ARNL/TM-8462

Dist. Category UC-70

Chemical Technology Division
NUCLEAR WASTE PRCGRAMS
(Activity No. AR 05 10

(Activity No. DB 04 04

(Activity No. AH 10 05

M85009456
ORNL/TM--8462
DEB5 009456

Project No. ONL-WIO1)
Project No. ONL-WIll)

Project No. ONL-WIL16)

05 K,
08 0,
(Activity No. AG 30 05 00 O, Project No. ONL-WILS)
00 0,
00 O,

(Activity No. AP 02 01

Project No. ONL-WI17)

FLOWSHEETS AND SOURCE TERMS FOR RADIOACTIVE WASTE PROJECTIONS

Compiler: C. W. Forsberg
W. L. Carter
C. W. Forsberg
A. H. Kibbey

Contributors:

Date Published: March 1985

Prepared by the
. Oak Ridge National Laboratory
. Oak Ridge, Tennessee 37831
operated by
Martin Marietta Energy Systems, Inc.
for the

U.S. DEPARTMENT OF ENERGY

under Contract No. DE-AC05-840R21400

WASTER

*Joaray) £ouads AU 10 JUANUTIA0L SAEIS PINUN)

Y1 JO 2504} 199YAI 10 E}s A(UESSIU J0U op iy possudxs sioging Jo suoindo pue
SMIA ], "Joaray) LousBe Aue 10 JUIWWINON SANBIG PINU[) Y} Aq Suuioaej 1o ‘vonepuIw

‘Yrewapen ‘aureu apen) AQ 014198 10 ‘ssa00sd “onpord [RIWWOS diads Aue 01 walay 2w

-13j3y SIyBu poumo Asreaud SJULIJUT 100 PNOM 35N S) 1B SHu9sAidar 10 ‘pasojostp ssaoaad
-isuodsasx 10 Aymiqer| reda) Lue sowmsse 1o ‘pardun 10 ssoidys ‘Sjueirem Aue sayew ‘sxakodurd
Iy Jo Aue 30U ‘Joalsq) Aouase AUE JOU JUIWUIIACH SIIBIG PAIUL) ) OGHAN WIWLIIACH
$NBIS paNuf] 2@ Jo Louase ur £q pasosuods yiom jo yumoooe ue se paredaid sem yrodas siyy

W00 JUIUIAsIOpu? 31 A[dun 1o 2IMNSUeS’ A[LIESSIC0U 10U SIOP ISLMIIYIO 10 ‘IAINdBJNUBL
10 “onpord ‘smyeredds ‘voremiofm Aue jo ssIunyasn 10 ‘sssuajajdwos ‘KeInaoe oy 10f Kipiq

JTNIVIOSIA

.
BISTRIBUTMN §F TMIS DOCTMENT (S UNLIMGED
[ e ad

b



114

CONTENTS

LIST OF FIGURES . e & e & & o o o o e & o e e o ¢ e & s e o

LIST OF TABLES . ¢« o e e o ® o o o 2 & s+ s o * e ¢ e @ e & o o o

ABSTRACT . ¢« e e = . a o 8 o e & 0 * s e . o e e o . & . e o

1.

INTRODUCT ION . e ¢ @& o e s e o " * e . e o o o *« & e o

1.1

-
W8N

RELATIONSHIP OF FLOWSHEETS TO COMMERCIAL NUCLEAR

POJER FUEL CYCLE . + « ¢ « & ¢ o o ¢ ¢« s o o o s & o o «
ADDITIONAL INFORMATION « - « « ¢ ¢ o o o o o o o o o o @
REFERENCE s L] L] a . L] L] L] L L] L] L] L L] . L[] L] - L] L) - L] ] .

URANIUM MINING AND MILLING . « ¢ o s & ¢ ¢ o ¢ ¢ o o v o o s

NN NNNDN
AUV SLN =

w&»wa !
W~

3.4

3.5

URANIUH ENRICHMENT L L] L] L] [ ] L] L L4 L] L »

4.1
4.2

SUMMARY . . . « . « « .
CONVENTIONAL MINES/MILLS
SOLUTION MINING . . . .
BY-PRODUCT RECOVERY . .
GENERAL DISCUSSION . . .
REFERENCES . . . . . .

CONVERS ION L] L] L) L) L] L] L] L] . . . ] L] L] L] L] L] L e . . . .
SUMMRY L] - - L L] L] L] . . . . . L ] L] » L] L] L] L] L] L] .
CHARACTERISTICS OF YELLOWCAKE . .

YELLOWCAKE CONVERSION BY THE FLUORINAIION/FRACTIONAIION
PROCE s s e L] L L] L] L] L4 L] * L] L] . . L] L] L) L L] L] L] L] . ]

3.3.1 1Introduction . . . . . .
3.3.2 Counversion Process . . .
3.3.3 wastes Generated e e e o o & o o 8 o o o o

3.3.4 WVastes Generated Per Metric Ton of Uranium .
SOLVENT EXTRACTION-FLUORINATION PRODUCTION OF UFg .
3.4.1 Introduction . « « + &+ o ¢ s ¢ o s o 8 o«
3.4.2 Plant Process Flowsheet . ¢ . « « ¢ « « &

3.4.3 Special Waste Problems . . . . . + . « &

3.4.4 Vaste Generation . « « . ¢ o ¢ o o o o o

3.4.4.1 Radwaste composition .
3.4.4.2 Volume of solid wastes generated
3.4.4.3 Current practice . . . . . . . .
3.4.5 Recommended Flowsheets . . . . . « « « .
REFERENCES « ¢ « ¢ o o o o o s ¢ s o o o s o o o

SUMMARY . ¢ ¢ ¢ ¢ « » ¢ o o o s o =
GASEOUS DIFFUSION FACILITIES . . . .
4.2.1 The Gaseous Diffusion Process
/,+2.2 BRadioactive Waste Generation by Gaseous
Diffusion.....-..............
4.2.3 Gaseous Diffusion Radiocactive Waste Disposal . .

Wwn

[
ONN~N~UMn

11
11
11

18
18
18
21
26
26
26
27
27
37
37
39
39
39
41

43

46
46

47
50



iv

Page
4.3 GAS CENTRIFUGE PFACILITIES . . « ¢ & « o o ¢ o o s o o « 54
4.3.1 Gas Centrifuge Process « . « « o« o o o ¢ s o o » 54

4.3.2 WVaste Generation and Treatment 1n a Gas
Centrifuge Plant . « ¢ o ¢ o+ o ¢ s o o« o s s o » 56
4.3.3 Gas Centrifuge Waste Dispcsal . « ¢« & ¢« « o o« + & 59
4.4 REFERENCES . ¢ ¢ & 4+ o o o o o 2 o o o« o o o s o s ¢ o « 65
FRESH-FUEL FABRICATION . « « ¢ ¢ &+ o o s o s s s o o s s « @ 67
5«1 SUMMARY . & 4 o &+ ¢ o 2 o o o o s o s s o o s o s . 67
5.2 PROCESS DESCRIPTION =« « ¢ « ¢ o o ¢ o o o o « o » o o« & 69
5.2.1 Conversion . . . « « « « . e s e e 4 s » . 69
5.2.2 Calcination « « « o« « o « ¢ ¢ o o o o o « . 69
5.2.3 Pellet Preparation . « o o ¢ « o o o ¢ o s o o @ 69
5.2.4 Fuel Rod and Fuel Assembly Fabricatiom . . .. 69
5.3 WASTE STREAMS . . + « o« o s o« « o o o o o & . o« o 71
5.3.1 LIM Trash . « ¢ o « o o« o s 2 s o s ¢ o o s o o o 71
5.3.2 Lagoon Waste « « « ¢ o « o « o o o & e e o e e 74
5.3.3 Nitrate Waste « « « « ¢ o 2 o o s 2 o s o o s o = 74
5.3.4 Water ReleaBe + « « o ¢ o 5 o o o o« o o o o o o o 74
5.3.5 LI¥W Ash . . « « « . . e o o e e e e & e s e 75
5.3.6 Gaseous Discharge . .« . « . . « « « ¢+ « . & .« 75
5.4 REFERENCES . ¢ ¢ ¢ « ¢ ¢ o s ¢ e s s o o s s s o ¢ o ¢ o 75
POWER REACTOR OPERATIONS . . . « .« « . « e e s e e . 77
6.1 SUMMARY ¢ ¢ ¢ ¢ o o o ¢ o 5 o a o s o a o ¢ o o o o ¢ 77
6.2 PRESSURLZED-WATER REACTORS « + « s o « o o o o a o s o @ 80
6.3 BOILING-WATER REACTORS . . - ¢« « &« o« « o & « . . 80
6.4 REFERENCES o ¢ ¢ o o o ¢ o o ¢ o o o o o o o« s s ¢ o o 81
REPROCESSING . & ¢ 4 ¢ o« 2 o o o o o o s o o o o o o o o o @ 83
7.1 SUMMARY + « ¢ « o ¢ o & o o o« @ e e e e c s s e 83
7.2 SOURCES OF WASTE CHARACTERIZATION DATA e v . e o . 86
7.3 WASTE STREAM VOLUMES AND DESCRIPTIONS . . . . . . . 87
7.3.1 Gageous Effluent . « + « ¢ ¢ ¢ « o & & e o+ e 87
7.3.2 Solidiffed HIN . . « ¢« « « ¢ « « & .« o e . 89
7.3.3 TRU So0l1dS .+ « « o « ¢ o o o o o o s o o o o o« 89
7.3.4 LIW So0lids « « ¢ o o ¢ o o o o o o o o o o o o 90
7.3.5 Hulls/Hardware/Fuel Residue . . . . . . « « + « . 90
7.3.6 Stored Krypton . . « ¢ « s o o o o o« o o o ¢ o & 90
7.3.7 Fixed Iodine . « « » ¢ o o s = o o « o o o o o & 90
7.3.8 Fixed Carbon~14 . . ¢« ¢« « ¢+ ¢+ o « . « o s e e o 90

7.4 LITERATURE SURVEY OF ELEMENT DISTRIBUTION IN

WASTE STREAMS . ¢ ¢ ¢ ¢ o o ¢ o o o o o o o o o » o o o 91
7.4.1 Solidified HIN .« ¢ + ¢ ¢ o o ¢ o o o o o o o o 91
7.4.2 Hulls/Hardware/Fuel Residue « « « « o o« o o « « & 96
7:.4.3 TRU S01ids .+ + « o = o o 5 o o o 5o ¢ s o s o o o 96
7-4.4 LIN Solids .+ ¢ ¢ o ¢ o o 5 o o s s o o o o s o 96
7.4.5 Fixed Todine . « ¢ ¢ ¢ o & o ¢ o o o o o o s o = 96
7.4.6 Stored Krypton « « « « o ¢ s s » s = ¢ o s & o« @ 96
7.4.7 Atmospheric Release « « « « o« ¢ ¢ o o o « o o o & 97



v Ui

7.4.8 Recovered Uranium . « « « ¢ o« o« o o o« o &
7.4.9 Plutonjum Product . . « o+ ¢ o ¢ o ¢ o o &
7 L) 5 REFERENCES L] . L] * L . [ ] [ ] . L L] L] L] L ] L . L] . L ]

NON-FUEL-CYCLE LOW-LEVEL WASTES . . . . « « « « « « &
8.1 SUMMARY .+ ¢ & o+ ¢ o o o o o ¢ s o o s s s o o o
8.2 INSTITUTIONAL WASTE . . . . s e 4 e 0 0 e s
8.3 NON-FUEL—CYCLE INDUSTRIAL WASTE P
8.4 DOE/DEFENSE WASTE . . . .« ¢ ¢ o o o o o o « & &
8.5 REPERENCES . « + « ¢ ¢ ¢ o o o ¢ o = o 2 ¢ o o &
DECONTAMINATION AND DECOMMISSIONING OF POWER REACTORS
AND ASSOCIATED FUEL CYCLE FACILITIES . . . . . . . .
9.1 SUMMARY . «. ¢ ¢ ¢ ¢ ¢ o o o o o o o ¢ o o o o o

9.2 DECOMMISSIONING OF URANIUM CONVERSION, FUEL FABRICATION,

AND REPROCESSING FACILITIES « ¢ o o o s o « o &
9.3 DECOMMISSIONING OF URANIUM ENRICHMENT FACILITIES
9.3.1 Introduction . . « « o o ¢ o o o o o o &
9.3.2 Gaseous Diffusion Decommissioning Wastes
9.3.3 Gas Centrifuge Deconmissioning Wastes . .
9.4 POJER REACTOR DECOMMISSIONING .+ ¢ « ¢ o = o+ « &
9.5 REFERENCES . « « ¢ o o« « o « o o o o o = o o o &

99

102
102
103
107

109
109

114
114
114
115
118
118
131



Pigure

2.1

3.1

3.2

3.3

3.4

3.5

3.6

3'7

4.1

4.3

4.4

5.1

5.2

5.3

6.1

6.2

vii

LIST OF FIGURES

2

Average uranium mill tailings source terms used for
projections (1983—2020) . . . + « ¢ & o ¢ ¢ s ¢ 4 o o

Flowsheet for a direct fluorination/fractionation
process for conversion of yellowcake to UFg . . . . . .

Flowsheet for a solvent extraction—fluorination UFg
conversion facility . . . ¢ o ¢« ¢ o ¢ ¢ ¢« ¢ o 4 0 e 4 e

UFg production via direct fluorinatiom . . . . . « . .

UFg production via direct fluorination — process
f lowsheet . . . . L4 L] - L . L] . . - . . . . L . - L4 . A4

Simplified flowsheet of solvent extraction-fluorination
UFg conversion facility . . . . « <« « « o o ¢ o o o .

UFg production via solvent extraction-fluorination —
process flowsheet . . . ¢ . &+ ¢ ¢« ¢« s & ¢ & a &+ o = & &

Molten—salt incineration of ammonium nitrate waste
from a UFg solvent extraction-fluorination facility . .

Principal waste and product streams from a gaseous
diffusion uranium enrichment plant . . . . . . . « . .

Principal waste and product streams from a gas
centrifuge uranium enrichment plant . . . . « . . . . .

Radioactive waste flows at a guseous diffusion plant .

Radioactive waste flows for a gas centrifuge uranium
enrichment plant . ¢ & ¢ &« o & o o o o o s« s s o s o &

Principal waste and product streams from a fresh
fuel fabrication facility . . « ¢ « ¢ ¢ ¢ ¢ o ¢ &« o o =

Fuel fabrication by the conventional powder-pellet
process . - - . * L] L] L ] . L ] - L] . . . . L4 L] . L] . - L] .

Steps in the fabrication of fuel for light-water
TEACLOLSB =« & + o o o o o o s s o s o o o s o s o o s a

Flow diagram for normal operation of a pressurized-
water reactor power plant . . . . ¢ ¢ ¢ o ¢ o ¢ o o o

Flow diagram of normal operation of a bolling-water
reactor nuclear power plant « . ¢ o« « » ¢ o o o o ¢ o

12

13

19

20

28

29

35

44

45

48

57

68

70

72

78

79



Figure
7.1

8.1

9.1

9.2

viig

Volumes of designed waste releases from an INR fuel

l‘epl’ocessins facility ® o ¢ o v o 8 e o 0 & o+ e o e

Industrial and institutional wastes . « ¢« ¢ + o o o o

Pressurized-water reactor decommissioning wastes per
1 me Capacity L . [ L [ . . [ [ L] ) . . [ [ L] L] L] .

Boiling-water reactor decommissioning wastes per
1 Mie capacity « o v ¢ ¢ s o o s s 4 6 6 e o 0 s e s

84

100

111

112



ix

LIST OF TABLES

Table Page
1.1 Representative fuel cycle requirements for power

TEACLOYB « « o o+ 4+ o o o o s o o o s o s s o o o o s o 3
2.1 Fractions of elements in uranium ore that report to

mine/mill plant waste and product streams . . « « « . & 6
2.2 Information used in source term developmert . . « . . . 9
3.1 Fractional distribution of elements in plant waste

and product streams for a direct-fluorination UFg

conversion plant . « ¢ ¢ + ¢ ¢ 4 e s o ¢ s 8 e e e e o 12
3.2 Fractional distribution of elements in plant waste

and product streams for a solvent extraction-

fluorination UFg conversion plant . « « & ¢ ¢ ¢ o o o & 13
3.3 Chemical composition of yellowcake feed to the model

IJFG Conversion plant « o . 0 * & 8 & & & 5 2 o 0 e . 1.4
3.4 Assumptions used in calculating feed to the model

yellowcake-to-UFg conversion plant . « + ¢ « &+ « « o ¢« & 15
3.5 Radionuclide analysis of yellowcake .« « &« « &« &+ « & .+ & 17
3.6 Airborne chemical wastes from a model 10,000-t/year

fluorination/fractionation UFg plant « « +» « + + « o + & 22
3.7 Liquid chemical waste releases from the model

10,000~t/year fluorination/fractionatiom UFg plant . . . 22
3.8 Airborne radwaste releases from the model 10,000-t/year

fluorination/fractionation UFg plant « « + « « ¢« + « o & 23
3.9 Liquid radwaste releases from model 10,000-t/year

fluorination/fractionation UFg plant . « « « « « & « « & 24
3.10 Solid wastes generated by the model 10,000-t/year

fluorination/fractionation UFg plant « . « « . « « « « & 25
3.11 Chemical composition of solvent extraction waste

StTeamB =« . &« o « o ¢ o o » o & ¢ o 5 o s & o o o o o o 31
3.12 Waste solids from solvent extraction/fluorination

raffinate precipitation with ammonfa . . . . . « . . . . 32
3.13 Solids from solvent extraction/fluorination raffinate

precipitation with calcium hydroxide . . « « « « . .« ¢ & 34



Table

3.14

3.15

3.16

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Waste process streams for waste raffinate disposal by
molten—salt incineration at a solvent extraction/
fluorination facility .« ¢ o ¢ ¢ « o o ¢ o s o s & o o

Radionuclide balance of process streams for a solvent
extraction/fluorination facility . . . « ¢« ¢ ¢ o« & o+ &

Estimates of solid wastes produced by solvent
extraction/fluorination plant .« . « « ¢ o ¢ « o« ¢ o o

Practional distribution of
in exit process streams of
enrichment plant . « . . .

Fractional distribution of

uranium and other elements
a gaseous diffusion uranium

uranium and other elements

in exit process streams of a gas centrifuge uranium
enrichmentplant..................o

Waste from gaseous diffusion plant maintenance
facilities L L] . L] L] L] - L] L] L] L] . L] e L] . L] L] - [ L] L

Waste streams from uranium recovery operations at a
gaseous diffusion plant . . + ¢ ¢« ¢ ¢ ¢ s ¢ ¢ ¢ s . o

Holding pond material balance for Portsmouth Gaseous
Diffusion Plant =« o ¢ o ¢ o o o o o ¢ o o o s o o o o

Gaseous diffusion plant holding pond sludge
compos i t ion L] L d L] L] . L] e - - L] - . -+ L L - - L d L] L] L4

Analysis of gaseous diffusion plant holding pond
eff luent L] L] L] . . L] [ ] L] . [ . L] L] L] L] L] e L] L] L] [ ] L] L]

Estimated maximum annual releases of gaseous radioactive

wastes ot a gaseous diffusion plant . « « ¢« ¢ « & o &

Annual so0lid radwaste production at Portsmouth Gaseous
Diffus 1°n Plant . . . . . ] L] » L] . . L . L] [ L] . L] .
Estimated annual solid waste production by maintenance
operations for a gas centrifuge uranium enrichment
plant L] L] . . L] . ® . * L] . L) L] L] L] L] - L L[] L] * L[] L] .
Effluents from gas centrifuge enrichment plant uranium
recovery facllity .« o ¢ o ¢ o o ¢ o o ¢ o o 0 o 4 o
Liquid streams received by and discharged from the
primary holding pond of a gas centrifuge uranium
enrichment plant L L] L] L] L] L) L] L] L] L] L] L] L] L] a L] L] L] L]

36

38

40

44

45

49

51

51

52

53

53

55

58

60

61



Table

4. 13

4.14

4.15

5.1

5.2

6.1

6.2

7.1

7.2

7.3

8.1

8.2

8.3

8.4

9.1

9.2

9.3

x1i

Estimated annual radiochemical releases from the primary
holding pond of a gas centrifuge enrichment plant . . .

Estimated annual radiochemical releases to the
atmosphere from a gas centrifuge enrichment plant . . .

Solid wastes sent to burial ground from a gas centrifuge
uranium enrichment plant « . « « « o ¢ & o ¢ ¢ o s « o &

Fractionation of uranium isotopes in feed among fuel
fabrication plant wastes and products . o« o+ ¢ « « &+ o &

Items generally found in solid LIW at a fuel fabrication
p 1ant L] L] L] » . L] L4 L] L] L] [ * L] L ] L] L) L] L] L] . L] * L[] . L]

Fractional distribution of elements among waste streams
of a pressurized-water reactor power plant « « « + o &

Fractional distribution of elements among waste streams
of a boiling-water reactor power plant . « « « « « &+ o &

Mass fractions of elements in irradiated fuel that
report to reprocessing plant waste and product streams .

Data on waste stream unpackaged volumes .« « « « « . . .
Fractional distribution (mass fractions) of elements
initially present in irradiated fuel among waste and

product streams of a fuel reprocessing plant . . . . . .

Repregsentative values for nuclide concentrations in
waste at commercial burial grounds . « « +« ¢« ¢ o 4 . . W

Average annual volumes of LIW buried at DOE/defense

sites e s ® o & o « o « ® @ . e e e e o o o o ® ® o e o

Average annual radioactivity for LLW buried at
DOE/defense s8it@8 « « 2 o + o o o o ¢ o s o ¢ o ¢ o o

Representative radionuclide composition for DOE/defense
WaSLtEB ¢ o o ¢ ¢ o ¢ o & o 8 o 6 & 8 s e+t e v e 8 s e »

Wastes from decommissioning fuel cycle facilities . . .

Typical volumes of operating and decommissioning
wastes for nuclear facilities . . + « ¢« ¢ o o o o o « &

Radioactive decommissioning wastes from a gaseous
diffusion plant . L] L] L] . L L] L] . L L] L] L[] L] L] L] * - L) L]

62

64

68

73

78

79

85

88

92

101

104

105

106

110

113

116



xii

Table Page
9.4 Radioactive wastes from decommissioning a gas
centrifuge plant ¢« « « ¢ o« o+ ¢ o s o 2 o o o 6 6 6 6 o & 119
9.5 Burial volume and radiocactivity (at time of shutdown)

of wastes from decommissioning a 1175-MWe PWR . . . . . 121

9.6 Burial volume and radiocactivity (at time of shutdown)
of wastes from decommissioning a 1155~MWe BWR . . . . . 124

9.7 Reference waste compositions at time of shutdown for
decommisgioning @ PHR . . ¢ & ¢ &+ 4 o o « o o s o o s & 128

9.8 Reference waste compositions at time of shutdown for
decommigsioning @8 BWR . . ¢ ¢ « ¢« ¢ ¢ o ¢« o o o o o o & 129



FLOWSHEETS AND SOURCE TERMS FOR RADIOACTIVE WASTE PROJECTIONS

W. L. Carter, C. W. Forsberg, and A. H. Kibbey

ABSTRACT

Flowsheets and source terms used to generate radioactive
waste projections in the Integrated Data Base (IDB) Program
are given. Volumes of each waste type generated per unit
product throughput have been determined for the following
facilities: wuranium mining, UFg conversion, uranium enrich-
ment, fuel fabrication, boiling-water reactors (BWRs),
presgurized-water reactors (PWRs), and fuel reprocessing.
Source terms for DOE/defense wastes have been developed.
Expected wastes from typical decommissioning operations for
each facility type have been determined. All wastes are also
characterized by isotopic composition at time of genmera!..n
and by general chemical composition.

1. INTRODUCTION

The Integrated Data Base (IDB) Program at Oak Ridge National
Laboratory (ORNL) produces for the U.S. Department of Energy (DOE) the
officilal inventories and projections of radioactive waste and spent fuel
for the United States. These inventories and projections include both
commercial and government operations. Projections are made through the

year 2020. A summary report entitled Spent Fuel and Radioactive Waste

Inventories, Projections, and Characteristicsl! is produced annually.

To produce such information requires two types of engineering
input: source terms and flowsheets. These inputs are described herein
as part of the documentation of the IDB Program and because such infor-
mation is usable by other programs and activities.

Many historical inventories are incomplete. In such cases, best
estimates of the missing information are made to provide current waste
inventories. Typically, the volumes of wastes are known, but the
radioisotopic compositions are unknown. Source terms describing such

wastes in curies per unit volume and the isotopic breakdown of a curie



by isotope have been developed for a varlety of such wastes. The sgource
terms shown herein are based on engineering calculations, limited
experimental data, and/or engineering judgment. Documeantation is
provided on how the numbers were obtained.

For projection purposes, the amounts and characteristics of waste
produced per unit throughput of product at each type of nuclear facility
are required. These are provided herein for all major commercial power
reactor fuel cycle operations, for several types of power reactors, for
several types of hospital and industrial facilities, and for government
operations. When possible, waste estimates are based on industrial
experience.

Each of the following chapters discusses a different fuel cycle
operation or waste type. The level of detail varies significantly. If
good information was available from other referenceable sources, the
chapter includes only a brief summary of the available data and
appropriate references. If existing reference sources were out of date
or inadequate, the chapter describes in detail how the various source
terms and flowsheets were derived.

Each chapter in this repoft is designed to stand alone, with its
own figures, tables, and references. This is a working document for
IDB, hence, it is organized té allow for ease of updating. 1In each
chapter, there is a section that summarizes the data and identifies
clearly the assumptions, source terms, and flowsheets used and recom-
mended by IDB for its inventory and projection work. In some chapters,
source terms and flowsheets from various contributors and organizations

are shown and compared.

1.1 RELATIONSHIP OF FLOWSHEETS TO COMMERCIAL NUCLEAR POWER FUEL CYCLE

The flowsheets herein describe the waste produced by each nuclear
fuel cycle facility on the basis of a unit feed input or product output
from that facility. For example, Chapter 5 on fuel fabrication gives
the waste produced per metric ton of uranium feed to fuel fabrication.
Wastes are not given on a per reactor or per unit of electricity basis
because the amount of fuel fabrication required depends upon reactor

type and utility operating procedures. When detailed waste projections



Table 1l.1. Representative fuel cycle requirements
for power reactors

Requirements PWR BWR
Reactor capacity factor 0.65 0.65
Facility lifetime (year) 40 40
Uranfum mill demand (MTIHM/GWe-year) 193.14 215.98
Uranium conversion demand (MTIHM/GWe-year) 180.6 201.9
Enrichment demand (SWU/GWe-year) 145,000 149,000
Fuel enrichment (Z U-235) 3.20 2.70
Tails assay (% U-235) 0.20 0.20
Uranium fabrication demand (MTIHM/GWe-year) 31.0 41.6

are made, these factors are accounted for. Table 1.1 provides represen-
tative fuel cycle requirements for PWRs and BWRs. With (1) these
requirements, (2) the enclosed flowsheets, and (3) a projection of power
reactors, simplified waste projections of the commercial nuclear fuel
cycle can be made.

1.2 ADDITIONAL INFORMATION

Additional information on IDB inventory and projection reports,

computer codes, source terms, and flowsheets may be obtained from:

J. A. Klein, IDB Program Manager
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831
Phone: (615) 574-6823

. (FTS) 624-6823

1.3 REFERENCES

1. U.S. Department of Energy, Spent Fuel and Radioactive Waste
Inventories, Projections, and Characteristics, DOE/RW-0006
(September 1984).




2, URANIUM MINING AND MILLING
A. H. Kibbey

2.1 SUMMARY

The residues that remain after UBOB is extracted from uranium ore
are large-volume, low-activity wastes. The IDB attempts to predict the
annual generation rates and accumulations of these mill tailings through
the year 2020. Forecasts of domestic uranium requirements in the "most
likely" case (forecast in 1982)1 are used as the basis for calculating
the mining/milling source term used in the IDB projections.

In the IDB, the DOE Energy Information Administration (EIA) nuclear
power projections (mid-case) together with a 2:1 ratio for PWR:BWR with
initial fuel enrichments of 3.2 and 2.7%, respectively,2 are used to
determine future fuel demand [i.e., the amount of U308 (yellowcake) that
will be needed]. This, in turn, makes possible an estimate of the
amount of tailings that will be generated for a given ore assay and
U-recovery factor.3—6 Allowance 1s made for any USOS produced by solu-
tion mining and as by-product from vanadium, copper, and phosphoric acid
manufacture,4_6 since these industries do not generate new tailings.

The radionuclide distribution in mill tailings is based on the
present-day fraction (0.00715) of 235y in natural uranium. One metric
ton (t) of uranium, as it exists today, is assumed to be the remains of
0.365 t of 235U and 1.850 t of 238y that were initially present when the
earth was "born” four billion years ago. This relationship between past
and present is derived using the radioactive decay equation, A = Aoe’xt,
for both 235y and 238U, where A is the current amount, A, is the initial
amount, A 1is the half-life of the isotope, and T is elapsed time. By
using ORIGENZ7 to calculate decay of the initial amounts of 235y and
238y for 4 x 10° years, the present abundance of decay daughters in
uranium ore can be ascertained. For a summary of the conditions that
comprise the IDB mill tailings source term, see Fig. 2.1 and Table 2.l1.
All fuel demands are assumed to be filled solely by domestic production
facilities.
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URANIUM ORE 1.0 (MTIHM) URANIUM PRODUCT TAILINGS
ORE GRADE: 0.135wt % U30g {YELLOWCAKE}
6.834 E+2 m3 PER
CLEACH ISOTOPE)/MTIHM MTIHM
URANIUM SERIES: 3,309 €-1

uU-238 Th-230 Pb-214
Th-234 Re-226 Bi-214
Ps -234m Rn-222 Po-214
U-234 Po-218 Pb-210

Bi-210  Po-210

MINEMILL
ACTINIUM SERIES: 184E-2 > COMPLEX > ATMOSPHERIC
U-235 Ac~227 An-210 U30g RECOVERY RELEASES
Th-231  Th-227  Po-215 =93.1%

Pe -231 Re-223 Pb-211
Bi-211 T1-207

Fig. 2.1. Average uranium mill tailings source terms used for
projections (1983-2020).

Table 2.1. Fractions of elements in uranium ore that report
to mine/mill plant waste and product streams

Waste streams Product streama’b
Atmospheric Uranium
Elemant Tailings® releases (yellowcake)
Uranium 6.800E~2 1.0E-3 9.310E-1
Proctactinium 1.000E+0 0.0E+0 0.000E+0
Thorium 9.923E-1 8.0E-6 7.692E-3
Actinjium 1.000E+0 0.0E+0 0.000E+0
Radon 9.000E-1 1.0E-1 0.000E+0
Other 9.994E-1 6.0E-7 5.994E-4

qIncludes yellowcake from solution mining and by-product U 0g-
Conventional mines/mills represent 75.7% of total production.
CAgsume density = 1.6 t/m3.



2.2 CONVENTIONAL MINES/MILLS

Conventional underground and open-pit mine/mill complexes provide
~75-80% of all domestic 0308 production. In general, the ores from
open-pit mines are of lower grade than those obtained from underground
mines (1.e., 0.1 vs8 ~0.15 wt % Usoe, respectively), but open—-pit mines
produce 52% of the uranium, while underground mines produce 482.8 The
ore assay and uranium recovery factors, which average ~93-94%, determine
the amount of tailings generated. A density of 1.6 t/m3 18 assumed for
the tailings.

2.3 SNLUTION MINING

Solution mining (also called in situ mining) recovers U,0, from
relatively low-grade ores (<0.1 to 0.105 wt 2 Usoe) by pumping acid or
alkaline leach solution through the ore body and processing the uranium-
laden solution in aboveground facilities. This mining method is
attractive because it does not produce mill tailings. While uranium
production by conventional methods has decreased significantly, solution
mining production has remained relatively steady. In 1979 solution
mining accounted for only 6—8% of the uranium produced,9 but currently
it represents ~11%. Potentially, as much as 162 of the total
U308 production in the United States could be done by solution mining.3

2.4 BY-PRODUCT RECOVERY

Recovery of 0308 as a by-product of the wvanadium, copper, and
phosphoric acid industries has remained essentially constant in recent
yeara.4-6 With the decrease in conventional U308 production, the by;_6
product U,0, increazed from ~5% of the total production in 1980-1981
to over 97 in 1982.
of the total U30B produced domeatically.2

In the future it could represent as much as 10.52

2.5 GENERAL DISCUSSION

The uranium industry has been depressed since 1981 due to greater
foreign competition and to deferments and cancellations in nuclear power

plant construction. However, several new plants are expected to come



on-line in the late 19808 and early 1990s, which will cause a peak in
uranium production capacity in about 1990.3 After 1990 the decom—
missioning of some older plants will begin, and unless nuclear energy is
again accepted as a viable energy alternative, a continuing decline in
uranium production can be expected. In this discussion, the impact of
foreign imports (or exports) on U308 production has not been considered.
The detailed background information dercribed in Sects. 2.2-2.4
is presented in Table 2.2.



Table 2.2. Information used in source term development

Average U30g product (% of total)
Average U30g Total U30g Tailings
ore grade recovery Conventional Solution mining production? generate
Year's (U30g) ¢9) mining plus by-product (103 t) (mslHTIHH)
1983-1990¢ 0.120 9% .4 80.5 19.5 127.28 523.2
199L—2010d 0.179 93.1 73.2 26.8 510.11 323.2
" d
2011-2020 0.105 92.8 77.4 22.6 379.66 584.9

%Baged on the "most likely"” uranium demand forecast in 1982 (see Ref. 1).

bAssume density = 1.6 t/m3; MIIHM (metric tons of initial heavy metal) includes by-produ~t and
solution mining uranium.

“Used average of 1980-1982 values given in Refs. 4—6.

dAdapted from data given in Ref. 3.
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3. UFg CONVERSION
C. W. Forsberg

3.1 SUMMARY

Yellowcake received from uranium mine/mill facilities must be
purified and converted to UFg before undergoing uranium enrichment
operations. Two different processes are used. The fluorination/
fractionation process converts yellowcake to UFg and purifies the UFg
by distillation.l The solvent extraction—fluorination process purifies
the uranium and then converts it to UF6.2 The second process can also
produce purified uranium nitrate or oxide suitable for fuel fabrication.
There are currently two commercial conversion facilities in the United
States — one of each type. Figures 3.1 and 3.2 illustrate waste and
product flows for these two processes, while Tables 3.1 and 3.2 give
typical compositions of wasta and product streamgs for the two processes.
The fluorination/fractionation process produces well-defined waste
streams, but the solvent extraction-fluorination process waste streams
are less defined (see Sect. 3.4).

3.2 CHARACTERISTICS OF YELLOWCAKE

The raw uranium concentrate from the uranium mills is called
yellowcake. Originally yellowcake referred to a U30g concentrate pro-
duced by many mills; however, today the term is generically used to
refer to any uranium concentrate shipped from the mills. The chemical
compositions of these concentrates vary depending upon mill type, ore
type, and ore grade. Table 3.3 shows the typical chemical composition
of feed to a UFg conversion plant, while Table 3.4 lists the assumptions
used to generate the table. Table 3.5 shows the typical radionuclide
analysis of the feed to the UFg conversion plants.

A series of detailed studies on UFg conversion plantsl>2 used
yellowcake source terms which had relatively high concentrations of
thorium and radium. Because of recent changes in uranium mill opera-
tions, types of ore mined and sources of ore, current yellowcake has

lower levels of radionuclide impurities. Both old and new source terms
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ORNL DWG B3-490R

UFg ATMOSPHERIC
PRODUCT B RELEASE
WATER
RELEASE
YELLOWCAKE DIRECT LLW-RADIOACTIVE ASH
FLUORINATION -
ISOTOPE Ci/MTIHM Rl (0.0457 m3/ MTIHM)
u-238 3.309 x 10™! 6
Th-234 3.309 x 10~7 [~p{ CONVERSION [ g,
Pa-234M 3.309 x 10" PLANT
U-234 3.309 x 10~} LLW-VANADIUM
Th-230 2.80:!9;3 o STILL PRODUCT
Ra-22e Zox i e (0.00152 m3/MTIHM)
Po-216 2.0 x 10~¢
Pb-214 2.0 x 10~4
Bi-214 2.0x 1«._-: | o CHEMICAL WASTES
oaay 20k 052 (0.00633 m3/ MTIHM)
Th-231 1.54 x 10-2
FLUORIDE
—
SETTLING PONDS
(0.0617 m3/ MTIHM)
Fig. 3.1. Flowsheet for a direct fluorination/fractionation

process for conversion of yellowcake to UFg.

Table 3.1. Fractional distribution of elements in plant waste and product streams
for a direct-fluorination UFg conversion plant
Waste streams
Product streanm
Vanadium Fluoride ——m———r—
Atmospheric Water Radioactive atill Chemical gettling Uraniun
Blement releages releases ash product waste pond (UFg)
Uranium 2.508-5 7.65E-5 3.51E-5 5.01E-4 1.00E-6 3.63E-5 9.9932E-1
Protactinium 3.308-5 7.25e-6 1.00E+0 2,678~5 - 1.00E-6 3.638-5 0.00
Radium 3.36B-5 1.14E-3 9.99E~1 2.68E~5 1.00e-6 5.88E-6 0.00
Radon 3.22e-5 5.00E-1 5.00E-1 0.00 0.00 0.00
Other 3.27B-5 7.25E-6 1.00E+0 2.67E~5 1.00E-6 8.80E-6 0.00
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ATMOSPHERIC

UFg
YELLOWCAKE PRODUCT
ISOTOPE CI/MTIHM
u-238 3,309 x 10-" T
Th-234 3.309 x 10"
Pa~234™ 3,309 x 10~ SOLVENT
U-234 3,309 x 10”1 EXTRACTION-
;h-ggg g.go x'c;o;!’ || FLUORINATION
a- . X =
- _4 UFG
Po_o16 2.0 x 10— CONVERSION
Pb-214 2.0 x 10-9 PLANT
Bi~214 2.0 x 104
Po~214 2.0 x 10-4
U-235 1.5« x 10-2
Th-231 1.84 x 102
Fig. 3.2.

UFg conversion facility.

Table 3.2.

B RELEASE
WATER
> RELEASE
LLwW
1 (0.0595 M3/MTIHM)
[ ] CHEMICAL waSTES

(0.0375 m3/MTIHM)

and product streams for a solvent extraction-
fluorination UFg conversion plant

Flowsheet for a solvent extraction—-fluorination

Fractional distribution of elements in plant waste

Product
Waste streams stream
Atmospheric Water Low—level Chemical Uranium
Element releases releases wastes wastes (UFg)
Uranium 1-35E-5 1.13E—9 2-54E_4 2.79E-5 9-997E-1
Protactinium 9.54E~6 6.54E-10 5.01E~1 2.79E-5 4.99E~1
Thorium 1.28E-5 1.15E-9 1.00E+0 2.50E~-6 0.0
Other 5.35E-6 1.15E-11 1.00E+0 2.25E-6 0.0
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Table 3.3. Chemical composition of yellowcake feed to
the model UFg conversion plant

(Assumptions listed in Table 3.4)

Concentration Quantity
Constituent of feed? (wt %) (t/year)
Uranium (U) 73.53 10,000
Impurities
Ammonium’ (NH,}) 3.09 322
Sodium (Na) 2.41 241
Silica (510,) 1.2 120
Sulfate (S04%7) 2.94 294
Arsenic (As) 0.06 6
Boron (B) 0.003 0.3
Calcium (Ca) 0.19 19
Carbonate (C0327) 0.31 31
Chloride, bromide, fodide? 0.07 7
Fluoride (F™) 0.01 1
Iron (Fe) 0.38 38
Molybdenum (Mo) 0.10 10
Phosphate (P0,3~) 0.26 26
Potassium (K) 0.13 13
Vanadium (V) 0.12 12
Water (H;0) 1.91 191
Extractable ogranics 0.05 5°
Nitric acid~insoluble uranium . 0.01 1

ALaboratory analysis procedure based on chemical form in
parenthesis.
bcalculated as Cl.
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Table 3.4. Assumptions used in calculating feed to the model
yellowcake-to-UFg conversion plant

3.

The fead is a composite of:

(a) 857 acid-leached yellowcake which has been precipitated by addition of
ammonia and steam dried.

(b) 15% alkaline {carbonate)-leached yellowcake which has been precipitated with
sodium hydroxide and dried.

(c) The proportion of acid- vs alkaline-leached yellowcake was calculated from
the relative ore processing rates, based on a survey of active mills made in
the spring of 1973.9

The acid—leached yellowcake i{s a partially cracked ammonium diuranate. Half the
uraniun 1s assumed to be present as (NH,)7U;07; and the other half as UO3. Its
chemical composition is:

U = 74,20 wt X (average of ammonium diuranate received at the Kerr-McGee
UFg plant in 1973).D

Na = 0.85 wt £ on a U basis (average of ammonium diuranate received at the
Rerr-McGee UPg plant in 1973).D

NH,* = 3.63 wt X on a U basis (calculated).

Alkaline (carbonate)-leached yellowcake 18 arwumed to be NapU,0, with a chemical
composition of:

U= 69.80 wt Z. (Average of Na,U;07; received gt the
Na = 11.3 wt % on a U basis. Kerr-McGee UFg plant in 1973.7)

Impurities other than radionuclides, sodium, ammonium, and gilica are averages
from the cgrrent feeds to the Allied Chemical UFg plant,® the Kerr-McGee
UFg plant,” and the DOE-Fernmald refinery.

The silica content is the average of values for four currently or recently active
mills (Anaconda, Uravan, Rifle, and Kerr-McGee).®

The model UFg plant processes only virgin yellowcake (natural uranium) from
United States mills (i.e., no recycle material from fuel reprocessing and no
foreign ore concentrates).

The feed composition containing “"low” levels of 230Th and 226Ra impurities is
derived from recent data on the isotopic analysis of the feed to the Allied
Chemical Metropolis UPg product plant,f f.e.:

230Th = 2800 p C1 per g of Upge.
226Ra = 200 p CL per g of Upqe.

The yellowcake feed has aged in a sealed drum for 6 months (minimum) to 10 years
(maximum) since milling so that:

(a) Thorium—234 (tlp = 24.1 d) and 234®Pa (1, = 1.18 min) daughters have grown
back to secular equilibrium with 238U, Thorium-234 requires 168 d to grow
back to 99% of secular equilibrium with 238y, Mecastable 234Pa requires
approximately 7 min to grow back to secular equilibirum with 23%Th, so that
it 1s in gsecular equilibrium with 23Th at all times.
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Table 3.4 (continued)

8. (continued)

(b) The radicactivity due to the decay, since milling, of 234y ¢go 2307y
(tLQ = 8.3 x 10" years) and 235y (only 0.712 of natural uranium) 1is negligible.

(c) The radiocactivity due to the decay, since milling, of the 230Th impurity to
226p, (tLQ = 1,62 x 103 years) is negligible.

(d) The 222Rn daughter (tls, = 3.83 d) has grown back to secular equilibrium with
the 226y impurity. 1le the amount of 222Rn accumulating in the sealed drum
is small, radon is an inert gas and potentially all of it might be released
from the plant.

(e) The daughter products of 222gp are not listed individually as source terms,
either because they have half-lives <2 h and do not accumulate in the bio-
environment (218pg, 21l4py, 2l4p1, and 2%Po) or because they individually
contribute <0.02% of the total relative hazard (219pb, 210B1, and 210po),

The daughters of 222pn are included when the dose from radon release is
calculated. The relative hazard is estimated by dividing the curies present
in the yellowcake feed by the Radiation Concentration Guide for that radio-
nuclide (presented in Code of Federal Regulations, Title 10, Part 20, Appendix
B, Table 2, Column 1, soluble nuclide). It takes ~11.6 years for 210Pp to
increase to a level where it contributes 0.02% of the total relative hazard.

9. Based on Ref. 1, Table 4.2.

AM. B. Sears, et al., Correlation of Radioactive Waste Treatment Costs and the
Environmental Impact of Waste Effluents in the Nuclear Fuel Cycle for Use in
Egtablishing "As Low As Practicable” Guides — Milling of Uranium Ores, ORNL/TM-4903,
Vol. 1 (May 1975), p. 224.

bB. Brown (Plant Manager, Kerr-McGee Sequoyah UFg production facility) and
J. Craig (Engineering Manager), personal communication to M. B. Sears, Oct. 15, 1974.

CA. D. Riley (Plant Manager, Allied Chemical UFg plant) and J. H. Thomas
(Technical Superintendent), personal communication to M. B. Sears, Nov. 13, 1974,

dj. Cavendish (Head, Production Technology Department, National Lead Company of
Ohio), personal communication to M. B. Sears, Nov. 12, 1974,

€G. P. Lang, E. N. Nelson, and C. W. Kuhlman, A Process for Controlling Insoluble
Uranium in Ore Concentrates, MCW-1420, Mallinkrodt Chemical Works (Feb. 2, 1959),

p. 13,

fu. B. Sears, et al., Correlation of Radioactive Waste Treatment Costs and the
Environmental Impact of Waste Effluents in the Nuclear Fuel Cycle — Conversion of
Yellowcake to Uranium Hexafluoride, Part I. The Fluorination — Fractionation Process,
ORNL/NUREG/TM~7 (Sept. 1977), pp. 271-72 and 278-80.
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Table 3.5. Radionuclide analyslis of yellowcake

Source termsa Source terms?

(C1/MTIHM) (C1/MTIHM)
Radionuclide Current? 014¢ Radionuclide Current? 01d¢
U-238 3.309E-1 3.309E-1 Po-218 2.0E~4 1.57E-3
Th-~234 3.309E-1 3.309E-1 Pb-214 2.0E-4 1.578-3
Pa-234nd 3.309E-1 3.309E-1 Bi-214 2.0E-4 1.57E-3
U-234 3.309E-1 3.309E-1 Po-214 2.0E-4 1.57E-3
Th-230° 2.80E-3 1.42E-2 U-235 1.54E~2 1.54E-2
Ra-226" 2.0E-4 1.57E-3 Th-231 1.54E-2  1.54E-2
Rn-222 2.0E~4 1.57E-3

The "old" (prior to July 10, 1974) definition of a curie of
natural uranium (Upgse) 18 used in the rest of this chapter to be
One curie of Upat is the sum of
3.7E10 dis/s from 238U, plus 3.7E10 dis/s from 234U, plus 9.0E8 dis/s
from 235y, Under the "old" definition, 1 kg of Uyae is equivalent to
333.3 ucCi of Ungssor the sum of 333.3 uCi of 238y, 333.3 uci of 234y,

consistent with literature sources.

and 8.1 uCi of

330.9 uCi of 238y, 330.9 uCi of 23%y, and 15.4 pci of 235u.
approximately 1% difference between the “"old” aud the "current" curie
in calculating source terms, except for 235y, The new definition is

uged én the Summary section of this chapter.

Based on Ref. 1, Table A-2.
CBased on Ref. 1, Table 4.2.

Metastable 234mpg, tl/, = 1.18 min.
©The 230Th content is assumed to be 2800 pCi/g of Unat, based on
the weighted—average feed to the Allied Chemical Metropolis UFg Plant
in 1976, including "high-thorium” foreign concentrates.
The 226Ra content is assumed to be 200 pCi/g of Upnat, based on
the calculated composite product of the domestic milling industry.
This is slightly higher than the weighted average of 172 pCi/g of

Upae for the Allied Chemical feed.

U. Under the "current” (July 10, 1974) definition,
1 kg of Upat is equivalent to 677.0 uCi of Up,y, or the sum of

There 1is
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are shown in Table 3.5. The new source terms are used in Figs. 3.1 and
3.2; but, the remainder of this chapter uses the old source terms, so

that the information 18 traceable to original literature sources. For
waste projection purposes, splits of radionuclides within the plant and
initial source terms are required. These parameters are unaffected by

use of two different source terms within this chapter.

3.3 YELLOWCAKE CONVERSION BY THE FLUORINATION/FRACTIONATION PROCESS

3.3.1 Introduction

Currently, more than half of the United States yellowcake is
converted to UFg by the fluorination/fractionation process. The single
commercial facility using this process 1is owned by Allied Chemical
Corporation and is located at Metropolis, Illinois. The flowsheets and
waste estimates included here are primarily from an NRC study by
M. S. Sears, et al.l That study used as a basis the Allied Chemical
general process flowsheet, but some of the details of the process may
differ.

3.3.2 Conversion Process

The yellowcake conversion process consists of four basic steps:

(NHy)2 U207hia§Nua(8) + 2U03(s) + H20 (g) Calcination (1)
U03(s) + Ha(g) + U02(8) + H20(g) Reduction (2)
UO2(s) + 4HF + UF, + 2 Hp0(g) Hydrofluorination 3)
UF,(s) + F,(g) *» UFg(g) Fluorination 4)

In addition to these steps, there are a variety of waste treatment
operations and other processes to handle various impurities in the feed.
Figure 3.3 illustrates the general flowsheet, while Fig. 3.4 shows the
detailed flowsheet. The detalled flowsheet is based on a plant with an
annual capacity of 10,000 t/year of uranium, assuming 300 d of operation

per year.
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Fig. 3.3. UFg production via direct fluorination.
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3.3.3 Vastes Generated

The value of uranium is sufficiently high that a large number of
recycle streams exist in the real facility. This produces a large
number of waste streams. Tables 3.6 and 3.7 1list the chemical wastes
released to the air and water, respectively, while Tables 3.8 and 3.9
list the radwastes lost to the air and water. All of these releases are
low.

The process also produces three types of solid wastes, as shown in
Table 3.10. The primary radwaste from the process is the carbonate
leach ash om tie carbonate leach and solid waste treatment section of
the proc: This subsystem recovers uranium from solid wastes gener-
ated within the plant. It is, in practice, a small uranium mill that
produces its own type of tallings. Most of the solid wastes for this
subsystem are generated in the fluorinator, which converts solid UF, to
volatile UFg. Since most ore impurities have nonvolatile fluorides,
this step produces an ash that contains nearly all the impurities found
in the original yellowcake. In practice, the ash is >90% CaF,. The
CaF, 1is added as a solid to the fluidized bed so impurities can collect
on its surface. If the impurity level becomes too high, the bed par-
ticles will cake. The CaF; throughput is determined by the need to
avold bed caking and formation of low-melting uranium compounds. This
ash is leached to recover residual uranium, but most of the thorium,
radium, and other radionuclides stay with the ash. The ash waste 1is
dried, packaged, and sent to the burial grounds.

The second radwaste stream is the still tops and bottoms. After
the UFg is produced, it is further purified by distillation to separate
the volatile fluoride impurities from the UFg. Since distillation is
not perfect, some UFg is found in the impurity streams. The uran'..m
losses to these streams are estimated to be <0.05% of the uranium
processed. The major impurity is vanadium, whose value is sufficiently
high that these wastes are being stored onsite for possible future
recovery of vanadium. Most of the uranium loss will also be recovered
in that process. This gstudy will not consider this a waste strean,
since the vanadium and uranium will probably be recovered; however, this

could become a future radwaste source.
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Table 3.6. Airborne chemical wastes
from a model 10,000-t/year
fluorination/fractionation

UFg plant
Release rate
Chemicals? (kg/d)
NHj3 1796
S0, 590
HF 0.57

9Based on Ref. 1, Table 4.7.

Table 3.7. Liquid chemical waste releases
from the model 10,000-t/year
fluorination/fractionation

UFg plant
Flow rate
Principal chemicalsa,b,c,d (kg/d)
Carbonate (C0327) 5.22E1
Fluoride (F~) 9.53E0
Sulfate (S0,°7) 8.75E3
Ammonium (NH,*) 2.77E3
Sodium (Nat) 6.35E2
Potassium (K') 7.76E1
Uranium (U) 2.54E0

AHydronium (H30%, acid) and hydroxide (OH ,
base) ions not shown. Wastes are neutralized
before release.

bpresent as sulfite (8032'), rather than
sulfate (souz').

CTotal liquid flow is 2.83E2 m3/d.

dBased on Ref. 1, Table 4.10.



Table 3.8. Airborne radwaste releases from the model 10,000-t/year

fluorination/fractionation UFg plant

Principal radionuclides, Ci/year

U
Type of release? (kg/year) Unatb 234 234mp,aC 2307y 226pg 222pd
Crude U dusts 220.08 7.40E-2 7.40E-2 7.40E-2 3.13E-3 3.46E-4
(yellowcake, UOg3,
U0y, UFH)
Refined UFg hydrolysis 27.4 9.13E-3 4.71E-4 4.71E-4 2.00E-5 2.22E-6
products and fluorination
off-gas dust
Ash dust 0.890 2.94E-4 7.778-3 7.778-3 1.54E-3 1.80E-4
Total 250.3 8.33E-2 B8.22E-2 8.22E-2 4.69E-3 5.28E-4 7.18El

9Based on Ref. 1, Table 4.6b.

One curie of natural uranium is defined as the sum of 3.7E10 dis/s from 238y, 3.7E10 dis/s
from 23"U, and 9.0E8 dis/s from 235U; it is also equivalent to 3000 kg of Upat-

CMetastable 23“mPpa; tlp = 1.18 min.

As gas. Does not include 222gy generated 1n dust particles by decay of 226Ra,

£Z
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Table 3.9. Liquid radwaste releages from model 10,000-t/year
fluorination/fractionation UFg plant

Average councentration

MPC % Yearly release of liquidsd
Nuclide (uCi/mL) (C1/year) (uCi/mL)
Upat® 3.0E-5 2.55E-1 3.00E-6
234y, 2.0E-5 9.17E-2 1.08E-6
23umpy d 3.0E-6 9.17E-2 1.08E-7
2307y, 2.0E-6 1.03E-2 1.22E-8
226p, 3.0E-8 1.80E-2 2.12E~7

OMaximum permissible concentration in water for general

populgtion, CFR 20, Appendix B, Table II.
Before dilution for release.

COne curie of natural uranium is defined as the sum of 3.7E10
dis/s from 238y, 3.7E10 dis/s from 23“4U, and 9.0E8 dis/s from 235y;
it is also equivalent to 3000 kg of Upg¢.

Metastable 23“4WPa, t;/o = 1.18 min.



Table 3.10.

Solid wastes generated by the model 10,000-t/year fluorination/fractionation UFg plant

Principal radionuclides found®, b

Total, Ci/year

Average concentration, uCi/g

226p,  222py,

226, 222p,

234y, 218p,, 2l4pp, 234y, 218p,” 214py,
Quantity 234mp, 2lupy’ 214p, . 23ugpyd 21ngy’ 2l0pp
Source Code (kg/year) Upat® (each) 230 (each) Upnat (each) 230qy, {each)
Average composition of 1.08-6 1.0B-6 1.08-6 1.0E-6
earth's crust
Carbonate-leached ash 108 1.11E6 1.17B-1 1.17e-1 1.428+2 1.578+1 1.08-4 1.0E-4 1.3g-1 1.4E-2
from fluorination,
principally CaFj,
dried and druamed
for disposal
Still tops and bottoms, 8Uc + 8Ud 4.02E4 1.67E0 1.67E0 3.79£-3 4.22B-4 4.28-2 4.2E-2 9.3B-5 1.08-5
stored in gas-tight
containers
CaF,—CaC0y stored in 4% + &Y + 1.61E6 1.21E-1 1.21E-1 1.25E-4 9.24E-5 7.5E-5 7.5E-5 7.8E-8 5.76-8
the fluoride settling X+ 7Y+
basin 8Y + 9x
Total 2.77E6 1.8980 1.89E0 1.42E+2 1.57B+1

abnly radioactive materials in the yellowcake feed to the plant are considered; possible radioactive impurities i{n the chemical feed to the

plant, are not included.

bgyored 6 months so that 23%Th and 23Y®Pa are in secular equilibrium with 238y, and radiua daughters through 2i%Po are in secular equilibrium

wich 226ps; aggumes negligible loss of 222Rn gas during storage.

®One curie of Upar 18 defined as the sum of 1 CL of 238y, 1 Ct of 23%y, and 2.438-2 Cf of 235U; 1 C1 of Upar is also equivalent to 3000 kg of

Unat-

dhetlstlble 23“'Pa.

ty, - 1.18 ain.
“Estimated by assuming the presence of 3 ppm of uraniua in the earth's crush and secular equilibrium.

Y4
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The third and final source of waste from this process 1is the
fluoride settling pond in the liquid chemwaste treatment section of the
plant. A large variety of liquid fluoride waste streams are sent to
this pond where the insoluble fluorides, primarily CaF,, precipitate.
Very little uranium or other radioactive materials reach this area. The
solids in the pond are treated as nonradioactive chemical wastes,
because the levels of radioactivity are only slightly above background.
Recent changes in operating procedures allow the CaF; to be recycled to
the fluorine production units for fluorine recovery and elimination of a

potential hazardous chemical waste stream.

3.3.4 Wastes Generated Per Metric Ton of Uranium

Based on the above information, it is estimated that 111 kg of
wastes are generated per metric ton of uranium coanverted from UgOg to
UFg. Assuming a density of 2.54 g/cm3 (80% theoretical demsity CaF,),
this indicates 0.05 m3 of wastes generated per metric ton of heavy
metal. The wastes, primarily calcium fluoride with other metal fluo-
rides, are only slightly soluble. The radicactive materials in the
wastes are almost entirely uranium daughter products, since uranium
losses in the process are very near zero. More than 99.95% of the ura-
nium in the yellowcake is shipped out as UFg, with the residual uranium
found in the distillation still tops and bottoms. Table 3.1 shows a

total plant balance of these various streams.
3.4 SOLVENT EXTRACTION-FLUORINATION PRODUCTION OF UFg

3.4.1 1Introduction

The solvent extraction—-fluorination process to produce UFg from
yellowcake was evaluated? to estimate radwaste generated by this
process. Significant uncertainty exists as to the quantities of wastes
generated by this process because many wastes are currently sent to
lagoons. Because of the chemical and radiological characteristics of
these wastes, they will eventually have to be treated. Section 3.4.2
discusses the basic plant process. Section 3.4.3 digcusses proposed
alternatives to treat the wastes, while Sect. 3.4.4 estimates the waste
volumes generated by these processes and the radionuclide contents of

the waste.
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3.4.2 Plant Process Flowsheet

The basic solvent extraction-fluorination process flowsheet for
conversion of yellowcake to purified UFg 1is shown in Fig. 3.5, with a
more-detailed version shown in Fig. 3.6.

The basic process consists of six major unit operations and six
auxiliary operations. The major unit operations are:

1. 1Incoming yellowcake is dissolved in nitric acid to produce a
highly acidic uranium nitrate solution.

2. The uranium nitrate solution is sent to a solvent extraction
system for purification of the uranium nitrate. 1In the solveni
extraction facility, the high—acid uranium nitrate solution is
contacted with an organic solvent containing TBP, which selec-
tively extracts the uranium from the aqueous solution. This
high-acid aqueous raffinate is discarded with most of the impuri-
ties from the original yellowcake. The organic, loaded with ura-
nium, is contacted with a low-acid aqueous solution that strips
most of the uranium from the organic to the aqueous stream.

3. The aqueous stream containing the purified uranium nitrate is
dried to produce a solid uranium nitrate, which is then heated,
converting it to U;304.

4. The U30g is reduced with hydrogen to yield UO,. Some of this
U0y 18 used directly as reactor fuel.

5. The UO; is reacted with HF in a fluidized bed to yield UF,.

6. The solid UF, is reacted with F; in a fluidized bed to yield UFg,
the desired product.

3.4.3 Special Waste Problems

The primary waste stream from a solvent extraction-fluorination
facility is the extraction raffinate stream (from process step 2). This
single stream contains >992 of the radwaste from the facility. Its
treatment and handling determines the total waste produced by the
facility. Historically, this stream t ‘. generated as a nitric-acid-rich
aqueous stream, which was neutralizeu ..ch ammonia to yield a waste
liquid rich in ammonium nitrate. These liquid wastes from government
UFg conversion plants were released to nearby waterways. When the first

commercial plant was being designed, changing regulations prohibited
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release to nearby waterways because of the chemical toxicity of the
liquid waste. In the initial commercial plant (Kerr McGee),3 it was
proposed to use deep~well injection for disposal — an approach used for
other chemical wastes. While the plant was under construction, another
set of regulatory changes limited deep-well disposal. To allow plant
operation, the wastes were stored in temporary lagoons. This was a tem-
porary fix and curreunt plans for the Kerr McGee facility are discussed
below. There are many treatment options, but it is not clear which will
be chosen for future facilities. The choice of treatment and disposal
of this liquid waste will determine the waste volume from this fuel
cycle operation.

Lagoon disposal is a temporary solution for several reasons. The
ammonium nitrate in the wastes is extremely soluble; hence any leak from
a lagoon would immediately spill ammonium nitrate into surface water
streams. There are gtrict limits on allowable releases of ammonium
nitrate, since it 1s a fertilizer and causes algae blooms in water. The
radwastes in the lagoon must eventually be sent to burial grounds.
Unfortunately, these radionuclides are in the nitrate form, which makes
some cf them very soluble. Also, ammonium nitrate is hygroscopic,
making it unlikely that the waste lagoons will =ver dry out totally to
allow easy burial or golids handling.

Four options for the treatment of this nitrate waste stream are
discugssed here. The total waste volumes generated by these options will
vary from zero to ~0.06 m3/metric tons initial heavy metal (MTIHM).

Cost and technical considerations will determine which option or options
are finally chosen.

The compositions and flow rates of the major liquid waste streams
to the lagoon are shown in Table 3.1l. This is the "raw"” material for
the waste disposal systems.

One option is to dispose of the wastes in lagoons, as in current
practice; but, for reasons discussed earlier, this is likely to be unac-
ceptable. Table 3.12 lists the primary solida precipitated by the
ammonia. Most of the radionuclides are in this precipitated sludge.

The second disposal option is to treat the wastes with calcium
hydroxide to precipitate the radionuclides and then drain the remaining
nitrate wastes to an acceptable chemical disposal site or use as ferti-

lizer. For this option to be used, barium salts can be added to the
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Table 3.11. Chemical composition of solvent

extraction waste streams

Solvent Solvent
extraction treatment Surplus
Description raffinate? waste weak acid
Code 2R 2T 28
Volume, L/d 75,700 45,400 42,800
HNO3, M 1.26 0.26
oy~, M 0.04
Chemicalsb, kg/d
Uranium 7.6 0.9
Nitrate (NO3~) SX additive 13,100 320 700
Ammonium (NH,Y)
Yellowcake feed 1,070
SX additive 6 48
Sodium (Na™)
Yellow cake feed 800
SX additive 88 165
Aluminum (A13%) SX additive 230
Sulfate (50427)
Yellowcake feed 980
SX additive 16 127
Arsgenic (As% 20
Calcium (Ca2t) 3
Chloride (C17) 23
Fluoride (F~)
Yellowcake feed 3
Scrap recycle 53
Iron (Fe'tt) 130
Molybdenum (Mog 33
Phosphate (P0,°7) 87
Potassium (K*)
Yellowcake feed 43
SX additive 54
Vanadium (V) 40
Silica (S10j5) 400
Total 17,240

GThe raffinate may -contain other chemicals in addition to those
listed, since UFg plants analyze only for substances that create
difficulties in the process operations.

bLaboratory analysis procedure based on chemical composition in

parenthesis.
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Table 3.12. Waste solids from solvent
extraction/fluorination raffinate
precipitation with ammoniad

Waste Quantity
solid : (kg/a)
U 8.0
Al1(OH)4 660
510, 400
CaF, 116
Fe(OH) 5 240

ai0,000-t U/year facility operating
300 d/year.
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wastes. Barium sulfate then precipitates, carrying with it the radiv

in solution. This coprecipitation step removes residual radionuclides
in the final liquor. The major technical uncertainty with this sppre

is the trace quantities of chemically hazardous materials remaining in
the nitrate that might prohibit its use as a fertilizer. The chemical
composition of the precipitate so generated is shown in Table 3.13. All
the radionuclides to be disposed of would be in this precipitate.

The third waste disposal option is to use the acidic solvent
extraction wastes, add sulfuric acid, and distill the nitric acid from
the resulting solution for in-plant use. The residual sulfuric acid
solution is then neutralized with calcium hydroxide, yielding a waste
composed primarily of calcium sulfate. This is the approach Canada
uses,4 but the flowsheet has several restrictions. First, the
yellowcake must not contain ammonia. Ammonia in a solvent extraction-
fluorination plant will become ammonia nitrate, which could become
explosive in a nitric acid-sulfuric acid distillation. Since Canadian
uranium wmills do not use ammonia, this presents no problem for Canadian
operations. Changes in United States mill operation would be required,
because most United States mills use ammonia to precipitate uranium.

The fourth waste disposal option 1s to take the neutralized radwaste
stream from the lagoon, as generated in option 1, concentrate it to near
the solubility limits of ammonium nitrate, and send the slurry to a
molten-galt incinerator. Figure 3.7 shows the flowsheet, while Table
3.14 summarizes the waste streams. The molten-salt incinerator is a
molten pot of sodium carbonate at about 900°C.57 At these tempera-
tures, ammonium nitrate is decomposed to nitrogen, water, and oxygen
while radionuclides are converted to their oxide form. For aitrate
wastes, some type of organic would also be added to add heat to the
system and maintain slightly reducing conditions in the incinerator to
avoild excessive NOy; formation.

For this study, it was assumed that the evaporator concentrated the
nitrate solution to about 250 g NH,NO3 per 100 g of water. At 100°C,
the solubility of NH,NO3 is zbout 871 g per 100 g of water; hence, the
nitrate is totally soluble. It is assumed that methanol is the fuel.

If methanol is added to reduce MOy emissions to near zero via the reac-
tion below, suffircient heat is generated to maintain the required

temperatures.
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Solids from solvent extraction/fluorination
raffinate precipitation with calcium hydroxided

Quantity Quantity
Solid (kg/d) Solid (kg/d)
U 7.3 CaF, 111
A1(OH)3 660 Fe(OH)3 240
Ca50,° 2H,0 1450 CaMoO, 70
Ba30, 190 CaHPO,, * 2H,0 140
51.02 400 Ca(V03), 90
Ca3(As0,); 50 Ca(OH), 550
210,000-t U/year facility operating 300 d/year.
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Table 3.14. Waste process streams for waste raffinate disposal by molten-salt
incineration at a solvent extraction/fluorination facility

Flow rate
Gas/solid (1iquid, L/d; Chemical flows
liquid Description solid, kg/d) (kg/d)
Liquid Waste stream 1.64E5 NO3~ 1.41E4 Nt 3.01E3  Other 3.4E3
from lagoonZ impurities
Liquid Slurry from 7.3E3 NO3~ 1.41E4 N, T 3.01E3 Other 3.4E3
evaporator impurities
Solid Carbonate ash® 2.2984 Na,CO3 1.83E4 A1,(CO3)3 9.97B2 Na,SO, 1.7E3
NaAsO; 3.87E1  CaCOj 1.5762  NaCl 3.8E1
NaF 1.23E2  FeCO, 2.69E2 MoCOj 5.4E1
NagP0, 1.50E2 K,COg 1.72E2  Na,$i0; 9.2E2
Liquid Recycle waterd 1.57ES
Liquid CH,OH fuel® CH,OH 2.43E3

@1.79E3 kg/d NH3 to neutralize acid added before waste enters lagoon.
utput based on nitrate analysis = 250 g NH,N03/100 g H,0.

@ranium throughput ~8 kg/d.
dgox by wt = NayCo3.
“Based on total nitrate, assumed all nitrate NH,NOj.

9¢



3NH,NO3 + CH3O0H + 8H,0 + Ny + CO»p

With operation, impurities build up in the salt. This necessitates
draining off a portion of the sodium carbonate with impurities and
replacing it with fresh sodium carbonate. The ash may be 80% sodium
carbonate, with the residual being uranium and impurities as they came
from the mill. Alkaline~leach uranium mills use sodium carbonate to
leach uranium ores, and the cost of sodium carbonate is a significant
expense in operating this type of mill. Using this disposal option, the
waste sodium carbonate with uranium and its impurities from the solvent
extraction-fluorination facility can be used as the chemical feed sodium
carbonate required by uranium mills. 1In effect, uranium impurities are
returned to the mill and the uranium is recovered.

This type of molten—salt incinerator can be used to burn combus-
tible solvents, paper, and other wastes. Thus, with this option, all
combustible wastes from the sol—ent extraction-fluorination facility

would be sent to the incinerator.

3.4.4 Waste Generation

Wastes from solvent extraction-fluorination plants can be cate-
gorized by volume or by radionuclide contents. The volume of wastes
depends upon the details of waste processing; however, the radionuclide
contents depend only upon the uranium feed to the facility. The wastes

discussed here are characterized by both approaches.

3.4.4.1 Radwaste composition

Yellowcake from uranium mills is carefully analyzed by all UFg
converasion facilities to detect impurities that cause operating problems
and to determine the fee for conversion of yellowcake to UFg. Table
3.15 shows the quantities of radionuclides entering and leaving a typi-
cal solvent extraction-fluorination facility. Three facts stand out.
First, about 99.97% of the uranium entering the plant leaves as product
UFg. Second, 99.999Z of all other radicnuclides leave the facility in
the solvent extraction raffinate. Third, of the uranium lost in the
facility, >90Z is in the solvent extraction raffinate, with most of the

remaining losses due to the creation of dust in handling operatious.



Table 3.15. Radionuclide balance of process streams for a
solvent extraction/fluorination facility

Radionuclides?, Ci/year

226p,  222g, 218p,

Process Uranium 234y, 214pp, 214py  21lhp,
streams (kg/year) 238,234y 234mpy 2301y (each)
Feedb 1.00E7 3.3333E3 3.3333E3 2.80E1 2.00E0
Product® 9.997E6 3.3323E3 3.3323E3
Liquid wastes
Solvent extraction 2.27E3 7.57E-1 1.67E3 2.80E1 2.00E0
raffinate®
Solvent treatment 2.73E2 9.10E-2
wastes®
Chemwastesd 2.79E2 9.30E-2 9.30E-2 7.00E-5 4.50E~6
Subtotal 2.82E3 9.41E-1 1.67E3 2.80E1 2.00E0
Liquid releases® 1.13e-2 3.78E-6 2.18E-6 3.21E-8 2.30E-11
Gaseous releasesS 1.36E2 4.51E-2 3.18E-2 3.58E-4 1.07E-5

a23“Th and 23%mp4 are ghort-lived daughter products of 238y, The conversion process separates
238y from daughter groducts and daughter products grow back in and, within 6 months, will be in
equilibrium with 238p,

Average feed composition based on uranium from mills.

CThese two liquid streams contain nearly all the radwaste and are the primary input into
whatever radwaste treatment system is chosen for any plant; 2347h ang 234mpa levels before decay.

dCan solids from treatment of scrubber wastes.

€Total liquids release.

Total gaseous release.

8¢
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3.4.4.2 Volume of solid wastes generated

The volume of radwastes generated depend primarily upon how the
solvent extraction raffinate stream is treated. About 83 m? (four
hundred 55-gal drums) of contaminated (8.3 x 10~3 m3/ton uranium) trash
generated yearly;3 however, this 1s not the major waste stream in volume
or radionuclide content.

The number of impurities that enter with the yellowcake provide an
estimate of the minimum possible wastes that theoretically could be
generated.

The actual volume of solid wastes generated is determined by the
choice of treatment method chosen for the solvent extraction raffinate
stream. Table 3.16 summarizes the solid waste streams leaving a solvent
extraction-fluorination plant with various treatment options. The
radionuclide concentration of each stream i{s given for comparison with
the average radionuclide content of the earth's crust (to determine
whether a waste 18 to be considered radioactive). Molten—salt incinera-—
tion produces the least solid waste (essentially none) by definitionm,
since the waste created is considered a chemical feed to alkaline-leach

uranium mills.

3.4.4.3 Current practice

At the only existing UFg conversion facility in the United
States?,10 uging the solvent extraction-fluorination process, two dif-
ferent practices are being used for waste raffinate disposal. Based on
the results of these operations, either, both, or a new process may be
used for waste disposal. The state and federal regulatory agencies are
allowing limited use of the deep-well waste injection system associated
with the facility. Simultaneously, some of the raffinate is being
treated with barium salts and other materials to precipitate the
hazardous radionuclides and chemicals. This allows the ammonium nitrate

liquid waste to be used as fertilizers on controlled plots of land.

3.4.5 Recommended Flowsheets

The recommended flowsheet, shown in Fig. 3.2, is based on the raffi-
nate treatment in which the hazardous materials are precipitated and the
remaining ammonium nitrate is used as a fertilizer. If operational expe-

rience at the existing facility 1is good, this may be the preferred route.



Table 3.16.

Estimates of solid wastes produced by solvent extraction/fluorination plant?

Average radionuclide composition, uCi/g

Total Volume of
waste Waste Waste wastes per 238y, 234y, 226p, 222pp 218p,
Treatment Waste mass density?  volume ton U feed  23%mpy 234y 2l4py, 214gy 214p,
method type (t/year) (g/cmd) (n3) (w3/ton) (each) 2309y, (each)
Earth's 1.00E-6 1.0E-6 1.0E-6
crugtf®
Case 1: NH,3 Radwasted 430 1.938-3 6.5E-2 4.28-3
neutralization Chemwaste® 600 1.6 3.75E2 3.75e-2 9.45E-5 1.3E-8 9.4B-12
Case 2: Ca(OH), RadvasteS 1190 2.0 5.9582 5.95E-2 6.10E-4 2.4B-2 1.78-3
neutralization Chemwaste€ 600 1.6 3.7582 3.75E-2 1.80E-4 1.3E-7 8.5E-9
Case 3: Sulfuric Radwasted 2.0
acid digestion Chemsaste® 600 1.6 3.7562 3.75B-2 9.40E-5 1.3E-8 9.4E-12
Case 4: Molten-salt  Radvaste” 0 2.5 0.00 0.00
incineration Chemwaste® 600 1.6 3.75E2 3.75E-2 9.40E-5 1.3E-8 9.4E-12

Agperating at 10,000 t/year capacity.
bnencity of pure CaF; = 3.18 g/ca’; assumed packed density = 1.6 g/cad (502 of theoretical). Density of CaS0,°2H,0

(gypsum) = 2.32 g/cl3; packg well to yield density = 2.0 g/cns.
because poured into container in molten state. Density of CaCO3 = 2.7 g/cm3; 2.0 g/cm? whea packed.

CAverage composition of earth's crust.
Sludge on bottom of lagoon.
€CaF, from scrubber liquor treatment.
f%ludge precipitate.

SPrimarily CaS0,°2H,0 (gypsum).

Not waste; sent to uranium mill; primarily sodium carbonate.

Density of gsodfum carbonate = 2.5 g/cm3; density 2.5 g/cam®

0%
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4. URANIUM ENRICHMENT
C. W. Forsberg

4.1 SUMMARY

Most nuclear reactors require fuel enriched in 235y, Naturally
occurring uranium contains only 0.711% 235y, while INR reactors require
uranium with 2 to 4% 235U, This necessitates isotopically separating
the 235U from 238y. 1Two separations processes, gaseous diffusion and
gas centrifuge, are currently used commercially. Both processes use
physical means for separation, so there 18 no change in the chemical
form of the uranium, UFG. This chapter describes the wastes from these
operations, including tails and uranium releases. Figure 4.1 and Table
4.1 summarize the process streams in a gaseous diffusion uranium enrich-
ment plant, while Fig. 4.2 and Table 4.2 present information for gas
centrifuge operations.

The capacity of uranium isotopic separation plants 1is measured by
separatlive work units, SWU. The SWUs required to make a batch of fuel
depends upon product, feed, and tails assay. This chapter will discuss
waste measurements on the basls of waste per SWU.

The feed to the uranium enrichment plant is natural uranium con-
taining 0.711% 235y, The plant divides this uranium into two streams,
one rich in 235U and one depleted in 235y, Typically, the enriched
stream may contain 3.0% 235U, while the depleted stream has 0.25%.

Thus, 1 kg of natural uranium would yield 0.1676 kg of enriched 235U and
0.8324 kg of depleted 235U. The enriched uranium is sent to fuel fabri-
cation, and the uranium tails are stored as UF6 in cylinders at the
enrichment plant. The weight of the uranium tails is typically about
five times the weight of the product.

The talls may or may not be classified as waste. Currently, the
United States has a once-through fuel cycle and under such conditions,
the talls are a waste stream. They could be classified as a fuel,

however, if some type of breeder reactor were in use.
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L, 1.0 WU
1.0 8 | ) GASEOUS DIFFUSION gw| LOW-LEVEL WASTE o
CAPACTTY ENRICHMENT PLANT (2.29 x 103 ud/swu)

ENRICHED Urg

Isotope Ci/MTIHM g-nol[lﬂ‘lm GABEOUS DIPFUSION
ENRICHMENT PLANT STACK GAS
U-238 3.309x10-} 4.17x103 i
Th-234 3.309x10™} 6.13x10-8 WATER
- 12 DEPLETED UFg
Pa~234 3.309x10"1 1.77x10 TIILS

U-234 3.309x10~1 2,30x10-1
U-235 1.538x10"2 3.04 x 10

PRODUCT I
[LOW-LEVEL WAST
Urg FERD *

1 a
At existing facilities, waste volume 1is
3.11 x 1075 n3/SWU 1f waste from R&D efforts

Th-231  1.538x10~2 1.25x10~10 1s included,

Fig. 4.1, Principal waste and product streams from a
gaseous diffusion uranium enrichment plant.

Table 4.1.

Fractional distribution of uranium and other elements
in exit process streams of a gaseous diffusion
uranium enrichment plant

Product and

Waste streams talls streams
Water Atmospheric Uranium
Element LIW releases releases (UFg)
Uranium 4.74E-5 6.1E-6 1.4E-6 9.9994E-1
Other 9.97E-1 2.0E-3 1.0E-3 0.0
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1.0 swu

sL
(1.70 x ‘1’3% w3/5WU)

LOW-LEVEL WASTE

STACK GAS

1.0 sWU | | GAS CENTRIFUGE
CAPACITY E.RICHMERT PLANT
ENRICHED UPg
PRODUCT
Urg PEED {
Isotopa  Ci/MTIHM gm0l /MTTHM GAS CENTRIFUGE
- ENRICHMENT PLANT
U-238 3.309x10~! 4.17x103 64,
Th-234  3.309x10-1 6.13x10~8
" -12 DEPLETED UFg
Pa-234  3,309x10~! 1.77x10 TAILS
U~234 3.309x10~1 2.30x10~1
u-235  1.538x10~2  3.04 x 10°
Th=-231 1.538x10~2 1.25x10~10
Fig. 4.2.

Principal waste and product streams from a

gas centrifuge uranium enrichment plant.

Table 4.2. Fractional distribution of uranium and other elements
in exit process streams of a gas centrifuge
uranium enrichment plant
Product and
Waste streams tails streams
Water Atmospheric Uranium
Element LLW releases releases (UFg)
Other 5.98-3 1.7E-2 0.0

9. 77E-1







