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ABSTRACT

Alternative nuclear fuel cycles for support of light water reactors
(LWRs) are described and wastes containing naturally occurring or
artificially produced radioactivity reviewed. General principles and
objectives in radioactive waste management are outlined, and methods for
their practical application to fuel cycle wastes discussed.

Australia's medium term interests in the nuclear fuel cycle include
the upgrading of uranium for export, and also the generation of nuclear
power. This paper concentrates upon management of wastes from upgrading
processes of uranium hexafluoride manufacture and uranium enrichment, and,
to a lesser extent, nuclear power reactor wastes.

Some estimates of radiological dose commitments and health effects
from nuclear power and fuel cycle wastes have been made for US conditions.
These indicate that the major part of the radiological dose arises from
uranium mining and milling, operation of nuclear reactors, and spent fuel
reprocessing. However, the total dose from the fuel cycle is estimated to
be only a small fraction of that from natural background radiation.
Upgrading processes of hexafluoride and enrichment contribute less than 1%
of the total fuel cycle dose.



INTRODUCTION

Wastes requiring disposal are produced at all stages of a nuclear fuel

cycle. These wastes may contain naturally occurring radioactive materials,

as in the case of mining and processing of radioactive ores, and the

manufacture of fresh nuclear fuel. Alternatively, the radioactivity may be

produced by the nuclear fission reactions in nuclear power generation.

The nature and quantity of the wastes per unit of electricity generated

depend on the type of nuclear reactor being supported. Some reactors are

fuelled with natural uranium as metal or oxide; others are fuelled with

enriched uranium oxide, mixtures of natural or depleted uranium oxide and

plutonium oxide, and oxides of thorium and enriched uranium. Details of

seven interrelated fuel cycle systems for four types of reactor are given in

the International Nuclear Fuel Cycle Evaluation, INFCE(1980).

The Light Water Reactor (LWR) fuel cycle has been selected for this

presentation for two main reasons :

the majority of Australian uranium exports will be used

to fuel LWRs, which have been predicted (OECD/NEA 1979)

to generate over 85% of the Western World's nuclear power

to the year 2000;

manufacture of LWR fuel involves upgrading processes for

uranium which are of relevance to Australian uranium

exports in the medium term.

Other speakers at this Congress will be dealing specifically with wastes

from uranium mining and milling, and from disposal of spent nuclear fuel.

This paper reviews the principles and practices for disposal of wastes from

the upgrading processes of uranium hexafluoride manufacture and uranium

enrichment, and to a lesser extent, nuclear power reactor wastes.

2. THE LWR NUCLEAR FUEL CYCLE

There are variations and options influencing the nature and amount of

wastes within specific fuel cycles. Thus, the LWR fuel cycle may include :

The 'once-through1 or non-recycle option, in which

spent fuel is disposed of without reprocessing.

The reprocessing option, in which unused uranium and

plutonium are recovered from spent fuel and highly

radioactive wastes separated for disposal.



Figures 1 and 2 illustrate operations and annual quantities of nuclear

materials used in the LWR fuel cycle to generate 1 gigawatt-year of

electricity. Figure 1 refers to the once-through cycle, and Figure 2 to the

reprocessing option with uranium recycle. There is no extensive recycle

of plutonium into LWRs. In several major industrialised countries it is

being stockpiled for use in breeder reactors.

Wastes containing radioactivity are produced at the following fuel cycle

stages :

Mining and milling of uranium ores to produce a crude

ore concentrate known as 'yellowcake1.

Conversion of the crude concentrate into pure uranium

hexafluoride, UFg.

Enrichment of uranium in the uranium-235 isotope.

Manufacture of enriched uranium dioxide fuel

(enriched UO_) and fabrication of fuel elements.

Reactor operation.

Reprocessing used fuel or, alternatively, the disposal

of unreprocessed fuel.

These wastes are produced in all physical forms, i.e., as gases, liquids and

solids, and with a radioactivity content ranging from near background levels
*

to several hundreds of thousands of terabecquerels (TBq) per cubic metre.

3. OBJECTIVES AND PRINCIPLES FOR DISPOSAL OF FUEL CYCLE WASTES

The principal objective in the disposal of fuel cycle wastes is the

protection of man and the environment from the potentially harmful effect of

the radioactive and chemical toxicity of the wastes. In practice this means

the achievement of a sufficient degree of isolation or dilution of the wastes

so that any return to the biosphere is at a rate and/or concentration

sufficiently low that there is no unacceptable biological hazard. A further

objective is to accomplish disposal without reliance on long term surveillance.

*
Becquerel (Bq) : the amount of a radioisotope which decays at the rate

of 1 disintegration per second : one Terabecquerel (.TBq = 10*2Bq).

Curie (Ci) = 3.7 x 1010Bq.



Radioactive waste disposal involves the use of three basic principles:

dilution and dispersion of short-lived or very dilute wastes;

concentration and confinement of long-lived and/or very

radioactive wastes; and

storage of very short-lived radioactive wastes to permit

their decay into non-radioactive species.

These principles are applied separately or in combination depending on

the nature and concentration of radioactive elements in the wastes. Practical

options may be summarized as follows OECD/NEA (1977) :

Solids : above ground retention systems; shallow land burial;

deep geologic burial; ocean dumping.

Liquids : discharge to waterways, estuaries and coastal waters;

evaporation.

Gases and airborne particulates : atmospheric discharge; partial

retention.

4. MANUFACTURE OF URANIUM HEXAFLUORIDE

Uranium hexafluoride CUFg) is manufactured commercially by two so-called

'wet processes' and a 'dry' process. These processes are outlined

schematically in Fig. 3. The wet processes are similar in that they both

purify the uranium feed at the commencement of the process; in the dry

process, complete purification is not achieved until after the uranium

hexafluoride has been produced. The technology of these processes has been

reviewed by Alfredson (1972); all could be technically suitable for a

commercial Australian plant.

In the wet processes, yellowcake is dissolved in nitric acid and uranium

purified by solvent extraction. The pure solution of uranium nitrate is

either treated with ammonia to precipitate uranium diuranate (process A),

which is filtered, dried and calcined into uranium trioxide (UO,) or it is

concentrated and thermally decomposed into U0_ (process B). The UO.. is then

reduced in both processes with hydrogen to uranium dioxide (U0?), which is

treated with hydrofluoric acid to form uranium tetrafluoride (UF.) and

finally with fluorine to produce pure UF .

In dry process C, yellowcake is treated initially to size the material,

make it suitable for fluidised bed operation, and possibly to remove some

contained sodium. It is then reduced with hydrogen to form U0_, converted

into UF with hydrofluoric acid, and reacted with fluorine to produce crude

UF , which is purified by fractional distillation.



Wet process A is used by COMURHEX at its Malvesi plant in France, and

was formerly used by the first plant in the UK to produce UF.. Wet process B

is used in the British Nuclear Fuels Ltd. plant at Springfields, UK, in the

Eldorado Nuclear Ltd. refinery at Port Hope, Ontario, Canada, and in the Kerr

McGee Nuclear Corporation plant at Sequoyah, Oklahoma, USA. Dry process C

is used in the Allied Chemical Corporation plant at Metropolis, Illinois, USA.

More information has been published on processes B and C than on process A.

Process B was the subject of an environmental impact statement for a

commercial plant (USNRC, 1975), and processes B and C have been reviewed in

generic impact studies (USEPA,1973; USAEC, 1974; ERDA, 1975). Improvements

to waste treatment in the dry process C have been reviewed by Sears et al.(1977).

Detailed assessments of the manufacture of uranium hexafluoride in Australia

have been carried out by the South Australian Enrichment Committee.

4.1 Wastes from Manufacture of Uranium Hexafluoride

The sources of wastes from wet process B and dry process C and their

treatment processes are illustrated in Figures 4 and 5 respectively. Quantities

of gaseous, liquid and solid wastes arising from these processes on a scale

of 5000 tonnes uranium per year, which is thought to be the minimum economic

production capacity, are listed in Table 1. Estimates of radiological wastes

are based on a yellowcake feed from an acid-leach, solvent extraction uranium

milling proc.ess.

The processes give rise to a range of gaseous wastes which can include

hydrofluoric acid vapour, fluorine, oxides of nitrogen, hydrogen sulphide,

ammonia and entrained solids, together with combustion products from

generation of process heat. Potential effluents are filtered and scrubbed

with caustic solutions before being released to atmosphere through a stack

of suitable height to achieve a dispersion which meets appropriate standards

of concentration at ground level.

Both wet and dry processes use substantial amounts of cooling water

which is evaporated and discharged. Other effluents from the wet process

(Figure 4) include :

nitrate solution waste from uranium purification by

solvent extraction, which contains most of the

radiological and mineralogical impurities entering

with the yellowcake;



dilute caustic solutions from recovery of nitric acid,

hydrogen fluoride and general treatment of off-gas streams; and

solid wastes, consisting mainly of calcium fluoride sludges,

resulting from treatment of off-gases, maintenance of fluorine

cells and some fluorination operations.

The liquid nitrate waste from solvent extraction, about 5 m^ per tonne

of uranium (USNRC, 1975), may contain dissolved solids, radium-226, thorium-230

and about 0.2 per cent of the uranium processed. This stream is neutralized

and the resultant slurry impounded in storage ponds. In one commercial wet

process, the sludge is allowed to settle and the supernatant liquid

discharged to a tidal river (Anderson, 1979).

The disposal of this impounded waste from the wet process has been

reviewed recently in the US (USNRC, 1975; ERDA, 1975). Possibilities

include evaporation of the liquid and shallow surface burial of the nitrate

sludge, or its transfer to a uranium mill retention system (ERDA, 1975). The

alternative wet process A also produces other nitrate waste solutions from

precipitation of ammonium diuranate.

Fluoride wastes from the wet process B are neutralised with lime and the

calcium fluoride sludge allowed to settle in an impoundment pond. The neutral

clarified waste is decanted, mixed with used cooling water and discharged to

local rivers. Fluoride sludges may be removed for shallow surface burial

(USNRC, 1975).

Most of the chemical solid waste from the dry process (Figure 5) occurs

as non-volatile ash containing iron, calcium, magnesium, copper and other

fluorides. This residue can amount to about 0.1 tonne per tonne of product

UFr (USAEC, 1974) ; it is reacted with fresh fluorine to recover uranium and
D

the final residue packaged and buried as low activity solid waste. Scrubber

solutions arising from treatment of the hydrofluorination off-gas stream are

treated similarly to those in the wet process, and discharged after dilution

with the cooling water stream. (Sears et al., 1977.)

Management schemes for liquid wastes from the production of uranium

hexafluoride largely depend on the location of the plant and options

available for the disposal of the waste, e.g. to a river, estuary or the

open sea. Liquid wastes arising from all of the processes could probably be

discharged without further treatment through a submarine pipeline into the

open sea where dilution and dispersion could be assured. All processes may

therefore be acceptable in Australia if the plant were located on an open

coastal site.



5. URANIUM ENRICHMENT

Light water reactors use uranium enriched to 2-4 per cent in uranium-235.

Commercial enrichment technologies CERDA, 1976) are based on either gaseous

diffusion or gas centrifugation of uranium isotopes in the form of UF, vapour.
b

The principles of commercial enrichment processes are shown in Figure 6.

In the diffusion process, gaseous UFg is compressed and passed over a

porous membrane. Molecules of UFfi containing the lighter isotope, uranium-235,

diffuse through the membrane more rapidly than those with the heavier

uranium-238 isotope; consequently, the UF passing the membrane has a

slightly greater proportion of molecules containing uranium-235. The degree

of enrichment for one membrane is very small and over a thousand successive

diffusion stages are necessary to raise the proportion of uranium-235 from

the naturally occurring level of 0.71 per cent to the 2-4 per cent required

in the product stream, and about 0.25 per cent in the depleted 'tails' stream.

In enrichment by gap centrifugation, molecules of UFr containing theo
heavier isotope uranium-238 migrate preferentially to the wall of a rapidly

rotating cylinder. There is a consequent enrichment in the lighter uranium-235

isotope in the gas near the tube axis. The separation factor is greater than

in the diffusion process, and the two streams removed from the tube axis and

wall require only tens of stages arranged in a cascade to produce the required

percentages of uranium-235 in the product and the reject tails. High

centrifugal stresses limit the size of the equipment and many parallel

cascades involving hundreds of thousands of centrifuges are required to

achieve the separative capacity of a commercial enrichment plant.

The separating capacity of enrichment plants is measured in separative

work units (SWU). A separative work unit is a measure of the effort expended

to separate a quantity of uranium of a given assay into two components, one

having a higher percentage of uranium-235 and one having a lower percentage

(USAEC, 1974). Separative work has units of mass and is generally expressed

in kilograms, but should not be confused with quantities of uranium processed.

Gaseous diffusion plants are being operated by the US Department of

Energy and by COGEMA in France, and have been highly successful for more

than 25 years. Gas centrifuge technology is bejng demonstrated in European

plants operated by URENCO-CENTEC, an organisation set up under a tripartite

agreement between the UK, the Federal Republic of Germany and the Netherlands.

US centrifuge technology is understood to involve a smaller number of large

centrifuges for a given output than required by European technology and has



been adopted for construction of new enrichment plant in the USA.

The minimum economic capacity for a gaseous diffusion plant is at least

6 million SWU per year, requiring an electrical power supply of about 1500 MWe.

By contrast, it is estimated that centrifuge technology is economic at plant

capacities as low as 1 million SWU/year, requiring a substantially lower

power input of about 25 MWe. The relative merits of the competing technologies

for an Australian plant ara being studied by the Uranium Enrichment Group of

Australia (UEGA).

5.1 Wastes from Uranium Enrichment

Table 2 contains estimates of wastes from the annual operation of a

gaseous diffusion and a gas centrifuge plant operated at minimum economic

separating capacities assumed to be 6 million and 1 million SWU per year

respectively. Gaseous wastes from supporting electrical generating stations

are also listed. The data have been based on US technology (ERDA, 1976;

ERDA, 1977) , and it should be noted that the data on solid wastes from the

gas centrifuge plant are unlikely to be representative of URENCO-CENTEC

technology, which is known to have a different approach to maintenance of

centrifuges. Wastes produced during fabrication of replacement gas

centrifuge rotors and manufacture of other components for maintenance are not

included in Table 2.

The primary source of environmental impact associated with the enrichment

of uranium by gaseous diffusion is the emission of particulates and oxides of

nitrogen and sulphur from the generation of electrical energy through fossil

fuel combustion. Enrichment plants themselves generate small quantities of

airborne fluorides and oxides of nitrogen and sulphur & liquid wastes from cooling

systems, process clean-up operations, on-site steam plant and auxiliary

production facilities. These may contain low concentrations of sulphate,

chloride, fluoride and nitrate, and metallic ions such as sodium, calcium,

chromium and iron. Uranium losses in the wastes are very low - typically

about 0.005 per cent of throughput. Effluents are disposed of by discharge

and dilution. Some sludges arising from clean-up operations are buried at

the site.

Both types of enrichment plant also produce tails of depleted uranium

hexafluoride. For tails containing 0.2% Uranium-235, either technology would

produce annually about 1500 tonnes of depleted UF for each million SWU

utilised. These tails are generally stored as UF- in cylinders although a

proportion is being converted for storage as UF.. In either case, the uranium



content of the tails is an energy resource which can be utilised in fast

breeder reactors, and the tails are not regarded as waste material.

6. LIGHT WATER REACTORS

Gaseous, liquid and solid wastes are all produced in light water

reactors (LWRs), of which there are two types : (a) boiling water reactors

(BWRs) in which the coolant is allowed to boil in the reactor core and the

steam is used directly to drive a turbo-generator, and returned to the

reactor after condensation; and (b) pressurised water reactors which have

an indirect steam cycle in which heat is generated in a secondary circuit

isolated from the reactor coolant.

6.1 Wastes from LWR Operation

Figure 7 contains estimates of LWR reactor wastes resulting from

generation of 1 GWe y of nuclear power, based on a ratio of PWRs to BWRs

of 2:1 and data from INFCE (1980) and OECD/NEA (1977).

Gaseous wastes include activation products of oxygen and nitrogen

dissolved or entrained in the coolant, together with noble gas fission

products from defective fuel elements. Treatment processes before discharge

through tall stacks to atmosphere include filtration to remove particulates,

decay storage to allow a proportion of the very short-lived radioactivity to

decay, and advanced techniques including removal of radioactive materials by

adsorption and cryogenic distillation.

Liquid wastes originate mainly from treatment processes for decontamination

of the primary coolant from fission products released from defective fuel

elements and from neutron-induced activation products released by corrosion of

the fuel cladding and reactor structural materials. The most common treatment

processes include filtration, ion exchange and evaporation for removal of

the majority of the radioactive materials before discharge of the liquid,

usually to a. marine environment.

The solid materials arising from reactor operation consist of the spent

fuel elements in which are generated more than 99.9% of all the radioactivity

in the nuclear fuel cycle, and wastes of lower radioactivity content

including filters, filter sludges and ion-exchange resins resulting from

treatment of liquid and gaseous reactor wastes.

Spent nuclear fuel elements may be reprocessed to recover and recycle

Plutonium and unused uranium, in which case the majority of radioactive

wastes will be converted into a stable, practically insoluble glass or

ceramic for disposal by burial in deep, stable geologic formations.

Alternatively, unreprocessed spent fuel may be encapsulated in corrosion

resistant cylinders for geologic burial.



Reactor sludges and resins may be incorporated into blocks of cement

or drums of bitumen and are being disposed of by shallow surface burial or

by dumping in the deep ocean under an international convention; in the

German Federal Republic, these wastes have been disposed of by burial in a

deep salt deposit.

7. RADIOLOGICAL DOSE COMMITMENTS FROM THE LWR FUEL CYCLE

Estimates of radiological dose commitments and health, effects for a

nuclear power and fuel cycle industry assumed to grow to about 500 GWe by

the year 2000 have been made for US conditions (USNRC, 1976). These estimates

include dose commitments to occupational workers in the nuclear industry and

to the US population at large.

Table 3 lists percentage estimates of radiological dose commitments

over a 25 year period deduced from the USNRC study. The majority of

radiological dose commitments were derived from uranium mining and milling

(55%), nuclear reactor operation (30%) and spent fuel transportation,

reprocessing and waste disposal (14%). The upgrading processes of uranium

hexafluoride and enrichment accounted for less than 1 per cent of the total

dose commitment from the fuel cycle, which itself was estimated to be a

small fraction of that due to natural background radiation.
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TABLE 1. ANNUAL EFFLUENTS FROM URANIUM HEXAFLUORIDE

PRODUCTION PLANTS - CAPACITY 5000 tU/YEAR

PROCESS TYPE DRY WET

Chemical Effluents tonnes/year

Gaseous & Particulate (to atmosphere)

SOx
NO
X

F

NH,
3

H.S
2
Hydrocarbons

Water

N2 + 02

Particulates

U natural

<x

98

1.2

1.4

26

10

2.4 x 105

n.a.

4

<125 kg

15

102 - 180

1.4
_

-

87

3.2 x 104

2.6 x 105

n.a.

55 kg

Liquid (discharged)

F

SOtj + S~

Na + K
+

C£~

Fe

U natural

Water

481

225

179

86

9

2

0.4

9.7 x 105

3

21

66

-

93

0.3

2.4 -

1.9 x

4.2

106

Liquid and Sludge (impounded)

Raffinate (m3) - 2.5 x 104

U natural - <8.6

Fluoride Sludges (impounded)

CaF2 800 300

U natural 0.2 0.05

Solids (burial) 600 6̂00

U natural 2.7 0.2



Table 1 (Cont'd.)

PROCESS TYPE DRY WET

U natural

23CLTh

226
Ra

222
Ra

U natural

230
Th

226
Ra

Radiological, GBq/year (mCi/ye? > "<

Gaseous ®r Particulate (.to atmosphere)

<3.3 (90)

40 MBq (1.1)

4 MBq (0.1)

560 (15.1 Ci)

Liquid (discharged)

11 (0.3 ci)

7 MBq (0.2)

140 MBq (3.8)

U natural

230.
Th

226
Ra

U natural

230.Th

226
Ra

U natural

230_
Th

226Ra

Similar to

dry process

320 (8.6 Ci)

<110 (3.0 Ci)

4 MBq (0.1)

37 MBq (1.0)

Sludges from U purification (impounded)

<100 (2.8 Ci)

VL.2 TBq (33 Ci)

V120 (3.3 Ci)

Fluoride Sludges (impounded)

5 (130)

1 MBq (0.03)

0.8 MBq (0.02)

Solid (burial)

70 (1.9 Ci)

VL.2 TBq (33 Ci)

V122 (3.3 Ci)

1 (35)

70 kBq (20 yCi)

4 (100)

very low

Thermal Effluent, kWh/year

to air 1.7 x 108

to water course 2.9 x 10^

1.4 x 108

5.5 x.

Basis of 0.2% of Ra-226 in ore enters with yellowcake.
Estimate ' 2.0% of Th-230 in ore enters with yellowcake.



TABLE 2. ANNUAL EFFLUENTS FROM ENRICHMENT PLANTS

(a)

(b)

ENRICHMENT PROCESS GAS CENTRIFUGATION

. capacity, SWU/year

Chemical

106

Effluents

GASEOUS DIFFUSION

6 x 106

Gaseous (to atmosphere) , tonnes/year

From Enrichment SO
r"lant and associated
steam plant NOx

CO

Particulates

Hydrocarbon

HF

Ethanol

U (kg)

From supporting SO
electrical power
station NO

Particulates

CO

Hydrocarbons

Aldehydes

18

60

1

9

1

0.06

1

2

1000

860

2200

22

1

<;L

108

360

7

56

4

2

-

12

6 x 104

5.2 x 104

1.4 x 105

1.3 x 103

570

13

Liquid Effluents (.Discharged) tonnes/year

Flow (m3 )

S°4~~
N03

CA

F~
P°4~"

Nitric acid

AMN03)3

Cr

Zn

U (kg)

TBP Solvent

Other organic materials

1.3 x 105

n.a.

14.8

n.a.

0.1

0.4

9.5

0.9

0.003

0.004

0.7

0.02

0.03

4.1 x 106

n.a.

21.5

1.2

0.3

2.8

21.1

1.1

0.2

0.05

4

0.04

0.1



Table 2 CCont'd.)

GAS CENTRIFUGATION GASEOUS DIFFUSION

Diffusion pump oil

Damping oil

Lubricating oil

Liquid Wastes (.reclamation or burial) , tonnes/year

0.4

1.9

2.8

n.a.

n.a.

n.a.

Steel

Aluminium

Iron

Brass

Other alloys

Plastics

Rotor material

Alumina

U

Solid Wastes (reclamation or burial), tonnes/year

150

102

0.4

1.8

5.2

0.8

240

29

0.2 0.2

43 m3

of
metal
scrap

234u +
 235u +

 238u

Radiological Wastes

Particulate (to atmosphere), GBq (mCi)/year

0.2 (5.4) 1.2 (32.4)

Liquid (discharged), MBq (mCi)/year

22 (0.6) 67 (1.8)

Solid (burial), GBq (mCi)/year

234u +
 235u +

 238u 4 (120) V3.8 (104)



TABLE 3. ESTIMATES OF THE PERCENTAGE OF TOTAL BODY DOSE

COMMITMENTS FROM STAGES OF THE NUCLEAR INDUSTRY

IN THE USA, 1975-2000

DOSE COMMITMENT, %

FUEL CYCLE
COMPONENT

Uranium mining

Milling

UFr productionb
Enrichment

Fuel fabrication

LWR operation

Irradiated fuel storage

Fuel reprocessing

Transporta tion

Waste management

OCCUPATIONAL NON-OCCUPATIONAL TOTAL
%

27.0

12.5

0.1

0.1

1.3

56.8

0.1

1.8

0.1

0.2

%

57.7

11.3

0.8

0.003

0.1

6.6

0.0003

23.4

< 0.1

0.0001

%

43.4

11.9

0.5

0.04

0.6

30.0

0.05

13.4

0.08

0.07

Industry total (US) 100.0 100.0 100.0

Basis : Reprocessing with uranium recycle

Note : The total dose from this fuel cycle is equal to
1.3 per cent of the total body dose commitment
received by the US population from natural
background ra6<Lation sources (USNRC 1976) .



LIGHT-WATER POWER REACTORS

FUEL
36-8 tU

357Tu.324.kg Pu
.SPENT FUEL

U02 FUEL
FABRICATION

ENERGY
1000 MWe y

LOW-ENRICHED
UF6

37-0 tU

REACTOR
STORAGE AND

ENCAPSULATION

SPENT FUEL
35-7tU,324kgPu

DEPLETED
TAILS

TO STORAGE

ENRICHMENT 167-6tU

NATURAL UF

204-61U FEDERAL WASTE REPOSITORY

CONVERSION
T O U F 6

U30g 1 205-4 tU

BASIS:
ORE GRADE 0-2%U

RECOVERY

95%
99-6%

URANIUM MINES
AND MILLS

MILL
UF6

ENRICHMENT
FABRICATION
REPROCESSING

100%
99-4%

99-5 (U)
RECONVERSION 99-0% (Pu)

ORE Hr 108.1001

FIGURE 1. 'ONCE THROUGH' LWR FUEL CYCLE



LIGHT-WATER POWER REACTORS

FUEL
36-8 tU

SPENT FUEL 35-7 tU. 324 kg Pu

DEPLETED
TAILS

158-9 TU
TO STORAGE

U02 FUEL
FABRICATION

ENERGY
1000 MWey

REPROCESSING

ENRICHED UF6 37-OtU

ENRICHMENT RECOVERED URANIUM
AS UF6

35-5 tU

NATURAL UF6 160-4 tU

CONVERSION
TO UF6

u3oa isitu

URANIUM MINES & MILLS

CREl|84,700t

PLUTONIUM TO
STORAGE
321kg

.UGH-LEVEL WASTES,
&TRANSURANIC WASTES,

FEDERAL WASTE REPOSITORY

F I G U R E 2 . L W R F U E L C Y C L E W I T H R E P R O C E S S I N G A N D
U R A N I U M R E C Y C L E



Ceramic
Grade

Natural
UO-

PROCESS A

Uranium ore
concentrate

HN03

Dissolution

PROCESS B

Uranium ore
concentrate

PROCESS C

HN03

Dissolution

r

Uranium
purification by

solvent extraction

i i

ADU
precipitation

|

Filtration

&

Drying

1

Calcination and
reduction to U02

'

Uranium
purification by

solvent extraction

|

Evaporation
toUNH

*
Thermal

deni (ration
toU03

f

Reduction
toUO,

*Hydrofluorination
toUF4

1
1

CaorMg
Reduction

*Fluorination
toUF0

\

Uranium
Metai

UF,,for"'U
Enrichment

Uranium ore
concentrate

*Feed
P'ppnntion

i r

Reduction
toU02

Hydrofluorination
toUF4

Fluorination
toUF0

UFojxiri
by fractional
distillation

T
UFe for 2"U
Enrichment

F I G U R E 3 . PROCESSES F O R P R O D U C T I O N O F N U C L E A R G R A D E

U R A N I U M M A T E R I A L S F R O M O R E C O N C E N T R A T E S



HNO,

SOLVENT

HEAT

HF

Y E L L O W C A K E

DIGESTION

EXTRACTION

CALCINATION

UO,

REDUCTION

UO,

HYDROFLUORI-
NATION

RAFFINATE

UF«
DIIUTE'HF
TO R E C O V E R Y

FLUORINATION

S O L I D W A S T F :
BURIED

ATMOSPHERE
I

SCRUBOUJG

HNOjRECOVERY

LIQUID WAS! E
T R E A T M E N T

IMPOUNDMENT

ATMOSPHERE

SCRUBBING 8,
TREATMENT

LIQUID W A S T E

COLD TRAP

UF6 PRODUCT

F I G U R E 4. S C H E M A T I C D I A G R A M OF WET PROCESS FOR

U R A N I U M H E X A F L U O R I D E P R O D U C T I O N



C
DUST 1 TQATMOSPHERE

:OLLLCTOR rDUST(u)

TO WATERSHED; No S0 f l=, NH/

DIS1 ILLATION
COLD TRAP)

TO ATMOSPHERE; H2 ,Nj,,
H 2 S,NH 3 ,DUST(U) _

TO WATERSHED ;K!S.=TRACE u
(THRU SETTLING POND)

SOLIDS TO U RECOVERY

TO ATMOSPHERE

TO WATERSHED; K. F^ TRACE IL
(THRU SETTLING POND)

SOLIDS TO U RECOVERY

TO WATERSHED;NH^, NO*SO A l -TRACE U

(THRU SETTLING POND)

CALCINER SOLID WASTE DISCHARGE

TO ATMOSPHERE;
FZ,F;DUST ( „>

TO WATERSHED; K .F .TRACE U
(THRU SETTLING PONDf

SOLIDS TO U RECOVERY

|UF 6

I CYLINDERS

F I G U R E 5 . S C H E M A T I C D I A G R A M OF H Y D R O F L U O R PROCESS FOR
U R A N I U M H E X A F L U O R I D E P R O D U C T I O N



LOW
PRESSURE

HIGH
PRESSURE

FEED
STREAM

ENRICHED
STREAM

9
e

?y*»&BARRIER
e* e DEPLETED

STREAM

LOW
PRESSURE

GASEOUS DIFFUSION STAGE

PRODUCT LINE

FEED LINE

TOP BEARING

MOTOR

WASTE LINE

VACUUM LINE

TOP SCOOP

BOTTOM SCOO.

BOTTOM BEARING

A COUNTER CURRENT CENTRIFUGE

FIGURE 6. ENRICHMENT PROCESSES



ATMOSPHERE

Noble gases IOOO-I9OO Ci
Tntium 7O— 17O Ci

FILTRATION / ION EXCHANGE

GASEOUS WASTES

LIQUID WASTES

Reactor Coolant Treatment
Laboratory Drains
Decontamination

Filtration/Ion Exchange

Tritium 7O-35OC1

Filters
Ion Exchange Resins

Sludges
Contaminated Tools Materials

SOLID
LEVEL

Reactor Control Rods

Compression, Incorporation
into Cement/Bitumen

7OOO Ci
23OO Drums (0.2m3)

19OOOOCi
1O Canisters (O 6m3)

Shielded!

Rivers. Estuaries Shallow Land Burial or Ocean Disposal

HIGH LEVEL

Spent Fuel Elements
BO(PWR)
193 (BWR)

STOP AGE i

Condition Repro'cess and
Vitrify Wastes

66-8OCanisters 3O Canisters

13MO (lOy)

Deep Geological Burial

F I G U R E 7 . A N N U A L WASTES PER 1000 MWc-y OF LWR N U C L E A R POWER


