U . Of these, only 2 3 5 U is of practical use as a direct source of

fission energy. Unfortunately, 2 3^U exists only to the extent of 0.711 percent in the

natural isotopic mixture. In order for natural uranium to be used in fission it musf either

be used in reactors which are so economical in their use of neutrons that criticality con

be maintained at that low 2 ^ U concentration, or it must be concentrated to greater

than its natural percentage. It is entirely possible to build and operate reactors which

can use natural uranium: the first nuclear reactors were of that type. However, to be

successful, they must not contain materials which parasitically absorb the neutrons

formed by fission of the sparse U atoms. These neutrons must be avaiIqble to produce

additional fission reactions. Highly purified graphite is one material which may be

used in such reactors; heavy water is another. These materials slow down the neutrons

from the fission reaction to speeds where they can sustain fission in nature! uranium,

while at the same time do not themselves absorb an excessive fraction of the neutrons.

Light water is not suitable because of excessive absorption of neutrons in the light

isotope of hydrogen. Power reactors in the U.S. do use light (ordinary) water, so

cannot use natural uranium. Typically, the uranium is enriched to 3 to 4% 2 3 5 U for

use in these light water reactors (LWRs). Thus, it was necessary to provide economical

methods for concentrating 2 3 5 U to provide uranium fuel suitable for use in light water

reactors. These concentration methods were first developed for use in atomic weapons

production, and are called isotope separation methods.

A wide variety of methods for isotope separation were studied during the period of the

second world war. Of these, electromagnetic separation (in Calutrons) and gaseous

diffusion were chosen for large scale use. Today the only uranium isotope separation

method in wide use is gaseous diffusion. There is, however, a widespread interest in

43
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the use of the gas centrifuge, and it promises to assume a prominent role world wide.

Both gaseous diffusion and gas centrifuge processes use uranium in the form of UF^,

a gaseous compound at temperatures above about 57°C and pressures below one

atmosphere. Both capitalize on the small mass difference between the Z 3 5 UF O and

238(jF, molecules. Gaseous diffusion separation relies on the greater rate of
235

effusion of the UFQ molecules through a porous barrier; gas centrifuge separation

relies on the greater centrifugal force exerted on the UFO molecules in a rotating

system.

The renewed interest in the U.S. in the gas centrifuge process is due to the develop-

ment of a new gas centrifuge, the Zippe centrifuge, and to the development of

materials capable of operating at much higher peripheral speeds. Also, the increasing

cost of electrical power favors the gas centrifuge process over gaseous diffusion

because the centrifuge process uses only about one-tenth the power the gaseous

diffusion process uses to effect a comparable separation. Finally, because the gas

centrifuge process employs many parallel process streams, each operating independently

to attain the desired enrichment, it achieves economic plant size at a much lower

capacity than does the gaseous diffusion process. Concomitant with the smaller

economic plant size is a smaller uranium inventory.

With all the above advantages for the gas centrifuge process it might well be asked

what the reasons are for continuing interest in gaseous diffusion. Basically, the

gaseous diffusion plant has a significantly smaller operating staff, and an anticipated

much smaller maintenance problem. Beyond these factors, there is a press of time.

New enrichment capacity will likely be needed in the early 1980s. There must

exist sufficient component manufacturing capability to meet such a need, and this

dictates use of gaseous diffusion. Also, there must exist demonstrated plant reliability,

because the plant must run once it is built. Again, this favors gaseous diffusion.

While gas centrifugation clearly has a place in the future of the nuclear fuel cycle,

so does gaseous diffusion.
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A. Sep. ation Processes

1, Gaseous diffusion

The gaseous diffusion process itself is basically a physical separation process. (Prepara-

tion of the UF^ gas used in the process may be done at the gaseous diffusion plant or

elsewhere, and is not a part of the actual isotope separation process.) The process is

carried out by allowing about half of the UF^ to effuse through a porous barrier, at

which point it is collected separately from that part of the UF$ which did not pass

through. Because the 23^UF^ effuses slightly more rapidly than the UFO, a small

increase in concentration of the effused UF^ gas in the isotope 235y OCCurs. If this

"enriched" UF^ gas is then partially effused sequentially through additional barriers,

further 235y enrichment occurs in the effused portion. Thus, by setting up a series

of chambers containing barriers through which an ever decreasing part of the UFO

is successively passed, greater and greater enrichment in the isotope U may be

achieved. The part of the UFz which has not effused through the barrier is enriched

in the " ° U isotope. It is passed through the series of chambers, or stages, in a

direction opposite to the flow of the 235u-enriched stream, i.e., countercurrent to

it. A collection of such stages is called a cascade. The process just discussed is a

little difficult to describe clearly in words. Figure 11 may help to make it clearer.

The UF6 is introduced as "cascade feed;" UFfi enriched in 2 3 5 U is the "product,"

and that enriched in 2 3 8 U is the "tails." (The tails is a potential source of "depleted"

uranium for use in making the blankets for LMFBRs.)

Sixteen process stages may be grouped into a "cell" for convenience of maintenance

and repair. A cell is the smallest process unit that can be isolated from the operating

cascade. Generally, 1200 to 1300 stages are needed to enrich natural uranium

cascade feed to about 3% ° U in the product with a tails assay of about 0.3%
235

U. The quantities which determine the separative capacity of a stage are the

stage separation factor and the rate of flow of UF6 through the barrier. The stage

separation factor is defined as the ratio of the mole ratios of the 2 3 5 U to 2 3 8 U con-

centrations in the enriched stream of the stage to that in the depleted stream of the
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stage. The formula for separative capacity is

U = k L ( a - l ) 2 ,

where L is the flow rate through the barrier, a is the stage separation factor, and

k is a constant for the system. The feet that capacity is directly related to flow rate

through the barrier is the basis for a major upgrading of the existing U.S. gaseous

diffusion plants. New compressors and motors to allow higher pumping pressures, and

so higher pressures across and flow rates through the barriers, are being supplied to

the plants. The fact that separative capacity is proportional to the square of (a-1)

explains why so many stages are needed. The value of a is 1.0043, so (o?-l)2 is about

0.000018, a very small number indeed.
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The most important pieces of equipment in the cascade are the diffusion barrier and

the UFs gas compressors. The barrier must have uniformly-sized porosity of a size

commensurate with the mean free path of the UFO gas molecules to be most efficient.

Since there are many thousands of square feet of barrier surface in a plant, manu-

facture of the barrier is a most important operation. Manufacturing details are also

among the most closely guarded secrets in the nuclear industry. Both barriers and

gas compressors has been subjected to continuing, intensive efforts to improve their

performance. The motor-driven compressors are the only pieces of equipment with

moving parts in the cascade. They consume over 90% of the power used in the plant.

All process equipment pieces except the compressor motors are inside .insulated metal

panel enclosures to iceep the UFO gas warm enough to prevent its desublimation. Each

stage compressor adds heat to the UFO during compression, so a cooling system is

required to keep the gas at the required temperature. The heat is removed by

evaporating a halogenated hydrocarbon (CCIF2 - CCIF2), which in turn is cooled

and condensed at the cell by water-cooled condensers. It is the water from these

condensers which is cooled by partial evaporation in cooling towers that creates the

plumes of water vapor so characteristic of gaseous diffusion plants.

Impurities in the product UFQ, e.g., nitrogen, oxygen and CCIF2CCIF2, are removed

in a "purge cascade" at the product end of the plant.

The diffusion cascade is basically a very stable and easily controlled process. The

equipment has demonstrated a very low failure rate, but the high value of the enriched

UF^ product necessitates a maximum on-stream time for compressors, motors and

electrical transformers and distribution systems. The electrical power requirements

fora full-scale plant (~ 9 million separative work units* per year) is about 2400

megawatts. The cost of power is about 33% of the average separative work unit

(SWU)cost.

M ? f y ^ ^ ^ « ? ^ ^ n « n t r q t e , or separate, the ^ 5 U is called separative
It is measured in "sejfwrative\wbrk uniteAand the numbe

ed;uranium of-a spe^ifietlEnrichment is related to the enrichment sought, the
concentration of the feed; and the tails assay.
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2. Gas centrifugation

Gas centrifugation, like gaseous diffusion, is a physical separation process. The process

is carried out by spinning (centrifuging) a cylinder of UF6 gas about its axis, thereby

causing 238(jp^ molecules to preferentially concentrate near the periphery of the

cylinder, and UF^ molecules to preferentially concentrate near the axis. As with
235 238

the gaseous diffusion process, the U- and U-containing strecms are passed

countercurrent to each other through centrifuges arranged in series. Figure 12 shows

a single centrifuge diagrammatically.

The major component of a gas centrifuge is its rotor, which must be spun at very high

speeds to achieve isotopic separation. The tendency for the different isotopes in

the UFg molecules to separate based on their different masses under the influence of

the centrifugal force field is opposed by their thermal agitation and the concentration

gradient, which tend to homogenize the gas. The resultant dynamic equilibrium

determines the degree of separation possible in a given centrifuge. The theoretical

separative capacity of a gas centrifuge is given by

/ A M \/2 \ 2

where Z is the rotor length, AM is the mass difference of the gaseous molecules, V

is the peripheral speed of the centrifuge, R is the universal gas constant, T is absolute

temperature, and K is a constant for the system.

An ideal, or simple process separation factor may be derived for a gas centrifuge to

be

a=exp
/AMV2 \

I 2RT ;
It is the ideal separation factor obtained at steady state between UF6 gas at the axis

of the rotor and at the periphery when a batch of gas at absolute temperature T is

rotated at peripheral velocity V [ = (QO| , where a is the rotor radius and to is the

uniform angular velocity in radians per second]. This simple expression gives the
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maximum separation factor obtainable. The expression does not take into account the

axial flows which occur, or the effects of gas turbulence, both of which reduce the

separation. Axial flow, as shown by the arrows in Fig. 12, results in a stream con-

centrated in 23^UF^ flowing up the rotor core and a stream concentrated in 2 3 °UF O

flowing down the periphery of the rotor. Thus, an axial isotope concentration gradient

as well as a radial concentration gradient is established. It too is limited by opposing

diffusion effects.

These two equations express the important facts that the separative capacity and the

separation factor are functions of the difference of the masses of the molecules being

separated, and that the separation factor varies exponentially with the square of the

velocity of the periphery of the rotor. Thus, high speeds of rotation are extremely

important. The number of centrifuges in a stage (with the centrifuges operating in

parallel) determines the capacity of the cascade, whereas the number of stages in

the cascade determines the degree of enrichment obtained. Figure 13 shows the

relationship of centrifuge, to group of centrifuges, to stage, to cascade.

Each gas centrifuge will require a small amount of cooling water to remove heat from

the drive motor and the lower suspension, though nothing approaching the heat removal

required by gaseous diffusion is required. (As mentioned earlier, the power input to

the gaseous diffusion plant is nearly ten times that to the gas centrifuge plant of

the same separative work capacity.)

3. Other methods

Because the isotope separation step is a major cost factor in the LWR fuel cycle, much

attention has been paid to finding new, less expensive processes for isotope separation.

Two of these are mentioned here.
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laser

The separation of isotopes on a practical, commercial scale by the use of lasers is far

from being demonstrated. In principle, the *?**U is selectively excited by a carefully

controlled monochromatic laser beam. The 3 5 U may be either as highly-cooled

atomic vapor or as gaseous molecules (UFO). In the case of cooled atomic vapor, .

after the U atoms are excited, they must be. ionized selectively; in the case of gas
0 * 3 * 5 '- ' • •"''' '"•'•"' '

molecules, the excited molecule, presumably UFO, must undergo chemical reaction,

e.g., disproportionation. The potential advantage to the use of a laser method for
O O K •••" 2 3 f t

isotope separation is that, in principle, complete separation of U from U Is

possible in a single "stage," or step. Thus, even though laser separation is certain

to be difficult and each unit or step will be expensive, a great deal of money can be

spent before the cost approaches that of, for example, a gaseous diffusion plant, where

the separation factor per stage is only about 1.004, and thousands of stages are required

to achieve only 3% enrichment. - r ;

nozzle

Uranium isotope separation has been demonstrated using nozzles, or jets. Uranium

hexafluoride is forced at high speed across a curved surface such that the heavier

*°°UF£molecules follow a different trajectory from that followed by Z i W UF o molecules.

By interposing a sharp edge ih the-emerging stream of gasr the Lighter rnof&cufes can

be preferentially directed to one collector, while the heavier molecules go to another.

This process has been operated on thousands of kilograms of uranium, and is a sort

of "dark horse" in the uranium isotope separation sweepstakes. At present it appears

to be more costly than gaseous diffusion. Its advantages are similar to those of the

gas centrifuge, i.e., if takes less investment to build a plant
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B. Radioactivity Released

The radioactivity releases from enrichment plants are expected to be very small.

Part of the reason for this is that the UF, feed and the enriched uranium product are

both very valuable, the latter much more than the former. By the time uranium has

been mined/ miiied, converted to UF, and transported, a relatively great deal of

money has been invested in it , so any significant loss represents money lost. The

cost of enrichment is so high that the enriched product is very valuable indeed.

The principal radioactive releases from the enrichment plants are to aqueous streams.

The conversion operations carried out at the present gaseous diffusion plants, which

would contribute to the emissions, have already been covered in the section on

conversion, and are not included in this discussion. Table 11 shows calculated

values for radioactivity releases to liquids from both gaseous diffusion and gas centrifuge

enrichment plants.

C. Doses to the Public

Total body radiation doses to people living within 50 miles of a ~ 9 million SWU

plant are estimated to be 0.64 man-rem per year per million people for each year of

operation. To put this in context a little better, it is expected that in the year

2000, all of the enrichment facilities in the U. S. will contribute about 0.05% as

much radiation dose as that received from natural background sources.
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Table 11

CALCULATED RELEASES OF• MpiOACTiyE M^TERIAU IN LIQUID
EFFLUENTS FROM 8.75 MILUON SWU ENRICHMENT PLANTS

(Taken from, TaWe 3;2*6/ERDA-1543, June 1975)

Radionuclide

^Sr

95Zr

9 5Nb

99Tc

I06Ru

137-
Cs

Uran?um-232

-233

-234

-235

-236

-238

2 3 7Np

239Pu

uCi =microcuries

Gaseaus Diffusion!
Avg. Annual Release

(^Ci/yr)

1.5 x 103

1.0 x 104

1.0 x 104

7.0 x 106

9.3 x 104

1.5 x 103

4.1

2.2 x ID"2

1.4 x 103

5.4x10

1.3 x 102

1.2 x'Iff3

4.0

8.0 x 10-3

Gas Centrifuge
Avg. Annua 1 Re lease

(^Ci^r)

1.5 x 103

1.0 x 104

1.0 x l O 4

7.0 x 106 ,

9.3 x 104

1.5 x l O 3

7.8

4.1 xlO""2

2.7 x l O 3

1.0 x 102

.2.5.x. 1Q2

2.2 x 103

4.0

8.0 x 10"3
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V. LWR FUEL FABRICATION

Nuclear fuel fabrication is a mature industry for LWR fuels using enriched uranium

(2-4% 2 3 5 U) . The same cannot be said for recycle fuel, i.e., LWR fuel containing

plutonium in place of part of the enriched uranium. Development of commercial

processes for recycle fuel must await a favorable decision by the Nuclear Regulatory

Commission (NRC) on the use of plutonium in power reactors. Fuel made from

uranium and plutonium dioxides is called mixed oxide fuel, or MOX. Small scale

pilot picnts for the preparation of MOX have been operated in the U.S. and abroad,

but the problems of remote or semi-remote handling of the plutonium have not been

adequately developed for commercialization. Table 12 is a list of commercial U.S.

fabrication plants.

Nuclear fuel is enclosed or "clad" in a container for use in power reactors. This

cladding may be a meta! can or long tube, or it may be graphite. Metals include a

variety of alloys, but they are mostly stainless steels or Zircaloys. The cladding

preyentsinteraction of the fuel with coolants, and inhibits the release of fission

products from irradiated fuel. Graphite is in a form obtained by thermally decom-

posing hydrocarbons, i.e., i t is pyrocarbon. LWR fuel cladding is Zircaloy, an alloy

made predominantly of zirconium.

The feed material for the fabrication of LWR fuel is UF, enriched to 2 to 4% in 2 3 5 U
• O • • .; - • • • • "

The UF6 is converted to U O 2 pellets which are loaded into the Zircaloy cladding

tubes. The tubes are assembled into fixed arrays to produce finished fuel assemblies

ready for use in reactors. For several other reactor types, e.g., heavy-Wafer and

fast reactors, similar fabrication techniques are used, but differences in uranium

enrichment, pellet size, and plufonium content are present. The present discussion

will concern itself mainly with LWR fuel fabrication.

• • •.. • ; •-. , , • ; ; ' 5 5



Table 12

LICENSED, COMMERCIAL LWR FUEL FABRICATION PLANTS

Plant Location

Babcock & Wilcox
Lynchburg, Va.

Combustion Eng.
Windsor, Conn.

Genera! Electric
Wilmington, N.C.

Gulf United Nuclear
Hematitle, Mo.

Gulf United Nuclear
New Haven, Conn.

Jersey Nuclear
Richland, Wash.

Kerr-McGee
Crescent, Ok la.

Nuclear Fye! Services
Erwin, Tenn.

NUMEC
Apollo, Pa.

Westinghouse
Columbia, SC

Site Size,
Acres

506

532

1650

150

76*

160

1000

53

5

1140

Population Density,
People/Sq. Mi .

40

620

50

300

620

20

110

i in
• IV

420

140

Plant Feed
Material

UO 2 Pellets

UO 2 Powder

"F6

UF6

UO 2 Pellets

UF6

UF6

U F6

U F 6

UF6

Plant Product

Fuel assemblies

Fuel assemblies

Fuel Assemblies

UO2 powder or pellets

Fuel assemblies

Fuel assemblies

UO 2 Powder or Pellets

UO2 Powder or Pellets

UO2 Powder or Pellets

Fuel Assemblies

^Shared by manufacturing and research divisions of Olin Corporation and naval reactor fuel operations of United
Nuclear Corp.
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A. Processes

Plants'licensed-or being considered for licensing are based primarily on either the

ammonium diurante (ADU) or the dry conversion (DC) process for converting UF^

to'.UO^ Current practice favors the ADU process. There is some U.S. commercial

interest (by B&W) in the ammonium uranyl carbonate (AUC) process.

1. Processes for enriched uraiiium

ADU process

Figure 14 is a simplified flow diagram of the ammonium diuranate (ADU) process

and subsequent LWR fuel fabrication steps. The process starts with UF, which is

reacted with water to produce uranyl fluoride. Precipitation with ammonia produces

ammonium diuranate, from which the process takes its name. The calcination and

reduction steps, while sequential, may take place in the same piece of equipment, e.g.,

a rotary kiln. The UO2 product may be pyrophoric, and can be stabilized by surface

oxidation. Because a precipitation from solution is used to produce ammonium

diuranate, this process may also be used with uranyl nitrate solution as feed. The

significance of this is that recycled fuel from reprocessing plants leaves the process

as uranyl nitrate solution. Also, uranium refineries using the wet process produce

uranyl nitrate as an intermediate pure material before producing UF_. In some ce*es

it may be desirable to make pellets from this uranium, e.g., for use in LMFBRs.

DC process

In the dry conversion process UF6 is reacted with steam tc produce UO 2F 2 , which is

reacted with hydrogen to produce UO 2 according to the following net reaction:

UF6 + 2H2O + H 2 - ^ U O 2 + 6HF .

The process may be carried out stepwise, or in o single step in a rotary kiln wherein

UFQ vapor and steam are passed countercurrently to hydrogen. After preparation of
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UO«, the steps are the same as those used in the ADU process. Since the DC process

involves direct reaction of UF^ with steam, it cannot be used with uranyl nitrate as

a starting material.

AUC process

In the ammonium uranyl carbonate process a crystalline AUC material is formed by

injection of UFQ/ CO2 and NH3 into demineralized water. The overall reaction is

UF6 + 10 NH3 + 3CO 2 + 5H2O - ^ (NH 4 ) 4 UO 2 (CO 3 ) 3 + 6NH4F .

The AUC crystals are about 60 microns in size and form a suspension which is filtered

and washed, first with ammonium carbonate and then with methanol. The AUC is

decomposed and reduced to UO2 in a fluidized bed furnace using steam and hydrogen.

Because a precipitation from solution is used in this process it, like the ADU process,

can use uranyl nitrate feed.

2. Recycle fuel

As was mentioned above, "recycle fuel" is the name given to fuel in which plutonium

is used in place of enriched uranium. Fabrication of recycle fuel follows essentially

the same process steps as enriched uranium fuel. The principal difference is that

PuO2 powder is prepared and blended with U O 2 powder prior to pelletizing. In

this case the UO 2 is natural uranium, and may be produced by either the ADU or

the AUC processes. Preparation of PuO2 powder is shown schematically in Fig. 15.

The subsequent steps involved in producing mixed oxide pellets are shown in Fig. 16.

A recycle fuel assembly for a pressurized water reactor contains only mixed-oxide

fuel rods; a boiling water reactor assembly contains both enriched uranium oxide

and mixed-oxide fuel rods. Radioactive materials entering the fabrication plant

consist primarily of isotopes of uranium and plutonium, with americium formed by

plutonium decay. The distribution of plutonium alpha and beta activity in a mixed

oxide fuel fabrication plant feed is given in Table 13.
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Table 13

Distribution of Alpha qn^ Beta Activity in 4.2 wt. % Plutonium
in Mixed-Okide Feed tp the Ribrication PJant

Nuclide*

2 3 8P-J

239Pu

240Pu

242P u

24lAm

Total a

241Pu

Total 0

Total a + 0

Specific Activity,
Ci/gFuel

2.2 x 10-2

1.17 x 10-3

2.56 x 10-3

1.62 x 10"5

1.90 x 10-3

2.76 x 10-3

5.73 x 10" *

5.73 x 10" 1

6.00 x 10" ]

Percent of Activity
from each Isotope

3.66

0.20

0.43

0.0027

0.32

4.60

95.4

95.4

100.0

*Only those contributing > 0.02% of the total inhalation hazard are included.

Fabrication of fuels containing recycle plutonium requires special consideration. Not

only is it necessary to work in equipment which will contain the plutonium with a very

high degree of integrity (e.g., gloveboxes), but also some degree of shielding to pro-

tect the workers from the penetrating radiation from the plutonium isotopes is necessary.

Both x-rays and neutrons (from a , n reactions) must be taken into consideration. Fabrica-

tion experience with plutonium of the isotopic composition expected for recycle fuels

is limited, and the fullextent of the problem will not be known until more experience

has been gained. However, it seems likely that inadequate attention has been paid

so far to the need for semi-remote or remote equipment operation.
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3. Cladding

Zircaloy is the cladding material of choice for LWR fuelsbecause of itschemical and

physical properties, but most importantly because of its low cross section for neutron

absorption. The prime ingredient of Zircaloy, zirconium, is found in nature with

hafnium/ which by a perversity of nature has a large neutron absorption cross section.

Therefore, an important parr of the preparation of Zircaloy is purification of zirconium

with respect to hafnium.

Zirconium is prepared most commonly by the Kroll process, which involves reduction of

zircon (Zr S1O4) to Zr metal using carbon and chlorine to produce Z r C L , followed by

reduction with magnesium. The steps involved in producing pure Zr sponge are shown

in Fig. 17. The step labeled liquid-liquid extraction may be carried out using aqueous

solutions of the thiocyctnates of hafnium and zirconium from which the hafnium is

preferentially extracted using Hexone, an organic ketone.

The Zircaloy tubes themselves are produced by arc-melting the Zr sponge in a high

vacuum arc furnace. At the same time, the alloying components (Sn, N i , Cr and

Fe) are added. The resultant ingot is forged and an extrusion billet clad with copper

to protect and lubricate it during extrusion is produced. After extrusion the copper

is removed by dissolving it in nitric acid, which does not attack the Zircaloy. Fabrica-

tion of Zircaloy tubing is different from fabrication of ferrous metal tubing in that

the zirconium must be carefully protected from oxidation during most fabrication steps.

B. Radioactivity Released

1. Enriched uranium processes

ADD process

The radioactivity released from the various process streams of the ADU process are

shown in Fig. 18. As can be seen, the amounts are modest, and arise primarily from

the aqueous waste streams, this figure is for a "model" plant, and gives representative

value?; from the U.S. industry, ratheir than actual amounts released from a specific

plant.
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DC process

The radioactivity released from the process streams of a model DC plant is given in

Fig. 19.

AUC process

No analysis like those above has been made for an AUC plant, but it is to be expected

that the results will be similar to those for the ADU and DC processes, which are, in

fact/ quite simitar to each other. As a matter of fact, from the point of view of radio-

activity released, there is no basis for choosing one process over another.

2. Recycle fuel

The solid radioactive plutonium wastes leaving the recycle fuel fabrication plant are

given in Table 14. The gaseous radioactive wastes are given in Table 15.

C. Costs of Reducing Radiation Doses

By the addition of various treatment steps to the existing processes it is possible to

reduce the release of radioactivity from the plants. Such reductions translate directly

to reduced radiation doses. The basic question is How worthwhile is a given reduction

in dose? Although it must be recognized that such a question is very subjective, it

is possible to attach a dollar value to a given dose reduction. As mentioned earlier,

such determinations are themselves dependent on the state of technology, the ingenuity

of the designer, and so on. Nonetheless, using accepted or acceptable extrapolations

of technology, and sound engineering principles, it is pc 'ble to make these deter-

minations. An attempt to do so realisticclly has been made, and the results are pre-

sented (/n part) in what follows. It may be worth noting rhatdosesof 0.1 mrem or less

are scarcely discernable, and are less than one-tenth of one percent of the natural

background radiation to which everyone is subjected.

1. Enriched uranium processes

ADU process

Table 16 presents a summary listing of various process steps which migh* be added to the

ADU process to reduce releases of radioactivity. In Fig. 20 these steps are presented in

terms of their annual costs and the predicted dose reductions.
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Table H

SOLID RADIOACTIVE PLUTONIUM WASTES FROM RECYCLE FUEL FABRICATION

(Taken from Table 4.8, ORNL-TM-4904, May 1975)

Source
Approx. Pu, 55 gal. drums Activity,
wt., kg g/day of cement Ci / f t 3

Raffinate from oxalate
process liquid radwaste
treatment

Clarifier and raffinate
wastes from liquid
radwaste scrap recovery

Low level activity solids
from fuel fabrication

Scrap recovery dissolver
filter (MnO2)

TOTAL

AVERAGE

95

62

1.7

0.04

1.2

Trace

Trace

15 drums

8.6 x 10"3

0.39

0.16



Table 15

GASEOUS RADIOACTIVE EFFLUENTS FROM RECYCLE FUEL FABRICATION
(Taken from Table 4.10, bRNL-TM-4904, May 1975)

Nuclide

234u

235u

238u ~

238Pu

239Pu

240Pu

241P u

242Pu

2 4 l A m

Case
jaCi/ml

7.1

2.3

4.9

3.4

1.8

3.9

8.8

2.5

2.9

x 10-19

x JO"20

x ID"'9

x 10-14

x 10-15

x 10-15

x 10

x 10-17

x 10-15

1*
Ci/yr

1.0 x lO"9

3.3 x 10"H

7.1 x 10-10

4.9 x 10"5

2.6 x 10"6

5.8 x JO"6

1.3 x lO"6

3.6 x 10"8

4.3 x lO-6

Case 2*
nCi/ml

7.1 x 10-21

2,3 x ]0~22

4.9 x 10"21

3.4 x 10"'6

1.8 x JO-'7

3.9 x 10-17

8.8x10-15

2.5 x 10-19

2.9x 10-17

Ci/yr

1.0

3.3

7.1

4.9

2.6

5.8

1.3

3.6

4.3

x l O - "

x 10-13

x lO- '2

x 10"7

x 10""

x lO-8

x 10"5

x 10-10

x 10"8

Case 3*
kCi/ml

1.4 x lO" 2 5

4.5 x 10"27

9.7 x 10"26

6.7 x 10"2'

3.6 x 10"22

7.8 x lO" 2 2

1.8 x 10*19

5.0 x 10"24

5.8 x JO"22

Ci/yr

1.0 x I.0"16

3.3 x 10"18

7.1x ID"'7

4.9 x lO" 1 2

2.6x10-13 *

5.3 x 10-'3

1.3 x IO"1°

3.6 x 10"I5

4.3 x 10"13

i

*The "cases" refer to various combinations of treatments for gaseous radwastes. See Table 18 "Summary of Variables for
Model LWR Recycle Fuel Fabrication Plant Gaseous Radwaste Treatment Systems," for their descriptions.



Table 16

Summary of Variables for Model DWR Fuel Fabrication Plant Gaseous and Liquid Radwaste Treatment Systems

AMMOHIIH DXUWUTE (ABU) PROCESS

Can 1 Gate 8 Cane 3 Case li

Treatment Objective

Plint Decontamination Factor
Tor Uranium (wt U entering
plint/wl U roloiscd)

Baae Can

l.l x 1U*

Filter, lagoon,
release

Deduce uranium release
by t, ellminats reloase
of nitrate

B.I x Iff

ABU Liquid Badwaate

l6-hr retention, centrifuge,
f i l ter , Cn(0K)i-CaFa precip-
itation, atore CaFa in lined
lagoon, release liquid waste

Reduce uranium relume
by 15, reluct or ellnlnat*
release of ammonia and
nitrate (recycle), pro-
duce low activity solid
vaitteo [CaFa, Ce(OH),]»

1.7 x 10*

16-hr retention, centrifuge,
f i l ter , ion exchange,
Ca(O)[)a -CaFa precipitation,
volatil ise nnd recycle Mb,
lined lagoon, rolcaae liquid
waste

Eliminate release or liquid!
(recycle), eliminate release of
amonla and nitrate (recycle),
lamoblllze lolld wastes In cement
ICaF,, C»(OH)j, residual radio-
nuclldes]

>».9 x 10*

16-hr retention, centrifuge, f i l ter ,
Ion exchange; Ca(OH)>-CaFa precip-
itation, volatilize and recycle Mb,
evaporate nn<l recycle lltC, Incor-
porate CnFa waste In ceaent, release
excess water

Filter, lagoon,
release

Filter, lagoon,
release

ABU Recycle Liquid Radvaste

Ca(OK)s neutra.liisn.Uon, 16-hr
retention, centrifuge, f i l ter ,
atore Cn(Nnj)a In lined liKoon,
no liquid discharge

Filter, Mb neutralisation,
l6-hr retention, centrifuge,
f i l ter , nproy calcine In aand
bed nml recycle HHOJ, aand to
sernp recovery, nitrate removal
by anaerobic digestion

ABU Miscellaneous Liquid Budnaste

Filter, lagoon, release Evaporate and recycle water,
iraioblllze bottoms in cement
for burial

Sane m Case 3

Seas u Case 3

lagoon, release, ship
•olid vaite to licensed
burial ground

ABU Scrap Recovery Mould Badwiste

Store In lined lagoon, no
liquid discharge, ship Mild
waste to licensed burial
ground

Evaporate and recycle HNOj,
tmoobUlK. l o l i i «iaste, sad,
bottoms in cement for burial

Sane at Ca» 3

Water scrubber

ABU Process Oaaeous Radwaste

Water scrubber, HEPA f i l ter
(efficiency 95*)

Water scrubber, HEPA f i l t er
(efficiency 99-95*)

Water scrubbers, IIEPA filter* la
aeries (efficiency 99.99954)

Roughing f i l t er

ABU Ventilation Caseous Radwaste

Roughing f i l ter , HERA n i t e r
(efficiency 95*)

Roughing f i l ter , HEPA f i l ter
(effir.lenoy 99.95*)

Roughing f i l ter , IIEPA filter* In
•erle.s (efficiency 99.9999*)

''*< 1 uCi/lb, T70 pp. uraniue.
Part of the base plant.



71

E
4>

LJ

ID

6

Ml

CO

o

>

< " • •

z

S

JO"1

10-2

10-3

5

io-

I0-5

10- 8

Fig/20. Annual

ORNL DWG 74-5453

UNIT COST (*/Kg-U.)
0.1 0.2 0.3

\ \ \

\V
\ '

CASE 2

• BONE
A KIDNEY
O LUNG
D TOTAL BODY

tCASE 3

\W

\ ^
\

\
CAS E 4

100 200 300 400
ANNUAL COST (* 1000)

500

Dose from Gaseous
^ ^ Fabrication

PIcnt̂ Tafeeh f̂rom Q R N t ^ ^ ^ A ^ 1975).



72

DC process

Table 17 and Fig. 21present the same type of information for the DC process.
\ . • ' . • • ' .

AUC process

Information similar to the above is not available for the AUC process. However,

the similarity of the ADU and DU cases strongly suggests that the AUC process wil l

exhibit about the same behavior in terms of dollars per mi I lirem of dose reduction

(i.e., about K^-fold dose reduction per $300,000),

2. Recycle fuel process

Table 18 and Fig. 22 present the same kinds of information for the recycle fuel

fabrication plant as was given above for the ADU and DC plants.



Table U

Summary of Variables for Model LWR Fuel Fabrication Plant Gaseous and Liquid Radwaste Treatment Systems

DIRECT CONVEJBIQH (DC)

case 1

Treatmnt Objective Bate Cue

Plant Decontamination Factor
for Uranium (vt U entering
plant/«t U released)

3 .9X10 1

Case'.a Cane 3 Case it

Seduce uraniumrelease by
3, reduce. HF release by
10'

6.0 x 10*

Reduce uranium '-release by 10*,
recover;90* of Iff, reduce release
of HF by. 3 x 10T, reduce or ̂
eliminate release of amonla and
nitrate (recycle), eliminate
release of liquids,produce low
activity* solid Vh'stes (CaF,,:
Ct(01l)a, residual radioriuclldee]

•6.7*.10* •

Reduce uranium release by 10%
recover 99$ of HP, reduce HF re-
lease by 3 x 10*, lanobtUt* solid
mates In cement [CaT», Ca(0X)ej
residual radidnucllde*)

6.7 x 10«

Filter, lagpbn,
releaae '-

n i t e r , lujsoon,
release

Lagoon, release, ship
solid waste: to licensed
burial around

DC Hecycle liquid Hadwaate

Ca(0H}s neutralization,
f i l ter , lS-hr retention,
centrifuge, store Ca(NO) )t
in lined lagoon, no liquid
discharge

Nib neutralization, 16-hr
retention, centrifuge, f i l ter ,
apray calcine in sand bed and
recycle HNOj, sand to scrap
recovery, 'nitrute nauvkl by
anaerobic•dlKeatlbn

DC Mlacellane'jua liquid Badwaflte

Filler, luitoun, rvle'itic Kyii]>urute itnil recycle wuter,
lmobiliise bottoms In cement
for burial, release excess
water/:' ' • . ' "

DC Scrap aeocvery Liquid Radwaate

Store in lined lagoon, no
lliiuld discharge, ship solid
waste to licensed burial ,
ground

Evaporate and recycle IBfQi,
tnmobllize solid Haste and
bottoms in cenent for burial

Same as Case 3

CO

3»mo us Case 3

Sana as Case 3

Crushed liaeatone,
tower, He b»T»er, store
sol id wa&we in unllned
storage urea -

DC Process Caseous Radwaate

KOH scrubber, lime regeneration
of KOH, itore solid waste in
lined storage area, Ik dilution

Single-pats HF condenser 9Of
HF recovery, KOH scrubber,
lime regeneration of KOII,
KEPA fi l ter (efficiency 9?.95£)»
Incorporate Cei'a waste in
cement, H> dilution

Hultlple-psss HF condenser 99> HF
recovery, KOH sorubber, l isa re-
generation of KDH/HKPA f l iUr* In
aeries (efficiency 99.9995*). In-
corporate Caf, waate in cenent, He
.dilution' ' . 'f"";"-:

Houghing f i l t er 0

PC Ventilation Ganeoua Radwastg

Roughing i n t e r , 1IEPA f i l ter
(efficiency 95*)

Roughing filter, 1IEPA filter
(efficiency 99-9*)

Soughing finer,: HEFA; filters In
series lefflciency 99-9995)t)

*Dry process - no liquid waste for main process line.
b< 1 uCl/lb, 770 ppa uraniun.
crart of the base plane.



74

ORNL DWG 74-5457 Rl

kl
01
O
Q

>

S

X
<

m

UNIT COST C/Kg U)
O.I _i 0.2

100 200 300 400
ANNUAL COST (11000)

500

Fig. 21. Annual Cost for Reduction of Maximum Annual Dose from Gaseous Effluents
at 0.5-mile Distance from Model DGLWR Fuel Fa&rication PlaW(Takeh
from ORNL-TM-4902, AAay 1975).



Table 18

Summary of Variables for Model LWR Recycle Fuel Fabrication Plant Gaseous Radwaste Treatment Systems

Case ] Case 2 Case 3

Treatment Objective

Plant PF for plutonium and
uranium ( Q entering planf/Ci
rslssssu in gaseous radwosre)

Base Case

1.33 x

Reduce Plutonium release
by a factor of at least 100

1.33 x 10»3

Process Gaseous Radwasta

Scrubber, roughing filler, HEPA
filter; blend with alpha enclosure
and plant ventilation air; two
HEPA filters in series

Add additional bank of HEPA
filters to final filtration in
Case 1

Rated DF of Filter Train

Installed DF

Rated DF of Filter Train

Installed DF

8.0 x 101 0

8.0 x JO7

Alpha-Enclosure

Roughing filter, HEPA filter;
blend with process gasaous radwaste
and plant ventilation air; two HEPA
filters in series

8.0 x I0 9

8.0 x 1U*

1.6 x 1014

8.0 x 109

Ventilation Air1*

Same as above

1.6 x 10?3

8.0 x 108

Plant Ventilation Air

Roughing filter, HEPA filter;
blend with process gaseous
radwaste and alpha enclosure
ventilation air; two HEPA filters
in series

Same as above

Clean and recycle most process
gaseous radwaste; extensively
treat and discharge small; fraction
of process gaseous radwaste to
minimize plutonium release

1.33 x 101 8

Scrubber, roughing fl Iter, HEPA
filter; blend with alpha enclosure
ventilation air; recycle 98% through
HEPA filter; discharge 2% through
two HEPA filters in series; blend
with plant ventilation oir; two HEPA
filters in series

1.6 x 10 ' 9

8.0 x 101 4

Roughing filter, HEPA filter; blend
with process gaseous radwaste; recycle
98% through HEPA filter;; discharge
2% through two HEPA fillers in series;
blend with plant ventilation air; two
HEPA filters in series

1.6 x 101 8

8.0 x 101 3

Same as Case 1

"Contains 0.02% of the radioactive material entering the plant before treatment.

Contains 0,004% of the radioactive material entering the plant before treatment.
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VI. FUEL REPROCESSING

There is no commercial fuel reprocessing plant operating in the U. S. today. The

plants in Great Britain and France provide the major fuel reprocessing capability for

commercial power reactor fuels in the world today. Both France and Great Britain

have capability and plans for substantial cxide fuel reprocessing, and both are well

along toward developing fast reactor fuel reprocessing capability.

All present and planned commercial fuel reprocessing plants are based on the Purex

process, which involves dissolving the fuel in nitric acid and purifying it by solvent

extraction using tributyl phosphate as extractant. Most oxide fuel plants also use

the ehop-ledch hedd-iend. As the name implies, in the chop-leach head-end the

fuel is chopped, or sheared, into short pieces and leached with nitric acid. Presently

planned reprocessing plants may include production of UF^ from the purified uranyl

nitrate product for use in re-enrichment steps, and may include conversion of the

purified pjutonium nitrate product to PuOn.

Reprocessing plants represent a major capital investment. For example, the 1000

tonne per year plant planned for oxide fuel reprocessing in England is estimated te

cost about $600 million dollars. This is consistent with what the Allied General

Nuclear Services plant in South Carolina, U. S., will cost when it is completed.

Some thought is being given to removal of actinides from the high-level wastes

from fuel reprocessing plants. This may have the advantage of reducing the long-

term storage hazard of the wastes. However, the acHniaes would then have to be

disposed of, presumably by recycling to reactors for conversion to fission products.

Part of this actinide removal could be accomplished by reprocessing plant modifica-

tions; partwould require an extensive addition to the plant. The overall feasibility

of such actinide removal is yet to be established.

77



78

Because of the uncertainty in the degree of radioactive effluent containment which

will be required at fuel reprocessing plants, it is most difficult to predict what they

will cost to build and to operate in the future. Their rate of construction will have

to be fast to keep up with the projected rate of construction of nuclear power reactors,

and it is likely that effluent releases will be more strictly limited in the future than

heretofore. Table 19 is a recent summary of the spent fuel reprocessing plants built,

under construction or planned in the free world.

Although considerable experience exists in the U.S. and elsewhere in the reprocessing

of reactor fuels irradiated in the course of.producing plutonium and other materials

for nuclear weapons, there is virtually no experience with fuels "burned up" (irradiated)

to the extent that is planned to be routine in fuels from operating LWRs, and certainly

not from LMFBRs and HTGRs. LWR fuel burnups are expected to be in the 20 to 30 mega-

watt-day per tonne (MWD/T) range (or slightly higher), while LMFBR fuels may

experience peak burnups as high as 150 MWD/T. The significance of this observa-

tion is that no one really knows what the problems will be in reprocessing these fuels.

There is already some evidence that insoluble fission products from the platinum

metal group, as well as molybdenum and zirconium compounds, will form during

fuel dissolution and pose solids removal problems which have not been anticipated.

Typical large power reactors discharge 25 to 40 tons of fuels per year in 60 to 200

fuel assemblies. The spent fuel is sent to reprocessing plants in heavy, shielded casks

after storage at the reactor for about a year and a half. This time of storage allows

for greater than 95% of the sources of heat and radiation to decay. In fact, with

the large backlog of stored LWR fuel which will have accumulated in the U. S. before

commercial reprocessing commences, it is likely that for some years to come the

fuel will have been stored for 4 or 5 yean; before it is reprocessed.



U R A N I U M FUEL REPROCESSING PLANTS A N D EXPERIENCE*
April 27, 1978

Country Plant and Site
CAPACITY

Fuel. Typo Tonnes U + Pu/yr.
Oxide Fuel

Processed, Tonne* Start-up Date

United Statei Allied-General Nuclear Services
(AGNS) Barnwell, S. C , Oxide

Nueloar Fuel Services . Oxide
(NFS) West Volley, N . Y .
Midwest Fuel Reprocessing Plant Oxide
(MFRP) Morris, I I I ,

1500

360

300

244 (at up to4 (at up So
30,000 MWD/T)

Estimated 1982 (dependent on NRC
dectslpn en ?u recycle); construction
not complete •
Shut down

Probably never (would require mo]or
revisions to plant).

Great Britain Windtcale Worki (II) Metal 2000
(BNFL) Seojcalo, England . • Oxide • 400

Thermal Reactor Oxide Repro- Oxide 1000
eesslng Plant (THORP)
(BNFL) Seascale, England

Complete Fuel Recycle Plont Oxide (fast 9 to 10
(CFR) Dounreay, Scotland ' reactor fuel)

100
1964
1969 (shut down following on Incident
In 1973; expected start up in 1978)

1987, with a 2nd add'n of comparable
cap. In ~ 1990 being planned

1978

France Purex
Marcoule

Pure*
Head end additions
LaHague (UP 1)

Purex
LaHague (UP2)

Purex

Oxide

U-Metal
Oxide

Oxide

Oxide

~120O

800
800

800

BOO

13

Early military plant; wi l l take over metal
processing from LaHague
In operation since 1966.
Production begins in Fall 1978

Might begin operation in 1986 wi th
ful l capacity by 1 9 8 8 - 9 .
Under consideration for lote 1980s

Federal Republic
• f Germany

Purex • Oxide
(KEMA) Karlsruhe

Purex 'integrated recycle and ' Oxide
was a dliposal) Gorleben

40

1400

Operated since 1970 with fuel of
increasing burnup
In design

Japan Purex
Tokal Mura

Purcx

Oxide

Oxide

•200

1000

Cold testing essentially complete; began
hot tests in iumiy.ar,.1977

No site selected; possible operation
In 1980s

Belgium Multipurpose Pilot Scale
Mol

Varied 40 120 (ar up to
26000 M
(ar up to

26,000 MWD/T)
Operated 1966-74; riot operating ct
present

Italy Eurex" 1
Saluggia

Itrex
Rotandella
Rotandella

MTR(U-A!olloy)

Oxide
Oxtde

10

2
600

Currently down for modifico',ren

Has apparently iot been operated.

In early planning stage; perhaps
operational in late 1980J

India- Purex
Trombay

Purex
Torapur

Purex
Kolpakkam

U-Nat
Oxide
Oxide

Oxide

. 60

50

300

Operational since 1965

Scaled to process fuel from Tarapur BWR,
Began operation In Spring 1978.
Should be nearlng completion.
Operating date probably about 1980.

Canada Oxide ~ 300 1985

•If Is clear that fuel reprocessing plants also exist In USSR and Tha People's Republic of China,
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A. Nature of LWR Fuel

AN fuel from present power reactors is metal-clad. The cladding material varies

depending on the reactor type. Gas-cooled reactors are clad with alloys of magnesium

which, because of its chemical reactivity, can be removed chemically or mechanically.

LWR and HWR fuels are clad mostly in alloys of zirconium. LMFBR fuels are cHad in

stainless steel. Table 20 contains a partial description of some LWR fuels. The d i -

mensions and weights give some idea of the scale of the reprocessing operations.

• • ' • N • • • • . . : • : " ; .

LWR fuels are sheared into pieces after other head-end operations are performed t o

remove extraneous metal, and tha.sheared material is all put into a dissqlver where

theoxicJe fuel is selectively dissolved. The cladding and attendant insoluble Fission

products become a solid waste. Table 2] lists some important properties of LWR fuels

in the context of reprocessing. ~

B, Separations Process .

After fuel dissolution has taken place the subsequent reprocessing steps for a l i metal

clad fuels being considered resemble each other. They are designed to separate

uranium and plutonium from fission products and then from each other in a form

pyre enough to permit their fabrication into fuel. . .

~T. Purex process

The basic separation process is the Purex process, which involves selective extraction

of uranium and plutonium nitrates from the nitric acid solution from the dissolver

(after a feed adjustment step) into an organic solution of tributyl phosphate in a

hydrocarbon diluent. Uranium and plutonium are subsequently separated by changing

the valence of plutonium so that i t and uranium have different extroctabilities.

The plutonium valence may be changed either chemically as wi th hydrazine-stabilized

hydroxylamine or ferrous sulfamafe, or electrotyticaHy, Electrolytic valence adjust—

menf appears to be coming into favor for use in the newer plants. Fig. 23 is a.simplified

LWR fuel reprocessing flowsheet.



Pressurized Water Reactors

No. of assemblies in core

Fuel pins per assembly

Active length of
assembly, cm

Weights of assembly, kg

Dimensions of
assembly, cm
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Table 20

DESCRIPTIONS OF LWR FUELS
• ' • . - " • •

(PWR)

Westing house
(3617 MWth)

193

264

416.5

721.9

(21.4)2 x 447

B&W
(3427 MWth)

205

208

365.8

703.5

(~20)2x 421.6

CE
(3800 MWth)

241

236

381

658.2

(20.27)2 x 449.6

Boiling Water Reactor (BWR)

No. of assemblies in core

Fuel pins per assembly

Active length of
assembly, cm

Weight of assembly, kg

Dimensions of
assembly, cm

GE
(3833 MWth)

784

64

375.9

279

(]3.35)2x 447.9



82

Table 21

SOME PROPERTIES OF LWR FUELS IMPORTANT IN REPROCESSING

Property 150-day Cooled LWR Fuel

Fission product heat generation, rate. W/kg ~ 20

Percent fissile content 1.5*

Plutonium content, g/kg 8 to 27

Insoluble fission products 6820 W/tonne

Ru, Pd, Rh, Mo, Zr 7390 g/tonne

Fuei element design "*• 0.5 kg of metal

per kg of fuel

Elements per tonne of fuel 2 BWR, 3 PWR

*7ais is the approximate value for PWRs fueled with 235U. If plutonium is recycled
to LWRs, the percent fissile material (U + Pu) will approach 1.7% at equilibrium
in reactors in which Pu produced in .a reactor is returned to that reactor (the so-
called self-generated reactor). In the case of a reactor fueled solely with recycled
plutoniutn, the fissile material content would approach 2.2% at equilibrium.

2. Waste treatment

Iodine and '4cc>2 are volatile materials which present special problems to the fuel

reprocessor because of their volatility and their biological importance. Iodine is a

fission product (129| ;s the isotope of importance because of its long half life), and

•4C is formed during reactor operation by the transmutation of impurity " N to C

by n,p reaction. The C is expected to be oxidized to - CO2.

corbon-14 'dioxide

The presence of *4C in the CO 2 may necessitate fixing the C O 2 rather than releasing

it to the environment. Scrubbing processes based on (1) sorption in sodium hydroxide

solution (caustic) or (2) sorption in a calcium hydroxide slurry may be used. In the

first (caustic) process the caustic-carbonate solution is treated with calcium hydroxide,

precipitating CaCOg a n d releasing the caustic for re-use.



DISASSEMBLE

FUEL RODS 102
UOl 1124 kg
PuO, I I . 0 kg

CLAD 271 kg
FP K.O kg
ACTINIOES 9.93 kg

U FEED

VOL 14,993

u
Pu
HNO,

66.6
OVJOt

2.0

liwt
g/"W
g/lltn-
u

MM.-DM It-ltSMC
as u N02W1

' OFF HAS

H 0.07 1
Kr 0.3T Kg
«t S.0 Kg
1 0.19 Kg

-

CHOP LEACH

1
ALPHA CONTAMINATED

CLADDING <q)

VOL 6.42 ll>
tit 2fO hg
Pu 9.4 g «
I r 249 ke

AQUEOUS WASTE

VOL 17,323 liWI
U 0.057 g/lltv
Pu <0,00t g/llt«r
HNOj I.9J U

RECYCLE TO U FEED

PvFEED

VOL
U

2I4S
0,464 g/llki
4.39 » / « « [

HHO» V> 1 |

ALPHA WASTE

VOL S3I9 I l k n
U <0,001 g/lll<f
Pu 0.004 g/IINt
HNOg . 3.69 U

VOL
U
Pu

s-

9100 Ilkn
321 g/llkx

3.0? g/UMr
i.O «
(.91 a/likw

ACTINIDES 1.TS g/IIW

WAZIW

SOLVENT RECYCLE TO U-Pu PAHTITIOW

U-Po PARTITION
T W

CYCLE

FP WASTES

VOL
U
Ptl
HNO>
FP
ACTINIDES

9179 l l m
0.192 g/Utor
0.002 g/lll«
1.6S "
9.09 g/Ukf
1.07 g/lllir

SOLVENT RECOVERY

AQUEOUS WASTE

VOL 17,320 IIMit

U 0.097 g/lllar

HN03 1.93 U

SPENT SOLVENT

VOL 37,939
NNO| 0.01
T6P 30%
IN N-OOOECANE

HoNOi
N02CO3
0

(73 Ilkn
O.«2 II
0.04 U
0.341 g/IIW
0.001 B/UW

I M NOJCOJ

SOLVENT RECOVERY

ftUPHA WASTE

VOL
U
Pu
HNOj

TOO
4
0
4

87
013
56

llttr»

fl/Utor
g/l i*
U

SPENT SOLVENT

VOL 1120 IIWI
HMO] 0.3 M
OTDA 0.3 U
IN DEB

' RECYCLE

F'fg* 53* FUEL REPROCESSING FLOWSHEET FOR LWR FUEL. FUEL EXPOSURE: 33,000
MEGAWATT-DAYS PER TONNE AT A SPECIFIC POWER OF 30 MEGAWATTS
PER TONNE.
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3. Advrnced methods for specific isotopes

Certain radioisotopes either are especially important health hazards, or are difficult

to remove from reprocessing plant effluents -r- or both. (Iodine-I29and tritium are

among these, as is C.) For these rodioiso topes, special additions v/i 11 be made to

the reprocessing plants to achieve the desired degree of removal from the effluents of

the plants. Krypton-85 may be added to these isotopes, not because it is particularly

toxic - its relatively short half-life (-*• 12 years) and the fact that it undergoes

no chemical reactions to speak of make it quite innocuous —c but because it is an

isotope for which removal processes are well under development, and it probably can

be removed easily, (it is, in fact, rather interesting how a sort of historical inertia

sustains development of certain technologies well beyond their demonstrable need.)

Some of the types of processes under development which may be added to reprocessing

plants are discussed below.

iodox

The iodox process is an advanced method for removing elemental iodine and organic

iodides from gaseous effluents. The process is suitable tor use either JS a primary

step for removing the bulk of the iodine from the dissolver off-gas stream or as a

polishing unit for removing small amounts of iodine from off-gas streams. The iodine

can be isolated as a solid, anhydriodic acid which may be suitable for storage, perhaps

in concrete.

The steps in the iodox system are: (1) oxidation of the iodine species to the soluble,

nonvolatile iodate form using 19-20 M^HNOs in a bubble-cap or packed column;

(2) concentration of the iodine-bearing nitric acid scrub solution in an evaporator;
rt" \3J recycle of iodine-free nitric acid condensate from the evaporator to the plant

nitric acid system; (4) transfer of the iodine—nitric acid concentrate from the bottom

of the evaporator to a second evaporator where it is evaporated to dryness to form

H^Og. The condensate from the second evaporator is recycled to the first evaporator.

In plants in which the high-activity wastes are stored in ranks, the concentrated acid

required for the iodox process would be purchased and the excess acid recycled to the
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dissolves in plants where the high-level wastes are solidified, the acid is recovered

at low concentrations and an extra fractionation system is required to produce the

concentrated acid for recycle to the dissolver and iodox systems. Very little fresh

acid would be purchased for this lypa of plant.

The principal advantages of the iodox process are: (1) the high removal of iodine

achieved for either elemental or organic iodides; (2) the feasibility of handling large

amounts (mass) of iodine; (3) no new chemicals are introduced into the system; and

(4) conventional processing equipment is used. Disadvantages include: (1) corrosion

problems that may require the use of titantium or zirconium equipment as materials

of construction; and (2) the requirement for internal plant production of concentrated

nitric acid in plants where the high-activity wastes are solidified and nitric acid is

recycled.

voloxidation

Tritium remaining in metal-clad fue! after it leaves the reactor may be removed by

shearing the fuel and then tumbling the sheared pieces in a heated device called a

voloxidizer to drive off the tritium and trifriated water. The temperature will be

between 400 and 600°C, and an oxidizing atmosphere will be employed. Thus, the

tritium will be released as tritiated water. The advantage to this operation is that

it removes the bulk (**• 90-95%) of the tritium before fuel dissolution, and prevents

excessive tritium contamination of a large volume of water.

The process is still in early developmental stages, and many difficult mechanical

problems remain to be solved.

Freon sorption

Removal of <*5Kr from off-gas may be required in future reprocessing plants. An

attractive means for achieving fhis is to be selectively sorb the krypton in one of

the Freons (relatively short-chain, halogenated hydrocarbons) after other chemical

impurities and radioactive materials have been removed. This process Has seen

commercial application ot reactors, and its adaptation to fuel reprocessing plant
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off-gas cleanup is in a fairly advanced stage of engineering development. Figure

24 is a schematic representation of a Freon sorption system.

actinide removal

If it turns our to be desircble to remove actinides from the high-ievel reprocessing plant

wastes to a higher degree than is presently planned, it may be possible to do so by an

addition to the fuel reprocessing flowsheet. The possible advantages of such additional

removal are discussed more fully later in the section under Waste Management, but the

bas:c motivation derives from the observation that if the small amounts of Am, Cm, Np

and Pu which will be present in the high-level wastes from the Purex flowsheet are

removed more completely, the length of time the wastes remain significantly toxic is

dramatically reduced. Figure 25 is a flow diagram for a possible advanced process for

actinide removal.

C. Fuel Reprocessing Plant

Figure 26 is a schematic representation of the major processing components in a model

LWR fuel reprocessing plant. It is based on current technology, i.e., on process steps

which have been demonstrated. The plant decontamination factors for the radio-

isotopes shown are defined in terms of the ratio of curies or mass of a specified radio-

isotope which enters the plant to the curies or mass of that radioisotope which leaves

the plant. Thus, the in-process time, or plant hold-up contributes to the decontamination

factor of the - I , whose half-life is only about 8 days, while the hold-up has no effect

on the > 107 year half-life l 2 9 L This difference is reflected as a factor of fen in their

plant decontamination (actors. As can be seen, there is no plant decontamination

factor for Kr or tritium, because current practice does not remove them. Figure 27

gives at least a little idea of the types of equipment which nwy be u&sd in the

reprocessing operations. Figure 28 shows one concept of part of a fuel reprocessing

plant. Because of the extremely radioactive material being handled, heavy shielding

is required, and nearly all major operations are carried put totally rernptely.
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D. Radioactivity Released

A summary of the radioactive waste streams from LWR fuel reprocessing is presented in

Table 22. It is planned that no radioactive liquid wastes will be released to the

environment at the reprocessing plant. What radioactivity is released will be sent

up the plant stack. In order to achieve this goal, a 5-tonne of fuel per day repro-

cessing plant may vaporize up to 25,000 gallons of water per day. This water vapor

will join the true gases from the various plant ventilation and off-gas systems which

are also sent to the stack for discharge to the atmosphere.

There is some commercial fuel reprocessing plant operating experience already available

which may be taken as a sort of practical baseline in deciding what can be accomplished

in effluent cleanup. This experience is from the Nuclear Fuel Services reprocessing

plant in West Valley, New York. The plant is presently shut down for modifications

and an increase incapacity. The operating experience is shown in Table 23.

E. Costs cf Reducing Radiation Doses

There are various modifications and additions to the fuel reprocessing plant which

might be made to reduce the amount of radioactivity released. These are presented

in terms *•* annual operating costs and equipment costs in Tables 24 and 25 and Fig. 29.



Table 22

LWR Fuel Reprocessing Radioactive Wajto Straams

Type of Radioactive Waste Stream

Item
Liquids Solids bases

High Level Intermediate Level Hulls Process Stack

1. Source of waste stream High activity aqueous Miscellaneous
waste clream - first sources - see Fig. 1
cycle solvent extrac-
tion

Residue after sheared Misc. plant conations,
fuel is dissolved failed equipment

Dissblver off gases and
other sfrBuins.

2. Fission product distri-
bution

3. Fission product content

4. Acidity and reason

5. Current legal require-
ment for storage and
disposal

6. Processing method
before storage

7. Short-term storage
method

8. Annual volume gener-
ated

9. Treatment and
handling for long-
term storage

10. Possible future
addition

99.7*

> I 0 ' curies/year

~ 4 M H N O because
nitric acid is used
to dissolve uranium.

Solidity within 5 yrs
after formation; ship
off site to Federal
repository in < JO yrs.

Concentration,
denitration, dilution
to adjust pH

Stainless steel
tank equipped with
extensive cooling
system

Up to 450,000 gals.
at 300 gal /MTU
for 160-day fuel
decay

Convert to solid;
ship to Federal
repository

_ _

<0.05

Minor

-2MHNO, for
compatibility with
HLLW

None

Concentration,
denitration to
adjust pH

Stainless steel
tank

Up to 100,000
gals., depends on
maintenance, decon-
tamination.

Probably mix with
HLLW.

<0.1

>Vr curies/year

~ neutral

None*

Immerse in H N O 3 ,
rinse monitor, pour
into concrete con-
tainer, attach lid.

Locate ir. soil; com-
pact soil above
container.

30,000 f t 3 at
15,000 MTU/jrr

Probably ship*
to Federal reposi-
tory ^ l O 5 nCi of
TRU/g)

Very low

Minor

Variable

None*

Variable

Locate in trench or
container if
required.

105,000 f t 3 , depends
on imintenance and
decontamination work.

Variable and not
specified

Shipment of trans-*
uianium waste to a
rod. repository is a
possibility.

<0.1

>Vr curies/year

~ neutral

None

Iodine scrubber
and HEPA filter

Nine

None

Additional scrubbing
and gas-processing

-o
CO

*A proposed addition to ERDA Manual - Chapter 20,306 (September 1974) states that transuranium (TRU) watte wi l l be solidifieu (if liquid) as soon as practicable
and transferred to EROA within 5 yean of formation. The specific activity of a transuranium waste (e.g., 10 hanocuries per gram is specified for ERDA facilities)
is not included in this proposal.
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Table 23

NFS FUEL REPROCESSING PLANT EXPERIENCE

Fuel Processed*

Reactor exposure, MWrh

Gross beta, curies
85. , • .

Kr, curies
129l,,«uries

™Sr, curies

Annual Release, curies* *

Part! culates

85Kr

131,

1968,
m

5Ax 105

3.4 xiO'

1.6 x 105

0.46

1.4 x 106

1.1

1.9 x 105

<0.06

1969

9.5 x IO 5

6.4xlO 7

3.0X105

0.85

2.6x 106

0,12

3X105

<0.06

1970

7-2 x I O 5

4.8 x JO7

2^3 x 105

0.65

2.0 x 106

0.18

1.8 x 105

<0.06

1971

7.9 xIO5

5.3 xIO7

2.5 x 105

0.71

2.2 x 106

0.01

^ x l O 5

<0.06

* la»d on reactor power data and typical LWR fuel decayed one year.

**Medsored effluent data.



Table M *

Summary of Variabi« for Model Nuclear Fuel Reprocessing MJH

Treatment Base Case
Objective

Reduce iodine
release by 10

Reduce iodine
release, D F - I O 4

Reduce krypton R«af
release fcy 100 uroi-s

Overall Plant Dacontnmiti

lodine-131
lodine-129
Kryptqn-85.
Particulates
Plutonium
Urontum
Semi-Volatiles
Tritium

Iodine

Gaseous

750
75

5x108
2x108
S x l O 7

1x108
1

3 2 3

scrubber, AgZeO
adsorber, HEPA
filters

7500
- 750

5 X I 0 8

2x lO 8

5x 107

I x l 0 8
1

Iodine evolution,
H9(Np3)2-HNO3

scrubber, AgZeO
adsorber, HEPA
niters

Ix 104

ixlO4

5x 108

2x 108
5x 107

ix 10»
1

750
75
100
SxlO8

2X108

5x 107

lx 108
1

7501
n\
1 \
5x'3
2x5
5x5
1 x |
1 1

Equipment Unit or Function orrj

Iodine evolution.

93
HNO 3 scrubber,
AgZeO adsorber,
HEPA fillers

Same as Case 1 Saml| t

Liquid Evaporation,
iodine removal
on rasin bed,
evaporation and
vaporization

Same as Case 1 Same as Case 1 Same as Case I Samr?

Solid

Krypton

None

None(°>

Hg recycle, N0IO3
recovery and storage

Same as Case 1

Same as Case 2a

Same as Case 1

t
Same as Case 1 Saml"

Selective absorp- Same::
tion ;;;

Particu lates.
Uranium and
Plutonium

HEPA filters 5a me as Case I Same Same as Case 1 HEPA
slant:

Semi-Volatiles Acid scrubbers, Same as Case 1
HEPA filters

Same as Case 1 Same as Casr. 1 Same!

Tritiu None',(0) Same as Cose 1 Same as Case 1

'A-
Same as Case 1 Same!

Cell Ventilation HEPA Filter

Ub Ventilation HEPA niter

Same cs Case 1

Same as Case-1

Same as Case I

Same as Cose 1

Same os Case 1 HE PA;
sand I

Same as Case 1 HEP/
•' '• " r s a n d

\ **^Model nuclear fuel reprocessing plant has a nominal capacity of 1500 metric tans per year; reference fuel is 3^3% enriched|;r

:: and decoyed 160 days. Nacredit is taken feriicay during processing. Al l gaseous and water vapor releases are discharge|

• 'Decontamination factor (DF) is amount entering plant/amount released in waste effluents. U



Table 24

jjjwssing Plantfe) Gaseous and Liquid Radwaste Treatment Systems

T
Rodwoste T r e a t m e n t Cos3 N o .

T
Reduce particulars,
uranium and plu-
tonium release
by 10

Decontamination Factor^3'

750
75

5x10*
_c 2x 10*
"* 5xlO8 .

lx lO 8

1

Reduce semi-volatile
release by 10

750/
75

5 x 10?
2xlQ8

1x10'
1

Reduce tritium
release by 100

750
75

5x 108

2x 108

5x I07

1 x 108

100

Cumulate reduction . Further reduction in
of releases, summa- releases, overall DFj:
tion of Cases 2 - 6 Iodine - 5 x jd°

K r y p t o n - 1 0 :
Particulars and
Semi-vblotiles -

, T r i t ium-10 3 . .•..-.•.•.

Ix 10" . 5x 10*
lxtO4 ;-.' 5V104

ioo ;
5 x 10* . •

2xI0»
5 x 10°
1 x 10°
100

x I04

-x 10 •

xlO12

".no1?.
l x l 0 «
Ix I0 3

Function and Flowsheet Reference

Same os Case 1 Same as Case Some as Case 1 Same as Case 2b

Same as Case 1

1 Same as Case 1

•orp- Same as Case 1

HEPA filters,
stand filter

Same as Case 1

Same as Case 1

HEPA filter,
sand filler

HEPA filter,
sand filter

Same as Case 1

Same as Case 1

Same as Case 1

Same as.Case 1

Acid scrubbers,
caustic scrubber,
HEPA Hlters

Same as Case 1

Same at Case 1

Same as Case 1

Same as Case 1

Same as Case 1

Same as. Case 1

Same as Case I

Same as Case 1

Same as Case 2b

Same as Cose 2b

Same as Cose 3

Same as Case 4

Same as Case 5

Voloxiaotton,
recombiner,
Drierite, molecular
sieve, cold trap,
storage

Some as Case 1

Some as Case I

Same as Case 6

SameasCaie 4

Same as Case 4

Reduced volume net
off-gas release,
recycle, process
d i d cell off-^as,
2 stages oF lodox,
2 stages oFAgZeO
adsorbers, HEPA
fillers

Evaporation, iodine
removal on resim
bed/evppration
and recycle, storage
for excess water, no
release of water or
water vapor

Isolate Nal far
storage

Reduced volume net
off-gas release,
recycle process and
cell off-gas, recycle
cell off-gas through
selective absorption
unit

Reduced vurume net
off-gas release,
recycle process and
cell off-gas, improved
filtration efficiency
on a small volume of
final off-gas

Reduced volume net
off-gas release,
recycle process and
cell off-gas, caustic
scrubber on process
off-gas, improved
adsorption efficiency
on small volume of
final off-gas

Reduced volume net
off-gas release,
recycle process and
cell off-gas, same as
Case 6, dry off-gas by
cooling to -10OrF

. Pecyele, no release

HEPA filter, roof
vents

_ riched uranium irradiated at an average specific power of 30 MW/metric ton to an exposure of 33,000 MWd/metric tan I
K; ire discharged through a 100-mehjr stack. '



Table 25

Estimated Annual Costs, Reprocessing Cost, and Contribution to Power Cost for the 1500-Metric Ton/Year Model
Fuel Reprocessing Plant and Radwaste Treatment Cases
(Adapted from Table 6.1 of ORNL-TM-4901, May 1975)

Contribution to
Power Costd

Radwaste
Treatment

Case

Capital
Cost0

($1000)

Annual
Fixed Changes

($1000)

Annual
Operating Costb

($1000)

Total
Annual Cost

($1000)

Reprocessing
Costc

[$Ag(U)3

base cost

Additional Cost for Radwaste Treatment Systems

2a
2b
3
4
5
6
6c
7*

753
2,071
3,871
1,059

340
2,744

10,085
125,000

196
538

1,006
275
88

713
2,622

32,500

78
215
403

28
35

285
1,049

13,000

274
753

1,409
303
123
998

3,671
45,500

0.18
0.50
0.94
0.20
0.08
0.67
2.45

30.33

0.000711
0.00196
0.00366
0.000786
0.000319
0.00259
0.00954
0.12

System and structure capital cost consists of direct and indirect cost. The interest during construction is included as an indirect
cost.
Annual operating costs are estimated at 40% of annual fixed charges with the exception of the sand filter in Case 4 which is
estimated at 10%.

cThe reprocessing cost equals the annual cost divided by the 1,5 x 10° kg per year of uranium charged to the reactor.
The contribution to power cost is computed on the basis of a 15CC :etric ton/year reprocessing plant servicing a nuclear
economy of fifty-five 1000-MW(e) LWRs (irradiation level, 33,000 MWd/metrfc ton; load factor, 80%; thermal efficiency,
32.5%). The costs include the direct charges but do not include the effect of carrying charges on fuel working capital.

eCase 1, the base case, represents a complete model nuclear fuel reprocessing plant which produces uranium nitrate and plu-
tonium nitrate products and stores high-level liquid waste. Radwaste treatment Cases 2o-6 are additions to the base case. Tfis
total capital cost for Case 6c is the cost of Case 1 plus the cost of Cases 2b through 6.

•Case 7 represents the advanced concept of a "near zero release" plant. The capital cost is taken as twice the base case. The
difference in the capital cost between the base case and Case 7, $125,000,000, is taken as the added cost of radwaste treat-
ment for Case 7 as compred to Case 1.
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! ° 1 - CASE i'

UJ

in
d

o
Q

O
O
03

i
Q

<

z
<

10°

10'H

10"

0.20 0.28
I I

(a)
ADDING
CASE 4

CUMULATIVE REPROCESSING COST
($/kg U)

2.07
0.95 1.89 2.45

1
30.33

ADDING
C A S E

ADDING
CASE 6

ADDING
CASE 3

ADDING \ 0 A )

CASE 2a \(0.17)
V ADDING

CASE 2b
(same as Case 6c)

(a)

(b)

Case 11s the base case.
Cases 2a-6 are added to
the base case in the order
of increasing annual cost
of reducing dose.

Case 7 is the advanced
concept of a "near zero
release" plant.

(0.325)

NUMBERS IN PARENTHESES DENOTE
THE INCREMENTAL REDUCTION
IN DOSE (millirem)

VCASE 7V
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rMJJi 2$ CUMULATIVE ANNUAL COST FOR REDUCTION OF TOTAL BODY DOSE ($1000)

10=



•S'i

VII . TRANSPORTATION

The wide variety and levels of radioactivity of the nuclear materials transported lead

to a wide range of solutions to" the problems presented. Thus, there is the low-activity-

level (but relatively high-bulk) milled ore which is shipped to the conversion plant

on the one hand, and the intensely-radioactive (but relatively, low-bulk) high-level

radioactive waste which must be shipped to a waste repository on the other. Between

these extremes are solids, gases and liquids of various volumes and radioactivity levels:

spent reactor fuel; natural and enriched UF6; fabricated fuel elements; fission product

gases, e.g., ~Kr ; and solutions of fission products. Methods of transportation of these

materials depend on volume, weight and radioactivity le»-sls> and include shipment

by truck, rail, air and water. Packaging?is similarly related to size; weight, physical

form, and radiation level.

The subject of safeguards, which is intimately related to transporting nuclear materials,

will not be discussed here. Safeguards has to do with the protection and accountability

of fissile materials, wherever they are. Certcmly one of the most important steps in

the fuel cycle from the point of view of safeguards is that of transportation of the

fissile materials. However, the subject of safeguards is very complex and has both sub-

jective and objective components. Many of its problems are not even clearly defined,

let alone solved. There are, in fact, potential solutions to some of vhe safeguards

problems which might effectively remove much of the subject of radioactive materials

transport from consideration. These involve the relation of transportation to siting, and

involve collecting several fuel cycle operations on a single site. The implications of the

safeguards problems are important enough that the subject merits special and separate

discussion beyond the brief mention of them in this essay.

All the activities of man are subject to accidents, that is, to the unexpected or

unanticipated adverse happening. Transportation is no exception, and in fact includes

our best known, most widely publicized,_exomples of accidents. So some mention of

accidents is in order. Since by their nature they are random events, accidents are

best discussed statistically and probabilistically, and such a treatment is beyond the

scope of this essay. However, the subject will be mentioned briefly later.

99
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The nuclear fuel cycle encompasses major processes ana' facility operations which are

directly related to and necessary for power production using nuclear reactors. Material

transportation connects the fuel cycle steps. Figure 30 is one of many representations of

the way the nuclear fuel cycle steps are related. It pertains to the fuel cycle for

light water reactors, and includes recycle of plufonium, which is an important element

in the long-term commercialization of nuclear power. As intimated above and

mentioned briefly later, collecting several of these steps—especially fuel reprocessing

and fabrication—onto a single site would have a profound effect on the need for

and nature of the transportation operations.

At present the nuclear fuel cycle in the United States is devoted virtually solely to

light water reactors (LWRs). There is a small component of reactor fuel cycle work

devoted to high-temperature gas-cooled reactors (HTGRs) which may become significant over

the next several decades. The essential differences between the LWR and HTGR fuel cycles

derive from the use of thorium and highly enriched uranium (> 90% 2 3 5U) in HTGRs

[instead of the slightly enriched uranium (2 to 5% 2 3 5 U) in LWRs], and the planned

recycle of 2 3 3 U (produced from the thorium) to augment the 2 3 5 U [instead of 2 3 9Pu

(produced from the 2 3 8 U) to augment the 2 3 5 U which is planned for LWRs ] . Table 26

summarizes transportation operations in the nuclear fuel cycle.

If nuclear power is to be a major factor in the nation's economy over a large number

of years, then the breeder reactor must be developed. The essential new element

intioduced by the breeder is the use of piutonium rather than uranium as the primary

fissile material (assuming that the breeder chosen operates on the uranium-plutonium

cycle). The impact of the breeder on the nuclear fuel cycle is felt in the greatly

reduced amount of uranium which must be handled in mining end in the subsequent

steps leading to enriched uranium production for each unit of power produced. Thus,

transportation requirements in related fuel cycle steps would be proportionately

lessened. Conversely, there is the increased requirement for plutonium processing and

shipment.
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Fig. 30. The LWR Nuclear Fuel Cycle (Showing
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Table 26

Transportation of Radioactive Materials in the Nuclear Fuel Cycle

Radioactive Material Point-ta-Potnt Havenents Mode of
Transport

r^uired Packaging

Uranium or thorium ore

Ore concentrates
(Oraniua or thorium
products)

Thorium nitrate

Natural OP.

Enriched Ul>6

Uranium (233* or 235)
or plutonium oxidesb

(fissile)

Thorlu* oxide*
(fertile)

New fabricated fuel
assemblies

Transuranic wa3tes

Irradiated fuel

Recovered thorium*

Recovered enriched OF,
(recycle!

Recovered uranyl nitrate

High-level solid wastes

Low- and intenudiate-
level wastes (beta-

Mine to Bill Open truck

Hill to refining and conversion Truck
plant

Refining plant to materials Truck
processing plant

Refining and conversion plant Truck
to enrichment plant

Enrichment plant to materials Truck
processing plant

Materials processing plant Truck
(or fuel reprocessing plant) I If
to fuel fabrication plant offsite)
(may be at same site)

Materials processing r-lant to Truck
fuel fabrication plant

Fuel fabrication plant to nuclear Railc or
power reactors truck

Fuel fabrication plant (or R»ilc or
Eiixed oxide fuel reprocessing truck
plant) to Federal repository3-e

Nuclear power reactor to fuel Rail or
reprocessing plant truck

Fuel reprocessing plant to a
storage

Reprocessing plant to Truck
enrichment plant (or
materials processing plant)

Fuel reprocessing planeTSTruKT""-"— Tank trucks
fabrication plant or conversion or
plant (or materials tank cars
reprocessing plant)

Fuel reprocessing plant to Baile or
Federal repository4 truck

From essentially all parts Truck
of the fuel cycle to
coanercial burial grounds

None

Drums

nrums

Pressurized cylinders

Pressurized cylinders and
protective packaging

Steel pails or sealed metal
cans within gasketed steel
containers supported inside
steel drums

Drums

Speeial fuel element
shipping containers

Drums and protective
packaging

Specially designed and
approved shielded casks

Pressurized cylinders and
protective packaging

Protective packaging

Specially designed and
approved shielded casks

Drums and protective
packaging

Tto the present there has been limited experience in shipping uranium-233
and thorium compounds; this will become important if a large number of
HTGRs become operational.

To the present there has been limited experience in shipping plutonium
compounds; this will become important when plutcnium recycle in LWRs
and IMFBRs is in wide use.

Trucking to railhead may be necessary.

Tfoe federal repository is at present nonexistent.
eCurrently shipped to burial grounds.
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(It should be remembered that o successful long-term nuclear power industry will

fentail plutonium processing and transporting even^Awith the LVVR̂  which produces about a

fourth as much plutonium as the ^ U it consumes.)

Finally, there are two Important facts to consider in regard to near-term transportation

in the nuclear fuel cycle: (1) While there are a number of LWR fuel fabrication plants

in operation and under construction, there is no operating commercial fuel reprocessing

plant in the U.S., nor wilf there be for one, and perhaps not for two or three, years.

Further, the reprocessing plant likely to come on stream first (the Allied-General

Nuclear Service* plcnt) will be too, small to handle the projected .LWR fuel reprocessing

load virtually the day it opens its doors for business. The implication of this fact with

regard to transportation is that there are likely to be interim spent fuel storage facilities

required to which the spent fuel must be shipped from the reactors when their reserve

storage areas are full. (2) There is at present no available way to dispose permanently

of high- and intermediate-level commercial solid radioactive wastes. Only interim

tank storage of liquid wastes is possible at the present time. It appears that the solution

to this problem is 5 to 10 years away. The implication of this fact with regard to trans-

portation is that high-level solid waste shipments will likely start with a surge rather than

more slowly, and more nearly in step with the growth of the nuclear industry. This appears

likely because of the immediate necessity to relieve the constipation which will have

occurred in the disposal of wastes by the time permanent disposal is possible.

A. Uranium Concentrate

Uranium mines and mills are generally located on a single site, or near each other,

so transportation between mine and mill is confined to short distances. However, trans-

pert of the uranium concentrate from the mill to the conversion plant involves large

distances. Since the mines and mills are in the western states* and the refineries and

conversion plants are in the Midwest, it is clear that long shipping distances are involved.

However, since it is natural uranium that is being shipped, there is little or no problem

caused by radioactivity during shipment. As is apparent from the feet that uranium ore

averages about 0.21% U 3 O ^ while concentrate is * 8 % (or greater) U3Og, by far the
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largest amount of material is transported (on-site) between mine and mill. The UgOg (or

diruanate) concentrate is packaged in standard 55 gallon drums for shipment by truck

cr rail to the conversion plant.

uranium conversion plants

Uranium conversion plants (refineries) convert the relatively impure concentrate from the

mill to a very pure uranium hexafluoride product suitable for use in enrichment plants.

The recent trend is to combine the fluorination step with the solvent extraction step

at the refiner/ (or to eliminate solvent extraction altogether, as with the dry hydrofluor

process). Thus, the two types of refineries are not so very different today, and the

shipping problems are tending to become virtually the same, namely those associated

with shipping UF^. Thertj is also a move in the direction of putting UF^ production

steps at the fuel reprocessing plants as the last step prior to shipment of the recovered

uranium (which may still be more enriched in ""U than the enrichment plant "tails")

to the enrichment plant. So it is apparent that shipment of UF,, both as natural and

as enriched uranium is assuming ever-increasing prominence in the nuclear fuel cycle.

Figure 31 shows typical natural uranium UF^ shipping containers.

B. UF^ To and From Enrichment Plants

As Fig. 32 suggests, UF^ may be shipped both to and from the uranium isotope enrich-

ment plants. The physical properties of UF^ are such that at usual ambient temperatures

the UF^ may be either gaseous or solid, depending on the pressure. Under ordinary

conditions of shipment it is solid. (If it is vented to the atmosphere it reacts with

moisture in the air to form uranyl fluoride and hydrofluoric acid.) Either normal,

slightly depleted, or very slightly enriched uranium may be received at the gaseous

diffusion plant, depending on whether the uranium has been freshly mined or is being

recycled from a fuel reprocessing plant. The 2 3 5 U content of the entering recycled

uranium will depend on the specific reactor type and recycle mode employed. Low-

enrichment (2-4%) or high-enrichment (>90%) uranium as UFQ may be shipped from the

enrichment plant. Since the standard shipping containers hold either 10 or 14 tonnes of



Fig. 3 ] , Typical UFQ Shipping Containers for Natural Uranium. (The ..„<.. ^ ,
near containsr holds }4 tons and the far containers hold 10 x S^\
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UF6 (natural ura.ium), or 2 1/2 tonnes UF0 (s£ 5% enriched uranium), the number of

shipments may be estimated. Beyond the shipments indicated above, there is at present

interplant shipment among the Oak Ridge, Paducah and Portsmouth enrichment plants.

C. Fabricated Fuel

The uranium received at the LWR fuel fabrication (usually as UF,) is converted to

pellets of UC>2 which are usually 2 to 4% enriched in 2^5y# j n e pe||ets are loaded

into metals tubes of an alloy of zirconium (which has a low thermal neutron absorption

cross section), which are in turn assembled into fuel assemblies. These fuel assemblies

are shipped to the reactors. The number of assemblies required for a reactor core

depends on the type of reactor. Typically, a 1000 MWe PWR requires 193 assemblies,

while a 1080 MWe BWR requires 764 assemblies.

Use of recycled plutonium in LWRs would require shipping plutonium (required by regula

tion to be as PuC^ after June 17, 1978) from the fuel reprocessing plant to the fuel

fabrication plant. The amount of plutonium shipped from the reprocessing plant to

the fabrication plant would be about one-third the amount of " ^ U shipped from the

enrichment plant to the fabrication plant, so a plutonium shipping requirement would

exist. (However, since the uranium would be, on the average, only about 3% ***\J,

whereas plutonium is roughly equivalent to 60-70%-enriched uranium, the relative

masses of plutonium to uranium would be of the order of 1 to 70.)

[To avoid shipping pure PuC^, with its attendant safeguards problems, it has been

suggested that the uranium and plutonium be mixed at the reprocessing plant before

shipment to the fabrication plant. This would reduce the fissile material (Pu plus
s 1% enriched U) content of the material to be shipped to a level well below that which

could be used for making an explosive device. It would, however, somewhat complicate

the fuel fabrication steps, which more and more are based on receiving UF0, not a
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mixture of uranium and plutonium oxides, which may prove to be difficultly soluble, and

whicn would require a difficult assay of total fissile material content prior to fabrica-

tion.]

Fabricated fuel (with the exception of possible future HTGR recycle fuel) is relatively

non-radioactive, and the transportation problems associated with it are more those of

protecting it from damage than protecting the public from it. (HTGR recycle fuel is

an exception, since it will contain * " U , whose decay chain daughters are intensely

radioactive, requiring heavy shielding.) There will be, however, a small amount of

neutron emission, especially from future LWR recycle fuels which contain plutonium.

Care will be necessary to protect workers from the neutron radiation. Because of the

value of the fabricated fuel assemblies, only two are entrusted to a single container,

and the containers are carefully packaged in shock-absorbent carriers. Figure 33

shows a typical shipping arrangement for fabricated LWR fuel assemblies. These

fabricated fuel containers are shipped mainly by truck.

D. Spent Fuel and Reprocessing Wastes

Reactors will ship their spent fuels to the reprocessing plants where the uranium and

plutoniur (and thorium) will be separated from fission products and made available

for fuel fabrication. Fuel element burnup (a measure of the fraction of fissile material

that has been consumed), decay time (the time between discharge from the reactor and

shipment to.the reprocessing plant) and size determine the nature of this transportation

problem. Besides spent fuel shipments, other major transportation considerations at

the reprocessing plant are those associated with the separated fission products and

fertile and fissile materials.
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Fig. 33. Fabricafed LWR Fuel Assembly Shipping Confainers.
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1. Spent fuel

Transportation of spent fuel from the reactor to the fuel reprocessing plant is a

major step in the nuclear fuel cycle. The fuel is laden with radioisotopes which

necessitate both heavy shielding and very high integrity containment. The nature of

the problem is such as to require a major expenditure of money to produce a container

which is acceptable for shipping a single spent fuel assembly, and only a fractional

cost increase is required to produce a container which will accommodate additional

assemblies. Thus, there is a strong incentive to produce a container, or cask, which

holds as many assemblies as possible. Opposing this incentive for increased size is

the fact that each additional assembly imposes a requirement for additional shielded

volume, i.e., for additional weight. There comes a point where the cost c? the handling

equipment for the cask, as well as its sheer size and weight, limit the number of

assemblies that it is practica I to transport in a single carrier. In general, this limit

is reached at a size beyond the load limits for trucks, necessitating rail shipment.

However, about half the reactors are without rail siding, so truck-rail (intermbdal)

shipments are required. Figure 34 shows a typical carrier for LWR fuel. Shipping

containers may carry up to 10 PWR fuel assemblies or up to 24 BWR assemblies, and

weigh up to 100 tons or more. The total amount of fuel material or fission products

per cask is about the same for both PWR and BWR, even though the number of

assemblies differs by a factor of about two. This is so because of the difference of

about a factor of two to three in the sizes of their assemblies. Table 27 summarizes

shipping modes for spent fuel shipping casks. Table 28 summarizes the status of spent

fuel transportation equipment.

An additional factor to consider in the shipment of spent fuel is the heat that is

generated by the fission product decay. In general, this is not a serious problem with

LWR fuel, amounting to up to about 10 kw per PWR assembly, and 5 kw per BWR

assembly at the time of shipment. [The problem of heat production may be quite

important in the case of LMFBR fuel, where it is proposed that shipping take place

after much shorter decay times than those used for LWRs (perhaps as low as 90 days or

less vs_ the 150 days to nearly a year of decay planned for LWRs).]
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Fig. 34. Typical Spent LWR Fuel Cask for up to 10 PWR or up to 25 BWR Fuel Assemblies.



Table 27

Spent Fuel Shipping Cask Transportation Modes

Capacities and
Dimensions

Mode of Transportation
Legal Weight

truck
Overweight

Truck Rail
Intermodal (heavy haul

Water to railhead)

Cask capacity,
assemblies

Loaded weight,
tons

1 PWR or 2 BWR

25 (max.)

Gross vehicle
weight, tons

Shipping package
dimensions

36.5

2-3 PWR or
4-7 BWR

30-40

Overall dimensions 41 diam x 19' 5' diam x 19'

Vehicle dimensions 8' x 55' 8' x 55'

45 to 55

10 PWR or
24 BWR

200

10 PWR or
24 BWR

100

8* diam x 19'

10.5' x 75' 10' x 105'

175

10' x 40' x
13' high

10 PWR or 24 BWR

10' x 105'

175

10' x 40' x
13' high

Jaken from Proceedings of the Third International Symposium on Packaging and Transportation of Radioactive
Materials, "Spent Fuel Transportation - State of the Ar t , " by R. W. Peterson, CONF-710801, Vol. 1 , pp. 415-
436:(Aiigust 1971).



Table 28

Spent Fuel Transportation Equipment Status—December 1974

i CASK CAPACITY CASK
OWNER ;.;- DESIGNATION FUEL ASSY'S WEIGHT-LB

MODE OF LICENSE
TRANSPORT STATUS

OPERATIONAL
STATUS

PRIMARY FAILED FUEL
COOLANT CAPABILITY

REDUNDANT
'' YOKE

G. E.

G.E.

NFS

NAC

NLI

IF-100

IF-200

NFS-4

NAC-J

NLI 1/2

NFS NFS^5

Trans-Nuclear TN-8

Trans-Nuclear TN-9

G.E. IF-300

NLI NLI-10/24

1PWR/4BWR' 45,000

2PWR/4BWR2 55,000

1 PWR/2 BWR 48,000

I PWR/2 BWR 48,000

1 PWR/2 BWR 48,000

2 PWR/4 BWR 51,000

3 PWR 80,000

7 BWR 80,000

7 PWR/17 BWR 140,000

10PWR/24BWR 200,000

LWT3

OWT3

LWT

LWT

LWT

LWT

OWT

OWT

Rail/Water

Rail/Water

Issued

Issued

Issued

Issued

Issued

Application
submitted 6/73

Issued .

Issued

Issued

Fall '75

3 Units
Operating

3 Units
Operating

2 Units
Operating

4 Units
Available

1 Unit
Operating
2 More Mld'75

Unknown

2 Units Under
Construction

2 Units Under
Construction

4 Units Operating,
2 More Ordered

18 Units Under
Construction

Water

Water

Water

Water

Air-He

Water

Air-He

Air-He

Water

Air-He

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

; : : * N o - ' V •;••

No/:. ; : ' .

No: , ; •

No

Yes

No

No

No

Design Com-
pleted None
Ordered!

Yes" ~ '

1 f 38? Maximum Length — No Neutron Shielding. 2 l 40" Maximum Length — No Neutron Shielding. 3LWT means legal weight truck? OWT means overweight
:'"'"'•':••:"• •-H-''..^>- : . ' • : •; . ';''• , ' ' ' t r u c k . •' • '•' • -:' ,.;'•• . • ' - "

Taken from Proceedlngi of Joint Topical Meeting on Commercial Nuclear Fuel Technology Today, "Shipment of Spent Fuel and Recovered Products," by Reuben W.
Peterson, CNS ISSN 0068-8517, and 75-CNA/ANS- I00 (April 28-30, 1975).
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The accidental release of fission products during shipment of spent fuel must be guarded

against carefully. Apart from considerations related to safeguards, there is perhaps no

part of the nuclear power fuel cycle with greater potential to cause a serious threat

than that of spent fuel shipment. For this reason elaborate precautions are taken in cask

design and construction. Further, extensive testing procedures are prescribed arid carried

out on casks and their prototypes to ensure structural integrity and virtual infallibility

of sealing devices for the few openings such casks have. These tests include several kinds

of imposts, in addition to stringent fire and water resistance tests. Also, extensive analyses

of the likely consequences and remedial actions associated with accidents are carried

out, and Nuclear Regulatory Commission approvals are required.

2. Reprocessing wastes

After fuel reprocessing, the fission product wastes solutions may be stored in underground

tanks for up to five years before solidification preparatory to shipment to a federal repository.

There is at present no federal repository for waste, and (as mentioned earlier) no commercial

fuel reprocessor for spent fuel. Nonetheless, the broad outlines of how the wastes wili be

handled are clear, and certainly the amounts of waste to be handled can be predicted

accurately from an assumed size of nuclear power industry and relative number of power

reactor types, i.e., LWR, HTGR and LMFBR. The size of container used for storing these

wastes will be set by the rate of heat release during the first few years of storage, as well

as by the nature of the storage facility and of the shielded carrier. The containers will have

to be shielded for shipment, and shipment may be by truck or rail. Since they are not to

be re-opened, the inner containers may be welded shut before shipment, and it is extremely

unlikely that any accident could breach the containment and release the fission products

during transport. It is more likely that a container might lose shielding during an accident,

but this too is not probable, and even if it occurs, appears to be a manageable problem.

A typical waste storage inner container, or eannister, may be a 12-inch-diameter cylinder

about 10 feet long. About ten such cannisters may be required to hold the high-level waste

from a year's operation of one 1000 MWe reactor. Figure 35 shows a possible arrangement

of such cannisters and their shipping cask.
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E. Relationship of Shipping to Siting

The locations of the various parts of the fuel cycle with respect to each other are

very important in determining the nature of the transportation problems. Because the

mine and mill are always near each other, the great bulk of ore need not be shipped

far before it is concentrated over 100-fold. The concentrate is not a radiation hazard,

and is of relatively low value, so its transport to the conversion plant is not a signi-

ficant shipping problem. Further, shipment of natural uranium as UF^ does not appear

to pose many problems, though as has been pointed out, there will be quite a significant

amount of this material shipped annually.

Extraordinary attention and precautions are required when uranium enriched to a level

suitcble for making weapons is shipped, or when plutonium is shipped. Special treat-

ment and handling are also required when highly radioactive materials; such as

spent fuel assemblies or high-level wastes, are shipped. If, for example, reactors,

fuel reprocessing plants, and fuel fabrication plants were all on the same site, both

spent fuel shipment and undiluted plutonium shipment off-site would be obviated. How-

ever, while this arrangement would take care of many of the potential shipping prob-

lems, it would create problems of its own. One of the most important problems is that

a five tonne per day fuel reprocessing plant, which is the size plant under construc-

tion by Allied-General Nuclear Services, and being planned by Exxon Nuclear

(and is about the minimum size planned for future plants) will take care of fuel from

about 55 LWRs. Locating this many reactors on a single site would pose rather

enormous problems of electrical energy distribution, and perhaps also of waste heat

dissipation. There would also have to be a high-level waste solidification plant

on-site, but this is no different from the requirement for any large fuel reprocessing

plant. A more reasonable approach appears to be to locate only the reprocessing

and fabrication operations on a single site. This would necessitate spent fuel and

fabricated fuel shipment, but would minimize plutonium shipment. Table 29 compares

I transportation requirements in the year 2000 for dispersed versus co-located fuel

recycle facilities. Co-location of reactors with the recycle facilities is not included.

The reactors are considered to be distributed about the country near the load centers,

as they are today.
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Table 29
Comparison of Transportation Requirements in the Year 2000

for Dispersed versus Co-Located (Integrated) Fuel
Recycle Facilities.

Fresh Fuel
Number of shipments
Vehicles in transit
Mass heavy metal in transit, tons

Spent Fuel
Number of shipments
Vehicles in transit
Radioactivity in transit, MCi

Number of shipments
Vehicles in transit
Mass U in transit, tons

Plutonium Oxideb

Number of shipments
Vehicles in transit
Mass Fu in transit, tons

KTGR-Uranium Oxidec

Number of shipments
Vehicles in transit
Mass U in transit, tons

Uo£ 2 3 5u Oxide4 (recycled U from HTGRs)
Number of shipments
Vehicles in transit
Mr.ss U in transit

High-level Solidified Waste6

Number of shipments
Vehicles in transit
Radioactivity in transit, MCi

Alpha Solid Wastes*
Number of shipments
Vehicles in transit
Mass actinides in transit, tons

All Other Wastes*
Numb er of shipments
Vehicles in transit
Radioactivity in transit, MCi

Dispersed
Facilities

96OI
26.3
80

15,987
88
659

70
O.k
0.3

722
2.0
1.0

50
0.1*1
0.07

23
0.06
0.03

252
5.0
56

llkk
25.1
0.06

83,770
367
8.3

Integrated
Facility

9601
1U5
kko

15,987
307
2258

70
1-3
1.0

0 .
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

^sotbpic composition is 1.0% 2 3 \ 93.1^ 235u/o.2$ Z^M, 5.7%
bIsotopic composition i s 1$ 2 3 ^ , 595J 239pu,
cIsotopic composition i s O.OU156 232^ 59.65S 233u, 26.3^23^, %
Ssotopic composition is l . i# 2 3 ^ 1 .̂7 .̂ 235u, k^.% z&v, \k%
High-level waste is shipped ten years after i t is generated in reprocessing.
Wastes are shipped one year after their generation.

[Taken from J. Blomeke, C. H. Keb and R. Salmon, Projected Shipments
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F. Transportation Accidents

The subject of transportation accidents is complex, and deserves a separate essay devoted

solely to it. Nevertheless, some mention of accidents is in order. Because accidents are

by their nature statistical, there is always an element of uncertainty about them, and

despite the odds against one occurring, a critic can always say "Yes, I know the odds

are very large against one, but what if one happens?" Such questions may lead to

subjective responses and to expensive and even unreasonable precautions.

There is a fair body of statistical information on rail and truck accidents. This information

may be used to calculate the probable frequency and severity of accidents during

the transport of the most important materials in the nuclear fuel cycle. The usual

measures of severity of an accident are in terms of human injury and life lost, and in

dollar value of property damaged or destroyed. When considering the nuclear fuel

cycle there must be added the somewhat different factor of spread of radioactive

materials which may le d to a persistent and serious long-term pollution of a large

area, or to the possibility of an unacceptable spread of radioactivity over a large

region. This factor is in many ways similar to the spread of toxic chemicals. In both

cases there is a continuing hazard from accidentally released material. In both

cases it is possible to clean up the area, though it must be admitted that nature is more

forgiving, i.e., better able to assimilate and reduce the hazard to an acceptable level,

in the case of chemical spills than in radioactive materials spills. In the former case, dispersion;

dilution, and assimilation return the area of the accident to near-normal in months, or at most

years. In the case of the most toxic radioactive materials, e.g., the actinides, and

especially plutoniurn it may be impractical to rely on dispersion and dilution to ameliorate

the problem, as decades or centuries may be required. The material must be quantitatively

recovered. This could be very expensive in some cases. However, on the ciher side of

the ledger, the radioactive materials would be much more carefully and securely packaged

than many toxic chemicals are today, and would be much less likely to be released in an

accident.

Experience will tell where an acceptable trade-off lies between the risk of accident and

the cost of accident prevention. Certainly at the present time there is a totally different

public attitude toward acceptance of "familiar"transportation risks on the one hand, and

acceptance of those associated with transporting nuclear materials on the other.



VIII. WASTE MANAGEMENT

Of all the problems associated with nuclear energy, probably none is so chronic and its

solution so elusive and controversial as that of "permanent" disposal of the radioactive

wastes produced by fission and transmutation reactions. The technical problems arise

from the effectively infinite radioactive lifetime of some of the wastes, and from the

fact that an appreciable fraction of the earth's air, crust and water would be required

to dilute the wastes to concentrations considered to be acceptable. Together these

factors impose a requirement either of disposing of wastes in a manner permitting and

ensuring indefinitely long surveillance and attention to ensure their confinement or of

disposing of them in a place so free from natural disturbance or remote from man that

such attention is not required. A few moments' reflection on the nature of man and on

his history strongly suggests the second course of action, which, if it is possible, relieves

mankind of long-term responsibility. Another alternative method of permanent waste

disposal is simply to destroy the very long-lived radioactive isotopes. While all attempts

to accelerate significantly the process of radioactive decay have failed so far, there is a

way which may be practical to destroy a very significant part of the radioactive wastes.

This will be discussed later on.

A. Sources of Radioactive Wastes

Man lives in a "sea" of radioactivity, both outside and within his body. Typically, man

is subjected to 120 to 140 millirems per year from naturally occurring radioactivity in

and around him. A millirem is a relatively very small amount of radiation. For com-

parison it may be noted that about 450 rems absorbed by a man over a relatively short

time would have about a 50-50 probability of killing him. Radiation commonly around and

in man comes from such varied sources as ̂ K , C, 3 H, 219,220,222^ Qncj c o s m ;e ravs

There are, of course, significant amounts of 2 3 8 U , 235y ancj 232-r^ a n d o f t h e rac|}oactf v e

elements in their decay chains, also present in the earth's crust and water, but these

are mostly fixed in minerals, such that with the exception of the Rn isotopes they are

not commonly in the biota of which man is a part. Since Rn is a gas, it is motile, and

if it is inhaled by a man before i t decays to its solid daughters, the subsequent decay

chain is likely to run its course in that man. The relatively short half-lives of ^ C

(~ 5600 yrs) and 3H (- 12.3 yrs) preclude the possibility that they persist from their

creation in the primordial past. They are made continuously through nuclear reactions

119
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Induced by cosmic rays, the amount of * *C, thoughvifctively small (~ 2.8 x 108

curies worldwide in steady state, about 97% of whkfe is deep in the oceans), is

adequate to make practical the technique of "carbon a\rijng" used successfully by

archeologists, historians, and others *© determine H»«98i of carbonaceous things a

few tens of thousands of years old. The amount of % l 3s stlH less (-- 2.8 x 10? curies

worldwide In steady state, about 90% of which is jN^pai|r# 10% in the stratosphere, and 0 .1%

in the troposphere). The very long hafWife of ^TC f * 1.3 x 10? yrs) suggests that it could

have been around at the generally accepted time the «arth was formed (4-6 billion years

ago) and still be there at 5 to 10 percent of its originalamount. The amount of ^QK

may be calculated to be about 4 x 10^3 curies In o Ipyar of the earth about 10 miles

thick. The average man contains about 0.05 gram of ^ C , orflfaout 0.14 microcuries.

In th« context of radioactive wastes, tritium, '^C audiradon isotopes are the radioisotopes

of greatest interest from among those mentioned. Actually, only the radon isotopes are

truly Important "natural" wastes. The tritium and *^Cs?e eoty of consequence as they

ere produced artffica I ty in concentrations far in excess of Oieir natural concentrations.

1. Mills

The nuclear fuel eyele starts at the mmes sndma%«iii l ls where uranium (or thorium)

ores are taken from the ground and c Sisi separation «£ the desired element from the

unwanted waste dirt is carried out. A M t r S:5rtn»M&.ilm first significant radioactive

waste problem crises. Typical "good" uranium-ore contains only about 0.21% U3O3;

thus, it is apparent that a great deal of the maJiMrial attsent in the ore is left at the

uranium mill after the uranium has been removed. 1Wpresent practice is to dispose

of this waste material or "tailings" as it is called,fay sS*$ly dumping it into "monumental"

tailings piles at the mills. Radon is continuously anittsd from such piles, and is a potential

source of harmful radiation. Methods have been suggested for limiting the amount of radon

evolved from railings piles; these methods are booed as putting layers of dirt or spreading

aspholt membranes on the piles to inhibit diffusion«f * r radon long enough for it to decay

substantially to its non-volatile dcughters. Guidss for deposing of uranium milling wastes

have been published, and continuing attention is^efatf given to this waste disposal problem.
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2. Fabrication plants

After mining and mi I ling/ the uranium concentrates typically are refined (a process

which further purifies the concentrate suitable for the uranium enrichment plant),

enriched in the isotope ^ U at a gaseous diffusion plant, and the enriched uranium

is fabricated into fuel. Uranium enrichment produces two streams of material: enriched

UFQ product, and depleted UFQ "tails." The tails are far and away the larger of the

streams, and could be considered a radioactive waste. (However, it appears likely that

the LMFBR, which uses depleted uranium in its blanket to breed plutonium, will put

this material to good use.)

Reactor fuel fabrication plants, by their nature, produce wastes which are rrainly alpha-

contaminated. Light water reactor (LWR) fuel fabrication involves uranium of low

enrichment (typically, about 3% 2*>U), and may involve plutonium as well. If recycle

fuel is fabricated, the waste disposal problem will be significantly more troublesome than

it is at present because of the much greater toxicity of plutonium than of low-enrichment

uranium.

High temperature gas-cooled reactor (HTGR) fuel fabrication involves highly enriched

uranium (about 93% 235jj) a n d thorium. Thorium decay produces 220Rn, which has

been mentioned previously in connection with natural radiation, and with some uranium
220

milling wastes. Delaying the emission of Rn, whose half-life is just under one

minute, permits it to decay to its solid daughters, which may be disposed of as moderately

radioactive wastes. In the stead/ state, HTGRs must be fueled partly with 2 3 3 U produced

by nuclear reactions from the 2 3 2Th. The disposal problem becomes more acute when

fuel is fabricated from 2 3 3 U . This is true partly because of the presence of 2 3 2 U in the

233u. 220Rn j s produced in the decay chain of 2 3 2 U , in amounts dependent on the
a 2 U content. It is also true partly because 2 3 3 U is itself more toxic than 2 3 8 U or 2 3 5 U .

Liquid metal fast breeder reactor (LMFBR) fuel fabrication involves uranium and plutonium.

The exceptional toxicity of plutonium has already been noted. Fuel fabrication plant

wastes include all manner of solids and sludges that arise from decontamination opera-

tions, liquid waste stream treatment, and off-gas cleanup. Uncompactsc1 wastes may
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vary in density from 2 to 200 lbs/ft3 , with uranium, plutonium and thorium contents

of from trace amounts to several grams per cubic foot. About 1/2 to 2/3 of the waste

volume is combustible, and volume and weight reductions of 50 and 20, respectively,

may be obtained with these fractions. It has been estimated that about 20;6d0 ft? o f alpha

waste will be generated per tonne of plutonium or 233(j fabricated, and that these

wastes will contain about 0.5% of the plutonium or 233lJ.

3. Reprocessing Plants

The basic, large problems in radioactive waste disposal arise from operation of the

spent fuel reprocessing plants. In general, the spent fuel is chopped (LWR and LMFBR

fuel) or burned (HTGR fuel) to make the fissile and fertile materials available for

dissolving in acid. The resulting acidic solutions are treated by solvent extraction to

extract uranium and plutonium (and in the case of HTGRs, thorium)/ leaving the fission

products in an aqueous waste stream. It is this waste stream that poses the outstanding

waste disposal problem of the nuclear power industry. Fuel reprocessing plants also have

other sources of radioactive wastes.

The aqueous waste stream mentioned above is certainly the most important, but gaseous

wastes such as krypton, xenon, tritium, or tritiated water vapor, and volatilized

iodine and solid wastes are also important reprocessing wastes requiring disposal. An

especially important solid waste is the chopped up pieces of fuel cladding left after

the fuel has been dissolved. These may be contaminated with difficult-to-remove

plutonium.

The various important kinds of wastes generated during fuel reprocessing are given in

Table 30 for LWR, HTGR and LMFBR fuels. These wastes are defined as high-level

wastes, and federal regulations call for them to be solidified within 5 years of their

generation, and for the resultant stable solids to be shipped to a federal repository

within 10 years of their generation.*

These regulations are given in "Siting of Fuel Reprocessing Plants and Related Wcste
Management Facilities/1 Federal Register 35, No. 222, 17530 (Nov. 14, 1970). There
is at present no federal repository, so there is something of a dichotomy implicit in the
regulations.



Table 30

Calculated Curies in Spent Fuel per Tonne of Heavy Metal Charged to the Reactor

Source of
.Radioactivity

LWRa

Cladding
Fission Products
Actinides

HT<3Rb

Light Elements
Fission Products
Actinides

LMFBRC

Cladding
Fission Products
Actinides

1
1
3

6,
2,
1.

1.
1.
8.

0

.42

.38

.91

.52

.96
,04

,34
96
05

day

X
X
X

X
X
X

X
X
X

105

108

107

103
108

108

106

108

107

Curies Present at

8
1
1

3
2
2

6
1
7

30 days

.03 x 104

.08 x 107

.83 x 105

.55 x 103

.32 x 107

.18 x 107

.o; x io5

.68 x 107

.16 x 105

90

4.52
6.19
1.33

3.49
1.32
4.77

3.99
9.56
6.79

Indicated
days

X
X
X

X
X
X

X
X
X

104

106
10s

lO7

106

105

106

105

Days after
160 days

2.62 x 104

4.19 x 106
1.26 x 105

3.4 x 103
9.1 x 106

1.0 x 106

2.8 x 105
6.7 x 106

6.6 x 105

Discharge
365 days

1 x 104

2.22 x 106
1.14 x 105

3.26 x 103

4.55 x 106

3.81 x 104

1.32 x 10s

3.31 x 106

6.21 x 105

3653

2.4 x
3.18
7.2 x

1.76
1.01
2.80

5.98
3.15
4.10

days

103
x .105
104

x 103 ̂
x 106

x 104

x 103

x 105
x. 105

aBurnup: 33,000 megawatt-days/tonne; power: 30 megawatts; flux: 2.92 x 1013 neutrons/cm2 'sec.

Burnup: 94,271 megawatt-days/tonne; power: 64.57 megawatts; flux: 8.04 x 10*3 neutrons/cm^.sec.
cBumup: 37,118 megawatt-days/tonne; power: 49.28 megawatts; flux: 2.49 x 1015 neutrons/cm2-sec.
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Beyond the problem of the wastes produced by the reprocessing plants during their life

times, there is the problem of "decommissioning" the fuel reprocessing plants when they

reach the end of useful life. However, it is not so .clear that the option exists to cut

up the contaminated parts of the reprocessing plants and remove them to a central waste

storage facility. The activity of the reprocessing plant is, by the nature of the opera-

tions, in a variety of chemical and physical forms as it passes through the plant and the

process equipment. Thus, extensive "loose" contamination will be present in the plants,

and this will pose a major obstacle, to its complete removal from the plant site. For

this reason it is likely that the "perpetual care" approach to disposal after decommissioning

will be the one chosen for spent fuel reprocessing plants. Of course, there will be fewer

spent fuel reprocessing plants to decommission that there will be reactors. Seven of

eight 5 tonnes per day plants should be adequate to handle the LWR spent fuel repro-

cessing load in the year 2000.

B. Waste Treatment

Radioactive wastes are treated prior to their disposal to put them in chemical and physical

forms suitable for the intended method of disposal. There are liquid, gaseous and solid

wastes, and these contain alpha, beta and gamma emitters. The waste treatment method

chosen depends on all of these factors. Thus, low activity level aqueous wastes are

often treated by ion exchange and evaporation, so that the decontaminated water may be

disposed of in environmental wafer. The radioactivity is concentrated in a sludge or

other solid, e.g., the ion exchange resin itself. These solid wastes are treated to make

them more compact, if possible, and are commonly incorporated in a solid matrix whose

function is to prevent their subsequent release in a dispersible form.

Gaseous wastes are composed largely of non-radioactive gases such as air, helium,

carbon dioxide or nitrogen contaminated with relatively small amounts of radioactive

gases such as OJKr, xenon isotopes, and tritium, or vapors such as tritiafed water vapor,

and the iodine isotopes ™'l and *"\. Such wastes are usually treated by preferential

sorption of the rcrdioisotopes onto materials such as charcoal (for Kr and I), silica gel

(for trifated water), molecular sieves (for tritiated water) and silver-impregnated high-

specific-surface^area solids (for I2). The gaseous radioactives wastes are thus to be
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put into the form of solid wastes, or in the case of krypton, are to be put in metal

cylinders dscompressed gas, and! the decontdminated gaseous wastes may be disposed

of in the earth's atmosphere.

Because of the special hazard presented by ingested or inhaled alpha emitters, and the

highly specific uptake of iodine in the thyroid gland, these materials require special

attention. Alpha emitters are largely aetinideelements, and when half lives are

token into account, the elements uranium, neptunium, plutonium, americium and curium

emerge as the elements of principal concern. Highly specialized methods for their treat-

ment are being studied. These were mentioned in section VI on reprocessing. Iodine,

primarily the isotope ' I when the wastes are allowed to decay a year or more before

treatment ( " ' I , while the predominant fission product iodine isotope, has a half-life

of only 8.05 days), is a special problem because its many chemical valence states, its

proclivity to add to organic compounds and the volatility of many of its common forms

give it a troublesome ubiquity. Both '^'1 and " ' I are beta emitters.

1. Decay

There is a form of preliminary waste "treatment" which is widely used that is highly

effective in reducing waste disposal problems. The treatment is simply to wait for the

wastes to decay before final treatment prior to disposal. The principal radioisotope

providing incentive for extended waiting, or "decay" periods is ^ ' l . Table 31 shows

how the amounts of " ; ' and ^ \ change with time. Clearly there is no incentive to

wait more than a year from the point of view of radioiodine decay because the very

long half-life isotope * 2 9 I (the half-life is 1.6 x 107 years!) dominates after about

200 days.

Radioactive decay heat is another important problem in waste treatment which is

ameliorated by delay. Although only a few percent of the energy released by fission is not

released virtually instantly as kinetic energy of the fission products during the fission-

process, the few percent released more slowly by radioactive deejay of the fission products

is not negligible. For example, the fission product decay heat production rates for the

fission products (exclusive of Kr, Xe, 3 H a n d I) present in 1 tonne of heavy metal charged



Table 31

Amounts of Radioiodine from One Tonne of Irradiated Heavy Metal from an LWR

(Basis: 33,000 megawatt-days/tonne; 2.92 x 10'** neutrons/cm^-sec)

. Curies Present at Indicated Days after Discharge
Isotope 0 day 30 days 90 days 160 days 365 days 3653 days

1 3 1 I 8.61 x 10s 6.71 x 104 3.83 x 102 9.23 x 10"1 1.99 x 10"8 0

1 2 9 1 3 - 7 1 x 1 0~ 2 3 ' 7 3 x 1 0 " 2 3.74 x lO-2 3.74 x 10-2 3 . 7 4 x 10-2 3 . 7 4 x 10"2 _.

TOTAL 8 . 6 1 x l O 5 6 . 7 1 x 1 0 4 3 . 8 3 x 1 0 2 9 . 6 0 x 1 0 " 1 3 . 7 4 x l O " 2 3 . 7 4 x l O " 2
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to an LWR and irradiated to a level of 33,000 megawatt-days/tonne are 1.92 x 104

watts 0.411 years after discharge from the reactor, 2.93 x 10° watts 3.41 years after

discharge, 1.01 x: 103 watts 10i42 years after discharge, and 1.05 x 102 watts 100.5 years

after discharge. Since the weight of the fission products being considered is about 28.8

kilograms, the specific heat generation rates range from 0.67 watts per gram 150 days

after discharge to 0.035 watts per gram 10.42 years after discharge. The factor of nearly

20 decrease in specific power gained by a 10 year delay makes a very significant difference

in how the wastes may be treated.

Typically, after fuel reprocessing the liquid fission product wastes are stored in under-

ground, shielded tanks as a method of interim disposal. Figure 36 is a cross section

drawing of a representative modern waste storage tank.

Liquid waste storage tanks are located at fuel reprocessing plants to accommodate the

high-level liquid wastes (for up to five years) prior to their solidification and shipment

off-site for more permanent disposal.

Modern high-level liquid waste storage tanks are made of stainless steel and may contain

300,000 gallons of waste. Air may be used to circulate the liquid in the tank to avoid

solids settling out during storage. It also provides dilution of radio lyrically produced

hydrogen. In general, the liquid waste is transferred progressively to tanks of lower

heat removal capacity as decay occurs, thus making the tanks with highest heat removal

capacity available for the freshest waste, which has the highest pove r density.

Requirements appear to be getting more stringent for high-level liquid waste storage

tanks. Leaks in existing tanks, coupled with increased concern over the possible effects

of tornadoes or earthquakes, have led to increased concern over their integrity, and

certainly to increased cost of liquid waste storage.
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Fig. 36. Liquid Waste Storage Tank. (Courtesy of the
Bqrnwell Nuclear Fuel Plant, Separations
Facility, Allied-Gulf Nuclear Services,
Bam we I I , South Carolina.)
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High-level radioactive wastes* will probably be stored after solidification in several

different geographical locations in bedded or domed salt deposits. Lower-level wastes

may be stored in several different types of suitable/ geologically stable formations at

a number of different locations. In any event, attention will be paid to both geological

suitability and geographicaI convenience to the principal sources of waste production,

i. e., fuel reprocessing plants.

Storage of high-level wastes has been practiced for 30 years, and almost 340 thousand cubic

meters (90 million gallons) of acid and alkaline solutions and sludges have been accumulated

in about 300 tanks at ERDA (AEC) reprocessing sites over this period. Of these, about 26

carbon-steel tanks are known to have developed leaks, releasing about 235,000 Ci of
137Cs in 430,000 gallons of alkaline waste. It is also of interest to note that until at

least the year 2000 by far the most waste will be from ERDA rather than commercial fuel

reprocessing.

2. Solidification

Regardless of the form of the wastes initially, they are finally treated to incorporate or

contain them in solids for disposal/ or they are reduced to such low levels of activity that

they may be released to the environment. Tables 32, 33, and 34 summarize the pro-

jected characteristics of solidified aqueous wastes from reprocessing three kinds of

reactor fuels.

Solidification of high level wastes from reprocessing plants is a very important process

step, since it bears directly on the disposal step which follows. For this reason methods

of solidification have received a great deal of attention. Methods range from incorporation

*High level wastes are defined in the Federal Register, 35, No. 222, Nov. 14, 1970, p. 17530,
as "those aqueous wastes resulting from the operation of the first cycle solvent extraction
system, or equivalent, and the concentrated wastes from subsequent extraction cycles, or
equivalent, in a facility for reprocessing irradiated reactor fuels."



Table 32

Projected Characteristics of Solidified LWRAqueous Reprocessing Wastes and Cladding

(Based on a tonne of heavy metal reprocessed)

C h a r a t i n c

Composition, kg/tonne
U3°8
PuO2

FejO^
Cr2O3
NiO
P2O5
F.P. oxides
Actinido oxides
Zircaloy-4, Inconel

Total weight, kg/tonne

Volume, ft3/tonne

Thermal conductivity,
BTU hr-1 ft-1 *F-1 at
500'C

Density, g/cc

(1)
F.P.
Waste

1.17
0.011
__
1.07
0.15
0.13
0.09
31.5
6.28
—

40.4

0.74b

0.26

1.92«>

Individual Waste'Streams
C2)

Alpha
Waste

0.001
0.011
__

0.016
0.002
0.001

Trace
Trace

—

0.031

0.00lb

0.26

2.07b

C3)
Solvent Cleanup

Waste

-

0.348
0.001
79.3

Trace
Trace
Trace
—

79.6

1.18C

0.55

2.37C

Characteristi;s
(4)

Caustic Scrubber
Waste

.-
31.6
_̂
._

31.6

0.47C

0.55

2.37C

(5)

Cladding

l.la

0.01a

,-
__

0.02a

...
270

271

2.12d

3.6e

4.5d

Possible
Cl) + C2)+C3]

1.52
0.023
79.3
1.09
0.15
0.13
0.09

31. S
6.28
--

120

1.41C

L.02

3.01c

Combined Waste Streams
(l)+(2) + (4) (

1.17
.022

31.6
1.09
0.15
0.13
0.09
31.5
6.28
--

72.0

0.69c

1.48
3.67C

Characteristics
l)+(2) + (3)*(4)

1.52
0.023

111
1.09
0.15
0.13
0.09
31.5
6.28

152

1.88C

0.96
2.86C

"Assumes 0.1% Pu and U, and 0.05% of the fission products (P.P.s) are lost to the cledding.
Product is assumed to be 70% voids.

cProduct is assumed to be a void-free dispersion of solids in ^26407.
Cladding is compressed to 70% of theoretical density.

Conductivity at 100*C.



Table 33

Projected Characteristics of Solidified H T G R Aqueous Reprocessing Wastes and SiC Fuel Particle Coatings.
(Based on a tonne of heavy me to! reprocessed.)

Characteristic

Cespesiiisn, ig/tsn.na

SiC
Na2B407
Na2SO4

Na3PO4
Li2SO4
Alrt
A12O3

Fe2Ox
NiO
Cr2O3

SiO2
M6O3
CuO
UO2

ThO2
PiiO,
F. P. Oxides
Actinide Oxides

Total weight, kg/tonne

Volume, ft'/tonne

Thermal conductivity, BTU hr"
ft-1 •F"!

Density, g/cc

Recycle Particle
Waste

15
18
..
..
--
..
•_

—

-.
__
8.52

0.567
4.80
0.794

47.7

1.14*

1
0.41

1.48

Individual

Clarifler
Wastes

2.3
27.3
w_

--
..
mm
mm

mm

—
..
--
..
..
0.047
0.569
0.002
7.2
Trace

37.4

0.7pf

0.41

1.68

Waste Streams Characteristics

Combined
Thorex a TBi>

Fission Product
Wastes

U3«
..
-.
1.21
2.73
10.4
2.16
0.53
0.39
0.40
0.06
0.05
--
0.045
0.991
1.20

91.30
1.633

226

2.418

1.42

3.30

Combined
Thorex 8 TBP

Alpha
Wastes

34.3«
3.90
..
..
_.
..

—
--
--
..
—
0.2S8
0.964
0.112

Trace
Trace

39.5

0.51"

1.5

2.73

Solvent
Cleanup
Wastes

51.4b
-.
• •

. _

• «

. _

. _

—

• > -

- -

- .

—

0.096
2.06
0.002

Trace
Trace

53.5

0.77g

0.60

2.44

Possible Combined Waste
Streams Characteristics

(3J+(4}*(5)

1SSC

34.3
3.90
1.21
2.73
10.4
2.16
0.53
0.39
0.40
0.06
0.05
«
0.398
3.99
1.31

91.30
1.633

309
3.568

1.13

3.07

(1)*(2)*(3)*(4)*(5)

17.3
4S.3
240d
34.3
3.90
1.21
2.73
10.4
2.16
0.53
0.39
0.40
6.06
0.05
8.52
0.446
4.56
1.88

103.3
2.427

480

5.798

1.39

2.93

al.05 kg of sodium added per tonne to balance the boron chemically. 108 kg of NagB^j added per tonne to give 50 wt % waste solids in the Na2B4O7.
b35.S kg of B2O3 added per tonne to balance the sodium chemically.
c10.7 kg of. B2Oj added per tonne to balance the sodium chemically. 135 kg of Na2B4O7 added per tonne to give 50 wt % waste solids in the

10.7 kg of B2O3 added per tonne to balance the sodium chemically. 220 kg of Na2B4O7 added per tonne to give 50 wt % waste solids in the
e5.S0 kg of sodium added per tonne to balance the sulfate chemically. 1.64 kg of sodium added per tonne to balance the phosphate chemically.

Product is assumed to be 50% voids.

^Product is assumed to be a void-free dispersion of solids in Na2B4O7.

"Product is assumed to be a void-free dispersion of solids in Na2SO4 + Na3PC>4.
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in glasses made from calcined wastes with appropriate additives, to calcination in

fluidized beds to produce a granular powder which is stored in steel containers.

fluidized bed calcination

In this process liquid waste is atomized into a heated, fluidized bed where it is deposited

and calcined on particles in the bed. The resultant granular parriculates may themselves

be the final waste form, or they may be incorporated into crystalline or glassy solids.

Figure 37 shows schematically a fluid bed calciner and glass maker.

spray calcination

In this process the liquid waste is atomized into a heated chamber where flash evaporation

produces solid oxide particles. The product of spray calcination is not completely stabilized

chemically/ and requires additional heating to produce an inert product. Suitable materials,

e.g., phosphoric acid or glass making solids, may be added to produce glass which may be

canned for final isolation from the biosphere.

pot calcination

In this process Irquid is introduced into the processing vessel continuously and evaporated

continuously in a vessel which is to be the storage cannister. When the cannister is full

the solid is held at about 900°C to complete removal of water and nitrates. Feed additives

can be used to make a glass.

phosphate glass formation

In this process liquid waste and phosphoric acid are mixed and concentrated to a thick

sludge in an evaporator. 'The sludge is then dried and the nitrates are decomposed in a

melter. The molten phosphate glass is dropped into the storage cannister.

In some countries wastes are incorporated in asphalt (tar). Because these wastes must be

shipped to a repository, and because the shipping container must be able to tolerate

"design basis accidents" i t does not appear that asphalt will be much used in the U. S.

It appears unnecessarily restrictive to design a container which will withstand a fire while

it contains asphalt, which is relatively much less stable than the various calcined materials.
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iodine

Iodine is a semi-volatile fission product haying complex physical and chemical properties,

and an extraordinary tendency to concentrate in the thyroid gland of man. Thus, it

requires special attention to ensure it is safely managed.

Several dry and wet processes for removing iodine from the various off-gas streams of a

nuclear fuel reprocessing plant have been used and studied. Dry processes use beds

containing solids such as charcoal (either at room temperature or liquid nitrogen temperature)

and silver zeolite. Wet processes use scrubbing columns filled with solution such as 10 M_

NaOH, nitric acid + mercuric nitrate, and 20 M_ HNOg (the iodox process). The final

solid form to be used for disposal of iodine has not been determined. It may be practical

to incorporate it in cement.

gaseous wastes

Gaseous wastes are the noble gases xenon and krypton, and tritium. Typically, from 5

to 6 kg of noble gases are present in each tonne of spent fuel from LWRs and LMFBRs.

Xenon comprises about 95% of the weight of the noble gas mixture, but the only radio-

isotcpe remaining after 160 days decay is 10.8 year *"Kr. At present these gases are

discharged to the atmosphere following interim holdup for dacay. In the future their

recovery is likely in the framework of the "as low as reasonably achievable" (ALARA)

guidelines. Concentration and storage in high-pressure gas cylinders are likely. This is

not exactly a "solidification" method, bu'ris as close as current technology comes.

Tritium is produced at a rate of about 0.02 to 0.03 Ci per MWdth in the reactors. Most

of the tritium is retained in LWR fuels and is released during the dissolution step of

reprocessing/ and most is released in water vapor to the atmosphere. (More than 90%

of the tritium in LMFBR fuels will leave the fuel while it is in the reactor, and will

be trapped in the sodium coolant cleonup systems. It will be removed from these systems

as solid and may be packaged for disposal as solid. The remainder will be released

during reprocessing, and handled as in the case of tritium from LWR fuel.) Future plants

having head-end operations like voloxidatioh should be able to separate and concentrate

the tritium, perhaps in a volume as small as a few liters of fritiated water per day. This

concentrate could be fixed in a solid and disposed of.
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3. Partitioning of actinides

The special problem posed by long-lived alpha wastes deserves separate discussion.

The elements of greatest concern are uranium, neptunium, plutonium,americium and

curium. If these actinide elements could be removed from the wastes (primarily frbm

the fission product wastes from fuel reprocessing plants, but also from fuel fabrication

and refabrication plants), the period of significant radioactive hazard at the disposal sites

may be reduced from millions of years to less than 1000 years. (It might also be necessary

to remove Tc and ' °l .) However, the required degree of removal of these actinides

from the fission products to achieve this extraordinary change in the nature of the waste

disposal problem is such that only about one part in 10 of the actinides may remain

with the fission products. Further, once separated from the fission products and the

inert, confining solid matrix containing the fission products, the actinides are more

hazardous than before because now they are much more concentrated, and any release is

correspondingly more toxic. So the problem has two major facets: (1) partitioning the

actinides away from the fission products or other radioactive wastes with an unprecedented

(and in a practical sense, perhaps unattainable) degree of separation, and (2) completely

and positively removing the actinides from the biota essentially forever. The second part

of the problem, while seemingly impossible of attainment, may not be impossible. It may

be possible to recycle the separated actinides back to the reactors where, after many

cycles, they would ultimately be converted to fission products. It seems clear that

reactors with a large flux of high energy neutrons, i.e., fast reactors, will be better suited

to this job than thermal reactors.

The first part of the problem is being studied conceptually and experimentally. Fig. 38

is a conceptual processing sequence to remove the acfinides. This part of the problem

is extremely difficult because of the very high degree of separation required, and because

additional contaminated materials are produced in the course of carrying out the partitioning.

Thus, the very real danger exists that the solution to the problem does not "converge."

The actinides may be more dispersed at the end of the process than at the beginning, or

the volume of wastes containing the fission products may be unacceptably large — or both.

Also, it should be noted that during interim waste storage, radioactive decay leads to the

buildup of additional plutonium which must be removed in an additional step.
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C. Geologic Isolation

After appropriate treatment, the solidified high-level wastes could be stored in metal

containers in an underground repository with a high degree of assurance of containment,

A great deal of study has gone into the question of what is the most suitable type of

repository, and for a variety of reasons (not the least of which is that their very existence

bespeaks great temporal stability) salt deposits appear to be the optimum choice. Fig. 39

shows where some of the major salt deposits are in the U.S. Those in the south and

southwest appear most promising.Figure 40 presents various high-level radioactive

waste isolation options in the form of an alternatives diagram*

D. Other Disposal Options

There is at present a hiatus in the progress toward selection of a federal repository for

permanent high-level waste disposal. Until this selection is made, and the myriad other

problems attending "ultimate" disposal are solved, some sort of interim waste storage

plan must be put into action. The projected total volumes of various wastes to be stored

one way or another at a federal repository are large. Far and away the largest volume

is from intermediate-level (alpha-beta-gamma) wastes. However, the largest number

of curies in the repository is associated with the high-level wastes.

Beyond the interim storage "option" there are a large number of other "options." These

include disposal at sea (probably best reserved for relatively low-level activity wastes);

disposal into space (probably best deferred until a time when less uncertainty and cost

attend a launch into space); disposal in ice beds (probably best avoided until more

is known about the long-term behavior of such beds).
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IX. APPENDIX - Standards for Release of Radioactive Materials from Nuclear

General Standards

(1) 10 CFR 20

Maximum permissible release - 10 CFR 20, Appendix B, Table II
(pages^71^75)

(2) "As Low As Reasonably Achievable"

EPA

(1) Proposed 40 CFR 90

Maximum dose to individual
25 mrem/yr tota I body
75 mrem/yr thyroid
25 mrem/yr organs other than thyroid .

Total release by entire fuel cycle per gigawatt year of power

- 50,000 curies
' 2 9 I - 5 millicuries
Pu and other alpha emitting transuranics with half lives greater

than one year - 0.5 mi Hi curie total
(Radon, ^^C, tritium - under study)

(2) "Best Practical Control Technology Currently Available"

(3) "Best Available Technology Economically Achievable"

Natural Background

~ 100 millirem/yr at sea level

"- 130 millirem/yr at 5,000-ft elevation (Denver)

LWR reactor guides (per reactor) - 10 CFR 50, Appendix I

(1) Maximum dose to individual

Liquid 3 mrem/yr total body
10 mrem/yr bone

Gases 5 mrem/yr total body
15 mrem/yr skin
15 mrem/yr organ (iodine and particulates) ]
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(2) Population dose (based on cost-benefit)

$1000/total body-man-rem (50-inile rad'us)
$iOOO/man=thyrbid-rem (50-miie radius^

Uranium Mines

N R C - No jurisdiction

Ore is not legally a sourco material until beneficiation begins.

State - Set regulations

Bureau of Mines - Set occupational radon exposure level

EPA - 40 CFR 440 (Nov. 6, 1975), interim final rules and proposed rules

(1) Liquid effluent limitation
226Ra 10 p Ci/1 maximum any one day

3 p Ci/avg over 30 days

U 4 mg/l maximum any one defy

2 mg/l avg over 30 days"

(Also sets standards for chemical releases)

(2) "BPCTCA" guides

Settling ponds
Lime precipitation
Ion exchange (for uranium removal)
Barium chloride coprecipitation (for radium removal)
Secondary settling

Uranium Mills

NRC

(1) Maximum permissible concentration - 10 CFR 20

Airborne
Yellow cake dust Unqt* = 5 x 10~12 \x Cj/ml at the fence post
Ore dust Unat* = 2 x 10"12>iGi/ml at the fence post

Liquid
226Ra = 3 x 10-8 n Ci/ml (30 pCi/l)
230fh = 2 x 10"°ti Ci/ml
Unat* =3 x 10-5|aCi/ml (44 mg/l)

(2) No "ALARA" guides have been proposed

specific activity Unat =6.77 x KT7 Ci/g.
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EPA, - 40 CFR 440 (Nov. 6, 1975), interim final rules and proposed rules

(1) No discharge of liquid pollutants (exception if annual precipitation
exceeds annual evaporation)

(2) "BPTCA" guides
No discharge of wasie water
Liquid recycle to mill

Other Segments of Nuclear Fuel Cycle

(1) 10 CFR 20 standards

(2) Proposed 10 nanocurie/g transuranic rule on waste (Sept. 12, 1974) has not
been promulgated

(3) "ALARA" guides - none proposed

(4) EPA-None

Transportation

Dept. of Transportation - 49 CFR 73 - maximum permissible doses

General shipments - 10 mrem/hr 3 ft from package

Exclusive use vehicle

(1) 1000 mrem/hr 3 ft from package (closed vehicle)

(2) 200 mrem/hr on outside surface of vehicle (closed vehicles)

(3) 10 mrem/hr 6 meters from vehicle

(4) 2 mrem/hr to driver

NRC-10CFR71

Design criteria for shipping casks, permissible releases in the event of accidents


