
V o l u m e L o f  9 
DOE/NE-0001/1 F 

1 Nuclear Proliferation and Civilian Nuclear Power 

Report of the Nonproliferation__Alternative 
- Systemsissessment -- -2. Program 

Volume I: Program Summary 

June 1980 U.S. Department of Energy 
Assistant Secretary for Nuclear Energy 
Washington, D.C. 20545 

This document is 
PUBLICLY RELEASABLE 

Authorizing Official 
1 
Date: q - , t * 0 4  



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 





d 

i' 

ACKNOWLEDGMENT S 

Many o r g a n i z a t i o n s  and i n d i v i d u a l s  con t r ibu ted  t o  t h e  NASAP s tudy .  While 
r e s p o n s i b i l i t y  f o r  program execut ion  w a s  ass igned  t o  t h e  Div i s ion  of Nuclear 
A l t e r n a t i v e  Systems Assessment w i t h i n  t h e  Of f i ce  of Nuclear Reactor  Programs, 
Of f i ce  of t h e  A s s i s t a n t  Sec re t a ry  f o r  Nuclear Energy of t h e  Department of 
Ene rgy ,  o t h e r  o r g a n i z a t i o n s  w i t h i n  t h e  Depar tment  of  Energy c o n t r i b u t e d  
ana lyses  and t e c h n i c a l  guidance t o  t h e  p r o j e c t .  These were t h e  Of f i ces  of t h e  
A s s i s t a n t  S e c r e t a r i e s  f o r  Energy Technology, Resource App l i ca t ions ,  Defense 
P rograms ,  Env i ronmen t ,  I n t e r n a t i o n a l  A f f a i r s ,  and t h e  O f f i c e  of  Energy 
Research. The Department of S t a t e ,  t h e  A r m s  Control  and Disarmament Agency, 
and t h e  Nuclear Regulatory Commission a l s o  con t r ibu ted  t o  shaping t h e  a n a l y t i c  
framework and reviewing t h e  NASAP r e s u l t s .  The over  50 i n t e r r e l a t e d  s t u d i e s  
prepared f o r  NASAP were performed by 7 n a t i o n a l  l a b o r a t o r i e s ,  13 independent 
r e sea rch  o r g a n i z a t i o n s ,  10 companies from t h e  nuc lea r  i n d u s t r y ,  and 5 univer-  
s i t ies.  The work of t h e  I n t e r n a t i o n a l  Nuclear Fuel Cycle Evalua t ion  (INFCE) 
w a s  a l s o  drawn upon. 

S p e c i f i c  guidance t o  t h e  program through p e r i o d i c  reviews w a s  provided by 
a p a n e l  f rom i n d u s t r y ,  a c a d e m i a ,  and p u b l i c  i n t e r e s t  g r o u p s  convened by 
P ro fes so r  Henry Rowen of S tanford  Unlvers i ty .  Members of t h i s  pane l  included:  
P ro fes so r  Rowen; A l b e r t  Carnesale  of  Harvard Univers i ty ;  Thomas Cochran of 
Natural  Resources Defense Council;  Gordon Corey* of Commonwealth Edison; 
W. Kenneth Davis* of Bechtel  Corporat ion;  Lincoln Gordon of Resources f o r  t h e  
F u t u r e ;  F r e d e r i c k  Hoffman of  RAND C o r p o r a t i o n ;  John  Kearney* of Ed i son  
E l e c t r i c  I n s t i t u t e ;  Myron Kra tzer  of I n t e r n a t i o n a l  Energy Assoc ia t e s ,  Ltd.; 
J o s e p h  Nye o f  Harva rd  U n i v e r s i t y  ( f o r m e r l y  of  t h e  Depar tment  of  S t a t e ) ;  
George Rath jens  of Massachuset ts  I n s t i t u t e  of Technology; Chauncey S t a r r *  of 
Electric Power Research I n s t i t u t e ;  Jessica Tuchman-Mathews of The Washington - Post  ( formerly of t h e  Nat iona l  S e c u r i t y  Council)  ; and Alber t  Wohl s t e t t e r  of 
Univers i ty  of Chicago. Table 1 i s  a list of c o n t r i b u t i n g  o rgan iza t ions .  

However, w h i l e  many i n d i v i d u a l s  and  o r g a n i z a t i o n s  c o n t r i b u t e d  t o  t h e  
p r e p a r a t i o n  of t h i s  r e p o r t ,  f i n a l  r e s p o n s i b i l i t y  f o r  i t s  con ten t  i s  s o l e l y  
that of t h e  U.S. Department of Energy. The r e p o r t  should n o t  b e  construed 
as r e p r e s e n t i n g  a consensus of i t s  c o n t r i b u t o r s '  opinions.  

Following t h e  p r e p a r a t i o n  of t h e  d r a f t  r e p o r t ,  a pub l i c  p a r t i c i p a t i o n  program 
w a s  i n i t i a t e d .  Members of t h e  p u b l i c  were i n v i t e d  t o  m e e t  w i th  DOE*off ic ia l s  
and t o  submit t h e i r  comments on t h e  d r a f t  r e p o r t .  The Department of Energy 
has  reviewed t h e s e  comments, r e v i s e d  t h e  r e p o r t  i n  a number of i n s t a n c e s ,  and 
prepared an  appendix t o  t h e  Execut ive Summary t h a t  summarizes t h e  comments and 
provides  DOE'S responses  t o  them. 

*These i n d i v i d u a l s  a l s o  provided w r i t t e n  comments on t h e  d r a f t  r e p o r t  dur ing  
t h e  p u b l i c  comment per iod .  

iii 



TABLE 1. ORGANIZATIONS PREPARING STUDIES FOR NASAP 

PROLIFERATION 
RESISTANCE 

Battelle 
Pacific 
Northwest 
Laboratory 

Brookhaven 
National 
Laboratory 

Hudson 
Institute 

Lawrence 
Livermore 
Laboratory 

Massachusens 
Institute of  
Technology 

Pan Heuristics 

Participants in 
Alternative Fuel 
Cycle Evaluation 
Program -. e 
R A N D  
Corporation 

Science 
Applications, 
Inc. 

System 
Planning 
Corporation 

RESOURCES A N D  
FUEL-CYCLE 
FACILITIES 

Hanford 
Engineering 
Development 
Laboratory 

S. M. Stoller 
Corporation 

.. 

COMMERCIAL 
POTENTIAL 

Decision Focus, 
Inc. 

George 
Washington 
University 

Arthur D. Litt le, 
Inc. 

S. M. Stoller 
Corporation 

Westinghouse 
Electric 
Corporation 

ECONOMICS 
A N D  SYSTEMS 

ANALYSIS 

Burns and Roe, 
Inc. 

Hanford 
Engineering 
Development 
Laboratory 

SAFETY A N 0  
ENVIRONMENTAL 
CONSIDERATIONS 

FOR LICENSING 

Argonne 
National 
Laboratory 

Babcock& 
Wilcox 

Battelle Pacific 
Northwest 
Laboratory 

General 
Electric Co. 

NUS 
Corporation 

Oak Ridge 
National 
Laboratory 

INTERNATIONAL 
PERSPECTIVES 

Atlantic 
Council o f  the 
United States 

Booz-Allen and 
Hamilton, Inc. 

0- Brookings 
Institution 

Georgetown 
University 

Harvard 
University 

Hudson Institute 

International 
Energy Associ- 
ates Ltd.  

Institute for 
Energy Analysis- 
Oak Ridge 
Associated 
Universities 

Nuclear Assurance 
Corporation 

Pan Heuristics 

R A N D  Corporation 

TECHNICAL D A T A  
ADVANCED FORREACTORS 
CONCEPTS A N D  FUEL CYCLES 

B~~~~ and Roe 0 Argonne National 
Industrial Services Laboratory 
Corporation Babcock & Wilcox 

Bettis Atomic Powei National Laboratory 
Laboratory 

Oak Ridge 

Brookhaven National 
Laboratory 

Burns Industrial and Services Roe 

Corporation 

Combustion 
Engineering, Inc. 

EXXON Nuclear Corp. 

0 General Atomic Corp. 

General Electric 
c o  . 
Hanford Engineering 
Development 
Laboratory 

Knolls Atomic Power 
Laboratory 

LosAlamos 
Scientific Laboratory 

Massachusetts 
Institute of  
Technology 

Oak Ridge National 
Laboratory 

Participants i n  
Alternative Fuel 
Cycle Evaluation 
Program 

Pennsylvania State 
University 

Pickard, Lowe, 
Garrick and 
Associates 

s Southern Science 
Applications, Inc. 

University of 
Washington 

Westinghouse 
Electric Co. 



2. THE ASSESSMENTS, THEIR FINDINGS, AND THEIR 
RECOMMENDATIONS 27 

2.1 TODAY'S NUCLEAR SYSTEMS .................................... 27 

2.1.1 Resistance t o  Nuclear Weapons P r o l i f e r a t i o n  ................ 28 

2.1.2 Resource U t i l i z a t i o n  ....................................... 55 

2.1.3 Commercial Cons idera t ions  .................................. 74 

2.1.4 P res su res  t o  S e l e c t  Less  R e s i s t a n t  Systems ................. 77 

............................................ 

VOLUME I - SUMMARY 

CONTENTS 

Page 

1. INTRODUCTION ............................................... 1 

1.1 THE PROLIFERATION PROBLEM .................................. 1 

1.1.1 Is There a Problem? ........................................ 1 

1.1.2 What is the Problem? ....................................... 2 

1.1.3 How Urgent i s  t h e  Problem? ................................. 
1.2 HISTORICAL PERSPECTIVE: EVOLVING NONPROLIFERATION POLICY e .  

6 

8 

1.2.1 Po l i cy  His tory  ............................................. 8 

1.3 THE NONPROLIFERATION ALTERNATIVE SYSTEMS ASSESSMENT 
PROGRAM .................................................... 11 

1.4.1 Reactor  and Fuel-Cycle Systems Studied ..................... 17 

1.4.2 Electrical  Growth Forecas t s  ................................. 22 

V 



VOLUME I - SUMMARY 

CONTENTS - Continued 

Page 

2.2 ASSESSMENT OF FUTURE CHOICES AND APPROACHES ................ 78 

2.2.1 Resource Extenders .......................................... 81 

2.2.2 Uranium Supply Improvements ................................ 130 

2.2.3 Inst i tut ional  Measures and Alternatives .................... 135 

2.2.4 Technical Measures ......................................... 142 

2.2.5 Implications for Research and Development .................. 149 

Bibliography ........................................................ 156 

Appendix: Projected Domestic Nuclear Generating Capacity ........... A- 1 
\ 

v i  L 



FIGURES 3 
Figure  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

A- 1 

I l l u s t r a t i v e  Once-Through Fuel  Cycle ....................... 
I l l u s t r a t i v e  Closed Fuel  Cycle ............................. 
Comparison of Recent P ro jec t ions  of I n s t a l l e d  Nuclear 
Electrical Generating Capacity ............................. 
Annual U 0 Supply Capabi l i ty  Estimates .................... 
Comparison of U O8 Supply Capabi l i ty  and Demand Using 
t h e  Curren t  LigJt-Water Reactor  on t h e  Once-Through 
Fuel Cycle ................................................. 

3 8  

Estimates of WOCA Annual U 0 Supply Capab i l i t y  ............ 3 8  
Comparison of WOCA Annual. U308 Supply Product ion 
Capab i l i t y  and Demand f o r  Current  Light-Water and Heavy- 
Water Reactors  ............................................. 
E f f e c t s  on U 0 
Generated Recycle Compared wi th  Improved Once-Through 

Demand of Using Light-Water Reactor  S e l f -  3 8  
Light-Water Reactors  ....................................... 
E f f e c t s  on U 0 
Converters  i n t o  a System of Improved Once-Through Light-  
Water Reactors  ............................................. 

Demand of t h e  In t roduc t ion  of Advanced 3 8  

E f f e c t  of Breeder In t roduc t ion  Date and Nuclear Growth on 
U308 Demand i n  t h e  U.S. ( f o r  a System of Liquid-Meta l  F a s t  
Breeder Reactors  and 15% Improved ?Light-Water Reac to r s )  .... 

Pro jec t ions  f o r  T o t a l  Energy, Electrical Energy, and 
Nuclear Energy ‘Generat%on, 1980-2025 (With Corresponding 
Nuclear Generat ing Capaci ty)  .. ............................. 

Pape 

19 

20 

26 

62 

6 4  

6 8  

70 

86 

99 

106 

A-8 

r 
. .  

. 



Table 

1 

2 

3 

- 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

TABLES 

Organizat ions Preparing S tud ie s  f o r  NASAP .................. 
Chronology of Events i n  Nonprol i fe ra t ion  ................... 
Nuclear Reactor Systems t h a t  Received t h e  Major 
Considerat ion by NASAP ..................................... 
1978 Estimates of U.S. Nuclear Power Generat ing 
Capacity ................................................... 
1979 Estimates of U.S. Nuclear Power Generat ing 
Capacity ................................................... 
1980 Estimates of U.S. Nuclear Power Generat ing Capaci ty  ... 
Chronology of Nuclear Power Forecas ts  f o r  1990 ............. 
Evaluat ion of Measures t o  Improve P r o l i f e r a t i o n  Res is tance  
of Closed Fuel  Cycles ...................................... 
January 1, 1979, Department of Energy Estimates of Domestic 
Uranium Recoverable Reserves and P o t e n t i a l  Resources ....... 
U.S. Low-Grade Uranium Resources ........................... 
Annual U.S. U 0 Requirements i n  Thousands of Short  Tons 
f o r  t h e  Curre&%ight-Water Reactor System ................. 
U.S. Annual Enrichment Requirements ........................ 
The E f f e c t s  i n  t h e  U.S. of Reduced Enrichment Tails 
Assay on U 0 Use i n  Light-Water Reactors--Median 
Nuclear Gr&h ............................................. 
Prebreed 3 t  r 
Annual U 0 Demand f o r  Systems of Light-Water Reactor 

and Breeder Reactors  ........................... 
Research and Development Program Recommendations ........... 

Pane 

i v  

, 9  

18 

23 

23 

24 

25 

45 

58 

59 

63 

72 

91 

114 

155 

v i i i  



TABLES - Continued 

Page 

A- 1 1978 Estimates of Ins ta l l ed  Domestic Nuclear Power 
Generating Capacity .......... b..........~.a................ A-2 

A-2 1979 Estimates of U.S.  Nuclear Generating Capacity ......... A-5 

A-3 1980 Estimates of U.S.  Nuclear Generating Capacity ......... A-7 

A-4 Comparisons of Recent Projections of Total Energy and 
Elec tr i c i ty  Consumption and of Insta l led  Nuclear E lec tr i ca l  
Generating Capacity ....................~~.o~....m..mo.....~ A-9 

i x  



ACRONYMS 

AGNS A l l i e d  General  Nuclear Services 

EIA Energy Informat ion  Adminis t ra t ion  
EURATOM European Atomic Energy Comrmnity 

IAEA I n t e r n a t i o n a l  Atomic Energy Agency 
INFCE I n t e r n a t i o n a l  Nuclear  Fue l  Cycle  Evalua t ion  

LEAP Long-Term Energy Analysis  Program 

NASAP 
NEA Nuclear Energy Agency 
NURE 

Nonpro l i f e ra t ion  A l t e r n a t i v e  Systems Assessment Program 

1Ja t i o n a l  Uranium R e  sou rces  Evalua t ion  

OECD Organiza t ion  f o r  Economic Cooperat ion and Development 

PIES P r o j e c t  Independence Evalua t ion  Systems 

WOCA World o u t s i d e  c e n t r a l l y  planned-economy areas 

X 



1 INTRODUCTION 

This r e p o r t  summarizes t h e  Nonpro l i f e ra t ion  A l t e r n a t i v e  Systems Assessment 
Program (NASAP): i t s  background ,  i t s  s t u d i e s ,  and i t s  r e s u l t s .  T h i s  
i n t r o d u c t o r y  c h a p t e r  t r a c e s  t h e  growth  of t h e  i s s u e  of n u c l e a r  weapons 
p r o l i f e r a t i o n  and  t h e  o r g a n i z a t i o n  and  o b j e c t i v e s  of NASAP. C h a p t e r  2 
summar izes  t h e  program's  a s s e s s m e n t s ,  f i n d i n g s ,  and  recommendat ions.  
Each of Volumes 1 1 - V I 1  r e p o r t s  on a n  i n d i v i d u a l  a s s e s s m e n t  (Volume 11: 
P r o l i f e r a t i o n  Res i s t ance ;  Volume 111: Resources and Fuel  Cycle F a c i l i t i e s ;  
Volume I V :  Commercial P o t e n t i a l ;  Volume V: Economics and Systems Analys is ;  
Volume V I :  S a f e t y  and Environmental Cons idera t ions  f o r  Licens ing;  Volume V I I :  
I n t e r n a t i o n a l  Pe r spec t ives ) .  Volume V I 1 1  (Advanced Concepts) p r e s e n t s  a 
combined assessment of s e v e r a l  less f u l l y  developed concepts ,  and Volume IX 
(Reactor and F u e l  Cycle D e s c r i p t i o n s )  provides  d e t a i l e d  d e s c r i p t i o n s  of t h e  
r e a c t o r  and fue l - cyc le  sys t ems  s t u d i e d  by NASAP. 

1.1 THE PROLIFERATION PROBLEM 

I 

The i n t e r n a t i o n a l  community h a s  d e v e l o p e d  a r e g i m e  d e s i g n e d  t o  p r o v i d e  
s u b s t a n t i a l  p r o t e c t i o n  a g a i n s t  t h e  p r o l i f e r a t i o n  of  nuc lea r -weapons  ( o r  
nuc lear-exp 10s i v e  ) c a p a b i l i t i e s  . A 1  though c u r r e n t l y  deployed once-t h r  ough 
nuclear  power systems (so c a l l e d  because t h e i r  spen t  f u e l  is s t o r e d  r a t h e r  
than reprocessed  f o r  reuse)  do not  r e a d i l y  lend  themselves t o  p r o l i f e r a t i o n ,  
t h e y  may f a c i l i t a t e  t h e  a c q u ' i s i t i o n  of t h e  ma te r i a l s ,  f a c i l i t i e s ,  a n d  
e x p e r t i s e  necessary  t o  develop nuc lea r  weapons. I n  t h e  f u t u r e ,  more wide- 
spread  o r  advanced nuc lear  power systems may more r e a d i l y  l end  themselves 
t o  p r o l i f e r a t i o n .  A s  t h e s e  systems evolve,  t h e i r  abuse,  whether ove r t  o r  
cove r t ,  may provide  a more a t t r a c t i v e  r o u t e  t o  nuc lear  weapons c a p a b i l i t i e s  
than  o t h e r  rou te s ,  o r  i t  may enhance them s i g n i f i c a n t l y .  The d e c i s i o n  t o  
o b t a i n  nuc lear  weapons, wh i l e  a f f e c t e d  by t echno log ica l  cons ide ra t ions ,  i s  
b a s i c a l l y  a p o l i t i c a l  one, whether made a t  a n a t i o n a l  o r  subna t iona l  level-  
It is impor tan t ,  t h e r e f o r e ,  t o  ensure  t h a t  nuc lea r  p a r e r  systems, as  they 
evolve,  do no t  make t h i s  d e c i s i o n  an easy  one. 

1.1.1 Is There a Problem? 

The re levance  of c i v i l i a n  nuc lea r  power programs t o  p r o l i f e r a t i o n  c e n t e r s  on 
t h e  access t h a t  they may provide  t o  weapons-usable materials, f a c i l i t i e s ,  o r  

1 



e x p e r t i s e ,  and on t h e  s i g n i f i c a n t  i n f luence  t h a t  access  may have both on t h e  
dec i s ions  of n a t i o n s  o r  subna t iona l  groups t o  seek  nuc lear  weapons and on 
t h e i r  a b i l i t y  t o  implement such dec is ions .  D e s p i t e  t h i s  common focus,  t h e r e  
is a d i v e r s i t y  of op in ion  about t h e  l i k e l i h o o d  of p r o l i f e r a t i o n  through t h e  
abuse of c i v i l i a n  nuc lea r  power programs and about t h e  r e l a t i v e  importance 
of such programs t o  t h e  prol-fferat ion problem. A l l  nuc lea r  weapons programs 
t o  d a t e  have developed from nuc lea r  materials and f a c i l i t i e s  no t  s u b j e c t  
t o  i n t e r n a t i o n a l  safeguards.  Even i f  o t h e r  r o u t e s  were more e f f i c i e n t  o r  
qu icker ,  easier, and cheaper than  abuse of t h e  f u e l  cyc le ,  i t  does n o t  fo l low 
t h a t  no na t ion  would abuse t h e  f u e l  cycle .  One premise of t h i s  assessment is 
t h a t ,  even though t h e r e  are s e v e r a l  rou te s  t o  a nuc lea r  weapons c a p a b i l i t y ,  
u n c e r t a i n t i e s  about t h e  pe rcep t ions  of o the r  n a t i o n s ,  t h e  d i f f e r e n c e s  i n  
t h e i r  s i t u a t i o n s ,  and t h e  se r iousness  of p r o l i f e r a t i o n  by any r o u t e  are so  
g r e a t  t h a t  r e d u c i n g  t h e  r i s k  of p r o l i f e r a t i o n  by a l l  r o u t e s ,  i n c l u d i n g  
c i v i l i a n  nuc lear  power programs, i s  e s s e n t i a l  t o  t h e  o v e r a l l  management of 
t h e  problem. 

A n o t h e r  p r e m i s e  i s  t h a t  a b u s e  of t h e  f u e l  c y c l e  c a n n o t  b e  r e g a r d e d  a s  a 
t r i v i a l  p a r t  of t h e  problem; i n  f a c t ,  abuse of t he  f u e l  cyc le  may b e  one of 
s e v e r a l  a t t r a c t i v e  rou te s  t o  a p o t e n t i a l  p r o l i f e r a t o r .  P a k i s t a n  i s  a case  
i n  poin t .  Z u l f i k a r  A l i  Bhutto,  t h e  r e c e n t l y  deposed l e a d e r  of Pakis tan ,  
i s  r epor t ed  t o  have s t a t e d  t h a t  a safegdarded reprocess ing  p l a n t  w a s  t o  b e  
h i s  means of a c q u i r i n g  a nuc lea r  weapons c a p a b i l i t y  (The Washinpton Pos t ,  
December 8 ,  1978,  p .  A l ) .  More r e c e n t  e v e n t s  i n  P a k i s t a n ,  i n c l u d i n g  a 
r e p o r t e d  e f f o r t  t o  c o n s t r u c t  a c l a n d e s t i n e  e n r i c h m e n t  p l a n t ,  a p p a r e n t l y  
r e f l e c t  a n a t i o n a l  de te rmina t ion  t o  a c q u i r e  such a c a p a b i l i t y  and thereby 
e n h a n c e  t h e  c r e d i b i l i t y  of B h u t t o ' s  s t a t e m e n t  (The Washinpton  P o s t ,  
A p r i l  9, 1979, p. A l ) .  C l e a r l y ,  t h e  i d e a  of abus ing  a nuc lear  power system 
cannot be  c a s u a l l y  dismissed and has  long been recognized as a p o s s i b i l i t y .  
The r e s u l t  i s  t h e  c u r r e n t  i n t e r n a t i o n a l  r e g i m e  of a g r e e m e n t s ,  t r e a t i e s ,  
gu ide l ines ,  and t h e  i n t e r n a t i o n a l  sa feguards  system. 

1.1.2 What i s  t h e  Problem? 

The problem of p r o l i f e r a t i o n  is  t h e  danger posed by t h e  movement toward o r  
a c q u i s i t i o n  of a nuc lear  weapons c a p a b i l i t y  by a n a t i o n  o r  subna t iona l  group 
p r e s e n t l y  wi thout  it. Th i s  danger would be  aggravated by t h e  s i m i l a r i t y  of 
t h e  nuc lea r  materials and f a c i l i t i e s . i n v o l v e d  i n  s imilar  processes  of develop- 
i n g  e i t h e r  nuc lear  power o r  nuc lear  weapons c a p a b i l i t i e s .  I n  tu rn ,  t h e s e  
similarities can make t h e  real purpose of a nuc lear  development ambiguous 
throughout much of t h e  process .  The dec i s ion  t o  acqu i r e  a nuc lear  weapons 
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c a p a b i l i t y  may b e  f aced  a t  any t i m e  i n  t h e  course  of t h i s  development and 
is  i n f l u e n c e d  by t h r e e  p r i m a r y  c o n s i d e r a t i o n s .  These  are  t h e  s u p p l y  of 
materials, f a c i l i t i e s ,  and e x p e r t i s e ;  t h e  demand f o r  weapons; and t h e  would-be 
p r o l i f e r a t o r ' s  pe rcep t ions  of t h e  p o l i t i c a l  and m i l i t a r y  r i s k s  e n t a i l e d ,  t h a t  
is, t h e  r i s k  of d e t e c t i o n  and response by one o r  more na t ions ,  o r  by t h e  
i n t e r n a t i o n a l  community as a whole. 

I n  f a c i n g  t h e  complex d e c i s i o n  t o  move toward o r  t o  a c q u i r e  nuc lea r  weapons, 
a n a t i o n  o r  a subna t iona l  group is  l i k e l y  t o  choose a cour se  of a c t i o n  t h a t  
ensures  t h e  g r e a t e s t  chance of success  a t  t h e  least r i s k  of d e t e c t i o n  and 
response. Where t h e r e  is a choice ,  i t  is  between an independent m i l i t a r y  
c a p a b i l i t y  and an abuse of c i v i l i a n  I f a c i l i t i e s ,  which inc lude  nuclear-power, 
r e s e a r c h  and  deve lopmen t ,  and  c r i t i c a l  f a c i l i t i e s .  A s  t h e  deve lopment  
of a nuc lea r  power program ove r l aps  t h e  development of a nuc lea r  weapons 
program and is recognized as l e g i t i m a t e ,  s o  a d e c i s i o n  t o  a c q u i r e  a nuc lea r  
weapons c a p a b i l i t y  can be  implemented wi th  reduced p o l i t i c a l  and m i l i t a r y  
r i s k s .  I f  a l l  a c t i o n s  are l e g i t i m a t e ,  t h e  r i s k s  are minimized because a l l  
a c t i o n s  are j u s t i f i a b l e  i n  terms of t h e i r  nonmi l i ta ry  purposes.  

For t h i s  reason,  p r o l i f e r a t i o n  r e s i s t a n c e  focuses  upon t h e  degree  t o  which 
ove r l ap  between m i l i t a r y  and c i v i l i a n  nuc lea r  power programs may be  prevented 
o r  reduced. Where t h e  two p r o g r a m  do not  over lap ,  t h e  d i s t a n c e  between a 
c i v i l i a n  n u c l e a r  power program and t h e  possess ion  of nuc lea r  weapons would 
b e  a p p r o p r i a t e l y  measured by t h e  a d d i t i o n a l  r e sources  and t i m e  involved a f t e r  
a n a t i o n  makes a commitment wh ich  v i o l a t e s  a g r e e m e n t s  o r  c o n v e n t i o n s  of  
i n t e r n a t i o n a l  behavior.  The n a t u r e  of t hose  r e sources  and t h e  t i m e  necessary  
t o  marshal them p roduc t ive ly  would he lp  determine t h e  l i k e l i h o o d  of exposure 
t o  r i s k  t h a t  a n a t i o n  runs i n  moving toward o r  acqu i r ing  a nuc lea r  weapons 
c a p a b i l i t y  from a s t a r t i n g  p o i n t  i n  a c i v i l i a n  nuc lea r  program. 

T h i s  s t a r t i n g  p o i n t  i s  c r u c i a l ,  and  t h e  b a s i s  f o r  c o n t r o v e r s y  a b o u t  t h e  
p o s s i b i l i t i e s  f o r  p r o l i f e r a t i o n  through t h e  abuse of a c i v i l i a n  nuc lea r  power 
program. On t h e  one hand, t h e  r e sources  r equ i r ed  t o  develop an independent 
m i l i t a r y  program may b e  s u b s t a n t i a l l y  less than  those  r equ i r ed  t o  develop 
a c i v i l i a n  n u c l e a r  power f u e l  c y c l e .  ( F o r  i n s t a n c e ,  i t  i s  w i t h i n  t h e  
c a p a b i l i t i e s  of many n a t i o n s  t o  c o n s t r u c t  a heavy-water o r  graphite-moderated 
r e a c t o r  f u e l e d  by n a t u r a l  uranium and t o  c o n s t r u c t  a r ep rocess ing  p l a n t  t o  
produce a few weapons p e r  year .  The O f f i c e  of Technology Assessment estimates 
t h e  c o s t  and  , t i m e  r e q u i r e d  t o  c o n s t r u c t  t h e s e  f a c i l i t i e s  t o  b e  a b o u t  
$100 m i l l i o n  and f i v e  yea r s . )  On t h e  o t h e r  hand, t h e  resources  r equ i r ed  t o  
develop an independent m i l i t a r y  program may b e  much more than those  r equ i r ed  
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t o  abuse an  e x i s t i n g  c i v i l i a n  program. Perhaps more important ,  developing 
an independent m i l i t a r y  program can involve  a longer  t i m e  f o r  d e t e c t i o n  and 
response by one o r  more n a t i o n s ,  o r  t h e  i n t e r n a t i o n a l  community as a whole, 
t han  moving t o  nuc lear  weapons from a c i v i l i a n  program. In f a c t ,  i t  may b e  
easier f o r  a d e c i s i o n  t o  move toward weapons t o  be made as t h e  r e s u l t  of 
a s e q u e n c e  of i n c r e m e n t a l  moves which  h a v e ,  o r  a p p e a r  t o  have ,  c i v i l i a n  
o b j e c t i v e s  r a t h e r  t h a n  a l l  a t  o n c e  f o r  s p e c i f i c a l l y  m i l i t a r y  p u r p o s e s .  
Moreover, t h e  p o t e n t i a l  f o r  p r o l i f e r a t i o n  through t h e  f u e l  cyc le s  can be 
unc lea r  t o  domestic as w e l l  as f o r e i g n  observers  and does no t  even have t o  

A s  a r e s u l t ,  
r o u t e s  easier 

b e  i n  mind when a n a t i o n  c h o o s e s  a - n u c l e a r  power program. 
t h e r e  can b e  d r i f t ,  whether d e l i b e r a t e  o r  i n a d v e r t e n t ,  toward 
t o  a nuc lea r  weapons c a p a b i l i t y .  

The pe r iod  of t i m e  a f t e r  which movement toward ob ta in ing  weap ns  is l e a r l y  
d i s t i n g u i s h a b l e  from l e g i t i m a t e  c i v i l i a n  nuc lear  a c t i v i t y  i s  c r i t i ca l .  For 
then a n a t i o n  runs a r i s k  of d e t e c t i o n  and response;  and only i f  t h e  p o t e n t i a l  
p r o l i f e r a t o r  a n t i c i p a t e s  such a r i s k  can i t  have a d e t e r r e n t  e f f e c t .  This  
exposure t i m e  depends on t h e  e x i s t e n c e  of a consensus about  when a n  a c t i v i t y ,  
even i f  l e g a l ,  i s  p o l i t i c a l l y  unacceptable  and v i o l a t e s  i n t e r n a t i o n a l  norms. 

Accordingly,  such a consensus needs t o  address  t h e  ambigui t ies  which arise 
b e c a u s e  a l l  n u c l e a r  power f u e l - c y c l e  s y s t e m s  i n v o l v e  e i t h e r  " s e n s i t i v e "  
(weapons-usable) material o r  a p o t e n t i a l l y  " sens i t i ve"  f a c i l i t y  (one t h a t  can 
produce, o r  can e a s i l y  be  modified t o  produce, weapons-usable m a t e r i a l )  t h a t  
is i n  t h e  system. Ambiguities may a l s o  arise about a n  out-of-system f a c i l -  
i t y - -one  wh ich  i s  n o t  p a r t  of t h e  n u c l e a r  power f u e l - c y c l e  s y s t e m  u n d e r  
cons ide ra t ion .  Such a f a c i l i t y  may be  used f o r  another  f u e l  c y c l e  o r  o the r  
c i v i l i a n  purposes ,  l i k e  producing i so topes  f o r  medical o r  b i o l o g i c a l  u s e s ,  o r  
i t  may be  used f o r  nuc lea r  weapons purposes,  i n  which case i t  is c a l l e d  a 
"dedicated" f a c i l i t y .  I n  s h o r t ,  t h e  mere f a c t  t h a t  a f a c i l i t y  i s  out-of- 
system does n o t  i d e n t i f y  i t  as m i l i t a r y  o r  prove t h a t  i t s  purpose i s  dangerous 
o r  p rosc r ibed ,  b u t  i t  does make t h e  purpose of t h e  f a c i l i t y  ambiguous u n t i l  
i t s  a c t u a l  purpose can b e  e s t ab l i shed .  The p o t e n t i a l  f o r  abuse of s e n s i t i v e  
f a c i l i t i e s  when they are in-system o r  t h e i r  i nhe ren t  ambiguity when they are 
out-of-system d e f i n e s  t h e  p r o l i f e r a t i o n  r i s k  of nuclear-power f u e l  cycles .  

Although no nuclear-power f u e l  cyc le  is  completely f r e e  of p r o l i f e r a t i o n  
r i s k s ,  f u e l  cyc le s  can d i f f e r  s i g n i f i c a n t l y  i n  t h e i r  degree of resistance 
t o  abuse. The i r  r e l a t i v e  degrees  of p r o l i f e r a t i o n  r e s i s t a n c e  depend both 
on t h e  t e c h n i c a l  f e a t u r e s  and  a c t i v i t i e s  of t h e  f u e l  c y c l e s  and on t h e  
i n s t i t u t i o n a l  arrangements and p o l i t i c a l  s i t u a t i o n s  under which they are 
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used .  A t  t h e  p r e s e n t  t i m e ,  s t a t e s  can  h a v e  material  d i r e c t l y  u s a b l e  i n  
n u c l e a r  weapons w i t h o u t  h a v i n g  t o  make t h e  d e c i s i o n s  o r  t o  t a k e  s t e p s  
t o  implement  them which  are unambiguous ly  d i r e c t e d  toward  d e v e l o p i n g  a 
n u c l e a r  weapons program, i n  c o n t r a s t  t o  a s i t u a t i o n  i n  which  d e d i c a t e d  
f a c i l i t i e s  have t o  be b u i l t .  

The goa l s  of t h e  t a s k  a t  hand, t o  reduce t h e  r i s k s  of p r o l i f e r a t i o n  through 
c i v i l i a n  n u c l e a r  power p rograms ,  a r e  t h r e e f o l d .  The f i r s t  is t o  s e c u r e  
agreement, i f  p o s s i b l e ,  on t h e  cond i t ions  and c o n t r o l s  under which c i v i l i a n  
nuc lea r  a c t i v i t i e s  are acceptab le .  The second i s  t o  ensure  t h a t  no c i v i l i a n  
s t a r t i n g  p o i n t s  b e  e a s y ,  t h a t  t h e  e x p o s u r e  t i m e  b e  l o n g ,  and t h a t  t h e  
d e t e c t i o n  sys tem be e f f e c t i v e .  The t h i r d  is t o  ensure  t h a t  when n a t i o n s  
u n d e r t a k e  t o  d e v e l o p  a n u c l e a r  power program, t h e y  r e c o g n i z e  i n  advance  
t h a t  i t s  a b u s e  f o r  n u c l e a r  weapons p u r p o s e s  is t o o  r i s k y  p o l i t i c a l l y  o r  
m i l i t a r i l y  because t h e  adverse  consequences would be too g r e a t  t o  accept .  

The purpose of t h e  c u r r e n t  i n t e r n a t i o n a l  sa feguards  regime is t o  d e t e r  t h e  
a b u s e  of c i v i l i a n  f u e l - c y c l e  materials o r  f a c i l i t i e s  t h r o u g h  p r o c e d u r e s  
which ensure  t i m e l y  d e t e c t i o n ,  on t h e  assumption t h a t  such d e t e c t i o n  could 
h a v e  u n a c c e p t a b l y  h i g h  r i s k s .  I n t e r n a t i o n a l  s a f e g u a r d s  are  i n t e n d e d  t o  
warn of a t t e m p t s  t o  d e v e l o p  n u c l e a r  weapons f r o m  s a f e g u a r d e d  materials 
o r  f a c i l i t i e s .  They a re  a l s o  i n t e n d e d  t o  p r o v i d e  e v i d e n c e  t h a t  n u c l e a r  
weapons h a v e  been  p r e p a r e d  i n  v i o l a t i o n  of n o n p r o l i f e r a t i o n  o b l i g a t i o n s  
wi thout  r e l y i n g  f o r  such evidence on t h e  d e t e c t i o n  of nuclear-weapons (o r  
nuc lear -explos ive)  tests. 

To achieve  t h i s  purpose,  t h e  regime must make t h e  r i s k  of d e t e c t i o n  g r e a t  
enough so t h a t  i t  would be easier f o r  a p o t e n t i a l  p r o l i f e r a t o r  t o  withdraw 
f r o m  i n t e r n a t i o n a l  sa feguards  o r  e s t a b l i s h  an independent m i l i t a r y  program 
t h a n  t o  a b u s e  a c i v i l i a n  n u c l e a r  program. A t  t h e  same t i m e ,  t h e  r eg ime  
must make t h e  l e v e l  of a s s u r a n c e  p r o v i d e d  f o r  d i f f e r e n t  components  of 
d i f f e r e n t  f u e l  c y c l e s  c r e d i b l e  by , c o n s i d e r i n g  t h e  s a f e g u a r d s  e f f o r t s  
r e q u i r e d  for s u c h  p r o v i s i o n .  The r i s k  of  d e t e c t i o n  and t h e  c r e d i b i l i t y  
of sa feguards  e f f o r t s  would provide  .very l i t t l e  assurance  i n  a h y p o t h e t i c a l  
s i t u a t i o n  i n  which ‘a l l  u s e r s  of nuc lea r  energy’had d i r e c t  access t o  nuc lea r  
weapons-usable materials o r  f a c i l i t i e s ,  s i n c e  i t  would be  very d i f f i c u l t  t o  
v e r i f y  a l l  of t h e i r  a c t i v i t i e s .  
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Desp i t e  t h e  i n t e n t  of t h e  c u r r e n t  i n t e r n a t i o n a l  s a fegua rds  regime and i t s  
c o n t r i b u t i o n  t o  t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of c i v i l i a n  nuc lea r  programs, 
t h e  v u l n e r a b i l i t i e s  o f  t h e  f u e l  c y c l e  r e m a i n  a matter of c o n t i n u i n g  and 
s i g n i f i c a n t  concern. T h i s  volume assesses t h e s e  v u l n e r a b i l i t i e s ,  both tech- 
n i c a l  and i n s t i t u t i o n a l ,  so t h a t  t he  p r o l i f e r a t i o n  r i s k s  of t h e  d i f f e r e n t  
f u e l  c y c l e s  and fue l - cyc le  systems may b e  reduced- as c i v i l i a n  nuc lea r  power 
systems are developed. 

1.1.3 How Urgent i s  t h e  Problem? 

The problem is made u rgen t  by t r e n d s  i n  t h e  development and deployment of 
d i f f e r e n t  f u e l  c y c l e s  and n u c l e a r  power systems, and by p o l i t i c a l  developments 
i n  some p a r t s  of t h e  world. The c u r r e n t  regime i s  c h a r a c t e r i z e d  l a r g e l y  by 
once-through systems, i n  which t h e  predominant r e a c t o r  is  t h e  l ight-water  
r e a c t o r ,  and f o r  which enrichment services are provided by a few s ta tes .  
Spent f u e l  is being h e l d  i n  i n t e r i m  s t o r a g e ,  most of i t  a t  r a d i a t i o n  l e v e l s  
that  make r ep rocess ing  possible only w i t h  f a c i l i t i e s  which p r e s e n t l y  e x i s t  i n  
few na t ions .  I n  f a c t ,  t h e r e  is only one l a rge - sca l e  p l a n t  c u r r e n t l y  i n  opera- 
t i o n  to r ep rocess  spen t  f u e l  from l ight-water  r e a c t o r s ,  a l though smaller 
p l a n t s  a l s o  e x i s t .  A v a r i e t y  of c o n s t r a i n t s ,  p o l i t i c a l  and i n s t i t u t i o n a l ,  on 
i n t e r n a t i o n a l  behavior have combined t o  keep t h e  p r o l i f e r a t i o n  of nuc lea r  
weapons w e l l  w i t h i n  t h e  limits some had p ro jec t ed .  These c o n s t r a i n t s  i n c l u d e  
a l l i a n c e  r e l a t i o n s h i p s ,  t h e  c u r r e n t  i n t e r n a t i o n a l  regime c o n t r o l l i n g  c i v i l i a n  
n u c l e a r  a c t i v i t i e s ,  and an  i n t e r n a t i o n a l  climate i n  which t h e  development of 
n u c l e a r  weapons  is i n c r e a s i n g l y  v i ewed  as n o t  b e i n g  i n  t h e  i n t e r e s t s  of 
any na t ion .  

But t h e r e  is a growing concern t h a t  t h e r e  are a t  least two t r e n d s  toward 
g r e a t e r  p r o l i f e r a t i o n  risks. F i r s t ,  more n a t i o n s  are a c q u i r i n g  access t o  
s e n s i t i v e  materials and f a c i l i t i e s .  S e v e r a l  n a t i o n s  are planning o r  con- 
s t r u c t i n g  enrichment f a c i l i t i e s  f o r  g r e a t e r  a s su rance  of f u e l  supply than  
they b e l i e v e  they can o b t a i n  from t h e  few n a t i o n s  t h a t  now supply enrichment 
s e r v i c e s .  Some n a t i o n s  have s t a t e d  t h a t  t h e  need t o  d i spose  of t h e  growing 
amount of s p e n t  f u e l  in i n t e r i m  s t o r a g e  is one c o n s i d e r a t i o n  i n  t h e i r  p l ans  t o  
b u i l d  and o p e r a t e  r ep rocess ing  f a c i l i t i e s .  Some n a t i o n s  wi th  u n c e r t a i n t i e s  
about t h e  a v a i l a b i l i t y  of uranium resources  f o r  t h e  longer  t e r m  and w i t h  a 
d e s i r e  f o r  n a t i o n a l  c o n t r o l  over t h e  f u e l  c y c l e  are beginning t o  develop f a s t  
b reede r  r e a c t o r s  and t h e i r  a s s o c i a t e d  fue l - cyc le  components. Although t h e r e  
h a s  been a c o n s i s t e n t  downward t r e n d  i n  a l l  nuc lea r  energy f o r e c a s t s  f o r  t h e  
p a s t  s e v e r a l  years, so t h a t  t h e  spread of s e n s i t i v e  materials and f a c i l i t i e s  
is  less imminent, t h e  underlying p r e s s u r e s  r e s p o n s i b l e  f o r  t h i s  t r e n d  remain. 
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Second,  some of t h e s e  n a t i o n s  may p e r c e i v e  t h a t  t h e y  h a v e  i n c e n t i v e s  t o  
a c q u i r e  o r  t o  cons ider  sho r t en ing  t h e  t i m e  f o r  acqu i r ing  nuc lea r  weapons 
c a p a b i l i t i e s .  Not a l l  of  t h e s e  n a t i o n s  h a v e  i n d i c a t e d  a w i l l i n g n e s s  t o  
forego  nuc lea r  weapons o r  nuc lear  exp los ive  dev ices  by acceding t o  t h e  Trea ty  
on t h e  Non-Prol i fe ra t ion  of Nuclear  Weapons (commbnly r e f e r r e d  t o  as t h e  Non- 
p r o l i f e r a t i o n  Trea ty )  e Both t h e  dynamics of evolv ing  nuc lear  power systems 
and c h a n g i n g  p o l i t i c a l  r e a l i t i e s  r e q u i r e  t h a t  t h e  e x i s t i n g  r e g i m e  which  
c o n t r o l s  c i v i l i a n  nuc lea r  a c t i v i t i e s  b e  reassessed  t o  f i n d  ways t o  s t r e n g t h e n  
i t  a g a i n s t  t h e  dangers  of nuc lear  p r o l i f e r a t i o n .  

The s c o p e  of t h i s  r e p o r t  h a s  been  l i m i t e d  t o  t h e  w e a p o n s - u s a b i l i t y  o f  
fue l -cyc le  material from those  power, research ,  and test r e a c t o r s ,  and from 
fue l - cyc le  fac i l i t i es ,  t h a t  have p o t e n t i a l  f o r  use  i n  t h e  United S t a t e s  and 
abroad. Limi t ing  t h e  scope of t h e s e  s t u d i e s  t o  c i v i l i a n  nuc lea r  systems 
meant t h a t  n e i t h e r  t h e  dedica ted  weapons programs of f o r e i g n  coun t r i e s ,  nor  
t h e  demand f o r  weapons, nor t h e  p o l i t i c a l  dynamics t h a t  might cause a n a t i o n  
t o  abuse the  nuc lea r  f u e l  cyc le  were analyzed. Thus, n o t  a l l  of t h e  pro- 
l i f e r a t i o n  pathways open t o  a n a t i o n  have been covered i n  t h i s  s tudy ,  and, 
cor respondingly ,  no t  a l l  of t h e  a v a i l a b l e  p r o l i f e r a t i o n  countermeasures have 
been analyzed. 

The s tudy ' s  scope w a s  in f luenced  by t h r e e  primary f a c t o r s .  F i r s t ,  a l though 
t h e  p r o l i f e r a t i o n  r i s k  posed by a c i v i l i a n  nuc lea r  power program had been 
d iscussed  ex tens ive ly  i n  a number of r ecen t  s t u d i e s  (Pan H e u r i s t i c s '  Moving 
Toward L i f e  i n  a Nuclear Armed Crowd?, The Ford Foundation's Nuclear Power 
I s s u e s  and Choices,  t h e  A t l a n t i c  Council 's  Nuclear Power and Nuclear Weapons 
P r o l i f e r a t i o n ,  and t h e  O f f i c e  of Technology Assessment's Nuclear P r o l i f e r a t i o n  
and S a f e m a r d s ) ,  u n t i l  NASAP, no thorough t e c h n i c a l  s tudy of t h i s  r i s k  had 
been made t o  measure t h e  a c t u a l  dimensions of t h e  problem. Second, t o  t h e  
e x t e n t  t h a t  c i v i l i a n  nuc lear  power programs do pose a p r o l i f e r a t i o n  r i s k ,  
ad jus tments  may be  warranted i n  t h e  nuc lear  systems c u r r e n t l y  i n  use o r  i n  
those  systems t h a t  w i l l  be developed and deployed domest ica l ly  and abroad. 
S ince  i n d i v i d u a l  p a r t s  of c u r r e n t  r e sea rch ,  development, and demonstrat ion 
programs may be  a f f e c t e d ,  t h e  leve l  of d e t a i l  had t o  be  commensurately f i n e .  
F i n a l l y ,  nuc lea r  p r o l i f e r a t i o n  is f a r  more than a weapons i s s u e ;  i t  is  one 
t h a t  is more p rope r ly  d iscussed  i n  t h e  broader  con tex t s  of n a t i o n a l  energy 
g o a l s  and  t h e  r o l e  of n u c l e a r  power i n  m e e t i n g  t h o s e  g o a l s ,  of  r e s o u r c e  
l i m i t a t i o n s  and s e c u r i t y  of supply,. of economic and p o l i t i c a l  a s p i r a t i o n s ,  
and  of n a t i o n a l  o b j e c t i v e s  f o r  i n d e p e n d e n c e  f r o m  r e l i a n c e  on f o r e i g n  
e n e r g y  s u p p l i e r s .  To d e a l  w i t h  i s s u e s  of  s u c h  b r e a d t h  h a s  r e q u i r e d  t h e  
comprehensive assessment of r e a c t o r  sand fue l -cyc le  systems ,and programs from 
s e v e r a l  pe r spec t ives .  * .. 

7 



1.2 HISTORICAL PERSPECTIVE: EVOLVING NONPROLIFERATION POLICY 

The use  of nuc lea r  energy f o r  t h e  gene ra t ion  of e l e c t r i c i t y  has  been under  
development s i n c e  t h e  l a te  1940's. By t h e  1960's i t  had begun t o  make a 
s u b s t a n t i a l  c o n t r i b u t i o n  t o  t h e  electrical  gene ra t ing  capac i ty  of t h e  United 
S t a t e s  and o t h e r  major i n d u s t r i a l  na t ions .  I n  1967, 0.6 percent  of elec- 
t r i c i t y  p r o d u c t i o n  i n  t h e  U n i t e d  S t a t e s  w a s  g e n e r a t e d  by n u c l e a r  power,  
and by 1977 t h a t  number had r i s e n  t o  11.8 percent .  Nuclear  growth f o r  t h e  
O r g a n i z a t i o n  f o r  Economic C o o p e r a t i o n  and  Development  (OECD) c o u n t r i e s  
p a r a l l e l e d  t h a t  of t h e  United S t a t e s ;  8 percen t  of t h e i r  e l e c t r i c i t y  w a s  
s u p p l i e d  by n u c l e a r  power i n  1976. I n  1977 c o u n t r i e s  w i t h  t h e  l a r g e s t  
percentage  of nuclear-generated e l e c t r i c i t y  included: Belgium (22.4 p e r c e n t ) ,  
France (13.4 p e r c e n t ) ,  t h e  Fede ra l  Republ ic  of Germany (1 1 percen t ) ,  Sweden 
(21.7 p e r c e n t ) ,  and Swi tzer land  (16.8 percen t ) .  

With t h e  cont inuing  i n c r e a s e s  i n  both t h e  c o s t  of o t h e r  energy sources  and 
i n  t h e  u n c e r t a i n t i e s  regard ing  diminishing worldwide f u e l  s u p p l i e s ,  many 

. i n d u s t r i a l i z e d  a n d  d e v e l o p i n g  n a t i o n s  are  p l a n n i n g  f o r  i n c r e a s e d  u s e  of 
nuc lear  power over t h e  coming decades. Even wi th  t h e  lowering of estimates 
of f u t u r e  n u c l e a r  g rowth ,  t h e  Depar tmen t  of Energy ' s  Energy I n f o r m a t i o n  
Adminis t ra t ion  (EIA) h a s  f o r e c a s t  t h a t  nuc lear  power w i l l  p rovide  between 
25 and 30 percen t  of OECD's e l e c t r i c i t y  i n  1995. 

European use of nuc lear  energy has  been f o r e c a s t  t o  rise t o  34 t o  40 percen t  
of t o t a l  e l e c t r i c i t y  product ion  by 1995, l e d  by a n  ambit ious French l i g h t -  
water r e a c t o r  program. More modest programs are a n t i c i p a t e d  f o r  most non-OECD 
developing n a t i o n s ,  and EIA has  f o r e c a s t  t h a t  nuc lea r  power w i l l  c o n t r i b u t e  
on t h e  o rde r  of 10 t o  15 percen t  of t h e i r  t o t a l  e l e c t r i c i t y  generated i n  
1995. It is  a g a i n s t  t h i s  background of growing use  of nuc lea r  power t h a t  t h e  
problem of p r o l i f e r a t i o n  must be  examined. 

1.2.1 Pol i cy  Hi s to ry  

Concern about  t he  r e l a t i o n s h i p  between c i v i l i a n  nuc lear  power programs and 
t h e  p r o l i f e r a t i o n  of nuc lea r  weapons is  not  new; t h e  i s s u e  has  been addressed  
i n  va r ious  forums s i n c e  t h e  mid-1940's. The U.S. has always played a l ead ing  
r o l e  i n  promoting an i n t e r n a t i o n a l  commitment t o  nonpro l i f e ra t ion .  Table  2 
chron ic l e s  some of t h e  major events  i n  t h e  h i s t o r y  of nuc lea r  weapons p r o l i f -  
e r a t i o n  and t h e  evo lu t ion  of U.S. nuclear  n o n p r o l i f e r a t i o n  pol icy .  From 
t h e  c l o s e  o f  World War 11 t h r o u g h  t h e  ea r ly  1970's, U.S. p o l i c y  f o r  t h e  
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1945 
1946 

1949 
1952 

1953 

1957 

1960 
1961 

1964 
1968 

1970 

1974 
1974 

1975 
1976 
1976 

1977 

1977 
1977 
1978 

I978 

TABLE 2. CHRONOLOGY OF EVENTS I N  NONPROLIFERATION 

U.S. de tona ted  f i r s t  a tomic bomb. 

Baruch P lan  f o r  i n t e r n a t i o n a l  c o n t r o l  of nuc lea r  a c t i v i t i e s  w a s  
submit ted t o  t h e  U.N. bu t  no t  accepted by t h e  USSR. 

USSR de tonated  i t s  f i r s t  nuc lea r  device.  

United Kingdom detonated  i t s  f irst  nuc lear  device.  

P res iden t  Eisenhower presented  "Atoms f o r  Peace" i n i t i a t i v e  t o  t h e  
U.N. General  Assembly. 

I n t e r n a t i o n a l  Atomic Energy Agency ( I A E A )  w a s  e s t a b l i s h e d  under 
U.N. ausp ices .  

France de tona ted  i t s  f i r s t  nuc lear  device.  

IAEA adopted t h e  f i r s t  i n t e r n a t i o n a l  nuc lear  sa feguards  s y s t e m  
p r imar i ly  f o r  material a c c o u n t a b i l i t y  and cont ro l .  

People 's  Republ ic  of China detonated i t s  f i r s t  nuc lea r  device.  

T rea ty  on t h e  Non-Prol i fe ra t ion  of Nuclear Weapons w a s  nego t i a t ed  
and opened f o r  s igna tu res .  

Trea ty  on t h e  Non-Prol i fe ra t ion  of Nuclear Weapons en te red  i n t o  force .  

I n d i a  de tona ted  i t s  f i r s t  nuc lear  device.  

Major nuc lea r  s u p p l i e r s  f i r s t  m e t  i n  London t o  develop g u i d e l i n e s  f o r  
t h e  expor t  of nuc lea r  material, equipment, and technology. 

Nuclear S u p p l i e r s  Group w a s  e s t ab l i shed .  

U.S. d e f e r r e d  commercial reprocessing.  

U.S. r e i t e r a t e d  i t s  po l i cy  of r e s t r i c t i n g  t h e  t r a n s f e r  of s e n s i t i v e  
nuc lea r  f a c i l i t i e s  ( f o r  reprocess ing  o r  enrichment).  

U.S. announced con t inua t ion  of i t s  embargo on t h e  t r a n s f e r  of s ens i -  
t i v e  f a c i l i t i e s .  

Expansion of U-S. uranium-enrichment capac i ty  w a s  proposed. 

I n t e r n a t i o n a l  Nuclear Fuel  Cycle Eva lua t ion  (INFCE) was inaugurated.  

Nuclear Supp l i e r s  Group e s t a b l i s h e d  g u i d e l i n e s  (publ i shed  by t h e  
IAEA i n  INFCIKC/254) f o r  t r a n s f e r ' o f  nuc lea r  materials, f a c i l i t i e s ,  
and technologies  t o  be followed by 15 s u p p l i e r  na t ions .  

Nuclear Non-Pro l i fe ra t ion  A c t  of 1978 s igned ,  cod i fy ing  U.S. terms f o r  
nuc lea r  cooperat ion.  t 

- -  
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containment of i n t e r n a t i o n a l  nuc lear  p r o l i f e r a t i o n  evolved from a po l i cy  of 
t i g h t  c o n t r o l  on nuc lea r  in format ion  and technology t o  a pol icy  of promoting 
nuc lear  development f o r  peace fu l  purposes  under agreements guarantee ing  t h e  
c i v i l i a n  u s e  of nuc lea r  technology i n  exchange f o r  n o n p r o l i f e r a t i o n  under- 
t a k i n g s .  A major  deve lopment  i n  t h e  e v o l u t i o n  of t h i s  p o l i c y  was t h e  
Non-Prol i fe ra t ion  Trea ty ,  which involves  t h e  acceptance by non-nuclear-weapons 
states of i n t e r n a t i o n a l  sa feguards  on a l l  t h e i r  peace fu l  nuc lea r  a c t i v i t i e s ,  
and t h e i r  agreement n o t  t o  a c q u i r e  o r  manufacture nuc lea r  weapons o r  nuc lea r  
explos ives ,  thereby  cont inuing  t h e  process  of e s t a b l i s h i n g  a l e g a l  framework 
and a g e n e r a l  c l imate  of o p i n i o n  a g a i n s t  t h e  s p r e a d  of n u c l e a r  weapons.  

Following t h e  I n d i a n  nuc lea r  explos ion  i n  1974, t h e  nuc lear  p r o l i f e r a t i o n  
problem--and concomitant ly ,  U.S. n o n p r o l i f e r a t i o n  policy--took a s i g n i f i c a n t  
new turn .  U.S. e f f o r t s  have emphasized a po l i cy  d i r e c t e d  a t  reducing t h e  
p o l i t i c a l  i n c e n t i v e s  f o r  a n a t i o n  t o  seek  nuc lea r  weapons whi le  promoting 
t h e  development of peace fu l  nuc lea r  a c t i v i t i e s  under appropr i a t e  safeguards.  
U.S. po l i cy  cont inues  t o  be  based on t h e s e  p r i n c i p l e s .  However, i n  r ecen t  
years i t  has  become apparent  t h a t  an i n c r e a s i n g  number of n a t i o n s  e i t h e r  
a l ready  possess  o r  p lan  t o  acquire c e r t a i n  nuc lear  f uel-cycle  f a c i l i t i e s  
t h a t  produce o r  can b e  used t o  produce weapons-usable uranium o r  plutonium. 

The U.S. has  r e i t e r a t e d  i ts  po l i cy  of r e s t r a i n t  i n  t h e  expor t  of s e n s i t i v e  
n u c l e a r  t e c h n o l o g y  and  mater ia l s ;  t h i s  p o l i c y  c u l m i n a t e d  i n  t h e  N u c l e a r  
Non-Pro l i fe ra t ion  A c t  of 1978. Addi t iona l ly ,  t h e  U.S. i s  working w i t h i n  
t h e  IAEA t o  encourage more e f f e c t i v e  safeguards ,  and through t h e  Nuclear 
S u p p l i e r s  Group t o  e f f e c t  a s e t  of  g u i d e l i n e s  g o v e r n i n g  c o n d i t i o n s  f o r  
expor t  of s e n s i t i v e  technologies .  

On A p r i l  7 ,  1977,  P r e s i d e n t  Carter i s sued  a Nuclear Power Pol icy  Statement  
which  c o n t a i n e d ,  among o t h e r  t h i n g s ,  s e v e r a l  i n i t i a t i v e s  c o m m i t t i n g  t h e  
United S t a t e s  t o  a s t r o n g  nuc lea r  n o n p r o l i f e r a t i o n  p o s i t i o n .  The pol icy :  

0 Defer red  i n d e f i n i t e l y  t h e  commercial r ep rocess ing  and r ecyc l ing  of t h e  
plutonium produced i n  t h e  U.S. c i v i l i a n  nuclear  power program. 

0 Res t ruc tu red  t h e  U . S .  f a s t  b reeder  r e a c t o r  program t o  g ive  g r e a t e r  
p r i o r i t y  t o  development of a l t e r n a t i v e  breeder  des igns  and de fe r r ed  t h e  
d a t e  when breeder  r e a c t o r s  would be  put  i n t o  commercial use.  1 

0 Redirec ted  funding of U.S. nuc lea r  r e sea rch  and development programs t o  
a c c e l e r a t e  r e sea rch  i n t o  a l t e r n a t i v e  nuc lear  f u e l  cyc le s  which do n o t  
involve  d i r e c t  access t o  material t h a t  can be used f o r  nuc lear  weapons. 
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0 Committed t h e  U.S. t o  become a more r e l i a b l e  s u p p l i e r  of n u c l e a r  
materials and  equipment  by expand ing  i t s  e n r i c h m e n t  c a p a c i t y  and  
p r o p o s i n g  l e g i s l a t i o n  which  would c l a r i f y  and s t a b i l i z e  t h e  U .S. 
terms f o r  nuc lea r  cooperat ion.  

e Proposed t h a t  t h e  U.S. j o i n  o the r  na t ions  i n  t h e  I n t e r n a t i o n a l  Nuclear 
Fuel  Cycle Evalua t ion  (INFCE), a forum which a t  i t s  organiz ing  con- 
f erence reached t h e  consensus t h a t  " e f f e c t i v e  measures can and should 
be taken  a t  t h e  n a t i o n a l  l e v e l  and through i n t e r n a t i o n a l  agreements t o  
minimize t h e  danger of t h e  p r o l i f e r a t i o n  of nuc lea r  weapons without  
j eopa rd iz ing  t h e  development of nuc lea r  energy." 

These i n i t i a t i v e s  c o n s t i t u t e  t h e  po l i cy  environment f o r  NASAP. The fo l lowing  
s e c t i o n  reviews t h e  goa l  and scope of t h e  program. 

1.3 THE NONPROLIFERATION ALTERNATIVE SYSTEMS ASSESSMENT PROGRAM 

The Nonpro l i f e ra t ion  A l t e r n a t i v e  Systems Assessment Program, begun i n  l a t e  
1976, w a s  r e s t r u c t u r e d  t o  respond t o  P res iden t  Carter's A p r i l  1977 Nuclear 
Power Po l i cy  Statement.  The goa l  of t h e  NASAP study has  been t o  provide  
recommendat ions  f o r  t h e  deve lopment  and p o s s i b l e  deployment  of more 
p r o l i f  e r a t i o n - r e s i s t a n t  c i v i l i a n  nuc lear  power systems and i n s t i t u t i o n s  i n  
l i g h t  of nuc lea r  energy needs. I n  t h i s  context  , " p r o l i f e r a t i o n  r e s i s t ance ' '  i s  
t h e  c a p a b i l i t y  of a nuc lea r  power system t o  slow o r  s t o p  t h e  d i v e r s i o n  of 
a s s o c i a t e d  fue l -cyc le  materials o r  f a c i l i t i e s  from c i v i l i a n  t o  m i l i t a r y  uses .  
It may be  achieved through a combination of t h e  t e c h n i c a l  and i n s t i t u t i o n a l  
f e a t u r e s  of t h e  system, t o  t h e  de t r iment  of would-be n a t i o n a l  o r  subna t iona l  
p r o l i f e r a t o r s .  To d e v e l o p  more p r o l i f e r a t i o n - r e s i s t a n t  s y s t e m s ,  i t  i s  
necessary  t o  i d e n t i f y  t h e  materials o r  f a c i l i t i e s  most vu lne rab le  t o  abuse and 
t o  cons ider  t e c h n i c a l  and i n s t i t u t i o n a l  measures t h a t ,  developed over t i m e ,  
might be employed t o  reduce t h e s e  v u l n e r a b i l i t i e s  

The NASAP s t u d y  f o c u s e d  on t h e  p o t e n t i a l  p r o l i f e r a t i o n  i m p l i c a t i o n s  of  
nuc lea r  power systems. Accordingly.: 

IO 
I 

e The s tudy  w a s  l i m i t e d  t o  a s s e s s i n g  c i v i l i a n  nuc lea r  power systems and 
t h e i r  a s s o c i a t e d  f u e l  cyc le s  and i n s t i t u t i o n s .  It d i d  no t  assess o t h e r  
r o u t e s  o r  t h e  i n c e n t i v e s  and d i s i n c e n t i v e s  f o r  s p e c i f i c  n a t i o n s  t o  
a c q u i r e  weapons 
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The s tudy  was d i r e c t e d  toward reducing p r o l i f e r a t i o n  r i s k s .  While 
improvements i n  such areas as r e source  u t i l i z a t i o n  were i n v e s t i g a t e d ,  
improvements i n  t h e  s a f e t y  of today's systems w e r e  not. Rather,  i t  w a s  
assumed t h a t  nuc lea r  power systems would be designed t o  comply wi th  
today's r egu la to ry  framework. Nevertheless ,  d i f f e r e n c e s  among t h e  
v a r i o u s  systems r ega rd ing  s a f e t y  and environmental  imp l i ca t ions  were 
discussed.  

S e v e r a l  o t h e r  important  domestic nuc lea r  power i s s u e s  were o u t s i d e  t h e  
scope of t h e  NASAP study.  For example, how b e s t  t o  s o l v e  t h e  waste 
management problem, what t o  do about t h e  A l l i e d  General  Nuclear S e r v i c e s  
r ep rocess ing  f a c i l i t y ,  and how much funding t h e  breeder  r e a c t o r  should 
r e c e i v e  were not addressed d i r e c t l y  by NASAP. These i s s u e s  would, 
however, b e  a f f e c t e d  by t h e  adopt ion of NASAP recommendations. 

It i s  important  t o  recognize t h a t  t h e  NASAP s t u d i e s  are a c o n t r i b u t i o n  
t o ,  n o t  a s u b s t i t u t e  f o r ,  d i s c u s s i o n s  and a n a l y s i s  of broader n a t i o n a l  
energy p o l i c y  i s s u e s .  They p r e s e n t  bu t  one of many p e r s p e c t i v e s  on t h e  
problem of ensu r ing  adequate  energy i n  t h e  coming decades. Other p o l i c y  
q u e s t i o n s  inc lude  t h e  p o s s i b i l i t y  of dec reas ing  ou r  r e l i a n c e  on imported 
o i l  through more vigorous conse rva t ion  and t h e  inc reased  u s e  of c o a l ,  
a n d  t h e  d e s i r a b i l i t y  of i n c r e a s i n g  t h e  s u p p l y  of e l e c t r i c i t y  as a 
s u b s t i t u t e  f o r  imported o i l .  Energy p o l i c y  d e c i s i o n s  must, of course,  
b e  made i n  l i g h t  of such broader  pe r spec t ives .  

assessments of a l t e r n a t i v e  r e a c t o r s  and f u e l  c y c l e s  w e r e  conducted by 
e s t a b l i s h i n g  t h e  nuc lea r  power system as t h e  u n i t  of a n a l y s i s  and p a r t i t i o n i n g  
t h e  problem i n t o  major, more r e a d i l y  s e p a r a b l e  que'stions. Each assessment 
focused on answering one of t h e s e  major ques t ions .  These ques t ions ,  and 
NASAP's approach t o  answering them, fol low.  

P r o l i f e r a t i o n  Resistance 

What is t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of each n u c l e a r  power 
system, and what t e c h n i c a l  and o t h e r  measures.can b e  used 
t o  make systems more p r o l i f e r a t i o n  r e s i s t a n t ?  

P r o l i f e r a t i o n  r e s i s t a n c e  i s  t h e  c a p a b i l i t y  of a n u c l e a r  power s y s t e m  t o  
i n h i b i t ,  impede, o r  prevent  t h e  abuse of a s s o c i a t e d  f uel-cycle  materials o r  
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f a c i l i t i e s  from c i v i l i a n  t o  m i l i t a r y  uses.  It may be achieved through a 
combination of t h e  t e c h n i c a l  and i n s t i t u t o n a l  f e a t u r e s  of t h e  system, t o  t h e  
de t r iment  of would-be n a t i o n a l  or subna t iona l  p r o l i f e r a t o r s .  The materials 
and f a c i l i t i e s  a s s o c i a t e d  w i t h  candida te  systems t h a t  are vu lne rab le  t o  abuse 
were considered,  and t e c h n i c a l  and i n s t i t u t i o n a l  measures t h a t ,  developed over 
t i m e ,  might be employed t o  reduce t h e s e  v u l n e r a b i l i t i e s ,  and thus  i n c r e a s e  
p r o l i f e r a t i o n  r e s i s t a n c e ,  were i d e n t i f i e d .  The a c t i v i t i e s  r equ i r ed  t o  o b t a i n  
weapons-usable material were analyzed s o  t h a t  t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of 
e a c h  s y s t e m  c o u l d  b e  c h a r a c t e r i z e d  i n  t e r m s  of  a s s e s s m e n t  f a c t o r s :  t h e  
t e c h n i c a l ,  manpower, and f i n a n c i a l  resources  requi red ;  t h e  t i m e  r equ i r ed  t o  
ca r ry  ou t  a c t i v i t i e s ;  and t h e  chances and consequences of d e t e c t i o n  of t h e  
ac t iv i t i e s  ( f o r  comparison, a s tudy of f a c i l i t i e s  ded ica t ed  t o  a weapons 
program w a s  a l s o  made). The a c t i v i t i e s  r equ i r ed  and t h e  a s s o c i a t e d  p o s s i b i l i -  
t ies  f o r  d e t e c t i o n  and d e t e r r e n c e  depend both  on t h e  t e c h n i c a l  f e a t u r e s  of 
t h e  f u e l  c y c l e  under cons ide ra t ion  and on t h e  safeguards ,  p r o t e c t i v e  measures, 
and o t h e r  i n s t i t u t i o n a l  measures t h a t  may apply.  Estimates of t h e  assessment 
f a c t o r s  r e l y  upon many d i v e r s e  v a r i a b l e s  which change over t i m e ,  some of which 
can be  quant i fLed  t o  some e x t e n t  and many of which cannot.  Accordingly,  t h e  
assessments  u s ing  t h e s e  f a c t o r s  are presented  as q u a l i t a t i v e  d i scuss ions  
which focus  on t h e  important  cons ide ra t ions  bu t  which do no t  u s e f u l l y  lend  
themselves t o  methodological t a b u l a t i o n s  or q u a l i t a t i v e  rankings.  

Resources and Fuel-Cycle F a c i l i t i e s  

What r e sources  and fue l -cyc le  f a c i l i t i e s  are requ i r ed  f o r  
a l t e r n a t i v e  nuc lea r  systems, and w i l l  uranium s u p p l i e s  b e  
adequate  t o  meet t h e s e  requirements? 

The  r e sources  and fue l -cyc le  f a c i l i t i e s  r equ i r ed  t o  suppor t  p robable  levels 
of nuc lea r  power demand were p r o j e c t e d  accord ing  t o  t h e  r e a c t o r s  and f u e l  
cyc le s  t h a t  might be chosen and where they might be loca ted .  The out look  
f o r  producing t h e  uranium and thorium f u e l s  a t  t h e  rates they may b e  needed 
w a s  e v a l u a t e d ,  a l o n g  w i t h  measu res  t h a t  migh t  b e  t a k e n  t o  overcome any 
imbalances i n  domest ic  and world uranium supply and demand. The requirements  
f o r  ma jo r  f u e l - c y c l e  f a c i l i t i e s  s u c h  as  heavy-water  p r o d u c t i o n ,  u r a n i u m  
e n r i c h m e n t ,  s p e n t - f u e l  s t o r a g e ,  r e p r o c e s s i n g ,  and  f u e l  f a b r i c a t i o n  were 
a l s o  p r o j e c t e d ,  and p o s s i b l e  c o n s t r a i n t s  on t h e  deployment of a l t e r n a t i v e  
systems were i d e n t i f i e d .  
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Commercial A s  s es smen t 

What is t h e  p o t e n t i a l  f o r  commercial implementation of t h e  
a l t e r n a t i v e  nuc lea r  systems t h a t  might b e  used i n  a more 
p r o l i f e r a t i o n - r e s i s t a n t  o r  r e s o u r c e - e f f i c i e n t  nuc lea r  regime? 

The commerc ia l  p o t e n t i a l  of a l t e r n a t i v e  n u c l e a r  r e a c t o r s  a n d  f u e l - c y c l e  
systems was analyzed i n  terms of t h e  f a c t o r s  t h a t  may i n f l u e n c e  t h e  demand 
f o r  nuc lea r  power, t h e  w i l l i n g n e s s  of p r i v a t e  i n d u s t r y  ( u t i l i t i e s ,  r e a c t o r  
manufacturers,  and o t h e r  s u p p l i e r s  of products  and s e r v i c e s )  t o  undertake 
t h e  commercial izat ion of new t echno log ie s ,  and t h e  t y p e  and c o s t  of r e sea rch ,  
development, and demonstrat ion and o t h e r  s t e p s  r equ i r ed  t o  b r i n g  new tech- 
no log ie s  t o  t h e  p o i n t  of market r ead iness .  Conclusions w e r e  de r ived  from 
i n d u s t r y  surveys,  ana lyses  of t h e  c u r r e n t  t e c h n i c a l  s t a t u s  of each system, 
and ana lyses  of p o t e n t i a l  domestic and f o r e i g n  e lec t r ica l  demand. Sepa ra t e  
ana lyses  were made of ven tu re  c r i t e r i a  f o r  vendors, purchase cr i ter ia  f o r  
u t i l i t i e s ,  and p o s s i b l e  F e d e r a l  and p r i v a t e  s e c t o r  roles i n  r e sea rch ,  devel-  
opment, and demonstrat ion and precompeti t ive deployment of new systems. I n  
a d d i t i o n ,  p u b l i c  concerns and t h e i r  i m p l i c a t i o n  f o r  d e c i s i o n s  on a l t e r n a t i v e  
nuc lea r  power systems o r  classes of sys t ems  were analyzed. 

Economic and Systems Analyses 

Under what c o n d i t i o n s  would a l t e r n a t i v e  nuc lea r  systems become 
economically a t t r a c t i v e  i n  l i g h t  of p o s s i b l e  p a t t e r n s  of uranium 
supply and energy demand, and what are t h e  economic i m p l i c a t i o n s  
of pursuing t h e  more p r o l i f e r a t i o n - r e s i s t a n t  systems? 

Economic ana lyses  were made f o r  a l t e r n a t i v e  r e a c t o r  and fue l - cyc le  systems 
i n  t h e  United S t a t e s .  The t o t a l  electric power-generating c o s t  was e s t ima ted  
f o r  a l t e r n a t i v e  r e a c t o r s  t o  p r o j e c t  when and  u n d e r  w h a t  c o n d i t i o n s  t h e y  
might f i r s t  become economically competi t ive.  The e f f e c t  of market i n t r o -  
d u c t i o n  c o s t s  on t h e  t r a n s i t i o n  t o  new s y s t e m s  w a s  c o n s i d e r e d ,  and  t h e  
e f f e c t s  of c o s t  u n c e r t a i n t i e s  were e v a l u a t e d .  The  c o s t s  of t e c h n i c a l  
p r o l i f e r a t i o n - r e s i s t a n c e  countermeasures were es t ima ted  t o  determine whether 
they would provide an economic impediment t o  t h e i r  use. 
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S a f e t y  and Environmental Cons ide ra t ions  f o r  L icens ing  

What are t h e  s a f e t y  and environmental  l i c e n s i n g  c o n s i d e r a t i o n s  
which could i n f l u e n c e  t h e  cho ice  of p a r t i c u l a r  n u c l e a r  systems 
and n o n p r o l i f e r a t i o n  o p t i o n s ?  

S a f e t y  and  e n v i r o n m e n t a l  l i c e n s i n g  c o n s i d e r a t i o n s  were a s s e s s e d  f e r  
a l t e r n a t i v e  r e a c t o r s  a n d  f u e l  c y c l e s  i n  t h e  U . S .  t o  i d e n t i f y  p o s s i b l e  
t e c h n i c a l ,  c o s t ,  o r  t i m i n g  c o n s t r a i n t s  on t h e i r  commerc ia l  dep loymen t .  
I n f o r m a t i o n  w a s  d e v e l o p e d  c o n c e r n i n g  t e c h n i c a l  s t a t u s  and u n i q u e  s a f e t y  
c o n s i d e r a t i o n s ,  p l a n t  e f f l u e n t s ,  land and water u t i l i z a t i o n ,  c r i t i c a l  o r  
n o n r e n e w a b l e  mater ia ls ,  and  s o c i o e c o n o m i c  f a c t o r s .  T h e s e  f a c t o r s  were 
analyzed both f o r  i n d i v i d u a l l y  deployed f a c i l i t i e s  and f o r  t h e  cumulative 
e f f e c t s  of widespread deployment. Prel iminary l i m i t e d  reviews of s a f e t y  and 
environmental  l i c e n s i n g  c o n s i d e r a t i o n s  were made by t h e  United S t a t e s  Nuclear 
Regulatory Commission t o  i d e n t i f y  t h e  major i s s u e s  and problems which were 
considered i n  t h e  assessment.  

I n t e r n a t i o n a l  P e r s p e c t i v e s  

What are t h e  p o s s i b i l i t i e s  f o r  i n t e r n a t i o n a l  deployment of 
a l t e r n a t i v e  nuc lea r  systems, e s p e c i a l l y  those  wi th  inc reased  
r e s i s t a n c e  t o  p r o l i f e r a t i o n ?  

S t u d i e s  w e r e  conducted t o  assist i n  t h e  development of i n t e r n a t i o n a l  nuc lea r  
deployment s t r a t e g i e s  f o r  t h e  U.S. These s t u d i e s  sought t o  determine what 
a d d i t i o n a l  t e c h n o l o g i c a l  and  1 i n s t i t u t i o n a l  m e a s u r e s  migh t  improve  t h e  
e x i s t i n g  i n t e r n a t i o n a l  n o n p r o l i f e r a t i o n  regime t o  keep w i t h i n  a c c e p t a b l e  
bounds  - the  r i s k s  f r o m  t h e  f u r t h e r  s p r e a d  of n u c l e a r  power s y s t e m s  w h i l e  
a t  t h e  same time meeting t h e  needs of n a t i o n s  f o r  n u c l e a r  energy. A range of 
t e c h n i c a l  and i n s t i t u t i o n a l  o p t i o n s  were i d e n t i f i e d  and a s ses sed  a long  w i t h  
t h e  i n c e n t i v e s  a v a i l a b l e  t o  e f f e c t  t h e s e  o p t i o n s .  The  a s s e s s m e n t s  were 
conducted i n  terms of n o n p r o l i f e r a t i o n  e f f e c t i v e n e s s  and o t h e r  c o n s i d e r a t i o n s  
impbrtant t o  t h e  a c c e p t a b i l i t y  o r  n e g o t i a b i l i t y  of t h e  op t ions  t o  v a r i o u s  
p a r t i e s .  T h e s e  o t h e r  c o n s i d e r a t i o n s  were a n a l y z e d  i n  terms of economic  
c o n s i d e r a t i o n s ,  energy s e c u r i t y ,  and o t h e r  p o l i t i c a l  f a c t o r s .  The considera-  
t i o n  of a c t u a l  a c c e p t a b i l i t y  i s  s u b j e c t  t o  a n  examination of t h e  p o t e n t i a l  
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p a r t i c i p a t i o n  of s p e c i f i c  c o u n t r i e s  i n  s p e c i f i c  arrangements, and t o  t h e  
r e s u l t s  of n e g o t i a t i o n .  Such  e x a m i n a t i o n s  were beyond t h e  NASAP scope .  

cs 

Q 

R e s u l t s  f r o m  e a c h  of t h e  a s s e s s m e n t s  d e s c r i b e d  a b o v e  were t h e  b a s i s  of 
t h e  NASAP i n t e g r a t i n g  a n a l y s i s ,  which sought t o  answer t h e  quest ions:  

0 To b e s t  p romote  o u r  n o n p r o l i f e r a t i o n  o b j e c t i v e s ,  wha t  r e s e a r c h ,  
development, and demonstration a c t i v i t i e s  should be pursued by t h e  
IJ . S . Government? b 

0 What i n s t i t u t i o n a l  i n i t i a t i v e s  migh t  b e  u n d e r t a k e n  by t h e  U . S .  
Government t o  augment t h e  t e c h n i c a l  measures previously i d e n t i f i e d ?  

I n  t h e  c o u r s e  o f  t h e  NASAP s t u d i e s ,  b a s i c  d a t a  r e q u i r e d  t o  c h a r a c t e r i z e  
a l t e r n a t i v e  nuc lea r  systems were generated and co l l ec t ed .  Both e x i s t i n g  
design s t u d i e s  and new conceptual  designs were u t i l i z e d  f o r  t h i s  purpose. 
D e t a i l e d  d e s c r i p t i o n s  of t h e  r e a c t o r s  and  f u e l  c y c l e s  a re  c o n t a i n e d  i n  
Volume LX ( R e a c t o r  a n d  F u e l  C y c l e  D e s c r i p t i o n s )  of t h i s  r e p o r t .  T h i s  
volume a n d  t h e  volumes  c o n t a i n i n g  t h e  a s s e s s m e n t  s u m m a r i e s  w e r e  d e r i v e d  
b o t h  f r o m  c o n t r a c t o r  r e p o r t s  and  f r o m  Depar tmen t  of Energy  i n f o r m a t i o n  
drawing on d i v e r s e  t e c h n i c a l  i npu t s .  A list of major NASAP-related r e p o r t s  
is contained i n  t h e  bibl iography.  

1 4 PROGRAM ASSUMPTIONS 

The s t a r t i n g  p o i n t  f o r  NASAP w a s  t h e  e x i s t i n g  s i t u a t i o n ,  t h a t  is: n u c l e a r  
power r e a c t o r s  and fue l - cyc le  f a c i l i t i e s  now ope ra t ing ,  under cons t ruc t ion ,  
and planned; r e s e a r c h  and test r e a c t o r  programs and f a c i l i t i e s  as w e l l  as 
l abora to ry - sca l e  and p i l o t  fue l - cyc le  f a c i l i t i e s ,  both o p e r a t i n g  and planned; 
and  t h e  i n s t i t u t i o n a l  framework o r  i n t e r n a t i o n a l  r eg ime ,  c o n s i s t i n g  of 
treaties , agreements,  and g u i d e l i n e s  w i t h i n  which n u c l e a r  power programs are 
conducted, i n c l u d i n g  t h e  Non-Prol i ferat ion Trea ty  and t h e  IAEA sa fegua rds  
program. 

From t h i s  base,  two sets of assumptions were made, one set about  r e a c t o r  and 
fue l - cyc le  concepts  t o  be s t u d i e d ,  i nc lud ing  those  which are o r  have been 
under development and t h o s e  which might o f f e r  f u t u r e  n o n p r o l i f e r a t i o n  o r  
o t h e r  b e n e f i t s ;  and  a s e c o n d  g r o u p  of a s s u m p t i o n s  a b o u t  t h e  f o r e c a s t  of 
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f u t u r e  ranges of growth i n  nuc lear  e l e c t r i c a l - g e n e r a t i n g  capac i ty .  These 
two sets of assumptions are d iscussed  next. 

1.4.1 Reactor  and Fuel-Cycle Systems Studied 

Numerous a l t e r n a t i v e  r e a c t o r  and fue l -cyc le  combinations are t e c h n i c a l l y  
p o s s i b l e .  I n  a d d i t i o n  t o  t h o s e  u s e d  t o d a y  t h r o u g h o u t  t h e  w o r l d ,  many 
o t h e r s  have  b e e n  s t u d i e d  o r  h a v e  been  u n d e r  deve lopment  d u r i n g  t h e  l a s t  
s e v e r a l  decades. From t h i s  t o t a l ,  systems w e r e  s e l e c t e d  f o r  c l o s e  s tudy ,  
making c e r t a i n  t h a t  t h e  s e l e c t e d  systems would be  s u f f i c i e n t l y  representa-  
t i v e  t o  permit  i n fe rences  t o  be  drawn f o r  systems t h a t  were not sub jec t ed  
t o  d e t a i l e d  a n a l y s i s .  Systems were grouped accord ing  t o  a number of c r i t e r i a .  
F i r s t ,  t h e  developmental  s t a t u s  of t h e  r e a c t o r s  provided a b a s i s  f o r  c l a s s i -  
f y i n g  them i n t o  t h r e e  groups: t hose  proven commercially, t hose  w i t h  major 
development programs under way, and those  conceptual  systems p o t e n t i a l l y  
o f f e r i n g  r e s o u r c e - u t i l i z a t i o n  improvements  and improved p r o l i f e r a t i o n  
r e s i s t a n c e .  The  major  n u c l e a r  r e a c t o r s  s t u d i e d  by NASAP a r e  shown i n  
Table  3. Many v a r i a t i o n s  of t h e s e  systems, as w e l l  as o t h e r ,  less developed 
sys t ems ,  were a l s o  analyzed. 

The second b a s i s  f o r  c a t e g o r i z i n g  nuc lea r  power systems is t h e i r  f u e l  cyc les .  
A t y p i c a l  once - th rough  n u c l e a r  f u e l  c y c l e  i s  shown i n  F i g u r e  1, and  t h e  
a c t i v i t i e s  i n  a t y p i c a l  c losed  f u e l  cyc le  ( r ecyc le )  are shown i n  F igu re  2. 
The suppor t ing  fue l -cyc le  a c t i v i t i e s  shown i n  t h e  figures--mining and mi l l i ng ,  
conversion,  enrichment,  t r a n s p o r t a t i o n ,  f u e l  f a b r i c a t i o n ,  reprocess ing ,  and 
waste handl ing  and treatment--were a l s o  s tudied .  

I n  t h e o r y ,  any f u e l  c y c l e  migh t  b e  u s e d  i n  c o m b i n a t i o n  w i t h  any r e a c t o r  
t y p e ;  b u t ,  i n  a d d i t i o n  t o  p o s s i b l e  p r o l i f e r a t i o n - r e s i s t a n c e  b e n e f i t s ,  
p h y s i c a l  c o n s t r a i n t s  d i c t a t e  which combinations provide t h e  most d e s i r a b l e  
o p e r a t i n g  c h a r a c t e r i s t i c s  w i t h  . r e s p e c t  t o  r e a c t o r  p h y s i c s ,  r e s o u r c e  
u t i l i z a t i o n ,  s a f e t y ,  and  o p e r a t i n g  r e l i a b i l i t y .  The more e f f e c t i v e  
c o m b i n a t i o n s  and ,  hence ,  t h o s e  most  l i k e l y  t o  b e  a d o p t e d  were s e l e c t e d  
f o r  d e t a i l e d  s tudy .  These served as p rox ie s  f o r  similar f u e l  cyc le s  no t  
s e l ec t ed .  

- .  . ., 
-:j 
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TABLE 3.  NUCLEAR REACTOR SYSTEMS THAT RECEIVED THE MAJOR 
CONSIDERATION BY NASAP 

Category I Category I1 Category 111 

Under Major Conceptual 1 Commercially Proven 
o r  Modif ica t ions  t o  Development 
E x i s t i n g  Systems 

n 

Light-Wat r Breeder F a s t  Mixed-Spec trum 
Reactor  

Mo It en-Sa It React or 

s Light-Water ReactorL 
H e  a c  t o r 

High-Temp e r a t u r e  3 Heavy-Water Reac tor  
Gas-Cooled Reactor  

Liquid-Metal F a s t  
Breeder Reac tor  

Gaseou s-Co r e  React o r 

Ac ce l e  r a t o r  -D r iven  
Re act o r s 

Gas-Cooled F a s t  
Reactor  Fusion-Driven Reac tor  

'The MAGNOX r e a c t o r  and t h e  advanced gas-cooled r e a c t o r  t ypes  were omit ted 
because i t  does not  appear t h a t  a d d i t i o n a l  p l a n t s  of t h e s e  types  w i l l  be 
used o u t s i d e  t h e  United Kingdom o r  France.  

Inc ludes  pressurized-water  r e a c t o r  and boi l ing-water  r eac to r .  

Inc ludes  both  t h e  c u r r e n t  Canadian n a t u r a l  uranium des ign  and advanced 
des igns  developed f o r  NASAP. 

Th i s  r e a c t o r  is cons idered  an evolu t ionary  change from Category I r e a c t o r s .  

2 .  
3 

4 

18 



MILL TAILINGS 

0 
LOW LEVEL. 

WASTE DISPOSAL URANIUM TAILS STORAGE 

0 
LOW LEVEL 

WASTE DISPOSAL 

-2 
.d uF6 . .  

ENRICHMENT 
URANIUM MINING 

.& MILLING CONVERSION TO UF6 

SPENT 
FUEL 

STORAGE 

LOW LEVEL 
WASTE 

Dl SPOSA L 

SPENT FUEL 

FUEL 
FABRICATION 1 .. .. 

.. 

.. 

... 

FRESH U02 FUEL 
ASSEMBLIES 

Figure 1. Illustrative Once-Through Fuel Cycle 



LOW LEVEL 
WASTE DISPOSAL 

LOW LEVEL 
I I R A N I I I M  T A I I  S STORAGE MILL  TAILINGS 

u n H i v i  u i v i  IVIIIYIIVU 

& MILLING CONVERSION TO UF6 FUEL 
FABRICATION 

SPEN 1 I 
I 

U 0 2  FUEL 

ASSEMBLIES 
FUEL DISPOSAL 

f 
,.-Am ,. ,.r 

N 
0 

3 I unHur 

+-- I MIXED OXIDE I RECYCLE 
UOp FOR 

ENRICHMENT 

RECYCLE FUEL 
ASSEMBLIES e SPENT 

HIGH LEVEL 
WASTE DISPOSAL 

- - - _  

"Lr  ""bL..J..JII"" 

Y 
1' MIXED OXIDE FUEL - PLUTONIUM 

FABRICATION L D C D D n P C C C l f i l C  I I R A N I I I M  STORAGE 
. ,, . _ >  

LOW LEVEL WASTE DISPOSAL 

LOW 
LEVEL 
WASTE 
DISPOSAL 

Figure 2. Illustrative Closed Fuel Cycle 
_. 

~~~ I 



C a t e g o r y  I s y s t e m s ,  expanded t o  i n c o r p o r a t e  f u e l - c y c l e  o p t i o n s ,  i n c l u d e  
today's once-through l igh t -water  and heavy-water r e a c t o r  systems w i t h  improved 
f u e l  u t i l i z a t i o n .  The l igh t -water  r e a c t o r  was t h e  most important  once-through 
system s t u d i e d  because i t  is widely used. It w a s  a l s o  be l i eved  t o  have good 
p o t e n t i a l  f o r  mod i f i ca t ion  i n  t h e  near  f u t u r e  t o  achieve s i g n i f i c a n t  uranium 
savings.  A dena tured  U-233/U-238-f ue led  l igh t -water  r e a c t o r  which r ecyc le s  
t h e  U-233 produced from thorium w a s  s t u d i e d  as p a r t  of a symbiot ic  o r  i n t e r -  
d e p e n d e n t  s y s t e m  i n  which t h e  n e c e s s a r y  U-233 would  come f r o m  e i t h e r  a 
plutonium-fueled l igh t -water  r e a c t o r  o r  a f a s t  breeder .  I n  t h i s  symbiot ic  
s y s t e m ,  more p r o l i f  e r a t i o n - r e s i s t a n t  denatured U-233 f u e l s  would be produced 
a t  a few l a r g e  f a c i l i t i e s  f o r  u se  i n  widely d i spe r sed  r eac to r s .  The l i g h t -  
water r e a c t o r  f u e l e d  w i t h  recyc led  plutonium/uranium w a s  a l s o  inc luded  because 
of t h e  p o s s i b i l i t y  of i t s  use i n  o t h e r  coun t r i e s .  Two d i s t i n c t  heavy-water 
r e a c t o r  des igns  were s tudied :  f i r s t ,  t h e  e x i s t i n g  Canadian n a t u r a l  uranium 
r e a c t o r ,  and second, a conceptua l  des ign  which could use  s l i g h t l y  enr iched  
uranium o r  recyc led  f u e l s  and would p o t e n t i a l l y  meet U.S. l i c e n s i n g  c r i te r ia .  
The heavy-water recycle systems were included f o r  reasons  similar t o  those  f o r  
i nc lud ing  t h e  l igh t -water  r e c y c l e  systems. 

Category 11, encompassing sys t ems  t h a t  are now under development, i nc ludes  
r e s o u r c e - e f f i c i e n t  once-through systems, and t h e  even more r e s o u r c e - e f f i c i e n t  
s y s t e m  t h a t  r e c y c l e  spen t  f u e l .  The r ecyc le  systems might be  deployed la ter  
than  t h e  once-through systems. Included are the  l igh t -water  breeder  r e a c t o r ,  
which  i s  a n  e v o l u t i o n a r y  change  f r o m  e x i s t i n g  l i g h t - w a t e r  r e a c t o r s ,  and  
t h e  h i g h - t e m p e r a t u r e  gas -coo led  r e a c t o r ,  u n d e r  deve lopment  i n  t h e  U.S. 
and o v e r s e a s .  T h e s e  would r e q u i r e  f u r t h e r  deve lopment  and t h e  u s e  of a 
thorium/U-233 f u e l  c y c l e .  The l i q u i d - m e t a l  and  g a s - c o o l e d  f a s t  b r e e d e r  
r e a c t o r s  are inc luded  f o r  t h e  longer  term because they are t h e  most promising 
and most developed concepts  t h a t  e s s e n t i a l l y  e l i m i n a t e  dependence on mined 
uranium and a l s o  are t h e  most e f f i c i e n t  systems now under development f o r  
t ransmut ing  plutonium f u e l s  t o  U-233. Seve ra l  advanced fas t -breeder  f u e l  
types  ( ca rb ide  and m e t a l )  w e r e  s t u d i e d  t o  e v a l u a t e  t h e i r  e f f e c t i v e n e s s  f o r  
t ransmuting thorium t o  U-233. 

C a t e g o r y  111 c o v e r s  advanced  c o n c e p t u a l  t e c h n o l o g i e s  w i t h  p o t e n t i a l  
p r o l i f e r a t i o n - r e s i s t a n c e  and r e s o u r c e - u t i l i z a t i o n  b e n e f i t s .  Included are: 
t h e  molten-sal t  r e a c t o r ,  two acce le ra to r -d r iven  r e a c t o r s ,  t h e  fusion-driven 
r e a c t o r ,  t h e  f a s t  mixed-spec t rum r e a c t o r ,  a n d  t h e  g a s e o u s - c o r e  r e a c t o r .  
The t e c h n i c a l  f e a s i b i l i t y  of each of t h e s e  systems h a s  major u n c e r t a i n t i e s ;  
consequent ly ,  t h e  s tudy  concent ra ted  on i d e n t i f y i n g  t h e s e  . u n c e r t a i n t i e s  by 
f i r s t  p e r f o r m i n g  c o n c e p t u a l  d e s i g n s  and  d e v e l o p i n g  b e t t e r  b a s e s  f o r  t h e  
assessments.  The assessment of t h e s e  a l t e r n a t i v e s  then  concent ra ted  on t h e i r  
t e c h n i c a l  f e a s i b i l i t y  and on d e f i n i n g  research ,  development, .and demonstrat ion 
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needs. The r e s u l t s  of t h i s  assessment are repor t ed  i n  Volume V I 1 1  (Advanced 
Concepts).  

D e t a i l e d  d e s c r i p t i o n s  of t h e  designs f o r  t h e  r e a c t o r  and fuel-cycle  systems 
s t u d i e d  by NASAP w i l l  be found i n  Volume I X  (Reactor and Fue l  Cycle Desc r ip -  
t i o n s )  of t h i s  r epor t .  

1.4.2 Electr ical  Growth Forecas t s  

I n  o r d e r  t o  e v a l u a t e  t h e  meri ts  of a l t e r n a t i v e  n u c l e a r  s y s t e m s ,  i t  w a s  
n e c e s s a r y  t o  examine  them i n  t h e  c o n t e x t  of p o s s i b l e  p a t t e r n s  of f u t u r e  
e l e c t r i c a l  demand. Each assessment's r e s u l t s  depend, t o  some ex ten t ,  on t h e  
amount and type  of nuc lea r  gene ra t ing  capac i ty  t o  be i n s t a l l e d  a s  a f u n c t i o n  
of t i m e .  A range of f o r e c a s t s  was r equ i r ed  because experience has  shown 
t h a t  es t imates  of g e n e r a t i n g  c a p a c i t y  a re  s u b j e c t  t o  g r e a t  u n c e r t a i n t y ,  
p a r t i c u l a r l y  when p r o j e c t e d  20 o r  more yea r s  i n t o  t h e  f u t u r e .  When u n a n t i c i -  
pa t ed  t r aumat i c  even t s  occur such as those  t h a t  occurred w i t h  t h e  o i l  embargo 
and subsequent p r i c e  i n c r e a s e  of 1973 o r  t h e  r e c e n t  cu to f f  of imports from 
I r a n ,  even short- term p r o j e c t i o n s  may prove inaccura t e .  However, t o  provide 
t h e  needed p r o j e c t i o n  of f u t u r e  domestic nuc lea r  gene ra t ing  capac i ty ,  1978 
Department of Energy estimates were used. The short- term p r o j e c t i o n s  (2 t o  3 
y e a r s )  r e l y  on econometric methods a p p l i e d  t o  p r e s e n t  t r e n d s  i n  supply and 
demand. I n  t h e  mid-term (4 t o  13 y e a r s ) ,  more r e l i a n c e  is placed on t h e  
modeling of t h e  economic p rocesses ,  t h a t  is, s h i f t s  i n  populat ion and labor-  
f o r c e  growth, and disposable-income changes. The q u a l i t a t i v e  n a t u r e  of energy 
technology is  mostly f i x e d  du r ing  t h i s  per iod,  a l though t h e  mix can change 
because of economic t rade-offs .  I n  t h e  longer  t e r m  (14 t o  23 y e a r s )  and 
beyond, t h e  i n t r o d u c t i o n  of new t echno log ie s  of supply and t h e i r  p e n e t r a t i o n  
i n t o  t h e  marketplace become more important ,  w h i l e  t h e  demand cont inues t o  be 
based on p r o j e c t i o n s  of popu la t ion  and labor-f o rce  growth. These p r o j e c t i o n s  
of t h e  complete domestic energy supply and demand p i c t u r e  form t h e  b a s i s  f o r  
t h e  p r o j e c t i o n  of domestic n u c l e a r  gene ra t ing  capaci ty .  

P r o j e c t e d  domestic nuc lea r  gene ra t ing  c a p a c i t i e s  i n  t h e  U.S .  f o r  t h e  yea r s  
between 1980 and 2025 are shown i n  Table  4. These p r o j e c t i o n s  were based upon 
f o r e c a s t s  prepared by t h e  DOE Energy I n f o r m t i o n  Adminis t ra t ion (EIA) i n  May 
1978 and submit ted t o  INFCE. The E I A  P r o j e c t  Independence Eva lua t ion  System 
w a s  used t o  f o r e c a s t  over t h e  p e r i o d  1980 t o  2000. Another f o r e c a s t i n g  method 
w a s  used f o r  t h e  pe r iod  2000 t o  2025. It depends on p r o j e c t i o n s  of U.S. 
p o p u l a t i o n ,  l a b o r  f o r c e ,  and t o t a l  e l e c t r i c a l  power g e n e r a t i o n ,  and  w a s  
developed by E I A  and t h e  DOE O f f i c e  of P o l i c y  and Evaluation. 

/-- 
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TABLE 4. 1978 ESTIMATES OF U.S. NUCLEAR POWER GENERATING CAPACITY (GW1) 

2 Year High Low Median 

1980 
1985 
1990 
1995 
2000 
2005 
201 0 
2015 
2020 
2025 

66 
122 
192 
275 
395 
4 80 
590 
690 
800 
910 

62 
100 
15 7 
200 
255 
275 
295 
305 
315 
320 

64 
111 
175 
238 
325 
378 
443 
49 8 
558 
615 

Source: Department of Energy--Energy Information Admin i s t r a t ion  and 
O f f i c e  of P o l i c y  and Evaluat ion,  May 1978 

9 GW is t h e  a b b r e v i a t i o n  f o r  gigawatt ,  equa l  t o  10 watts. 

of t h e  f o r e c a s t .  

1 

2Ari thmetic  mean of t h e  High and Low cases. Not developed as p a r t  

I n  mid-1979, a range of new DOE-EIA f o r e c a s t s  t o  2000 became a v a i l a b l e ,  w i t h  a 
s i n g l e  p o i n t  f o r e c a s t  r e p r e s e n t i n g  h igh  nuc lea r  growth p o t e n t i a l  e s t ima ted  t o  
t h e  y e a r  2020. The High f o r e c a s t  (see Table  5) i s  s l i g h t l y  below t h e  ari thme- 
t i c  mean of t h e  High and Low f o r e c a s t s  of Table  4, w h i l e  t h e  Low f o r e c a s t  is 
s l i g h t l y  lower than  t h e  Low f o r e c a s t s  above. P re l imina ry  ana lyses  by t h e  
Department of Energy show, i n  some circumstances,  a r e t u r n  t o  a h i g h e r  nuc lea r  
growth i n  t h e  post-2000 period. Consequently, most of t h e  NASAP a n a l y s e s  were 
b a s e d  on  t h e  1978 a r i t h m e t i c  mean f o r e c a s t  (Median c a s e ) ,  b u t  some were 
performed also f o r  t h e  High growth i n  t h e  post-2000 per iod.  The wider  range 
above w a s  used i n  some assessments  (e.g., Commercial P o t e n t i a l )  and was a l s o  
used f o r  s e n s i t i v i t y  s t u d i e s  i n  o t h e r  assessments.  

TABLE 5. 1979 ESTIMATES OF U.S. NUCLEAR POWER GENERATING CAPACITY (GW) 

LOW 

19 85 118 114 102 
1990 171 152 142 
1995 22 5 208 186 

300 260 235 
450 - - 2000 

2010 
2020 6 75 

- Year Hinh Mid - 

.- 

- - 
Source: Department of Energy--Energy Information Adminis t ra t ion,  J u l y  1979 
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I n  l a t e  1979 and e a r l y  1980, wh i l e  NASAP w a s  be ing  completed, even lower 
p r o j e c t i o n s  through t h e  y e a r  1995 were r e l e a s e d  by t h e  DOE-EIA. These are 
shown i n  Table  6. These p r o j e c t i o n s  range from t h e  gene ra t ing  capac i ty  t h a t  
would be  a v a i l a b l e  from only th'ose p l a n t s  now o p e r a t i n g  o r  au thor ized  f o r  
c o n s t r u c t i o n  (Low) t o  t h e  capac i ty  t h a t  could be  achieved i f  t h e r e  were a 
moderate resumption of new o rde r s  (Mid and High). It should be noted t h a t  DOE 
h a s  no t  publ i shed  new p r o j e c t i o n s  f o r  t h e  long term beyond t h e  year  2000. 
However, as d i scussed  i n  t h e  appendix, t h e  E I A  i s  scheduled t o  publ i sh  new 
f o r e c a s t s  through 2020 i n  Ju ly  1980. The 1978 p r o j e c t i o n s  were used by NASAP 
because they are t h e  most r e c e n t  ones t o  cover t h e  long  t e r m ,  and because they 
model t h e  op t ion  i n  which t h e r e  is  a renewed commitment t o  nuc lear  energy i n  
t h e  U.S., beginning i n  t h e  1980's, as w e l l  as a lower rate of nuc lear  growth 
r e p r e s e n t a t i v e  of r ecen t  t r ends  

TABLE 6. 1980 ESTIMATES OF U.S. NUCLEAR POWER GENERATING CAPACITY (GW) 

Low - Mid - Year High - 
1985 113 106 95 
1990 155 140 129 
1995 196 179 156 

Source: Department of Energy--Energy Informat ion  Adminis t ra t ion ,  January 1980 

The 1980 f o r e c a s t s  f o r  n u c l e a r  power c o n t i n u e  t h e  t r e n d  of d e c r e a s i n g  
estimates s e e n  f o r  t h e  p a s t  several years .  Table  7 i l l u s t r a t e s  t h e  changes 
s i n c e  1975 i n  nuc lea r  capac i ty  f o r e c a s t s  f o r  t h e  United S t a t e s  and f o r  t h e  
OECD c o u n t r i e s  i nc lud ing  t h e  United S t a t e s .  Because t h e  estimates f o r  1990 
are now based p r i m a r i l y  on r e a c t o r s  " in  t h e  p i p e l i n e , "  e i t h e r  on o rde r  o r  
under cons t ruc t ion ,  f u t u r e  r e v i s i o n s  may b e  expected t o  be  minor. However, 
f o r e c a s t s  beyond 1990 are more dependent on t o t a l  energy supply and demand 
p a t t e r n s  and so are more specu la t ive .  S h o r t f a l l s  i n  f o r e i g n  o i l  supp l i e s ,  
s e v e r e l y  cons t r a ined  u s e  of domestic c o a l  f o r  e l e c t r i c i t y  product ion,  and less 
than  expected success  of n a t i o n a l  energy conserva t ion  efforts--any o r  a l l  of 
t h e s e  f a c t o r s  could r a d i c a l l y  i n c r e a s e  t h e  nuc lear  capac i ty  growth estimates 
f o r  power from today's systems as w e l l  as from more advanced technologies ,  
such as t h e  breeder  r eac to r .  The t rea tment  of t h e  u n c e r t a i n t i e s  a s s o c i a t e d  
wi th  t h e s e  estimates i s  beyond t h e  scope of NASAP. 

F i g u r e  3 shows t h e  Depar tmen t  of Energy f o r e c a s t s  t o  b e  i n  t h e  g e n e r a l  
range of o t h e r  r ecen t  estimates. Depending on t h e  purpose of t h e  estimates 
and  t h e  s c e n a r i o s  c o n s i d e r e d ,  i n d u s , t r y  p r o j e c t i o n s  t e n d  t o  show g r e a t e r  
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growth, w h i l e  conserva t ion-or ien ted  s t u d i e s  show lower growth. The pro jec-  
t i o n s  used f o r  NASAP l i e  between t h e s e  extremes. A more d e t a i l e d  d i scuss ion  
of t h e  p ro jec t ed  domest ic  nuc lea r  genera t ing  capac i ty  and a comparison w i t h  
o t h e r  r e c e n t  f o r e c a s t s  a re  p r e s e n t e d  i n  t h e  a p p e n d i x  t o  t h i s  volume. 

(4) 

(5) 

TABLE 7. CHRONOLOGY OF NUCLEAR POWER FORECASTS FOR 1990 
(GW of I n s t a l l e d  Generat ing Capac i ty)  

Year of Forecas t  U.S. OECD Including; U.S. 

1975 
1936 
1977 
1978 
1979 
1980 

285-470'l) 7 74-890(5) 
190-250 (2) --_ 459-640(6) 
15 7-1 92 (3) 328-412(7) 
142-1 71 (4) 281-343 (8) 
129-155"' 263-3 2 7 (' 

T o t a l  Energy, Electr ic  Energy, and Nuclear Power P r o i e c t i o n s ,  
U.S. Energy Research and Development Adminis t ra t ion,  February 1975. 

Basic Forecas t  Cases, U.S. Energy Research and Development 
Adminis t ra t ion ,  September 1976. 
U.S. Submission t o  t h e  I n t e r n a t i o n a l  Nuclear Fue l  Cycle Evalua t ion  
(INFCE), A p r i l  1978, as prepared by t h e  Energy Informat ion  Admin- 
i s t r a t i o n  (EIA), U.S. Department of Energy. 

Energy Supply and Demand i n  t h e  Mid-Term: 1985, 1990, 1995, 
Energy Informat ion  Adminis t ra t ion ,  May 1979. 

Uranium Resources,  Productfon, and Demand, j o i n t  r epor t  of t h e  
Organiza t ion  f o r  Economic Cooperat ion and Development (OECD) and 
the I n t e r n a t i o n a l  Atomic Energy Agency (IAEA), December 1975. 

Uranium Resources, Production, and Demand, j o i n t  r e p o r t  of t h e  
OECD and t h e  IAEA, December 197,7. 

Forecas t ing  Subgroup lA/2A of INFCE, October 1978. 

I n t e r n a t i o n a l  Energy Asse.ssment, EIA, May 1979. 

Commercial Nuclear and Uranium &rke t  Fo recas t s  f o r  t h e  United 
S t a t e s  and t h e  World Outs ide  Communist Areas, DOE/EIA-0184/24, 
January 1980. 
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2. THE ASSESSMENTS, THEIR FINDINGS, AND THEIR RECOMMENDATIONS 

This chapter  summarizes t h e  r e s u l t s  of assessments  by t h e  Nonpro l i f e ra t ion  
A l t e r n a t i v e  Systems Assessment Program (NASAP) of a l t e r n a t i v e  nuc lea r  power 
s y s t e m s .  F i r s t ,  i t  examines  t h e  e x i s t i n g  s i t u a t i o n ,  compar ing  t h e  most 
widely used system, the l i g h t - w a t e r  r e a c t o r  on a once-through (stow-away) 
f u e l  cyc le ,  a g a i n s t  o t h e r  p r e s e n t l y  a v a i l a b l e  nuc lear  power systems. The 
d i s c u s s i o n  covers  f o u r  aspec ts :  t h e  r e l a t i v e  p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  
r e a c t o r s  and f u e l  cyc le s ,  t he  p rospec t s  f o r  t h e i r  fuel-supply requirements ,  
f a c t o r s  a f f e c t i n g  t h e i r  commercial v i a b i l i t y ,  and some of t h e  p re s su res  t o  
adopt  f u e l  c y c l e s  t h a t  might i n c r e a s e  t h e  a v a i l a b i l i t y  of s e n s i t i v e  materials 
and f a c i l i t i e s .  

Second, t h e  chap te r  examines NASAP conclusions on some of t h e  nuc lear  choices  
t h a t  might have t o  be made i n  t h e  near  f u t u r e  and t h e  more d i s t a n t ,  f u t u r e .  I n  
doing so, i t  reviews a broad range of p o s s i b l e  t e c h n i c a l  choices  ("resource 
extenders")  which might use  a v a i l a b l e  resources  more e f f i c i e n t l y  . The impli-  
cat ions  f o r  t h e i r  i n t e r n a t i o n a l  deployment, l i k e l y  r e source  requirements ,  and 
p r o s p e c t s  f o r  c o m m e r c i a l i z a t i o n  i n  e a c h  c a s e  a r e  examined.  Next, ways 
t h a t  f u t u r e  f u e l  s u p p l i e s  might be assured  t o  u s e r s  whose a l t e r n a t i v e  might 
o therwise  be t h e  adopt ion  of less p r o l i f  e r a t i o n - r e s i s t a n t  technology are a l s o  
examined. F i n a l l y ,  some of t h e  i n s t i t u t i o n a l  and t e c h n i c a l  measures t h a t  
might reduce p r o l i f e r a t i o n  r i s k s  are reviewed. 

The c h a p t e r  c o n c l u d e s  by summar iz ing  recommendat ions  f o r  r e s e a r c h  and 
development 

2.1 TODAY'S NUCLEAR SYSTEMS 

C i v i l i a n  nuc lea r  power is produced today p r i m a r i l y  by l i g h t - w a t e r  r e a c t o r s  
u s ing  f u e l  t h a t  .is d ischarged  t o  i n t e r i m  s t o r a g e  and not  reprocessed  ( t h e  
"stow-.away once-through" cyc le ) .  Other p r i n c i p a l  types  of ope ra t ing  nuc lear  
power p l a n t s  i n c l u d e  t h e  h e a v y k a t e r .  r e a c t o r  used i n  Canada and marketed 
worldwide and t h e  MAGNOX and advanced gas-cooled r e a c t o r s  of France and t h e  
United Kingdom. I n  add i t ion ,  t h e r e  are several one-of-a-kind power p l a n t s  
i n  t h e  United S t a t e s  and abroad, i nc lud ing  t h e  h igh- teupera ture  gas-cooled 
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r e a c t o r ,  l ight-water  b reede r  r e a c t o r ,  and s e v e r a l  l iquid-metal  f a s t  breeder  
r e a c t o r s .  Worldwide t h e r e  are over 150 re sea rch  and test r e a c t o r s  o p e r a t i n g  
a t  over 10 kW thermal  power output  i n  about 30 c o u n t r i e s .  

While most of today's power systems o p e r a t e  without  r ecyc le ,  t h e r e  i s  l i m i t e d  
f u e l  r ep rocess ing  c a p a b i l i t y  a v a i l a b l e  commercially. I n  a d d i t i o n ,  l a b o r a t o r y  
o r  p i l o t - s c a l e  r ep rocess ing  f a c i l i t i e s  e x i s t ,  o r  have e x i s t e d ,  i n  several 
c o u n t r i e s .  S i m i l a r l y ,  uranium enrichment has  been developed o r  i s  under 
development i n  s e v e r a l  c o u n t r i e s  

T h i s  s e c t i o n  d e s c r i b e s  t h e  p r o l i f e r a t i o n  r e s i s t a n c e ,  r e source  use,  and commer- 
c i a l  p o t e n t i a l  of today's systems. I n  a d d i t i o n  t o  a s s e s s i n g  those  systems now 
o p e r a t i n g  commercially, t h e  s tudy of p r o l i f e r a t i o n  r e s i s t a n c e  a l s o  addres ses  
r e s e a r c h  and development programs because they c o n t r i b u t e  t o  t h e  v u l n e r a b i l i t y  
of t h e s e  systems. 

2.1.1 R e s i s t a n c e  t o  Nuclear Weapons P r o l i f e r a t i o n  

The scope of t h e  NASAP p r o l i f e r a t i o n  assessment w a s  d e l i b e r a t e l y  set t o  t r y  
t o  ensu re  an a n a l y s i s  and e v a l u a t i o n  t h a t  would, a t  a minimm, r e f l e c t  t h e  
b read th  of t h e  p r o l i f e r a t i o n  problem i n  d e a l i n g  w i t h  both t e c h n i c a l  and i n s t i -  
t u t i o n a l  f a c t o r s  and i n  t a k i n g  i n t o  account t h e  u n c e r t a i n t i e s  of t h e  evolving 
s i t u a t i o n .  While NASAP recognized t h a t  t h e  a b s o l u t e  r i s k  of p r o l i f e r a t i o n  i s  
an  important  n u c l e a r  power p o l i c y  i s s u e  i n  i t s e l f ,  t h i s  assessment w a s  focused 
on t h e  d i f f e r e n c e s  among t h e  f u e l  c y c l e s  i n  degree of p r o l i f e r a t i o n  r i s k  
r e l a t i v e  t o  t h a t  of a benchmark l ight-water  r e a c t o r .  While t h e  assessment 
emphasizes t h e  r e l a t i v e  e f f e c t s  t h a t  choosing one n u c l e a r  power system r a t h e r  
t han  a n o t h e r  may have on t h e  p o s s i b l e  sp read  of n u c l e a r  weapons c a p a b i l i t y ,  
t h e  d i s c u s s i o n s  a l s o  i d e n t i f y  t h e  materials and f a c i l i t i e s  most v u l n e r a b l e  t o  
abuse and cons ide r  t e c h n i c a l  and i n s t i t u t i o n a l  measures t h a t ,  developed over 
t i m e ,  might be employed t o  reduce t h e s e  v u l n e r a b i l i t i e s  and t h u s  i n c r e a s e  t h e  
p r o l i f e r a t i o n  r e s i s t a n c e  of t h e s e  f u e l  cyc le s .  

The assessment procedure used c h a r a c t e r i z e s  t h e  p r o l i f e r a t i o n  r e s i s t a n c e  
of n u c l e a r  power systems i n  terms of t h e  a c t i v i t i e s  necessary t o  a c q u i r e  
weapons -usab le  mater ia l .  When s e p a r a t e d  f r o m  o t h e r  materials, b o t h  
uranium ( U )  en r i ched  t o  h igh  c o n c e n t r a t i o n s  i n  t h e  i s o t o p e s  U-235 (more than  
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about  20 p e r c e n t )  o r  U-233 (more than  about 12 p e r c e n t )  and plutonium (Pu) 
are cons idered  t o  be  nuc lea r  weapons-usable materials, whether i n  oxide o r  
metallic form. (Uranium enr iched  t o  90 percent  o r  more i s  o f t e n  used--and w a s  
used by t h i s  study--f o r  e s t i m a t i n g  t h e  r e l a t i v e  enrichment requirements  f o r  
nuclear-weapons purposes.  Moreover, whi le  a n  independent m i l i t a r y  program 
t o  c o n s t r u c t  nuc lear  weapons may b e  considered l i k e l y  t o  avoid t h e  use of 
commercial reac tor -grade  plutonium con ta in ing  a s i g n i f i c a n t  amount of t h e  
h igher  plutonium i so topes ,  such plutonium might be  used f o r  weapons purposes  
i n  c e r t a i n  c i rcumstances.  As used i n  t h e  assessment of p r o l i f e r a t i o n  resis- 
tance,  plutonium means t o t a l  plutonium, t h a t  is, a l l  plutonium i so topes . )  The 
ac t iv i t i e s  examined inc lude  the p o s s i b l e  removal of materials from t h e  f u e l  
cyc le ,  t h e  mod i f i ca t ion  of an in-system f a c i l i t y  t o  produce t h e s e  materials, 
o r  t h e  c o n s t r u c t i o n  of an out-of-system (and poss ib ly  ded ica t ed )  f a c i l i t y  f o r  
conversion of t h e s e  materials i n t o  a weapons-usable form, and t h e  conversion 
i t s e l f .  T h e s e  r e q u i r e d  a c t i v i t i e s  and  t h e  a s s o c i a t e d  p o s s i b i l i t i e s  f o r  
d e t e c t i o n  and d e t e r r e n c e  depend both on t h e  t e c h n i c a l  f e a t u r e s  of t h e  f u e l  
cyc le  under cons ide ra t ion  and on the safeguards ,  p r o t e c t i v e  measures, and 
o t h e r  i n s t i t u t i o n a l  p rov i s ions  t h a t  may apply.  

The c e n t r a l  q u e s t i o n  t o  b e  answered about t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of a 
nuc lea r  power system is: How easy  is  i t  t o  dec ide  t o  abuse i t  o r  t o  implement 
a d e c i s i o n  t o  abuse i t ?  The answer t o  t h i s  ques t ion  depends upon t h e  answer 
t o  t h r e e  s p e c i f i c  ques t ions :  

0 What r e s o u r c e s  and  e f f o r t s  d o e s  a b u s e  r e q u i r e  a t  t h e  n a t i o n a l  and  
s u b n a t i o n a l  l e v e l ?  

0 How long w i l l  i t  t ake?  

0 W i l l  i t  b e  d e t e c t e d ,  and ,  i f  so,  what  can  b e  t h e  c o n s e q u e n c e s ?  

The a s s e s s m e n t  of  p r o l i f e r a t i o n  r e s i s t a n c e  d e p e n d s  s u b s t a n t i a l l y  on  t h e  
p r o l i f e r a t i o n  s c e n a r i o .  F o r  example ,  a p a r t i c u l a r  i s o t o p i c  e n r i c h m e n t  
technique  may be  hard  t o  implement f o r  a country w i t h  a well-developed tech- 
n o l o g i c a l  base  and experienced personnel ,  much ha rde r  f o r  a less developed 
country,  and e s s e n t i a l l y  imposs ib le  f o r  a subna t iona l  group. Moreover, t h e  
r e sources  r equ i r ed  depend on the number and q u a l i t y  of the nuclear  weapons 
sought ,  and t h e  s i g n i f i c a n c e  of t h i s  r e source  requirement as a b a r r i e r  t o  
abuse depends on t h e  s i t u a t i o n  of tke p r o l i f e r a t o r .  Because of t h e  g r e a t  
number of p o s s i b l e  combinations of sy&ems, a c t i v i t i e s ,  and s i t u a t i o n s ,  only 
a few r e p r e s e n t a t i v e  p o s s i b i l i t i e s  a r h ’ i r e a t e d  3 -  e x p l i c i t l y .  
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These and similar c o n s i d e r a t i o n s  have l e d  t o  t h e  development of a check list 
t o  b e  used i n  t h e  assessment.  Nany, b u t  not  a l l ,  of t h e s e  c o n s i d e r a t i o n s  
are predominantly t e c h n i c a l  i n  n a t u r e  and are d e s c r i p t i v e  of t h e  fue l - cyc le  
materials, f a c i l i t i e s ,  and technologies .  Some of t h e s e  are i n t r i n s i c  t o  t h e  
n a t u r e  of t h e  p r o l i f e r a t i o n  a c t i v i t i e s  r equ i r ed ,  and some are e x t r i n s i c ,  
d e a l i n g  wi th  t h e  i n t e r n a t i o n a l  scale and spread of fue l - cyc le  a c t i v i t i e s .  
They a re  t h e  bas.is f o r  t h r e e  ma jo r  g r o u p s  o f  a s s e s s m e n t  f a c t o r s  u s e d  i n  
performing t h e  assessments.  These groups are: 

0 Resources required--the t e c h n o l o g i c a l  base, personnel ,  and f i n a n c i a l  
r e sources  needed f o r  t h e  s p e c i f i e d  p r o l i f e r a t i o n  a c t i v i t i e s  i n  l i g h t  of 
t h e i r  i n h e r e n t  d i f f i c u l t y  . 

0 T i m e  required--the approximate t i m e s  needed f o r  ' the  s p e c i f i e d  p r o l i f e r a -  
t i o n  a c t i v i t i e s ,  i n c l u d i n g  p r e p a r a t i o n ,  r emova l ,  and  c o n v e r s i o n .  

0 Risks of detect ion-- the chances and consequences of d e t e c t i o n  of t h e  
p r o l i f e r a t i o n  a c t i v i t i e s ,  i n c l u d i n g  p r e p a r a t i o n ,  removal, and conver- 
s i o n ,  and t h e  p o s s i b l e  t i m e l i n e s s  of de t ec t ion .  

E s t i m a t e s  of t h e s e  f a c t o r s  r e l y  upon many d i v e r s e  v a r i a b l e s  which change over 
t i m e ,  some of which can be q u a n t i f i e d  t o  some e x t e n t  and many of which cannot. 
Accordingly,  t h e  assessments  u s i n g  t h e s e  f a c t o r s  are p resen ted  as q u a l i t a t i v e  
d i s c u s s i o n s  which focus  on t h e  important c o n s i d e r a t i o n s  b u t  which do not  
u s e f u l l y  l e n d  t h e m s e l v e s  t o  m e t h o d o l o g i c a l  t a b u l a t i o n s  o r  q u a n t i t a t i v e  
rankings.  

The approach taken i n  conducting t h e s e  assessments  has  been t o  treat  t h r e e  
g e n e r i c  nuc lea r  power systems and a n c i l l a r y  r e s e a r c h  a c t i v i t i e s  as s i m p l i f i e d ,  
i s o l a t e d  e n t i t i e s .  The t h r e e  systems have been des igna ted  by t h e  names of 
t h e i r  f u e l  c y c l e s :  o n c e - t h r o u g h ,  r e c y c l e ,  and  f a s t  b r e e d e r .  R e s e a r c h  
r e a c t o r s  and c r i t i ca l  f a c i l i t i e s  have been examined s e p a r a t e l y .  Even though 
t h e r e  is no "p ro l i f  e r a t i o n - r e s i s t a n c e  index, " t h e  NASAP f a c t o r s  have been used 
i n  t h e  assessments;  and i n s t e a d  of cr i ter ia  d i r e c t l y  r e l a t e d  t o  t h e s e  f a c t o r s ,  
a benchmark n u c l e a r  power system h a s  been used f o r  purposes of comparison. 
Th i s  benchmark i s  t h e  l i g h t - w a t e r  r e a c t o r  u s i n g  t h e  once-through f u e l  cyc le ,  
i n  which s p e n t  f u e l  is discharged i n t o  i n t e r i m  s to rage .  This  system is  t h e  
one most widely used i n  t h e  world today; however, i t s  use  as a benchmark does 
not  imply t h a t  i ts a b s o l u t e  r i s k  is acceptable .  The l e v e l  of a c c e p t a b l e  
r i s k  itself is  a matter of controversy.  I n  t h i s  r e p o r t ,  t h e  benchmark i t s e l f  
has  been a s ses sed ,  and d e s i r a b l e  improvements t o  i t  have been i d e n t i f i e d .  
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The approach taken i n  looking a t  f u e l  cyc le s  was t o  t reat  a r e fe rence  system 
i n  each g e n e r i c  system and then  t o  t reat  a l t e r n a t i v e  systems d i f f e r i n g  i n  
s p e c i f i c  ways from t h e  gene r i c  system. Moreover, i n  t h e  c a s e  of a p a r t i c u l a r  
f u e l  cyc le ,  two k inds  of n a t i o n a l  deployment were considered. One k ind ,  which 
r e q u i r e s  e x t e r n a l  enrichment o r  reprocess ing  s e r v i c e s ,  involves  t h e  n a t i o n a l  
deployment of t h e  r e a c t o r  and in t e rmed ia t e  spent - fue l  s t o r a g e  f a c i l i t i e s ;  t h e  
second k ind ,  which inc ludes  enrichment o r  r ep rocess ing  f a c i l i t i e s ,  i nvo lves  
t h e  n a t i o n a l  deployment of a l l  f uel-cycle  f a c i l i t i e s .  

The P r o l i f e r a t i o n  Res i s t ance  of Once-Through Systems (Stow-Away) 

The once-through l igh t -water  r eac to r ' s  f u e l  cyc le  involves  mining and m i l l i n g  
t h e  uranium o r e ,  e n r i c h i n g  t h e  uranium t o  a concen t r a t ion  of about 3 t o  5 
pe rcen t  i n  t h e  i s o t o p e  U-235, f a b r i c a t i n g  t h e  enr iched  uranium i n t o  r e a c t o r  
f u e l  e lements ,  u s i n g  t h i s  f u e l  t o  ope ra t e  a l igh t -water  r e a c t o r ,  and then 
p u t t i n g  t h e  spen t  f u e l  i n t o  in t e rmed ia t e  s t o r a g e  wi thout  dec id ing  whether 
t o  put  i t  i n t o  e i t h e r  long-term s t o r a g e  o r  t o  d ispose  of i t  permanently. It 
should be noted t h a t  spen t  f u e l  from in t e rmed ia t e  s t o r a g e  could la ter  b e  used 
i n  a c losed  ( r e c y c l e  and f a s t  b reeder )  fue l -cyc le  sys tem.  A s  a matter of U.S. 
n o n p r o l i f e r a t i o n  p o l i c y ,  r ep rocess ing  and r ecyc l ing  f u e l  has  been de fe r r ed  
wh i l e  t h e  n o n p r o l i f e r a t i o n  r i s k s  and economics are be ing  assessed.  

Light-water r e a c t o r s  f u e l e d  wi th  low-enriched uranium are widely a v a i l a b l e  
commercially, gene ra l ly  as boi l ing-water  r e a c t o r s  o r  as pressurized-water  
r eac to r s .  These two types  of r e a c t o r  d i f f e r  markedly i n  p h y s i c a l  cha rac t e r -  
i s t ics  bu t  do not  d i f f e r  s u b s t a n t i a l l y  i n  t h e i r  p r o l i f e r a t i o n  r e s i s t a n c e .  
C u r r e n t l y ,  t h e r e  a r e  more t h a n  5 8  l i g h t - w a t e r  r e a c t o r s  d e p l o y e d  o u t s i d e  
t h e  U . S .  i n  16 na t ions .  An a d d i t i o n a l  103 l igh t -water  r e a c t o r s  have been 
ordered  by these and 13 o t h e r  na t ions .  It is a n t i c i p a t e d  t h a t  by 1986 n e a r l y  
90 pe rcen t  of a l l  c i v i l i a n  nuc lea r  power i n  t h e  world o u t s i d e  t h e  c e n t r a l l y  
planned-economy (WOCA) a reas  w i l l  b e  g e n e r a t e d  by l i g h t - w a t e r  r e a c t o r s .  
It is important  t o  no te  t h a t  enrichment p l a n t s  are much less widely deployed 
t h a n  r e a c t o r s  are .  C u r r e n t l y ,  o n l y  o n e  non-nuclear-weapons s t a t e ,  t h e  
Nether lands,  has  a c i v i l i a n  cent r iEuge  enrichment p l a n t  deployed, bu t  o t h e r  
c e n t r i f u g e  p l a n t s  i n  t h e  F e d e r a l  R e p u b l i c  of Germany (West Germany) and  
Japan are planned f o r  i n  t h e  1980's:: Enrichment f a c i l i t i e s  w i l l  probably 
become more geographica l ly  d i spe r sed  than  a t  p re sen t ,  s i n c e  B r a z i l  and South 
A f r i c a  are a l s o  planning f o r  c i v i l i a n  aerqdynamic enrichment p l a n t s .  More- 
over ,  s e v e r a l  of t h e s e  c o u n t r i e s  a l r eady  ha$e small-scale o r  p i l o t '  enrichment 
f a c i l i t i e s ,  and a- number of c o u n t r i b  appa ren t ly  are conducting r e sea rch  
programs on advanced i s o t o p i c  s e p a r a t i o n  techniques.  On t h e  b a s i s  of t h i s  
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e x i s t i n g  and  p l a n n e d  p l a n t  c a p a c i t y  and on c u r r e n t  demand p r o j e c t i o n s ,  
enrichment capac i ty  o u t s i d e  t h e  c e n t r a l l y  planned-economy areas excluding 
t h e  United S t a t e s  w i l l  beg in  t o  exceed aggrega te  demand i n  the  la te  1980's. 
Inc lud ing  t h e  United S t a t e s ,  enrichment c a p a c i t y  i s  expected t o  exceed demand 
a t  least  through t h e  mid-1990's. Against  t h i s  background of nuc lea r  power 
deployment, t h i s  s e c t i o n  assesses t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  l i g h t -  
water r e a c t o r  once-through fue l - cyc le  system w i t h i n  t h e  con tex t  of t h e  c u r r e n t  
n o n p r o l i f e r a t i o n  regime. 

Th i s  regime v a r i e s  from one country t o  another.  By r a t i f y i n g  t h e  Nuclear 
N o n - P r o l i f e r a t i o n  T r e a t y ,  more t h a n  100 non-nuclear -weapons  s t a t e s  h a v e  
agreed not t o  a c q u i r e  o r  manufacture nuc lea r  weapons (or exp los ive )  dev ices  
and t o  s u b j e c t  a l l  t h e i r  p e a c e f u l  n u c l e a r  a c t i v i t i e s  and any nuc lea r  materials 
o r  f a c i l i t i e s  t h a t  they expor t  t o  I n t e r n a t i o n a l  Atomic Energy Agency (IAEA) 
s a f e g u a r d s .  T h e s e  n a t i o n s  h a v e  t h u s  a g r e e d  t o  what  i s  somet imes  c a l l e d  
"full-scope" safeguards.  These safeguards r e q u i r e  t h a t  t h e  IAEA independently 
v e r i f y  n a t i o n a l  systems of material c o n t r o l  and account ing t o  maintain con- 
t i n u i t y  of knowledge and inventory of material. V e r i f i c a t i o n  is accomplished 
through a s y s t e m  of r e p o r t s ,  p h y s i c a l  i n s p e c t i o n s ,  independent measurements, 
and a p p l i c a t i o n  of v a r i o u s  containment and s u r v e i l l a n c e  techniques.  

I n  a d d i t i o n ,  as a r e s u l t  of v a r i o u s  b i l a t e r a l  supply agreements, some non- 
p a r t i e s  t o  t h e  Non-p ro l i f e ra t ion  Trea ty  have a l s o  agreed t o  s u b j e c t  s p e c i f i c  
materials and f a c i l i t i e s - - b u t  n o t  n e c e s s a r i l y  a l l  p e a c e f u l  a c t i v i t i e s - - t o  IAEA 
sa fegua rds  and n o t  t o  u s e  those  s o  supp l i ed  f o r  weapons purposes. Bilateral  
and m u l t i n a t i o n a l  agreements may apply t o  t h e  t r a n s f e r  of nuc lea r  materials 
o r  technologies .  An example of a b i l a t e r a l  agreement would be one r e q u i r i n g  
t h e  a p p l i c a t i o n  of fu l l - s cope  sa fegua rds  as a c o n d i t i o n  of sale. A n o t a b l e  
example of m u l t i n a t i o n a l  agreements is t h e  supply system and r egu la to ry  regime 
of t h e  European Atomic Energy Community (EURATOM) 

P r o l i f e r a t i o n  Fea tu res  and A c t i v i t i e s  

The most s i g n i f i c a n t  f e a t u r e  of t h e  r e f e r e n c e  once-through nuc lea r  power 
f u e l  c y c l e  is  t h a t  d i r e c t l y  weapons-usable material is never p a r t  of t h e  f u e l  
cyc le  i t s e l f .  Fresh f u e l  c o n t a i n s  low concep t r a t ions  of U-235 (about 3 t o  
5 p e r c e n t )  d i l u t e d  i n  U-238; spen t  f u e l  c o n t a i n s  law concen t r a t ions  of U-235 
and plutonium (each less than  1 p e r c e n t ) ,  both of which are d i l u t e d  i n  U-238 
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1 and accompanied by h igh  r a d i a t i o n  f i e l d s  emi t t ed  by t h e  products  of f i s s i o n .  
Refue l ing  of l i g h t - w a t e r  r e a c t o r s  is  conducted i n  a ba tch  mode; approximately 
one q u a r t e r  of t h e  b o i l i n g - w a t e r  r e a c t o r  c o r e  and one t h i r d  of t h e  p re s su r i zed  
water r e a c t o r  c o r e  are d ischarged  annual ly .  

T h e r e  are  t h r e e  i m p o r t a n t  p r o l i f e r a t i o n  pa thways  by wh ich  t h e  r e f e r e n c e  
system may be  used t o  a c q u i r e  weapons-usable materials: in-system enrichment 
f a c i l i t i e s  t o  p r o d u c e  h i g h l y  e n r i c h e d  uranium,  ou t -o f - sys t em e n r i c h m e n t  
f a c i l i t i e s  t o  produce h ighly  enr iched  uranium, o r  out-of -system h o t  chemical 
r e p r o y s s i n g  ( s e p a r a t i o n )  f a c i l i t i e s  t o  extract  plutonium from t h e  spen t  
f u e l .  T h e s e  pa thways  a r e  examined by n o t i n g  t h e  a c t i v i t i e s  a p o t e n t i a l  
p r o l i f  e r a t o r  would have t o  under take  and e v a l u a t i n g  them when a p p r o p r i a t e  i n  
terms of t h e  chosen assessment f a c t o r s .  These r equ i r ed  a c t i v i t i e s ,  i nc lud ing  
p r e p a r a t i o n  of f a c i l i t i e s ,  r emova l  of ma te r i a l  f r o m  t h e  f u e l  c y c l e ,  a n d  
material conversion,  may vary subs t an t j t a l ly  wi th  t h e  scope and k ind  of t h e  
p r o l i f e r a t o r ' s  nuc lea r  weapons program. 

In-System Enrichment -- The key p r o l i f e r a t i o n  a c t i v i t y  i n  t h e  abuse of an 
e x i s t i n g  enrichment p l a n t  designed t o  produce low-enriched uranium is  t h e  
mod i f i ca t ion  of t h e  layout  o r  ope ra t ion  of t h e  p l a n t  t o  p e r m i t  p roduct ion  of 
h ighly  en r i ched  uranium. While s e v e r a l  methods of enrichment e x i s t ,  only 
g a s e o u s - d i f f  u s i o n  and g a s - c e n t r i f  uge p l a n t s  a r e  d e p l o y e d  c o m m e r c i a l l y .  
Modi f ica t ion  of t h e  l ayou t  o r  ope ra t ion  of an enrichment p l a n t  depends on 
t h e  p l a n t  type. 

I n  a gaseous-dif f u s i o n  p l a n t ,  rearrangement of the cascades designed t o  pro- 
duce low-enriched uranium would not  be  p r a c t i c a b l e  f o r  cont inuous product ion  
of highly  en r i ched  uranium because of  t h e  s i z e  of the equipment. Making 
m u l t i p l e  pas ses  through t h e  cascades,  tha t  is, ba tch  r ecyc le ,  would y i e l d  . .  

'Low-enriched uranium, as def ined  by t h e  Nuclear  Regulatory Commission, i s  
uranium enr i ched  t o  less than  20 pe rcen t ;  h igh ly  enr iched  uranium i s  def ined  
as u r a n i u m  e n r i c h e d  t o  more t h a n  2 0  p e r c e n t  and  may b e  weapons u s a b l e .  

2The word "hot" r e f e r s  t o  t h e  r ep rocess ing  of r a d i o a c t i v e  materials. 

3The word "divers ion" i s  used f o r  remckal of materials from t h e  f u e l  c y c l e  i f  
they are under safeguards.  5ri  
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h i g h l y  en r i ched  uranium over  many months o r  even yea r s ,  b u t  i t  would r e q u i r e  
many yea r s '  worth of product ion material i n  t h e  f i r s t  c y c l e  t o  ensure t h a t  
t h e  cascade is f i l l e d  i n  la ter  cycles .  Moreover, product ion of low-enriched 
uranium would have t o  cease. Modifying t h e  o p e r a t i n g  cond i t ions ,  t h a t  is, 
a " s t r e t c h e d "  o f f - d e s i g n  o p e r a t i o n ,  i s  a more a t t r a c t i v e  t e c h n i q u e  f o r  
producing h i g h l y  en r i ched  uranium. It is t h e  s h o r t e s t  pa th  f o r  producing 
h igh ly  en r i ched  uranium from a commercial d i f f u s i o n  p l a n t  because it uses  
low-enriched uranium from t h e  p l a n t  inventory f o r  d i r e c t  enrichment. Weapons- 
u s a b l e  material can b e  produced i n  a few months a f t e r  t h e  s t r e t c h e d  off-design 
mode is i n i t i a t e d .  The l e n g t h  of t i m e  depends upon t h e  d-esired degree of 
enrichment. I n  a c e n t r i f u g e  p l a n t ,  rearrangement of t h e  cascades o r  ba t ch  
r e c y c l e  could y i e l d  h igh ly  en r i ched  uranium w i t h i n  a matter of weeks i f  a l l  
t h e  s e p a r a t i v e  c a p a c i t y  of t h e  p l a n t  were used.  Over a l o n g e r  p e r i o d ,  
t h i s  h i g h l y  en r i ched  uranium could,  i n  p r i n c i p l e ,  be produced with only a 
modest r e d u c t i o n  i n  dec la red  p roduc t ion  of law-enriched uranium. 

Out-of -System Enr i chmen t  -- The  main a c t i v i t y  needed  t o  e n r i c h  u r a u i u m  
independently of an e x i s t i n g  enrichment p l a n t  is b u i l d i n g  and t e s t i n g  a n  ' 
enrichment f a c i l i t y .  Competent personnel  w i thou t  s p e c i a l i z e d  enrichment ' 

experience would r e q u i r e  several y e a r s  and about $100 m i l l i o n  t o  b u i l d  and 
test a p l a n t  capable  of producing q u a n t i t i e s  of h igh ly  en r i ched  uranium f o r  
t e n s  of weapons p e r  year .  I f  low-enriched uranium f r e s h  f u e l  w e r e  removed 
f r o m  t h e  commerc ia l  f u e l  c y c l e ,  t h e  t i m e  f r o m  remova l  to weapons -usab le  
material would vary from a few weeks t o  months, depending on t h e  technology 
used, t h e  capac i ty  of t h e  p l a n t ,  and s t a r t - u p  d i f f i c u l t i e s .  If t h i s  p a t h  were 
chosen, however, a n a t i o n  might i n s t e a d  choose t o  en r i ch  n a t u r a l  uranium 
ra the?  t h a n  use  low-enriched uranium f u e l  t o  reduce t h e  r i s k  of de t ec t ion .  

Out-of-System R e p r o c e s s i n g  of S p e n t  F u e l  -- The main a c t i v i t y  needed  t o  
e x t r a c t  plutonium from s p e n t  f u e l  is b u i l d i n g  and t e s t i n g  a h o t  chemical 
r ep rocess ing  p l a n t .  Personnel,  i nc lud ing  chemical engineers  b u t  without  
s p e c i a l i z e d  r ep rocess ing  experience,  would need one o r  two y e a r s  and t e n s  of 
m i l l i o n s  of d o l l a r s  t o  b u i l d  and test a p l a n t  t h a t  could s e p a r a t e  enough 
plutonium € o r  t e n s  of weapons pe r  yea r ,  somewhat smaller commitments f o r  one 
o r  two weapons. Once t h e  p l a n t  w a s  b u i l t  and s p e n t  f u e l  w a s  removed from t h e  
commercial f u e l  cyc le ,  t h e  t i m e  from removal t o  weapons-usable material would 
vary wi th  t h e  competence of t h e  personnel  involved. The t i m e  could be as 
s h o r t  as a f e w  weeks ,  b u t  i t  c o u l d  a l s o  b e  l o n g e r  i f  d i f f i c u l t i e s  were 
encountered i n  remote reprocessing.  
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On t h e  b a s i s  of t h e  c u r r e n t  re la t ive a v a i l a b i l i t y  of d e t a i l e d  p rocess  informa- 
t i o n  and personnel ,  t h e  i s o t o p i c  b a r r i e r  t o  t h e  product ion of weapons-usable 
mater ia l  f r o m  f r e s h  f u e l  a p p e a r s  g r e a t e r  t h a n  t h e  c h e m i c a l  o r  r a d i a t i o n  
b a r r i e r  t o  t h e  product ion  of weapons-usable material E rom spen t  f u e l .  Seve ra l  
na t ions  have exper ience  wi th  developmental  reprocess ing  f a c i l i t i e s  i n  a n t i c i -  
p a t i o n  of r ecyc le  o r  f a s t  b reeder  systems, and such a f a c i l i t y  could perform 
t h e  f u n c t i o n  of t h e  out-of-system reprocess ing  f a c i l i t y  descr ibed  above. The 
r e l a t i v e  d i f f e r e n c e  between t h e  i s o t o p i c  b a r r i e r  and t h e  r a d i a t i o n  o r  chemical 
b a r r i e r  could  change, i f ,  f o r  example, i t  became common p r a c t i c e  f o r  enrichment 
f a c i l i t i e s  t o  be  p a r t  of n a t i o n a l  f u e l  cyc le s  o r  i f  enrichment technologies  
became less d i f f i c u l t .  

The a c t i v i t i e s  d e s c r i b e d  above  would p o s e  v e r y  f o r m i d a b l e  p r o b l e m s  f o r  
t e r r o r i s t s  o r  mbst o t h e r  subna t iona l  groups. A t  t h e  n a t i o n a l  l e v e l ,  t h e  
necessary c o n s t r u c t i o n  ac t iv i t ies  would extend through a lengthy pe r iod  of 
t i m e ,  du r ing  which they might be de t ec t ed  by o t h e r  na t ions .  Moreover, i f  
IAEA safeguards  were i n  e f f e c t ,  t h e  necessary d i v e r s i o n  of materials would 
a l s o  b e  s u b j e c t  t o  d e t e c t i o n ,  a l though t imely d e t e c t i o n  could  not  always be 
assumed. I n  a d d i t i o n ,  t h e  IAEA has  had ex tens ive  exper ience  i n  safeguard ing  - 
thermal  power r e a c t o r s ,  p a r t i c u l a r l y  l igh t -water  r e a c t o r s ,  bu t  has  had l i t t l e  
o r  no exper ience  i n  safeguard ing  enrichment p l an t s .  

Improvements  t o  t h e  Once-Throuph C y c l e  -- A number of measures  c o u l d  b e  
taken  t o  improve t h e  p r o l i f e r a t i o n  resistance of t h e  once-through system. 
I n s t i t u t i n g  safeguards  t h a t  would make i t  easier t o  d e t e c t  t h e  d i v e r s i o n  of 
spen t  f u e l  i n  s t o r a g e  o r  i n  t r a n s i t ,  and combining t h e s e  safeguards  w i t h  
s t o r a g e  under m u l t i n a t i o n a l  o r  i n t e r n a t i o n a l  ausp ices ,  could  s i g n i f i c a n t l y  
reduce t h e  l i k e l i h o o d  t h a t  t h i s  material would be  used i n  weapons. S i m i l a r l y ,  
sa feguards  on enrichment f a c i l i t i e s  would make t h e i r  misuse more de t ec t ab le .  
L imi t ing  the  number of such f ac i l i t i e s  through coope ra t ive  arrangements could 
p re se rve  t h e  c u r r e n t  l eve l  of p r o l i f e r a t i o n  r e s i s t a n c e  a s s o c i a t e d  wi th  t h e  
once-through system. Add i t iona l ly ,  r e s t r a i n t s  on t h e  sp read  of enrichment and 
r ep rocess ing  technologies  coupled w i t h  r e l i a b l e  access t o  enrichment services 
would make t h e  p r e p a r a t i o n  phase of a weapons program more d i f f i c u l t  and 
t i m e  consuming and could make t h e  i d e n t i f i c a t i o n  of such p r e p a r a t i o n  less 
ambiguous. Each of t h e s e  p o s s i b l e  impr,ovenaents is d iscussed  i n  more d e t a i l  
below. 

1. I n t e r n a t i o n a l  Safeguards-  Each country has  i t s  own regu la to ry  p rocess  
and procedures  Count r ies  t h a t  import nuc lear  technology may develop 
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t h e i r  awn regu la to ry  procedures ,  i n c l u d i n g  sa fegua rds ,  o r  they may adopt  
t h o s e  of t h e  supplying country.  I n t e r n a t i o n a l  safeguards procedures 
may b e  e i t h e r  t hose  a p p l i e d  by t h e  EURATOM o r g a n i z a t i o n  i n  t h e  European 
community o r  t hose  of t h e  IAEA. 

P r o l i f e r a t i o n  r e s i s t a n c e  of t h e  once-through system could be improved 
by wider acceptance of safeguards.  I n  a d d i t i o n ,  c e r t a i n  s t r u c t u r a l  
changes could improve t h e  e f f e c t i v e n e s s  of s a fegua rds  f o r  t h e  once- 
through system, i n c l u d i n g  t h e  fol lowing measures: 

0 Improved methods of material accounting, containment, and su r -  
v e i l l a n c e  t o  be a p p l i e d  t o  enrichment f a c i l i t i e s  and s t o c k p i l e s  of 
n a t u r a l  uranium and low-enriched uranium. Methods which ach ieve  
near-real-t ime, tamper-revealing, remote s u r v e i l l a n c e  of spen t  f u e l  
i n  s t o r a g e  are t e c h n i c a l l y  f e a s i b l e .  

0 S u r v e i l l a n c e  of a l l  nuc lea r  material i n  a country,  whether on s i t e  
o r  i n  t r a n s i t .  

0 Assurance of adequate  access t o  t h e  enrichment p l a n t  t o  ach ieve  
e f f e c t i v e  IAEA p l a n t  i n spec t ion .  The p l a n t  should be designed t o  
enab le  IAEA i n s p e c t o r s  t o  v e r i f y  t h a t  t h e r e  h a s  been no d i v e r s i o n  
of materials o r  misuse of f a c i l i t i e s .  But procedures  would a l s o  
have t o  be designed t o  p r o t e c t  s e n s i t i v e  enrichment technology from 
being t r a n s f e r r e d .  

0 Improved mechanisms f o r  prompt i n s p e c t i o n  and s w i f t  r e p o r t i n g  of 
p o s s i b l e  d i v e r s i o n s  

2. C o o p e r a t i v e  Ar rangemen t s  f o r  S p e n t - F u e l  S t o r a g e .  I n t e r n a t i o n a l  
arrangements f o r  s t o r a g e  of spen t  f u e l ,  i nc lud ing  c e n t r a l i z e d  sites, 
would assist c o u n t r i e s  u t i l i z i n g  a once-through c y c l e  by r e l i e v i n g  
p r e s s u r e  on n a t i o n a l  s t o r a g e  capac i ty .  Such arrangements,  implemented 
u n d e r  I A E A  s a f e g u a r d s ,  c o u l d  h a v e  t h e  f o l l o w i n g  n o n p r o l i f e r a t i o n  
b e n e f i t s :  

0 E f f e c t i v e  s a f e g u a r d s  c o u l d  more e a s i l y  b e  e n s u r e d  w i t h  f e w e r  
resources .  

0 The i m p e t u s  f o r  r e p r o c e s s i n g  c o u l d  b e  r e d u c e d  by p r o v i d i n g  
a d d i t i o n a l  s t o r a g e  capac i ty .  

0 The p r o l i f e r a t i o n  r i s k  of l e a v i n g  spen t  f u e l  under n a t i o n a l  c o n t r o l  
f o r  long pe r iods  would be reduced. 
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Associated w i t h  such coopera t ive  arrangements would be t h e  es tab l i shment  
of f u e l  t r a n s p o r t  l i n k s .  S ince  f u e l  must even tua l ly  be  t r anspor t ed  from 
r e a c t o r  s i tes i n  any case, coopera t ive  fue l - s to rage  arrangements should 
b e  c a r e f u l l y  implemented t o  minimize the p r o l i f e r a t i o n  r i s k  a s s o c i a t e d  
wi th  t r a n s p o r t .  

3. Cooperat ive Arrangements f o r  Supply of Enrichment Serv ices .  Reducing 
t h e  need f o r  n a t i o n a l l y  c o n t r o l l e d  enrichment f a c i l i t i e s ,  t h e  most 
vu lne rab le  p a r t  of t h e  once-through system, would r e q u i r e  t h a t  t h e  
e x i s t i n g  c a p a b i l i t i e s  b e  r e l i a b l y  a v a i l a b l e  a t  f a i r  p r , i c e s .  N e w  
f a c i l i t i e s  might be e s t a b l i s h e d  as coopera t ive  ven tu res  under e f f e c t i v e  
m u l t i n a t i o n a l  con t ro l ,  t ak ing  care t o  avoid d i f f u s i o n  of s e n s i t i v e  
enrichment technology 

Other  Once-Throuph Systems -- Another commercially deployed once-through 
system i s  t h e  Canadian Deuterium Uranium (CANDU) h e a q - w a t e r  r e a c t o r .  T h i s  
r e a c t o r  has  t h r e e  f e a t u r e s  t h a t  make i t  somewhat d i f f e r e n t  €rom t h e  l i g h t -  
water r e a c t o r  from t h e  po in t  of view of p r o l l f e t a t i o n  r e s i s t a n c e :  (1) I ts  
f u e l  is  n a t u r a l  uranium; t h e r e f o r e ,  t h e r e  i s  no need f o r  enrichment s e r v i c e s ;  
(2) as i t s  moderator and coo lan t ,  it uses  h e a v  water, a material t h a t  can b e  
used i n  plutonium product ion  r e a c t o r s  f u e l e d  by n a t u r a l  uranium; (3)  i t  uses  
on-line,  r a t h e r  than  ba tch ,  r e f u e l i n g ,  and is t h e r e f o r e  more d i f f i c u l t  t o  
safeguard.  The export  of heavy-water product ion  f a c i l i t i e s  is  s u b j e c t  t o  
m u l t i n a t i o n a l l y  agreed-upon g u i d e l i n e s  f o r  t h e  a p p l i c a t i o n  of sa feguards ,  
bu t  t h e  e f f e c t i v e n e s s  of techniques  f o r  sa feguard ing  such f a c i l i t i e s  remains 
t o  be  e s t a b l i s h e d .  The use of n a t u r a l  u ran iuq  r e s u l t s  i n  more plutonium 
product ion  i n  a heavy-water r e a c t o r  t han  i n  a comparable l i g h t - w a t e r  r e a c t o r  
(500 kg versus  250 kg pe r  GW-year of ope ra t ion ) ,  a l though t h e  concen t r a t ion  
p e r  k i logram of f u e l  is lower. 

High-temperature gas-cooled r e a c t o r s  are a h Q  clperating as demonstrStion 
power p l a n t s .  For example, t h e  high-temperature gas-cooled r e a c t o r  designed 
i n  t h e  United S t a t e s  and t h e  pebble-bed des igns  being developed i n  t h e  Fede ra l  
Republic of Germany u s e  ‘h ighly  - en r i ched  u r q n i w ,  mixed wi th  thorium, on a 
once-through- cycle .  A r educ t ion  i n  t h e i r  p r o a i f e r a t i o n  p o t e n t i a l  appears  
p o s s i b l e  through’ t h e  use of low-enri&hed f r e a h ’ f u e l  (less t han  20 percen t  
U-235) and through very h igh  burnup. In high-emperature gas-cooled f u e l  
c y c l e s  t h a t  u s e  low-enr i ched  u r a n i u m  and  no t h o r i u m ,  f i s s i l e  p l u t o n i u m  
discharged annual ly  would be about one t h i r d  t h a t  of a l igh t -water  r e a c t o r  
of comparable s k e .  There are o t h e r  types  of gas-cooled r e a c t o r s  (MAGNOX) 
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u s i n g  n a t u r a l  uranium f u e l s  commercially deployed i n  a number of coun t r i e s ,  
p a r t i c u l a r l y  t h e  United Kingdom and France; t h e s e  r e a c t o r s  have plutonium 
p r o d u c t i o n  comparab le  t o  t h a t  of a n a t u r a l  u ran ium/heavy-water  r e a c t o r .  

P r o l i f e r a t i o n  Res is tance  of Closed Fuel  Cycles 

Fuel. c y c l e s  involv ing  t h e  reprocess ing  and r ecyc le  of' uranium, plutonium, and 
thorium f u e l s  i n  e i t h e r  thermal  (e-g. ,  l igh t -water ,  heavy-water,  l i g h t - w a t e r  
breeder  or  high-temperature gas-cooled) r e a c t o r s  o r  f a s t  (breeder )  r e a c t o r s  
are n o t  p r e s e n t l y  f u l l y  deployed commercially. However,. s u b s t a n t i a l  research, 
development, and demonstrat ion a c t i v i t i e s  are under way i n  many coun t r i e s ,  and 
commerc ia l  dep loymen t s  b e f o r e  t h e  n e x t  c e n t u r y  a r e  p l a n n e d  i n  J a p a n  and  
s e v e r a l  European na t ions .  The c o u n t r i e s  t h a t  are reprocess ing  o r  c o n t r a c t i n g  
f o r  r ep rocess ing  of spen t  f u e l  are doing so t o  o b t a i n  plutonium f o r  thermal  
r e c y c l e  and f a s t  b reeder  r e a c t o r  research ,  development, and demonstrat ion 
and/or f o r  waste-management purposes. Waste management is t h e  s t a t e d  reason 
f o r  r ep rocess ing  i n  s e v e r a l  coun t r i e s  i n  which t h e r e  is  a l inkage  between 
c l o s u r e  of t h e  nuc lear  f u e l  cyc le  and l i c e n s i n g  of f u t u r e  nuc lear  p l a n t s .  
Although t h e  l e g a l  imp l i ca t ions  vary,  a t  least s i x  c o u n t r i e s  (Aus t r ia ,  Sweden, 
t h e  Fede ra l  Republ ic  of Germany, Belgium, Japan, and Swi tzer land)  have l e g i s -  
l a t i o n  which i n h i b i t s  t h e  l i c e n s i n g  of f u t u r e  p l a n t s  u n t i l  p rogress  is made 
toward s a f e ,  permanent waste d i sposa l .  I n  a number of i n s t a n c e s ,  p rog res s  i n  
t h i s  d i r e c t i o n  has  been construed t o  mean reprocessing.  

More than  t e n  non-nuclear-weapons states have opera ted  some type  of spent - fue l  
reprocess ing  f a c i l i t y ,  a t  least  on a l abora to ry  scale. Although some of t h e s e  
f a c i l i t i e s  have been s h u t  down and i n  some cases dismantled,  t h e  a b i l i t y  t o  
s e p a r a t e  plutonium from spen t  f u e l  is  no t  uncommon i n  t h e  world. Belgium, 
B r a z i l ,  t h e  United Kingdom, France,  I n d i a ,  I t a l y ,  and Japan p lan  t o  have 
commercial f a c i l i t i e s  f o r  p rocess ing  oxide f u e l  from l igh t -water  r e a c t o r s  by 
2000. The commercial E a c i l i t y  planned by t h e  Fede ra l  Republ ic  of Germany w a s  
r e c e n t l y  defer red .  Outs ide  t h e  c e n t r a l l y  planned-economy areas, Argent ina is  
t h e  only country wi th  announced p l a n s  f o r  commercial reprocess ing  b e f o r e  2000. 
By about 1985, Spain p l a n s  t o  make a dec i s ion  on commercial reprocessing.  
With t h e  p o s s i b l e  except ion  of B r a z i l ,  a l l  coun t r i e s  wi th  announced p l a n s  f o r  
commercial reprocess ing  f a c i l i t i e s  beEore 2000 have a l r eady  opera ted  e i t h e r  
l abora to ry  o r  p i l o t - s c a l e  reprocess ing  f a c i l i t i e s .  
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Of t h e  660 g igawa t t s  of nuc lea r  power-generating capac i ty  p r o j e c t e d  by 2000 
f o r  t h e  world o u t s i d e  t h e  c e n t r a l l y  planned-economy areas, exc luding  t h e  
United S t a t e s ,  approximately 90 pe rcen t  w i l l  probably b e  supp l i ed  by l i g h t -  
water r eac to r s .  These r e a c t o r s  can ope ra t e  on f u e l  from mixed oxides  of 
uranium and plutonium, b u t  p l ans  are i n d e f i n i t e  f o r  r e c y c l e  i n  most of the  
c o u n t r i e s  which p l a n  t o  have l i g h t - w a t e r  r eac to r s .  Nonetheless ,  s u b s t a n t i a l  
t e s t i n g  and r e sea rch  a c t i v i t i e s ,  r e l a t e d  t o  f u e l  from mixed oxides  of uranium 
and p l u t o n i u m  a r e  u n d e r  way i n  s e v e r a l  c o u n t r i e s ,  among them, Belgium, 
I t a l y ,  and Switzer land.  Belgium, I t a l y ,  Japan, Switzer land,  and t h e  Fede ra l  
R e p u b l i c  of Germany h a v e  i n d i c a t e d  i n t e n t i o n s  t o  p r e s e r v e  t h e  o p t i o n  of 
r e c y c l e  i n  thermal  r eac to r s .  Japan has an advanced r e a c t o r  ope ra t ing  on 
plutonium f u e l  now and had in tended  t o  r e a l i z e  t h e  i n i t i a l  commercial izat ion 
of plutonium r e c y c l e  i n  t h e i r  l i g h t - w a t e r  r e a c t o r s  by t h e  mid- o r  l a t e  1980's. 
This  emerging p i c t u r e  of p o s s i b l e  imminent deployment of r e c y c l e  i n  some 
n a t i o n s  wi th  advanced nuc lea r  power programs is  t h e  b a s i s  f o r  a s s e s s i n g  t h e  
p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  r e fe rence  recycle system. 

There is a l s o  a v a r i a t i o n  i n  t h e  i n s t i t u t i o n a l  contex t  i n  which t h e s e  programs 
are s i t u a t e d .  Some, f o r  example, are not  s u b j e c t  t o  IAEA safeguards ,  and 
some assume a complete in-country f u e l  cyc le  wh i l e  o t h e r s  do not .  However, 
t h e  i n s t i t u t i o n a l  regime i s  l i k e l y  t o  evolve as t h e s e  development programs 
evolve.  I n  t h e  fo l lowing  assessments ,  i t  w i l l  be assumed t h a t  t h e  r ecyc le  
and breeder  fue l - cyc le  systems are deployed w i t h i n  t h e  con tex t  of t h e  c u r r e n t  
i n s t i t u t i o n a l  regime. 

Recycle Systems -- A system based on convent iona l  PUREX r ep rocess ing  of spen t  
f u e l  from l igh t -water  r e a c t o r s  w a s  chosen as t h e  r e fe rence  r e c y c l e  system f o r  
t h i s  assessment.  An examination of t h e  p o t e n t i a l  pathways t o  weapons through 
a b u s e  of t h i s  c y c l e  found  t h r e e  i m p o r t a n t  t e c h n i c a l  v u l n e r a b i l i t i e s  i n  
a d d i t i o n  t o  those  p re sen t  i n  t h e  r e f e r e n c e  once-through l i g h t - w a t e r  reactor 
system. The f i r s t  is I tha t  m a t e r i a l  i n  t r a n s i t  and i n  n a t i o n a l  f a c i l i t i e s  
would be  i n  weapons-usable form and i n  forms t h a t  are r e l a t i v e l y  easy t o  
e x p l o i t  f o r  weapons p u r p o s e s .  The .second i s  t h a t  t h e  r e l a t i v e l y  l a r g e  
amounts of plutonium-bearing materials i n  r ep rocess ing  and r e f a b r i c a t i o n  
f a c i l i t i e s ,  o f t e n  i n  bulk form, would be  d i f f i c u l t  t o  sa feguard  e f f e c t i v e l y .  
The t h i r d  is t h a t  fue l - reprocess ing  f a c i l i t i e s  and f a c i l i t i e s  f o r  f a b r i c a t i n g  
mixed plutonium/uranium oxide  f u e l  would provide  t r a i n i n g  and exper ience  
i n  p l u t o n i u m  e x t r a c t i o n  and  h a n d l i n g  w h e r e v e r  t h e y  are  dep loyed .  T h e s e  
f a c i l i t i e s  may b e  a t t r a c t i v e  as s t a r t i n g , p o i n t s  f o r  a nuc lear  weapons program 
o r  p r o v i d e  a n  enhanced  c a p a b i l i t y  f o r  a n  i n d e p e n d e n t  m i l i t a r y  program. 
Moreover ,  t h e r e  a re  p o t e n t i a l l y  a t t r a c t i v e  p r o l i f e r a t i o n  p a t h s  f o r  sub-  
n a t i o n a l  groups i n  r e c y c l e  systems through t h e  s e i z u r e  of f r e s h  r ecyc le  f u e l  
o r  f r e s h  f u e l  f eeds tocks  i n  bulk  form. 
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The most s i g n i f i c a n t  p r o l i f e r a t i o n  a c t i v i t i e s  t h a t  might be used t o  e x p l o i t  
t h e  s e vu h e  r ab  i 1 i t  i e s i n c l u d e  : 

1. Out-of-System Conversion of Already Separa ted '  Plutonium. To convert  
plutonium oxide o r  plutonium n i t r a t e  t o  plutonium metal r equ i r e s  out-of- 
system f a c i l i t i e s .  (Conversion t o  metal is  no t  now in-system t o  any 
c i v i l i a n  n u c l e a r  power s y s t e m ;  however ,  i t  i s  i n v o l v e d  i n  c e r t a i n  
c i v i l i a n  research  and development ac t iv i t ies .  ) Convert ing a l r eady  
sepa ra t ed  plutonium i n  bulk s t o r a g e  o r  t r a n s p o r t  t o  weapons-usable form 
does n o t  involve  unusual  procedures  and would not  p re sen t  s i g n i f i c a n t  
d i f f i c u l t i e s  t o  mst n a t i o n s  wi th  t r a i n e d  o r  experienced personnel .  
Under these  circumstances,  p r e p a r a t i o n  a c t i v i t i e s  f o r  t ens  of m e t a l  
weapons p e r  y e a r  could be completed w i t h i n  a few months a t  a c o s t  of a 
few m i l l i o n  d o l l a r s  and could b e  d i f f i c u l t  t o  de t ec t .  Fewer resources  
would be r equ i r ed  i f  only one o r  two weapons were r equ i r ed  o r  i f  ox ides  
w e r e  used d i r e c t l y .  The per iod  from t h e  t i m e  material w a s  f i r s t  removed 
from t h e  f u e l  cyc le  u n t i l  s i g n i f i c a n t  q u a n t i t i e s  of weapons-usable 
material w e r e  produced could be a matter of a few days o r  weeks. A 
s u b n a t i o n a l  group would f i n d  convert ing plutonium n i t r a t e  t o  m e t a l  a 
more d i f f i c u l t  and time-consuming job  than  conver t ing  i t  t o  s o l i d  oxide. 

2. Out-of -System Convers ion  of Mixed-Oxide Feedstocks o r  Fuel  Assemblies. 
Out-of-system f a c i l i t i e s  are a l s o  r equ i r ed  t o  convert  mixed uranium/ 
plutonium oxide  feeds tocks ,  t h a t  is, powder o r  p e l l e t s ,  t o  plutonium 
metal. (Again, conversion t o  metal is  no t  now an  in-system a c t i v i t y  f o r  
any c i v i l i a n  nuc lea r  power system.) 
mixed a t  t h e  f a b r i c a t i o n  p l a n t  from pure  plutonium oxide and uranium 
oxide  would normally con ta in  about 5 pe rcen t  plutonium oxide f o r  r e c y c l e  
f u e l s .  I f  t h e s e  oxides  were mixed a t  t h e  r ep rocess ing  p l a n t  i n s t e a d  of 
a t  t h e  f a b r i c a t i o n  p l a n t ,  then  f eeds tock  t o  t h e  head end of t h e  mixed 
uranium/plutonium oxide  fuel-f  a b r i c a t i o n  p l a n t  could range up t o  10 o r  
15 pe rcen t  plutonium oxide.  The s t e p s  necessary  t o  separate plutonium 
from uranium are not  formidable.  Af t e r  t h e  a c q u i s i t i o n  of a p p r o p r i a t e  
f a c i l i t i e s ,  which would r e q u i r e  up t o  twice as long as f o r  bulk plu- 
tonium oxide  and a few m i l l i o n  d o l l a r s  t o  design,  c o n s t r u c t ,  and test ,  
mater ia l  f o r  t e n s  of weapons p e r  y e a r  c o u l d  b e  s e p a r a t e d  i n  a few 
months. However, s i g n i f i c a n t  q u a n t i t i e s  of weapons-usable material 
could be produced i n  approximately one week. 

Mixed uranium/plutonium oxide  powder 
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The p r o l i f e r a t i o n  a c t i v i t i e s  r equ i r ed  t o  o b t a i n  weapons-usable plutonium 
from f a b r i c a t e d  mixed uranium/plutonium oxide f u e l  assemblies  would b e  
e s s e n t i a l l y  t h e  same, w i t h  t h e  a d d i t i o n  of a s imple  sawing opera t ion .  

3. Out-of-System Reprocessinp of Spent Fuel. The main a c t i v i t i e s  would be  
t h e  des ign ,  cons t ruc t ion ,  and t e s t i n g  of an  out-of-system p l a n t  capable  
of h o t  r a d i o a c t i v e  reprocessing.  These a c t i v i t i e s  would r e q u i r e  compe- 
t e n t  personnel  one t o  two y e a r s  and a few t e n s  of m i l l i o n s  of d o l l a r s  
f o r  a program t o  b u i l d  t e n s  of metal weapons pe r  year .  The t i m e  between 
removal of spen t  f u e l  from t h e  f u e l  cyc le  u n t i l  s i g n i f i c a n t  q u a n t i t i e s  
of weapons-usable material are produced can be a matter of a few weeks. 
Although t h e  handl ing of r a d i o a c t i v e  spen t  f u e l  i s  inhe ren t ly  more 
d i f f i c u l t  than  t h a t  of t h e  f r e s h  f u e l  o r  feeds tock  material d iscussed  
above, e s p e c i a l l y  f o r  subna t iona l  groups,  i t  is w i t h i n  t h e  means of many 
na t ions .  

These v u l n e r a b i l i t i e s  and a n  evolv ing  s i t u a t i o n  i n  which many c o u n t r i e s ,  
i n t end ing  t o  r ecyc le ,  have acqui red  pre l iminary  exper ience  wi th  t h i s  
t e c h n o l o g y  p o i n t  t o  a n  u r g e n t  need  f o r  s t r e n g t h e n e d  t e c h n i c a l  a n d  
i n s t i t u t i o n a l  c o n t r o l s .  A c c o r d i n g l y ,  a w i d e  r a n g e  of p o t e n t i a l  
t e c h n i c a l ,  s a f e g u a r d s ,  and  i n s t i t u t i o n a l  improvements  have  b e e n  
examined. 

Improvements t o  t h e  Recycle System -- Technica l  measures f o r  improving t h e  
p r o l i f e r a t i o n  r e s i s t a n c e  of r e c y c l e  s y s t e m s  would i n c l u d e  c o p r o c e s s i n g ,  
co-conversion and i n t r o d u c t i o n  of r a d i a t i o n  b a r r i e r s .  

Coprocessing t o  e l i m i n a t e  d i r e c t l y  weapons-usable material from t h e  f u e l  c y c l e  a. 
would s i g n i f i c a n t l y  reduce t h e  v u l n e r a b i l i t y  t o  t h e f t .  While t h e  ope ra to r  of 
t h e  p l a n t  could  e a s i l y  modify t h e  p l a n t  t o  produce a pu re  plutonium stream, 
t h e  d e t e c t i o n  by IAEA safeguards  of pu re  plutonium anywhere i n  t h e  cyc le  could 
provide  evidence of a v i o l a t i o n ,  were t h e r e  an a p p r o p r i a t e  agreement. 

Co-conversion by b lending  t h e  o r i g i n a l l y  sepa ra t ed  uranium and plutonium 
n i t r a t e s  would e l i m i n a t e  s e p a r a t e d  p l u t o n i u m  o x i d e  f r o m  t h e  c y c l e s  and  
provide p r o t e c t i o n  a g a i n s t  t h e f t  similar t o  t h a t  f o r  coprocessing. 
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The i n t r o d u c t i o n  of a r a d i a t i o n  b a r r i e r  h a s  been considered i n  o rde r  t o  pro- 
v ide  a level  of p r o t e c t i o n  t o  plutonium f u e l s  similar i n  n a t u r e  t o  t h a t  of 
spen t  f u e l .  Rad ia t ion  levels on t h e  o r d e r  of t e n s  t o  a hundred rems pe r  hour  
a t  1 m e t e r  have been judged s u f f i c i e n t  t o  f o r c e  a n a t i o n  seeking t o  produce 
t e n s  of weapons t o  conduct p rocess ing  i n  an out-of-system f a c i l i t y  s i m i l a r  t o  
a spen t - fue l  r ep rocess ing  f a c i l i t y .  Th i s  level of p r o t e c t i o n  would correspond 
t o  t h a t  of spen t  f u e l  100 t o  150 y e a r s  a f t e r  d i scha rge  from t h e  r eac to r .  
Th i s  r a d i a t i o n  b a r r i e r  could be introduced i n  a number of ways: sp ik ing ,  i n  
which a h igh ly  r a d i o a c t i v e  material such as CO-60 could be introduced a t  
c e r t a i n  p o i n t s  i n  t h e  r ep rocess ing ,  conversion, o r  r e f a b r i c a t i o n  p l a n t s ;  
p a r t i a l  decontamination, i n  which t h e  r ep rocess ing  p l a n t  i s  designed so t h a t  a 
p o r t i o n  of t h e  f i s s i o n  products  always remains a s s o c i a t e d  wi th  t h e  plutonium 
( s i n c e  u s e  i s  made of t h e  r e l a t i v e l y  s h o r t - l i v e d  f i s s i o n  products  i n  t h e  s p e n t  
f u e l ,  t h i s  measure can be e f f e c t i v e  only f o r  t h e  p rocess ing  of spen t  f u e l  
discharged r e c e n t l y  from t h e  r e a c t o r )  ; and p r e - i r r a d i a t i o n ,  i n  which t h e  
mixed uranium/plutonium oxide f u e l  element is  i r r a d i a t e d  be fo re  shipment t o  
t h e  r e a c t o r  si te.  None of t h e s e  measures would seem t o  have much e f f e c t i v e -  
n e s s  a g a i n s t  ab rup t  d i v e r s i o n  a t  t h e  n a t i o n a l  l e v e l  i n  those  r e a l i z a t i o n s  
where a country h a s  a r ep rocess ing  p l a n t  deployed, s i n c e  i t  appears  t h a t  
t h e  p l a n t  could be r e a d i l y  modified t o  produce plutonium i n  a pu re  form. 
P a r t i a l  d e c o n t a m i n a t i o n  may b e  somewhat more e f f e c t i v e  t h a n  s p i k i n g  i n  
t h i s  r e s p e c t ,  s i n c e  i t  would be easy t o  s t o p  adding t h e  sp ikan t .  However, 
a r a d i a t i o n  b a r r i e r  could delay weapons product ion by many months if out- 
o f - s y s t e m  f a c i l i t i e s  had t o  b e  b u i l t .  A l l  of t h e s e  m e a s u r e s  e x c e p t  
p r e - i r r a d i a t i o n  may have some advantages wi th  r ega rd  t o  p r o t e c t i o n  a g a i n s t  
c o v e r t  d i v e r s i o n  by n a t i o n s ,  and a l l  of them would provide added p r o t e c t i o n  
a g a i n s t  t h e f t  by t h e  less s o p h i s t i c a t e d  s u b n a t i o n a l  groups. These advantages,  
however, would have t o  be eva lua ted  i n  t h e  l i g h t  of t h e  t e c h n i c a l  problems 
a s s o c i a t e d  w i t h  them and of economic, environmental ,  and sa fegua rds  disadvan- 
t a g e s .  O t h e r  c o n c e p t s  i n v o l v e  v a r i o u s  e n g i n e e r i n g  d e s i g n  f e a t u r e s ,  f o r  
example, t o  reduce a c c e s s i b i l i t y  t o  plutonium and, more s p e c u l a t i v e l y ,  t o  
i n c o r p o r a t e  active measures t o  deny t h e  u s e  of materials o r  f a c i l i t i e s .  None 
of t h e s e  concepts  appear t o  be more e f f e c t i v e  than those  concepts a l r eady  
d e s c r i b e d  i n  a d d r e s s i n g  t h e  f u n d a m e n t a l  p r o l i f e r a t i o n  v u l n e r a b i l i t y  
p re sen ted  by n a t i o n a l  c o n t r o l  of r ep rocess ing  and r e f a b r i c a t i o n  f a c i l i t i e s .  
Moreover, s i n c e  many of t h e s e  measures invo lve  p l a n t  design,  t hey  cannot 
e a s i l y  b e  r e t r o f i t t e d  t o  e x i s t i n g  f a c i l i t i e s .  

The IAEA has concluded t h a t  c u r r e n t  material a c c o u n t a b i l i t y  is  no t  adequate  
f o r  t h e  l a r g e  r ep rocess ing  p l a n t s  which are planned t o  come on l i n e  i n  t h e  
next  few decades. Inc reased  r e l i a n c e  w i l l  have t o  be placed on containment 
and s u r v e i l l a n c e  measures, and t h e  IAEA b e l i e v e s  t h a t  t h e r e  are good p r o s p e c t s  
t h a t  i t s  g o a l s  can be m e t  when s p e c i f i c  new measures have been developed f o r  
materials account ing as w e l l  as containment and s u r v e i l l a n c e .  It appears ,  
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however, t h a t  t h e s e  measures may b e  expensive t o  implement f o r  t h e  IAEA and 
t h e  ope ra to r ,  and w i l l  r e q u i r e  a p o l i t i c a l l y  s i g n i f i c a n t  l e v e l  of i n t r u s i v e -  
n e s s  i n t o  f a c i l i t y  o p e r a t i o n s .  Moreover ,  u n t i l  t h e r e  i s  a l a r g e - s c a l e  
d e m o n s t r a t i o n ,  u n c e r t a i n t i e s  a b o u t  t h e  t e c h n i c a l  e f f e c t i v e n e s s  of t h e s e  
measures w i l l  remain. Designing new rep rocess ing  and r e f a b r i c a t i o n  p l a n t s  
t o  enhance t h e  a p p l i c a t i o n  of sa feguards  i s  both d e s i r a b l e  and impor tan t ,  and 
can be  f a c i l i t a t e d  through t h e  des ign  review procedure t o  be  exe rc i sed  by 
EURATOM and IAEA. - The i n t r o d u c t i o n  of a r a d i a t i o n  b a r r i e r  would in t roduce  
s e r i o u s  d i f f i c u l t i e s  i n  applying material account ing methods. I n  add i t ion ,  
i n s p e c t i o n  and v e r i f i c a t i o n  would be  d i f f i c u l t  t o  ca r ry  out  i n  p l a n t s  i n  which 
t h e  h ighly  r a d i o a c t i v e  environment of t h e  f r o n t  end w a s  extended throughout 
t h e  r e p r o c e s s i n g  f a c i l i t y .  And many of  t h e  new s a f e g u a r d s  measu res  and  
p r o c e d u r e s  u n d e r  r e s e a r c h  and  development  i n  t h e  U.S. would  b e  r e n d e r e d  
i n o p e r a t i v e  and o t h e r s ,  less e f f e c t i v e .  

1. 

Adequate p h y s i c a l  s e c u r i t y  measures are r equ i r ed  t o  prevent  d i v e r s i o n  by sub- 
n a t i o n a l  groups. Some of t h e  t e c h n i c a l  (e.g., coprocess ing)  and i n s t i t u t i o n a l  
(e.g., co loca t ion )  measures considered may e f f e c t i v e l y  c o n t r i b u t e  t o  reducing 
t h i s  t h r e a t ,  bu t  t h e i r  c o s t s  and b e n e f i t s  have no t  been f u l l y  evaluated.  

One r o u t e  t o  reduce t h e  r i s k  of abuse of t h e  fue l -cyc le  f a c i l i t i e s  is  t h e  
development of i n t e r n a t i o n a l l y  agreed-upon i n s t i t u t i o n a l  measures. B a s i c a l l y ,  
t h e  proposa ls  relate t o  p l ac ing  s e n s i t i v e  materials and f a c i l i t i e s  under some 
form of i n t e r n a t i o n a l  con t ro l .  

One measure would be t h e  c o n s t r u c t i o n  and ope ra t ion  of only a l i m i t e d  number 
of l a r g e ,  n a t i o n a l l y  managed r ep rocess ing  p l a n t s  which, a p a r t  from reproc-  
e s s i n g  f u e l  f o r  domestic customers, would a l s o  provide  a re l iable  r ep rocess ing  
s e r v i c e  on a compet i t ive  b a s i s  f o r  customers i n  o t h e r  count r ies .  Th i s  measure 
has  t h e  advantage of l i m i t i n g  t h e  s e n s i t i v e  fue l -cyc le  f a c i l i t i e s  t o  a few 
si tes and na t ions .  Such p l a n t s  would - inco rpora t e  advanced ins t rumenta t ion ,  
and des igns ,  and o t h e r  f e a t u r e s  t o  f a c i l i t a t e  safeguarding.  The deployment of 
t h e  f u e l  c y c l e  i n  o t h e r  c o u n t r i e s  would be  l i m i t e d  t o  t h e  more r e s i s t a n t  
e lements  of t h e  cycle--namely, t h e  r e a c t o r  and t h e  uranium f u e l - f a b r i c a t i o n  
f a c i l i t y  , 

a .  

I _  

S e v e r a l  measu res  f o r  m u l t i n a t i o n a l  p a r t i c . i p a t i o n  i n - n u c l e a r  f u e l - c y c l e  
f a c i l i t i e s  have advantages and disadva'iitages l i k e  those  a l r eady  d iscussed ,  
bu t  t h e r e  are a d d i t i o n a l  cons ide ra t ions .  Depending upon t h e i r  c h a r a c t e r i s -  
t i c s ,  t h e s e  measures may be  coupled w i t h  s t r o n g e r  " p o l i t i c a l "  b a r r i e r s  a g a i n s t  
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t h e  h o s t  na t ion ' s  ab roga t ing  safeguards and w i t h  inc reased  assurances t h a t  
none of t h e  p a r t i c i p a t i n g  n a t i o n s  had d i v e r t e d  material without  d e t e c t i o n .  
However, such m u l t i n a t i o n a l  ven tu res  might f a c i l i t a t e  t h e  spread of s e n s i t i v e  
technology. While c o l o c a t i o a  of t h e  p l a n t s  f o r  r ep rocess ing  and f o r  t h e  
f a b r i c a t i o n  of mixed uraniua/plutonium oxides  might make t h e  f u e l  cyc le  less 
v u l n e r a b l e  t o  s u b n a t i o n a l  t h e f t  by reducing t r a n s p o r t  requirements,  i t  would 
have l i t t l e  or  no impact on p r o l i f e r a t i o n  a t  t h e  n a t i o n a l  level except t o  
t h e  e x t e n t  t h a t  s a fegua rds  measures may b e  more e f f e c t i v e  a t  an i n t e g r a t e d  
s i t e  and i n d i r e c t l y  c o n t r i b u t e  t o  a t r end  toward r e l i a n c e  on fewer, l a r g e r  
f a c i l i t i e s .  Th i s  t r e n d  may- r e s u l t  i n  fewer na t ions  possessing s e n s i t i v e  
f a c i l i t i e s .  

Plutonium management schiaaes vh ich  would provide f o r  some form of i n t e r -  
n a t i o n a l  c o n t r o l  o v e t  s t o c k s  of s e p a r a t e d  p l u t o n i u m  h a v e  b e e n  p roposed .  
The advantages of such p roposa l s  are t h a t  excess  plutonium would be removed 
f r o m  n a t i o n a l  c o n t r o l  a n d  its r e t u r n  would  b e  s u b j e c t  t o  s t r i c t  release 
c r i te r ia  and i n t e r n a t i o n a l  ove r s igh t .  

The r e s u l t s  of t h e s e  assessments are summarized i n  T a b l e  8. 

I t  has  a l s o  been suggested t h a t  s p e c i a l  nuc lea r  materials can be "downgraded" 
t o  i n h i b i t  t h e i r  use i n  nuc lea r  veapons by enhancing t h e  emission rate of 
a lpha  p a r t i c l e s ,  gamma rays ,  neutrons,  o r  hea t .  Judgments about t h e  u s e  of 
s p e c i a l  nuc lea r  materials must depend on a d e t a i l e d  knowledge of n u c l e a r  
weapons design and t e s t i n g .  Although producing such d e t a i l s  would c o n f l i c t  
w i t h  U.S. n o n p r o l i f e r a t i o n  p o l i c i e s ,  t h r e e  conc lus ions  can be drawn: 

0 U-233 is, i n  p r i n c i p l e ,  as weapons-usable as U-235 o r  plutonium. 

0 I n c r e a s i n g  t h e  emission rate of neu t rons  i n  U-233, U-235, o r  plutonium 
would not  p rec lude  theLr u s e  i n  weapons. This  conclusion a l s o  a p p l i e s  
t o  t h e  p re sence  of Pu-238. 

0 The presence of U-232 In U-233 does not  provide e f f e c t i v e  p r o t e c t i o n  
a g a i n s t  misuse. 

What i s  r e q u i r e d  i s  t h e  p r o g r e s s i v e  i n t r o d u c t i o n  of f e a t u r e s  t h a t  w i l l  
s u b s t a n t i a l l y  improve p r o l i f e r a t i o n  r e s i s t a n c e  i n  o rde r  t h a t ,  i f  r e c y c l e  
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TABLE 8 .  EVALUATION OF MEASURES TO IMPROVE PROLIFERATION RESISTANCE OF CLOSED FUEL CYCLES 

P r o l i f e r a t i o n  P r  ol i f  erat i o n  P r o l i f e r a t i o n  
Res i s t ance  Using Res i s t ance  Using Res i s t ance  t o  

Unsafeguarded F a c i l i -  Safeguarded F a c i l i -  E f f e c t  on Subnat ional  
Threa t  

Co-conversion L i t t l e  o r  no change L i t t l e  o r  none Inc reased  

Measure t ies o r  Materials ties o r  Materials IAFA Safeguards 

Cop rocess  ing 

P r e - i r r a d i a t i o n  

Sp ik ing  

P a r t i a l  p rocess ing  

P a s s i v e  measures 
and p h y s i c a l  barriers 

Active-use d e n i a l  

.Fuel-service c e n t e r s *  

P 
ul 

( i n c l u d i n g  c o l o c a t i o n )  

Fuel-management and 
t r a n s p o r t  c o n t r o l  
( i n c l u d i n g  s t o r a g e /  
t r a n s p o r t  as mixed 
ox ide  o r  mixed- 
ox ide  assemblies)  

1 

2 

2 

1 

Increased 

Increased 

Increased 

Increased 

L i t t l e  o r  no change 

Not a p p l i c a b l e  

L i t t l e  o r  no change 

2 Increased 

1 

2 

2 

1 

Inc reased  

I n c  r ea s ed 

Inc reased  

Inc reased  

Inc reased  

Increased 

Increased 

2 Increased 

L i t t l e  o r  none 

L i t t l e  o r  none 

Degraded 

Degraded 

Enhanced 

L i t t l e  o r  none 

Enhanced 

L i t t l e  o r  none 

Increased 

Inc reased  

Increased 

Inc reased  

Inc reased  

Increased 

Increased 

Increased 

'Depends on how e a s i l y  t h e  f a c i l i t y  can be modified t o  produce pu re  plutonium stream. 
.%lay not be very e f f e c t i v e  where r ep rocess ing  p l a n t  is deployed. 



were in t roduced  i n t o  widespread use,  i t  should be p o s s i b l e  t o  avoid l a r g e  
d i f f e r e n c e s  i n  p r o l i f e r a t i o n  r e s i s t a n c e  compared t o  t h a t  of once-through 
systems. U n t i l  t h e s e  measures are developed, however, r e c y c l e  would in t roduce  
t h e  p r o l i f e r a t i o n  v u l n e r a b i l i t i e s  a l r eady  descr ibed.  

S ince  l i g h t - w a t e r  r e a c t o r s  are a l r eady  widely deployed, it is p o s s i b l e  t h a t  
t h e  r ecyc le  system could  a l s o  become widely deployed. However, t h e  e f f e c t i v e -  
nes s  of combinations of t e c h n i c a l  and i n s t i t u t i o n a l  measures t o  improve t h e  
p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  r ecyc le  system, as w e l l  as t h e i r  f e a s i b i l i t y  
and a c c e p t a b i l i t y  t o  n a t i o n s  cons ider ing  t h e  use  of c losed  cyc les ,  is  d i f f i -  
c u l t  t o  p r e d i c t  i n  advance of t h e i r  a c t u a l  n e g o t i a t i o n  and implementation. 

F a s t  Breeder Systems -- F a s t  breeder  nuc lea r  p a r e r  systems c l o s e l y  resemble 
r ecyc le  nuc lear  power systems i n  t h e  sense  t h a t  spent - fue l  reprocess ing  and 
r e c y c l e  of f i s s i l e  mater ia l  a re  i n t r i n s i c  f e a t u r e s  of t h e  f u e l  c y c l e s .  
Both systems r e q u i r e  t h e  same types  of a n c i l l a r y  f a c i l i t i e s  f o r  temporary 
spent-f u e l  s t o r a g e ,  reprocess ing ,  f u e l  f a b r i c a t i o n ,  waste management , and 
t r a n s p o r t a t i o n .  The major d i f f e r e n c e s  between breeder  and r e c y c l e  systems l i e  t 

i n  t h e  g r e a t e r  f lows a t  h ighe r  concen t r a t ions  of plutonium i n  t h e  f a s t  b reeder  
system and i n  t h e  r e a c t o r s  themselves. Current  f a s t  b reeder  r e a c t o r  des igns  
would produce an excess  of plutonium and could l e a d  t o  t h e  evo lu t ion  of a . 
nuc lea r  economy which relies almost exc lus ive ly  on plutonium f o r  t h e  f i s s i l e  
conten t  of t h e  f u e l ,  whereas an  economy based on r ecyc le  r e a c t o r s  must con- 
t i n u e  t o  r e l y  h e a v i l y  on uranium. 

A t  p r e s e n t ,  no  f u l l y  c o m m e r c i a l i z e d  f a s t  b r e e d e r  r e a c t o r s  a re  dep loyed .  
Rather ,  f a s t  b reeder  programs are under way i n  a small number of countr ies--  
most no tab ly ,  t h e  United Kingdom, France,  Japan, t h e  USSR, United S t a t e s ,  and 
t h e  Fede ra l  Republ ic  of Germany--and are a t  va r ious  s t a g e s  of development 
ranging from p i l o t  and demonstrat ion r e a c t o r s  t o  small re sea rch  and fue l -cyc le  
f a c i l i t i e s  t o  suppor t  f a s t  b reeder  system re sea rch  and development. There is  
a l s o  a v a r i a t i o n  i n  t h e  i n s t i t u t i o n a l  contex t  i n  which t h e s e  programs are 
s i t u a t e d .  Some, f o r  example, are no t  s u b j e c t  t o  IAEA safeguards ,  and some 
envisage  a complete in-country f u e l  cyc le  w h i l e  o t h e r s  do not.  

The major impetus f o r  r ep rocess ing  spen t  f u e l  a t  t h e  p r e s e n t  t i m e ,  i n  a d d i t i o n  
t o  t h e  management of spen t  f u e l ,  appears  t o  b e  f o r  f a s t  b reeder  r e a c t o r s  
r a t h e r  than  f o r  thermal  recyc le .  Process ing  of spen t  f u e l  is expected t o  
b u i l d  i n v e n t o r i e s  of  p l u t o n i u m  compounds wh ich  c a n  be used  t o  s t a r t  up 
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f a s t  b reede r  r e a c t o r s  du r ing  t h e  t r a n s i t i o n  p e r i o d  t o  f a s t  breeder  r e a c t o r  
equi l ibr ium. Plutonium f o r  s t a r t - u p  and r e f u e l i n g  of planned b reede r s  i n  
t h e  United Kingdom and France w i l l  come from gas-cooled r e a c t o r  (MAGNOX) s p e n t  
f u e l  and, i n  France,  from l i g h t - w a t e r  r e a c t o r  spen t  f u e l  as w e l l .  French 
p l a n s  c a l l  f o r  a 100 t p e r  y e a r  p l a n t  t o  be commercial by about 1990, b u t  t h i s  
would s e r v e  only about  3 GW of f a s t  breeder  r e a c t o r  capaci ty .  The cumulative 
plutonium p roduc t ion  i n  thermal-reactor  spen t  f u e l  i n  Japan and t h e  Fede ra l  
Republic of Germany, as w e l l  as t h e  r ep rocess ing  c a p a c i t y  t o  s e p a r a t e  t h a t  
plutonium, f a r  exceeds t h e i r  pre-2000 f a s t  breeder  needs. However, i f  Japan's 
p l a n s  f o r  a r a p i d  t r a n s i t i o n  t o  an  a l l -b reede r  economy by 2025 m a t e r i a l i z e ,  
t h i s  excess  r ep rocess ing  capac i ty ,  and perhaps more, would be needed t o  meet 
those  p l a n s  u n l e s s  a l t e r n a t i v e  sou rces  of plutonium are found. A number of 
o t h e r  c o u n t r i e s  are conducting r e sea rch  i n  f a s t - r e a c t o r  f u e l  reprocessing.  
Aside from several European c o u n t r i e s  and Japan, I n d i a  is  appa ren t ly  t h e  only 
country wi th  near-term rep rocess ing  p l a n s  d i r e c t e d  toward f u t u r e  support  of 
f a s t  b reede r  r e a c t o r  development. I n d i a  p l a n s  t o  develop plutonium/thorium 
f a s t  b reede r  r e a c t o r s .  

Most c o u n t r i e s '  p l a n s  f o r  nuc lea r  power through 2000 c a l l  f o r  t h e  deployment 
of l i g h t - w a t e r  r e a c t o r s .  I n  2000, less than  5 percen t  of t h e  i n s t a l l e d  nu- 
clear power c a p a c i t y  o u t s i d e  t h e  c e n t r a l l y  planned-economy areas is expected 
t o  be f a s t  b reede r  r eac to r s .  Most of t h i s  c a p a c i t y  w i l l  be i n  France,  w i t h  
some p o s s i b l y  i n  t h e  U n i t e d  Kingdom, J a p a n ,  a n d  t h e  F e d e r a l  R e p u b l i c  o f  
Germany, and perhaps I t a l y  and I n d i a .  Belgium, I t a l y ,  and t h e  Nether lands 
h a v e  f i n a n c i a l  i n t e r e s t s  i n  t h e  F r e n c h  and  German f a s t  b r e e d e r  r e a c t o r  
programs. It is a g a i n s t  t h i s  background of f a s t  b reede r  r e a c t o r  p l a n s  t h a t  
t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of a r e f e r e n c e  fast breede r  r e a c t o r  system is 
assessed.  

Reference F a s t  Breeder Fuel  Cycle: L i q u i d a e t a l  F a s t  Breeder Reactor  

The r e f e r e n c e  f a s t  b reede r  system is t h e  l i q u i d - m e t a l  f a s t  b reede r  r e a c t o r .  
The f a c i l i t i e s  a n d  materials a p p e a r i n g  i n . t h e  l i q u i d - m e t a l  f a s t  b r e e d e r  
r e a c t o r  f u e l  c y c l e  are analogous t o  those  of t h e  r e f e r e n c e  r e c y c l e  system. 
The most important  p r o l i f e r a t i o n - r e l a t e d  f e a t u r e s  of e i t h e r  f u e l  c y c l e  s t e m  
from t h e  l a rge - sca l e  p rocess ing  o p e r a t i o n s  and commerce i n  plutonium-bearing 
materials. I n  a t y p i c a l  1 GW l i q u i d - m e t a l  f a s t  b reede r  r e a c t o r ,  f o r  example, 
t h e  t o t a l  plutonium inventory i n  t h e  c o r e  is about 5,000 t o  6,000 kg, and 
y e a r l y ,  approximately 2,000 kg of plutonium is i n t roduced  and about  10 pe rcen t  
more is withdrawn. For each such r e a c t o r ,  a t  least 2,500 kg (probably s e v e r a l  
t i m e s  more) plutonium would be i n  process ,  s t o r a g e ,  o r  t r a n s p o r t  a t  any g iven  
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t i m e ;  by comparison, about 250 k g  of plutonium is  discharged i n  spen t  f u e l  
from 1 GW-year's o p e r a t i o n  of a once-through l igh t -wa te r  r e a c t o r .  

Since f a c i l i t i e s  and materials are similar t o  those  of t h e  r ecyc le  system, 
t h e  l iquid-metal  f a s t  b reede r  r e a c t o r  system p r e s e n t s ,  w i t h i n  a given n a t i o n a l  
con tex t  and deployment conf igu ra t ion ,  e s s e n t i a l l y  t h e  same o p p o r t u n i t i e s  f o r  
f a c i l i t y  m o d i f i c a t i o n  o r  f o r  d i v e r s i o n  of materials f o r  out-of-system conver- 
s ion .  With t h e  excep t ions  noted below, t h e  a s s o c i a t e d  p r o l i f e r a t i o n  f e a t u r e s ,  
a c t i v i t i e s ,  and  improvements  h a v e  b e e n  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  t h e  
r e f e r e n c e  r e c y c l e  system. 

A s i g n i f i c a n t  d i f f e r e n c e  between t h e  l iquid-metal  f a s t  b reede r  r eac to r ' s  
uranium/plutonium mixed-oxide f u e l  and r e c y c l e  mixed-oxide f u e l  materials l ies  
i n  t h e  f a c t  t h a t  l iquid-metal  f a s t  breeder  r e a c t o r  f u e l s  would have plutonium 
c o n c e n t r a t i o n s  of 15 t o  25 percen t ,  which are considered t o  be weapons-usable, 
whereas r e c y c l e  f u e l s  would c o n t a i n  only 4 t o  6 percen t  plutonium. Conse- 
quen t ly ,  i t  is t h e o r e t i c a l l y  p o s s i b l e  that a n u c l e a r  dev ice  could be made 
d i r e c t l y  from f r e s h  l iquid-metal  f a s t  breeder  r e a c t o r  f u e l  w i thou t  need f o r  
chemical s e p a r a t i o n ;  i n  r e c y c l e  systems, plutonium oxide i t s e l f  i s  the only 
material t h a t  is d i r e c t l y  weapons-usable. T h i s  f e a t u r e  would i n c r e a s e  t h e  
v u l n e r a b i l i t y  of t h e  l iquid-metal  f a s t  b reede r  r e a c t o r  system t o  s u b n a t i o n a l  
p r o l i f e r a t i o n  t h r e a t s ,  p a r t i c u l a r l y  i n  c o u n t r i e s  deploying only t h e  r e a c t o r s .  
It would  a l s o  i n c r e a s e  v u l n e r a b i l i t y  t o  n a t i o n a l  t h r e a t s ,  a l t h o u g h  most 
n a t i o n s  would probably employ out-of-system f a c i l i t i e s  t o  recover  plutonium 
metal. 

O t h e r w i s e ,  t h e  h i g h  p l u t o n i u m  c o n c e n t r a t i o n s  and  o t h e r  minor  t e c h n i c a l  
d i f f e r e n c e s  between b reede r  and r e c y c l e  f u e l s  would have a s l i g h t  impact on 
out-of-system p r o l i f e r a t i o n  a c t i v i t i e s .  The h i g h e r  plutonium concen t r a t ions ,  
f o r  example, would pe rmi t  somewhat smaller f a c i l i t i e s  and less feed  material 
t o  recover plutonium a t  a given rate. Spent f u e l  from a l iquid-metal  f a s t  
b reede r  r e a c t o r  c o r e  is  accompanied by h i g h e r  r a d i a t i o n  f i e l d s  than spen t  
l i gh t -wa te r  r e a c t o r  f u e l ,  wh i l e  t h a t  from t h e  b l anke t  would be less radio-  
a c t i v e .  Both  c o r e  a n d  b l a n k e t  s p e n t  f u e l ,  however ,  would  s t i l l  r e q u i r e  
r e m o t e  p r o c e s s i n g .  Depend ing  on t h e  ' p o i n t  of d i v e r s i o n ,  o u t - o f - s y s t e m  
f a c i l i t i e s  f o r  p rocess ing  s p e n t  l iquid-metal  f a s t  b reede r  r e a c t o r  f u e l  might 
have t o  p rov ide  f o r  removal of sodium or o t h e r  l iquid-metal  coolant  from t h e  
assemblies.  While t h e s e  d i f f e r e n c e s  are perhaps worth no t ing ,  t h e i r  impact 
on t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  l iquid-metal  f a s t  b reede r  r e a c t o r  
system i s  marginal.  
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F u r t h e r  p r o l i f e r a t i o n  i m p l i c a t i o n s  of f a s t  b r e e d e r  s y s t e m s  a r e  r e l a t e d  
t o  t h e  dynamics  of s y s t e m  development .  Whereas r e c y c l e  s y s t e m s  u s i n g  
l igh t -water  r e a c t o r s  could be deployed r e l a t i v e l y  soon, l iqu id-meta l  f a s t  
b reeder  r e a c t o r s  cannot b e  deployed commercially on a major scale f o r  a t  
least two decades and poss ib ly  much longer.  Changes i n  t h e  i n t e r n a t i o n a l  
i n s t i t u t i o n a l  framework w i t h i n  which nuc lear  power systems are opera ted  w i l l  
c l e a r l y  evolve  du r ing  t h e  per iod  of development. However, c u r r e n t  reproc- 
e s s i n g  f a c i l i t i e s  and p l a n s  f o r  t h e i r  expansion are l a r g e l y  motivated by 
a n t i c i p a t e d  f a s t  b reeder  needs. I n  o t h e r  words, t h e  p r o l i f e r a t i o n  vulnera-  
b i l i t i e s  of f a s t  b reeder  systems appear  long b e f o r e  a c t u a l  r e a c t o r  deployment 
and  must  b e  accommodated i n  c u r r e n t  e f f o r t s  t o  e s t a b l i s h  a s a t i s f a c t o r y  
n o n p r o l i f e r a t i o n  regime. 

Research Reac tors  and Cr i t ica l  F a c i l i t i e s  

Although t h e  above d i scuss ion  of p r o l i f e r a t i o n  r e s i s t a n c e  h a s  centered  on 
n u c l e a r  power p l a n t s ,  r e s e a r c h  r e a c t o r s  are a l s o  a p o t e n t i a l  s o u r c e  of 
weapons-usable material. 

Research r e a c t o r s  are t y p i c a l l y  used t o  s tudy t h e  i r r a d i a t i o n  behavior  of 
materials of i n t e r e s t  i n  nuc lea r  engineer ing;  t o  produce r ad ionuc l ides  f o r  
m e d i c i n e ,  i n d u s t r y ,  and a g r i c u l t u r e ;  and  t o  p romote  b a s i c  r e s e a r c h  and 
teaching.  The p r o l i f e r a t i o n  impl i ca t ions  of r e sea rch  r e a c t o r s  arise from 
t h e i r  widespread deployment and t h e i r  u se  of p o t e n t i a l l y  s i g n i f i c a n t  amounts 
of h igh ly  en r i ched  uranium as f r e s h  f u e l  ( t y p i c a l  annual  f u e l  requirements  are 
0.6, 8.4, and 1 2 1  kg of h igh ly  enr iched  uranium f o r  r e a c t o r s  wi th  thermal  
power l e v e l s  of 1, 10, and 100 MW, r e s p e c t i v e l y ) ,  wh i l e  o t h e r s  u s ing  n a t u r a l  
or low-enriched uranium may produce s i g n i f i c a n t  amounts of plutonium i n  the 
i r r a d i a t e d  f u e l .  

C r i t i ca l  f a c i l i t i e s  are very law-power experimental  reac ors (usua l ly  below 
10 kw) which o p e r a t e  a t  l o w  neut ron- f lux  l e v e l s  (e.g., 10 neutrons/cm /sec) 
w i t h  no apprec i ab le  f u e l  burnup and l i t t l e  induced r a d i o a c t i v i t y  i n  t h e  f u e l  
and o t h e r  c o r e  components. They a r e p s e d  as s imula to r s ,  t o  provide experi-  
m e n t a l  c o n f i r m a t i o n  o f  d e s i g n  c a l c u , l a t i o n s  r e l a t i n g  t o  v a r i o u s  r e a c t o r  
c h a r a c t e r i s t i c s ,  such as c r i t i c a l ’  m p s , -  k i n e t i c s  and c o n t r o l ,  and r e a c t i v i t y  
c o e f f i c i e n t s .  C r i t i ca l  f a c i l i t i e s  f o r  use  i n  f a s t  b reede r  r e a c t o r  r e sea rch  
may use  h ighly  en r i ched  uranium o r .  plutonium i n  va r ious  forms, i nc lud ing  
metal ,  o x i d e ,  and  a l l o y s .  S i n c e  t h e  f u e l  h a s  l i t t l e  b u r n u p  o r  i n d u c e d  
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r a d i o a c t i v i t y ,  i t  i s  u s u a l l y  l o a n e d  o r  l e a s e d  f r o m  t h e  s u p p l i e r  t o  t h e  
ope ra to r .  Cr i t ica l  f a c i l i t i e s  f o r  breeder  r e sea rch  use  plutonium o r  h igh ly  
en r i ched  uranium i n  q u a n t i t i e s  ranging from a f e w  kilograms t o  a few metric 
tons.  

France, t h e  United S t a t e s ,  t h e  F e d e r a l  Republic of Germany, and the  IAEA have 
b e e n  engaged  i n  s t u d i e s  a imed a t  p r e s e r v i n g  t h e  s c i e n t i f i c  and r e s e a r c h  
advantages of r e sea rch  r e a c t o r s  f u e l e d  with h igh ly  en r i ched  uranium w h i l e  
reducing t h e i r  p r o l i f e r a t i o n  p o t e n t i a l .  Some r e s e a r c h  work sugges t s  t h a t  most 
r e sea rch  r e a c t o r s  can be adapted t o  less highly en r i ched  uranium (from 20 t o  
4 0  p e r c e n t  U-235 w i t h  t o d a y ' s  t e c h n o l o g y )  w i t h  l i t t l e  e f f e c t  on  o v e r a l l  
r e a c t o r  performance. This  r e s u l t  is accomplished by i n c r e a s i n g  t h e  t o t a l  
amount of uranium p r e s e n t  i n  t h e  f u e l  elements. That is, t h e  amount of U-235 
is  d i l u t e d  i n  l a r g e r  amounts of U-238. One of t h e  approaches pursued by France 
is t o  develop a replacement f u e l  f o r  i ts  r e a c t o r s  which is  7 percent-enriched 
uranium. I m p l e m e n t a t i o n  of s u c h  t e c h n i c a l  m e a s u r e s  would s u b s t a n t i a l l y  
d i m i n i s h  t h e  p r o l i f e r a t i o n  r i s k  a s s o c i a t e d  w i t h  h i g h l y  e n r i c h e d  u r a n i u m  
resea rch  r e a c t o r s  and would permit  t h e  p o s s i b i l i t y  of reduced p h y s i c a l  secu- 
r i t y  requirements t o  counter  t he  threat of s u b n a t i o n a l  groups. Operators  
s h o u l d  f i n d  t h e s e  measu res  a t t r a c t i v e ,  s i n c e  r e l a t i v e l y  f r e e  a c c e s s  i s  
important f o r  e f f e c t i v e  r e sea rch  a t  such r e a c t o r s .  

Improved  i n t e r n a t i o n a l  s a f e g u a r d s  a n d  a more u n i v e r s a l  commitment t o  
f u l l - s c o p e  s a f e g u a r d s  a s  d i s c u s s e d  f o r  n u c l e a r  power p l a n t s  would  a l s o  
b e  i m p o r t a n t  f o r  r e d u c i n g  t h e  p r o l i f e r a t i o n  r i s k s  of r e s e a r c h  r e a c t o r s .  
S a f e g u a r d s  p r o c e d u r e s  need  t o  accommodate t h e  n e c e s s a r y  f l e x i b i l i t y  o f  
r e s e a r c h  r e a c t o r  ope ra t ions .  

A l o n g e r - t e r m  g o a l  t h a t  would i n c r e a s e  t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of 
r e s e a r c h  r e a c t o r s  would be t h e  achievement of a mean l e v e l  of enrichment 
of 3 t o  20 p e r c e n t  f o r  widely deployed r e sea rch  r e a c t o r s .  Such a level of 
enrichment would seem t o  p u t  t h e  g r e a t e s t  d i s t a n c e  between r e sea rch  r e a c t o r s  
and t h e  problems of h i g h l y  en r i ched  uranium on t h e  one hand, and of plutonium 
i n  s p e n t  f u e l  on t h e  o t h e r .  E x i s t i n g  t e c h n o l o g i e s  c a n  make s i g n i f i c a n t  
improvements toward t h i s  goal. 

N a t u r a l  u r a n i u m - f u e l e d  r e s e a r c h  r e a c t o r s  c a n  p r o d u c e  p l u t o n i u m  a t  t h e  
approximate rate of 1 gram p e r  megawatt day (thermal-energy o u t p u t )  of opera- 
t i on .  The amount of plutonium produced is  reduced as t h e  enrichment level is 
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i nc reased .  The p r o l i f e r a t i o n  r e s i s t a n c e  of s p e n t  f u e l  from such r e a c t o r s  
would b e  similar t o  that of s p e n t  f u e l  from nuc lea r  power p l a n t s  w i th  t h e  
fol lowing except ions:  

o R a d i o a c t i v i t y  from resea rch  r e a c t o r  spen t  f u e l  can b e  one f i f t i e t h  t h a t  
of s p e n t  f u e l  from a commercial power r e a c t o r ,  so problems of s h i e l d i n g  
personnel  from t h e  r a d i a t i o n  may b e  easier t o  so lve .  

o Seve ra l  d i f f e r e n t  chemical forms are t y p i c a l l y  used f o r  r e s e a r c h  f u e l  
e lements ,  so s t e p s  involved i n  chemical r ep rocess ing  would b e  a l t e r e d .  

The development, demonstrat ion,  and implementation of t h e s e  new f u e l s  should 
be pursued. 

Major Conclusions 

The a s s e s s m e n t s  o f  t h e  p r o l i f e r a t i o n  r e s i s t a n c e  o f  v a r i o u s  f u e l  c y c l e s  
i n v o l v e d  t h e  s i m u l t a n e o u s  c o n s i d e r a t i o n  o f  many v a r i a b l e s ,  many o f  them 
u n q u a n t i f i a b l e ,  and an awareness of t h e  e v o l u t i o n a r y  n a t u r e  of f u e l  c y c l e s  and 
of nuc lea r  programs i n  d i f f e r e n t  c o u n t r i e s .  Hence, t h e s e  assessments  could 
no t  be pu re ly  t e c h n i c a l  i n  n a t u r e ,  no r  is t h e r e  a p r o l i f e r a t i o n - r e s i s t a n c e  
"index" t h a t  can b e  app l i ed .  

The most important  conc lus ions  of t h e  NASAP p r o l i f e r a t i o n - r e s i s t a n c e  assess- 
ments are: 

A l l  f u e l  c y c l e s  would e n t a i l  some p r o l i f e r a t i o n  r i s k s ;  t h e r e  is no 
t e c h n i c a l  "fix." Neve r the l e s s ,  t h e  l i gh t -wa te r  r e a c t o r  f u e l  c y c l e  
w i t h  s p e n t  f u e l  d i s c h a r g e d  t o  i n t e r i m  s t o r a g e  d o e s  n o t  i n v o l v e  
weapons-usable material i n  any p a r t  of t h e  f u e l  c y c l e  and Ls a more 
p r o l i f e r a t i o n - r e s i s t a n t  n u c l e a r  power f u e l  c y c l e  than  o t h e r  f u e l  c y c l e s  
which invo lve  work wi th  h i g h l y  en r i ched  uranium o r  pu re  plutonium. 

T h e r e  would a l s o  be s u b s t a n t i a l  d i f f e r e n c e s  i n  p r o l i f e r a t i o n  r e s i s t a n c e  
amonp t h e  f u e l  c y c l e s  i f  t h e y  were t o  b e  d e p l o y e d  i n  non-nuc lea r -  
weapons s t a t e s .  Some o f  t h e s e  - d i f f e r e n c e s  would b e  t e c h n i c a l  i n  
n a t u r e  (e.g., no r ep rocess ing  i n )  once-through f u e l  c y c l e s  as compared 
wi th  r ep rocess ing  i n  c losed  f u e l : c y c l e s ) ,  and some would r e s u l t  from 
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i n s t i t u t i o n a l  arrangements (e.g., t h e  l i m i t e d  deployment of e x i s t i n g  
i n t e r n a t i o n a l  enrichment s e r v i c e s ) .  

0 T e c h n i c a l  a n d  i n s t i t u t i o n a l  p r o l i f e r a t i o n - r e s i s t a n c e  f e a t u r e s  c a n  
h e l p .  With t h e  p r o g r e s s i v e  i n t r o d u c t i o n  of s u c h  f e a t u r e s ,  t h e  
d i f f e r e n c e s  i n  t h e  re la t ive p r o l i f e r a t i o n  r i s k s  of a l t e r n a t i v e  f u e l  
c y c l e s  might b e  m c h  smaller by t h e  t i m e  t h e  f u e l  cyc le s  e v e n t u a l l y  
came i n t o  w i d e s p r e a d  u s e .  The d i f f e r e n c e s  would  r ema in  u n t i l  t h e  
necessary measures had been r e t r o f i t t e d .  

0 T h e  v u l n e r a b i l i t y  t o  t h r e a t s  by s u b n a t i o n a l  g r o u p s  v a r i e s  be tween  
f u e l  c y c l e s .  R e c y c l e  s y s t e m s  would b e  v u l n e r a b l e  t o  a w i d e  r a n g e  
of t h r e a t s ,  whereas c u r r e n t  once-through f u e l  c y c l e s  are s u s c e p t i b l e  
t o  only t h e  most s o p h i s t i c a t e d  t h r e a t s .  

Conclusions about  t h e  c u r r e n t  deployments are followed by those  about near- 
t e r m  d e c i s i o n s  t h a t  a f f e c t  p r o l i f e r a t i o n  r i s k s  wi th  regard t o  improvements 
i n  t h e  c u r r e n t  regime and w i t h  regard t o  fue l - cyc le  choices.  Those t h a t  
would affect  longer-term d e c i s i o n s  w i l l  be d i scussed  later i n  t h i s  chapter .  I 

The E x i s t i n g  S i t u a t i o n  -- Today's m i x t u r e  of n u c l e a r  power r e a c t o r s  a n d  
t echno log ie s  has  i t s  own set of p , r o l i f e r a t i o n  c h a r a c t e r i s t i c s ,  which can b e  
summarized as fol lows.  

0 Given t h e  c u r r e n t  re la t ive a v a i l a b i l i t y  of d e t a i l e d  p rocess  in fo rma t ion  
a n d  t r a i n e d  p e r s o n n e l ,  t h e  i s o t o p i c  b a r r i e r  t o  t h e  p r o d u c t i o n  of 
w e a p o n s - u s a b l e  material f r o m  f r e s h  f u e l  a p p e a r s  g r e a t e r  t h a n  t h e  
c h e m i c a l  o r  r a d i a t i o n  b a r r i e r  t o  t h e  p r o d u c t i o n  of weapons -usab le  
mater ia l  f r o m  s p e n t  f u e l .  But  t h i s  d i f f e r e n c e  c o u l d  change  w i t h  
t i m e ,  p a r t i c u l a r l y  i f  e n r i c h m e n t  f a c i l i t i e s  become w i d e s p r e a d .  

0 The l igh t -wa te r  r e a c t o r  f u e l  c y c l e  w i t h  spen t  f u e l  discharged t o  s t o r a g e  
h a s  r e l a t i v e l y  h igh  b a r r i e r s  t o  p r o l i f e r a t i o n  a t  t h i s  t i m e ,  b u t  it does 
have v u l n e r a b i l i t i e s .  The two g r e a t e s t  p r o l i f e r a t i o n  r i s k s  would arise: 

- i f  t h e  p o t e n t i a l  p r o l i f e r a t o r  had an  enrichment p l a n t ,  o r ,  s i n c e  
e n r i c h m e n t .  s e r v i c e s  a re  now s u p p l i e d  by o n l y  a few n a t i o n s ,  

- i f  t h e  p o t e n t i a l  p r o l i f e r a t o r  had an  out-of-system rep rocess ing  
f a c i l i t y  t o  r e c o v e r  weapons -usab le  p l u t o n i u m  f r o m  s p e n t  f u e l .  

0 F a c i l i t i e s  f o r  c losed  f u e l  c y c l e s  p o t e n t i a l l y  increase p r o l i f e r a t i o n  
r i s k  b e c a u s e  p l u t o n i u m  wou ld  a p p e a r  i n  weapons -usab le  f o r m  a n d  i n  
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forms  t h a t  a r e '  r e l a t i v e l y  e a s y  t o  e x p l o i t  f o r  weapons p u r p o s e s .  
Without deployment c o n s t r a i n t s  and s u - t a b l e  i n s t i t u t i o n a l  arrangements,  
plutonium would appear.  i n  s u b s t a n t i a l  and widespread i n v e n t o r i e s  i n  
bulk forms, which are i n h e r e n t l y  d i f f i c u l t  t o  safeguard.  

F resh - f  u e l  i n v e n t o r i e s  f o r  many r e s e a r c h  r e a c t o r s  are  a p o t e n t i a l  
p r o l i f e r a t i o n  r i s k  because they con ta in  chemical ly  sepa rab le  h ighly  
enr iched  uranium s u i t a b l e  f o r  f a b r i c a t i o n  i n  nuc lea r  weapons. 

A l l  enrichment technologies  can be used t o  produce h ighly  enr iched  
uranium. They d i f f e r  s i g n i f i c a n t l y  , however, i n  t h e  d i f f i c u l t y ,  c o s t  , 
t i m e ,  and v i s i b i l i t y  of modifying commercial p l a n t s  o r  i n  t h e  t i m e  
r equ i r ed  t o  produce h ighly  enr iched  uranium i n  them o r  i n  t h e i r  use  
i n  d e d i c a t e d  f a c i l i t i e s .  Of c u r r e n t l y  d e p l o y e d  t e c h n o l o g i e s ,  t h e  
p r o l i f e r a t i o n  r i s k s  of gas-cent r i fuge  processes  appear g r e a t e r  t han  
those  of gaseous d i f f u s i o n .  

Near-Term Cons idera t ions  -- Although t h e  c u r r e n t  regime a p p l i e d  t o  once- 
through systems (which do not  i nc lude  n a t i o n a l  reprocess ing  f a c i l i t i e s )  h a s  
con t r ibu ted  t o  l i m i t i n g  p r o l i f e r a t i o n ,  t h e r e  are t r ends  toward inc reas ing  
p r o l i f e r a t i o n  r i s k s .  P l a n n i n g  t o  s t r e n g t h e n  t h e  c u r r e n t  r e g i m e  a g a i n s t  
p r o l i f e r a t i o n  r i s k s  must recognize t h e  fo l lowing  f i v e  f i n d i n g s  about  a l t e r n a -  
t i v e  f u e l  cyc les :  

C o n t i n u e d  r e l i a n c e  on l i g h t - w a t e r  r e a c t o r s  may c a l l  f o r  expanded 
e n r i c h m e n t  c a p a c i t y .  Whi l e  t h e  deve lopment  and d e m o n s t r a t i o n  o f  
advanced i s o t o p i c  s e p a r a t i o n  technologies  may d iscourage  t h e  spread  of 
c e n t r i f u g e  enrichment technology t h a t  now appears  r e l a t i v e l y  easier t o  
u t i l i z e  f o r  product ion  of h ighly  enr iched  uranium, t h e i r  f u t u r e  deploy- 
ment should be l imi ted .  

Under any r e a l i s t i c  deployment schedule for the foreseeable future, 
t h e  amount of plutonium and t h e  rate of its i n c r e a s e  is no t  l i k e l y  t o  
d i f f e r  very much among any of * t h e  va r ious  f u e l  cycles .  However, t h e s e  
f u e l  cyc le s  d i f f e r  g rea t ly '  i n  the form i n  which plutonium appears  and 
i n  t h e  e x t e n t  t b  which  i t  c a n  b e  c o n t r o l l e d  and  s a f e g u a r d e d .  The  
r ecyc le  system involves  t h e  product ion  and process ing  of s epa ra t ed  
plutonium i n  reprocess ing  and f a b r i c a t i o n  f a c i l i t i e s ,  and its presence  
i n  s t o r a g e  and t r a n s i t .  

Whi l e  t h e s e  same d i f f i c u l t i e s "  a p p l y  i n  p r i n c i p l e  t o  f a s t  b r e e d e r  
systems, major fas t -breeder  pro'grams are expected t o  remain confined 
f o r  s e v e r a l  decades t o  a few na t ions .  The sp read  of breeder  r e sea rch  
and development a c t i v i t i e s ,  however, cont inues  t o  be  an area of concern. 
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0 A r e p r o c e s s i n g  t e c h n i q u e  t h a t  c a n n o t  be u s e d  d i r e c t l y  o r  c a n n o t  
b e  m o d i f i e d  r e a d i l y  t o  p r o d u c e  s e p a r a t e d  p l u t o n i u m  h a s  n o t  b e e n  
demonstrated. P rospec t ive  techniques l i k e  pyrometallurgy have been 
p r o v i s i o n a l l y  i d e n t i f i e d  on t h e  b a s i s  o f  p r e l i m i n a r y  a n a l y s i s  as  
p o s s i b l y  o f f e r i n g  g r e a t e r  d i v e r s i o n  r e s i s t a n c e  f o r  r e p r o c e s s i n g  
f as t -breeder  f u e l s .  

0 No n u c l e a r  f u e l  c y c l e  which can be commercially deployed i n  t h e  next  
f ew d e c a d e s  would o f f e r  more p r o l i f e r a t i o n  r e s i s t a n c e  t h a n  t h a t  
a s s o c i a t e d  w i t h  r e a l i z a t i o n s  of t h e  once-through l i g h t - w a t e r  r e a c t o r  
f u e l  c y c l e ,  i n  w h i c h  s p e n t  f u e l  is s a f e g u a r d e d  i n  i n t e r i m  s t o r a g e  
f a c i l i t i e s  and  e n r i c h m e n t  services are p r o v i d e d  by t h e  e x i s t i n g  
s u p p l i e r s .  Meanwhi le ,  p r e s s u r e s  may grow t o  d e v e l o p  i n d e p e n d e n t ,  
alternative, less p r o l i f e r a t i o n - r e s i s t a n t  f u e l  cyc le s .  

The fo l lowing  measures, which would respond t o  t h e s e  p r o l i f e r a t i o n  concerns 
as w e l l  as t o  l e g i t i m a t e  d e s i r e s  f o r  s e c u r i t y  of supply,  have been i d e n t i f i e d :  

Wider acceptance of i n t e r n a t i o n a l  s a fegua rds  on a l l  c i v i l i a n  nuc lea r  
ac t iv i t ies  ( fu l l - scope  sa fegua rds )  and of t h e  Non-Prolif e r a t i o n  T r e a t y  
and o t h e r  treaties (e.g., T r e a t y  of T l a t e l o l c o ) .  

A p p l i c a t i o n  of improved  s a f e g u a r d s  m e a s u r e s  a l r e a d y  shown t o  b e  
t e c h n i c a l l y  f e a s i b l e ,  i n  p a r t i c u l a r ,  measures t o  provide t imely warning 
of o v e r t  abuse o r  cove r t  d i v e r s i o n  of spen t  f u e l  e i t h e r  upon d i scha rge  
from t h e  r e a c t o r  o r  i n  s to rage .  (Measures could inc lude  systems w i t h  
remote, near-real-t ime s u r v e i l l a n c e  c a p a b i l i t y  and more f r e q u e n t  inspec- 
t i o n s .  CANDU, t h e  Canadian heavy-water r e a c t o r ,  r e q u i r e s  s p e c i a l i z e d  
v e r i f i c a t i o n  systems f o r  on-l ine r e f u e l i n g .  ) 

Development of e f f e c t i v e  sa fegua rds  systems, now i n  t h e  conceptual  
s t a g e ,  f o r  enrichment f a c i l i t i e s ,  which themselves should be designed t o  
f a c i l i t a t e  safeguards.  

C o n t i n u e d  r e l i a n c e  on ' e x i s t i n g  s u p p l i e r s  of e n r i c h m e n t  s e r v i c e s  
i n c l u d i n g  v e n t u r e s  u n d e r  i n t e r n a t i o n a l  o r  m u l t i n a t i o n a l  a u s p i c e s .  
Enrichment r e sea rch  and development should not  be undertaken i n  t h e  
absence of a clear demonstration of need. 

Adherence t o  expor t  c o n t r o l s  and t h e  p r e s e n t  s u p p l i e r s '  g u i d e l i n e s  
contained i n  t h e  IAEA document INFCIRC/254. 

Cooperat ive arrangements t o  ensu re  adequate  spen t - fue l  s to rage ,  t o  
p rov ide  t h e  'opt ions f o r  i n t e r i m . s t o r a g e ,  and t o  l e a v e  open t h e  deci-  
s i o n  r ega rd ing  recovery of f i s s i l e  materials o r  u l t i m a t e  d i sposa l .  
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(Commitments f o r  such arrangements w i l l  be  needed by t h e  ea r ly -  t o  
mid-l980's, and d e c i s i o n s  w i l l  be needed soon r e g a r d l e s s  of d e c i s i o n s  
about  r ep rocess ing  . ) 
Development  of mechanisms f o r  t h e  i n t e r n a t i o n a l  management o r  
s u p e r v i s i o n  of s t o c k s  of s epa ra t ed  plutonium. 

Arrangements t o  minimize o r  avoid t h e  s t o r a g e  o r  t r a n s p o r t  of und i lu t ed  
plutonium. 

Cooperat ive arrangements t o  s h a r e  t h e  use of e x i s t i n g  l a r g e  r e sea rch  
r e a c t o r s  and c r i t i ca l  f a c i l i t i e s ,  and s i m i l a r l y ,  t o  p rov ide  oppor- 
t u n i t i e s  f o r  r e s e a r c h  a n d  deve lopmen t  on b r e e d e r  r e a c t o r s  u n d e r  
i n t e r n a t i o n a l  o r  m u l t i n a t i o n a l  auspices .  

L i m i t a t i o n s  on t h e  u s e  of materials i n  r e sea rch  r e a c t o r s  t o  enrichment 
l e v e l s  wh ich  min imize  t h e  p r e s e n c e  of weapons -usab le  mater ia l .  

2.1.2 Resource U t i l i z a t i o n  

Although no commercially deployed f u e l  c y c l e  is more p r o l i f  e r a t i o n - r e s i s t a n t  
t h a n  t h e  once-through cyc le ,  i t  u t i l i z e s  r e sources  less e f f i c i e n t l y  than  o t h e r  
concepts (e.g., r e c y c l e )  because f i s s i l e  uranium and plutonium are l e f t  i n  t h e  
spen t  f u e l .  Some n a t i o n s ,  i n c l u d i n g  t h e  United S t a t e s ,  had planned t o  r e c y c l e  
t h e s e  materials and have i n s t i t u t e d  major development programs f o r  r e a c t o r s ,  
such as t h e  fas t  b reede r ,  t h a t  depend upon r e c y c l e  t o  g r e a t l y  i n c r e a s e  t h e  
energy t h a t  can b e  generated from uranium resources .  These programs are be ing  
pursued i n  many c o u n t r i e s  t o  avoid r e source  sho r t ages .  Thus, i t  is important  
t o  examine uranium supply and demand r e l a t i o n s h i p s  and assess t h e  s i g n i f i c a n c e  
of t r e n d s  on deployment of new and improved technologies .  Moreover, en r i ch -  
ment and  r e s o u r c e s  s u c h  as  heavy water and t h o r i u m  a re  a l s o  p o t e n t i a l  
c o n s t r a i n t s  and need t o  b e  addressed. 

T h i s  s e c t i o n  addres ses  p r e s e n t  and f u t u r e  r e source  i s s u e s  from both domestic 
and worldwide pe r spec t ives .  Uranium supply and demand have been considered 
i n  d e t a i l ,  w h i l e  o t h e r  r e sources  have been t r e a t e d  less exhaust ively.  

;: 

The s i z e  and r e l i a b i l i t y  of uranium resource  estimates pose problems f o r  
energy planners .  Various r e source  estimates have been made by t h e  Department 
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of Energy and p redecesso r  agencies .  The Nuclear Regulatory Commission; t h e  
Ford Foundation/Mitre Corporat ion r e p o r t ,  Nuclear Power: I s s u e s  and Choices; 
and t h e  Uranium Resource Subpanel t o  t h e  Committee on  Nuclear and A l t e r n a t i v e  
Energy Systems of t h e  Na t iona l  Academy of Sciences d i d  not make t h e i r  own 
estimates, b u t  commented on estimates by t h e  Atomic Energy Commission and t h e  
Energy Resource Development Adminis t ra t ion,  which are t h e  only comprehensive 
es t imates  b a s e d  on p h y a i c a l  e v i d e n c e .  The  commenting o r g a n i z a t i o n s '  
p r o j e c t i o n s  of uranium a v a i l a b i l i t y  d i f f e r  by as much as a f a c t o r  of two. 
Con t r ibu t ing  t o  t h e  d i v e r s i t y  of thought on t h e  s u b j e c t  of f u t u r e  uranium 
a v a i l a b i l i t y  i s  a l a c k  of d i s t i n c t i o n  be tween  t h e  terms " r e s o u r c e s "  a n d  
"suPPlies," which qf t e n  r e s u l t s  i n  an  i n t e r p r e t a t i o n  of r e source  estimates as 
supply i n d i c a t o r s .  Moreover, i t  cannot be assumed t h a t  adequate s u p p l i e s  
w i l l  be  a v a i l a b l e  du r ing  a t i m e  when e s t ima ted  r e s e r v e s  o r  r e sources  equa l  o r  
e x c e e d  t h e  p r o j e c t e d  c u m u l a t i v e  r e q u i r e m e n t s .  E q u a t i n g  r e s o u r c e s  w i t h  
s u p p l i e s  f a i l s  t o  recognize f a c t o r s  t h a t  could c o n s t r a i n  t h e  development of 
uranium supp l i e s .  D e l i n e a t i o n  of new r e s e r v e s  must l e a d  demand by 10 t o  
15  y e a r s  f o r  s e v e r a l  r e a s o n s ,  t o  w i t :  The  r a t e  of new d i s c o v e r i e s  a n d  
of d e l i n e a t i o n  of new r e s e r v e s  could be cons t r a ined  by d i s i n c e n t i v e s  f o r  
i n d u s t r y  t o  fund e x p l o r a t i o n  and development, i n a b i l i t y  t o  i d e n t i f y  promising 
e x p l o r a t i o n  t a r g e t s ,  and r e s t r i c t e d  a c c e s s  t o  p u b l i c  lands;  t h e  rate of n e t  
expansion of uranium p roduc t ion  c a p a c i t y  could a l s o  be a c o n s t r a i n t  because b. 

of d i s i n c e n t i v e s  for c a p i t a l  investment,  changing r egu la to ry  cr i ter ia ,  and 
lengthening l i c e n s i n g  and c o n s t r u c t i o n  l e a d  times; f i n a l l y ,  a s h o r t a g e  of 
mining l a b o r  and d e c l i n i n g  l a b o r  p r o d u c t i v i t y  could l e a d  t o  p o s s i b l e  produc- 
t i o n  c o n s t r a i n t s .  Lead t i m e s  might be shortened,  however, and a d d i t i o n a l  
uranium might be made a v a i l a b l e .  through t h e  development and u s e  of new tech- 
no log ie s  f o r  e x p l o r a t i o n  and mining, and through i n c r e a s e s  i n  uranium p r i c e .  

The primary s o u r c e  f o r  s t u d i e s  of f u t u r e  uranium supply i s  t h e  Department of 
Energy estimates of uranium resources .  These are, i n  f a c t ,  t h e  only U.S .  
uranium estimates developed by s y s t e m a t i c  e v a l u a t i o n  of f i e l d  data .  The 

A r e s o u r c e  es t imate  i s  n o t  f i x e d  i n  q u a n t i t y  o r  t i m e ,  b u t  r a t h e r  i s  
c o n t i n u a l l y  changing, r e f l e c t i n g  p a s t  e x p l o r a t i o n  and product ion,  market 
price,  and t h e  s t a t e  of product ion technology. Supply is t h e  amount of 
uranium t h a t  i s  produced and a v a i l a b l e J i n  a given pe r iod  of t i m e .  

1 
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l a t e s t  es t imates  a n d  t h e  a s s o c i a t e d  f o r w a r d  c o s t '  es t imates ,  p u b l i s h e d  
J a n u a r y  1, 1 9 7 9 ,  a re  g i v e n  i n  T a b l e  9. However, t h e  l i m i t a t i o n s  of t h e  
Department of Energy estimates must be recognized,  and t h e  f i g u r e s  should 
no t  be  viewed out  of context .  I n  p a r t i c u l a r ,  t h e s e  estimates rep resen t  no t  
t h e  t o t a l i t y  of t h e  n a t i o n ' s  u ran ium endowment, b u t  o n l y  t h e  q u a n t i t i e s  
p r e s e n t l y  i n d i c a t e d  o r  be l i eved  t o  e x i s t .  The estimates f o r  t h e  d i f f e r e n t  
r e s o u r c e  c a t e g o r i e s - - n a m e l y ,  " r e s e r v e s "  a n d  " p r o b a b l e ,  I' " p o s s i b l e ,  and  
"specula t ive"  resources--have s i g n i f i c a n t l y  d i f f e r e n t  degrees  of r e l i a b i l i t y .  
Equally u n c e r t a i n  is t h e  amount of t i m e  necessary t o  t ransform a q u a n t i t y  of 
e s t ima ted  r e sources  i n t o  produced uranium. 

The Department of Energy uranium-resource estimates are l a r g e l y  based on 
s u r f a c e  d r i l l i n g  d a t a  from i n d u s t r y  sources  and d e t a i l e d  geologic  s t u d i e s  
of f avorab le  and p o t e n t i a l l y  f avorab le  areas. For purposes of t h i s  r epor t ,  
t h e s e  r e sources  have been ca t egor i zed  as ( a )  high-grade resources ,  es t imated  
on t h e  b a s i s  of forward c o s t s  of up t o  $50 pe r  pound of U 0 (equ iva len t  
t o  a market p r i c e  of about $100 p e r  pound of U 0 ), and (b3 r e sources  of 
l o w e r  g r a d e s  t h a t  migh t  b e  p roduced  a t  h i g h e r  c o s t s .  T h e s e  lower -g rade  
r e sources  have uranium con ten t s  gene ra l ly  of less than  about  250 p a r t s  pe r  
m i l l i o n  (pprn).  Some of  t h e s e  r e s o u r c e s  are lower -g rade  p o r t i o n s  of t h e  
convent iona l  sands tone  high-grade d e p o s i t s  ;. o t h e r s  are contained i n  t h e  m i l l  
t a i l i n g s  from previous  product ion,  and could be  produced economically a t  
h ighe r  market prices. Other low-grade r e sources  are known t o  be i n  d i f f e r e n t  
t y p e s  of g e o l o g i c a l  d e p o s i t s  s u c h  as C h a t t a n o o g a  s h a l e s  (55  t o  85  pprn) ,  
phosphates (50 t o  200 ppm), some c o a l s  ( 2 5  t o  110 ppm), and copper o r e s  ( 4  
t o  50 ppm). Even sea water con ta ins  about  3 p a r t s  per  b i l l i o n  of uranium. 
Although some of t h e  low-grade and by-product uranium resources  are very 

, l a r g e ,  as can b e  s e e n  from Table  10, t h e r e  i s  no assurance  t h a t  they could  a l l  
r be developed i n t o  accep tab le  economic sources  of supply.  These lm-grade  

r e sources  are cons idered  t o  be producib le  only a t  p r i c e s  cons iderably  h ighe r  

8 
3 8  

'For purposes  of t h i s  r e p o r t ,  forward c o s t s  are t h e  yet-to-be-incurred c o s t s  
of producing U 0 from a g iven  resource,  and inc lude  t h e  d i r e c t  c o s t s  of 
developing and ope ra t ing  a mine and b u i l d i n g  and ope ra t ing  a uradium m i l l .  
They are commonly used t o  ind ica t e '  the economic a v a i l a b i l i t y  of a uranium 
resource.  A forward c o s t  ca tegory  inc ludes  a l l  r e sources  a t  o r  below t h e  
s t a t e d  forward cost .  Forward c o s t s  are n o t  t o  be  confused w i t h  p r i c e ,  which 
i n c l u d e s  p a s t  c o s t s ,  c o s t  of money, market ing c o s t s ,  rate of r e t u r n ,  p r o f i t ,  
some taxes, etc. For t h i s  s tudy ,  a rough r u l e  of thumb is t h a t  p r i c e  is  
approximately twice forward cos t .  Because t h e  forward c o s t  ca tegory  inc ludes  
a l l  t h e  r e sources  a t  o r ' be l aw i t s  s t a t e d  va lue ,  t h e  average  p r i c e  of a l l  t h e  
resources  be ing  used a t  any t i m e  w i l l  depend on t h e  r e l a t i v e  amounts of t h e  
lower-cos t resources  inc luded  i n  t h e  production. 

3 8  

5 7  



TABLE 9. JANUARY 1, 1979, DEPARTMENT OF ENERGY ESTIMATES OF DOMESTIC URANIUM 
RECOVERABLE RESERVES AND POTENTIAL RESOURCES (Short  Tons of U308) 

P o t e n t i a l  Resources 

( $ / l b  u308) Reserves Probable  P o s s i b l e  Specu la t ive  2 Forward Cost 

~~ 

- c $15 290,000 415,000 210,000 75,000 

- c $30 690,O 00 (3) 1,005,000 675,000 300,000 

- c $50 920,000(3) 1,505,000 1,170,000 550,000 

'Quant i t ies  given f o r  t h e  d i f f e r e n t  forward c o s t  c a t e g o r i e s  are cumulative, 
no t  a d d i t i v e ;  i.e., material i n  t h e  5 $30 category i n c l u d e s  t h a t  i n  t h e  
- c $15 category.  

2An a d d i t i o n a l  120,000 s h o r t  tons have been e s t ima ted  t o  be recoverable  by 
t h e  year  2000 on a by-product b a s i s  from phosphate rock (100,000 s h o r t  t o n s )  
and copper l each  (20,000 s h o r t  t o n s )  sources .  

3Estimated 15% u n c e r t a i n t y  a t  90% confidence level f o r  t h e  5 $30 r e se rves ,  
and & 17% u n c e r t a i n t y  a t  90% confidence level f o r  t h e  5 $50 r e se rves .  



TABLE 10. U.S. LOW-GRADE URANIUM RESOURCES 

1. Conventional d e p o s i t s  of 2 100 ppm 
a s s o c i a t e d  w i t h  high-grade o res  
( > $ 5 0 / l b  t o  <$100/lb U308 
forward c o s t s )  

2. Phosphate by-product uranium 

3. Copper l each  by-product uranium 

4. M i l l  t a i l i n g s  

5.  Chattanooga s h a l e  

6. L i g n i t e  c o a l  a sh  

7. Sea water 
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Shor t  Tons of U& 

461,000 

26,O 00,000 

no t  a v a i l a b l e  

19,000 

5,000,000 

30,000 

5,000,000,000 



t han  today's market p r i c e ,  o r  as by-products t i e d  t o  product ion of a primary 
product.  To date, a l l  domestic low-grade product ion  has  come from by-product 
opera t ions .  While t h e r e  has been l i t t l e  exper ience  on which t o  base supply 
estimates, t h e s e  lower-grade resources  do g ive  a d d i t i o n a l  assurances of t h e  
long-term a v a i l a b i l i t y  of uranium, al though a t  cons iderably  h igher  cos t s .  The 
p o t e n t i a l  supply from low-grade resources  w i l l  probably be l i m i t e d  by eco- 
nomics, r e g u l a t i o n s ,  and a v a i l a b l e  manpower. 

I n  o rde r  t o  assess t h e  adequacy of uranium resources  t o  met t h e  demands of 
any p a r t i c u l a r  f u t u r e  nuc lea r  gene ra t ing  system, t h e  f a c t o r s  t o  be considered 
are t h e  rate of discovery and d e l i n e a t i o n  of new resources ,  t h e  p h y s i c a l  scale 
of o p e r a t i o n s  ( tons  of o r e  mined and mi l led  annua l ly ) ,  and the  requirements  
f o r  miners. Two estimates of U.S .  supply c a p a b i l i t y  of high-grade resources  
were u s e d ,  o n e  by t h e  Depar tmen t  of Energy ' s  O f f i c e  of Uranium R e s o u r c e  
Assessment Opera t ions  (which w i l l  be  r e f  e r r e d  t o  as "Resource Assessment" 
below), t h e  o t h e r  by t h e  S. M. S t o l l e r  Corporation. While t h e s e  groups used 
similar techniques  t o  develop t h e  estimates, each used d i f f e r e n t  assumptions 
f o r  discovery rates, o r e  grade, and p roduc t iv i ty .  The Resource Assessment 
p r o j e c t i o n  is  not  a supply f o r e c a s t ,  bu t  rather a n  estimate of t h e  maximum 
f e a s i b l e  product ion  c a p a b i l i t y  which could be  obta ined  from t h e  r e sources  
under cons ide ra t ion ,  g iven  adequate  t i m e  t o  develop t h e s e  resources .  The 
S t o l l e r  p r o j e c t i o n  i s  inf luenced  by expec ta t ions  of demand as f o r e c a s t  by t h e  
1978 Median N u c l e a r  Growth estimates. A s  s u c h ,  t h e  R e s o u r c e  Assessmen t  
p r o j e c t i o n  shows a h igher  peak rate than  t h e  S t o l l e r  Corpora t ion  p r o j e c t i o n  as 
w e l l  as a more r a p i d  d e c l i n e  i n  annual  product ion  p a s t  t h e  y e a r  2010. The 
R e s o u r c e  Assessmen t  p r o j e c t i o n  i m p l i e s  t h a t  a maximum a n n u a l  p r o d u c t i o n  
c a p a b i l i t y  of around 80,000 t o  86,000 s h o r t  t ons  of U308 could be a t t a i n e d  
from c u r r e n t l y  i d e n t i f i e d  high-grade resources  i n  t h e  pe r iod  2000 t o  2010, 
d e c l i n i n g  t o  30,000 t o  50,000 s h o r t  t ons  of U 3 0 8  per  yea r  by 2025. I f  demand 
were t o  be lower than  t h i s  supply c a p a b i l i t y  through t h e  pe r iod  t o  2010, t h e  
d e c l i n e  i n  product ion  from high-grade resources  would be  delayed. 

Two p r o j e c t i o n s  of product ion  ' c a p a b i l i t y  from low-grade resources  were a l s o  
used i n  t h i s  ana lys i s :  (1)  a maximum c a p a b i l i t y ,  ach ievab le  by a c c e l e r a t e d  
development of s h a l e  r e sources  and phosphate  by-product uranium, e s t ima ted  by 
t h e  O f f i c e  of Resource Assessment Operat ions;  and (2)  a more conserva t ive  
estimate by NASAP based on slower develop,ment of s h a l e  and a l e v e l i n g  o f f  of 
phosphate by-product uranium. Th i s  Resource Assessment p r o j e c t  i o n  sugges t s  
t h a t  w i t h  a vigorous development e f f o r t ,  p roduct ion  of 3,000 s h o r t  t ons  of 
U 0 p e r  y e a r  from s h a l e  could occur by 2000, and could b u i l d  up t o  as much 
a? 95,000 s h o r t  tons  of U 0 pe r  yea r  by 2025, assuming an adequate  market 
demand, adequate  p r i c e ,  ai63 r e s o l u t i o n  of t echno log ica l  and environmental  
problems. I f  produced as a by-product of sha le -o i l  product ion,  t h e  recovery 
of uranium could  be economical a t  today's p r i c e s  f o r  o i l  and uranium. One 
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s u c h  o i l - s h a l e  p l a n t ,  now i n  t h e  c o n c e p t u a l  d e s i g n  s t a g e ,  would  p r o d u c e  
1,200 s h o r t  t ons  of U 0 pe r  yea r ,  and about 50,000 b a r r e l s  of o i l  pe r  day, 
f rom 100,000 s h o r t  tons  of s h a l e  p e r  day, a t  an  investment c o s t  of about  
$2 b i l l i o n .  I f  uranium product ion  from phosphates were a c c e l e r a t e d ,  a level 
of 7,000 s h o r t  t ons  of U 0 pe r  year  could be obta ined  from t h i s  sou rce  by 
2000, and c l o s e  t o  40,Odb 8shor t  tons per  year  by 2025, assuming a h igh  7 
pe rcen t  annual  growth rate and recovery of uranium from a l l  phosphoric a c i d  
opera t ions .  Another smaller supply of uranium as a by-product of copper o r e  
r e f i n i n g  i s  p r o j e c t e d  t o  reach 1,500 s h o r t  tons  of U 0 p e r  year  by 2000 
and 3,000 s h o r t  t ons  p e r  yea r  by 2025; rework of mill % a t l i n g s  would supply 
ano the r  1,500 s h o r t  t ons  of U308 per  year  i n  2000, bu t  would be f u l l y  reworked 
be fo re  2025. Thus, t h e  m a x i m u m  t o t a l  p roduct ion  c a p a b i l i t y  from a l l  low-grade 
r e sources  could  reach 13,000 s h o r t  t ons  of U 0 per  yea r  i n  2000 and 78,000 
s h o r t  t ons  p e r  y e a r  by 2025. 

3 8  

3 8  

The NASAP p r o j e c t i o n  of uranium from low-grade resources ,  i n d i c a t e s  annual  
product ion  of 7,000 s h o r t  t ons  of U 0 i n  2000, i n c r e a s i n g  t o  11,000 s h o r t  
t ons  by 2025; product ion  from s h a l e  i s  p ro jec t ed  t o  begin  s h o r t l y  a f t e r  2000 
and reach 5,000 s h o r t  tons  of U 0 pe r  y e a r  by 2025. 

3 8  

3 8  

To p r o v i d e  f o r e c a s t s  of  t o t a l  u ran ium s u p p l y ,  t h e  R e s o u r c e  Assessmen t  
estimates of product ion  c a p a b i l i t i e s  from high- and low-grade r e sources  were 
combined as t h e  maximum supply estimate i n  F igu re  4, ranging from 90,000 s h o r t  
t ons  of U O8 i n  2000 t o  125,000 s h o r t  tons  of U 0 The more con- 
s e r v a t i v e  % t o l l e r  high-grade p r o j e c t i o n s  and t h e  %k23 low-grade p r o j e c t i o n s  
a re  a l s o  shown. Combined, t h e  lower  p r o j e c t i o n s  g i v e  a n  a n n u a l  s u p p l y  
c a p a b i l i t y  of 65,000 s h o r t  t ons  of U308 i n  2000 and 90,000 s h o r t  t ons  of 
U308 i n  2025. 

i n  2025. 

Nuclear energy f o r e c a s t s  are a t  b e s t  unce r t a in ,  as evidenced by t h e  almost 
annual  change i n  t h e s e  f o r e c a s t s .  The reasons  f o r  t h i s  have been examined 
elsewhere and do n o t  need restatement here .  However, t h i s  unce r t a in ty  i n  
t h e  s i z e  of f u t u r e  markets has  been t h e  g r e a t e s t  impediment t o  investment 
i n  e x p l o r a t i o n  and mine development by mining companies. A s  descr ibed  i n  
Chapter  1, t h i s  assessment has  used a range of p r o j e c t i o n s  based upon 1978 
Depar tmen t  o f ,  Energy  a n a l y s e s  t o  c o v e r  t h e  r a n g e  o f  p o s s i b l e  f u t u r e s .  
These p r o j e c t i o n s  of i n s t a l l e d  nuc lea r  e l e c t r i c a l - g e n e r a t i n g  capac i ty  are 
desc r ibed  i n  t h e  appendix t o  t h i s  volume. I n  2000, t h e  1978 Low and Median 
nuclear-growth estimates approximate ‘ the  e n t i r e  range of t h e  1979 Department 
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of Energy p r o j e c t i o n s  (which assume a c o n t i n u a t i o n  of t h e  12 GW pe r  yea r  
growth rate a f t e r  1995), as shown below, i n  which t h e  1979 Median and High 
p r o j e c t i o n s  are e n t i r e l y  above t h e  range of t h e  1980 estimates. 

1978 Estimate 1979 E s t i m a t e  1980 E s t i m a t e  
Low Nuclear Growth - 255 GW1 235 GW 150 GW 
Median Nuclear Growth - 325 GW 260 GW 200 GW 
High Nuclear Growth - 395 GW 300 GW 250 GW 

The 1978 High n u c l e a r  growth p r o j e c t i o n  w a s  submit ted by t h e  United S t a t e s  t o  
INFCE, and has been included h e r e  t o  r ep resen t  an  upper level of nuc lea r  
growth rate t h a t  could r e s u l t  i n  t h e  post-2000 pe r iod  from a r e v e r s a l  of 
c u r r e n t  t r ends  and an i n c r e a s i n g  demand f o r  nuc lea r  power. It is gene ra l ly  
only under t h e  l a t te r  cond i t ions  t h a t  new r e a c t o r  systems and f u e l  cyc le s  
would become of i n t e r e s t .  For such systems, t h e  1978 High and Median growths 
were used i n  t h e  assessment. 

The uranium requirements  a s s o c i a t e d  w i t h  t h e s e  f o r e c a s t s  have been c a l c u l a t e d  
f o r  t h e  U.S. , assuming a ' c o n t i n u a t i o n  of t h e  p r e s e n t  nuc lea r  system, and are 
shown i n  Tab le  11 and F igure  5 below f o r  t h e  1978 growth p ro jec t ions .  A 
c o n t i n u a t i o n  of t h e  p r e s e n t  n u c l e a r  system means t h a t  t h e  l i g h t - w a t e r  r e a c t o r  
o p e r a t i n g  on t h e  once-through f u e l  c y c l e  would remain t h e  only nuc lea r  system 
i n  use,  t h a t  t h e  f u e l  u t i l i z a t i o n  of t h i s  r e a c t o r  would remain a t  today's 
design goa l s ,  and t h a t  t h e  enrichment p l a n t  t a i l s  a s say  would be 0.2 pe rcen t  
U-235. 

TABLE 11. ANNUAL U.S. U O8 REQUIREMENTS IN THOUSANDS OF SHORT TONS 
FOR THE CURRE~T LIGHT-WATER REACTOR SYSTEM 

i n  1980 i n  1990 i n  2000 i n  2010 i n  2025 

1978 Low Nuclear Growth 15 :t 32 48 56 62 

1978 Median Nuclear Growth 16 37 64 88 121 

1978 High Nuclear Growth . 17 42 79 119 181 

'The average of t h e  high and low f o r e c a s i s  used f o r  purposes of d e s c r i p t i o n  by 
NASAF' 
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A s  a p o i n t  of r e f e r e n c e ,  18 ,500  s h o r t  t o n s  of U 0 were p roduced  i n  t h e  
United S t a t e s  i n  1978 from a p roduc t ion  c a p a c i t y  03 b o u t  20,000 s h o r t  tons.  
A d d i t i o n a l  committed o r  planned product ion c a p a c i t y  could b r i n g  t h e  t o t a l  t o  
about 25,000 s h o r t  t o n s  of U 0 i n  1980 and n e a r l y  40,000 s h o r t  t o n s  i n  1985, 
according t o  Department of Jngrgy p r o j e c t i o n s  of domestic p roduc t ion  possi-  
b i l i t  ies . 0 t h e r  estimates suggest  t h a t  uranium product  ion-capacity expansion 
w i l l  reach a more modest t o t a l  of about 28,000 s h o r t  t o n s  of U 0 i n  1985. 3 8  

The uranium t h a t  would be r equ i r ed  by t h e  above nuc lea r  growth f o r e c a s t s  
(assuming t h e  cont inued use  of t h e  l i g h t - w a t e r  r e a c t o r  i n  t h e  once-through 
c y c l e  a t  c u r r e n t  f u e l - u t i l i z a t i o n  e f f i c i e n c y  and enrichment p l a n t  t a i l s  a s s a y  
of 0.2 p e r c e n t  (U-235) is  compared 'with p o s s i b l e  uranium supply c a p a b i l i t y  
i n  F i g u r e  5. The 1978 Median n u c l e a r  g rowth  would r e q u i r e  t h e  l a r g e s t  
e s t ima ted  supply c a p a b i l i t y  by 2025, (i-e.,  85,000 s h o r t  t ons  of U308 from 
high-grade r e sources  and 36,000 from t h e  low-grade) b u t  less than  t h e  maximum 
c a p a b i l i t y  b e f o r e  t h a t  t i m e .  Median nuc lea r  growth could be supported through 
about  2020 by high-grade r e sources  b u t  would r e q u i r e  a g g r e s s i v e  development of 
high-grade r e sources  and s i g n i f i c a n t  product ion from low-grade r e sources  
t h e r e a f t e r .  The uranium demands r e s u l t i n g  from t h e  1978 Median growth, w h i l e  
n o t  i m p o s s i b l e  t o  m e e t ,  would  c h a l l e n g e  t h e  c a p a b i l i t y  of  t h e  u ran ium 
indus t ry .  The annua l  uranium demands r e s u l t i n g  from t h e  1978 Low nuc lea r  
growth appear  no t  t o  b e  a problem. S ince  a l l  of t h e  1980 p r o j e c t i o n s  are less 
t h a n  t h e  1978 Low growth p r o j e c t i o n ,  t h e s e  would a l s o  not b e  expected t o  
create an imbalance. 

T h i s  assessment has  considered t h e  p rospec t s  f o r  depending s o l e l y  on U.S. 
r e sources ,  b u t  uranium i s  a commodity i n  i n t e r n a t i o n a l  commerce t h a t  is both 
imported and exported by t h e  U.S. Such a c o n d i t i o n  w i l l  l i k e l y  cont inue,  
so t h a t  s h o r t f a l l s  i n  domestic supply might b e  made up by imports ,  while ,  
on t h e  o t h e r  hand, excess  product ion could be exported.  

Worldwide U,O, Supply/Demand R e l a t i o n s h i p s  
0 

The p r i n c i p a l  s o u r c e  of d a t a  on r e sources  used i n  t h i s  assessment is t h e  
r e p o r t  "Uranium Resources, Product ion,  and Demand, '' December 1977, by t h e  
Nuclear Energy Agency (NU)  of t h e  OECD, and t h e  I n t e r n a t i o n a l  Atomic Energy 
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Agency. Th i s  r e p o r t  w a s  prepared by t h e  J o i n t  NEA/IAEA Working a r t y  on 
Uranium Resources from d a t a  supp l i ed  o f f i c i a l l y  by va r ious  count r ies .  f 

The Department of Energy resource  c l a s s i f i c a t i o n s  t h a t  desc r ibe  domestic 
uranium sources  can a l s o  be used t o  d e s c r i b e  world resources .  The NEA/IAEA- 
based estimates of resources  i n  t h e  world o u t s i d e  c e n t r a l l y  planned-economy 
areas inc lude  r e se rves ,  a t  a forward c o s t  of up t o  $50 p e r  pound of U 0 t h a t  
t o t a l  about 2.9 m i l l i o n  s h o r t  t ons  of U 0 and "probable p o t e n t i a l "  r e sources  
t h a t  would t o t a l  an a d d i t i o n a l  2.8 milh80n s h o r t  tons.  Excluding t h e  U.S., 
more than  80 pe rcen t  of t h e s e  resources  would be i n  A u s t r a l i a ,  Canada, Niger ,  
South Af r i ca ,  and Sweden. E s t i m a t e s  of a d d i t i o n a l  p o t e n t i a l  r e sources  i n  t h e  
WOCA were prepared by t h e  I n t e r n a t i o n a l  Uranium Resources Evalua t ion  P r o j e c t  
under NEA/IAEA sponsorship.  I n i t i a l  s t u d i e s  of 185 c o u n t r i e s ,  i nc lud ing  the 
U.S., have l e d  t o  an  e s t ima ted  range of from 8.5 t o  19.2 m i l l i o n  s h o r t  t ons  of 
U308 i n  s p e c u l a t i v e  resources  ( i - e . ,  undiscovered bu t  i n f e r r e d )  t h a t  could 
be produced a t  a c o s t  of up t o  $50 pe r  pound of U308. 

3 8' 

Uranium product ion  capac i ty  i n  t h e  world o u t s i d e  c e n t r a l l y  planned-economy 
areas,  e x c l u d i n g  t h e  U.S., w a s  a b o u t  30 ,000  s h o r t  t o n s  of U 0 i n  1978. 
Canada, France,  Gabon, Namibia, Niger ,  and South A f r i c a  r ep resen ted  over  90 
pe rcen t  of t h i s  capac i ty .  The 1977 NEA/.IAEA s tudy  e s t ima ted  e s s e n t i a l l y  t h e  
maximum f u t u r e  world product ion  capac i ty  t h a t  could be  produced from known 
resources  under f a v o r a b l e  economic and p o l i t i c a l  condi t ions .  These pro jec-  
t i o n s  i n c l u d e  product ion  through 1985 from resources  w i t h  a forward c o s t  
of less than  $30 p e r  pound of U 0 a l though some higher -cos t  material up 
t o  $50 p e r  pound is  l i k e l y  t o  be  produced du r ing  t h i s  per iod.  The productio,n 
of f o r e i g n  c o u n t r i e s  o u t s i d e  c e n t r a l l y  planned-economy areas could reach a 

3 8  

3 8' 

l e v e l  of n e a r l y  40,000 t o n s  of U 0 i n  1980 and about 70,000 tons  of U,308 3 8  by 1985. 

NEA/IAEA d a t a  on t h e  product ion  levels t h a t  might be  a t t a i n e d  a f t e r  1985 
sugges t  t h a t  only a few c o u n t r i e s  have known resources  s u f f i c i e n t  t o  j u s t i f y  
i n c r e a s e s  i n  product ion  c a p a c i t i e s  beyond those  l e v e l s  p r o j e c t e d  f o r  1985. 
Moreover, some c o u n t r i e s  wi th  adequate  resources  f o r  cont inued expansion 
may no t  f u l l y  e x p l o i t  t h e i r  resources  because of p o l i t i c a l ,  environmental ,  

The Peoples '  Republ ic  of China, t h e .  USSR, and a s s o c i a t e d  Eas t e rn  European 
c o u n t r i e s  d i d  n o t  provide  d a t a  and have no t  been included. 

1 
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and economic res t ra ints .  Based on c u r r e n t l y  e s t ima ted  resources ,  f o r e i g n  
product ion  capac i ty  f o r  c o u n t r i e s  o u t s i d e  t h e  c e n t r a l l y  planned-economy areas, 
exc luding  t h e  United S t a t e s ,  could be increased  from about  70,000 s h o r t  t ons  
of U 0 i n  1985 t o  about 83,000 s h o r t  t ons  of U 0 i n  1990. One country,  
A u s t J a A a ,  would account f o r  almost a l l  of t h e  p o 3 e i t i a l  i nc rease  i n  produc- 
t i o n  capac i ty  o u t s i d e  t h e  U.S. by 1990. 

A s  i n  t h e  U.S. a n a l y s i s ,  estimates of supply from both  high-grade and low- 
grade  resources  have been used t o  provide p r o j e c t i o n s  of t o t a l  f o r e i g n  U 0 
product ion  c a p a b i l i t y .  F igure  6 shows t h e  range of supply p r o j e c t i o n s  308 
t h e  world o u t s i d e  t h e  c e n t r a l l y  planned-economy areas, inc lud ing  t h e  U.S., 
which r e s u l t  from combining t h e  high-grade and low-grade r e source  p r o j e c t i o n s  
made by t h e  NEA/IAEA J o i n t  Working Group wi th  estimates made by t h e  Department 
of Energy's O f f i c e  of Uranium Resource Assessment Operat ions.  

The u p p e r  p a i r  of c u r v e s ,  c a l l e d  t h e  "High s u p p l y "  f o r  p u r p o s e  of t h i s  
a n a l y s i s ,  assume a c c e l e r a t e d  development of a high base  combined w i t h  t h e  
h ighe r  estimates of supply from low-grade resources .  The h igh  base  of high- 
grade  r e sources  assumes t h e  upper bound f o r  s p e c u l a t i v e  resources .  The lower 
p a i r  of curves--the "Low supply"--result  from assuning  t h e  delayed development 
of a low base of s p e c u l a t i v e  high-grade resources  as w e l l  as a low estimate of 
low-grade resources .  Together,  t h e s e  curves r ep resen t  upper and lower bounds 
of p o t e n t i a l  uranium supply based on c u r r e n t  knowledge of f o r e i g n  and U.S. 
res our  ces  . 

The High supply estimate f o r  t h e  world o u t s i d e  t h e  c e n t r a l l y  planned-economy 
areas p r o j e c t s  a p r o d u c t i o n  c a p a b i l i t y  of 235,000 s h o r t  t o n s  of U308 i n  
2000 and 508,000 s h o r t  t ons  of U 0 i n  2025; i n  2000, 10 percen t  of t h e  supply 
c a p a b i l i t y  would come from low-g?age resources ;  by 2 0 2 5 ,  t h i s  p ropor t ion  would 
grow t o  about 30 percent .  The "Low supply" estimate f o r  t h e s e  count r ies  
p r o j e c t s  product ion of 192,000 t o n s  of U 0 i n  2000 and 247,000 s h o r t  t ons  
of U308 i n  2025, drawing approximately t h e  same p ropor t ion  of s u p p l i e s  from 
low-grade resources  as does t h e  High supply estimate. 

3 8  

The ma jo r i ty  of high-grade uranium supply between 2005 t o  2010 would have t o  
come i n c r e a s i n g l y  from uranium c u r r e n t l y  i n  t h e  "possible"  and "specula t ive"  
r e sources  ca t egor i e s .  Product ion  of uranium from t h e s e  c a t e g o r i e s  is  uncer- 
t a i n ,  and t h i s  s i t u a t i o n  is complicated by t h e  long l e a d  t i m e s  a s s o c i a t e d  
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w i t h  exp lo ra t ion ,  d e l i n e a t i o n  of r e se rves ,  and development of mines and mills 
i n  a v a r i e t y  of overseas  areas. 

O u t s i d e  t h e  U . S . ,  uran ium by-product  f rom p h o s p h o r i c  a c i d  p r o d u c t i o n  i s  
expected t o  be t h e  only s i g n i f i c a n t  sou rce  of supply from low-grade r e sources  
through 2025. I n  t h e  U.S., s u b s t a n t i a l  p roduct ion  c a p a b i l i t y  from Chattanooga 
s h a l e  is be l i eved  t o  be p o s s i b l e  i n  t h e  post-2000 per iod  i f  economic f a c t o r s  
permi t  and environmental  impacts can be made acceptab le .  

There are v a r i o u s  p r o j e c t i o n s  of i n s t a l l e d  nuc lea r  e l e c t r i c a l - g e n e r a t i n g  
c a p a c i t y  f o r  t h e  world o u t s i d e  t h e  c e n t r a l l y  planned-economy areas which 
p r e s e n t  an even mre u n c e r t a i n  p i c t u r e  than f o r  t h e  U.S. alone.  Fo recas t s  
which have befn r epor t ed  i n  t h e  I n t e r n a t i o n a l  F u e l  Cycle Eva lua t ion  (INFCE) 
s t u d i e s  range from 850 GW i n  2000 t o  1,200 GW, depending on whether a Low 
o r  High g rowth  r a t e  i s  assumed. A r e c e n t  Depar tmen t  of Energy a n a l y s i s  
i d e n t i f i e s  a p resen t  t r e n d  i n  which t h e  rate of nuc lea r  growth i n  c o u n t r i e s  
o u t s i d e  t h e  c e n t r a l l y  planned-economy areas is about  40 percen t  lower than 
t h e  Low g rowth  p r o j e c t i o n .  T h e r e f o r e ,  t h e  d i s c u s s i o n  i n  t h i s  volume i s  
l i m i t e d  t o  a f o r e c a s t  c o u n t r i e s  o u t s i d e  t h e  c e n t r a l l y  planned-economy areas 
made up by combin ing  t h e  INFCE Low n u c l e a r - g r o w t h  p r o j e c t i o n  f o r  t h e s e  
c o u n t r i e s ,  exc luding  t h e  United S t a t e s ,  n a t i o n s  w i t h  t h e  Department of Energy 
1978 Median-growth p r o j e c t i o n  f o r  t h e  U.S .  

The u r a n i u m  demand2 c o r r e s p o n d i n g  t o  t h i s  n u c l e a r  g rowth  i s  compared i n  
F igu re  7 w i t h  t h e . p r o d u c t i o n  c a p a b i l i t y  p r o j e c t i o n  and sugges t s  t h a t  a uranium 
supply/demand imbalance might occur  s h o r t l y  a f t e r  t h e  y e a r  2000. However, i f  
t h e  most r ecen t  nuclear-growth t r e n d  (about 40 percent  lower) i d e n t i f i e d  by 
t h e  Department of Energy cont inues ,  t h i s  p o s s i b i l i t y  would be  postponed u n t i l  
about  2010. If the High supply s c e n a r i o  for t h e  w o r l d  o u t s i d e  the c e n t r a l l y  

-\ 

1 
The U.S. 1978 Law- and High-growth p r o j e c t i o n s  presented  earlier are p a r t  of 
t h e s e  f o r e c a s t s .  

2Assuming t h a t  i n  f o r e i g n  c o u n t r i e s  t h e  p ropor t ion  of h e a v y r a t e r  r e a c t o r s  
f u e l e d  w i t h  n a t u r a l  uranium con t inues  a t  its p resen t  l e v e l  of 5 t o  7 pe rcen t  
of t h e  t o t a l  ( t h e r e  are no heavy-water r e a c t o r s  i n  t h e  U . S . )  t h a t  t h e  l i g h t -  
water r e a c t o r  system con t inues  t o  o p e r a t e  w i t h  p re sen t  f u e l - u t i l i z a t i o n  
e f f i c i e n c y  and t h a t  enrichment p l a n t s  o p e r a t e  a t  a t a i l s  assay  of 0.2 pe rcen t  
U-235. 
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planned-economy areas could be achieved,  a supply /demand imbalance would n o t  
occur  u n t i l  a f t e r  2025. 

Although t h e  uranium resource  bases  of some c o u n t r i e s  are s o  small t h a t  they 
w i l l  always be  n e t  impor te rs ,  they can reduce t h e i r  uranium demand through 
va r ious  improvements t o  t h e i r  r e a c t o r s ,  as w i l l  be d iscussed  la te r .  With t h e  
a d d i t i o n a l  impact of uneven geographic d i s t r i b u t i o n  of resources ,  some coun- 
t r i e s  may f e e l  p r e s s u r e s  t o  r e p r o c e s s  s p e n t  f u e l  and r e c y c l e  i n  t h e r m a l  
r e a c t o r s  o r  f a s t  b reeder  r e a c t o r s  earlier than  o the r s .  

Other Resources: Heavy Water, Enrichment Se rv ices ,  and Thorium 

Heavy water is used commercially as a moderaior and coo lan t  i n  t h e  heavy-water 
r e a c t o r -  A t  p r e s e n t ,  t h e  only proven method f o r  l a rge - sca l e  product ion  i s  t h e  
G i r d l e r  S u l f i d e  p rocess  used i n  Canada and t h e  U.S. The b a s i c  a s p e c t s  of t h i s  
technology are f a i r l y  complex but  w e l l  known. P l a n t  cons t ruc t ion  and opera- 
t i o n  a t  high capac i ty  without  adverse  environmental  impact are demanding 
b e c a u s e  of t h e  t o x i c  and c o r r o s i v e  n a t u r e  of t h e  w o r k i n g  s u b s t a n c e .  I n  
a d d i t i o n ,  s i g n i f i c a n t  a s p e c t s  of t h i s  technology remain under p r o p r i e t a r y  
c o n t r o l ,  and i t  would t a k e  a time-consuming and expensive program t o  develop 
t h e  technology indigenously.  Moreover, governments have been cau t ious  i n  
t r a n s f e r r i n g  such technology because of i t s  p o t e n t i a l  use  i n  weapons programs, 
and t h e  t r a n s f e r  of commercial heavy-water product ion f a c i l i t i e s  and tech- 
nology t r i g g e r s  sa feguards  under t h e  gu ide l ines  of t h e  Nuclear Supp l i e r s  
Group. 

F u t u r e  demand f o r  heavy water w i l l  i n  t u r n  depend on t h e  acceptance  of heavy- 
water power r eac to r s .  R e l a t i v e  t o  i t s  use  i n  heavy-water r e a c t o r s ,  o t h e r  u ses  
of heavy water should cont inue  t o  be minor u n t i l  w e l l  i n t o  t h e  next  century.  

A s  of September 1976, over 9,000 metric tons  ( t )  of heavy water had been 
produced i n  t h e  world o u t s i d e  t h e  c e n t r a l l y  planned-economy areas. I n  1978 
product ion  capac i ty  of heavy water w a s  about 2,000 t / y r .  While t h e  p r o j e c t e d  
Canadian capac i ty  (2,400 t / y r )  by 1980, supplemented by s u p p l i e s  from t h e  U.S. 
and t h e  USSR, seems s u f f i c i e n t  t o  meet t h e  p rb jec t ed  demand f o r  CANDU r e a c t o r  
i n v e n t o r i e s  through t h e  end of t h e  century ,  t h e  p o l i t i c a l  a c c e p t a b i l i t y  of 
r e l y i n g  on e s s e n t i a l l y  one source  f o r  l a rge - sca l e  s u p p l i e s  i s  problematical .  

7 1  



There are only imprecise  d a t a  on which t o  judge t h e  f u t u r e  supply s i t u a t i o n ;  
however, i t  appears  t h a t  supply should b e  adequate  i n t o  t h e  21st  century. The 
p r e r e q u i s i t e s  f o r  adequate heavy-water supply are access t o  technology and 
t h e  w i l l i n g n e s s  t o  make investments t o  c o n s t r u c t  t h e  heavy-water p l a n t s  i n  a 
t imely manner 

The enrichment requirements f o r  t h e  world o u t s i d e  t h e  c e n t r a l l y  planned- 
economy areas have been s u p p l i e d  almost e n t i r e l y  by t h e  U.S., and t o  some 
e x t e n t  by t h e  USSR, u n t i l  1979. During t h e  1980's major enrichment c a p a c i t y  
is  expected t o  come on l i n e  i n  France,  t h e  United Kingdom, t h e  Nether lands,  
t h e  F e d e r a l  Republ ic  of Germany, and Japan; smaller c a p a c i t i e s  are planned 
t o  come on l i n e  i n  B r a z i l  and South Af r i ca .  The United S t a t e s  has a major 
expansion of enrichment capac i ty  under way t o  i n c r e a s e  t h e  des ign  capac i ty ,  
measured i n  s e p a r a t i v e  work u n i t s  pe r  year ,  from about 17 m i l l i o n  a t  p r e s e n t  
t o  29 m i l l i o n  by 1990. By t h a t  d a t e ,  planned expansions would b r i n g  t o t a l  
enrichment c a p a c i t y  i n  c o u n t r i e s  o u t s i d e  t h e  c e n t r a l l y  planned-economy areas 
t o  about 63 m i l l i o n  s e p a r a t i v e  work u n i t s  p e r  year .  

Requirements f o r  t h e  world o u t s i d e  c e n t r a l l y  planned-economy areas w e r e  about  ' 

20 m i l l i o n  s e p a r a t i v e  work u n i t s  p e r  yea r  i n  1979 compared t o  capac i ty  of 
about 25 m i l l i o n .  These requirements are expected t o  grow t o  40 t o  50 m i l l i o n  
s e p a r a t i v e  work u n i t s  p e r  yea r  by 1990. 

The U. S .  requirements  f o r  enrichment s e r v i c e s  w i l l  cont inue t o  inc rease .  
Table  1 2  g ives  t h e  annual  requirements f o r  s e p a r a t i v e  work, assuming c u r r e n t  
l ight-water  r e a c t o r  f u e l  des igns  and 0.2 pe rcen t  U-235 t a i l s  assay.  

TABLE 12. U.S. ANNUAL ENRICHMENT REQUIREMENTS ( l o 6  S e p a r a t i v e  Work U n i t s )  
( a t  0.20 Percent  U-235 Tai ls  Assay) ,, 

i n  1990 i n  2000 i n  2010 i n  2025 

1978 Median Nuclear Growth 22 38 52 72 

1978 Low Nuclear Grclwth 19 29 34 37 
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The U.S. enrichment capac i ty  which e x i s t s ,  i s  under cons t ruc t ion ,  o r  is being 
i n i t i a t e d  w i l l  be adequate  t o  meet both U.S .  requirements  and some f o r e i g n  
requir,ements i n  a d d i t i o n  t o  those  a l ready  con t r ac t ed  f o r .  I f  t h e  c u r r e n t  
p l ans  f o r  expansion i n  c o u n t r i e s  o u t s i d e  c e n t r a l l y  planned-economy areas are 
c a r r i e d  through on schedule ,  excess  capac i ty  w i l l  e x i s t  u n t i l  t h e  e a r l y  o r  
mid-1990's. Ne i the r  U.S .  nor f o r e i g n  enrichment requirements  appear  l i k e l y  t o  
increase more r a p i d l y  than  t h e  a b i l i t y  t o  expand capac i ty ;  indeed, compared 
t o  t h e  e f f o r t  r equ i r ed  t o  expand t h e  nuc lear  gene ra t ing  capac i ty ,  t h e  e f f o r t  
r equ i r ed  t o  expand enrichment capac i ty  should not  be p r o h i b i t i v e .  

0 

Thorium is used as t h e  f e r t i l e  material i n  a number of fue l -cyc le  a l t e r n a -  
t i v e s  t o  b e  d i scussed  later. Thorium use ,  a t  about 3 s h o r t  t ons  p e r  y e a r ,  is 
be ing  demonstrated i n  t h e  U.S .  i n  t h e  ope ra t ion  of t h e  330 MW F o r t  S t .  Vrain 
high-temperature  gas-cooled r e a c t o r  and t h e  6 0  MW Shippingpor t  l i g h t - w a t e r  
breeder  r eac to r .  The p o t e n t i a l  f o r  s a t i s f y i n g  domestic thorium requirements  
is  good. A r e l a t i v e l y  l a r g e  r e source  base has  been e s t a b l i s h e d  f o r  both 
monazite sands  and v e i n  depos i t s .  The c u r r e n t  demand f o r  thorium (about 10 
s h o r t  t ons  p e r  y e a r )  is  very small, and crude thorium products  r e s u l t i n g  from 
rare e a r t h  s e p a r a t i o n  from monazite sands are being s t o c k p i l e d  f o r  f u t u r e  
needs. No a d d i t i o n a l  demand has  been fo reseen  u n t i l  a f t e r  t h e  year  2000. 
Indus t ry  a l r eady  h a s  t h e  capac i ty  t o  supply thorium f o r  s e v e r a l  more r e a c t o r s ;  
w i t h  p r e s e n t  technology and f a c i l i t i e s ,  capac i ty  could be expanded t o  s e v e r a l  
hundred tons  p e r  year .  Th i s  e a s i l y  expanded capac i ty  could supply t h e  i n i t i a l  
co res  f o r  more than  f o u r  r e a c t o r s  pe r  year .  I f  a d d i t i o n a l  r e a c t o r s  were 
conver ted  t o  thorium f u e l  cyc le s ,  t echniques  f o r  m i l l i n g  ve in  o r e s  would have 
t o  b e  developed, and t h e  i n d u s t r y  would have t o  expand t o  f i l l  requirements .  
Nonetheless ,  thorium supply should not  be a d e t e r r e n t  t o  thorium f ue l -cyc le  
deployment 

The f o r e i g n  supply  and demand f o r  thorium are s imilar  t o  those  of t h e  U.S. 
Only one small demonstrat ion r e a c t o r  now uses  thorium, and a second r e a c t o r  is  
t o  s tar t  up i n  t h e  e a r l y  1980's. T o t a l  demand from t h e s e  r e a c t o r s  is  about 3 
s h o r t  t o n s  p e r  year ,  and l i t t l e  increase be fo re  2000 has  been foreseen.  The 
extent of even tua l  f o r e i g n  requirements  f o r  thorium is  not  known. A rela- 
t i v e l y  l a r g e  r e source  base  is known t o  exis t ,  and t h e r e  i s  a p o t e n t i a l  t o  
g r e a t l y  expand t h i s  r e source  base: through explora t ion .  Large d e p o s i t s  of 
monazite sands are be l i eved  t o  e x i s t  i n  a number of developing count r ies .  
Moreover, t h e  e x t r a c t i o n  of thorium from monazite and t h e  p u r i f i c a t i o n  of t h e  
thorium are gene ra l ly  s t r a igh t fo rward .  The technology and equipment f o r  t h e s e  
o p e r a t i o n s  c o u l d  b e  made a v a i l a b l e  t o  o t h e r  c o u n t r i e s  as i n c e n t i v e s  t o  
expor t ing  an  upgraded product.  With t h e s e  incen t ives ,  t h e r e  would be  enough 
thorium t o  suppor t  thorium fue l - cyc le  deployment. 
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2.1.3 Commercial Cons ide ra t ions  

Continued commercial success  of t h e  l ight-water  r e a c t o r  ope ra t ing  on t h e  
once-through f u e l  cyc le  is con t ingen t  on i t s  economic a t t r a c t i v e n e s s  and 
o p e r a t i n g  r e l i a b i l i t y  r e l a t i v e  t o  competing baseload nonnuclear opt ions;  
on t h e  a b i l i t y  and w i l l i n g n e s s  o f  t h e  n u c l e a r  power i n d u s t r y  t o  p r o v i d e  
necessary r e a c t o r  products  and fue l - cyc le  s e r v i c e s ;  on r e s o l u t i o n  of any 
ou t s t and ing  s a f e t y  and environmental  i s s u e s ;  and, as a r e s u l t  of heightened 
p u b l i c  awareness because of :he Three M i l e  I s l a n d  a c c i d e n t ,  on continued 
p u b l i c  acceptance of n u c l e a r  power. 

These f a c t o r s  w i l l  be d i scussed  t o  provide a con tex t  f o r  a s s e s s i n g  t h e  merits 
of emerging technologies '  and t o  h i g h l i g h t  p r e s s u r e s  f o r  change. 

Today, most of the  e l e c t r i c i t y  generated by n u c l e a r  power comes from l i g h t -  
water r e a c t o r s  on a once-through cycle.  Even i f  a l t e r n a t i v e  r e a c t o r s  and 
f u e l  c y c l e s  w e r e  a l r e a d y  a v a i l a b l e ,  t h e  l ight-water  r e a c t o r  would be t h e  most 
economical. Moreover, c u r r e n t  nuc lea r  systems are cost-competi t ive w i t h  
o t h e r  commerc ia l  p o w e r - g e n e r a t i n g  t e c h n o l o g i e s ,  s u c h  as  c o a l  and o i l .  
However, t h e  c o s t  of n u c l e a r  power generated by l i g h t - w a t e r  r e a c t o r s  on a 
once-through c y c l e  is a f f e c t e d  by t h e  p r i c e  of U 0 . For example, a n  i n c r e a s e  
of $14 p e r  pound of U 0 would  ra ise  t h e  c o s 2  'of a k i l o w a t t  h o u r  f r o m  a 
l i g h t - w a t e r  r e a c t o r  by 1 m i l l - - a  7 p e r c e n t  i n c r e a s e  over t h e  1978 n a t i o n a l  
average c o s t  of 15 m i l l s  f o r  nuclear-generated e l e c t r i c i t y .  Even i f  c o a l  
p r i c e s  were t o  r e m a i n  c o n s t a n t ,  t h e  c u r r e n t  a p p r o a c h  t o  nuc lea r -powered  
e l e c t r i c i t y  product ion would be l i k e l y  t o  remain cost-competi t ive wi th  c o a l  
a t  p r i c e s  up t o  $70 p e r  pound of U 0 i n  most p a r t s  of t h e  country,  and even 
a t  p r i c e s  as high as $110 p e r  poun3d 'of U 3 0 8  i n  some geographic r eg ions  ( f o r  
example, i n  t h e  Nor theas t ) .  

3 8  

U t i l i t i e s  are a d j u s t i n g  t h e i r  new p lan t -o rde r ing  p a t t e r n s  t o  r e f l e c t  f o r e c a s t  
r educ t ions  i n  f u t u r e  electrical-demand growth. A t  t h e  same t i m e ,  p lanning 
must t a k e  i n t o  account high investment c o s t s  and more s t r i n g e n t  f i n a n c i a l  
terms and cond i t ions ,  and cha l l enges  during t h e  l i c e n s i n g  p rocess  by concerned 
c i t i z e n s .  P l a n t  manufacturers a l s o  are faced wi th  u n c e r t a i n t i e s ,  i nc lud ing  a 
pauc i ty  of new o r d e r s  as a r e s u l t  of con t inu ing  d e f e r r a l s  and c a n c e l l a t i o n s  of 
e x i s t i n g  o r d e r s ,  and a l a c k  of new r e a c t o r  business .  S u s t a i n i n g  t h e  e f f e c t i v e  
and economic use of e x i s t i n g  manufacturing f a c i l i t y  c a p a c i t y  and t r a i n e d  
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@ manpower w i l l  r e p r e s e n t  a growing problem i n  t h e  next  few y e a r s  f o r  most 
vendors. I n  a d d i t i o n ,  t h e  f i n a n c i a l  i n s t i t u t i o n s  t h a t  i n v e s t  i n  e lec t r ica l  
u t i l i t i e s  see i n c r e a s i n g  u n c e r t a i n t i e s  with regard  t o  nuc lea r  growth and 
f i n a n c i a l  r i s k .  

A t  t h e  n a t i o n a l  l e v e l ,  major ques t ions  remain concerning t h e  r e s o l u t i o n  of 
t h e  w a s t e - d i s p o s a l  i s s u e ,  l i c e n s i n g  r e fo rm,  and  t h e  r i g h t s  of s t a t e s  t o  
l i m i t  s eve re ly  o r  e l i m i n a t e  nuc lear -p lan t  s i t i n g  w i t h i n  s ta te  boundaries.  The 
acc iden t  a t  t h e  Three M i l e  I s l a n d  P l a n t  i n  Pennsylvania  has  cast a d d i t i o n a l  
doubts on t h e  leve l  of p u b l i c  acceptance f o r  nuc lear  power and on t h e  e x t e n t  
of s a f e t y  and l i c e n s i n g  changes t h a t  may be r equ i r ed  i n  e x i s t i n g  and subse- 
quent  p l an t s .  The NASAP a n a l y s i s  w a s  completed be fo re  p u b l i c a t i o n  of t h e  
r e p o r t  of t h e  P r e s i d e n t i a l  Commission on Three M i l e  I s l a n d ,  and it would b e  
p r e m a t u r e  t o  j u d g e  i t s  e f f e c t s  now.' No o n e  c a n  p r e d i c t  w i t h  c e r t a i n t y  
t h e  impact of t h e s e  even t s  on ques t ions  of even tua l  p u b l i c  acceptance,  on 
t h e  ope ra t ion  of e x i s t i n g  p l a n t s  o r  new p l a n t  o rde r s ,  on planned c o n s t r u c t i o n  
schedules ,  and, u l t i m a t e l y ,  on c o s t s  t o  b u i l d  and ope ra t e  nuc lear  p l a n t s .  

Qui te  s imply,  t h e  ove r r id ing  concern i n  t h e  commercial s e c t o r  now i s  a s s u r i n g  
t h a t  t h e  e x i s t i n g  nuc lea r  technology remains a v i a b l e  compet i tor  and t h a t  t h e  
under ly ing  i n d u s t r y  i n f r a s t r u c t u r e  remains i n t a c t .  Quest ions regard ing  which 
- new nuc lea r  technology t o  pursue  are of lesser i n t e r e s t .  

j N o  r e a c t o r  or  f u e l  cyc le  is commercially v i a b l e  u n l e s s  it is  l i c e n s a b l e  f o r  
o p e r a t i o n  by t h e  N u c l e a r  R e g u l a t o r y  Commission. The s c o p e  of t h e  NASAP 
l i c e n s i n g  assessment  w a s  l i m i t e d  t o  s a f e t y  and environmental  i s s u e s  only.  
It does n o t  i n c l u d e  t h e  need f o r  p a r e r ,  economics, a n t i t r u s t  i s s u e s ,  s a f e -  
guards,  and i n s t i t u t i o n a l  and s o c i a l  f a c t o r s ,  a l l  of which are cons idered  i n  
t he  l i c e n s i n g  process .  Sa fe ty  i s s u e s  common t o  a l l  of t h e  a l t e r n a t i v e  r e a c t o r  
and  f u e l  c y c l e s  r e l a t e  t o  p r o t e c t i n g  t h e  g e n e r a l  p u b l i c  and  t h e  n u c l e a r  
f a c i l i t y  o p e r a t i n g  s t a f f  from radiat . ion exposures exceeding l e g a l  s t anda rds  
and g u i d e l i n e s  t h a t  might r e s u l t  from unplanned even t s  o r  a c c i d e n t s  (equipment 
f a i l u r e s ,  o p e r a t o r  e r r o r s ,  o r  e x t e r n a l  f o r c e s  such as ear thquakes) .  Environ- 
mental  i s sues '  common t o  a l l  of t h e  a*ssessed nuc lea r  a l t e r n a t i v e s  inc lude  a 

'The h i g h l i g h t s  from !he Nuclear Reguiatory Commission's Three M i l e  I s l a n d  2 
L e s s o n s  L e a r n e d  Task' F o r c e  S t a t u s  R e p o r t  and  Short-Term Recommendations 
a re  i n c l u d e d  i n  Volume V I ,  S a f e t y  and  E n v i r o n m e n t a l  C o n s i d e r a t i o n s  f o r  
Licensing.  
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broad spectrum of p h y s i c a l  and s o c i a l  impacts such as commitment of l a n d  and 
water r e sources ;  h e a t  r e j e c t i o n ;  r a d i a t i o n  exposure t o  t h e  o p e r a t i n g  s t a f f  and 
g e n e r a l  p u b l i c ;  and s o c i a l  and d i r e c t  cos t s .  

A f t e r  more than  25 y e a r s  of evo lu t ion ,  l i c e n s i n g  requirements f o r  l i g h t r a t e r  
r e a c t o r s  a r e  c o n s i d e r e d  t o  b e  c o m p a r a t i v e l y  w e l l  d e f i n e d  i n  t h e  f o r m  o f  
r e g u l a t i o n  cr i ter ia  and guides. However, t h e r e  are s t i l l  some unresolved 
s a f e t y  i s s u e s  which were i d e n t i f i e d  and are s u b j e c t s  f o r  ongoing i n d u s t r y  
and Nuclear Regulatory Commission a c t i o n s  t o  enhance s a f e t y .  The a c c i d e n t  
a t  Three Mile I s l a n d  h a s  l e d  t o  major reviews of t h e  b a s i c  technology and t h e  
whole l i c e n s i n g  p rocess ,  i nc lud ing  l i c e n s i n g  cri teria,  design requirements ,  
o p e r a t i n g  procedures ,  and o p e r a t o r  q u a l i f i c a t i o n s  by t h e  Nuclear Regulatory 
Commission, The P res iden t ' s  Commission on t h e  Accident a t  Three M i l e  I s l a n d ,  
s e v e r a l  Congressional  committees, and indus t ry .  S i g n i f i c a n t  changes w i l l  
undoubtedly r e s u l t ,  b u t  t h e  f u l l  impact of t h i s  a c c i d e n t  on r e a c t o r  l i c e n s i n g  
cannot be known u n t i l  reviews are completed i n  l a te  1979 and i n  1980. 

The p r i n c i p a l  environmental  impacts a s s o c i a t e d  wi th  normal o p e r a t i o n  of t h e  
once-through c y c l e  s t e m  from t h e  mining and m i l l i n g  of uranium f o r  r e a c t o r  
f u e l  and, t o  a lesser e x t e n t ,  enrichment,  f a b r i c a t i o n ,  and r e a c t o r  operat ion.  
The primary impacts  of uranium mining and m i l l i n g  are on popu la t ion  exposure 
due t o  t h e  release of r a d i o a c t i v e  radon gas t o  t h e  atmosphere, and on water 
and land use ,  s i n c e  much of t h e  e x p l o r a t i o n  and e x t r a c t i o n  of uranium occur s  
i n  a r i d  r eg ions  i n  t h e  wes te rn  U . S .  Also of importance is t h e  s t o r a g e  of 
s p e n t  f u e l  d i scha rged  a f t e r  r e a c t o r  operat ion.  Unless f u r t h e r  c a p a c i t y  i s  
i n s t a l l e d ,  l a c k  of on - s i t e  s t o r a g e  could r e s u l t  i n  some r e a c t o r  shutdowns 
p a s t  1985. These environmental  problems w i l l  r e q u i r e  cont inued a t t e n t i o n  
i n  o r d e r  t o  a s s u r e  cont inued s a f e  o p e r a t i o n  of nuc lea r  power r e a c t o r s .  Small 
r e d u c t i o n s  i n  t h e  amount of f u e l  mined, mi l l ed ,  and discharged may b e  achiev- 
a b l e  by t h e  y e a r  2000. The means f o r  ach iev ing  t h e s e  r e d u c t i o n s  are d i scussed  
i n  subsequent s e c t i o n s .  

F u l f i l l i n g  s a f e t y  and environmental  requirements w i l l  b e  more d i f f i c u l t  t o  
demonstrate  f o r  some a l t e r n a t i v e  r e a c t o r  concepts  t han  f o r  o t h e r s ,  and t h e  
r i s k s  of s e r i o u s  d e l a y s  o r  s e tbacks  i n  t h e  development and l i c e n s i n g  p rocess  
w i l l  vary w i t h  t h e  e x t e n t  t o  which e x i s t i n g  technology can be ex t r apo la t ed .  
Changes i n  t h e  Nuclear Regulatory Commission's General  Design Criteria and 
des ign  requirements  f o r  l i g h t - w a t e r  r e a c t o r s  w i l l  a l s o  a f f e c t  t h e  a l t e r n a t i v e  
r e a c t o r s .  A s  a measure of t h e  d i f f i c u l t y  each a l t e r n a t i v e  would have i n  
meeting s a f e t y  and environmental  requirements ,  estimates were made of t h e  
minimum t i m e  i t  would t a k e  t o  r e s o l v e  t e c h n i c a l  i s s u e s  which are c u r r e n t l y  
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preven t ing  commercial l i c e n s e  app l i ca t ion .  Reactor  p l a n t  concepts  t h a t  have a 
demonstrated b a s i s  f o r  proceeding wi th  a d e f i n i t i v e  commercial des ign  f o r  wide 
deployment would need a minimum of 2 t o  3 y e a r s  f o r  des ign  completion and 
Pre l iminary  Sa fe ty  Analys is  Report  p repara t ion .  (Submission of a Pre l iminary  
Sa fe ty  Analys is  Report  is one of t h e  f i r s t  major s t e p s  t aken  by a u t i l i t y  
s e e k i n g  a c o n s t r u c t i o n  p e r m i t  f rom t h e  N u c l e a r  R e g u l a t o r y  Commission.)  
Reactor  p l a n t  concepts ,  which s t i l l  r e q u i r e  a demonstrat ion r e a c t o r  t o  be 
opera ted  s o  t h a t  t h e  s a f e t y  b a s i s  can be e s t a b l i s h e d ,  would r e q u i r e  a t  least 
15 t o  20 y e a r s  b e f o r e  a commercial-size p l a n t  Pre l iminary  S a f e t y  Analys is  
Report  could  be submit ted.  Some f u e l  concepts  would need q u a l i f i c a t i o n  b e f o r e  
load ing  i n t o  c o m r c i a l  r e a c t o r s ;  f o r  them, t h e  minimum t i m e  t o  reach t h i s  
s t a g e  would b e  7 t o  1 2  yea r s .  For  each of t h e  a l t e r n a t i v e  r e a c t o r  and f u e l  
concepts  s e l e c t e d  f o r  t h i s  a n a l y s i s ,  s e v e r a l  i s s u e s  remain t o  be  reso lved  
through r e sea rch ,  development, and demonstrat ion programs. 

2.1.4 P res su res  t o  S e l e c t  L e s s  R e s i s t a n t  Systems 

I n  l i g h t  of u n c e r t a i n t i e s  about t h e  adequacy and a c c e s s i b i l i t y  of uranium 
s u p p l i e s  and  i n  a n t i c i p a t i o n  of  g rowth  i n  demand f o r  n u c l e a r  f u e l ,  some 
n a t i o n s  are moving toward s e n s i t i v e  fue l -cyc le  a c t i v i t i e s ,  some toward enrich-  
ment, and some toward plutonium-based f u e l  cyc les .  Some n a t i o n s  are making 
t h e  same moves t o  reduce ope ra t iona l ,  economic, and p o l i t i c a l  dependency on 
f o r e i g n  n a t i o n s  f o r  s u p p l i e s  of uranium o r  enrichment s e rv i ces .  A number of 
n a t i o n s  a re  c o n c e r n e d  w i t h  t h e  e n v i r o n m e n t a l  i m p l i c a t i o n s  o f  s p e n t - f u e l  
s t o r a g e  and d i sposa l .  For example, A u s t r i a ,  Belgium, Japan, Sweden, Switzer- 
land ,  and t h e  Fede ra l  Republ ic  of 'Germany have s t a t u t o r y  requirements  l i n k i n g  
t h e  l i c e n s i n g  of  n u c l e a r  power r e a c t o r s  t o  d e m o n s t r a t e d  p r o g r e s s  toward  
s o l v i n g  t h e  waste-management problem. I n  some cases, t h i s  demonstrat ion has  
been cons t rued  as a requirement f o r  reprocessing.  Moreover, doubts  about t h e  
reasons f o r  cho ices  of less p r o l i f e r a t i o n - r e s i s t a n t  fue l -cyc le  technologies  
by ne ighbor ing  n a t i o n s  may encourage similar choices  based on cons ide ra t ions  
of n a t i o n a l  s e c u r i t y .  I n  s h o r t ,  some n a t i o n s  have i n d i c a t e d  t h e  start  of a 
p a r t i a l  t r a n s i t i o n  f tom today's once-through system, a few t o  r ecyc le  and 
s e v e r a l  t o  f a s t  b reeder  systems, a l though only a small percentage ,  less than  5 
pe rcen t  of t h e  p r o j e c t e d  i n s t a l l e d  capac i ty ,  is p ro jec t ed  t o  be  provided by 
f a s t  b reede r  r e a c t o r s  i n  t h e  y e a r  2000. 

f i  

Thus, t h e r e  are a number of p re s su res ,  whether c o r r e c t l y  o r  i n c o r r e c t l y ,  
i n f l u e n c i n g  n a t i o n s  t o  a d o p t  o r  pl,an f o r  l e s s  p r o l i f e r a t i o n - r e s i s t a n t  
technologies .  Although t h e r e  , h a s  been a c o n s i s t e n t  downward t r end  i n  a l l  
nuc lea r  energy f o r e c a s t s  f o r  t h e  p a s t  s e v e r a l  y e a r s ,  s o  t h a t  t h e  spread of 
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s e n s i t i v e  materials and f a c i l i t i e s  is less imminent, t h e  underlying p r e s s u r e s  
remain. However, t h e r e  are c o u n t e r v a i l i n g  f o r c e s  t h a t  can a l l e v i a t e  each of 
t h e s e  p re s su res .  Such c o n s i d e r a t i o n s  e n t e r  i n t o  t h e  development and assess- 
ment of measures and a l t e r n a t i v e s  l i k e l y  t o  improve t h e  n o n p r o l i f e r a t i o n  
regime. 

, 

Perhaps t h e  most c r i t i ca l  p r e s s u r e  t o  b e  a l l e v i a t e d  i s  t h a t  of s e c u r i t y  of 
supply. Nat ions assert t h a t  t h e  l e v e l  of t h e i r  economic development and 
economic independence is of paramount importance t o  t h e i r  p o l i t i c a l  independ- 
e n c e  a n d  i n t e r n a t i o n a l  i n f l u e n c e .  I n  some i n s t a n c e s ,  i t  a p p e a r s  t h a t  
deployment  d e c i s i o n s  r e g a r d i n g  p l u t o n i u m  f u e l  c y c l e s  are  b e i n g  t a k e n  
f o r  s t r a t e g i c  reasons as w e l l  as f o r  convent ional  commercial and economic 
c o n s i d e r a t i o n s ,  even though such d e c i s i o n s  may no t  have an a p p r e c i a b l e  impact 
on s e c u r i t y  of supply f o r  many decades. 

2.2 ASSESSMENT OF FUTURE CHOICES AND APPROACHES 

A number of approaches are a v a i l a b l e  t o  d e a l  w i t h  t h e  p r e s s u r e s  d i scussed  i n  
t h e  preceding s e c t i o n .  Some would a f f o r d  g r e a t e r  p r o l i f e r a t i o n  r e s i s t a n c e  
and economics b e n e f i t s  t han  o t h e r s .  Some of t h e s e  longer-term approaches 
have a l r e a d y  begun t o  b e  a c t i v e l y  pursued, and p i l o t  and p ro to type  f a c i l i t i e s  
a l r e a d y  ex is t  i n  some c o u n t r i e s .  Th i s  s e c t i o n  of t h e  NASAP r e p o r t  e v a l u a t e s  
t h e  v a r i o u s  a l t e r n a t i v e s  f o r  t h e  f u t u r e ,  t o  i d e n t i f y  t h o s e  t h a t  would be i n  
t h e  b e s t  i n t e r e s t s  of t h e  U.S., cons ide r ing  p r o l i f e r a t i o n  r e s i s t a n c e ,  r e source  a 

use,  commercial and economic f a c t o r s ,  and i n t e r n a t i o n a l  a c c e p t a b i l i t y .  The 
a l t e r n a t i v e s  f a l l  i n t o  t h r e e  c a t e g o r i e s :  

0 Resource extenders:  n u c l e a r  systems and t echno log ie s  t h a t  u se  scarce 
uranium resources  more e f f i c i e n t l y  o r  r e l y  upon o t h e r  nuc lea r  f u e l s  
t o  g e n e r a t e  power; 

0 S u p p l y  improvements :  m e a s u r e s  t o  i n c r e a s e  t h e  a s s u r a n c e  of f u e l  
s u p p l i e s  which addres s  both t h e  continued a c c e s s i b i l i t y  of uranium and 
t h e  adequacy of uranium resources  t o  meet long-term nuc lea r  growth; 

0 I n s t i t u t i o n a l  and t e c h n i c a l  measures: approaches r e l a t i n g  t o  f u e l  c y c l e  
materials and f a c i l i t i e s  which are designed t o  enhance s e c u r i t y  of 
supply and n o n p r o l i f e r a t i o n  e f f e c t i v e n e s s  through a framework of pre- 
v a i l i n g  p r o c e d u r e s  a n d  p r a c t i c e s  ( s u c h  as  s a f e g u a r d i n g  s p e n t - f u e l  
s t o r a g e )  and i n t e r n a t i o n a l l y  concerted a c t i v i t i e s  o r  arrangements (such 
as a spen t - fue l  s t o r a g e  f a c i l i t y  under m u l t i n a t i o n a l  ausp ices ) .  
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@ It is important  t o  p o i n t  ou t  t h a t  t h e  development of t h e s e  approaches w i l l  b e  
evolu t ionary .  The technology of t h e  present-f o r  t h e  most p a r t  l i g h t - w a t e r  
r e a c t o r s - - w i l l  cont inue  t o  dominate nuc lear  power p roduc t ion  f o r  t h e  next  
30 t o  40 years. This  is  t r u e  because of t h e  l a r g e  number of such r e a c t o r s  
t h a t  are c u r r e n t l y  deployed and coming on l i n e ,  and because of a p r e v a i l i n g  
a t t i t u d e  of c a u t i o n  o n  t h e  p a r t  of t h e  n u c l e a r  i n d u s t r y ,  p r i m a r i l y  t h e  
u t i l i t i e s  and t h e  s u p p l i e r  i n d u s t r i e s ,  regard ing  deployment of new, as y e t  
commercially unproven nuc lea r  power systems. 

T h i s  a t t i t u d e  of c a u t i o n  w i t h  regard  t o  new systems could extend t o  p u b l i c  
acceptance as w e l l .  A l t e r n a t i v e  nuc lea r  systems which in t roduce  l a r g e  d i f -  
f e r e n c e s  f rom t h e  c u r r e n t  l i g h t - w a t e r  r e a c t o r  s y s t e m  c o u l d  f a c e  p u b l i c  

JO acceptance  u n c e r t a i n t y ,  r e s u l t i n g  i n  cont inued,  and perhaps more widespread, 
deba te  over  both p o t e n t i a l  nuc lea r  power b e n e f i t s  (e.g., assurance  of long- 
t e r m  e l e c t r i c a l - e n e r g y  s u p p l y  w i t h  b r e e d e r  r e a c t o r s )  and  o v e r  p o t e n t i a l  
p rob lems  ( e - g . ,  a b u s e  of r e p r o c e s s i n g  f a c i l i t i e s  o r  m a t e r i a l s ) .  O t h e r  
c a t e g o r i e s  of p o s s i b l e  concerns inc lude  t h e  ope ra t ion  of f a c i l i t i e s ,  t h e  
p rocess  of making dec i s ions  about nuc lea r  power, and t h e  long-term s o c i a l  
e f f e c t s  of r e c y c l e  and r ep rocess ing  d e c i s i o n s ,  nuc lea r  system choices ,  and 
waste management p lans .  A s  wi th  t h e  evo lu t iona ry  n a t u r e  of systems, p u b l i c  
concerns w i l l  change as choices  are made. 

Curren t  technology w i l l  be slow t o  g ive  way t o  new technologies  and w i l l  
do so only when c l ea r - cu t  advantages as perce ived  by t h e  u s e r s  e x i s t .  The 
technology’s evo lu t iona ry  n a t u r e  provided t h e  backdrop a g a i n s t  which new 
a l t e r n a t i v e s  were p r o j e c t e d  by t h e  NASAP analysis--a  set of c o n d i t i o n s  t h a t  
may be  c h a r a c t e r i z e d  as fo l lows:  

0 Changes i n  aggrega te  uraniumrresource use  beyond those  of l i g h t - w a t e r  
r e a c t o r  improvements  and  economic f a c t o r s  w i l l  b e  smal l ,  a t  l ea s t  
through the  ba lance  of t h i s  cen tury ,  s i n c e  more e f f i c i e n t  r e a c t o r s  and 
f u e l  c y c l e s  cannot  be  deployed i n  s i g n i f i c a n t  q u a n t i t i e s  u n t i l  w e l l  i n t o  
t h e  next  century.  

0 Current  problems and concerns (e-g., spen t - fue l  s t o c k p i l e s )  a s s o c i a t e d  
wi th  t h e  o p e r a t i n g  l i g h t - w a t e r  r e a c t o r s  w i l l  cont inue  t o  mount. 

0 It w i l l  t a k e  t i m e -  t o  develop and implement t e c h n i c a l  and i n s t i t u t i o n a l  
countermeasures t h a t  would a f f e c t  t h e  p r o l i f e r a t i o n  v u l n e r a b i l i t i e s  of 
new, t echno log ie s  and f u e l  cyc les .  While t h i s  t i m e  appears  t o  have 
become a v a i l a b l e ,  i t  must be w e l l  s p e n t ,  and long lead-time a c t i v i t i e s  
must be begun i n  t h e  nea r  t e r m .  
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I n  a d d i t i o n ,  commercial izat ion of any new nuc lea r  technology would f a c e  major 
b a r r i e r s ,  as perce ived  by t h e  p r i v a t e  s e c t o r .  These include:  

Today's l ack  of knowledge about f u t u r e  demands f o r  e l e c t r i c  power, 
coupled w i t h  a near-term overcapac i ty  i n  manufacturing f a c i l i t i e s - -  
s p e c i f i c a l l y ,  steam-supply-system f a b r i c a t i o n .  

The u n p r e d i c t a b i l i t y  of changes i n  Fede ra l  and State l a w s  and regula-  
t i o n s  governing u t i l i t y  rates, h e a l t h  and s a f e t y ,  t h e  environment and 
o t h e r  matters. Moreover, t h e r e  is oppos i t i on  t o  nuc lea r  power among 
some p u b l i c  groups and skep t i c i sm among o the r s .  

P o s s i b l e  r e s t r i c t i o n s  on a v a i l a b l e  p r iva t e - sec to r  and r i s k - c a p i t a l  
f inanc ing .  

A perce ived  l a c k  of n a t i o n a l  commitment t o  inc reased  nuc lea r  growth 
and t o  r e s o l v i n g  key p o l i c y  i s s u e s  such as waste d i sposa l .  

U t i l i t i e s  have h i s t o r i c a l l y  had s t r o n g  i n c e n t i v e s  to i n v e s t  i n  new p l a n t s .  
These i n c e n t i v e s  were improved technology, t h e  growth of t h e i r  e l e c t r i c  power 
systems, and t h e  s u p p o r t i v e  p o l i t i c a l  and r e g u l a t o r y  climate. The new p l a n t s  
b e n e f i t e d  from economies of scale and i n d i c a t i o n s  t h a t  u n i t  c o s t s  f o r  t h e  
e l e c t r i c i t y  t h e y  p r o d u c e d  would b e  d e c l i n i n g  compared w i t h  t h e  c o s t  f o r  
nonnuclear  a l t e r n a t i v e s .  But today, due p r i m a r i l y  t o  changes i n  pe rcep t ions  
a b o u t  a h o s t  of i n s t i t u t i o n a l  c o n c e r n s  and  t h e i r  i m p a c t  on power -p lan t  
economics, u t i l i t i e s  have l i t t l e  i n c e n t i v e  e i t h e r  t o  expres s  commitments f o r  
new nuc lea r  technology o r  t o  i n v e s t  i n  it. 

I n  l i g h t  of t h e s e  b a r r i e r s ,  t h e  p r i v a t e  s e c t o r  has v i r t u a l l y  no commercial 
( f i n a n c i a l )  i n t e r e s t  i n  new nuc lea r  technology a t  t h i s  time, n e i t h e r  t h e  
manufacturers  as s u p p l i e r s ,  nor t h e  u t i l i t i e s  as users .  Improvements t o  
l i g h t - w a t e r  r e a c t o r s  are a l i k e l y  except ion  t o  t h i s ,  as they invo lve  smaller 
bus iness  r i s k s ;  are n a t u r a l  ex tens ions  t o  e x i s t i n g  products ;  are r e l a t i v e l y  
inexpens ive  t o  complete t h e  necessary r e sea rch ,  development, and demonstra- 
t i o n ;  and o f f e r  economic and r e source  b e n e f i t s .  The p r i v a t e  s e c t o r ,  w i th  some 
Federa l  Government s t i m u l a t i o n ,  can be  expected t o  adopt t h e s e  improvements. 
Should a n a t i o n a l  requirement e x i s t  f o r  a new nuc lea r  technology, such as 
advanced conve r t e r  or breeder  r e a c t o r s ,  t h e  Fede ra l  Government would have t o  
bear  most of t h e  c o s t s  t o  commercialize t h e s e  systems. 
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User i n t e r e s t  i n  s p e c i f i c  new r e a c t o r  systems is  being expressed formally and 
i n  c o n c e r t  through u t i l i t y  groups organized s p e c i f i c a l l y  on behalf  of such 
systems. These groups r e p r e s e n t  a segment of t h e  u t i l i t y  market which may be 
i n t e r e s t e d  i n  unique f e a t u r e s  of a r e a c t o r  system. However, even where such 
programs e x i s t ,  t h e  p o t e n t i a l  € o r  funding from t h e  p r i v a t e  s e c t o r  is  s t i l l  
q u i t e  l i m i t e d .  Fu r the r ,  i t  remains t o  be s e e n  whether t h e  p a r t i c i p a t i n g  
u t i l i t i e s ,  w i thou t  s u b s t a n t i a l  Government a s s i s t a n c e ,  would be prepared t o  
commit t h e  more s i g n i f i c a n t  funds r equ i r ed  f o r  c o n s t r u c t i n g  demonstrat ion 
p l a n t s  and c r e a t i n g  t h e  i n i t i a l  market demand f o r  t h e  e a r l y  p l a n t s .  

2.2.1 Resource Extenders 

L igh t -wa te r  r e a c t o r s  o p e r a t i n g  on a once-through c y c l e  do no t  u se  uranium 
as e f f i c i e n t l y  as would some a l t e r n a t i v e  r e a c t o r s  and f u e l  cycles .  While 
t h e  p a s t  few y e a r s '  downward c h a n g e s  i n  n u c l e a r - g r o w t h  p r o j e c t i o n s  h a v e  
a l l e v i a t e d  some concern over t h e  adequacy of uranium resources ,  cons ide rab le  
u n c e r t a i n t y  about t h e  adequacy of supply i n  t h e  next  century remains. A 
number of a l t e r n a t i v e s  are a v a i l a b l e  t o  f u r t h e r  a l l e v i a t e  p o t e n t i a l  supply 
problems. The most important ones, t h o s e  aimed a t  improving t h e  e f f i c i e n c y  of 
uranium u t i l i z a t i o n ,  are d i scussed  below-light-water r e a c t o r  f u e l - u t i l i z a t i o n  
improvements; reduced enrichment p l a n t  tai ls  a s say ;  r e c y c l e  i n  l i g h t - w a t e r  
r e a c t o r s ;  deployment of advanced conve r t e r  r e a c t o r s ;  deployment of b reede r  
r e a c t o r s ;  and a group of conceptual  designs f o r  r e a c t o r  systems. 

J 

Lipht-Water Reactor  F u e l - U t i l i z a t i o n  Improvements 

It appears  p o s s i b l e  t o  improve uranium u t i l i z a t i o n ,  t h a t  is, t o  reduce t h e  
U308 requirements  p e r  u n i t  of energy ;.produced, i n  l i g h t - w a t e r  r e a c t o r s  on 
a once - th rough  f u e l  c y c l e  by- 15 t o  30 p e r c e n t  o r  more t h r o u g h  m o d i f y i n g  
c u r r e n t  f u e l  d e s i g n s ,  a l t e r i n g  p l a n t  o p e r a t i n g  p r o c e d u r e s ,  i m p r o v i n g  
fuel-management schemes, and r edes ign ing  p l a n t  systems and components. Some 
of t h e  imp rovement s --called.  ' r e t r o f i t  t a b  l e  * -could be a p p l i e d  t o  o p e r a t i n g  
p l a n t s  o r  t o  p l a n t s .  now be ing  designed: and constructed.  Other  improvements, 
( n o n r e t r o f i t t a b l e )  would involve system and component changes and could be 
i n s t a l l e d  o n l y  i n  new p l a n t s .  Improved  u r a n i u m  u t i l i z a t i o n  wou ld  a l s o  
reduce t h e  amount of f u e l  t h a t  would have'to, be f a b r i c a t e d  and t h e  amount of 
s p e n t  f u e l  t h a t  would have t o  be s t o r e d .  The r e t r o f i t t a b l e  improvements 
examined by NASAP could i n c r e a s e  u ran ium-u t i l i za t ion  e f f i c i e n c y  i n  i n d i v i d u a l  
r e a c t o r s  by 15 p e r c e n t  by 1990 and by a n  a d d i t i o n a l  5 t o  10 pe rcen t  by 2000. 
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Techn ica l  f e a s i b i l i t y  could be demonstrated f o r  many proposed r e t r o f  i t t a b l e  
mod i f i ca t ions  by 1985, and t h e  combined impact of t h e s e  near-term modif ica- 
t i o n s ,  i f  a l l  were f u l l y  e x p l o i t e d ,  would reduce annua l  uranium demand below 
t h a t  of t h e  NASAP r e f e r e n c e  l ight-water  r e a c t o r  by 15  percent .  The ba lance  of 
t h e  r e t r o f i t t a b l e  improvements--those not  expected t o  have been demonstrated 
by 1985--might be a v a i l a b l e  f o r  u t i l i t y  u s e  by t h e  mid-1990's and could b e  
f u l l y  deployed by 2000. 

More than  two t h i r d s  of t h e  r e source  sav ings  from t h e  pre-1990 r e t r o f i t t a b l e  
improvements could come from h i g h e r  burnup. Some i n c r e a s e  i n  burnup i s  
expected t o  be accomplished w i t h  no fundamental  change i n  f u e l  design,  b u t  
would r e q u i r e  demonstrat ing t h a t  e x i s t i n g  designs can be i r r a d i a t e d  longer  
t h a n  c u r r e n t l y  w a r r a n t e e d  by v e n d o r s .  D e m o n s t r a t i o n  e x p e r i m e n t s  b e i n g  
performed i n  commercial r e a c t o r s  involve burnup i n c r e a s e s  from t h e  roughly 
30 t o  33 megawatt-days p e r  ki logram of f u e l  (MMd/kg) r e f l e c t e d  i n  c u r r e n t  
w a r r a n t i e s ,  t o  p e r h a p s  36 t o  40 MWd/kg. T h i s  i n c r e a s e d  bu rnup  c o u l d  b e  
d e m o n s t r a t e d  b e f o r e  1985. O t h e r  n e a r - t e r m  m o d i f i c a t i o n s  a r e  a l s o  u n d e r  
a c t i v e  s t u d y  a n d ,  a s  a c l a s s ,  h a v e  good p r o s p e c t s  of t e c h n i c a l  s u c c e s s .  
Modi f i ca t ions  inc lude  such t h i n g s  as improved f u e l  management, l a t t i c e  changes 
and a x i a l  b l anke t s .  

Add i t iona l  r e t r o f i t t a b l e  uranium sav ings  would come from an  ex tens ion  of 
burnup beyond 36 t o  45 MWd/kg. It appears  t h a t  r o u t i n e  burnups i n  t h e  range 
of 45 t o  55 MWd/kg f o r  commercial f u e l  assemblies  could be t e c h n i c a l l y  f eas -  
i b l e  i n  t h e  e a r l y  199O's, and t h e  f i r s t  experiments of t h i s  t ype  are now be ing  
planned. N a t u r a l l y ,  f u e l  w i t h  extended.burnup must be l i c e n s e d  by t h e  Nuclear 
Regulatory Commission, and l i c e n s i n g  can be expected t o  proceed i n  p a r a l l e l  
w i t h  ongoing development 

The nonretrof  i t t a b l e  improvements are more s p e c u l a t i v e  a t  t h i s  t i m e  because 
less work h a s  been done f o r  t h e i r  development and they  invo lve  changes i n  
p l a n t  systems and components. Advanced r a p i d  r e f u e l i n g  i s  expected t o  be t h e  
most s i g n i f i c a n t  improvement i n  t h i s  group. Implementation of t h e  nonretro-  
f i t t a b l e  improvements can perhaps b r i n g  t h e  t o t a l  uranium sav ings  i n  new 
l i g h t - w a t e r  r e a c t o r s  t o  s o m e t h i n g  o v e r  30 p e r c e n t  a f t e r  t h e  end  of t h e  
century.  

I m p  1 i c a t i o n  s f o r I n t e r n a  t i o  n a  1 D e p  loymen t : P r o  li f era t ion-Res i s  t a n c e  
Assessment -- The p r o l i f e r a t i o n  r e s i s t a n c e  of improved l ight-water  r e a c t o r s  
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@ on the  once-through f u e l  cyc le  would be very similar t o  t h a t  of t h e  c u r r e n t  
l i g h t - w a t e r  r e a c t o r  once- through c y c l e  ( d i s c u s s e d  i n  t h e  p r o l i f e r a t i o n  
a s s e s s m e n t  of t h e  p r e s e n t  s y s t e m ) .  The most s i g n i f i c a n t  p r o l i f e r a t i o n  
r e s i s t a n c e  c h a r a c t e r i s t i c  of t h e  s y s t e m ,  which would n o t  b e  a f f e c t e d  by 
improved f u e l  u t i l i z a t i o n ,  i s  t h a t  t h e r e  is no material t h a t  is d i r e c t l y  
weapons-usable i n  any p a r t  of t h e  f u e l  cycle .  

~ 

The o n l y  f a c i l i t y  r e q u i r e d  by t h i s  f u e l  c y c l e  t h a t  would b e  c a p a b l e  of  
producing weapons-usable material is t h e  uranium-enrichment p l a n t .  While 
c u r r e n t l y  ope ra t ing  enrichment p l a n t s  and those  f o r  which t h e r e  are f i r m  
commitments are l o c a t e d  i n  r e l a t i v e l y  few c o u n t r i e s  and w i l l  b e  adequate  t o  
meet demand a t  least  through t h e  mid-l990's, a d d i t i o n a l  enrichment capac i ty  
w i l l  l i k e l y  b e  r equ i r ed  about t h e  t i m e  t h a t  t h e  f u e l - u t i l i z a t i o n  improvements 
are being implemented. Gas-centr i fuge technology might w e l l  be used f o r  t h i s  
new capac i ty ,  and, as d iscussed  earlier,  gas-cent r i fuge  enrichment p l a n t s  can 
b e  m o d i f i e d  n o r e  e a s i l y  t h a n  g a s e o u s - d i f f u s i o n  p l a n t s  t o  p r o d u c e  h i g h l y  
e n r i c h e d  uranium.  I n  a d d i t i o n ,  g a s - c e n t r i f u g e  t e c h n o l o g y  would b e  more 
amenable t o  u se  i n  small c l a n d e s t i n e  f a c i l i t i e s .  The requirement f o r  addi- 
t i o n a l  enrichment capac i ty  would be reduced by implementing f u e l - u t i l i z a t i o n  
improvements and would reduce t h e  p r o l i f e r a t i o n  v u l n e r a b i l i t y  of t h e  f u t u r e  
nuc lea r  power regime. New enrichment capac i ty  should be added only when t h e  
need i s  clear and could be l i m i t e d  t o  expansion of e x i s t i n g  f a c i l i t i e s  o r  
j o i n t  v e n t u r e s  u n d e r  i n t e r n a t i o n a l  a u s p i c e s .  I n  a d d i t i o n ,  s a f e g u a r d s  
approaches need t o  be developed and implenented f o r  enrichment p l a n t s ,  and the 
p l a n t s  themselves should be designed t o  f a c i l i t a t e  safeguards.  

Another v u l n e r a b i l i t y  of t h e  l igh t -water  r e a c t o r  once-through f u e l  cyc le  is 
t h e  spen t  f u e l  from which plutonium could be e x t r a c t e d  i n  an out-of-system 
rep rocess ing  f a c i l i t y  . T h i s  v u l n e r a b i l i t y  would remain w i t h  t h e  implemen- 
t a t i o n  of t h e  f u e l - u t i l i z a t i o n  improvements but  a t  a somewhat reduced l e v e l ,  
s i n c e  h ighe r  f u e l  burnups, i f  an  annual r e f u e l i n g  cycle were t o  be maintained, 
would r e s u l t  i n  t h e  annual  d i scha rge  of 40 percen t  less spen t  f u e l  and about  
25 pe rcen t  less plutonium. The p res su res  on many c o u n t r i e s  t o  d e a l  w i t h  
ever - increas ing  i n v e n t o r i e s  of spen t  f u e l  would a l s o  be reduced. The counter- 
measures and a c t i o n s  a p p l i c a b l e  t o  spen t - fue l  s t o r a g e  under t h e  c u r r e n t  system 
w i l l  none the le s s  have t o  be pursued, even if l i g h t - w a t e r  r e a c t o r  modi f ica t ions  
were t o  be  incorpora ted  i n  t h e  f u t u r e .  

R e s o u r c e  U t i l i z a t i o n :  The Impac t  of L igh t -Wate r  R e a c t o r  Improvements  
Domest ical ly  and Worldwide -- I n  the U-S.- through t h e  y e a r .  2000, t h e .  nuc lear  
power system w i l l  c o n s i s t  almost e n t i r e l y ,  of l i g h t - w a t e r  r eac to r s .  Thus, t h e  
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implementation of r e t r o f i t t a b l e  f u e l - u t i l i z a t i o n  improvements--that is, h i g h e r  
f u e l  burnup and changed f u e l  management--would apply t o  t h e  whole system and 
would r e s u l t  i n  15 p e r c e n t  lower annual uranium requirements and about 5 
p e r c e n t  lower enrichment requirements t han  those  of systems us ing  l i g h t - w a t e r  
r e a c t o r s  a t  c u r r e n t  f u e l - u t i l i z a t i o n  e f f i c i e n c y .  

For t h e  1978 Median growth p r o j e c t i o n ,  a supply/demand imbalance appears  
p o s s i b l e  l a te  i n  t h e  f i r s t  q u a r t e r  of t h e  next cen tu ry ,  even wi th  imple- 
mentat ion (beginning i n  1990) of a 15 percen t  improvement i n  f u e l  u t i l i z a t i o n  
of l i gh t -wa te r  r e a c t o r s  i f  t h e  enrichment t a i l s  a s say  is  h e l d  a t  0.20 p e r c e n t  
U-235, as i n d i c a t e d  i n  F igu re  8. Such an imbalance could be avoided only 
wi th  s i g n i f i c a n t  product ion from low-grade r e sources  (about 18,000 s h o r t  t o n s  
per  y e a r  i n  2025). If t h e  1979 growth t r e n d  con t inues  a t  about 12 GW pe r  
yea r ,  t h e  annual  uranium demand i n  2025 would r e q u i r e  maximum produc t ion  from 
high-grade r e sources  and moderate p roduc t ion  from low-grade r e sources  (10,000 
t o  1 5 , 0 0 0  s h o r t  t o n s  of U 0 p e r  y e a r ) .  Moreove r ,  p r o d u c t i o n  f r o m  t h e  8 Chattanooga s h a l e s  probably a o u l d  not be r equ i r ed  be fo re  2025. 

The annual  requirements  f o r  enrichment services t o  support  the 1978 median 
growth could be reduced by about 2 m i l l i o n  s e p a r a t i v e  work u n i t s  i n  t h e  yea r  
2000 and by 4 t o  6 m i l l i o n  s e p a r a t i v e  work u n i t s  i n  2025, as compared to t h a t  
r e q u i r e d  f o r  t h e  c u r r e n t  l ight-water  r e a c t o r  w i t h  a 0.20 p e r c e n t  U-235 t a i l s  
assay. T h i s  p r o j e c t e d  r educ t ion  i n  requirements r e p r e s e n t s  s e v e r a l  b i l l i o n  
d o l l a r s  less investment i n  enrichment c a p a c i t y  over t h e  whole t i m e  pe r iod .  

A 40 p e r c e n t  r e d u c t i o n  i n  t h e  annual  d i scha rge  of spen t  f u e l  would a l s o  r e s u l t  
from implementation of t h e s e  improvements, due t o  h ighe r  f u e l  burnups and 
smaller f u e l  batches.  However, t h e  impact on t o t a l  s t o r a g e  requirements would 
no t  be s i g n i f i c a n t  f o r  s e v e r a l  decades a f t e r  i n t r o d u c t i o n  of t h e  improvements. 
Reductions i n  spen t - fue l  s t o r a g e  away from r e a c t o r  would be a few pe rcen t  
smaller i n  2000 and  a b o u t  3 5  p e r c e n t  smal ler  i n  2025. The  r e d u c t i o n  i n  
q u a n t i t i e s  would be about 1,000 metric tons  i n  2000 and 96,000 metric tons  i n  
2025 f o r  t h e  1978 Median growth p r o j e c t i o n  as compared t o  t h e  c u r r e n t  l i g h t -  
water r e a c t o r .  

A f u r t h e r  15 p e r c e n t  r educ t ion  i n  uranium requirements f o r  each new r e a c t o r ,  
i n  a d d i t i o n  t o  t h e  15 pe rcen t  r e t r o f i t t a b l e  r e d u c t i o n  j u s t  discussed,  might 
be implemented beginning i n  t h e  year  2000. Assuming a r a p i d  i n t r o d u c t i o n  
schedule  which would begin i n  2000 and result  i n  t h e s e  improvements i n  a l l  
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new r e a c t o r s  by 2010, annual  uranium requirements f o r  t h e  system could b e  
reduced by about  an a d d i t i o n a l  7 percen t  i n  2010, up t o  13 p e r c e n t  i n  2025. 

G3 

As shown i n  F igu re  8, i f  a 30 p e r c e n t  r educ t ion  i n  f u e l  u t i l i z a t i o n  can be 
achieved, t h e  1978 Median demand p r o j e c t i o n  is not  l i k e l y  t o  r e s u l t  i n  a 
uranium s h o r t f a l l  u n t i l  a f t e r  2025; t h i s  i s  even more l i k e l y  i f  t h e  1979 
growth t r e n d  p e r s i s t s  

Commercial  P o t e n t i a l  -- The p r o p o s e d  improvements  i n  f u e l  u t i l i z a t i o n  
appear t o  b e  commercially p r a c t i c a b l e ,  and most of them would l e a d  t o  lower 
f u e l - c y c l e  c o s t s .  However, t h o u g h  t h e y  migh t  r e d u c e  f u e l - c y c l e  c o s t s ,  
any mod i f i ca t ions  t h a t  would a f f e c t  p l a n t  o p e r a t i o n s  and thereby l e a d  t o  
inc reased  t o t a l  o p e r a t i n g  c o s t s  may n o t  show a n  o v e r a l l  b e n e f i t .  I n  t h e i r  
p r a c t i c a l  a p p l i c a t i o n ,  t h e s e  improvements would l e a d  t o  h i g h e r  burnups and 
s h o r t e r  r e f u e l i n g  c y c l e s  b u t  migh t  c o n f l i c t  w i t h  t h e  i n t e r e s t s  of some 
u t i l i t y  o p e r a t o r s  which d i c t a t e  u s i n g  h i g h e r  burnups t o  permit  longer  oper- 
a t i n g  cycles--f rom annua l  r e f u e l i n g s  t o  18-month c y c l e s ,  f o r  example--f o r  
c a p a c i t y  f a c t o r  improvements. 

P l a n t s  o p e r a t i n g  w i t h  longe r  i n t e r v a l s  between ref  u e l i n g s  would r e q u i r e  more 
uranium t o  s u s t a i n  them t h a n  would be r e q u i r e d  when they ope ra t ed  on annual  
r e f u e l i n g  i n t e r v a l s ,  as long as t h e  f u e l  burnups were h e l d  cons t an t .  As long 
as t h e  u t i l i t i e s  p e r c e i v e  t h a t  t h e  longer  c y c l e s  w i l l  improve p l a n t  c a p a c i t y  
f a c t o r s ,  they can be expected t o  purchase t h e  extended burnup f u e l  t o  improve 
p l a n t  economics i n  t h i s  mode of opera t ion .  Consequently, t h e  i n i t i a l  s t e p  i n  
burnup e x t e n s i o n  may n o t  b e  seen  i n  resource savings.  However, i f  very h i g h  
burnups were e v e n t u a l l y  t o  be demonstrated and commercialized--perhaps i n  t h e  
range of 40 to 50 MWd/kg of uranium--resource sav ings  would be r e a l i z e d  over 
current requirements ,  even wi th  longer' i n t e r v a l s  between ref  u e l i n g s  One 
vendor is  a l r e a d y  o f f e r i n g  a n  o p t i o n a l  f u e l  design of 36 t o  38 MWd/kg f u e l  
burnup 

The improvements have good p r o s p e c t s  f o r  r a p i d  market c a p t u r e  (deployment) 
when market demand develops,  as they i n v o l v e  only t h e  f u e l ,  and t h e  f u e l -  
supply i n f r a s t r u c t u r e  is a l r e a d y  i n  place.  I n  a d d i t i o n ,  t h e  u t i l i t i e s  are 
p a r t i c i p a t i n g  i n  ongoing development programs wi th  t h e  Department of Energy 
and t h e  Electr ic  Power Research I n s t i t u t e  and t h u s  are f a m i l i a r  w i t h  some of '-. . 
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t h e  modi f ica t ions .  L icens ing  r i s k s  are perce ived  t o  be smaller f o r  t h e s e  
improvements t han  f o r  any new system. Once s u c c e s s f u l  demonstrat ion,  includ-  
i n g  l i c e n s i n g ,  h a s  b e e n  a c h i e v e d ,  t h e s e  m o d i f i c a t i o n s  c o u l d  b e  d e p l o y e d  
r ap id ly ,  and are expected even tua l ly  t o  cap tu re  t h e  whole market. 

S i n c e  t h e s e  improvements  would b e  e v o l u t i o n a r y  c h a n g e s  t o  t h e  p r e s e n t  
product  l i n e ,  vendors would pe rce ive  investment i n  t h i s  technology as being 
less r i s k y  than  investments  i n  a l t e r n a t i v e  r e a c t o r s  and f u e l  cyc les .  There 
would a l s o  be  l i t t l e  impact on bus iness  r e l a t i o n s h i p s  as they now e x i s t  i n  
t h e  nuc lea r  i ndus t ry .  I n  s e t t i n g  a p r i c e  f o r  any f u e l  of a new design,  t h e  
vendor can b e  expected t o  inc lude  compensation f o r  added e f f o r t  i n  f ab r i ca -  
t i o n ,  t o  e a r n  a r e t u r n  on t h e  r e sea rch  and development investment ,  and t o  
maintain p r o f i t  l e v e l s  t h a t  would o therwise  have been reduced because of lower 
requirements  f o r  f a b r i c a t e d  f u e l .  To t h e  degree t h a t  extended burnup would . 
reduce t h e  f a b r i c a t i o n  market, a n  area t h a t  h a s  been p r o f i t a b l e ,  t h e  vendors 
would probably be  less aggres s ive  i n  marketing some of t h e s e  modi f ica t ions ,  
except as a measure t o  p r o t e c t  t h e i r  market s h a r e  of nuclear-steam-supply- 
system bus iness .  A r i s k  f a c i n g  vendors would be r e v e r s a l  of Federa l  p o l i c y  
p r o h i b i t i n g  r e p r o c e s s i n g  and  r e c y c l i n g  of p lu ton ium.  Improvements  t h a t  
can b e  implemented i n  t h e  near  f u t u r e ,  which would l i k e l y  y i e l d  a resource  
e f f i c i e n c y  improvement of up t o  15 percent ,  would be una f fec t ed  by such a 
po l i cy  change. These improvements, t oge the r  w i th  a few o the r s - - a l l  of which 
can be u t i l i z e d  i n  c u r r e n t l y  o p e r a t i n g  reactors--could p o t e n t i a l l y  extend t h e  
combined r e source  e f f i c i e n c y  ga in  up t o  20 t o  25 percent .  However, t h i s  ga in  
could not  be  achieved u n t i l  a f t e r  1990. Recycle could be a v a i l a b l e  about  
t e n  y e a r s  a f t e r  t h e  d e c i s i o n  t o  proceed wi th  i t  w a s  made. Thus, even wi th  
r e c y c l e ,  t h e  i n c e n t i v e  t o  u s e  most of t h e s e  improvements  would  r e m a i n ,  
a l though i t  would be somewhat diminished. The schedule  f o r  t h e i r  market 
e n t r y  would be about  t h e  same as t h a t  f o r  recyc le .  Ul t imate ly ,  however, 
t h e  combined r e source  e f f i c i e n c y  ga in  from t h e  improvements and r e c y c l e  is 
not  s i g n i f i c a n t l y  b e t t e r  than t h a t  which could be achieved by r e c y c l e  alone. 
Since it is l i k e l y  t h a t  t h e  l i g h t - w a t e r  reactor fuel would be reoptimized 
f o r  r ecyc le  ope ra t ion ,  manufacturers  of r e a c t o r  f u e l  might have no i n c e n t i v e  
f o r  ex tending  t h e  performance of t h e  improvements beyond 15  pe rcen t ,  once 
t h e  d e c i s i o n  t o  r ecyc le  w a s  made. On t h e  o t h e r  hand, should t h e  improvements 
be  demonstrated b e f o r e  a d e c i s i o n  t o  use  r e c y c l e  has  been made, t h e  market 
l i f e t i m e  would b e  s u f f i c i e n t  t o  provide  incentive t o  vendors t o  market them. 

For t h e  u t i l i t i e s ,  t h e  increased  f a b r i c a t i o n  c o s t s  should  be  more than  o f f s e t  
by uranium-cost savings.  S ince  t h e s e  ga ins  would acc rue  t o  t h e  u t i l i t i e s ,  
t h e y  c a n  b e  e x p e c t e d  t o  e n c o u r a g e  v e n d o r s  t o  make t h e s e  improvements .  
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S u c c e s s f u l  d e m o n s t r a t i o n  of r e t r o f  i t t a b l e  improvements  would r e q u i r e  a 
development program t h a t  would be modest i n  comparison t o  t h a t  r equ i r ed  f o r  
any new system. The t o t a l  r e sea rch ,  development and demonstration e f f o r t  
would i n c l u d e  d e t a i l e d  f u e l  design,  p r e - i r r a d i a t i o n  mechanical tests, i r r a d i a -  
t i o n  experiments and s a f e t y  s t u d i e s ,  i r r a d i a t i o n  of p a r t i a l  t o  f u l l  ba t ches  
of f u e l  assemblies ,  and p o s t - i r r a d i a t i o n  tests. Most of t h i s  e f f o r t  would b e  
needed t o  e s t a b l i s h  t h a t  t h e  modified f u e l  w i l l  perform r e l i a b l y  b e f o r e  i t  i s  
used on a l a r g e  scale by u t i l i t i e s .  Also, some of t h e  e f f o r t  would be devoted 
t o  developing t h e  information r equ i r ed  f o r  gene r i c  l i c e n s i n g  by t h e  Nuclear 
Regulatory Commis s i  on. 

With a n a t i o n a l  program,  enough d u p l i c a t i o n  c o u l d  b e  e l i m i n a t e d  s o  t h a t  
t h e  t o t a l  r e sea rch ,  development and demonstration e f f o r t  f o r  t h e  r e t r o f l t t a b l e  
improvements would c o s t  $150 t o  $300 mi l l i on ,  i f  c a r r i e d  ou t  under Department 
of Energy  a u s p i c e s  by a l l  of t h e  f i v e  c u r r e n t  l i g h t - w a t e r  r e a c t o r  f u e l  
vendors,  and t a i l o r e d  t o  demonstration of each product l i n e .  I f  t h e  r e t r o -  
f i t t a b l e  improvements were t o  be independently pursued by a l l  f i v e  vendors,  
t h e  c o s t s  could be $350 t o  $550 mi l l i on .  

The p o t e n t i a l  b e n e f i t s  t o  t h e  u t i l i t i e s ,  and u l t i m a t e l y  t o  e l e c t r i c i t y  con- 
sumers, from re sea rch ,  development and demonstrat ion a s s o c i a t e d  w i t h  reduced 
uranium requirements i n  r e t r o f  i t t a b l e  l i g h t - w a t e r  r e a c t o r  improvements could 
t o t a l  s e v e r a l  b i l l o n s  of d o l l a r s  by t h e  end of t h e  cen tu ry ,  a t  c u r r e n t  pro- 
j e c t e d  electrical-demand growth. They could amount t o  s e v e r a l  hundred m i l -  
l i o n s  of d o l l a r s  i n  t h e  yea r  1990 alone.  

The e s t ima ted  c o s t  of r e sea rch ,  development, and demonstration of t h e  non- 
r e t r o f i t t a b l e  improvements is  more s p e c u l a t i v e  because components have not  y e t  
been t e s t e d  f o r  t e c h n i c a l  and economic f e a s i b i l i t y .  Prel iminary estimates of 
$0.6 t o  $1.0 b i l l i o n  o r  more have been made. Following i d e n t i f i c a t i o n  of t h e  
most promising concepts i n  t h e  mid-l980’s, t h e  necessary development and 
demonstrat ion programs f o r  t h e s e  improvements might be completed toward t h e  
end of t h e  cen tu ry ,  whereupon deployment could occur i n  new p l a n t s .  
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Reduced Enrichment P l a n t  Tails Assay 

The dominant enrichment technologies  are, and f o r  t h e  next  s e v e r a l  decades 
w i l l  be,  gaseous d i f f u s i o n  and gas  cen t r i fuge .  A t  c u r r e n t  p r i c e s  f o r  U308 
and s e p a r a t i v e  work, enrichment p l a n t s  u s ing  t h e s e  t echno log ie s  can economi- 
c a l l y  reduce  t h e  U-235 concen t r a t ion  from 0.71 percen t  i n  n a t u r a l  uranium t o  
about  0.20 percen t  i n  t h e  t a i l s  stream. These p l a n t s  could  o p e r a t e  a t  lower 
t a i l s  assay ,  bu t  t h e  c o s t  of t h e i r  product  would be higher .  The choice  of 
t a i l s  assay  f o r  lowest-cost  enr iched  product  would involve  t h e  trade-off of 
natural-uranium f e e d  p r i c e  a g a i n s t  t h e  p r i c e  of s e p a r a t i v e  work. A t  a uranium 
p r i c e  of $40 p e r  pound of U O8 and an enrichment s e r v i c e s  charge of $100 pe r  
s e p a r a t i v e  work u n i t ,  t h e  ?east-cost  low-enriched uranium product  would be 
produced a t  a t a i l s  a s say  of 0.23 percen t  U-235. Should t h e  uranium pr ice  
i n c r e a s e  t o  $100 pe r  pound of U 0 (equ iva len t  t o  us ing  uranium wi th  $50 
forward c o s t ) ,  w h i l e  t h e  enrich&n% s e r v i c e s  charge remained a t  $100 pe r  
s e p a r a t i v e  work u n i t ,  t h e n  t h e  l e a s t - c o s t  l ow-enr i ched  p r o d u c t  would b e  
produced a t  a t a i l s  assay of 0.13 percen t  U-235. However, t h e  enrtched-  
product  c o s t  would be  r e l a t i v e l y  i n s e n s i t i v e  t o  u s i n g  s l i g h t l y  lower t a i l s  
assay  and would i n c r e a s e  only a few percent .  Reducing t a i l s  assay  t o  0.1 
percen t  U-235 might r e q u i r e  inc reased  uranium-enrichment capac i ty ,  which could 
be  provided by e x i s t i n g  technology o r ,  more economically,  by improved gas- 
c e n t r i f u g e  technology. 

The development of advanced i s o t o p e  s e p a r a t i o n  processes  such as laser and 
plasma s e p a r a t i o n ,  w i t h  t h e i r  p o t e n t i a l l y  lower s e p a r a t i v e  work c o s t s ,  could  
l e a d  t o  more economical e x t r a c t i o n  of U-235 from t h e  t a i l s  stream. The mode 
of ope ra t ion  could be w i t h i n  an independent advanced i s o t o p e  s e p a r a t i o n  p l a n t  
o r  a n  i n t e g r a t e d  p l a n t  i n  t h e  e x i s t i n g  enrichment complex. I n  e i t h e r  mode, 
t h e  natural-uranium f e e d  requirements  would b e  reduced by t h e  same amount. If 
uranium p r i c e  were $100 p e r  pound of U308 and enrichment s e r v i c e s  charges  
from advanced i s o t o p e  s e p a r a t i o n  technology were $40 p e r  s e p a r a t i v e  work u n i t ,  
t hen  t h e  l e a s t - c o s t ,  l a b e n r i c h m e n t  product  could be produced a t  a t a i l s  a s say  
of 0.05 percen t  U-235. 

Reducing t h e  t a i l s  a s say  from 0.20 p e r c e n t .  t o  0.05 perceq t  U-235, which w i l l  
probably r e q u i r e  advanced i s o t o p e  s e p a r a t i o n  techology t o  be  economical, 
would reduce uranium requirements  by about  20 percen t ,  and would r e q u i r e  about 
80 pe rcen t  more s e p a r a t i v e  work. 
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I m p l i c a t i o n s  f o r  I n t e r n a t i o n a l  Deployment:  Proliferation-Resistance 
Assessment -- The advanced i s o t o p e  s e p a r a t i o n  processes  are a t  an e a r l y  s t a g e  
of development. A d e t a i l e d  p r o l i f  e r a t i o n - r e s i s t a n c e  assessment based on t h e  
p re sen t ly  known s c i e n c e  and technology has  concluded t h a t  t h e  U.S. i s  no t  
embarking on an obviously p r o l i f e r a t i n g  set  of technologies  i n  t h e  advanced 
i s o t o p i c  s e p a r a t i o n  program. A s  wi th  o t h e r  enrichment technologies ,  however, 
s p e c i a l i z e d  des igns  f o r  h ighly  enr iched  uranium could be  developed. Whether a 
p l a n t  configured f o r  c i v i l i a n  product ion  of low-enriched uranium could be  
adapted t o  produce h ighly  enr iched  uranium wi thout  s u b s t a n t i a l l y  redes igning  
t h e  p l a n t  is a matter of some controversy.  The c u r r e n t  assessment is  t h a t  
such a c o n f i g u r a t i o n  would be c o s t l y ,  t i m e  consuming, and de tec tab le .  How- 
eve r ,  t h e  means by which t h e s e  p rocesses  could be adapted t o  h ighly  enr iched  
u ran ium p r o d u c t i o n  i s  s t i l l  p o o r l y  u n d e r s t o o d ,  and  t h e  p e r c e p t i o n  t h a t  
a d a p t a t i o n  would be  d i f f i c u l t  must be  s u b j e c t  t o  cont inued expe r t  s c r u t i n y .  
Of course,  t h e  t h r e a t  of a t echno log ica l  breakthrough sometime i n  t h e  f u t u r e  
e x i s t s ,  as it  does w i t h  any technology t h a t  i s  no t  y e t  f u l l y  understood. More 
impor tan t ,  when t h e s e  technologies  have been developed t o  t h e  p o i n t  of imple- 
mentat ion,  t h e i r  deployment should b e  l i m i t e d  by appropr i a t e  i n s t i t u t i o n a l  
a r r a n g e m e n t s .  The same would  b e  t r u e  of new g a s - c e n t r i f u g e  e n r i c h m e n t  
capac i ty  should i t  be requi red .  

R e s o u r c e  Assessmen t  -- T a b l e  1 3  summar izes ,  f o r  t h e  1978 Median n u c l e a r  i 
growth ,  t h e  u r a n i u m  and  s e p a r a t i v e  work r e q u i r e m e n t s  a s s o c i a t e d  w i t h  
implementation of s e v e r a l  reduced t a i l s  assay  opt ions  i n  conjunct ion  w i t h  
improvements i n  l igh t -water  r e a c t o r  f u e l  u t i l i z a t i o n .  The Low nuclear-growth 
c a s e  i s  no t  shown, s i n c e  i t  does not  r ep resen t  a uranium supply problem. 
Annual uranium requirements  r e s u l t i n g  from Median nuc lear  growth and t h e  
combination of f uel-u t i l i z a t  i o n  improvements and t a i l s  -assay reduct ions  could 
probably b e  pet through 2025 from high-grade resources .  Of course,  t h e  annual  
requirements  f o r  enrichment s e r v i c e s  i n c r e a s e  as t a i l s  assay i s  reduced. 

F u r t h e r m o r e ,  i f  advanced  i s o t o p e  s e p a r a t i o n  t e c h n i q u e s  a r e  s u c c e s s f u l l y  
developed and enrichment t a i l s  assay  i s  reduced t o  0.05 percent  U-235, t h e r e  
i s  l i t t l e  l i k e l i h o o d  of a uranium s h o r t f a l l  u n t i l  a f t e r  2025. Since t h e  
t e c h n i c a l  d e t a i l s  f o r  achiev ing  t h i s  f u r t h e r  15 percent  f u e l - u t i l i z a t i o n  
improvement have no t  been def ined ,  t h e  p o t e n t i a l  e f f e c t s  on s e p a r a t i v e  work 
demands and  s p e n t - f u e l  s t o r a g e  r e q u i r e m e n t s  c a n n o t  b e  p r e d i c t e d  w i t h  
p r e c i s i o n ;  however, i f  t h e  improvements do not  r e q u i r e  h igher  burnup, t hen  
enrichment requirements  should be decreased by about 15 t o  2 0  percent .  
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TABLE 13. THE EFFECTS I N  THE U.S. OF REDUCED ENRICHMENT TAILS ASSAY ON U308 

USE I N  LIGHT-WATER REACTORS--MEDIAN NUCLEAR GROWTH 

' ~ " U A L  u o REQUIREMENTS 
.'(Thousan&80f Shor t  Tons) 

i n  1990 i n  2000 i n  2010 i n  2020 i n  2025 

Light-Water Reactor - Once-Through 
37 54 75 93 103 
32 47 64 80 89 
32 44  61 75 83 

1 - 15% Improvement - 0.2% U-235 T a i l s  Assay - 0.1% U-235 T a i l s  Assay 
- 0.05% U-235 T a i l s  Assay 2 

37 54 69 81 88 
32 47 59 70 76 
32 44 56 66 71 

1 

- 0.05% U-235 T a i l s  Assay 

- 30% Improvement - 0.2% U-235 T a i l s  Assay 
' - 0.1% U-235 T a i l s  Assay 2 

I .  

ANNUAL ENRICHMENT REQUIREMENTS 
(Mi l l ions  of S e p a r a t i v e  Work U n i t s )  

i n  1990 i n  2000 i n  2010 i n  2020 i n  2025 

Light-Water Reactor - Once-Through - 15% Improvement - 0.2% U-235 T a i l s  Assay 22 36 49 62 68 
30 50 68 85 94 1 

\ 30 66 89 113 124 
- 0.1% U-235 T a i l s  Assay 
- 0.05% U-235 T a i l s  Assay 2 

22 36 46 54 58 
30 50 64 75 81 

- 30% Improvement - 0.2% U-235 T a i l s  Assay 
- 0.1% U-235 T a i l s  Assay - 0.05% U-235 T a i l s  Assay 30 66 84 98 105 

1 

'Reduction from 0.20% t o  0.10% U-235 t a i l s  assay assumed i n  1990. 

2Reduction from 0.10% t o  0.05% U-235 ta i ls  assay  i n  2000. 



Consider ing only t h e  f o r e i g n  c o u n t r i e s  o u t s i d e  c e n t r a l l y  planned-economy 
areas, as a group, t h e  implementation of a 15 pe rcen t  improvement i n  l i g h t -  
water r e a c t o r  f u e l  use  and a r educ t ion  i n  t a i l s  assay  t o  0.10 pe rcen t  U-235 
i f  t h e  INFCE Low g rowth  o c c u r r e d ,  a c c e l e r a t e d  development  of h i g h - g r a d e  
resources  and s i g n i f i c a n t  product  from low-grade r e sources  would s t i l l  be 
required.  I f  t h e  n a t i o n s  o u t s i d e  c e n t r a l l y  planned-economy areas, inc lud ing  
t h e  U.S., are cons idered  as a group, t h e  out look is about  t h e  same. Again, 
i t  should be noted t h a t  the supply i n  t h e  post-2000 pe r iod  would be 
i n c r e a s i n g l y  t i e d  t o  product ion from s p e c u l a t i v e  high-grade resources  and 
low-grade resources .  

Assuming a 30 pe rcen t  r educ t ion  i n  U 0 requirements  and a r educ t ion  i n  t a i l s  
assay  t o  0.05 pe rcen t  U-235 by 201%,8a supply c a p a b i l i t y  about 20 pe rcen t  
g r e a t e r  than t h e ,  Low supply  would avoid an imbalance u n t i l  2025 w i t h  addi-  
t i o n a l  improvements i n  l i g h t - w a t e r  r e a c t o r  f u e l  u t i l i z a t t o n .  I n  summary, 
improvements t o  reduce uranium requirements  f o r  l igh t -water  r e a c t o r s  by about  
15 pe rcen t  and a r educ t ion  i n  enrichment p l a n t  ta i ls  a s say  t o  0.10 percen t  
could  probably avoid  a supply/demand imbalance through a t  least 2020, i f  
u ran ium s u p p l i e s  are  c o n s i d e r e d  as a n  a g g r e g a t e d  r e s o u r c e  f o r  c o u n t r i e s  
o u t s i d e  t h e  c e n t r a l l y  planned-economy areas and t h e  c u r r e n t  nuclear-growth 
t r e n d  p e r s i s t s .  A d d i t i o n a l  improvements  t o  l i g h t - w a t e r  r e a c t o r  u ran ium 
u t i l i z a t i o n  could provide  f u r t h e r  assurance  that  demand would not exceed t h e  
lowest p r o j e c t i o n  of supply c a p a b i l i t y  through 2025. Expansion of f o r e i g n  
u r a n i u m  s u p p l y  is more i m p o r t a n t  t o  f o r e i g n  c o u n t r i e s  t h a n  t o  t h e  U.S, 
a l though a n  expansion of U.S. product ion  c a p a b i l i t y  f o r  expor t  could  a l l e v i a t e  
t h i s  s i t u a t i o n .  

Commercial  P E t e n t i a l  -- Uranium-enr ichment  s e r v i c e s  a re  p r o v i d e d  by t h e  
Government on a commercial b a s i s  wi th  e s t a b l i s h e d  c o n t r a c t i n g  terms. The 
p r e s s u r e  t o  reduce enrichment p l a n t  t a i l s  assay  w i l l  come mainly from t h e  
d e s i r e  of u t i l i t i e s  t o  buy a " leas t -cos t"  product ,  cons ide r ing  uranium p r i c e  
and s e p a r a t i v e  work cos t s .  I f  t h e  p r i c e  of uranium were t o  rise f a s t e r  t han  
t h e  c o s t  of enrichment s e r v i c e s  (which now appears  l i k e l y ) ,  p re s su res  t o  
reduce t a i l s  assay  would be s t rong .  The enrichment-plant ope ra to r  would 
respond t o  t h e s e  p re s su res  because more sales would r e s u l t .  The only  uncer- 
t a i n t y  f aced  by t h e  enrichment-plant ope ra to r  would be  i n  r a i s i n g  c a p i t a l  and 
b u i l d i n g  adequate  capac i ty  t o  meet nuclear-demand growth. I n  s h o r t ,  normal 
market f o r c e s  should provide  an adequate  s t imu lus  f o r  t a i l s - a s s a y  r educ t ion  t o  
b e  implemented. 
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@ The advanced i s o t o p e  s e p a r a t i o n  t echno log ie sQare  i n  too ear ly  a s t a g e  of 
development t o  assess t h e i r  p o t e n t i a l  t o  r e p l a c e  o r  be used i n  conjunct ion 
with e x i s t i n g  processes .  Success fu l  t e c h n i c a l  development, combined wi th  
demonstrat ion of economic performance, would l ead  enrichment o p e r a t o r s  t o  
adopt t h e  technology t o  meet new c a p a c i t y  requirements.  These t echno log ie s  
a re  e x p e c t e d  t o  h a v e  b e e n  t e c h n i c a l l y  d e m o n s t r a t e d  by a b o u t  1990, w i t h  
implementation beginning s h o r t l y  t h e r e a f t e r ,  depending upon economic and 
f i n a n c i n g  c o n s i d e r a t i o n s .  The e s t i m a t e d  c o s t  t o  c o m p l e t e  t h e  n e c e s s a r y  
r e sea rch ,  demonstrat ion and development could range from $500 t o  $800 mi l l i on .  

Recycle i n  Light-Water Reactors  

R e s o u r c e - u t i l i z a t i o n  improvements can a l s o  be achieved by r e c y c l i n g  uranium 
and plutonium from s p e n t  f u e l  i n  l i g h t - w a t e r  r e a c t o r s .  The t e c h n i c a l  base  
f o r  f u e l i n g  l i g h t - w a t e r  r e a c t o r s  w i th  mixed oxides  of uranium and plutonium 
is w e l l  advanced, a l though no f u l l y  commercialized system e x i s t s .  Commercial 
deployment of recycle sys t ems  based on t h e  c u r r e n t l y  conceived PUREX process  
could begin i n  t h e  1990 t i m e  frame, assuming completion of t h e  t e c h n i c a l  work 
as w e l l  as l i c e n s i n g  reviews i n  a t imely manner. An e q u i l i b r i u m  system of 
l ight-water  r e a c t o r s  o p e r a t i n g  so t h a t  they r ecyc led  uranium and plutonium 
i n  amounts equ iva len t  t o  t h a t  i n  t h e i r  own spen t  f u e l  would u t i L i z e  up t o  
40 p e r c e n t  less uranium than  t h e  NASAP r e f e r e n c e  l i g h t - w a t e r  r e a c t o r s  on a 
once-through c y c l e  and around 15 p e r c e n t  less than  l ight-water  r e a c t o r s  with 
a l l  r e t r o f i t t a b l e  improvements .  Such  a s y s t e m  would  i n c l u d e  enr-lchment 
f a c i l i t i e s ,  r e a c t o r s ,  f a c i l i t i e s  f o r  spen t - fue l  s t o r a g e ,  r ep rocess ing ,  f u e l  
f a b r i c a t i o n  and r e f a b r i c a t i o n ,  waste management, and t h e  t r a n s p o r t a t i o n  links 
between them. 

I m p l i c a t i o n s  for I n t e r n a t i o n a l  Deployment :  P r o l i f e r a t i o n - R e s i s t a n c e  
Assessment -- As prev ious ly  discussed,  t h e  most appa ren t  new p r o l i f e r a t i o n  
c h a r a c t e r i s t i c s  of r e c y c l e  i n  l i g h t - w a t e r  r e a c t o r s  (compared t o  those  i n  
o n c e - t h r o u g h  c y c l e s )  r e s u l t  f r o m ’ t h e  a d d i t i o n  of s e n s i t i v e  r e p r o c e s s i n g  
f a c i l i t i e s  and widespread commerce i n  plutonium-bearing inaterials. Separated 
plutonium may b e  p r e s e n t  i n  s t o r a g e  and i n  t r a n s p o r t  i n  forms t h a t  may b e  
d i r e c t l y  u s a b l e  f o r  nuc lea r  weapons. Fresh mixed-oxide f u e l  i t s e l f  could be 
converted t o  weapons-usable form through chemical p rocesses  r e q u i r i n g  s p e c i a l  
handl ing,  b u t  n o t  t h e  massive s h i e l d i n g  needed f o r  spen t - fue l  reprocessing.  
I n  s h o r t ,  t h e  r e c y c l e  s y s t e m  r e p r e s e n t s  a major  s t e p  away f r o m  t h e  more 
p r o l i f e r a t i o n - r e s i s t a n t  once-through cycle .  Given t h e  l a r g e  number of l i g h t -  
water r e a c t o r s  l i k e l y  t o  have been deployed throughout t h e  world by 1990, 
p r o l i f e r a t i o n  r e s i s t a n c e  could d e t e r i o r a t e  r a p i d l y  i f  r e c y c l e  were t o  be 



a d o p t e d  on a w i d e  scale.  n d e r  s u c h  c i r c u m s t a n c e s ,  i m p l e m e n t a t i o n  o f  
proliferation-resistance improvement measu res  would  become of paramount  
imp o r  t ance. 

Resource Assessment -- The pace a t  which plutonium r e c y c l e  could occur i n  
l i gh t -wa te r  r e a c t o r s  would be dependent upon t h e  rate a t  which r ep rocess ing  
and plutonium f u e l - f a b r i c a t i o n  p l a n t s  could b e  placed i n  se rv i ce .  N o  such 
commercial f a c i l i t i e s  are o p e r a t i o n a l  i n  t h e  U.S. today, and it would b e  
a t  l ea s t  t e n  y e a r s  b e f o r e  t h e  r e m a i n i n g  t e c h n i c a l  and l i c e n s i n g  i s s u e s  
surrounding t h e  A l l i e d  General  Nuclear S e r v i c e s  (AGNS) r ep rocess ing  f a c i l i t y  
a t  B a r n w e l l ,  S o u t h  C a r o l i n a ,  c o u l d  b e  r e s o l v e d  and t h e  p l a n t  c o u l d  b e  
o p e r a t i o n a l .  I f  c u r r e n t  U.S. p o l i c y  t o  d e f e r  commercial r ep rocess ing  were 
t o  be changed, t h e n  plutonium r e c y c l e  could begin about 1990, based on use  
of t h e  A l l i e d  General  Nuclear S e r v i c e s  (AGNS) p l a n t  and recycle s t a r t i n g  i n  
a few r e a c t o r s .  The c a p a c i t y  of t h e  AGNS p l a n t  would become f u l l y  u t i l i z e d  
over t h e  fol lowing decade, w i th  a d d i t i o n a l  capac i ty  becoming o p e r a t i o n a l  
a f t e r  t h e  y e a r  2000. It has  been assumed t h a t  t h e  implementation of t h e  
near-term 15 p e r c e n t  improvement i n  once-through f u e l  u t i l i z a t i o n  from h ighe r  
f u e l  burnup and fuel-management changes would a l s o  begin i n  1990 and would 
e v e n t u a l l y  b e  adopted f o r  a l l  l ight-water  r e a c t o r s .  

T h e s e  a n n u a l  U 0 r e q u i r e m e n t s  are  compared i n  F i g u r e  8. The a n n u a l  
U 0 demand f o r  t h e  r e c y c l e  system is  about 21 pe rcen t  lower than  t h e  once- 
t3rough system with a 15 p e r c e n t  improvement and only 7 p e r c e n t  lower t h a n  
t h e  30 pe rcen t  improved once-through l ight-water  r e a c t o r  system. It should 
b e  noted t h a t  t h e  annual  uranium demand f o r  a l l  t h e s e  systems can b e  f u r t h e r  
reduced by 13  p e r c e n t  i f  t h e  enrichment t a i l s  are reduced from 0.20 pe rcen t  
U-235 t o  0.10 pe rcen t  U-235 and by 18 p e r c e n t  i f  t h e  t a i l s  are reduced from 
0.20 p e r c e n t  U-235 t o  0.05 pe rcen t  U-235. 

3 8  
8 

Commercial P o t e n t i a l  -- Recycle i n  l i g h t - w a t e r  r e a c t o r s  i n  t h e  U.S. would 
i n v o l v e  a h i g h e r  l e v e l  of commerc ia l  r i s k  t h a n  o n c e - t h r o u g h  o p e r a t i o n .  - - 

Given c u r r e n t  p o l i c y  and l i c e n s i n g  u n c e r t a i n t i e s ,  and because a r ep rocess ing  
f a c i l i t y  has  no a l t e r n a t e  commercial a p p l i c a t i o n ,  t h e  p r i v a t e  s e c t o r  would 
be u n l i k e l y  t o  pursue t h i s  technology wi thou t  s t r o n g  Government p o l i c y  a s su r -  
a n c e s .  Even w i t h  a p o l i c y  change ,  p r i v a t e  i n v e s t m e n t  i n  a r e p r o c e s s i n g  
f a c i l i t y  would n o t  come without  s t r o n g  support  by t h e  Government and u t i l i t i e s  
a l i k e .  Assuming t h a t  t h e  f i r s t  commercial f a c i l i t y  would be t h e  AGNS p l a n t ,  
about $600 t o  $950 m i l l i o n  would be r equ i r ed  t o  put  t h e  p l a n t  i n  operat ion.  
Reso lu t ion  of remaining t e c h n i c a l  and i n s t i t u t i o n a l  i s s u e s  would t a k e  about 
t e n  y e a r s .  Thus,  r e c y c l e  c o u l d  b e  a v a i l a b l e ,  i f  needed ,  a r o u n d  1990. 
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The economic  b e n e f i t s  of r e c y c l e  may n o t  bB s u f f i c i e n t  t o  j u s t i f y  t h e  
investment r i s k s .  The economics of r e c y c l e  is  c l o s e l y  t i e d  t o  t h e  cos t  of 
reprocess ing;  law-cost r ep rocess ing  f avor s  r ecyc le  and high-cost  r ep rocess ing  
does not.  Also,  as t h e  f u e l - u t i l i z a t i o n  e f f i c i e n c y  of t h e  l igh t -water  r e a c t o r  
once - th rough  f u e l  c y c l e  improves ,  t h e  economics  of r e c y c l e  a p p e a r s  less  
a t t r a c t i v e .  Al though  t h e r e  i s  no  e s t a b l i s h e d  U.S. commerc ia l  p r i c e  f o r  
reprocess ing  services, NASAP c o s t  estimates l ead  t o  t h e  conclus ion  t h a t ,  
w i t h i n  t h e  u n c e r t a i n t i e s ,  t h e  comparative c o s t s  of r e c y c l e  and once-through 
o p e r a t i o n  would be almost equa l  over a wide range of U 0 p r i c e s ,  ranging  
from $100 p e r  pound of U O8 t o  more than  $200 p e r  pound. But m c h  h ighe r  
uranium p r i c e s  might be 2equired t o  j u s t i f y  t h e  economic r i s k s  of adopt ing  
recyc le .  

Advanced Converter  Reac tors  

A d d i t i o n a l  improvements  i n  f u e l - u t i l i z a t i o n  e f f i c i e n c y  c a n  b e  a c h i e v e d  
t h r o u g h  u s e  of  advanced  c o n v e r t e r  r e a c t o r s .  A l l  n u c l e a r  power r e a c t o r s  
t h a t  employ both f i s s i o n a b l e  ( f i s s i l e )  material, such as U-235, U-233, o r  
Pu-239, and f e r t i l e  material, such as U-238 o r  thorium, convert  t h e  f e r t i l e  
material t o  new f i s s i l e  material wh i l e  producing power. The measure of t h e  
e f f i c i e n c y  of t h i s  process  is c a l l e d  t h e  conversion r a t i o  (new f u e l  made 
i n  t h e  r e a c t o r  p e r  u n i t  of f u e l  f i s s i o n e d ) ,  and  i s  a b o u t  0.6 i n  t oday’ s  
l igh t -water  r e a c t o r s .  

The d i f f e r e n c e  between t h e  f i s s i l e  conten t  of f r e s h  f u e l  and t h a t  of spen t  
f u e l  approaches z e r o  as t h e  conversion r a t i o  approaches uni ty .  Because of 
l o s s e s  i n  f u e l  process ing ,  which can be  a few pe rcen t ,  t h e  conversion r a t i o  
must b e  a few p e r c e n t  o v e r  u n i t y  i n  o r d e r  t o  a c h i e v e  z e r o  f u e l  make-up. 
Also, t h e  i n i t i a l  f u e l  inventory  r equ i r ed  t o  s ta r t  t h e  system would tend  t o  
b e  l a r g e r  as t h e  conversion r a t i o  increased.  

Those systems w i t h  conversion r a t i o s  somewhat h ighe r  than t h a t  of t h e  l i g h t -  
water r e a c t o r s  h a v e  b e e n  des igna te .d  advanced  c o n v e r t e r  r e a c t o r s ;  t h o s e  
w i t h  convers ion  r a t i o s  g r e a t e r  than  u n i t y .  can produce more f i s s i l e  material 
than  they consume and have been c a l l e d  breeder  r e a c t o r s .  These r e a c t o r  types  
w i l l  be  d i scussed  s e p a r a t e l y .  

4 -  
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The two advanced  c o n v e r t e r  r e a c t o r s  d i s c u s s e d  h e r e  are  t h e  heavy-water  
r e a c t o r  and t h e  high-temperature gas-cooled r eac to r .  The heavy-water r e a c t o r  
cons idered  by NASAP i s  similar t o  t h e  n a t u r a l  uranium-fueled CANDU r e a c t o r ,  
a l though t h e  des ign  has  been modified t o  s a t i s f y  U.S. l i c e n s i n g  s t anda rds  
and t o  improve t h e  economics under U.S. condi t ions .  Low-enriched' f u e l  w a s  
s u b s t i t u t e d  f o r  t h e  n a t u r a l  uranium i n  t h e  CANDU design,  p r imar i ly  because 
uranium-oxide f u e l  enr iched  t o  1.2 pe rcen t  U-235 i n  combination wi th  h ighe r  
s y s t e m  p r e s s u r e  and temperature  would improve uranium-resource u t i l i z a t i o n ,  
would  r e d u c e  f u e l - c y c l e  c o s t s ,  and  would r e d u c e -  t h e  r a t e  of p l u t o n i u m  
product ion.  The high-temperature gas-cooled r e a c t o r  s t u d i e d  is  t h e  des ign  
u n d e r  c u r r e n t  deve lopment  i n  t h e  U.S. Two v e r s i o n s  of  t h e  s y s t e m  were 
considered--the steam ( i n d i r e c t )  cyc le  and t h e  gas- turbine ( d i r e c t )  cycle .  
These r e a c t o r s  would ope ra t e  wi th  a helium-cooled, graphite-moderated core ,  
u s ing  a high-burnup uranium/thorium f u e l  which produces very l i t t l e  plutonium. 

Reductions i n  uranium requirements  on t h e  o rde r  of 35 t o  45 pe rcen t  over  a 
s t anda rd  l igh t -water  r e a c t o r  (5  t o  15 percent  over  t h e  improved v e r s i o n )  could  
b e  achieved us ing  advanced conve r t e r s  on a once-through cyc le ,  and 40 t o  70 
pe rcen t ,  us ing  recycle .  I n  genera l ,  t h e s e  r e a c t o r s  could not  be  broughq, 
i n t o  commercial use  u n t i l  about t h e  f i r s t  decade of the next  century,  given, 
t h e  long l ead  t i m e  necessary t o  develop and demonstrate t h e  systems. The 
steam c y c l e  v e r s i o n  of t h e  high-temperature gas-cooled r e a c t o r  could be made 
a v a i l a b l e  earlier than  t h e  d i r e c t  c y c l e  ve r s ion ,  s i n c e  t h e  remaining develop- 
ment and demonstrat ion s t e p s  are fewer i n  number and less complex t e c h n i c a l l y .  

I m p l i c a t i o n s  f o r  I n t e r n a t i o n a l  Deployment:  P r o l i f e r a t i o n  R e s i s t a n c e  of 
Advanced Converters  -- For once-through systems, va r ious  a l t e r n a t l v e s  are. 
c u r r e n t l y  under cons idera t ion .  Most of t h e s e  would seek  t o  improve uranium 
u t i l i z a t i o n ,  t o  ease some concerns f o r  s e c u r i t y  of supply and t o  reduce t h e  
impetus f o r  reprocess ing .  Some modi f i ca t ions  i n  t h e  f u e l  f o r  t h e  s t anda rd  
CANDU heavy-water r e a c t o r  may marginal ly  improve i t s  p r o l i f e r a t i o n  r e s i s t a n c e .  
The u s e  of uranium f u e l  enr iched  t o  1 .2  pe rcen t  would improve uranium u t i l i -  
. za t ion  s u b s t a n t i a l l y  by reducing uranium requirements  about  25 percent  below 
requirements  f o r  t h e  s t anda rd  CANDU heavy-water r e a c t o r  u s ing  n a t u r a l  uranium. 
It would reduce t h e  amounts of plutonium i n  t h e  spen t  f u e l  t o  about t h e  l e v e l  
i n  c u r r e n t  l igh t -water  r e a c t o r s  and reduce t h e  amount of spent  f u e l  genera ted  
from more than  4 t o  1 1 / 2  t i m e s  t h a t  of a l igh t -water  r e a c t o r .  But wh i l e  the' 
u s e  of s u c h  f u e l  would  r e i n t r o d u c e  a dependence  on  e n r i c h m e n t  s e r v i c e s ,  
i t  could a l s o  provide  a p r e t e x t  f o r  developing an independent enrichment 
c a p a b i l i t y  
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The use  of a once-through f u e l  cyc le  us ing  20 percent  enr iched  uranium and 
t h e  i n t r o d u c t i o n  of thorium have been considered f o r  heavy-water and high- 
temperature  gas-cooled r e a c t o r s .  As i n  t h e  once-through l i g h t - w a t e r  r e a c t o r  
c y c l e  u s i n g  low-enr i ched  u r a n i u m  f u e l s ,  t h e  i s o t o p i c  b a r r i e r  would b e  
r e t a i n e d ,  b u t  it would reduce t o  about one t e n t h  t h e  s e p a r a t i v e  work r equ i r ed  
t o  e n r i c h  f r e s h  f u e l  f o r  use  i n  nuc lear  weapons. There would a l s o  be  l a r g e  
amounts of s i m i l a r  material i n  t h e  spen t  f u e l ,  i nc lud ing  U-233 of equ iva len t  
enrichment. On t h e  o t h e r  hand, t h e  amount of plutonium i n  t h e  f u e l  would be  
decreased,  and t h e  d i f f i c u l t y  of e x t r a c t i n g  i t  would probably b e  increased.  
The u s e  of h igh ly  enr iched  uranium f e e d  i n  any of t h e s e  r e a c t o r  types  would, 
of course ,  g r e a t l y  decrease  t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  once-through 
cycle .  I n  t h e  case of t h e  p r e s e n t l y  deployed and planned convent iona l  l i g h t -  
water r e a c t o r s ,  t h r e e  elements--the c o s t  and development t i m e  r equ i r ed  f o r  
i n t roduc ing  new f u e l  types ,  t h e  l ack  of clear market acceptance, and t h e  
n a t u r e  of t h e  d i f f e r e n c e s  i n  p r o l i f e r a t i o n  resistance--substantially reduce 
t h e  a t t r a c t i v e n e s s  of choosing any of t h e  once-through a l t e r n a t i v e s  t o  t h e  
l i g h t - w a t e r  r e a c t o r  s o l e l y  on  t h e  b a s i s  of p r o l i f e r a t i o n  r e s i s t a n c e .  

A l t e r n a t i v e  r e c y c l e  s y s t e m s  were examined t o  assess t h e i r  r e l a t i v e  
proliferation-resistance f e a t u r e s .  The p r o l i f e r a t i o n  r e s i s t a n c e  of 
p l u t o n i u m  r e c y c l e  i n  heavy-water  r e a c t o r s  would b e  e s s e n t i a l l y  t h e  same 
as  t h a t  of t h e  r e f e r e n c e  l i g h t - w a t e r  r e a c t o r  sys t em,  w h e t h e r  o r  n o t  t h e  
f u e l - u t i l i z a t i o n  improvements were incorpora ted .  Advanced r ecyc le  sys t ems  
t y p i c a l l y  i n c o r p o r a t e  thorium t o  reduce consumption of uranium resources  
and t o  make t h e  dena tu r ing  o p t i o n  ava i l ab le .  Adoption of a r e l a t i v e l y  pu re  
uranium/thorium c y c l e  (with U-233 and no U-238) would have p r o l i f e r a t i o n  
r i s k s  c o m p a r a b l e  t o  t h o s e  of o r d i n a r y  p l u t o n i u m  r e c y c l e  s y s t e m s  , s i n c e  
f i s s i l e  concen t r a t ions  would be comparable and s ince weapons-usable material 
would become a v a i l a b l e  through chemical s e p a r a t i o n  (hot  reprocess ing ,  i f  
t h e  material i s  p r o t e c t e d  by a r a d i a t i o n  b a r r i e r ) .  

However, p r o l i f e r a t i o n  r e s i s t a n c e  may b e  i n c r e a s e d  i f  t h e  f r e s h  f u e l  i s  
denatured. I s o t o p i c  enrichment would then  be  r equ i r ed  t o  o b t a i n  weapons- 
u s a b l e  U-233. Reprocessing and o t h e r  r e c y c l e  f a c i l i t i e s  could b e  p laced  i n  
i n t e r n a t i o n a l  c e n t e r s  - o p e r a t i n g  i n  s u i t a b l e  l o c a t i o n s  unde r  a p p r o p r i a t e  
c o n t r o l s .  I n  t h e s e  c e n t e r s ,  t h e  e x t r a c t e d  plutonium could  be  combined wi th  
thorium t o  f u e l  r e a c t o r s  which could then  produce U-233. T h i s  U-233 would be 
denatured and used t o  f u e l  d i spe r sed  r e a c t o r s ,  which would r e t u r n  t h e i r  spen t  
f u e l  t o  t h e  i n t e r n a t i o n a l  cen ters .  'Bu t  t h i s  system, which would r e q u i r e  
r e c y c l e  f a c i l i t i e s  and interdependence between two r e a c t o r  t ypes ,  would not  he 
p r e f e r a b l e  from a proliferation-resistance s t andpo in t  t o  an in te rdependent  
system which has  r e a c t o r s  ope ra t ing  on law-enriched uranium f u e l  i n  d i spe r sed  
l o c a t i o n s  and r e t u r n i n g  spen t  f u e l  t o  i n t e r n a t i o n a l  cen te r s .  It  would b e  
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p r e f e r a b l e  t o  a system which used mixed uranium/plutonium oxides  t o  f u e l  t h e  
j ,  

d i spe r sed  r e a c t o r s .  
- 

R e s o u r c e  Use of Advanced Converters  i n  t h e  Once-Through Cycle -- Advanced 
conver te r  r e a c t o r s ,  such as t h e  heavy-water r e a c t o r  and t h e  high-temperature  
gas-cooled r e a c t o r ,  use  uranium more e f f i c i e n t l y  t h a n  t h e  c u r r e n t  once-through 
l igh t -water  r e a c t o r  f u e l  cyc le s ;  a n  i n d i v i d u a l  heavy-water r e a c t o r  u ses  42 
pe rcen t ,  and a high-temperature gas-cooled r e a c t o r  uses  30 pe rcen t ,  less 
uranium over  a 30-year ope ra t ing  l i f e t i m e .  However, t h e  e f f e c t  of any ind i -  
v i d u a l  r e a c t o r  on t h e  uranium consumption of t h e  t o t a l  nuc lear  system i s  
d e p e n d e n t  on  i t s  a b i l i t y  t o  p e n e t r a t e  t h e  marke t .  F o r  p u r p o s e s  of t h i s  
a n a l y s i s ,  t h e  advanced conver te r  r e a c t o r  would be introduced i n  2003, and 
would be a b l e  t o  cap tu re  an  inc reas ing  f r a c t i o n  of new capac i ty  p l u s  rep lace-  
ments each year  t h e r e a f t e r .  However, a new r e a c t o r  could not  c a p t u r e  all new 
capac i ty  p l u s  replacements  u n t i l  about 30 y e a r s  a f t e r  i t s  in t roduc t ion .  The 
i n t r o d u c t i o n  of advanced conve r t e r s  on t h e  once-through c y c l e  fo l lowing  a 
15 pe rcen t  improvement i n  l i g h t - w a t e r  r e a c t o r  f u e l  u t i l i z a t i o n  would reduce 
uranium demand by about  10 pe rcen t ,  as shown i n  F igu re  9. Th i s  a l t e r n a t i v e  
would be almost as e f f e c t i v e  as t h e  p o t e n t i a l  15 percent  f u r t h e r  improvement 
t o  t h e  l igh t -water  r e a c t o r  w i t h  once-through f u e l  u t i l i z a t i o n .  

It is impor tan t  t o  emphasize t h a t  t h e  impact of advanced conver te r  r e a c t o r s  
on uranium requirements  r e f l e c t s  t h e  NASAP market p e n e t r a t i o n  a n a l y s i s  and t h e  
con t inu ing  use  of t h e  once-through f u e l  cycle .  With commercial i n t r o d u c t i o n  
of an  advanced conver te r  beginning i n  2003, t h e  l i g h t - w a t e r  r e a c t o r  would 
s t i l l  c o m p r i s e  o v e r  70 p e r c e n t  of t h e  o p e r a t i n g  n u c l e a r  c a p a c i t y  i n  t h e  
year  2025. 

Resource Use i n  Advanced Converters  w i t h  Recycle -- F u r t h e r  improvements i n  
f u e l  u t i l i z a t i o n  are p o s s i b l e  i f  advanced conve r t e r s  r e c y c l e  spen t  f u e l .  I n  
gene ra l ,  advanced conver te r  r e a c t o r s  r ecyc l ing  f u e l  are expected t o  use t h e  
thorium f u e l  cycle .  This  cyc le  involves  t h e  product ion  of U-233 which is, 
from a phys ic s  s t andpo in t ,  a b e t t e r  f u e l  f o r  t h e s e  r e a c t o r s  t han  uranium 
enr iched  i n  U-235. Two approaches t o  t h e  making of U-233 were analyzed: 
(1) use  of enr iched  (20 pe rcen t  and 93 pe rcen t  U-235) uranium/thorium f u e l  
i n  l i g h t - w a t e r  r e a c t o r s  and ( 2 )  u s e  of  p l u t o n i u m / t h o r i u m  f u e l ,  a l s o  i n  
l igh t -water  r eac to r s .  It w a s  assumed t h a t  e i t h e r  f u e l  t ype  could be used 
i n  l igh t -water  r e a c t o r s  beginning i n  1990, and t h a t  t h e  U-233 would be used 
i n  t h e  advanced  c o n v e r t e r s .  However, r e c o v e r y  and r e c y c l e  of t h e  U-233 
would no t  occur  be fo re  2000, and probably no t  u n t i l  l a te r .  
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Figure 9. Effects on U308 Demand of the Introduction of Advanced Converters into a 
System of Improved Once-Through L ight-Water Reactors 



The annual  U 0 demands of t h e  system of l igh t -water  r e a c t o r s  and advanced 
c o n v e r t e r s  ?or t h e s e  two a l t e r n a t i v e  a p p r o a c h e s  w e r e  compared w i t h  t h e  
s e l f - g e n e r a t e d  r e c y c l e  i n  t h e  l i g h t - w a t e r  r e a c t o r  p r e v i o u s l y  d i s c u s s e d .  
The h i g h - t e m p e r a t u r e  gas -coo led  r e a c t o r  w a s  u s e d  t o  r e p r e s e n t  advanced  
conver te rs .  

8 

Enrichment p l a n t  t a i l s  assay  would be 0.20 percen t  U-235 i n  a l l  s cena r ios .  
I f  t h e  U-233 were t o  be produced by f u e l i n g  r e a c t o r s  with U-235 a d thorium, 
l a r g e  i n i t i a l  i n v e n t o r i e s  of enr iched  uranium would be required.  As U-233 
w a s  produced and recycled,  uranium demands would diminish.  U 0 demand i n  
2010 would be nea r ly  twice t h a t  €o r  s e l f  -generated r ecyc le  ia ?light-water 
r e a c t o r s .  With e i t h e r  t h e  1978 Median o r  High growths,  t h e r e  would be  a 
supply /demand i m b a l a n c e  d u r i n g  t h e  i n i t i a l  deployment  s t a g e .  By 2025, 
t h e r e  would b e  s i g n i f i c a n t l y  reduced uranium requirements ,  b u t  t h e  earlier 
High r e q u i r e m e n t s  c o u l d  p r e c l u d e  r a p i d  deployment  of t h i s  f u e l  c y c l e .  

Should advanced conve r t e r s  p e n e t r a t e  t h e  market a t  a slower rate,  then  t h e  
High p e a k  u r a n i u m  demand would b e  a v o i d e d ,  b u t  t h e  l o n g e r - t e r m  u ran ium 
demand would be  h igher  ' than t h e  demand wi th  a more r ap id  market pene t ra t ion .  

.. "1 

Using plutonium obta ined  by reprocess ing  spen t  f u e l  from l i g h t - w a t e r  r e a c t o r s  
and combining i t  w i t h  thorium t o  produce U-233 i n  l igh t -water  r e a c t o r s  could 
a v e r t  uranium supply/demand imbalances through t h e  year 2025, even w i t h  r ap id  
i n t r o d u c t i o n  of advanced conver te r  r e a c t o r s .  For b o t h - 1 9 7 8  High and Median 
growth, t h e  annual  U 0 supply would be adequate  o r  nea r ly  adequate  i f  t h e  
l a r g e  backlog of l igh?-aa te r  r e a c t o r  spen t  f u e l  were t o  be used as  a source  of 
plutonium u n t i l  2025, o r  probably s h o r t l y  a f t e r ,  when t h e  spent - fue l  backlog 
would have been consumed. 

Advanced conver te r  r e a c t o r s  u s ing  t h e  thorium c y c l e  could a l s o  produce U-233 
themselves by e i t h e r  o€ t h e  two means descr ibed  above, bu t  would cause a 
smaller impact on uranium requirements  than t h a t  of t h e  approach analyzed. 

Commercial  P o t e n t i a l  -- I n  c o n t r a s t  t o  e v o l u t i o n a r y  changes  t o  e x i s t i n g  
technologies  such as t h e  l igh t -water  r e a c t o r  improvements d iscussed  earlier,  
advanced  c o n v e r t e r s  would r e p r e s e n t  a h i g h e r  l e v e l  of c o m m e r c i a l l z a t i o n  
e f f o r t  w i t h  a t t e n d a n t  t e c h n i c a l ,  f i n a n c i a l ,  o p e r a t i o n a l  and poss ib ly  p u b l i c  
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a c c e p t a n c e  r i s k s ,  e s p e c i a l l y  i f  r e p r o c e s s i n g  and r e c y c l e  were u t i l i z e d .  
Advanced converterso would t a k e  longer  t o  become a v a i l a b l e  and, given t h e  
amount of t i m e  r equ i r ed  t o  demonstrate new technologies ,  could not  be i n t r o -  
duced commercially, as a class, b e f o r e  t h e  t u r n  of t h e  century and could 
no t  b e  commercially deployed i n  s i g n i f i c a n t  numbers much be fo re  2025. None of 
t h e s e  systems would o f f e r  s i g n i f i c a n t  economic advantages over  l i g h t - w a t e r  
r e a c t o r s  u n l e s s  uranium p r i c e s  were i n  the  range of $100 t o  $200 pe r  pound 
of u 08. Thus, n a t u r a l  market f o r c e s  a lone  could  no t  b e  expected t o  commer- 
c i a l l z e  any advanced converter .  

Commercial deployment could  be e f f e c t e d  only through heavy Fede ra l  involvement 
i n  t h e  s t a g e s  of research ,  development, demonstrat ion,  and precompet i t ive  
deployment. F i r s t  would be a series of a c t i v i t i e s  designed t o  ensure  t h a t  
t h e  r e a c t o r  system and t h e  fue l -cyc le  f a c i l i t i e s  were advanced enough tech-  
n o l o g i c a l l y  t o  be a r e l i a b l e  e lectr ic  power-generation sys t em,  one t h a t  could 
even tua l ly  b e  o f f e r e d  compet i t ive ly  t o  t h e  u t i l i t i e s .  The precompet i t ive  
deployment would begin  when t h e  demonstrat ion of t h e  technology had been 
completed and would involve  deploying a series of r e a c t o r  p l a n t s  which would 
no t  y e t  be  economically compet i t ive  wi th  t h e  e x i s t i n g  system. It i s  a n t i c i -  
pa ted  t h a t  s u b s t a n t i a l  manufacturing and cons t ruc t ion  l e a r n i n g  would occur  
dur ing  t h i s  i n i t i a l  deployment. The r e a c t o r s  deployed dur ing  t h i s  phase 
migh t  r e q u i r e  s u b s i d i e s ,  s u c h  as  i n c r e m e n t a l  i n v e s t m e n t  c o s t s  o v e r  t h e  
e x i s t i n g  l igh t -water  r e a c t o r s ,  t o  induce p r i v a t e  s e c t o r  investment i n  t h e  
new system. 

The e s t ima ted  c o s t  of r e sea rch ,  development, and demonstrat ion f o r  advanced 
conve r t e r s  ranges from $2 t o  $5 b i l l i o n ,  depending on t h e  system, and t h e  
pace, o r  r i s k ,  of t h e  program undertaken. I n  add i t ion ,  p recompet i t ive  sub- 
s i d i e s  s u c h  as i n c r e m e n t a l  i n v e s t m e n t  c o s t s  above  a l i g h t - w a t e r  r e a c t o r  
system, could  add $1 t o  $2 b i l l i o n  t o  t h e  t o t a l  c o s t  of commercializing any 
new advanced conver te r  system. Recycle ope ra t ion  would r e q u i r e  a d d i t i o n a l  
r e sea rch ,  development, and demonstrat ion cost--$1.8 t o  $2.6 b i l l i o n  f o r  t h e  
high-temperature gas-cooled r e a c t o r ,  f o r  example. Th i s  i n i t i a l  investment 
c o s t  f o r  f a c i l i t i e s  would be p a r t i a l l y  r epa id  through t h e  sale of e l e c t r i c i t y  
o r  fue l -cyc le  se rv i ces .  Lead p l a n t  c o s t s ,  f o r  example, could be  almost f u l l y  
recovered,  as could l ead  fue l -cyc le  f a c i l i t y  cos t s .  

The steam-cycle high-temperature gas-cooled r e a c t o r  has rece ived  most of 
t h e  a t t e n t i o n  from t h e  Fede ra l  Government, u t i l i t i e s ,  and vendors i n  t h e  
United S t a t e s .  Although i t  could ope ra t e  on uranium, t h e  high-temperature 
gas-cooled r e a c t o r  h a s  been designed f o r  t h e  thorium cycle ,  thereby decreas ing  
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t h e  p r e s s u r e  on  uranium r e s o u r c e s .  A l s o ,  a c c o r d i n g  t o  some, t h e  s a f e t y  
c h a r a c t e r i s t i c s  of t h i s  r e a c t o r  might o f f e r  p o t e n t i a l  improvement over t h e  
l igh t -water  r e a c t o r ,  such as t h e  thermal  p r o p e r t i e s  of t h e  g r a p h i t e  moderator 
and lower expected r a d i o a c t i v e  releases. I n t e r e s t  i n  t h i s  r e a c t o r  concept has  
r e c e n t l y  s h i f t e d  t o  d i r ec t - cyc le  vers ion ,  a system wi th  p o t e n t i a l  f o r  process-  
h e a t  a p p l i c a t i o n s ,  and, w i t h  dry cool ing ,  f o r  use i n  water-poor reg ions  of t h e  
United S t a t e s .  The f e a t u r e s  of t h i s  f u e l  r e a c t o r  system would be adap tab le  t o  
both e lec t r ic  power gene ra t ion  and process-heat a p p l i c a t i o n s .  The market 
p o t e n t i a l  f o r  process-heat  appl- lcat ions w a s  no t  analyzed by NASAP. 

P" 

The p o t e n t i a l  of t h e  d i r e c t  cyc le  i n  e lectr ical  markets would be  determined 
p r i m a r i l y  by how t h e  market would pe rce ive  and react t o  t h i s  system's unique 
c h a r a c t e r i s t i c  of low water consumption, i t s  p o t e n t i a l  f o r  improved s a f e t y  
c h a r a c t e r i s t i c s ,  and t h e  u t i l i z a t i o n  of thorium resources .  

A t  t h e  c u r r e n t  t i m e ,  t h e  sum of a l l  t h e s e  f a c t o r s  does n o t  o f f e r  a clear 
advantage over t h e  e x i s t i n g  l i g h t - w a t e r  r e a c t o r  and i t s  near-term improve- 
ments. Y e t ,  assuming t h a t  t h i s  system were t o  b e  deployed a f t e r  s u c c e s s f u l  
demonstrat ion,  could p e n e t r a t e  t h e  baseload nuc lear  e l e c t r i c a l - g e n e r a t i n g  
market ( s i m i l a r  t o  t h e  p e n e t r a t i o n  experienced by t h e  l-lght-water r e a c t o r s ) ,  
and could even tua l ly  ach ieve  a maximum annual  market s h a r e  of 50 pe rcen t ,  it 
could make as much as a 13 percent  c o n t r i b u t i o n  of t h e  i n s t a l l e d  nuc lea r  
capac i ty  i n  2025, i f  e lectr ical-demand growth w e r e  high.  

Because t h e  heavy-water r e a c t o r  could be deployed earlier, i ts  p o t e n t i a l  
market c o n t r i b u t i o n  by 2025 could be  g r e a t e r ,  g iven  a similar set of market- 
p e n e t r a t i o n  assumptions.  However, t h e  advantages of t h i s  system over  t h e  
c u r r e n t  l igh t -water  r e a c t o r ,  w i th  i t s  planned iinprovements, are so  marginal  
t h a t  they would no t  b e  s u f f i c i e n t  t o  gene ra t e  s i g n i f i c a n t  market demand, a t  
least u n t i l  uranium c o s t  becomes very high. Also, t h e r e  i s  no s i g n i f i c a n t  
p r iva t e - sec to r  domest ic  i n t e r e s t  i n  t h i s  sys t em.  

Breeder Reac tors  

Of a l l  t h e  resource  ex tens ion  techniques be ing  considered,  breeder  r e a c t o r s  
are unique, s i n c e  they have t h e  p o t e n t i a l  t o  decouple power product ion  from 
uranium supply.  A number of concepts are c u r r e n t l y  under development both 
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i n  t h e  U.S. and  a b r o a d .  Of t h o s e  b e i n g  i n v e s t i g a t e d ,  t h e  l i q u i d - m e t a l  
f a s t  b reede r  r e a c t o r  i s  c l e a r l y  t h e  f r o n t  runner  i n  terms of o v e r a l l  promise,  
from t h e  s t a n d p o i n t s  bo th  of t e c h n i c a l  and economic performance, and of t iming  
as t o  when t h e  technology could be  a v a i l a b l e .  The gas-cooled f a s t  r e a c t o r ,  
u s i n g  t h e  same f u e l  c y c l e  as t h a t  of t h e  l iqu id-meta l  f a s t  b reeder  r e a c t o r ,  
i s  pe rce ived  by some t o  have p o t e n t i a l  economic performance advantages a l so .  
Th i s  system i s  s i g n i f i c a n t l y  behind i n  development, s o  t h a t  t h e  e f f e c t  of 
i ts  deployment by 2025, even i f  r e sea rch ,  development, and demonstrat ion are 
pursued aggres s ive ly ,  would no t  be  s i g n i f i c a n t .  Other  r e a c t o r  concepts  may 
war ran t  i nc reased  development a t t e n t i o n  i n  t h e  f u t u r e .  For  example, t h e  
l i g h t - w a t e r  b reede r  r e a c t o r  may b e  a candida te  f o r  more e x t e n s i v e  development 
because it is  an  ex tens ion  of t h e  l i g h t - w a t e r  r e a c t o r s  p r e s e n t l y  i n  use  and 
t h u s  r e p r e s e n t s  an  evo lu t iona ry  technology change. The l igh t -water  breeder  
is  d i scussed  s e p a r a t e l y  i n  t h i s  r epor t .  Also,  t h e  gas-cooled f a s t  b reede r  
r e a c t o r  could be  a backup breeder  technology, and any domestic e f f o r t  could 
b e n e f i t  from i n t e r n a t i o n a l  i n t e r e s t .  There are, f o r  example, gas-cooled 
b r e e d e r  p r o g r a m s  i n  t h e  F e d e r a l  R e p u b l i c  o f  Germany a n d  i n  S w i t z e r l a n d .  

Breeder  r e a c t o r s  produce more f i s s i l e  material (Pu-239 o r  U-233) than  they 
consume i n  t h e  p rocess  of gene ra t ing  e l e c t r i c i t y .  A t y p i c a l  l iqu id-meta l  
f a s t  b reede r  r e a c t o r  des ign  w i l l  gene ra t e  about  1.2 t o  1.4 atoms of f i s s i l e  
material f o r  each atom f i s s i o n e d .  To achieve  t h i s  performance, t h e  r e a c t o r s  
r e q u i r e  t h e  r ep rocess ing  and r e c y c l e  of t h e  f i s s i l e  i so topes  i n  t h e  spen t  
f u e l .  

These f a s t  b reede r s  o p e r a t e  a t  h igh  temperatures ,  and t h e  f u e l s  ope ra t e  a t  
h i g h  power d e n s i t y  and  r e q u i r e  a l e v e l  of t e c h n o l o g y  beyond t h a t  of t h e  
c u r r e n t  l i g h t - w a t e r  r e a c t o r  f u e l .  However, a g r e a t  d e a l  of r e s e a r c h  and 
development work h a s  been done bo th  domest ica l ly  and i n t e r n a t i o n a l l y  on t h e s e  
systems. With an  e a r l y  d e c i s i o n  t o  proceed w i t h  a demonstrat ion p l a n t ,  f a s t  
b reede r s  could be  deployable  on a commercial scale i n  t h e  U.S. befo re  2010. 
A l a t e r  commitment t o  t h e  next major f a c i l i t y  a long  w i t h  proof of o p e r a t i o n  
f o r  each remaining major development s t e p  could r e s u l t  i n  a 2020 t o  2030 
commercial i n t roduc t ion .  

I m p l i c a t i o n s  f o r  I n t e r n a t i o n a l  Deployment :  P r o l i f e r a t i o n - R e s i s t a n c e  
Assessmen t  -- Whi le  b r e e d e r  r e a c t o r  s y s t e m s  would  a f f o r d  a p o t e n t i a l l y  
i n e x h a u s t i b l e  nuc lear - fue l  supply,  they  would a l s o  r e p r e s e n t  a major depa r tu re  
f r o u  once-through l igh t -water  r e a c t o r  systems i n  terms of p r o l i f e r a t i o n  r i s k .  
I n  many r e s p e c t s ,  t h e  proliferation.resistance of breeder  systems would b e  
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s imi la r  t o  t h a t  of r ecyc le  systems; however, t h e r e  would be  d i f f e r e n c e s  due 
t o  t h e  increased  f lows  of plutonium a t  h ighe r  concent ra t ions .  

Fast-breeder mixed-oxide f u e l s  would have plutonium concen t r a t ions  of 15 t o  
25  percent ,  cons idered  t o  be weapons-usable, whereas r e c y c l e  mixed-oxide f u e l s  
would conta in  only 4 t o  6 percent  plutonium, no t  considered t o  be  weapons- 
usable .  This  f e a t u r e  would i n c r e a s e  t h e  v u l n e r a b i l i t y  of t h e  nuc lear  power 
s y s t e m  t o  subna t iona l  p r o l i f e r a t i o n  t h r e a t s ,  p a r t i c u l a r l y  i n  c o u n t r i e s  de- 
ploy.ing only t h e  r eac to r s .  It would a l s o  i n c r e a s e  t h e  v u l n e r a b i l i t y  of t h e  
breeder  s y s t e m  t o  n a t i o n a l  t h r e a t s ,  a l though most n a t i o n s  would probably 
employ out-of-system f a c i l i t i e s  t o  recover  plutonium metal. Otherwise,  t h e  
h i g h e r  p l u t o n i u m  c o n c e n t r a t i o n s  and o t h e r  t e c h n i c a l  d i f f e r e n c e s  be tween  
breeder  and r e c y c l e  f u e l s  would have only a marginal  impac t  on out-of-system 
p r o l i f e r a t i o n  a c t i v i t i e s .  The h ighe r  plutonium concen t r a t ions ,  f o r  example, 
would permit  t h e  u s e  of somewhat smaller f a c i l i t i e s  and less feed  material. 

F i n a l l y ,  because r e sea rch  and development a c t i v i t i e s ,  l a r g e l y  motivated by 
a n t i c i p a t e d  f a s t  b reeder  needs, are a l ready  t ak ing  p l ace ,  t h e  p r o l i f e r a t i o n  
v u l n e r a b i l i t i e s  of  f a s t - b r e e d e r  s y s t e m s  c o u l d  a p p e a r  l o n g  b e f o r e  a c t u a l  
r e a c t o r  deployment and must b e  accomodated  I n  c u r r e n t  e f f o r t s  t o  e s t a b l i s h  
a s a t i s f a c t o r y  n o n p r o l i f e r a t i o n  regime. 

A number of breeder  s y s t e m s  have been i n v e s t i g a t e d  as a l t e r n a t i v e s  t o  t h e  
l i q u i d - m e t a l - c o o l e d  d e s i g n .  Gas-cooled  r e a c t o r s  a n d / o r  t h o r i u m - b l a n k e t  
concepts  have a similar degree  of p r o l i f e r a t i o n  r e s i s t a n c e  t o  t h a t  of t h e  
l iqu id-meta l  f a s t  b reeder  r e a c t o r  wi th  uranium/plutonium f u e l  and would n o t  
a p p e a r  t o  reduce s i g n i f i c a n t l y  t h e  prospec ts  of p r o l i f e r a t i o n .  Advanced 
system concepts ,  such as t h e  molten-sal t  b reeder ,  are d iscussed  later. 

The ImpacL-pf F a s t  Breeder ReacLors on Domestic and World Resources -- The 
f a s t  b r e e d e r  r e a c t o r  d o e s  n o t  r e q u i r e  t h e  min ing  of new uranium,  b u t  i s  
dependent on plutonium recovered from l igh t -water  r e a c t o r  f u e l  t o  provide 
i n i t i a l  i n v e n t o r i e s  of f u e l .  The f a s t  breeder  r e a c t o r  can a l s o  produce a n  
excess of f u e l  over  i t s  l i f e t i m e  which can b e  used t o  f u e l  new r e a c t o r s  i n  a 
growing nuc lea r  power system wi thout  t h e  need t o  mine uranium. Thus, e l ec t r i c  
power-generating systems which employ s i g n i f i c a n t  numbers of f a s t  b reeder  
r e a c t o r s  would r e q u i r e  s u b s t a n t i a l l y  less mined uranium than  systems which do 
not.  On t h e  o t h e r  hand, r ep rocess ing  i s  a b s o l u t e l y  e s s e n t i a l .  
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@ The i n t r o d u c t i o n  of t h e  f a s t  b reeder  r e a c t o r  i n t o  a system of 15 percent -  
improved l i g h t - w a t e r  r e a c t o r s  on the  once-through c y c l e  would r e s u l t  i n  a 
l e v e l i n g  o f €  and then  a d e c l i n e  i n  annual  U 0 demand; t h e  peak of t h e  annual  
demand would occur  w i t h i n  about t e n  years3 a8fter in t roduc t ion ,  as shown i n  
F igu re  10. 

Th i s  e f f e c t  would depend on t h e  rate of i n t r o d u c t i o n  of t h e  breeder ,  which 
i n  t u r n  would depend on t h e  ra te  of reprocess ing  t o  o b t a i n  t h e  plutonium f o r  
t h e  breeder  i n i t i a l  inventory .  The uranium recovered from t h e  reprocessed  
l igh t -water  r e a c t o r  spen t  f u e l  c o n t r i b u t e s  s u b s t a n t i a l l y  t o  t h e  r educ t ion  i n  
uranium demand. I n  t h e  1978 High-growth case, about  21 GW of b reede r s  would 
be in t roduced  s t a r t i n g  i n  2006, be fo re  t h e  uranium demand peaked a t  about 
90,000 s h o r t  t ons  of U 0 p e r  year  i n  about 2015; r ep rocess ing  requirements  
would i n c r e a s e  t o  about 87,600 t / y r  by t h a t  t i m e ,  equ iva len t  t o  t h e  annual  
spent - fue l  d i scha rge  from about 500 l igh t -water  r eac to r s .  I f  t h e  deployment 
of t h e  f a s t  b reeder  r e a c t o r  d i d  not  begin  u n t i l  2014, t h e  peak i n  uranium 
demand would occur  about seven y e a r s  l a te r ,  amounting t o  more than 100,000 
s h o r t  t ons  of U 0 pe r  yea r  and l a s t i n g  about a decade. Thus, w i t h  a h igh  
nuc lea r  growth, 3e8,rly fas t -breeder  i n t r o d u c t i o n  would be an a l t e r n a t i v e  t o  
l a rge - sca l e  development of low-grade resources .  

Should t h e  High nuc lea r  growth occur ,  t h e  f u e l  u t i l i z a t i o n  of t h e  l i g h t - w a t e r  
r e a c t o r  once-through f u e l  cyc le  might be  improved more than 15 pe rcen t ,  and 
t h e  enrichment p l a n t  t a i l s  assay  could be reduced. Also, high-grade and  
low-grade uranium resources  could be exp lo i t ed  t o  t h e  maximum. However, s i n c e  
t h e  f a s t  b reeder  r e a c t o r  would tend t o  s i g n i f i c a n t l y  dec rease  t h e  demand f o r  
enr iched  uranium w i t h i n  t e n  y e a r s  a f t e r  i ts  in t roduc t ion ,  maximum development 
of uranium supply f a c i l i t i e s  and added enrichment-plant capac i ty  f o r  reduced 
t a i l s  assay  might r e s u l t  i n  s u r p l u s  f a c i l i t - i e s  be fo re  t h e  end of t h e i r  u s e f u l  
l i f e .  Thus, r a p i d  deployment of f a s t  b reeder  r e a c t o r s  may reduce t h e  incen- 
t i v e  t o  i n v e s t  i n  uranium mining and enrichment f a c i l i t i e s .  

Assuming t h e  1978 Median nuc lear  demand and f a s t -b reede r  i n t r o d u c t i o n  i n  
e i t h e r  2006 o r  2014, uranium supply should not  be  a problem, and i n  e i t h e r  
case, annual  demand would be d e c l i n i n g  by 2025. The resource-conservat ion 
i n c e n t i v e  f o r  i n t roduc ing  t h e  f a s t  b reeder  r e a c t o r  is t h a t  i t  is an  essen- 
t i a l l y  i n e x h a u s t i b l e  source  of e lectr ical  energy. 
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Thus, t h e  f a s t  b reeder  r e a c t o r  and the  a s s o c i a t e d  r ep rocess ing  of l igh t -water  
r e a c t o r  spen t  f u e l  t o  provide i n i t i a l  co res  would be an e f f e c t i v e  way t o  
cap r i s i n g  uranium demand. A moderate rate of i n t r o d u c t i o n  f o r  t h e  f i r s t  
t e n  y e a r s  could  have a s u b s t a n t i a l  e f f e c t  because of t h e  r ep rocess ing  needed 
f o r  i n i t i a l  f a s t  b reeder  r e a c t o r  i nven to r i e s  and t h e  r e c y c l e  of recovered 
uranium i n t o  l igh t -water  r e a c t o r s .  I n i t i a l l y ,  t h e  dominant e f f e c t  would come 
from uranium r e c y c l e  because reprocess ing  of l igh t -water  r e a c t o r  spen t  f u e l  
f o r  a f a s t  breeder 's  f i r s t  c o r e  would a l s o  recover  enough uranium f o r  f i v e  
t o  s i x  annual  r e loads  f o r  a l igh t -water  r eac to r .  

I n t e r n a t i o n a l l y  i t  w a s  assumed t h a t  t h e  breeder  would probably be in t roduced  
i n t o  a system c o n s i s t i n g  p r imar i ly  of 15 percent-improved l igh t -water  r e a c t o r s  
u s ing  a n  enrichment t a i l s  assay  of 0.10 pe rcen t  U-235. Two s c e n a r i o s  were 
assumed l ead ing  t o  l iqu id-meta l  f a s t  b reeder  r e a c t o r  deployment of about 
10 pe rcen t  of i n s t a l l e d  f o r e i g n  c a p a c i t y  by 2025 i n  t h e  slow s c e n a r i o  and 
20 p e r c e n t  i n  t h e  r a p i d  s c e n a r i o ;  deployment  i n  t h e  U.S. w a s  assumed t o  
b e g i n  i n  2014 i n  t h e  s low s c e n a r i o  and  2006 i n  t h e  r a p i d  s c e n a r i o .  The 
impact of a slow deployment of t h e  f a s t  b reeder  r e a c t o r  through 2025 would 
be about t h e  same as  t h a t  f o r  t h e  30 percent-improved l igh t -water  r e a c t o r  on 
t h e  once-through c y c l e  wi th  0.05 pe rcen t  U-235 t a i l s  assay;  t h e  r a p i d  breeder  
deployment would have g r e a t e r  impact, p a r t i c u l a r l y  a f t e r  2025. The d i f f e r e n c e  
between t h e  slow and r a p i d  breeder  r e a c t o r  deployment rates does n o t  apear  t o  
be  s i g n i f i c a n t  through 2025 i f  t h e  c u r r e n t  nuclear-growth t rend ,  which i s  35 
t o  40 percen t  below t h e  INFCE Low growth p ro jec t ion ,  persists.  

Achieving t h e  maximum improvements i n  l igh t -water  r e a c t o r  uranium u t i l i z a t i o n  
on t h e  once-through c y c l e  could reduce t h e  urgency f o r  r a p i d l y  deploying t h e  
f a s t  b reede r  r e a c t o r  t o  avoid f o r e i g n  uranium supply/demand imbalances through 
2025, i f  uranium supply and demand are considered on a worldwide aggregated 
b a s i s .  However, r a p i d  deployment of t h e  f a s t  b reeder  r e a c t o r  might be  more 
important  f o r  h igher  growth rates and for the.  long-term needs beyond 2025. 

The i n t r o d u c t i o n  of t h e  f a s t  b reeder  r e a c t o r  i n t o  t h e  U.S. would f u r t h e r  
reduce t h e  p o s s i b i l i t y  of a g l o b a l  supply/demand imbalance. The achievement 
of t h e  maximum l ight -water  r e a c t o r  f u e l  u t i l i z a t i o n  improvements i n  c o u n t r i e s  
o u t s i d e  the  c e n t r a l l y  planned-economy 'areas would keep t h e  demand below t h e  
Low s u p p l y  c a p a b i l i t y  e v e n  w i t h  a s l o w  f a s t  b r e e d e r  r e a c t o r  deployment .  

1 ;  
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Commercial P o t e n t i a l  -- Breeder r e a c t o r s  such as t h e  l iquid-metal  f a s t  b reede r  
have h igh  long-term commercial p o t e n t i a l ,  s i n c e  they can provide a v i r t u a l l y  
i n e x h a u s t i b l e  supply of e lectr ical  energy, and t h e i r  economic competi t iveness  
would improve as t h e  p r i c e  of uranium increased.  A s  with advanced c o n v e r t e r  
r e a c t o r s ,  however, t h e  commercialization of breeder  r e a c t o r  systems would 
r e p r e s e n t  h i g h e r  i n i t i a l  risk--f i n a n c i a l l y ,  o p e r a t i o n a l l y ,  and poss ib ly  from 
a n  i n s t i t u t i o n a l  (pub l i c  acceptance and l i c e n s i n g )  s t andpo in t .  A s  w i th  t h e  
advanced c o n v e r t e r s  and o t h e r  new systems, t h e  p r i v a t e  s e c t o r  would p e r c e i v e  
major b a r r i e r s  t o  commercialization, such as u n c e r t a i n  f u t u r e  electrical 
demand and economic performance and a perceived l a c k  of a n a t i o n a l  commitment 
t o  deployment of advanced nuc lea r  systems. 

I n t e r n a t i o n a l  r e sea rch ,  development, and demonstration of t h e  l iquid-metal  
f a s t  b reede r  r e a c t o r  system h a s  progressed t o  t h e  p o i n t  where it  has  now been 
w e l l  demonstrated a t  300 MW of r a t e d  electrical  capac i ty ,  a r e l a t i v e l y  small 
s i z e .  f o r  commercial a p p l i c a t i o n .  A l a r g e r  b reede r  is  now under c o n s t r u c t i o n  
i n  France,  s o  i t  remains t o  b e  proved t h a t  t h e  system can o p e r a t e  r e l i a b l y  and 
economically a t  s i z e s  comparable t o  t h e  l ight-water  r e a c t o r s  w i th  which i t  
must eventual ly  compete. 

The sod ium-coo led  f a s t  b r e e d e r  r e a c t o r  s y s t e m  i s  g e n e r a l l y  more complex 
t h a n  t h e  l i g h t - w a t e r  r e a c t o r .  The  t e c h n o l o g y  n e e d s  t o  b e  d e m o n s t r a t e d  
long enough (1) t o  l e a r n  how t h e  materials used i n  t h e  expected o p e r a t i n g  
environments would behave; (2) t o  e s t a b l i s h  t h e  r equ i r ed -  f u e l  performance; 
(3)  t o  ensu re  t h a t  t h e  l a r g e  components f o r  p l a n t s  of commercial s i z e  would 
o p e r a t e  r e l i a b l y  and p r e d i c t a b l y ;  and (4) t o  ensu re  t h a t  t h e  l e v e l  of s a f e t y  
and environmental  impact would be acceptable .  The e n t i r e  system must prove - 
e f f e c t i v e  and must g e n e r a t e  e l e c t r i c i t y  i n  a u t i l i t y  system long enough t o  
show some i n d i c a t i o n  t h a t  it could do s o  economically. Reprocessing and 
f a b r i c a t i o n  f a c i l i t i e s ,  too,  must be demonstrated. F i n a l l y ,  t h e  r e a c t o r  
system and t h e  a s s o c i a t e d  fue l - cyc le  f a c i l i t i e s  must be shown t o  b e  l i c e n s a b l e  
by t h e  U . S .  Nuclear Regulatory Commission. 

The e s t i m a t e d  c o s t  of c o m p l e t i n g  t h e  r e q u i r e d  r e s e a r c h ,  deve lopmen t  and  
d e m o n s t r a t i o n  i s  $9 t o  $11 b i l l i o n  f o r  t h e  r e a c t o r  p l a n t  and $1.5 t o  
$ 2  b i l l i o n  f o r  t h e  fue l - cyc le  f a c i l i t i e s .  I f  deployment of t h e  s y s t e m w e r e  t o  
b e  a g g r e s s i v e l y  pursued, t h e  necessary r e sea rch ,  development and demonstrat ion 
s t e p s  could be completed i n  t i m e  f o r  t h e  f i r s t  commercial p l a n t  t o  o p e r a t e  i n  
2006. A more conse rva t ive  program, one involving less t e c h n i c a l  and economic 
r i s k ,  would t a r g e t  o p e r a t i o n  of t h e  f i r s t  commercial p l a n t  f o r  2014 and a 
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0" later commitment t o  t h e  next development f a c i l i t y  would r e s u l t  i n  commercial 
ope ra t ion  i n  2020 t o  2030. 

Based on NASAP's estimates of breeder  c a p i t a l  c o s t  and uranium pr ice  and 
s u p p l y ,  t h e  f a s t  b r e e d e r  r e a c t o r  may f i r s t  become e c o n o m i c a l l y  compe t i -  
t i v e  w i t h  t h e  e x i s t i n g  l igh t -water  r e a c t o r  between 2010 and 2020. The com- 
m e r c i a l i z a t i o n  of t h e  f a s t  b r e e d e r  would p r o b a b l y  r e q u i r e  deployment  o f  
r e a c t o r  p l a n t s  be fo re  they w e r e  commercially competi t ive.  Two t o  f i v e  such 
p l a n t s  might b e  needed, depending upon t h e  scope and pace of r e sea rch ,  devel-  
opment and demonstration. Breeders  would e n t a i l  a h ighe r  cap i t a l  c o s t  than  
t h e  competing l igh t -water  r e a c t o r s :  These b reede r s  would be candida tes  f o r  a 
Fede ra l  subs idy  e s t ima ted  a t  $1 t o  $4 b i l l i o n .  Lead fue l -cyc le  f a c i l i t i e s  
would probably be  cons t ruc t ed  be fo re  n a t u r a l  market f o r c e s  induced p r i v a t e  
c a p i t a l  i n v e s t m e n t  i n  f u e l - c y c l e  f a c i l i t i e s ;  h e n c e ,  t h e s e  would  a l s o  b e  
p o s s i b l e  F e d e r a l  subsidy items. The c o s t  of t h e s e  f a c i l i t i e s  has  been esti- 
mated a t  $2 t o  $3 b i l l i o n .  Investments  i n  t h e  precompet i t ive  phase could 
p o t e n t i a l l y  b e  recovered through sale of e l e c t r i c i t y  and fue l - cyc le  s e r v i c e s .  

H i s t o r i c a l l y ,  p r i v a t e  indus t ry  and t h e  Fede ra l  Government have viewed t h e  
l iqu id-meta l  f a s t  b reeder  r e a c t o r  as t h e  advanced technology inost l i k e l y  
t o  r e p l a c e  t h e  l i g h t - w a t e r  r e a c t o r  when u ran ium s c a r c i t y  and  economics  
d i c t a t e  such a t r a n s i t i o n .  Based on t h i s  percept ion ,  t h e  Government's p l ans  
f o r  r e sea rch ,  development, and demonstrat ion,  and indus t ry ' s  manufacturing 
i n f r a s t r u c t u r e  and ven tu re  p l a n s  were designed f o r  t h e  even tua l  t r a n s i t i o n .  
For example, some manufacturing f a c i l i t i e s  were designed and b u i l t  i n  s i z e s  

' t h a t  would  f a c i l i t a t e  m o d i f i c a t i o n  f o r  t h e  b r e e d e r ' s  needs .  Shou ld  t h e  
c u r r e n t  lower nuclear-growth estimates prove t o  be c o r r e c t ,  vendors would 
f i n d  themselves w i t h  excess  nnanufacturing capac i ty ,  and a l t e r n a t e  uses  f o r  
t h e s e  f a c i l i t i e s  may have t o  be  found. For some t i m e ,  s i g n i f i c a n t  e f f o r t  
and  e x p e n d i t u r e  h a v e  s u p p o r t e d  a f a s t - b r e e d e r  program;  no o t h e r  s y s t e m  
has  b e n e f i t e d  i n  t h i s  way from both g r e a t  commercial in te res t  and s t r o n g  
Government sponsorship.  

A l though  t h e  p r i v a t e  s e c t o r  r e m a i n s  i n t e r e s t e d  i n  t h e  l i q u i d - m e t a l  f a s t  
b reede r  r e a c t o r ,  sponsorship,  as measured by f i n a n c i a l  commitinent, has  been 
l a r g e l y  t h e  Government's. The p r i v a t e  s e c t o r  d i d  commit funds t o  prev ious  
demonstrat ion p r o j e c t s ,  but  t h e  amounts were small compared wi th  t h e  t o t a l  
b i l l  f o r  r e sea rch ,  development and demonstration. Given today's climate, t h e  
p rospec t s  f o r  p r i v a t e  s e c t o r  sponsorbhip -are v i r t u a l l y  nonex i s t en t ,  and t h e  
Government would have t o  fund most of t h e  $10 b i l l i o n  o r  more t h a t  would be 
requi red .  
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In summary, wh i l e  i ts  commercial development p o t e n t i a l  i s  c u r r e n t l y  l o w ,  t h e  
long-term market p o t e n t i a l  of t h e  l iqu id-meta l  f a s t  b reeder  r e a c t o r  is good. 
Its market out look i s  s t r o n g l y  enhanced, f i r s t ,  because i ts  economic competi- 
t i v e n e s s  w i l l  improve s u b s t a n t i a l l y  as t h e  c o s t  of uranium i n c r e a s e s ,  and, 
s e c o n d ,  by i t s  a b i l i t y  t o  e x t e n d  u ran ium r e s o u r c e s  a l m o s t  i n d e f i n i t e l y .  
P r i v a t e  s e c t o r  i n t e r e s t  would be a s t r o n g  mot iva t ing  force .  Once i t  has  been 
p e r c e i v e d  t o  b e  e c o n o m i c a l ,  t h e  s y s t e m  c o u l d  b e  d e p l o y e d  r a p i d l y  u n l e s s  
moderated by i n s t i t u t i o n a l  c o n s t r a i n t s  o r  t h e  u t i l i t i e s '  cont inuing  problems 
w i t h  r a i s i n g  c a p i t a l .  

Assuming t h a t  t h e  system were deployed immediately a f t e r  success fu l  demonstra- 
t i o n ,  and pene t r a t ed  t h e  nuc lea r  market as t h e  l igh t -water  r e a c t o r  pene t r a t ed  
t h e  baseload e lectr ical  gene ra t ing  market, and t h a t  it even tua l ly  captured  a 
maximum annual  50 pe rcen t  market share ,  i t s  p o t e n t i a l  c o n t r i b u t i o n  would, i n  
t h e  c a s e  of h igh  e lec t r ica l  demand, be  as much as 13 percent  of t h e  i n s t a l l e d  
nuc lear  gene ra t ing  capac i ty  i n  2025. The c o n t r i b u t i o n  of t h e  breeder  r e a c t o r  
c o u l d  b e  h i g h e r  i n  some f o r e i g n  c o u n t r i e s  t h a n  i n  t h e  U n i t e d  S t a t e s .  

The commercial p o t e n t i a l  of t h e  gas-cooled f a s t  r e a c t o r  w a s  a l s o  assessed.  
Th i s  r e a c t o r  w a s  conceived as a back-up t o  t h e  l iquid-metal  f a s t  b reeder  
r e a c t o r ,  and as such, it w a s  t o  have t aken  advantage of developments i n  a l l i e d  
technologies--the l iqu id-meta l  f a s t  b reeder ' s  f u e l ,  fue l -cyc le  f a c i l i t i e s ,  and 
t h e  r e s o l u t i o n  of g e n e r i c  l i c e n s i n g ,  s a f e t y ,  and environmental  i s s u e s  r e l a t e d  
t o  f a s t  b reede r s ;  and t h e  high-temperature gas-cooled r e a c t o r ' s  components and 
systems such as t h e  r e a c t o r  ves se l ,  steam gene ra to r s ,  and helium-purif i c a t i o n  
and helium-handling systems. A s  c u r r e n t l y  concelved, i t  has  t h e  p o t e n t i a l  
f o r  lower c a p i t a l  c o s t  and f o r  b e t t e r  o v e r a l l  economics than  t h e  l lyuid-metal  
b reeder  us ing  t h e  same fue l .  However, s i g n i f i c a n t  eng inee r ing  ques t ions  
remain t o  be answered t o  suppor t  t h e s e  p o t e n t i a l  a t t r i b u t e s .  

i -. I 

\ 

Being dependent on t h e  developmental p rog res s  of two o t h e r  technologies ,  
t h e  gas -coo led  f a s t  r e a c t o r  s y s t e m  a s  a who le  h a s  b e e n  less  deve loped .  
The f i r s t  major s t e p  would be t o  show t h a t ,  i n  a small p l a n t ,  t h e  e n t i r e  
system works. Following t h i s  s t e p ,  t h e  system m i s t  prove i t s  performance 
c h a r a c t e r i s t i c s  Ln a p l a n t  of commercial s i z e  and demonstrate i t s  ope ra t ing  
r e l i a b i l i t y  and, u l t i m a t e l y ,  its economic competi t iveness .  This could be 
accomplished w i t h  one o r  two r e a c t o r  p l a n t s ,  depending upon t h e  level of r i s k  
under ly ing  t h e  approach t o  research ,  development, and demonstration. I f  
deployment of t h e  gas-cooled f a s t  r e a c t o r  were t o  fol low t h a t  of t h e  l i qu id -  
metal f a s t  b reeder  as c u r r e n t l y  planned, t h e  fue l -cyc le  f a c i l i t i e s  r equ i r ed  
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f o r  t h i s  system would be - a v a i l a b l e .  However, i f  it were t o  b e  developed 
wi thout  t h e  pa ren t  technologies ,  t h e  e f f o r t  would need t o  be  s u b s t a n t i a l l y  
inc reased ,  and would inc lude  demonstrat ion of t h e  fue l -cyc le  f a c i l i t i e s .  

The e s t ima ted  c o s t  of completing the research ,  development, and demonstrat ion 
r equ i r ed  f o r  t h e  gas-cooled f a s t  r e a c t o r  as a back-up breeder  is  $5.3 t o  
$7.3 b i l l i o n .  L ike  t h e  l iquid-metal  f a s t  b reeder  r e a c t o r ,  t h e  gas-cooled 
f a s t  r e a c t o r  would r e q u i r e  p r e c o m p e t i t i v e  deployment  of r e a c t o r  p l a n t s ,  
which, i f  agg res s ive ly  pursued, could be in t roduced  between 2015 and 2020; 
precompet i t ive  c o s t s  would come t o  s e v e r a l  b i l l i o n  d o l l a r s .  With a high-r isk,  
a c c e l e r a t e d  approach t o  research ,  development, and demonstrat ion,  t h e  earliest  
d a t e  t h e  f i r s t  commerc ia l  ( p r e c o m p e t i t i v e )  p l a n t  c o u l d  o p e r a t e  h a s  been  
e s t i m a t e d  t o  b e  i n  2016. A more c o n s e r v a t i v e ,  r i s k - b a l a n c e d  p l a n  would 
schedule  t h e  f i r s t  commercial p l a n t  f o r  ope ra t ion  i n  2024. 

The o v e r a l l  market p o t e n t i a l  of t h e  gas-cooled f a s t  r e a c t o r  would be  low i f  
t h e  l iqu id-meta l  f a s t  b reeder  were t o  be  pursued, since i t  would have t o  
s h a r e  t h e  breeder  market and t h e  l iquid-metal  r e a c t o r  could be in t roduced  
earlier. I t  would be h igher  i f  t h e  l iqu id-meta l .  f a s t  b reeder  r e a c t o r  were 
not  pursued. As a back-up breeder ,  i t  is no t  clear whether,  o r  how, t h e  
gas-cooled f a s t  r e a c t o r  might e n t e r  t h e  market. I f  i t  were t o  compete w i t h  
t h e  l iquid-metal  f a s t  b reeder  f o r  t h e  f a s t  b reeder  r eac to r ' s  s h a r e  of t h e  
nuc lea r  market,  t hen  i t s  p e n e t r a t i o n  would probably b e  s i g n i f i c a n t l y  slower 
than  i f  t h e  gas-cooled f a s t  r e a c t o r  were deployed i n  competi t ion wi th  t h e  
improved  l i g h t - w a t e r  r e a c t o r .  I n  t h i s  s i t u a t i o n ,  t h e  l i q u i d - m e t a l  f a s t  
b reeder  r e a c t o r  would a l r eady  be  deployed, poss ib ly  w i t h  more than  one r e a c t o r  
s u p p l i e r ,  and its c o s t  would r e f l e c t  ope ra t ing  experience.  The gas-cooled 
f a s t  r e a c t o r  would e s s e n t i a l l y  be  competing wi thout  b e n e f i t  of learn ing .  The 
precompet i t ive  c o s t  would have t o  be  subs id i zed  i n  some way i f  i t  were t o  
compete on t h e  b a s i s  of i t s  mature peformance c h a r a c t e r i s t i c s .  P e n e t r a t i n g  
the  nuc lear  market as t h e  l i g h t - w a t e r  r e a c t o r .  d i d  the baseload e l e c t r i c a l  
gene ra t ion  market, and assuming an eventual annual maximum market s h a r e  of 
50 pe rcen t ,  i t s  p o t e n t i a l  c o n t r i b u t i o n  t o  t h e  nuc lea r  e l e c t r i c a l  gene ra t ion  
c a p a c i t y  could be  as much as 4 percen t  i n  2025 under a h igh  e lectr ical  demand 
growth scenar io .  
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Water-cooled Breeder Reactor  

A number of d i f f e r e n t  water-cooled breeder  r e a c t o r  concepts ( inc lud ing  a 
heavy-water v e r s i o n )  are be ing  i n v e s t i g a t e d  by t h e  Department of Energy's 
D i v i s i o n  of Naval Reactors.  However, NASAP's a n a l y s i s  has focused on t h e  
l i g h t - w a t e r  concepts,  which are more developed t h a n  t h e  heavy-water con- 
c e p t s .  One o f  t h e  l i g h t - w a t e r  b r e e d e r  s y s t e m s  is b e i n g  d e m o n s t r a t e d  a t  
t h e  Shippingport  Atomic Power S t a t i o n .  

I 

The l i g h t - w a t e r  b r e e d e r  r e a c t o r  i s  a n  e x t e n s i o n  of l i g h t - w a t e r  r e a c t o r  
technology, and would be designed t o  o p e r a t e  a t  a conversion r a t i o  of 1.0 o r  
s l i g h t l y  higher .  The p l a n t  components and equipment would be e s s e n t i a l l y  
t h e  same as t h o s e  of p re s su r i zed -wa te r  r e a c t o r s ,  b u t  t h e  f u e l  design would 
b e  d i f f e r e n t .  T h i s  system would make u s e  of thorium-based f u e l s  and breeding 
is a n t i c i p a t e d ,  u s i n g  a f u e l  c y c l e  based on h igh ly  en r i ched  U-233 and thorium. 
The l i g h t - w a t e r  b reede r  r e a c t o r  would r e q u i r e  r ep rocess ing  and r e c y c l i n g  
of f u e l ,  and  s i n c e  U-233 i s  n o t  found  i n  n a t u r e ,  i t  m u s t  be p r o d u c e d  i n  
a r e a c t o r .  Thus, t h e  i n t r o d u c t i o n  of l i g h t - w a t e r  breeder  r e a c t o r s  would 
r e q u i r e  t h e  p roduc t ion  of U-233 and would occur i n  two phases,  a p reb reede r  
phase and a b reede r  phase. These phase8 could involve two s e p a r a t e  r e a c t o r  
des igns  o r  a s i n g l e  r e a c t o r  des ign  wi th  two s e q u e n t i a l  f u e l  types.  I n  one 
of t h e  l a t t e r  o p t i o n s ,  t h e  second  p h a s e  i s  t o  o p e r a t e  t h e  r e a c t o r  as a 
high-gain c o n v e r t e r ,  which has  a conversion r a t i o  of less than  one. 

The p reb reede r  would be c h a r a c t e r i z e d  by r e l a t i v e l y  h igh  uranium consumption, 
s i n c e  t h e  prebreeder  would u s e  a uranium/thorium f u e l  w i th  a r e l a t i v e l y  h igh  
U-235 c o n t e n t .  The  U-233 produced  by p r e b r e e d e r s  would  b e  u s e d  t o  f u e l  
r e a c t o r s  i n  t h e  b reede r  phase which could have l i t t l e  o r  no requirement f o r  
n a t u r a l  uranium. Both p reb reede r s  and b reede r s  would u s e  e s s e n t i a l l y  t h e  
same r e a c t o r  and p l a n t  components as t h e  p re s su r i zed -wa te r  r e a c t o r ,  b u t  would 
s u b s t i t u t e  d i f f e r e n t  co re ,  f u e l ,  and control-system designs.  One of t h e i r  
advantages would be e x t e n s i v e  use  of t h e  e x i s t i n g  manufacturing f a c i l d t i e s  of 
t h e  l i gh t -wa te r  r e a c t o r .  

P reb reede r s  could use  plutonium/thorium f u e l s  t o  produce U-233 f o r  breeders .  
U s e  of plutonium i n  t h i s  manner would assume t h a t  t h e  r ep rocess ing  p r o l i f e r a -  
t i o n  and sa fegua rd  i s s u e s  had been resolved. I n  a d d i t i o n ,  i t  is a l s o  p o s s i b l e  
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8 t o  produce U-233 i n  c u r r e n t  l i g h t - w a t e r  r e a c t o r s  by s u b s t i t u t i n g  thorium f o r  
U-238 as t h e  f e r t i l e  material. 

I m p l i c a t i o n s  f o r  I n t e r n a t i o n a l  Deployment:  P r o l i f e r a t i o n - R e s i s t a n c e  
Assessmen t  -- I n  c o n t r a s t  t o  d e n a t u r e d  r e c y c l e  s y s t e m s ,  t h e  l i g h t - w a t e r  
b r e e d e r  r e a c t o r  r e l i e s  on h i g h l y  e n r i c h e d  U-233 and would p r o b a b l y  b e  
r e l a t i v e l y  low i n  p r o l i f e r a t i o n  r e s i s t a n c e ,  a l though perhaps comparable t o  
t h e  plutonium r e c y c l e  i n  a l igh t -water  r e a c t o r ,  which uses  plutonium i n  t h e  
f r e s h  f u e l .  L ike  t h a t  of t h e  plutonium r e c y c l e  systems, t h e  p r o l i f e r a t i o n  
r e s i s t a n c e  of systems us ing  h igh ly  enr iched  uranium might be  improved somewhat 
by t e c h n i c a l  measures and by conf in ing  reprocess ing  and f a b r i c a t i o n  a c t i v i t i e s  
t o  p l a n t s  under i n t e r n a t i o n a l  auspices .  

S ince  t h e  l igh t -water  breeder  r e a c t o r  fue l - cyc le  systems r e q u i r e  r ep rocess ing  
and  depend on  t h e  r e c y c l e  of h i g h l y  e n r i c h e d  U-233, t h e i r  p r o l i f e r a t i o n  
r e s i s t a n c e  would c e r t a i n l y  b e  no g r e a t e r  than t h a t  of t h e  r ecyc le  system i f  
t hey  were deployed under n a t i o n a l  c o n t r o l  i n  non-nuclear-weapons states. 

One mod i f i ca t ion  of t h e  l i g h t - w a t e r  breeder ,  mentioned ear l ie r ,  i s  a concept 
u s i n g  denatured U-233/thorium f u e l ;  i t  cannot breed and has  been termed a 
high-gain conver te r .  The denatured U-233 high-gain conver te r  would have 
t h e  same p r o l i f e r a t i o n  c h a r a c t e r i s t i c s  as o the r  denatured cyc le s  r e q u i r i n g  
r e p  rocess  i n g  . 

The Impact  of Water-cooled Breeder Reac tors  on Domestic and World Resources -- 
The water-cooled breeder  r e a c t o r  ,has been advanced as a r e a c t o r  system t h a t  
would s i g n i f i c a n t l y  reduce f u t u r e  uranium consumption. The rate of deployment 
of t h e  p reb reede r s  i n  the - sys t em determines t h e  U 0 consumption, i f  t h e  pre-  
breeder  u ses  a uranium/thorium f u e l .  w i t h  a relat2ve8ly h igh  U-235 enrichment. 
However, i f  a plutonium/thorium fue la , i s  used i n  prebreeders ,  t h e r e  i s  no U308 
requirement f o r  t hose  r e a c t o r s ,  assuming t h e  plutonium is  obta ined  by reproc-  
e s s i n g  l i g h t - w a t e r  r e a c t o r  spen t  f u e l .  The U-233 produced by prebreeders  i s  
used t o  f u e l  r e a c t o r s  i n  t h e  l i g h t - w a t e r  breeder - reac tor  phase,  s o  t h e  breeder  
h a s  l i t t l e  o r  no requirement f o r  U 0 Although l igh t -water  breeder  r e a c t o r s  
gene ra t e  new U-233 a t  approximatel; ,%e same rate t h a t  they consume i t ,  some 
p o r t i o n  of a growing system must aLways c o n s i s t  of prebreeders .  These pre- 
b reede r s  could f u r n i s h  t h e  a d d i t i o n a l  U-233 t o  make up f o r  l o s s e s ,  and t o  
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provide  f o r  system expansion. It  w a s  assumed t h a t  t h e  l igh t -water  breeder  
r e a c t o r  concept was in t roduced  i n t o  a system of 15 percent-improved l i g h t -  
water r eac to r s .  A seed/b lanket  type  of l igh t -water  breeder  was used f o r  t h e  
uraniumlthorium-fueled scena r ios ,  and a high-gain conver te r  w a s  used f o r  t h e  
plutonium/thorium-fueled scena r ios .  

Rapid deployment of a l igh t -water  breeder  r e a c t o r  system based on i n i t i a l  
p r o d u c t i o n  of U-233 i n  U-235/ thor ium-fue led  p r e b r e e d e r s  would have  h i g h  
i n i t i a l  requirements  f o r  uranium, b u t  w i t h i n  t e n  y e a r s  of i n t r o d u c t i o n  of t h e  
b r e e d e r ,  a n n u a l  u r a n i u m  demand would peak  and  b e g i n  t o  d e c l i n e .  I f  t h e  
prebreeder  r e a c t o r s  are deployed more s lowly,  t h e  U 3 0 8  demand peak a s s o c i a t e d  
wi th  r ap id  deployment can b e  avoided. However, t h i s  r e s u l t s  i n  t h e  deployment 
of  f e w e r  l i g h t - w a t e r  b r e e d e r  r e a c t o r s  by 2025 and ,  c o n s e q u e n t l y ,  h i g h e r  
long-term annual  and cumulat ive uranium consumption. A range of deployment 
rates w a s  considered by vary ing  t h e  f r a c t i o n  of new and replacement r e a c t o r s  
which are prebreeders .  For t h e  1978 Median-growth rate, i t  w a s  found t h a t  i f  
30 percent  of new r e a c t o r s  are prebreeders ,  t h e  l a r g e  peak i n  demand dur ing  
i n i t i a l  deployment could b e  avoided and over t h e  long term, annual  uranium _ ,  

requirements  would rise a t  a slower rate, even tua l ly  beginning t o  dec l ine .  
The annual  U 3 0 8  requirements  f o r  a system of prebreeders  and l ight-water  
breeder  r e a c t o r s  is presented  i n  Table  14. T h e  prebreeders  are deployed 
i n t o  a system of 15 percent-improved l igh t -water  r e a c t o r s  beginning i n  1990 
f o r  two prebreeder  i n t r o d u c t i o n  rates. The r ap id  deployment scena r io  r e s u l t s  
i n  a f a s t e r  bu i ldup  and f a s t e r  d e c l i n e  i n  uranium requirements .  With t h e  

TABLE 14. ANNUAL U 0 DEMAND FOR SYSTEMS OF LIGHT-YATER 
REACTOR ~ R ~ B R E E D E R S  AND BREEDER REACTORS 

(Thousands of Shor t  Tons) 

i n  1990 i n  2000 i n  2005 i n  2015 i n  2020 i n  2025 

Rapid deployment 52 66 83 45 34 33 
(begin deployment 1990, 
100% of market by 2000) 

Moderate deployment 50 56 66 79 77 73 
(begin  deployment 1990, 
30% of market by 1995) 

'1978 Median nuc lea r  growth, 0.20% enrichment p l a n t  t a i l s  assay  
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moderate deployment rate, uranium supply would appear t o  be  adequate  through 
2025; a nuc lea r  growth of about 1 2  GW pe r  year  could be s u s t a i n e d  f o r  a t  least  
several decades t h e r e a f t e r .  I f  t h e  h ighe r  uranium supply range i s  achieved,  
supply would no t  b e  a problem f o r  t h e  r a p i d  deployment scenar io .  

I f  a h i g h  n u c l e a r  growth  r a t e  resumed i n  t h e  pos t -2000 p e r i o d ,  t h e  same 
uranium demand t r e n d s  would occur,  bu t  supply would be a much g r e a t e r  problem, 
p a r t i c u l a r l y  wi th  r ap id  deployment of prebreeders ,  and t h e  concomitant sha rp  
i n c r e a s e  i n  r e q u i r e m e n t s  d u r i n g  i n i t i a l  deployment .  With t h e  modera t e  
deployment rate,  a supply/demand imbalance would occur around 2025 even wi th  
maximum product ion  from high-grade resources  and near-maximum product ion  from 
low-grade resources .  

I n  summary, i t  is p o s s i b l e  t o  use  enr iched  uranium i n  a uranium/thorium p r e -  
b reeder  t o  make t h e  t r a n s i t i o n  t o  a U-233/thorium-fueled l igh t -water  breeder  
r e a c t o r  w i thou t  encounter ing a uranium supply/demand imbalance wi th  a Median 
growth ra te  of about  1 2  GW p e r  y e a r ;  t h i s  growth rate could be s u s t a i n e d  f o r  
s e v e r a l  decades a f t e r  2025. However, agg res s ive  uranium-resource development, 
improvement i n  t h e  f u e l  u t i l i z a t i o n  of l igh t -water  r e a c t o r s ,  and poss ib ly  
r educ t ion  i n  enrichment p l a n t  t a i l s  a s say  would be requi red ;  o therwise ,  t h e  
deployment rate of prebreeder  r e a c t o r s  would be  cons t ra ined ,  and l igh t -water  
breeder  r e a c t o r s  would have marginal  impact on uranium requirements  dur ing  t h e  
pe r iod  through 2025. The nuc lear  system growth ra te  t h a t  can b e  s u s t a i n e d  
w i t h  t h e  uranium/thorium approach t o  in t roduc ing  t h e  l igh t -water  breeder  
r e a c t o r  may b e  l i m i t e d  t o  about 12 t o  15 GW pe r  year .  

A uranium supply/demand imbalance could a l s o  b e  avoided wi th  prebreeder  l i g h t -  
w a t e r  reactors u s i n g  plutonium/thorium f u e l .  I f  plutonium-f ue led  prebreeder 
r e a c t o r s  were in t roduced  i n  t h e  1990's w i th  1978 Median nuc lea r  growth, t h e  
annual  demand would not  reach  60,000 ' s h o r t  t ons  U 3 0 8  pe r  yea r  u n t i l  2025. 
I f  a High nuc lea r  growth rate resumed a f t e r  2000, demand would grow t o  about 
100,000 s h o r t  t ons  U 0 per  year  by 2025, and l a rge - sca l e  development of 
low-grade r e sources  w&fd be r equ i r ed  t o  s u s t a i n  t h i s  growth rate. Uranium 
s u p p l i e s  would not  a p p e a r  t o  b e  a problem u n t i l  about  2025. 

It  appears  t h a t  t h e  plutonium/thorium' s t r a t e g y  l ead ing  t o  t h e  l i g h t - w a t e r  
b reede r  r e a c t o r  may not  be a b l e '  t o  s u s t a i n  a growth rate much l a r g e r  than 
t h e  Median nuc lea r  growth of about 12 t o  15 GW pe r  year  and t h a t  t h i s  growth 
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rate could 'be s u s t a i n e d  w i t h  a product ion of about 50,000 t o  65,000 s h o r t  
pe r  yea r  f o r  s e v e r a l  decades a f t e r  l igh t -water  breeder  r e a c t o r  

i n t r o d u c t  tons U3°H on. 

Commercial P o t e n t i a l  -- F a c t o r s  i n  t h e  commercial p o t e n t i a l  of t h e  l i g h t - w a t e r  
breeder  r e a c t o r  i nc lude  i t s  evolu t ionary  s t a t u s  r e l a t i v e  t o  t h e  e x i s t i n g  
l ight-water  r e a c t o r  technology and i t s  requirement f o r  bred U-233; i n d u s t r y  
i n t e r e s t  i n  commercial p rospec t s  of t h e  c u r r e n t  r e sea rch  and development 
programs under way a t  t h e  Department of Energy; and t h e  use  and a v a i l a b i l i t y  
of r ep rocess ing  and f a b r i c a t i o n  f a c i l i t i e s  f o r  U-233 f u e l .  I f  plu.tonium 
i s  u s e d  t o  augment U-235 as p r e b r e e d e r  f u e l ,  t h e r e  i s  a r e q u i r e m e n t  f o r  
r ep rocess ing  and f a b r i c a t i o n  f a c i l i t i e s  f o r  t h i s  f u e l  as w e l l ,  adding t o  t h e  
u n c e r t a i n t y  r ega rd ing  a s su rance  of r ecyc le  technology t o  suppor t  t h e  d e s i r e d  
deployment rat  e. 

NASAP'S economic a n a l y s i s  of l igh t -water  breeder  r e a c t o r  concepts  i n d i c a t e s  
that, a t  the p resen t  t i m e ,  the  high-gain conve r t e r  is the most promising , 

concept f o r  competing economically wi th  t h e  improved l igh t -water  r eac to r .  
Therefore ,  t h i s  concept  w a s  chosen f o r  t h e  commercial assessment.  Some of the 
o t h e r  concepts  have b e t t e r  c h a r a c t e r i s t i c s  € o r  r e source  u t i l i z a t i o n  and could 
be  se1ectr.d t E  uranium resource  s c a r c i t y  w a s  t h e  main d e c i s i o n  f a c t o r .  The 
high-gain conver te r  has  a conversion r a t i o  of about  0.9 and is thereEore not  a 
breeder .  However, i t  would be much more r e source -e f f i c i en t  than  t h e  c u r r e n t  
l igh t -water  r eac to r .  Other  l igh t -water  breeder  r e a c t o r  concepts  may prove t o  
have commercial p o t e n t i a l  i n  t h e  fu tu re .  Indus t ry ' s  i n t e r e s t  i n  t he  r e s u l t s  
of t h e  under ly ing  r e sea rch  and development programs f o r  such concepts  w i l l  
he lp  determine t h i s  p o t e n t i a l .  

S i n c e  t h e  s y s t e m s  and components  o f  t h e  h i g h - g a i n  c o n v e r t e r  r e a c t o r  are  
e s s e n t i a l l y  t h e  same as t h o s e  in t h e  p r e s s u r i z e d - w a t e r  r e a c t o r ,  no  
p l an t - r e l a t ed  demonstrat ion would be requi red .  Fuel perforuance,  r e a c t o r  
c o n t r o l  s y s t e m s ,  and r e c y c l e  f a c i l i t i e s  would  need  t o  b e  d e m o n s t r a t e d ,  
however. 

The f u e l  d e s i g n  of t h e  h i g h - g a i n  c o n v e r t e r  i s  b a s e d  on t h e  S h i p p i n g p o r t  
U-233/thorium f u e l  now undergoing ex tens ive  t e s t i n g .  G companion program 
h a s  been designed t o  e s t a b l i s h  needed informat ion  f o r  U-235/thorium f w L ,  
which w i l l  be  used f o r  t h e  prebreeder ,  phase. Plutonium i s  not  included i n  
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t h i s  program, s o  t h a t  i f  it were t o  be  used, s u b t a n t i a l l y  more development 
work would need t o  be done. 

F u e l - p e r f o r m a n c e  d a t a  f rom a c t u a l  s y s t e m  o p e r a t i o n  i s  a p r e r e q u i s i t e  t o  
u t i l i t y  a c c e p t a n c e ,  s u c h  as  i s  t h e  case i n  t h e  e x t e n d e d  b u r n u p  f u e l  f o r  
l igh t -water  r eac to r s .  Experience wi th  a t  Least one ba tch  of f u e l  assembl ies  
of t h e  proposed commercial U-235/thorium and U-233/thorium f u e l s  would be  
r e q u i r e d .  However, i f  f u e l  d e s i g n s  u s i n g  U-235 and  U-233 t h a t  would b e  
o f f e r e d  f o r  commercial a p p l i c a t i o n s  are e s s e n t i a l l y  t h e  s a m e  as those  be ing  
d e m o n s t r a t e d  a t  S h i p p i n g p o r t  a n d  a s s o c i a t e d  p rograms ,  t h e n  i t  is l i k e l y  
t h a t  very  l i t t l e ,  i f  any, a d d i t i o n a l  i r r a d i a t i o n  tests would be r equ i r ed  
t o  e s t a b l i s h  g e n e r i c  f u e l  performance. However, t h e  nuc lear  steam-supply- 
s y s t e m  v e n d o r s ,  as  f u e l  f a b r i c a t o r s  and  o f f e r e r s ,  would need  t o  c o n d u c t  
programs t o  ensure  l i c e n s a b i l i t y  and t o  provide  t e c h n i c a l  bases  f o r  per-  
fo rmance  w a r r a n t y  of f u e l  d e s i g n s  s p e c i f i c  t o  e a c h  o f  t h e i r  s y s t e m s .  

Batch o r  f u l l - c o r e  fuel-performance demonstrat ions can be conducted i n  a 
l e a d  p l a n t ,  which would e i t h e r  b e  a r e t r o f i t t e d  ope ra t ing  p res su r i zed -wa te r  
r e a c t o r  o r  a new p res su r i zed -wa te r  r e a c t o r  modified for high-gain conver te r  
opera t ion .  While u s e  of aa ope ra t ing  p res su r i zed -wa te r  r e a c t o r  as t h e  l ead  
p l a n t  would reduce c a p i t a l  investment,  s u b s i d i e s  would probably s t i l l  be  
r e q u i r e d .  These  s u b s i d i e s  would c o v e r  t h e  o w n e r l s  c o s t s  f o r  p o s s i b l e  
downtime and replacement power. It might a l s o  be  necessary t o  s u b s i d i z e  
o t h e r  i t e m s  t h a t  t h e  u t i l i t y  migh t  f e e l  were e s s e n t i a l  t o  p r o t e c t  i t s  
i n t e r e s t ,  s i n c e  it would be  agree ing  t o  convert  what would normally b e  a 
b a s e l o a d  p l a n t ,  w i t h  p r e d i c t a b l e  c a p a c i t y  f a c t o r ,  i n t o  a n  e x p e r i m e n t a l  
f a c i l i t y  . 

Recycle technology, i nc lud ing  f a c i l i t y  o p e r a t i o n  would need t o  be  demonstrated 
f o r  t h i s  system. Demonstrations would be  needed for uranium/thoriurn Fuel 
f a c i l i t i e s ,  f o r  t h e  system using.  U-235 f o r  prebreeders  and U-233 f o r  t h e  
high-gain conver te r .  Add i t iona l  r e c y c l e  f a c i l i t i e s  € o r  plutonium would a l s o  
b e  r equ i r ed  i f  i t  were used f o r  t h e  prebreeder  phase. A l l  r e c y c l e  f a c i l i t i e s  
would need processes  demonstrated i n  h o t  p i l o t  p l a n t s  t o  e s t a b l i s h  performance 
parameters ,  a l though the technology f o r  plutonium-recycle f a c i l i t i e s  is more 
advanced. - 

, 
- b-. I 

The schedule  for- ' r e sea rch ,  development, and demonstrat ion of fuel-perfiormance 
and  f u e l - c y c l e  f a c i l i t i e s  i s  t h e  p r i m a r y  d e t e r m i n a n t  i n  p o s i t i o n i n g  t h e  
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high-gain conve r t e r  r e a c t o r  f o r  deployment. I f  t h e  p r e s e n t  program con t inues  
t o  1985 and t h e  d e c i s i o n  t o  proceed is  rwde a t  t h a t  t i m e ,  t h e  e s t ima ted  c o s t  
of completing t h e  r equ i r ed  r e sea rch ,  development, and deiaonstration i s  $1.1 
t o  $ 2 . 4  b i l l i o n  f o r  t h e  r e a c t o r  p l a n t ,  and $1.7 t o  $ 2 . 5  b i l l i o n  f o r  t h e  
f u e l - c y c l e  f a c i l i t i e s  w i t h  t h e  U-235 p r e b r e e d e r  f u e l .  Use of p l u t o n i u m  
i n  p reb reede r s  would i n c r e a s e  t h e s e  c o s t s  t o  $2.6  t o  $4.0 b i l l i o n .  If a 
d e c i s i o n  were t o  be made earlier, say i n  1980, t h e  c o s t  could b e  less. The 
low end  of t h e  r a n g e  f o r  t h e  r e a c t o r  p l a n t  c o s t  i s  f o r  r e t r o E i t t l n g  a n  
o p e r a t i n g  p l a n t .  Subsidy c o s t s ,  as disciissed ear l ier ,  might a l s o  be needed. 

The  t t m e  q h e n  t h e  h i g h - g a i n  c o n v e r t e r  c o u l d  become c o q > e t i t i v e  w i t h  t h e  
improved l ight-water  r e a c t o r  depends p r i m a r i l y  on nuc lea r  energy demand and 
uranium supply p r o j e c t i o n s ,  given t h e  NASAP estimates on fuel-cycle  f a c i l i t i e s  
c o s t s .  For a Xigh n u c l e a r  energy demand, Low uranlum supply s c e n a r i o ,  t h e  
t r a n s i t i o n  p o i n t  a t  which t h e  high-gain conve r t e r  could be economi.cally com- 
p e t i t i v e  might occur b e f o r e  2000. On t h e  o t h e r  hand, Low nuc lea r  energy 
demand and High uranium supply would pu t  t h i s  d a t e  a t  around 2025 o r  beyond. 
The High n u c l e a r  energy demand s c e n a r i o  mst be considered '  a low-probabili ty 
event a t  t h i s  t i m e .  

I f  t h e  s y s t e m  were competi t ive with t h e  inproved l i gh t -wa te r  r e a c t o r  by t h e  
t i m e  i t  is deployed, no precompeti t ive p l a n t s  would be required.  However, 
i t  would be necessary t o  c o n s t r u c t  r e c y c l e  f a c i l i t i e s  b e f o r e  any s u b s t a n t i a l  
market demand could occur. A subsidy f o r  t h i s  front-end investment f o r  l e a d  
f a c i l i t i e s  may be r e q u i r e d  t o  induce t h e  investment of p r i v a t e  cap i t a l  i n  
fue l - cyc le  f a c i l i t i e s .  The a s su red  a v a i l a h i l i ~ y  of t h e s e  € a c i l i t i e s  would 
make t h e  f u e l - c y c l e  c o s t  more c e r t a i n ,  a n  i m p o r t a n t  f a c t o r  L r i  r)l>i-.aining 
u t i l i t y  commitments t o  t h e  h i g h - g a i n  c o n v e r t e r  d u r i n g  t h i s  p e r i o d .  The  
e s t i m a t e d  c o s t  f o r  t h e  Lead l i g h t - w a t e r  f a c i l i t i e s  r a n g e s  f r o m  $ 5  t o  $ 7  
b i l l i o n  f o r  p l u t o n i u m / t h o r i u m  a n d  u r a n i u m / t h o r i u m  r e c y c l e  r e q u i r e m e n t s .  
Th i s  investment could p o t e n t i a l l y  b e  r ecove rab le  from o p e r a t i o n  of t h e s e  
f a c i l i t i e s .  

The market p o t e n t i a l  of t h e  high-gain conve r t e r  r e a c t o r  would be heav i ly  
i n f l u e n c e d  and made. inore f a v o r a b l e  by i t s  enhanced  r e s o u r c e - i i t i ' l i z a t i o n  
c h a r a c t e r i s t i c s .  In a d d i t i o n ,  the system's economic competi t iveness  w o u l d  
ilaprove as uranium c o s t  i nc reased ,  and t h e  system yould enable  t h e  u s e  of 
t h o r i u m  r e s o u r ' c e s .  S i n c e  i t  i s  n o t  a b r e e d e r ,  however ,  t h e  h i g h - g a i n  
conve r t e r  r e a c t o r  does n o t  e l i m i n a t e  dependency on uranium resources .  With 
t h e  supply network f o r  t h e  p l a n t  a l r eady  in p l a c e ,  t h e  r e a c t o r  vendors need 



b u i l d  up  o n l y  t h e  f u e l - f a b r i c a t i o n  f a c i l i t i e s .  T h i s  h a s  n o t  s t i m u l a t e d  
p r i v a t e  s e c t o r  commercial i n t e r e s t s  t o  date ,  however. The fue l -cyc le  f a c i l i t y  
and o t h e r  tnf  r a s t r u c t u r e  requirements  dur ing  tra1isi.t ton from completion of 
r e s e a r c h ,  deve lopmen t  and  d e m o n s t r a t i o n  t o  commerc ia l  deployment  of t h e  
h i g h - g a i n  c o n v e r t e r  r e a c t o r  a re  s u b s t a n t i a l  and c o u l d  b e  a n  o b s t a c l e  t o  
p r2va te  sector acceptance of t h e  system. 

Assuming that ~1iI.s system would be  deployed fo l lowing  ccmpl-etion of r e sea rch ,  
development and demonst r a t i o n ;  would p e n e t r a t e  t h e  nuclear market 8s the 
L i g h t - w a t e r  r e a c t o r s  d i d  t h e  b a s e l o a d  e l e c t r i c a l  g e n e r a t i n g  m a r k e t ;  and  
would even tua l ly  achieve  a maximum annual  market s h a r e  of 50 percent ,  t hen  
i t s  p o t e n t i a l  c o n t r i b u t i o n  t o  e l e c t r i c a l  gene ra t ion  would be  up t o  about 
30 p e r c e n t  of t h e  i n s t a l l e d  n u c l e a r  c a p a c i t y  i n  2025 .  T h e s e  p o t e n t i a l  
c o n t r i b u t i o n s  a re  hisher than those  of o t h e r  new systems disciissed p rev ious ly  
and r e f l e c t  t h e  s e n s i t i v i t y  05 iwrlcet s h a r e  t o  t h e  system i n t r o d u c t i o n  da te .  
Recause i t  could be  introduced earlier than o the r  sys t ems ,  t h e  l igh t -water  
breeder  r e a c t o r  :aisht have made a g r e a t e r  c o n t r i b u t i o n  by the  end of t h e  
s tudy t i m e  horizon.  

The market p o t e n t i a l  of t h e  o ther .  water-cooled breeder  r e a c t o r  des igns  being 
analyzed by t h e  Department of Energy is unce r t a in  a t  t h e  p re sen t  t i m e  and 
must awai t  r e s u l t s  of t h e  r e s e a r c h - a n d  development  programs.  Whi l e  t h e  
high-gain conve r t e r  wolild appea r  economical re la t ive t o  imp roved l igh t -water  
r e a c t o r s  a t  uranium p r i c e s  of ahout $100 p e r  pound U304, o t h e r  ve r s ions  of 
t he  l igh t -water  breeder  r e a c t o r  would appear ti, he tiiiet-ono.uFcal u n t i l  U 0 3 8  p r i c e s  reached $200 p e r  pound. 

Symbiotic Syste>,s, 

Thermal r e a c t o r s  (advanced conve r t e r  as wc! l l  as l ight-water  r e a c t o r s )  can be  
operdtrd i r k  a s y a 3 i o t i c  s t r a t e g y  wi th  f a s t  b reeder  rt?ac:[:ocs. That is, f a s t  
b reede r s  would produce f i s s i l e  material t o  be  used t o  f u e l  conver te r  re.ictors, 
and b reede r s  could use  plutonium from conver t e r  r e a c t o r s  and t h e  spent  f u e l  
s t o c k p i l e .  Thus, b reede r s  would be  .used i n  a complemntary Eashion t o  con- 
v e r t e r s ,  i n  p r i n c i p l e ,  sl ipplying a l l  t h e i r  f i s s i l e  requirements.  T h e  mix 
of breeders  and converters--cal led a syiobiotic system--could be opt imized 
t o  proc1ric:e a n  o v e r a l l  s y s t e m  e f f e c t i v e n e s s  ( lower  s y s t e m  c o s t )  which i s  
h ighe r  t han  e i t h e r  b reede r s  o r  conyer t e r s  ope ra t ing  alone. The 0 b j e c t i . w  
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of developing advanced conve r t e r s  i n  conjunct ion  w i t h  f a s t  b reeders  i s  t o  
provide  maximum f l e x i b i l i t y  i n  breeder  deployment. F l e x i b i l i t y  arises from 
t h e  c a p a b i l i t y  t o  meet d i f f e r e n t  demand p r o j e c t i o n s  w h i l e  maintaining minimal 
dependence on f a s t  b reede r s -  

Assuming t h a t  c u r r e n t  Fede ra l  and p r i v a t e  s e c t o r  r o l e s  are maintained ( t h a t  
is, t h e  p r i v a t e  u t i l i t i e s  own and ope ra t e  t h e  nuc lea r  p l a n t s )  , symbiot ic  
s t r a t e g i e s  could imply a much h igher  level of coopera t ion  among u t i l i t i e s  
aimed a t  o v e r a l l  sys tem ( i n t e r r e g i o n a l )  mix and opt imiza t ion .  Th i s  coopera- 
t i v e  decision-making could come a t  t h e  expense of an  i n d i v i d u a l  u t i l i t y ' s  
f l e x i b i l i t y  t o  create gene ra t ing  mixes f o r  i ts  own service area. I f  Govern- 
ment o w n e r s h i p  a n d / o r  management of u t i l i t i e s  w i t h  b r e e d e r  r e a c t o r s  and  
conve r t e r  r e a c t o r s  were u t i l i z e d ,  n a t i o n a l  op t imiza t ion  schemes might be  
more workable i n  p r a c t i c e .  Such ownership/management arrangements would 
r e p r e s e n t  a s i g n i f i c a n t  change i n  t h e  c u r r e n t  r o l e s  of t h e  Fede ra l  Government 
and t h e  p r i v a t e  sec to r .  

I f  advanced conve r t e r s ,  which would have reduced f i s s i l e  requirements ,  par- 
t i c u l a r l y  i f  opera ted  on t h e  thorium cyc le ,  were among t h e  thermal  r e a c t o r s  
deployed, fewer b reede r s  would be  r equ i r ed  t o  suppor t  a f i x e d  genera t ing  
capac i ty .  However, symbiot ic  systems wi th  advanced conve r t e r s  l i k e  high- 
t e m p e r a t u r e  g a s - c o o l e d  r e a c t o r s  o r  heavy-water  r e a c t o r s  on t h e  t h o r i u m  
c y c l e  would r e q u i r e  t h e  d e v e l o p m e n t - o f  two ma jo r  f u e l  c y c l e s ,  o n e  b a s e d  
on plutonium and another  on thorium. Thus, t h e  r e sea rch ,  development, and 
d e m o n s t r a t i o n  and  i n v e s t m e n t  c o s t s  and  t h e  s y s t e m  c o m p l e x i t i e s  i n v o l v e d  
would be  inc reased  over a s t r a t e g y  which emphasized only one f u e l  cycle .  

c 

For t h e s e  reasons ,  symbiot ic  systems would no t  be  expected t o  be deployed i n  
t h e  time pe r iod  covered by t h e  NASAP report--from now t o  2025. I n  t h e  long 
term, t h e  importance of such s t r a t e g i e s  would depend on breeder  economics 
and uranium s c a r c i t y .  

Advanced Concepts 

A number of less-developed nuc lear  concepts  were s t u d i e d  because of t h e i r  
apparent  p o t e n t i a l  f o r  c o n t r i b u t i n g  t o  t h e  long-term supply of e lectr ical  
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e n e r g y  i n  a p r o l i f e r a t i o n - r e s i s t a n t  and  r e s o u r c e - e f f i c i e n t  manner. The 
f a s t  mixed-spec t rum r e a c t o r  and  t h e  d e n a t u r e d  m o l t e n - s a l t  r e a c t o r  would 
no t  r e q u i r e  e x t e r n a l  r ep rocess ing  f a c i l i t i e s .  The mixed-flow gaseous-core 
r e a c t o r  wou ld  h a v e  v e r y  low f u e l  i n v e n t o r i e s  and  h i g h  f u e l  u t i l i z a t i o n .  
Fuel-producing concepts ,  such as t h e  l i n e a r - a c c e l e r a t o r  fue l - r egene ra to r  
r e a c t o r ,  t h e  e l e c t r o n u c l e a r  f u e l - p r o d u c e r  r e a c t o r  or t h e  f u s i o n - f i s s i o n  
hybr id  r e a c t o r ,  have been suggested as ways t o  produce s i g n i f i c a n t  q u a n t i t i e s  
of f u e l  f o r  u se  by d i s p e r s e d  r e a c t o r s .  These systems are, f o r  t h e  most p a r t ,  
i n  t h e  earliest  s t a g e s  of r e sea rch ,  and i n  some cases ,  t e c h n i c a l  f e a s i b i l i t y  
h a s  n o t  been demonstrated. 

F a s t  Mixed-Spectrum Reactor  -- The f a s t  mixed-spectrum r e a c t o r  would d i f f e r  
from o t h e r  f a s t  r e a c t o r  designs mainly i n  t h e  u s e  of a once-through f u e l  
c y c l e  and i n  t h e  e x t r e m e l y  h i g h  bu rnup  r e q u i r e d  o f  tlie m e t a l l i c  f u e l  
elements.  The r e a c t o r  would i n i t i a l l y  be loaded w i t h  law-enriched uranium 
f u e l ;  and a t  equi l ibr ium, make-up f u e l  would be e i t h e r  n a t u r a l  o r  dep le t ed  
uranium. 

Denatured Molten-Salt Reactor -- The molten-sal t  r e a c t o r  i s  d i s t i n g u i s h e d  by 
i t s  use of a molten mixture of i no rgan ic  f l u o r i d e  s a l t s  as a f u e l  carrier. 
The d e n a t u r e d  m o l t e n - s a l t  r e a c t o r  would u s e  a u r a n i u m / t h o r i u m  f u e l  w i t h  
U-233 and U-235 a t  low enrichments,  and t h e  plutonium t h a t  would b u i l d  up 
i n  t h e  c i r c u l a t i n g  s a l t  would  b e  p h y s i c a l l y  i n a c c e s s i b l e  for d i v e r s i o n .  

Mixed-Flow Gaseous-Core Reactor  -- The mixed-flow gaseous-core r e a c t o r  i s  
c h a r a c t e r i z e d  by t h e  u s e  of a f i s s i o n i n g  g a s  m i x t u r e  as i t s  f u e l  s o u r c e  
wi th  t h e  continuous removal of f i s s i o n  products .  Neutrons l eak ing  from t h e  
r e a c t o r  c o r e  would be absorbed i n  a thorium-containing molten-sal t  b l anke t  
to produce f i s s i l e  U-233. This  reactor is of i n t e r e s t  because i t  could be 
designed t o  have about one t e n t h  t h e  f i s s i l e - f u e l  inventory of t h e  p r e s e n t  
l i gh t -wa te r  r e a c t o r s  and would not  r e q u i r e  t h e  a d d i t i o n  of f i s s i l e  rnaterial 
beyond t h e  f i r s t  c o r e  loading. 

L i n e a r - A c c e l e r a t o r  F u e l - R e g e n e r a t o r  Reac' tor -- The l i n e a r - a c c e l e r a t o r  
fue l - r egene ra to r  r e a c t o r  would produce f u e l  f o r  o t h e r  r e a c t o r s  r a t h e r  t han  
e l e c t r i c i t y .  It would u s e  a high-energy p ro ton  beam from a l i n e a r  a c c e l e r a t o r  
i m p i n g i n g  on  a l i q u i d  l e a d - b i s m u t h _ , , t a r g e t  t o  p r o v i d e  a n  i n t e n s e  n e u t r o n  
source.  The r e a c t o r  would be designed t o  produce f u e l  by i n c r e a s i n g  t h e  
f i s s i l e  p l u t o n i u m  c o n t e n t  o f  l i g h t - w a t e r  r e a c t o r  f u e l  e l e m e n t s  a r r a n g e d  
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t o  form a s u b c r i t i c a l  f i s s i o n  b lanket ,  t h a t  is, a f i s s i o n  b lanket  which is  
unable  t o  main ta in  o r  i n c r e a s e  f i s s i o n  power wi thout  t h e  use of an  e x t e r n a l  
source  of neutrons.  

I 

Elec t ronuc lea r  Fuel-Producer Reactor -- The e l e c t r o n u c l e a r  fuel-producer 
r e a c t o r  would  u s e  a l i n e a r  a c c e l e r a t o r  t o  p r o d u c e  a beam of h igh -ene rgy  
p ro tons  which would s t r i k e  a l iquid-sodium t a r g e t  t o  produce neutrons t h a t  
subsequent ly  would r e a c t  w i th  a s u b c r i t i c a l  b lanket  of f i s s i l e  and f e r t i l e  
materials. The f u e l  would be  composed of a mixture  of plutonium, thorium, 
and uranium. The plutonium would be t h e  major source  of f i s s i o n  energy, 
w h i l e  t h e  t h o r i u m  would  b e  a s o u r c e  of U-233 which  would b e  e x t r a c t e d  
and  u s e d  as d e n a t u r e d  f u e l  f o r  l i g h t - w a t e r  r e a c t o r s .  One f u e l - p r o d u c e r  
r e a c t o r  would provide  t h e  f u e l  f o r  about f i v e  s i m i l a r l y  s i z e d  l igh t -water  
r e a c t o r s .  The concept d i f f e r s  from t h e  fue l - regenera tor  r e a c t o r  i n  t h a t  i t  
would r e q u i r e  a r ep rocess ing  cyc le  t o  recover  t h e  U-233 t h a t  i s  produced, 
and would use  plutonium f u e l .  

Tokamak Fusion-Fiss ion Hybrid Reactor  -- The hybrid r e a c t o r  concept would ~ 

use  a tokamak deuter ium-t r i t ium f u s i o n  r e a c t o r  as a neut ron  source,  which 
would b e  s u r r o u n d e d  by a b l a n k e t  c o n t a i n i n g  t h o r i u m  o r  u ran ium f e r t i l e  
mater ia l .  The b l a n k e t  c o u l d  p r o d u c e  s u f f i c i e n t  f i s s i l e  f u e l  t o  o p e r a t e  
s e v e r a l  f i s s i o n  r e a c t o r s  and s imultaneously produce e lec t r ica l  power. The 
h y b r i d  r e a c t o r  would  p r o d u c e  i t s  own t r i t i u m  f r o m  l i t h i u m - b e a r i n g  f u e l .  
The hybr id  r e a c t o r  f u e l  cyc le  would r e q u i r e  r ep rocess ing  and f u e l  f a b r i c a t i o n  
and would involve  t h e  handl ing  of s u b s t a n t i a l  q u a n t i t i e s  of weapons-usable 
materials. 

I m p l i c a t i o n s  f o r  I n t e r n a t i o n a l  Deployment :  P r o l i f e r a t i o n - R e s i s t a n c e  
Assessment -- Commercial i n t r o d u c t i o n  of any of t h e s e  sys t ems  is  expected t o  
t a k e  40 yea r s  o r  more. Af t e r  i n i t i a l  i n t r o d u c t i o n ,  any concept would r e q u i r e  
a d d i t i o n a l  t i m e  f o r  deployment b e f o r e  c o n t r i b u t i n g  i n  a major way t o  energy 
product ion.  Meanwhile, a l a r g e  number of more f u l l y  developed systems would 
b e  d e p l o y e d ,  and ,  a c c o r d i n g l y ,  e v e n  though some of  t h e  r e a c t o r  c o n c e p t s  
considered may o f f e r  p o s s i b l e  b e n e f i t s  f o r  p r o l i f e r a t i o n  r e s i s t a n c e ,  none 
c a n  i n f l u e n c e  t h e  o v e r a l l  l e v e l  of p r o l i f e r a t i o n  r i s k  f o r  a l o n g  t i m e .  

Both t h e  molten-salt  and gaseous-core r e a c t o r s  are perceived t o  have similar 
p r o l i f e r a t i o n - r e s i s t a n t  f e a t u r e s ,  i n  p a r t i c u l a r ,  t h e  l i m i t e d  access  t o  f i s s i l e  
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m a t e r i a l  and t h e  d i f f i c u l t y  of removing  i t  u n d e t e c t e d  f r o m  t h e  two f u e l  
cyc les .  The f a s t  mixed-spectrum r e a c t o r  f u e l  cyc le  would be s l i g h t l y  more 
vu lne rab le  t o  p r o l i f e r a t i o n  because its spen t  f u e l  would con ta in  s u b s t a n t i a l l y  
more plutonium than  spen t  f u e l  from l i g h t r a t e r  r e a c t o r s  ope ra t ing  i n  t h e  
once-through mode. However, t h e  i n s t i t u t i o n a l  c o n t r o l s  needed t o  minimize 
p r o l i f e r a t i o n  r i s k  wi th  t h e  f a s t  mixed-spectrum r e a c t o r  are s imilar  t o  those  
r equ i r ed  f o r  t h e  once-through l igh t -water  r e a c t o r  s y s t e m  and would the re f  o r e  
b e  i n  place. Similar t o  t h a t  of t h e  f a s t  mixed-spectrum r e a c t o r ,  t h e  f u e l  
t h a t  would be  used i n  t h e  fue l - regenera tor  r e a c t o r  would con ta in  s u b s t a n t i a l  
q u a n t i t i e s  of plutonium a f t e r  r egene ra t ion ;  t h e  a c c e l e r a t o r  would a l s o  have 
t o  be c a r e f u l l y  safeguarded t o  prevent  i t s  being used as a cove r t  source  of 
weapons-usable material. 

'The othGr fuel-producing concepts ,  t h e  fuel-producer and t h e  hybr id  r e a c t o r ,  
would p roddce  s i g n i f i c a n t  q u a n t i t i e s  of f i s s i l e  f u e l  f o r  use by d i spe r sed  
r e a c t o r s .  *'They could be converted e a s i l y  t o  t h e  product ion  of weapons-usable 
mateFYals, and only i n s t i t u t i o n a l  c o n t r o l s  could keep them i n  t h e  nuc lea r  
p&er , fue l -genera t ion  mode. Accordingly,  t h e i r  deployment should b e  l i m i t e d  
and "under a p p r o p r i a t e  i n t e r n a t i o n a l  auspices .  The d i spe r sed  r e a c t o r s  f u e l e d  
wi th  regenera ted  plutonium/uranium o r  denatured uranium would be  somewhat 
less p r o l i f e r a t i o n  r e s i s t a n t  than r e a c t o r s  with once-through cyc le s  us ing  
lay-enriched uranium because of t h e  g r e a t e r  a c c e s s i b i l i t y  of weapons-usable 
materSa1 i n  t h e  f a b r i c a t i o n  and r ep rocess ing  f a c i l i t i e s .  . 

... .A* 

R e s o u r c e  Assessment  -- A l l  s i x  advanced  c o n c e p t s  would u s e  u ran ium more 
. e f - f i c i en t ly  than t h e  l igh t -water  r eac to r .  The gaseous-core r e a c t o r  could 
s u b s t a n t i a l l y  reduce dependence on mined uranium because a l l  f e r t i l e  and 
f i s s i l e  material loaded i n t o  t h e  r e a c t o r  would be burned. Th i s  would y i e l d  an 
i n c r e a s e  of more than an order  of magnitude beyond t h e  p re sen t  l igh t -water  
r e a c t o r s ,  i n  t h e  amount of e l ec t r i ca l  energy genera ted  p e r  u n i t  of U 0 used. 
The  o rhe r  cdiicepts ,would be less re source -e f f i c i en t ,  bu t  would sti?l g ive  a 
two- t o  f our-f  o l d  improvement i n  u r a n i u m  u t i l i z a t i o n .  Also, a l t e r n a t e  
f ueJ-management schemes could s u b s t a n t i a l l y  i n c r e a s e  t h e  f u e l  e f f i c i e n c y  f o r  
t h e s e  concepts  (fior'  example, reprocess ing  of f u e l  f o r  t h e  molten-salt  r e a c t o r  
o r  r e c o n s t i t u t i n g  f u e l  from t h e  fue l - r egene ra to r  wi thout  r ep rocess s ing  i t ) .  

8 

Commercial P o t e n t i a l  -- Because of t h e  pre l iminary  s t a t u s  of t h e  des igns  
f o r  t h e s e  advanced -concepts ,  assessment of f u t u r e  commercial p o t e n t i a l  is 
h i g h l y  u n c e r t a i n .  However, a l l  of t h e  s i x  advanced  r e a c t o r s  would have  
d i f f i c u l t  p a t h s  t o  fol low wi th  cons iderable  u n c e r t a i n t i e s  i n  demonstrat ing 
t e c h n i c d  f e a s i b i l i t y  and commerc ia l  a c c e p t a b i l i t y .  C o s t  es t imates  f o r  
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t h e  r e q u i r e d  r e s e a r c h ,  d e v e l o p m e n t ,  and  d e m o n s t r a t i o n  programs f o r  t h e  
advanced systems range from minimums of $6 t o  $12 b i l l i o n  t o  maximum estimates 
of $9 t o  $20 b i l l i o n ,  exceeding t h o s e  of o t h e r  systems s tud ied .  Prel iminary 
e v a l u a t i o n s  i n d i c a t e  no economic i n c e n t i v e  f o r  t h e s e  systems u n t i l  U 0 c o s t s  
are i n  t h e  range of $160 p e r  pound o r  more. Thus, none of t h e s e  concepts 
a p p e a r  t o  of f e r  a v i a b l e ,  c o m p e t i t i v e  means of i m p r o v i n g  p r o l i f e r a t i o n  
r e s i s t a n c e  i n  t h e  p e r i o d  of i n t e r e s t .  However, one o r  more of t h e s e  concepts  
may be more p r o l i f e r a t i o n  r e s i s t a n t  t han  t h e  f a s t  b reede r  over t h e  long term 
and may t h e r e f o r e  war ran t  f u r t h e r  i n v e s t i g a t i o n .  

3 8  

n 

Summary Assessment: Resource Extenders i 

4 

Improved f u e l  u t i l i z a t i o n  i n  t h e  once-through l ight-water  r e a c t o r  ,system 
appears ,  on balance,  t o  be t h e  b e s t  short- term cho ice  f o r  extending uranium 
r e s o u r c e s  w h i l e  m a i n t a i n i n g  a h i g h  l e v e l  of p r o l i f e r a t i o n  r e s i s t a n c e .  
T h e s e  improvements  would  h a v e  t h e  g r e a t e s t  p o s i t i v e  i m p a c t  on r e s o u r c e s  
between now and t h e  y e a r  2025; t hey  appear t o  have economic advantages, are  
commercially a t t r a c t i v e ,  would improve r a t h e r  t han  degrade the  p r o l i f e r a t i o n  
r e s i s t a n c e  of t h e  once-through cyc le ,  and could be achieved a t  r e l a t i v e l y  
low r e s e a r c h ,  development and demonstration cos t .  I n  s h o r t ,  the case f o r  
a g g r e s s i v e l y  pursuing both t h e  r e t r o f i t t a b l e  and new r e a c t o r  improvements, 
w i t h  a n  a i m  toward e a r l y  commercial i n t r o d u c t i o n ,  i s  compell'i%'c: --e- ~ 

Reducing enrichment p l a n t  t a i l s  a s say  i s  t h e  next  l o g i c a l  choice f o r  extending 
uranium resources .  Unlike l ight-water  r e a c t o r  f u e l - u t i l i z a t i o n  improvements, 
however, reducing t h e  enrichment t a i l s  a s say  could i n c r e a s e  p r o l i f e r a t i o n  
r i s k s  ; i f  i nc reased  enrichment capac i ty  were requ i r ed  it  would be p r e f e r a b l e  
t o  accomplish t h e  i n c r e a s e  i n  enrichment capac i ty  by expansion of capac i ty  i n  
c o u n t r i e s  w i t h  e x i s t i n g  f a c i l i t i e s  under IAEA safeguards.  Xo-teover?* t h e  
economics of reduced t a i l s  a s say  i s  s t r o n g l y  t i e d  t o  t h e  re la t ive p r i c e s  of 
e n r i c h m e n t  s e r v i c e s  and  U 0 Lower t a i l s  a s s a y  c a n  b e  e n c o u r a g e d  when 
economically j u s t i f i e d .  Tau!,* i f  uranium w e r e  i n  s h o r t  supply,  t h e  p r i c e  
would rise, thereby making t a i l s - a s s a y  r e d u c t i o n  an economical pfospect .  
Tai ls  a s say  r educ t ion ,  combined wi th  improved f u e l  u t i l i z a t i o n  i n  l i g h t r a t e r  
r e a c t o r s ,  should p rec lude  supply/demand imbalances w e l l  i n t o  t h e  21st  century,  
even i f  n u c l e a r  growth were t o  p a r a l l e l  t h a t  i n  t h e  1978 Median nuclear-growth 
s c e n a r i o  (325 GW i n  2000, 615 GW i n  2025). 

~ -.....-#-%..--*- 
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While t h e  combination of l ight-water  r e a c t o r  f u e l - u t i l i z a t i o n  improvements 
and t a i l s  a s say  r educ t ion  would ease supply/demand imbalances i n  t h e  U.S., 
r e source  c o n s t r a i n t s  could occur i f  uranium s u p p l i e s  were t o  be lower than  t h e  
c u r r e n t  estimates o r  i f  l i g h t - w a t e r  r e a c t o r  mod i f i ca t ions  were not  t o  be as 
e f f i c i e n t  o r  commercially a c c e p t a b l e  as CurrentAy p red ic t ed .  Recycle of 
uranium and plutonium i n  l i g h t - w a t e r  r e a c t o r s  can improve r e s o u r c e - u t i l i z a t i o n  
e f f i c i e n c y ,  b u t  a t  t h e  c o s t  of i nc reased  p r o l i f e r a t i o n  r i s k .  Some, bu t  no t  
a l l ,  of t h e  uranium sav ings  of r e c y c l e  would come from r e c y c l i n g  f u e l  i n t o  
improved l i g h t - w a t e r  r e a c t o r s .  Assuming r ep rocess ing  would begin i n  1990 
( a t  t h e  A l l i e d  General  Nuclear S e r v i c e s  p l a n t )  and c a p a b i l i t y  would be added 
by 2010 t o  s e r v e  a l l  domestic ope ra t ing  l i g h t - w a t e r  r e a c t o r s ,  annua l  U o 
demand i n  2025 would b e  r e d u c e d  by a b o u t  20 p e r c e n t  compared t o  t h e 3 1 g  
percent-improved once-through l i g h t - w a t e r  r e a c t o r  ( 7  _percent  compared t o  
30 p e r c e n t - i m p r o v e d  v e r s i o n ) .  As s u c h ,  r e c y c l e  c o u l d  p r o v i d e  a b o u t  t e n  
y e a r s  of added f u e l .  T h i s  t i m e  might be v a l u a b l e  i f  nuc lea r  growth were 
h ighe r  t han  is now p ro jec t ed ,  i f  supply c a p a b i l i t y  w e r e  lower than  c u r r e n t l y  
p r o j e c t e d ,  o r  i f  l i g h t - w a t e r  r e a c t o r  improvements proved t o  be i n f e a s i b l e .  
However, t h e  l i k e l i h o o d  of such s c e n a r i o s  occur r ing  i s  judged t o  be small a t  
t h e  c u r r e n t  t i m e ,  and when coapared t o  t h e  p o t e n t i a l  - increase i n  p r o l i f e r a -  
t i o n  r i s k s ,  and t h e  apparent  absence of a n  economic pena l ty  a s s o c i a t e d  w i t h  
fo rego ing  r ep rocess ing ,  cont inued d e f e r r a l  of commercial r ep rocess ing  f o r  
plutonium r e c y c l e  appears  warranted. 

A s  a c lass ,  advanced  c o n v e r t e r s  o n  t h e  once - th rough  c y c l e  seem t o  o f f e r  
o n l y  modes t  b e n e f i t s  i n  r e s o u r c e  u s e .  Whi l e  t h e y  u s e  much less u r a n i u m  
t h a n  c u r r e n t  l i g h t - w a t e r  r e a c t o r s ,  t h e i r  e f f i c i e n c y  is n o t  s i g n i f i c a n t l y  
b e t t e r  t han  30 percent-improved l i g h t - w a t e r  r e a c t o r s  (about 40 pe rcen t  f o r  
heavy-water r e a c t o r s ,  30 p e r c e n t  f o r  high-temperature gas-cooled r e a c t o r s )  
when ope ra t ed  on a once-through cycle.  Given t h e i r  development schedule,  
a n n u a l  demand would  b e  r e d u c e d  l ess  t h a n  1 0  p e r c e n t  i n  2025 compared t o  
1 5  p e r c e n t - i m p r o v e d  l i g h t - w a t e r  r e a c t o r s ,  a n d  would b e  n e g l i g i b l e  when 
compared t o  30 percent-improved l i g h t - w a t e r  r e a c t o r s .  Moreover, t hey  do n o t  
appear  t o  of f e r  any s i g n i f i c a n t  economic advantage compared to l i gh t -wa te r  
r e a c t o r s ,  and  would  b e  e x p e n s i v e  t o  c o m m e r c i a l i z e .  The  p r o l i f e r a t i o n  
r e s i s t a n c e  of t h e  high-temperature gas-cooled r e a c t o r  would be similar t o  
t h a t  of t h e  l i g h t - w a t e r  r e a c t o r ,  w h i l e  t h e  heavy-water  r , e a c t o r  would b e  
less proliferation-resistant. A s y s t e m  w i t h  p o t e n t i a l  v a l u e ,  however ,  
appears  t o  be t h e  d i r ec t - cyc le  high-temperature gas-cooled r e a c t o r  system. 
T h i s  system is l i k e l y  t o  b e  economically compe t i t i ve  w i t h  l i g h t - w a t e r  r e a c t o r s  
and could be commercially a t t ract ive i f  t h e  markets i n  water-scarce reg ions  
and f o r  p rocess  h e a t  ' a p p l i c a t i o n s  materialize- 
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While l ight-water  r e a c t o r  f u e l - u t i l i z a t i o n  improvements and t a i l s - a s s a y  reduc- 
t i o n  appear adequate  t o  suppor t  U.S.  nuc lea r  power needs a t  least through t h e  
f i r s t  decade of t h e  21st  century,  breeder  r e a c t o r s  may prove d e s i r a b l e  and 
n e c e s s a r y  b e f o r e  t h e  f i r s t  q u a r t e r  o f  t h e  n e x t  c e n t u r y  i s  ove r .  Of t h e  
b reede r  systems t h a t  could’ be commercially a v a i l a b l e  by then, none were found 
t o  be s i g n i f i c a n t l y  more p r o l i f e r a t i o n  r e s i s t a n t  t han  t h e  l iquid-metal  f a s t -  
breeder  r e a c t o r  f u e l e d  w i t h  uranium and plutonium. T h i s  system i s  a l s o  of i n -  
terest because of i t s  t e c h n i c a l  f e a s i b i l i t y ,  commercial p o t e n t i a l ,  economics, 
and r e source  use. 

The l i g h t - w a t e r  b reede r  r e a c t o r  has  t h e  p r o l i f e r a t i o n  v u l n e r a b i l i t i e s  of 
r e c y c l e  systems, bu t  u ses  p re s su r i zed -wa te r  r e a c t o r  technology. Since t h e  
l i g h t - w a t e r  b reede r  r e a c t o r  would evolve from t h e  c u r r e n t  nuc lea r  technology 
and, depending on t h e  l i g h t - w a t e r  b reede r  o p t i o n  chosen, some of t h e  f u e l  
technology could b e  a p p l i e d  t o  e x i s t i n g  l i g h t - w a t e r  r e a c t o r s ,  t h e  b e n e f i t s  i n  
r e s o u r c e  s a v i n g s  from t h i s  technology could be l a rge .  However, t h e  thorium 
f u e l  c y c l e  would need t o  be commercially demonstrated and deployed, and t h e  
l i g h t - w a t e r  b reede r  r e a c t o r  concepts t h a t  would b e  t h e  most r e s o u r c e - e f f i c i e n t  
over t h e  long  t e r m  may no t  b e  t h e  m o s t  commercially d e s i r a b l e  o p t i o n s  from a n  
economic p o i n t  of view. The f a s t  mixed-spectrum r e a c t o r  is a l s o  a t t r a c t i v e  
b e c a u s e  of i t s  p o t e n t i a l l y  improved  p r o l i f e r a t i o n  r e s i s t a n c e  ( u s i n g  t h e  
once-through f u e l  c y c l e )  and because of i t s  p o t e n t i a l  b e n e f i t  t o  t h e  e x i s t i n g  
l iquid-metal  f a s t  breeder  r e a c t o r  program. 

Resource-extension op t ions  do e x i s t  f o r  t h e  U.S.  By themselves,  however, 
they would no t  b e  s u f f i c i e n t  t o  relieve p r o l i f e r a t i o n  and worldwide resource- 
a v a i l a b i l i t y  c o n c e r n s .  O t h e r  n a t i o n s  l ack  i n d i g e n o u s  u r a n i u m  r e s o u r c e s  
and t h e  t e c h n i c a l  and economic r e sources  t o  implement l a r g e  r e sea rch  and 
development programs. Some of them p e r c e i v e  r e c y c l e  and f a s t  breeder  systems 
as necessary t o  ensu re  long-term s u p p l i e s  f o r  nuc lea r  energy and regard e a r l y  
implementation t o  be required.  For  t h e s e  r easons ,  r e source  ex tens ion  op t ions  
must be supplemented by measures t h a t  ensu re  access t o  s u p p l i e s  and improve 
t h e  i n t e r n a t i o n a l  n o n p r o l i f e r a t i o n  regime. 

-. 

I n  any case, cont inued use  of nuc lea r  power w i l l  r e q u i r e  an expansion of 
IAEA c a p a b i l i t i e s  t o  keep pace wi th  t h e  expanded demand on t h e  i n t e r n a t i o n a l  
s a f e g u a r d s  s y s t e m  as  t h e  number, k i n d s ,  a n d  s c o p e  of n u c l e a r  a c t i v i t i e s  
i n c r e a s e  and as s t o c k p i l e s  of v a r i o u s  f u e l s  u n d e r  n a t i o n a l  c o n t r o l  a l s o  
inc rease .  I n  a d d i t i o n ,  a number of p r i m a r i l y  t e c h n i c a l  measures f o r  improving 
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8 t h e  p r o l i f e r a t i o n  resistance of r ecyc le  and breeder  systems over t h e  longer  
term have been examined, and t h e  fo l lawing  i s  a summary of t hose  assessments .  

1. Technologica l ly  more ,advanced and comprehensive safeguards  and p h y s i c a l  
s e c u r i t y  systems w i l l  be  r equ i r ed  t o  handle  plutonium-bearing materials, 
p a r t i c u l a r l y  i n  bulk. These may i n c l u d e  plutonium management systems 
such as inventory  r educ t ion  as w e l l  as improved in s t rumen ta t ion  f o r  
account ing  and containment and su rve i l l ance .  However, such systems are  
l i k e l y  t o  be c o s t l y  t o  both t h e  ope ra to r  and t h e  IAEA, and may r e q u i r e  
a p o l i t i c a l l y  s i g n i f i c a n t  degree of i n s t r u s i v e n e s s  i n  n a t i o n a l  f a c i l i -  
ties. They may a l s o  involve  measures t h a t  c o n f l i c t  w i th  one another .  
For instance,  t h e  d e l i b e r a t e  i n t r o d u c t i o n  of r a d i a t i o n  b a r r i e r s  might 
enhance some containment and s u r v e i l l a n c e  systems whi l e  c u r t a i l i n g  
t h e  e f f e c t i v e n e s s  of inspec t ion .  Th i s  r e s u l t  adverse ly  a f f e c t s  a l l  
account ing  systems and may render  some i nope ra t ive .  Technological  and 
safeguard  d e c i s i o n s  w i l l  involve  s o p h i s t i c a t e d  t rade-of fs  i n  r e so lv ing  
such  problems. 

2. I n t e n s i v e  r e sea rch  and development e f f o r t s ,  p a r t i c u l a r l y  by t h e  U.S., 
o v e r  s e v e r a l  y e a r s  h a v e  b e e n  d i r e c t e d  toward  d e v e l o p i n g  p o t e n t i a l  
s o l u t i o n s  t o  t h e s e  problems, and t h e r e  is  expec ta t ion  t h a t  improvements 
i n  account ing,  containment and s u r v e i l l a n c e  systems can be  made t o  
e n s u r e  t e c h n i c a l l y  e f f e c t i v e  s a f e g u a r d s ,  a l t h o u g h  no  l a r g e - s c a l e  
demonstrat ion h a s  been attempted. 

3.  R e a l i z a t i o n  of a plutonium-based f u e l  cyc le  i n  which t h e  n a t i o n  con- 
cerned restricts i t s e l f  t o  t h e  deployment of t h e  r e a c t o r  a lone  and 
relies upon reprocess ing  o r  f a b r i c a t i o n  s e r v i c e s  suppl ied  from a few 
l a r g e  f a c i l i t i e s  would be s i g n i f i c a n t l y  less vu lne rab le  to the risk of 
p r o l i f e r a t i o n .  However, t h e  form of t h e  plutonium and t h e  cond i t ions  
under which it  is re tu rned  t o  t h e  country are important .  

0 An a r r a n g e m e n t  t o  min imize  o r  a v o i d  b u l k  m a t e r i a l s ,  e i t h e r  
p l u t o n i u m  metal ,  p l u t o n i u m  o x i d e ,  o r  mixed o x i d e s  of u ran ium 
o r  p lu ton ium,  i n  s t o r a g e  o r .  t r a n s i t  would b e  a s i g n i f i c a n t  
improvement 

? 

0 The a d d i t i o n  o f  a r a d i a t i o n  b a r r i e r  may i n c r e a s e  somewhat t h e  
t i m e  and a d d i t i o n a l  out-of-system f a c i l i t i e s  r equ i r ed  t o  produce 
weapons-usable material s o  t h a t  an i n t e r n a t i o n a l  response can be 
developed. 

127 



0 P l a c i n g  t h e s e  few l a r g e  f a c i l i t i e s  under some form of i n t e r n a t i o n a l  
o r  m u l t i n a t i o n a l  arrangement could a l s o  be h e l p f u l  i n  reducing 
p r o l i f e r a t i o n  r i s k s .  

4 .  I n  t h e  case  where a l l  t h e  nuc lea r  f a c i l i t i e s  are deployed w i t h i n  a 
n a t i o n ,  none of t h e  t e c h n i c a l  a l t e r n a t i v e s ,  i n c l u d i n g  r a d i a t i o n  bar- 
riers, can be very e f f e c t i v e  i n  p reven t ing  abuse,  p a r t i c u l a r l y  with 
regard t o  o v e r t  d ive r s ion .  Engineering f e a t u r e s  t o  reduce a c c e s s i b i l i t y  
t o  plutonium and t o  f a c i l i t a t e  s a fegua rds  may b e  h e l p f u l  i n  reducing t h e  
r i s k s  of cove r t  d ive r s ion .  I n  a d d i t i o n ,  ag ree ing  t o  minimize o r  avoid 
s i g n i f i c a n t  q u a n t i t i e s  of und i lu t ed  plutonium i n  any form i n  any p a r t  
of t h e  f u e l  cyc le  could provide an i n d i c a t i o n  t h a t  a country s tood  i n  
v i o l a t i o n  should u n d i l u t e d  plutonium b e  found. 

5. R e s i s t a n c e  t o  subna t iona l  t h e f t  can be improved by t h e  i n t r o d u c t i o n  
of a p p r o p r i a t e  combinations of c o l o c a t i o n  of s e n s i t i v e  f a c i l i t i e s ,  
c o - c o n v e r s i o n ,  c o p r o c e s s i n g ,  p r e - i r r a d i a t i o n ,  s p i k i n g ,  o r  p a r t i a l  
p r o c e s s i n g ,  a n d  e n g i n e e r i n g  f e a t u r e s  to r e d u c e  a c c e s s i b i l i t y  t o  
plutonium. 

6 .  The appropr i a t eness  of r a d i a t i o n  b a r r i e r s  a g a i n s t  a s u b n a t i o n a l  group 
w i l l  depend l a r g e l y  on t h e i r  e f f e c t  on sa fegua rds  and p h y s i c a l  protec-  
t i o n ,  and economic and environmental  cons ide ra t ions .  

7. The improvements contemplated i n  i n t e r n a t i o n a l  safeguards,  i n c l u d i n g  
improved  p l u t o n i u m  management schemes ,  w i l l  a l s o  make s u b n a t i o n a l  
t h e f t  more d i f f i c u l t  . 

Many of t h e s e  measures, however, w i l l  r e q u i r e  t i m e  t o  r e s o l v e  s i g n i f i c a n t  
t e c h n i c a l  and i n s t i t u t i o n a l  i s s u e s  b e f o r e  t h e y  may b e  j u d g e d  t o  b e  
p r a c t i c a b l e .  
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Among t h e s e  i s s u e s  are t h e  t e c h n i c a l  and i n s t i t u t i o n a l  u n c e r t a i n t i e s  sur-  
r o u n d i n g  t h e  t h o r i u m  c y c l e .  The  p r o l i f  e r a t i o n - r e s i s t a n c e  a t t r i b u t e s  of 
thorium-based f u e l  c y c l e s  may be summarized as fol lows:  

F resh  r e a c t o r  f u e l  con ta in ing  only denatured U-233 and thorium h a s  an 
i s o t o p i c  b a r r i e r  and a t  t h i s  t i m e  is considered more p r o l i f e r a t i o n  
r e s i s t a n t  t han  f u e l  con ta in ing  plutonium, b u t  somewhat less r e s i s t a n t  
than low-enriched uranium. Moreover, i t  is accompanied by a r a d i a t i o n  
b a r r i e r  a s s o c i a t e d  w i t h  U-232, which may p rov ide  d e t e r r e n c e  a g a i n s t  t h e  
s u b n a t i o n a l  t h r e a t .  The i s o t o p i c  b a r r i e r  m y  dec rease  i n  f u t u r e  decades 
i f  enrichment c a p a b i l i t i e s  become more widely a v a i l a b l e .  

Thorium-based f u e l  cyc le s  r e q u i r i n g  r ep rocess ing  and r e c y c l e  have a 
l e v e l  of p r o l i f e r a t i o n  r e s i s t a n c e  which i s  g e n e r a l l y  similar t o  t h a t  of 
c losed  f u e l  cyc le s .  

Thorium-based f u e l  cyc le s  which r e q u i r e  h igh ly  en r i ched  U-233 o r  U-235 
i n t roduce  a d d i t i o n a l  p r o l i f e r a t i o n  v u l n e r a b i l i t i e s  a s s o c i a t e d  w i t h  
t h e  e n r i c h m e n t ,  s t o r a g e ,  t r a n s p o r t a t i o n ,  a n d  f a b r i c a t i o n  of s u c h  
materials. 

With p a r t i c u l a r  i n s t i t u t i o n a l  arrangements, such as r e s t r i c t i n g  setisi- 
t i v e  p o r t i o n s  of t h e  f u e l  c y c l e  t o  m l t i n a t i o n a l l y  c o n t r o l l e d  c e n t e r s ,  
t h e  p r o l i f e r a t i o n  r e s i s t a n c e  of thorium-based f u e l  c y c l e s  could be 
subs  t a n t i a l l y  imp roved. 

F i n a l l y ,  one approach t o  t h e  problem of abuse of c i v i l i a n  nuc lea r  a c t i v i t i e s  
c e n t e r s  on t h e  development of r a d i c a l l y  d i f f e r e n t  r e a c t o r  designs.  S e v e r a l  
s p e c u l a t i v e  advanced r e a c t o r  concepts ( f o r  example, t h e  gaseous-core r e a c t o r  
o r  t h e  f a s t  mixed-spectrum r e a c t o r )  which would appear t o  have nonprol i f  era- 
t i o n  advantages have been examined, b u t  none seems t o  b e  wi thou t  p r o l i f e r a t i o n  
v u l n e r a b i l i t i e s .  Each of t h e s e  systems r e q u i r e s  r e s o l u t i o n  of s i g n i f i c a n t  
technical,  s a f e t y ,  and economic u n c e r t a i n t i e s .  Such systems cannot be f u l l y  
developed f o r  many decades; by then, t h e  con tex t  f o r  p r o l i f e r a t i o n  concerns 
and t h e  world n u c l e a r  energy regime w i l l  have changed. Nevertheless ,  some of 
t h e s e  systems appear  t o  have enough n o n p r o l i f e r a t i o n  advantages t o  warrant  
f u r t h e r  i n v e s t i g a t i o n ,  depending on c o n s i d e r a t i o n s  of t e c h n i c a l  f e a s i b i l i t y ,  
economics, and s a f e t y .  

The improvements d i scussed  above, f o r  t h e  near term and f o r  t h e  long t e r m ,  
c a n  b e  c o n v e n i e n t l y  summarized i n t o  s i x  . b a s i c  norms f o r  a s t r e n g t h e n e d  
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i n t e r n a t i o n a l  r e g i m e  d e s i g n e d  t o  m i n i m i z e  t h e  w o r l d w i d e  d i s t r i b u t i o n  of 
w e a p o n s - u s a b l e  mater ia l s  w h i l e  t a k i n g  a c c o u n t  of e n e r g y  s e c u r i t y  needs :  

1. I n s t i t u t i o n s  t o  ensu re  t h e  a v a i l a b i l i t y  of t h e  b e n e f i t s  of n u c l e a r  
energy 

2. Full-scope sa fegua rds  and a t imely i n t e r n a t i o n a l  system of warning and 
response.  

3. Use of d i v e r s i o n - r e s i s t a n t  t echno log ie s  and forms of materials. 

4. Avoidance of unnecessary s e n s i t i v e  f a c i l i t i e s  and materials. 

5. E f f e c t i v e  expor t  c o n t r o l  systems 

6. J o i n t  or  i n t e r n a t i o n a l  c o n t r o l  of necessary s e n s i t i v e  f a c i l i t i e s  and 
materials. 

2.2.2 Uranium Supply Improvements 

While improving t h e  uranium u t i l i z a t i o n  of once-through systems could reduce 
t h e  p r e s s u r e  t o  adopt more r e s o u r c e - e f f i c i e n t  b u t  less p r o l i f e r a t i o n - r e s i s t a n t  
systems, t h i s  p r e s s u r e  might be reduced s t i l l  f u r t h e r  i f  t h e  world had a 
clearer p i c t u r e  of how e x t e n s i v e  i t s  uranium resources  r e a l l y  are. More than  
t h i s ,  however, measures t o  enhance t h e  a s su rance  of f u e l  s u p p l i e s  must addres s  
both t h e  adequacy of uranium resources  and t h e  continued a c c e s s i b i l i t y  t o  
uranium. 
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Today, one estimate of world uranium resources  may be t h r e e  t i m e s  h igher  than 
another .  Planning i n  t h e  f a c e  of such unce r t a in ty  about  t he  s u f f i c i e n c y  of 
f u t u r e  s u p p l i e s  is extremely d i f f i c u l t .  S ince  1974, t h e  United States  has 
conducted t h e  Na t iona l  Uranium Resource Evalua t ion  (NURE). NURE i s  a system- 
a t i c  e f f o r t  t o  develop t h e  d a t a  needed t o  i d e n t i f y  g e o l o g i c a l  f e a t u r e s  t h a t  
suggest  t h e  presence  of uranium; t h e s e  da t a  are t h e  b a s i s  f o r  e s t ima t ing  
resources .  While NUiiE has  focused p r i m a r i l y  on lower-cost resources ,  higher-  
c o s t  resources  i n  t h e  range of $50 t o  $100 forward c o s t  per  pound U 0 are 
a l s o  be ing  inves t iga t ed .  Only a very few c o u n t r i e s  have comparable programs, 
s o  t h a t  no r e l i a b l e  estimates of world uranium resources  can b e  s a i d  t o  e x i s t .  
The U n i t e d  S t a t e s  and o t h e r  e n e r g y  u s e r s  can  e n c o u r a g e  and a s s i s t  o t h e r  
n a t i o n s  both d i r e c t l y  and through i n t e r n a t i o n a l  o rgan iza t ions ,  t o  l o c a t e ,  
estimate and e x p l o i t  t h e i r  uranium resources .  Many c o u n t r i e s  have not been 
o f f e r e d  t h e  k i n d s  of  i n c e n t i v e s  t h a t  c o u l d  prompt  t h e i r  c o o p e r a t i o n .  A 
s u c c e s s f u l  worldwide exp lo ra t ion  and resource-evaluat ion program could  have 
t h e  double b e n e f i t  of i nc reas ing  t h e  supp l i e s  of uranium whi l e  d i v e r s i f y i n g  
t h e  uranium s u p p l i e r  community, thereby inc reas ing  t h e  s e c u r i t y  of supply.  

3 8  

Research and development aimed a t  improving e x t r a c t i o n  and m i l l i n g  techniques 
can b e  a c c e l e r a t e d ,  w i th  p a r t i c u l a r  emphasis on t h e  e x p l o i t a t i o n  of low-grade 
d e p o s i t s  and  t h e  p r o d u c t i o n  of s a l a b l e  by -p roduc t s .  A l though  t h e  above  
approaches would be u n l i k e l y  t o  e l i m i n a t e  uranium supply c o n s t r a i n t s  e n t i r e l y ,  
t h e y  could extend t h e  pe r iod  of assured  s u p p l i e s ,  p rovid ing  va luab le  t i m e  t o  
develop and deploy resource-ef f i c i e n t  nuc lear  power technologies  i n  a more 
p r o l i f e r a t i o n - r e s i s t a n t  regime. A t  a minimum, such approaches would improve 
t h e  p l a n n i n g  p r o c e s s  c o n s i d e r a b l y  by r e d u c i n g  t h e  u n c e r t a i n t y  of  s u p p l y  
estimates. 

Coupled w i t h  measures f o r  extending resources ,  improved r e source  eva lua t ions  
can go a l ong  way toward e l i m i n a t i n g  supply/demand imbalances. A number of 
p o t e n t i a l  approaches f o r  a s s u r i n g  s u p p l i e s  have been considered i n  t h e  NASAP 
s tudy ,  inc luding:  

0 Bilateral  fuel-supply measures: agreements between f u e l  s u p p l i e r  and 
r e c i p i e n t  n a t i o n s  covering terns, cond i t ions ,  w a r r a n t i e s ,  and o t h e r  
a s p e c t s  of t r ade .  

0 Secondary fuel-supply measures: s t o c k p i l e s  of fue l -cyc le  material 
s (usua l ly  uranium, f a b r i c a t e d  f u e l  rods o r  enr iched  f u e l )  maintained 

by s u p p l i e r s  o r  consumers o r  p o s s i b l y .  under m u l t i n a t i o n a l  c o n t r o l  t o  
ensu re  access  t o  and a v a i l a b i l i t y  of f u e l ;  a n  i n t e r n a t i o n a l  nuc lear  
f u e l  b a n k  t h a t  w o u l d  a l l o w  member n a t i o n s ,  s u f f e r i n g  s u p p l y  
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i n t e r r u p t i o n s  un re l a t ed  t o  t h e i r  n o n p r o l i f e r a t i o n  undertakings t o  draw 
upon a l i m i t e d  inven to ry  of uranium under t h e  bank's phys i ca l  cont ro l .  

. \  x 
1 - -,,?,'Ih-, - -0 Market-oriented measures inc luding  commodity agreements and i n t e r -  - *.!.& 

':a * governmental c o n s u l t a t i v e  systems. 

O f  o v e r a l l  c o n c e r n  w i l l  be  t h e  deve lopment  o f  any of  t h e s e  a p p r o a c h e s  
i n  a manner c o n s i s t e n t  w i t h  U . S .  p o l i c y  as  embodied i n  t h e  N u c l e a r  Non- 
P r o l i f e r a t i o n  A c t  of 1978, which e s t a b l i s h e d  s t r ic t  condi t ions  t h a t  mst 
b e  m e t  b e f o r e  any expor t  of nuc lear  materials could be approved; t h e s e  would 
presumably a p p l y  t o  any expor t  pursuant  t o  any of t h e  p o t e n t i a l  approaches 
l i s t e d  above .  T h e r e  a r e  consumers  who now o b t a i n  n u c l e a r  f u e l  ( n a t u r a l  
uranium o r  enrichment s e r v i c e s )  from o the r  s u p p l i e r s  under somewhat less 
s t r ic t  condi t ions .  

Sec t ion  104 of t h e  Nuclear Non-Prol i ferat ion A c t  a u t h o r i z e s  t h e  P res iden t  
t o  seek i n t e r n a t i o n a l  agreement t o  e s t a b l i s h  an  i n t e r n a t i o n a l  nuc lear  f u e l  
a u t h o r i t y  w i t h  f u n c t i o n s  s i m i l a r  t o ,  bu t  somewhat broader  than, t h e  nuc lear  
f u e l  bank. The same s e c t i o n  a l s o  d i r e c t s  t h e  P res iden t  t o  submit a p roposa l  
f o r  t h e  c r e a t i o n  of an i n t e r i m  s t o c k p i l e  of enr iched  uranium. Access of 
non-nuclear-weapons states t o  both an i n t e r n a t i o n a l  nuc lear  f u e l  a u t h o r i t y  
and t h e  s t o c k p i l e  would be  l imi t ed ,  however, t o  t hose  states t h a t  "accept 
I A E A  s a f e g u a r d s  on a l l  t h e i r  p e a c e f u l  n u c l e a r  a c t i v i t i e s  ( a l s o  r e f e r r e d  
t o  as fu l l - scope  safeguards) ,  do no t  manufacture o r  otherwise acqu i r e  any 
nuc lea r  exp los ive  device ,  do n o t  e s t a b l i s h  any new enrichment o r  reprocess ing  
f a c i l i t i e s  u n d e r  t h e i r  de  f a c t o  o r  d e  j u r e  c o n t r o l ,  and  p l a c e  any s u c h  
e x i s t i n g  f a c i l i t i e s  under e f f e c t i v e  i n t e r n a t i o n a l  ausp ices  and inspect ion."  

I n  a d d i t i o n  t o  improvements t o  b i l a t e r a l  fuel-supply mechanisms, va r ious  
measures t o  d e a l  w i t h  short- term i n t e r r u p t i o n s  of nuc lear  f u e l  supp l i e s  were 
c o n s i d e r e d .  I n c l u d e d  were b i l a t e r a l  and m u l t i l a t e r a l  c r o s s - g u a r a n t e e s ,  
s t o c k p i l e s ,  and an i n t e r n a t i o n a l  nuc lea r  f u e l  bank. 

Simply on grounds of f e a s i b i l i t y ,  t h e  c r e a t i o n  of a system of r m l t i n a t i o n a l  
agreements such as guarantees  and pool ing  arrangements appears  t o  deserve 
p r i o r i t y .  However, such a system might l ack  t h e  c r e d i b i l i t y  of guarantees  
backed by ded ica t ed  s t o c k p i l e s  and, even more, the c r e d i b i l i t y  of a f u e l  
bank i n  which  s u p p l i e r s  and  consumers  would s h a r e  c o n t r o l .  Under t h e s e  
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@ circumstances,  a sys tem of m l t i n a t i o n a l  agreements could be a u s e f u l  l i n k  
i n  a cha in  of fue l -assurance  arrangements and could be i n i t i a t e d  i n  conjunc- 
t i o n  w i t h  a s y s t e m  o f  g u a r a n t e e s  backed  by d e d i c a t e d  s t o c k p i l e s  and  a n  
i n t e r n a t i o n a l  nuc lea r  f u e l  bank. 

An important  i s sue ,  however, i s  whether any of t h e s e  measures t o  d e a l  w i t h  
short- term i n t e r r u p t i o n s  addres s  problems perceived by consumers. Consumers 
appear concerned more because t h e  e x i s t i n g  uranium supply may no t  be made 
a v a i l a b l e  f o r  p o l i t i c a l  r e a s o n s  t h a n  a b o u t  t h e  s u f f i c i e n c y  o f  u ran ium 
resources .  There is t h e  q u e s t i o n  of whether,  as a matter of some na t ions '  
policies, uranium w i l l  a c t u a l l y  be  mined. There are a l s o  g r e a t  concerns 
r e l a t e d  t o  e n s u r i n g  t h a t  s u p p l y  c o n t r a c t s ,  o n c e  e n t e r e d  i n t o ,  w i l l  n o t  
b e  i n t e r r u p t e d  o r  h a v e  a d d i t i o n a l  n o n p r o l i f e r a t i o n  terms and  c o n d i t i o n s  
u n i l a t e r a l l y  o r  r e t r o a c t i v e l y  appl ied.  

I n  add i t ion ,  t h e r e  are two p o s s i b l e  adverse  developments t h a t  may appear over 
t h e  longe r  run. F i r s t ,  t h e r e  i s  a danger t h a t  a n a t u r a l  uranium car te l ,  which 
would be a man i fe s t a t ion  of market imperfec t ions ,  could cause unpred ic t ab le  
p r i c e  f l u c t u a t i o n s .  Second, t h e r e  is a danger t h a t  t h e  l ack  of a n  i n t e r -  
n a t i o n a l  consensus on developing nuc lea r  power wi thout  i n c r e a s i n g  t h e  r i s k s  of 
p r o l i f e r a t i o n  might l e a d  a small group of s u p p l i e r s  t o  apply s t r ic ter  nonpro- 
l i f e r a t i o n  requirements  on t r a d e  than  do o the r s .  Such a s i t u a t i o n  could 
i n d i r e c t l y  encourage t h e  sp read  of s e n s i t i v e  technologies .  

, I  

Approaches t o  t h e  problem of s t a b i l i z i n g  t h e  market f o r  n a t u r a l  uranium which 
were as ses sed  inc lude  commodity agreements and a system of intergovernmental  
consu l t a t ions .  

A commodity agreement would have l i c t l e  chance of success  u n l e s s  i t  were t o  
e s t a b l i s h  a b u f f e r  s tock  t h a t  could be  b u i l t  up o r  drawn down t o  counter  
undes i red  p r i c e  f l u c t u a t i o n s .  Such an  ope ra t ion  would have t o  be  f inanced  by 
p a r t i c i p a t i n g  governments, and t h e  c o s t  would i n c r e a s e  i f  t h e  t a r g e t  p r ice  
range w e r e  t o  l a g  t o o  f a r  behind changing market condi t ions .  It i s  doub t fu l  
t h a t  governments w i t h  d i f f e r e n t  i n t e r e s t s  wou1.d permit  t h e  management of t h e  
b u f f e r  s t o c k  t o  make t imely c h a n g e s . i n  the.  t a r g e t  p r ice  range o r  provide t h e  
money needed f o r  t h e  prolonged defense  of a p r i c e  range t h a t  w a s  under heavy 
market pressure .  

\ 
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A f e a s i b l e  approach t o  t h e  problem of s t a b i l i z i n g  t h e  uranium market appears  
t o  be  t h e  es tab l i shment  of a system of in te rgovernmenta l  c o n s u l t a t i o n s  inc lud-  
i n g  both s u p p l i e r s  and consumers. P e r i o d i c  meetings could  be h e l d  f o r  t h e  
purpose of d i scuss ing  a wide range of po l i cy  i s s u e s ,  such as world supply and 
demand, country r ep rocess ing  p l ans  and o t h e r  i s s u e s  germane t o  t h e  world 
uranium market. So lu t ions  t o  impending problems could be discussed,  b u t  t h e  
meetings would have no a u t h o r i t y  t o  d i r e c t  p a r t i c u l a r  remedial  measures. 
Whether s o  informal  a n  approach would be s u f f i c i e n t  is a t  b e s t  uncer ta in .  
I f  exper ience  were t o  show t h a t  i t  w a s  no t ,  t h e  i n t e r n a t i o n a l  c l ima te  might 
become conducive t o  a more s t r u c t u r e d  e f f o r t .  It is conceivable  t h a t  i n  
t h e  long term a concept as broad as t h a t  of a n  i n t e r n a t i o n a l  nuc lear  f u e l  
a u t h o r i t y  c o u l d  e v o l v e  which  would  c o n t r o l  a l l  n u c l e a r  s u p p l y  s e rv i ces .  

I n  t h e  f i n a l  a n a l y s i s ,  i t  appears  t h a t  r e l i a n c e  on a s i n g l e  fuel-assurance 
arrangement under a s i n g l e  i n s t i t u t i o n a l  c o n t r o l  may not  be  accep tab le  t o  
consumer na t ions .  I n s t e a d  a v a r i e t y  of measures--a fue l -assurance  regime-- 
would be necessary t o  s t r e n g t h e n  consumer r e l i a n c e  on nuc lear  f u e l  markets.  
Whether, from a consumer perspec t ive ,  t h e s e  measures could d e a l  adequately 
wi th  the  p o l i t i c a l  a s p e c t s  of the problem of a v a i l a b i l i t y ,  as opposed t o  
adequacy ,  of s u p p l y  i s  n o t  c lear .  I n  f a c t ,  w i t h  r e g a r d  t o  t h e  e x i s t i n g  
s i t u a t i o n ,  t h e  most p r e s s i n g  need  i s  t o  r e e s t a b l i s h  c o n f i d e n c e  i n  t h e  
c u r r e n t  supply system, which, c o r r e c t l y  o r  i n c o r r e c t l y ,  h a s  been perce ived  
by some consumers t o  be un re l i ab le .  I n  p a r t i c u l a r ,  many see t h e  need f o r  
g o v e r n m e n t a l  a c t i o n s  t o  e n s u r e  c o n s i s t e n c y  i n  t h e  a p p l i c a t i o n  of  e x p o r t  
and  i m p o r t  c o n t r o l s ;  t o  d e v e l o p  mechanisms,  s u c h  as p r i o r  c o n s u l t a t i o n ,  
t o  manage changes i n  n o n p r o l i f e r a t i o n  po l i cy  and t o  guarantee c o n t i n u i t y  
of supply du r ing  such changes. Common approaches need t o  be  developed i n  
t h e  near  t e r m  which could  encompass a t h r e e - t i e r e d  scheme f o r  f u e l  assurances:  

0 Bila te ra l  f u e l  assurances--continue t o  s t r e n g t h e n  e x i s t i n g  b i l a t e r a l  
arrangements 

0 Secondary supply assurances--encourage u n i l a t e r a l  measures such as 
s u p p l i e r  s t o c k p i l e s  and m u l t i l a t e r a l  measures such as cross-guarantees  

, and pool ing  arrangements 

0 I n t e r n a t i o n a l  f u e l  assurances--encourage t h e  development of a f u e l  bank 
wi th  t h e  a u t h o r i t y  t o  s t o c k p i l e  and d i s t r i b u t e  n a t u r a l  and low-enriched 
uranium t o  coun t r i e s  which s u f f e r  supply i n t e r r u p t i o n s  un re l a t ed  t o  
t h e i r  n o n p r o l i f e r a t i o n  undertaking. 

I n  the  long term, the  f e a s i b i l i t y  of any fue l -assurance  regime w i l l  depend 
on t h e  e x t e n t  of economically recoverable  uranium resources .  A t  t h e  p r e s e n t  
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t i m e ,  t h e r e  i s  much u n c e r t a i n t y  on t h e  e x t e n t  of u ran ium r e s o u r c e s .  To  
provide  b e t t e r  in format ion  f o r  n a t i o n s  planning nuc lear  programs, u n i l a t e r a l  
e f f o r t s  (NURE program) and i n t e r n a t i o n a l  i n i t i a t i v e s  t o  d e f i n e  t h e  e x t e n t  and 
l o c a t i o n  of uranium reserves should b e  continued. Furthermore, e f f o r t s  are 
needed t o  s t a b i l i z e  f u t u r e  uranium markets. I n  t h i s  regard,  a system of 
in te rgovernmenta l  communications t o  d i s c u s s  r e source  p r o j e c t  ions  and coordi-  
n a t e  product ion  a c t i v i t i e s  appears  f e a s i b l e .  

Implementation of t h e s e  fuel-assurance a l t e r n a t i v e s  implies s p e c i f i c  ac t ions :  
developing and implementing a comprehensive t e c h n i c a l  program t o  use more 
e f f i c i e n t l y  t h e  uranium resource  base,  i nc lud ing  making a v a i l a b l e  improvements 
t o  l igh t -water  r e a c t o r s ;  cont inuing  t o  reduce t h e  u n c e r t a i n t y  of t h e  e x t e n t  
and p r o d u c i b i l i t y  of t h e  domestic resource  base;  developing a s t ra tegy--  
encompassing f o r e i g n  governments, t h e  IAEA, t h e  NEAIIAEA, and f i n a n c i a l  and 
exp lo ra to ry  en te rp r i se s - - to  expand t h e  informat ion  base  on i n t e r n a t i o n a l  
uranium r e s e r v e s ;  s t o c k p i l i n g  n a t u r a l  and low-enriched uranium f o r  emergency 
a l l o c a t i o n ;  developing wi th  o t h e r  n a t i o n s  m l t i n a t i o n a l  agreements covering 
emergency a l l o c a t i o n  procedures  and pool ing  arrangements f o r  nuc lear  f u e l s ;  
p r o m o t i n g  t h e  c o n c e p t  of  a f u e l  bank;  and  d e v e l o p i n g  a s y s t e m  o f  i n t e r -  
g o v e r n m e n t a l  communica t ions  d e s i g n e d  t o  e n s u r e  t h a t  t h e  deve lopment  and  
implementation of fuel-supply p o l i c i e s  f a c i l i t a t e  o rde r ly  f u e l  markets and 
prevent  any commercial manipulat ion of uranium markets. 

2.2.3 I n s t i t u t i o n a l  Measures and A l t e r n a t i v e s  

D e v e l o p i n g  and  a s s e s s i n g  measu res  t o  r e d u c e  p r o l i f e r a t i o n  r i s k s  r e q u i r e  
t h e  a r t i c u l a t i o n  of p r i n c i p l e s  t o  b e  used f o r  e s t a b l i s h i n g  (1) t h e  range 
of measures and a l t e r n a t i v e s  t o  be considered,  ( 2 )  t h e  assessment of t h e  
measures and a l t e r n a t i v e s  i n  terms of p r o l i f e r a t i o n  r e s i s t a n c e  and o the r  
c o n s i d e r a t i o n s ,  and  (3) t h e  s e l e c t i o n  of c a n d i d a t e  measu res  f o r  f u r t h e r  
cons idera t ion .  

To e s t a b l i s h  t h e  range of measures - and a l t e b a t i v e s  t o  be considered,  NASAP 
has  set i ts  scope t o  r e f l e c t  t h e  breadth  of t h e  va r ious  n o n p r o l i f e r a t i o n  
v u l n e r a b i l i t i e s  of p r e s e n t  and p rospec t ive  deployments of t h e  c i v i l i a n  f u e l -  
c y c l e  systems i n  an i n t e r n a t i o n a l  contex t .  The scope of t h e s e  ac t iv i t i e s  
i s  i t s e l f  broad; a t  a minimum, measures f o r  d e a l i n g  w i t h  assurance  of supply,  
e n r i c h m e n t  and s p e n t - f u e l  management f o r  once - th rough  f u e l  c y c l e s ,  a n d  
reprocess ing ,  plutonium management, and f a s t  b reeder  r e a c t o r  development f o r  
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c losed  f u e l  c y c l e s  rmst be considered. A t  t h e  same t i m e ,  however, NASAP's 
scope is  n o t  s o  broad as t o  encompass a l l  t h e  i s s u e s ,  n u c l e a r  and nonnuclear,  
b e a r i n g  on n o n p r o l i f e r a t i o n .  Th i s  important  l i m i t a t i o n  needs t o  be recognized 
when viewing NASAP analyses .  Neve r the l e s s ,  t h e s e  assessments  have va lue  
i n  sugges t ing  guidance f o r  improving t h e  i n s t i t u t i o n a l  regime c o n t r o l l i n g  
c i v i l i a n  n u c l e a r  a c t i v i t i e s .  

Developing and a s s e s s i n g  n o n p r o l i f e r a t i o n  measures and a l t e r n a t i v e s  r e q u i r e s  
c o n s i d e r a t i o n  of p o l i c i e s  and a t t i t u d e s  a f f e c t i n g  n o n p r o l i f e r a t i o n  c o n t r o l s  
and c o n s t r a i n t s ,  and those  a f f e c t i n g  energy s e c u r i t y  and a s s i s t a n c e .  Con- 
s i d e r a t i o n  must be given no t  only t o  nuc lea r  development and n o n p r o l i f e r a t i o n  
concerns,  b u t  a l s o  t o  t h e  d i f f e r i n g  i n t e r e s t s  of s u p p l i e r s  and consumers, and 
of n a t i o n s  w i t h  nuc lea r  programs i n  va r ious  s t a g e s  of development. However, 
i t  is important t o  n o t e  t h a t  t h e  development and assessment of measures and 
a l t e r n a t i v e s  u s e  a gene r i c  approach which depends on t h e  c h a r a c t e r i z a t i o n  of 
g e n e r a l  r a t h e r  t han  s p e c i f i c  n a t i o n a l  i n t e r e s t s .  

The p r i n c i p l e s  f o r  d e v e l o p i n g  and  s e l e c t i n g  t h e s e  m e a s u r e s  must b e  con- 
s i s t e n t  w i th  two b a s i c  a s p e c t s  of t h e  s t r a t e g y  f o r  achieving n o n p r o l i f e r a t i o n  
o b j e c t i v e s - - n a m e l y ,  t o  r e d u c e  i n c e n t i v e s  f o r  n a t i o n s  t o  a c q u i r e  n u c l e a r  
weapons and t o  l i m i t  t h e  development of nuc lea r  weapons c a p a b i l i t i e s .  These 
p r i n c i p l e s  are: 

Any s t r a t e g y  should recognize,  u t i l i z e ,  and b u i l d  on t h e  bases  provided 
by t h e  Non-Prol i ferat ion Trea ty  and t h e  IAEA sa fegua rds  program. 

The development of a s t r a t e g y  does not  r e q u i r e  t h e  r e s o l u t i o n  of a l l  
t h e  i s s u e s  a t  once. 

Any s t r a t e g y  should b e  f l e x i b l e  enough t o  t a k e  i n t o  account t h e  l e g i t i -  
mate technology development, economic, and programmatic i n t e r e s t s  of 
s u p p l i e r s  and r e c i p i e n t s .  

N u c l e a r  power s y s t e m s  s h o u l d  b e  d e s i g n e d  t o  a v o i d  c o n t r i b u t i n g  t o  
n u c l e a r  weapons development- 

Nuclear power systems, as they evolve,  should not s i g n i f i c a n t l y  enhance 
t h e  development of a ded ica t ed  n u c l e a r  weapons program f o r  any nat ion.  

Access t o  s e n s i t i v e  materials and f a c i l i t i e s  should b e  c a r e f u l l y  con- 
t r o l l e d  i n  o rde r  t o  maximize b a r r i e r s  t o  p r o l i f e r a t i o n .  
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Resu l t s  of t h e  Assessments 

The r e s u l t s  of t h e  assessments  of i n s t i t u t i o n a l  measures and a l t e r n a t i v e s  can 
be  grouped by near-term cons ide ra t ions  t o  improve t h e  c u r r e n t  n o n p r o l i f e r a t i o n  
regime and by long-term cons ide ra t ions  t o  t h e  same purpose. More important ,  
t h e s e  major obse rva t ions  have impl i ca t ions  f o r  U . S .  programs. Together,  t h e s e  
obse rva t ions  and t h e i r  imp l i ca t ions  can sugges t  p o s s i b l e  g u i d e l i n e s  f o r  devel-  
oping a U.S. n o n p r o l i f e r a t i o n  s t r a t e g y .  

NASAP cons idered  m u l t i n a t i o n a l  and i n t e r n a t i o n a l  arrangements t o  accommodate 
enrichment and reprocess ing  s e r v i c e s  as w e l l  as spent - fue l  s t o r a g e  and d i s -  
p o s a l  s e r v i c e s .  The need f o r ,  c h a r a c t e r i z a t i o n  o f ,  and impl i ca t ions  of U.S. 
p a r t i c i p a t i o n  i n  one o r  more of va r ious  p o s s i b l e  arrangements shaped t h e  
fo l lowing  major observa t ions :  

New enrichment capac i ty  should be under e f f e c t i v e  m u l t i n a t i o n a l  or  
i n t e r n a t i o n a l  auspices .  Cons idera t ion  should now b e  given t o  i n v i t -  
i n g  p a r t i c i p a t t o n  i n  planned U . S .  enrichment f a c i l i t i e s  by f o r e i g n  
n a t i o n s  meeting n o n p r o l i f e r a t i o n  norms Moreover, planned expansion of 
domestic capac i ty  should cont inue,  as should t h e  programs t o  develop 
more p r o l i f e r a t i o n - r e s i s t a n t  technology and t o  develop advanced tech- 
nology t o  provide  more economical s e r v i c e s .  

Improved i n s t i t u t i o n a l  arrangements f o r  spent - fue l  s t o r a g e  and d i s p o s a l  
s e rv i ces  s h o u l d  b e  pu r sued .  T h e s e  c o u l d  i n c l u d e  p a r t i c i p a t i o n  i n  
r e g i o n a l  s t o r a g e  f a c i l i t i e s  under i n t e r n a t i o n a l  c o n t r o l  as w e l l  as 
domestic a c t i v i t i e s .  The U.S. should t a k e  t h e  s t e p s  necessary t o  s o l v e  
t h e  environmental  and i n s t i t u t i o n a l  problems a s s o c i a t e d  w i t h  spent-f u e l  
s t o r a g e  and d i s p o s a l  and t o  ca r ry  ou t  i t s  o f f e r  t o  accept f o r e i g n  f u e l  
f o r  domestic s torage .  Research and development f o r  s t o r a g e  and d i s p o s a l  
techniques  should be  acce le ra t ed .  In any case, t h e  arrangements which 
are needed f o r  provid ing  spen t - fue l  s t o r a g e  can l e a v e  open f o r  t h e  
f u t u r e  t h e  d e c i s i o n  regard ing  u l t i m a t e  d i sposa l ,  whether d i r e c t l y  as 
waste o r  fo l lowing  r ep rocess ing  t o  recover  t h e  f i s s i l e  va lues .  

The U.S. should cont inue  t o  urge o t h e r s  t o  r e f r a i n  from developing 
r ep rocess ing  c a p a b i l i t y  u n t i l  i t  i s  c l e a r l y  needed. However, where 
r ep rocess ing  occurs ,  t h e r e  would be. less p r o l i f e r a t i o n  r i s k  i f  s e r v i c e s  
w e r e  provided by a few 1arge : : fac i l i t i es  u s ing  more r e s i s t a n t  technolo- 
g i e s ;  i f  sa feguards  were s t rengthened  a t  a l l  bulk-handling f a c i l i t i e s ;  
and i f  s e r v i c e s  were supp l i ed  based on schedules  d r i v e n  by f a s t  b reeder  
and advanced r e a c t o r  research 'and  development needs,  where t h e r e  e x i s t e d  
both  economic and t e c h n i c a l  j u s t i f i c a t i o n s .  
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0 The U.S. s h o u l d  s e e k  t o  e n s u r e  t h a t  any  i n t e r n a t i o n a l  p lu ton ium-  
management regime o p e r a t e  under e f f e c t i v e  and c r e d i b l e  n o n p r o l i f e r a t i o n  
norms. Cons idera t ions  should i n c l u d e  cr i ter ia  f o r  s i t i n g  of deposi-  
t o r i e s ,  release (e.g., in tended  use,  t iming, and form of materials) and 
con t ro l ,  and p h y s i c a l  s e c u r i t y .  

The assessment of i n t e r n a t i o n a l  deployment p l ans  emphasizes t h e  need f o r  
a number of t e c h n i c a l  improvements  which  s h o u l d  b e  deve loped  and demon- 
s t r a t e d  d o m e s t i c a l l y  s o  t h a t  t h e y  would b e  a v a i l a b l e  t o  b e  implemented  
b o t h  d o m e s t i c a l l y  and i n t e r n a t i o n a l l y ,  as  a p p r o p r i a t e .  These  p roposed  
improvements would inc lude  such cons ide ra t ions  as: 

Research, development, and demonstrat ion on t e c h n i c a l  i n i t i a t i v e s  such 
as coprocessing and on advanced f a s t -b reede r  fue l -cyc le  technologies  
such as pyrometallurgy. 

Developing advanced safeguards  techniques,  e s p e c i a l l y  f o r  bulk-handling 
f a c i l i t i e s  and t r a n s p o r t  s y s t e m  f o r  spen t  and plutonium f u e l s .  Th i s  
recommendation impl ies  s t r eng then ing  t h e  role of the  IAEA and would be a 
fundamental  element of any n o n p r o l i f e r a t i o n  s t r a t e g y  

Furthermore,  t h e  U . S .  should cont inue  t o  stress fu l l - scope  safeguards  and work 
t o  s t r e n g t h e n  t h e  safeguards  and p h y s i c a l  p r o t e c t i o n  systems by developing 
advanced safeguards  techniques  f o r  a t - r e a c t o r  ope ra t ions ,  p a r t i c u l a r l y  spent-  
f u e l  s t o r a g e  and spen t - fue l  t r anspor t .  F i n a l l y ,  i n  o r d e r  t o  d iscourage  t h e  
spread  of s e n s i t i v e  r e sea rch  and development a c t i v i t i e s ,  t h e  U.S. should 
cons ide r  o f f e r i n g  t o  coopera te  wi th  o t h e r  n a t i o n s  i n  making a v a i l a b l e  t h e  use  
of l a r g e  r e sea rch  r e a c t o r s ,  c r i t i c a l  f a c i l i t i e s ,  and f a s t -b reede r  research  and 
development f a c i l i t i e s  when t h e  need is  clear, and under a p p r o p r i a t e  c o n t r o l s  
and condi t ions .  

U.S. po l i cy  should cont inue  t o  be d i r e c t e d  toward e s t a b l i s h i n g  a nonpro l i f e ra -  
t i o n  r eg ime  which  would t a k e  a c c o u n t  of t h e  need  f o r  s e c u r i t y  of e n e r g y  
s u p p l y .  C r i t i c a l  e l e m e n t s  of s u c h  a n  a p p r o a c h  would i n c l u d e  e n h a n c i n g  
t h e  U.S. image as a r e l i a b l e  source  of nuclear-energy a s s i s t a n c e  t o  p a r t i e s  t o  
t h e  Non-Prolif e r a t i o n  Trea ty  and t o  o t h e r s  who accep t  fu l l - scope  safeguards ,  
expanding and us ing  more e f f i c i e n t l y  t h e  U 0 r e source  base,  a s s u r i n g  r e l i a b l e  
f u e l  s u p p l i e s ,  p rov id ing  a l t e r n a t i v e s  t o  n a t i o n a l  reprocess ing ,  address ing  
environmental  problems of spent - fue l  s t o r a g e  and d i sposa l ,  s t r eng then ing  
safeguards  and i n s p e c t i o n  a c t i v i t i e s ,  and u l t i m a t e l y  p l ac ing  reprocess ing  
under i n t e r n a t i o n a l  ausp ices  and con t ro l .  Nonetheless,  t h e s e  s t e p s  cannot 
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ensu re  t h a t  a non-nuclear-weapons s ta te  may not  move c l o s e r  t o  a nuc lea r  
weapons c a p a b i l i t y .  Therefore ,  d i s i n c e n t i v e s  such as s a n c t i o n s  should a l s o  be  
i n v e s t i g a t e d .  

Sanct ions  and t h e  t h r e a t  of s a n c t i o n s  a l s o  r e p r e s e n t  an important  element of 
n o n p r o l i f e r a t i o n  e f f o r t s .  S ince  t h e  t h r e a t  of t e rmina t ing  nuc lear  energy 
coopera t ion  may not  always be an  e f f e c t i v e  d e t e r r e n t ,  p o s s i b l e  s a n c t i o n s  
o u t s i d e  t h e  nuc lea r  area a l s o  need cons idera t ion .  The e x i s t i n g  system t o  
v e r i f y  a c t i v i t i e s  o u t s i d e  t h e  norms of nuc lea r  conduct and t o  impose sanc t ions  
relies heav i ly  on m u l t i n a t i o n a l  and i n t e r n a t i o n a l  mechanisms. On t h e  one 
hand, i t  is  u n r e a l i s t i c  t o  expec t  a broad m u l t i n a t i o n a l  consensus on t h e  
f u t u r e  au tomat ic  impos i t ion  of s p e c i f i c  s a n c t i o n s  t o  be app l i ed  i f  a n a t i o n  
were t o  engage i n  p rosc r ibed  a c t i v i t i e s .  On t h e  o t h e r  hand, i t  is  e s s e n t i a l  
t h a t  t h e r e  b e  a v i s i b l e  i n t e r n a t i o n a l  consensus t h a t  wide-ranging sanc t ions  
a p p r o p r i a t e  t o  t h e  circumstances be invoked i f  t h e r e  were a breach of non- 
p r o l i f e r a t i o n  o b l i g a t i o n s .  To d e a l  e f f e c t i v e l y  w i t h  s p e c i f i c  cases when they 
arise, t h o s e  concerned mst be prepared t o  c o n s u l t  on developing s p e c i f i c  
courses  of ac t ion .  Developing i n t e r n a t i o n a l l y  agreed-upon gu ide l ines  f o r  
t h i s  procedure would be usefu l .  

F i n a l l y ,  t h e  d i s c u s s i o n  of s a n c t i o n s  emphasizes a c r i t i c a l  a spec t  of f o r e i g n  
n o n p r o l i f e r a t i o n  po l i cy  A t  t h e  c u r r e n t  t i m e ,  t h e  u t i l i z a t i o n  of nuc lea r  
power t o  meet g rowing  e n e r g y  r e q u i r e m e n t s  i s  hampered by d i f f e r e n c e s  i n  
n a t i o n a l  p o l i c i e s  and planning assumptions.  Th i s  s i t u a t i o n  does not  s e r v e  
w e l l  t h e  i n t e r e s t s  of s u p p l i e r  o r  consumer na t ions .  Moreover, i t  does no t  
l e a d  t o  an improved n o n p r o l i f e r a t i o n  regime. Accordingly,  an  i n t e r n a t i o n a l  
consensus on t h e  ' i s s u e  of n o n p r o l i f e r a t i o n  and nuclear-energy development 
i s  d e s i r a b l e .  I n  t h i s  regard ,  INFCE is  a va luab le  s t e p  toward cont inued 
development of such a consensus, i n  a forum recogniz ing  s imultaneously t h e  
b e n e f i t s  of nuc lea r  power and t h e  r i s k s  t h a t  abuse of i ts  s e n s i t i v e  nuc lear  
materials and f a c i l i t i e s  makes poss ib l e .  The U.S. should seek t o  main ta in  
t h i s  momentum. 

I 

Some Guide l ines  f o r  a U.S. Nonpro l i f e ra t ion  S t r a t e g y  
. I  

Taking Account of Na t iona l  I n t e r e s t s  .-- Nations'  pe rcep t ions  of t h e  need 
f o r  and e f f e c t i v e n e s s  and acceptab iJ i ty  of n o n p r o l i f e r a t i o n  measures vary 
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widely.  Thus, w h i l e  a g e n e r i c  approach used t o  determine t h e  e f f e c t i v e n e s s  
and a c c e p t a b i l i t y  of n o n p r o l i f e r a t i o n  measures may depend on t h e  charac- 
t e r i z a t i o n  of g e n e r a l  n a t i o n a l  i n t e r e s t s ,  i t  i s  i m p o r t a n t  t o  p o i n t  o u t  
t h a t ,  i n  t h e  f i n a l  a n a l y s i s ,  t h e  p o l i c i e s  and needs of t h e  s p e c i f i c  n a t i o n s  
w i l l  i n f l u e n c e  t h e  s u c c e s s  o r  f a i l u r e  o f  t h e  i n i t i a t i v e .  T h a t  i s ,  a n  
e f f e c t i v e  n o n p r o l i f e r a t i o n  s t r a t e g y  may have t o  provide f o r  coun t ry - spec i f i c  
i m p l e m e n t a t i o n .  Thus,  any measu re  o r  a l t e r n a t i v e  s h o u l d  c o n s i d e r  t h e  
mult idimensional  aspects of f a c t o r s  i n f l u e n c i n g  n o n p r o l i f e r a t i o n  concerns, 
t h e  va ry ing  degrees of e x i s t i n g  fue l - cyc le  deployments, and t h e  range of 
country-specif  i c  p re s su res .  

Furthermore, t h e  assessment of some a l t e r n a t i v e s  sugges t s  t h a t  t h e r e  may b e  
s u b s t a n t i a l  o b s t a c l e s  t o  t h e i r  a c c e p t a b i l i t y  t o  o t h e r  c o u n t r i e s  and t o  t h e  
a v a i l a b i l i t y  of measures t o  r e a l i z e  them. Nonetheless,  t h e  d i s c u s s i o n  of 
t h e i r  i m p l i c a t i o n s  sugges t s  p o i n t s  r e l e v a n t  t o  t h e  design of f e a s i b l e  measures 
and a l t e r n a t i v e s  f o r  an i n t e r n a t i o n a l  n o n p r o l i f e r a t i o n  regime. 

It appears  t h a t  two t a s k s  conf ron t  t h e  U . S .  i n  working t o  f o s t e r  a world 
n u c l e a r  power regime less v u l n e r a b l e  t o  p r o l i f e r a t i o n .  F i r s t ,  i t  is necessary 
t o  l i m i t  t h e  damage t h a t  may be done by t h e  p r o l i f e r a t i o n  v u l n e r a b i l i t i e s  i n  
t h e  e x i s t i n g  regime. Carrying out  t h i s  damage-limiting t a s k  might e n t a i l  
ho ld ing  t h e  l i n e  a g a i n s t  t h e  spread of spen t - fue l  r ep rocess ing  ac t iv i t ies .  
The second t a s k  i s  t o  begin now t o  move toward a longer-term p o l i c y  framework 
f o r  t h e  f u t u r e  u s e  of n u c l e a r  energy, a framework c o n t a i n i n g  fewer p r o l i f e r a -  
t i o n  v u l n e r a b i l i t i e s .  Such a framework would s e r v e  as a means of i nco rpora t -  
i n g  i n t o  a s a f e r  set of p o s s i b l e  outcomes t h e  expanding nuc lea r  a c t i v i t i e s  
of many n a t i o n s  t h a t  today have programs i n  v a r i o u s  s t a g e s  of development. 

E s p e c i a l l y  d i f f i c u l t  i n  f u l f i l l i n g  t h e s e  two t a s k s  w i l l  b e  ensu r ing  t h a t  near- 
term accommodations are c o n s i s t e n t  w i t h  p u r s u i t  of t h e  longer-term framework. 
F o r  example ,  r a t h e r  t h a n  s i m p l y  "grandf  a t h e r i n g - i n "  a c t i v i t i e s  s u c h  as  
e x i s t i n g  enrichment r e sea rch  and development o r  e x i s t i n g  commercial spen t - fue l  
r ep rocess ing ,  i t  may be necessary t o  t h i n k  i n  terms of arrangements whereby 
s h i f t s  away from U.S. p r e f e r e n c e s  would be compensated f o r  by changes else- 
where. Even i f  such cons i s t ency  were unobtainable  i n  a l l  cases ,  i t  need not  
b e  d ropped  as  a g u i d i n g  p r i n c i p l e  t o  h e l p  a v o i d  u n n e c e s s a r y  compromise. 
Nonetheless,  t h e  p o s s i b l e  d i f f i c u l t i e s  i n  ensu r ing  such cons i s t ency  between 
near-term accommodation and long-term framework b u i l d i n g  suggest  t h a t  any 
u l t i m a t e  framework w i l l  be a mixture,  r a t h e r  t han  a more conceptual ly  e l e g a n t  
and i n t e r l o c k i n g  set ,  of p o s s i b l e  a l t e r n a t i v e s  t o  c o n t r o l  a l l  c i v i l i a n  nuc lea r  
a c t i v i t i e s .  
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@ An Evolut ionary Approach -- Previous conclusions suggest  t h a t  t h e  implementa- 
t i o n  of any n o n p r o l i f e r a t i o n  s t r a t e g y  should employ a n  evo lu t iona ry  approach, 
which is n e c e s s a r i l y  a n  incremental  approach. Rather t h a n  f i rmly  choosing now 
t o  pursue t h e  i n t e r n a t i o n a l i z a t i o n  p r i n c i p l e ,  U . S .  e f f o r t s  t o  f o s t e r  a more 
a c c e p t a b l e  long-term n u c l e a r  energy regime might be most u s e f u l  i f  they were 
t o  adopt an incremental  approach. P a r t i c u l a r  stress might be placed on f i r s t  
s t e p s  t h a t  could l e a d  i n  s e v e r a l  d i r e c t i o n s .  For example, suppor t  f o r  a 
m u l t i n a t i o n a l  f a c i l i t y  f o r  spent-fuel  s t o r a g e  would not  f u l l y  commit t h e  U.S .  
t o  t h e  i n t e r n a t i o n a l i z i n g  approach elsewhere; i t  could be a u s e f u l  l e a r n i n g  
mechanism and, i f  a t t r a c t i v e ,  could be combined w i t h  v a r i o u s  o t h e r  measures t o  
reduce o v e r a l l  p r o l i f e r a t i o n  r i s k .  I n  any case, more a t t e n t i o n  needs t o  be 
p a i d  t o  i d e n t i f y i n g  p o s s i b l e  b u i l d i n g  blocks f o r  longer-term change by u t i l i z -  
i n g  t h e  assessment of a l t e r n a t i v e  i n s t i t u t i o n a l  arrangements. 

Concomitantly w i t h  t h e  d e c i s i o n  t o  adopt an incremental  approach, i t  would 
a l s o  be. important  t o  i d e n t i f y  cr i t ical  d e c i s i o n  p o i n t s  t h a t  are l i k e l y  t o  
occur  over t h e  next  10 t o  50 yea r s .  For  a given set of d e c i s i o n s  i n  t h e  e a r l y  
1980's, i t  would be d e s i r a b l e  t o  know which s t e p s  would l eave  open a l t e r n a t i v e  
c o u r s e s  of a c t i o n  and a t  wha t  t i m e  d e c i s i o n s  would need  t o  b e  made. I n  
summary, an  e f f e c t i v e  n o n p r o l i f e r a t i o n  s t r a t e g y  must t a k e  account of t h e  
dynamic problem--what is out  t h e r e  now and what w i l l  be t h e r e  by t h e  t i m e  a n  
i n s t i t u t i o n a l  arrangement t a k e s  e f f e c t .  S t a t i c  s o l u t i o n s ,  whether t e c h n i c a l  
o r  i n s t i t u t i o n a l ,  would be of sho r t - l i ved  u t i l i t y .  

" The enormous u n c e r t a i n t i e s  which ex i s t  make compelling an approach t h a t  is 
evo lu t iona ry  i n  n a t u r e  and incremental  i n  development as t h e  u n c e r t a i n t i e s  
are reduced. The f l e x i b i l i t y  of such an  approach enab le s  i t  t o  addres s  t h e  
s i g n i f i c a n t  developments l i k e l y  t o  occur i n  technology, r e sources ,  market 
demand, and p u b l i c  a t t i t u d e s .  Not least among t h e s e  are t h e  r e c e n t  d e c l i n e  
i n  n u c l e a r  e n e r g y  p r o j e c t i o n s  and  s u b s t a n t i a l  d i s c o v e r i e s  of u r a n i u m  in 
A u s t r a l i a ,  and c u r r e n t  v a c i l l a t i o n s  i n  n a t i o n a l  pe rcep t ions  of t h e  nonpro- 
l i f e r a t i o n  i s sue .  For i n s t a n c e ,  a l though r e a c t i o n s  t o  t h e  de tona t ion  of a 
n u c l e a r  dev ice  by a newly capab le  n a t i o n  may b e  hard t o  p r e d i c t ,  such an  
event  would be u n l i k e l y  t o  l e a v e  i n t e r n a t i o n a l  a t t i t u d e s  unaffected.  

For t h e s e  reasons and o t h e r s ,  an evo lu t iona ry  and incremental  s e q u e n t i a l  
approach t o  t h e  n o n p r o l i f e r a t i o n  problem is  e s s e n t i a l .  It begins  wi th  a pause 
i n  t h e  development and "implementation of .less p r o l i f e r a t i o n - r e s i s t a n t  systems 
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2.2.4 Technical  Measures 

A major n o n p r o l i f e r a t i o n  i s s u e  a s s o c i a t e d  wi th  t h e  r ep rocess ing  of spen t  f u e l  
is  t h e  manner i n  which t h e  r ep rocess ing  would occur, under what cond i t ions ,  
and when (and whether) and i n  what form t h e  sepa ra t ed  f i s s i l e  f u e l s  would be 
r e t u r n e d  t o  use r s .  

Technical  mod i f i ca t ions  have been suggested as a p a r t i a l  means of reducing 
t h e  p r o l i f e r a t i o n  r i s k s  a s s o c i a t e d  w i t h  c e r t a i n  a s p e c t s  of t h e  n u c l e a r  
f u e l  cyc le ,  p a r t i c u l a r l y  t h a t  par t  of t h e  f u e l  c y c l e  con ta in ing  plutonium. 
S e v e r a l  mod i f i ca t ions  have been i d e n t i f i e d  t h a t  could be app l i ed  t o  plu- 
tonium r e c y c l e  i n  l ight-water  r e a c t o r s  and subsequent ly  i n  t h e  f a s t  breeder  
f u e l  cycle .  General ly ,  t h e s e  mod i f i ca t ions  have been designed t o  i n c r e a s e  
t h e  p r o l i f  e r a t i o n - r e s i s t a n c e  a s p e c t s  of r ep rocess ing  and t h e  u s e  of plutonium 
f u e l s .  

The framework u s e d  t o  assess t e c h n i c a l  m o d i f i c a t i o n s  i n v o l v e d  a c o s t -  
e f f e c t i v e n e s s  assessment. The c o s t s  t h a t  were considered are: 

0 Research, development, and demonstration costs--The c o s t s  necessary t o  
b r i n g  the  t echno log ica l  s t a t u s  of t h e  mod i f i ca t ion  t o  a commercially 
a c c e p t a b l e  state. 

0 Economic and environmental  costs--The incremental  u n i t  power c o s t s  
a s s o c i a t e d  w i t h  t h e  c a p i t a l ,  ope ra t ing ,  and maintenance c o s t s  of t h e  
t e c h n i c a l  m o d i f i c a t i o n .  F o r  t h o s e  m o d i f i c a t i o n s  i n v o l v i n g  added  
r a d i o a c t i v i t y ,  t h e  incremental  environmental  c o s t s  were included i n  t h e  
economic c o s t s  and r ep resen ted  t h e  inc reased  c a p i t a l ,  ope ra t ing ,  o r  
maintenance c o s t s  r equ i r ed  t o  keep r a d i o l o g i c a l  impacts on f a c i l i t y  
pe r sonne l  and t h e  environment w i t h i n  c u r r e n t  s tandards.  

The n o n p r o l i f e r a t i o n  b e n e f i t s  de r ived  from t h e  t e c h n i c a l  mod i f i ca t ions  were 
developed as a f u n c t i o n  of t h e  inc reased  d i f f i c u l t y ,  c o s t s ,  t i m e  required,  
o r  d e t e c t a b i l i t y  a s s o c i a t e d  w i t h  d e d i c a t e d  f a c i l i t y  p r e p a r a t i o n  o r  com- 
mercial f a c i l i t y  modif icat ion,  and material d i v e r s i o n  and conversion. I n  
a d d i t i o n ,  b e n e f i t s  o r  drawbacks t o  sa fegua rds  were as ses sed  as t h e  impact of 
t h e  t e c h n i c a l  mod i f i ca t ion  on e x i s t i n g  and planned sa fegua rds  techniques and 
procedures.  
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The Technica l  Modif ica t ions  Assessed 

The t e c h n i c a l  modi f ica t ions  i n v e s t i g a t e d  include:  

1 C o p r o c e s s i n g  and c o p r e c i p i t a t i o n  of uranium and plutonium i n  t h e  repro-  
ces s ing  p l a n t .  Th i s  measure is  a mod i f i ca t ion  t o  the  r e fe rence  PUREX 
rep rocess ing  technology, i n  which plutonium would never be produced 
a l o n e  but  would always be  d i l u t e d  by a p o r t i o n  of t h e  recovered uranium. 
It  has  t h e  primary advantage t h a t  t h e r e  would be  no sepa ra t ed  plutonium 
anywhere i n  t h e  f u e l  cycle.  Its concen t r a t ion  i n  uranium would never be  
g r e a t e r  t han  20 t o  2 5  percen t  by weight. 

2. Coprocessing and c o p r e c i p i t a t i o n  w i t h  par t ia l  decontamination of f i s s i o n  
products .  Th i s  measure is a mod i f i ca t ion  of coprocess ing  i n  which some 
of t h e  f i s s i o n  products  would remain wi th  t h e  recovered uranium and 
plutonium, c r e a t i n g  a r a d i a t i o n  b a r r i e r  throughout t h e  f u e l  cycle.  
Thus, a l l  i n t e rmed ia t e  products  and t h e  f a b r i c a t e d  f u e l  would be h igh ly  
r a d i o a c t i v e .  Any d i v e r t e d  mater ia l  would  r e q u i r e  r e m o t e  h a n d l i n g  
and s h i e l d e d  recovery f a c i l i t i e s  be fo re  weapon f a b r i c a t i o n  could be 
attempted. The p r a c t i c a l  f i s s i o n  products  f o r  t h i s  purpose (Ru-106 and 
Ce-144) would have h a l f - l i v e s  of about  one year.  Thus, t h i s  measure 
would be e f f e c t i v e  f o r  f u e l  s t o r a g e  f o r  less than  about  f i v e  years .  

3. A d d i t i o n  of  r a d i o a c t i v e  i s o t o p e s  t o  f r e s h  mixed-oxide uranium/plutonium 
f u e l s .  Th i s  measure would r e l y  on t h e  i n t r o d u c t i o n  of a source  of 
gamma r a d i a t i o n  (such as Co-60) t o  t h e  coprocessed uranium/plutonium 
n i t r a t e  product a t  the reprocess ing  p l a n t .  The r a d i a t i o n  l e v e l  would 
be s u f f i c i e n t l y  high t h a t  s e p a r a t i o n  of t h e  plutonium from t h e  uranium 
would r e q u i r e  a s h i e l d e d  p rocess ing  f a c i l i t y .  An adequate  dose l e v e l  
h a s  been es t imated  t o  be  i n  the range,.100 r e m  p e r  hour a t  1 meter. A s  
a r e s u l t ,  t h e  uranium/plutonium f u e l  would be r a d i o a c t i v e  throughout  
t h e  f u e l  cycle .  Th i s  concept would r e q u i r e  remotely opera ted ,  remotely 
maintained conversion and f a b r i c a t i o n  f a c i l i t i e s .  

4. P r e - i r r a d i a t i o n  of f a b r i c a t e d  .mixed-oxide f u e l .  This  measure would 
r e l y  on a r a d i a t i o n  b a r r i e r  i n  . f r e s h  mixed-oxide f u e l s  by i r r a d i a t i n g  
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f a b r i c a t e d  f u e l  i n  a s p e c i a l l y  c o n s t r u c t e d  neutron i r r a d i a t i o n  f a c i l i t y .  
The f a c i l i t y  could be a r e a c t o r  designed f o r  r a p i d  on-line r e f u e l i n g  
t h a t  would provide a small bu t  s i g n i f i c a n t  burnup t o  t h e  f r e s h - f u e l  
elements.  A t  such low’ burnup t h e  f u e l  would be r a d i o a c t i v e  enough 
t h a t  i t  would r equ i r e ,  i n  e f f e c t ,  a ded ica t ed ,  sh i e lded ,  and remotely 
ope ra t ed  chemical s e p a r a t i o n  f a c i l i t y  t o  recover  t h e  plutonium. T h i s  
i n i t i a t i v e . w o u l d  r e q u i r e  c o l o c a t i o n  of r ep rocess ing ,  f a b r i c a t i o n ,  and 
i r r a d i a t i o n  fac i l i t i es ,  and would imply t h a t  no f u e l  f a b r i c a t i o n  had 
been done o u t s i d e  such s e c u r e  fue l - cyc le  f a c i l i t i e s .  

5 .  A c t i v e  c o u n t e r m e a s u r e s  ( u s e - d e n i a l )  w i t h i n  t h e  fue l - cyc le  f a c i l i t i e s .  
These concepts  have been proposed as methods t h a t  could be employed 
by i n t e r n a t i o n a l  i n s p e c t i o n  o r g a n i z a t i o n s  t o  i n t e r f e r e  wi th  t h e  s e i z u r e  
by t h e  h o s t  country of a m u l t i n a t i o n a l  nuc lea r  f u e l  center .  Ac t ive  
concepts  i n c l u d e  a u t o m a t i c a l l y  o r  remotely c o n t r o l l e d  s y s t e m  designed 
t o  create b a r r i e r s  t o  material d i v e r s i o n  a t  fue l - cyc le  f a c i l i t i e s  by 
denying access t o  c r i t i ca l  areas, s h u t t i n g  down o r  d i s a b l i n g  equipment, 
o r  d i s a b l i n g  c o n t r o l  c i r c u i t r y .  

6 .  P a s s i v e  c o u n t e r m e a s u r e s  w i t h i n  f u e l  cyc le  f a c i l i t i e s .  Pa ss i v  e 
r e s i s t a n c e  countermeasures are eng inee r ing  concepts,  f a c i l i t y  des ign  
f e a t u r e s ,  and o p e r a t i o n a l  procedures  intended t o  make material d i v e r s i o n  
o r  f a c i l i t y  mod i f i ca t ions  more d e t e c t a b l e ,  more d i f f i c u l t  , and more 
time-consuming. These measures may range from design f e a t u r e s  which 
restrict a c c e s s  t o  s e n s i t i v e  areas and equipment t o  se l f - lock ing  door 
mechanisms. 

Summary Assessment 

These t e c h n i c a l  mod i f i ca t ions  were a s s e s s e d  i n d i v i d u a l l y  and subsequent ly  com- 
pared w i t h  each o t h e r  as they might b e  a p p l i e d  t o  t h e  l i g h t - w a t e r  r e a c t o r  w i th  
r e c y c l e  of plutonium and t o  t h e  f a s t  b reede r  r e a c t o r  f u e l  cycle .  The compara- 
t i v e  a n a l y s i s  r e p r e s e n t s  t h e  assessments  of bo th  t h e  a s s o c i a t e d  research,  
development, and demonstrat ion and t h e  economic and sa fegua rds  c o s t s ,  and t h e  
p r o l i f e r a t i o n - r e s i s t a n c e  e f f e c t i v e n e s s  t h a t  would accrue t o  each t e c h n i c a l  
modif icat ion.  
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@ It h a s > a l s o  been suggested t h a t  s p e c i a l  nuc lea r  materials can b e  "downgraded" 
t o  i n h i b i t  t h e i r  use i n  nuc lea r  weapons by enhancing t h e  emission ra te  of 
a lpha  p a r t i c l e s ,  gamma rays ,  neutrons-, o r  hea t .  Judgments about t h e  use of 
s p e c i a l  n u c l e a r  mater ia ls  would  dep.end on d e t a i l e d  knowledge  of n u c l e a r  
weapons design and t e s t i n g .  Producing such d e t a i l s  would c o n f l i c t  with U.S. 
n o n p r o l i f e r a t i o n  p o l i c i e s ;  c e r t a i n  conclusions can, however, be drawn: 

0 U-233 is, i n  p r i n c i p l e ,  as weapons-usable as U-235 o r  plutonium. 

0 I n c r e a s i n g  t h e  emission ra te  of neu t rons  i n  U-233, U-235, o r  plutonium 
would n o t  p rec lude  t h e i r  use i n  nuc lea r  weapons. Th i s  conclusion a l s o  
a p p l i e s  t o  t h e  presence of Pu-238. 

0 The presence of U-232 i n  U-233 would not provide e f f e c t i v e  p r o t e c t i o n  
a g a i n s t  misuse. 

R e s e a r c h ,  D e v e l o p m e n t ,  and  D e m o n s t r a t i o n ,  Economic, and E n v i r o n m e n t a l  
Costs  -- The major i d e n t i f i e d  c o s t  impacts f o r  most of t h e s e  mod i f i ca t ions  
would l i e  p r i m a r i l y  i n  t h e  areas of f u e l  reprocessing,  f u e l  f a b r i c a t i o n ,  and 
f u e l  t r a n s p o r t a t i o n .  Smaller, bu t  none the le s s  s i g n i f i c a n t ,  c o s t s  would occur 
i n  o t h e r  p o r t i o n s  of t h e  f u e l  cyc le ,  i n  incremental  c a p i t a l ,  ope ra t ion ,  and 
maintenance c o s t s  a t  t h e  r eac to r .  Cos t s  shown below are f o r  t h e  l i g h t - w a t e r  
r e a c t o r  f u e l  cycles .  Costs f o r  f a s t  breeder  r e a c t o r  c y c l e s  would g e n e r a l l y  
b e  h i g h e r  . 

Coprocessing and c o p r e c i p i t a t i o n  of uranium and plutonium were found t o  be t h e  
least i n t r u s i v e  and least c o s t l y  i i t i a t i v e  t o  implement. The c o s t  impact 
would b e  less t h a n  a 0.15 mill/kWh increment t o  t h e  power-generation c o s t s  
and would occur p r i m a r i l y  w i t h i n  t h e  r ep rocess ing  p l a n t  du r ing  c o p r e c i p i t a -  
t i o n .  The environmental  impact would be small. 

f 

The measures designed t o  have h igh ly  r a d i o a c t i v e  f u e l  throughout t h e  f u e l  
c y c l e  (coprocessing w i t h  p a r t i a l  decontamination, d e l i b e r a t e  a d d i t i o n  of 
r a d i o a c t i v e  i s o t o p e s ,  i - e . ,  CO-60 s p i k i n g  a n d  Pu-238 h e a t  s p i k i n g ) - - a l l  

. .  

A c o s t  i n c r e m e n t  of 1 mill/kWh r e p r e s e n t s  a c o s t  t o  t h e  consumer of 
$6.1 m i l l i o n  p e r  yea r  from each power p l a n t  of 1,000 Mw gene ra t ing  c a p a c i t y  
o p e r a t i n g  a t  a 70 percent-capaci ty  f a c t o r .  Average nuc lea r  power c o s t s  i n  
1978 were about 15 mills/kWh. 

1 
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would  l e a d  t o  r e m o t e l y  o p e r a t e d ,  r e m o t e l y  m a i n t a i n e d  d e s i g n  c o n c e p t s  i n  
r ep rocess ing  and ref a b r i c a t i o n .  I n  add i t ion ,  s u b s t a n t i a l  c o s t s  would be  
i n c u r r e d  b o t h  a t  t h e  r e a c t o r  and  i n  f r e s h - f u e l  t r a n s p o r t a t i o n .  A t o t a l  
c o s t  increment can b e  expected i n  t h e  range of 0.3 t o  0.6 mill/kWh, of which 
approximately 0.15 mill/kWh can be a sc r ibed  t o  t r a n s p o r t a t i o n  and r e a c t o r  
mod i f i ca t ion  and handling. 

It appears  t h a t  p r e - i r r a d i a t i o n  of f r e s h  f u e l  i n  an  e s p e c i a l l y  cons t ruc t ed  
r e a c t o r  would  b e  t h e  most  c o s t l y  c o n c e p t  t o  implement .  The i r r a d i a t i o n  
f a c i l i t y  would be t h e  primary c o s t  i t e m ,  and no c o s t  increments were a s c r i b e d  
t o  t h e  r ep rocess ing  or  f u e l - f a b r i c a t i o n  f a c i l i t i e s .  A c o s t  increment of 0.9 
t o  1.5 mills/kWh w a s  es t imated.  

The proliferation-resistance b e n e f i t s  ob ta ined  by i n c r e a s i n g  r a d i a t i o n  l e v e l s  
throughout  t h e  f u e l  cyc le  would have t o  be  balanced a g a i n s t  t h e  p o t e n t i a l  f o r  
i nc reased  popu la t ion  exposures and environmental  cos t s .  

The incrementa l  c o s t s  of t h e  proliferation-resistance engineer ing  concepts  are 
l a r g e l y  unknown. I n  a pre l iminary  estimate, t h e  c o s t s  of implementing an 
a c t i v e  r e s i s t a n c e  concept (assuming t h a t  t h e  necessary c o n t r o l  i n s t rumen ta t ion  
e x i s t s )  appear  t o  be comparable t o  those of t h e  s p i k i n g  concepts.  The h ighe r  
p o t e n t i a l  c o s t s  from increased  p l a n t  outage as a r e s u l t  of a c c i d e n t a l  system 
m a l f u n c t i o n  were n o t  c o n s i d e r e d .  The p a s s i v e  c o n c e p t s  would b e  l a r g e l y  
f ac i l i ty -dependent ,  and no c o s t  eva lua t ions  have been made. Lowest c o s t  
implementation would occur i f  t h e s e  concepts  were designed as p a r t  of t h e  
p h y s i c a l  p r o t e c t i o n  and safeguards  i n  a new p l a n t .  The c o s t s  of modifying an 
e x i s t i n g  f a c i l i t y  could l i k e l y  be  p r o h i b i t i v e .  

The r e sea rch  and development c o s t s  of implementing t h e s e  i n i t i a t i v e s  (with 
t h e  p o s s i b l e  excep t ion  of coprocessing)  would be s u b s t a n t i a l .  Pre l iminary  
estimates have been made only f o r  t h e  gamma-spiking concepts.  These estimates 
range from $275 m i l l i o n  t o  more than  $430 mil l ion .  

Nonpro l i f e ra t ion  B e n e f i t s  and Drawbacks -- The f i s s i l e - f u e l  material of p r i -  
mary concern i n  both r ecyc le  and f a s t  breeder  r e a c t o r s  i s  plutonium. I s o t o p i c  
d i l u t i o n  cannot render  t h i s  material unusable  f o r  weapons i n  t h e  way t h a t  
d i l u t i n g  U-235 w i t h  U-238 does i n  once-through r e a c t o r  systems. However, 
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f o r  t h e  plutonium t h a t  would be  a v a i l a b l e  v i a  reprocess ing ,  t e c h n i c a l  measures 
would c e n t e r  on chemical d i l u t i o n  and t h e  provis ion  of a r a d i a t i o n  b a r r i e r  by 
r a d i o a c t i v e  contamination. 

The b e n e f i t s  t o  be gained from t e c h n i c a l  modi f ica t ions  would vary i n  terms of 
what t h e  pe rce ived  t h r e a t  w a s  (e-g. ,  n a t i o n a l  ve r sus  s u b n a t i o n a l  p r o l i f  era- 
t i o n )  and t h e  con tex t  i n  which t h e  p r o l i f e r a t i o n  occurred (e.g., Did n a t i o n a l  
r e p r o c e s s i n g  f a c i l i t i e s  e x i s t ?  Did t h e  p r o l i f e r a t i o n  i n v o l v e  a n  o v e r t  
n a t i o n a l  takeover  of such a f a c i l i t y ?  Did t h e  p r o l i f e r a t i o n  involve t h e  
cover t  d i v e r s i o n  of materials t o  be  processed la ter  i n  a dedica ted  f a c i l i t y ? ) .  

When taken  i n  t h e  a b s t r a c t ,  d i l u t i o n  w i t h  uranium by coprocessing and copre- 
c i p i t a t i o n  would s i g n i f i c a n t l y  i n c r e a s e  t h e  amount of material t h a t  mst b e  
removed from t h e  f u e l  cyc le  and would r e q u i r e  t h e  chemical s e p a r a t i o n  of 
plutonium from uranium. Radioac t ive  contaminat ion e f f e c t e d  by e i t h e r  sp ik ing ,  
p a r t i a l  decontamination, o r  p r e - i r r a d i a t i o n  would a f f o r d  a p r o t e c t i v e  r ad ia -  
t i o n  b a r r i e r  t o  p l u t o n i u m - b e a r i n g  ma te r i a l s ,  i n c l u d i n g  t h e  f r e s h  f u e l .  
The r a d i a t i o n  f i e l d s  can b e  s u b s t a n t i a l  and, a l though n o t  as h igh  as those  
from s p e n t  f u e l ,  can r e q u i r e  special  handl ing  and remote r a d i o a c t i v e  chemical 
r e p r o c e s s i n g  t o  r e c o v e r  weapons -usab le  material .  However, a s  a r e s u l t  
of t h e  r e l a t i v e l y  s h o r t e r  i s o t o p i c  ha l f  - l i v e s  involved, both t h e  p a r t i a l '  
decontaminat ion and p r e - i r r a d i a t i o n  measures would provide lower long-term 
p r o t e c t i o n  than  sp ik ing .  Radia t ion  levels on t h e  o rde r  of 10 t o  100 r e m  
p e r  hour a t  1 meter have been judged s u f f i c i e n t  t o  f o r c e  a n a t i o n  seeking  
t o  produce t e n s  of weapons t o  conduct reprocess ing  i n  a h o t  f a c i l i t y .  This  
p r o t e c t i o n  would correspond t o  t h a t  of spen t  f u e l  100 t o  150 y e a r s  a f t e r  
d i scha rge  from a r eac to r .  

A s  a means of i n c r e a s i n g  r e s i s t a n c e  t o  n a t i o n a l  p r o l i f e r a t i o n ,  t h e  r e t e n t i o n  
of a chemical d i l u t i o n  b a r r i e r  would not  be r e l e v a n t  i n  con tex t s  where only 
r e a c t o r s  (and not r ep rocess ing  and f a b r i c a t i o n  f a c i l i t i e s )  were deployed i n  
a g iven  country because r ecyc le  f u e l s  are comprised of mixtures  of uranium 
and  p l u t o n i u m  o x i d e s  i n  any c a s e .  I n  c o u n t r i e s  w h e r e  r e p r o c e s s i n g  o r  
f a b r i c a t i o n  f a c i l i t i e s  were deployed, t h e  e f f e c t  on p r o l i f e r a t i o n  r e s i s t a n c e  
of coprocess ing  would be l i m i t e d  f o r  two reasons.  F i r s t ,  s epa ra t ed  plutonium 
oxide could probably be r e a d i l y  obta ined  by s imple changes i n  process-control  
v a r i a b l e s  o r  by ba tch  r e c y c l e  of normal product  material. Second, out-of- 
system f a c i l i t i e s  f o r  s e p a r a t i n g  plutonium oxide from mixed plutonium/uranium- 
oxide f u e l  and conver t ing  i t  t o  plutonium metal would r e q u i r e  only s l i g h t l y  
more t i m e  and r e sources  f o r  des ign ,  cons t ruc t ion ,  t e s t i n g ,  and ope ra t ion  than 
those  f o r  conver t ing  plutonium oxide  alone. 
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The a d d i t i o n  o r  r e t e n t i o n  of a r a d i a t i d n  b a r r i e r  i n  r e c y c l e  materials would 
o f f e r  somewhat g r e a t e r  p o t e n t i a l  f o r  i n c r e a s i n g  p r o l i f e r a t i o n  r e s i s t a n c e  than  
would coprocessing. T h i s  p o t e n t i a l  would be p r i m a r i l y  a s s o c i a t e d  wi th  t h e  
f a c t  t h a t  more e l a b o r a t e  out-of-system f a c i l i t i e s  would be r equ i r ed  t o  recover  
plutonium from d i v e r t e d  materials. Such f a c i l i t i e s  would have t o  provide f o r  
s h i e l d i n g  and remote o p e r a t i o n ,  and would t a k e  up t o  twice as long f o r  design, 
c o n s t r u c t i o n ,  and t e s t i n g ,  as would f a c i l i t i e s  p rocess ing  nonrad ioac t ive  
material. These a d d i t i o n a l  r e sources  would enhance t h e  o p p o r t u n i t i e s  f o r  
d e t e c t i o n  and i n c r e a s e  t h e  p o t e n t i a l  warning t i m e  b e f o r e  removal of material. 
The a c t u a l  o p e r a t i n g  time f o r  recovery of a given q u a n t i t y  of f i s s i l e  material 
would l i k e l y  b e  only s l i g h t l y  longe r  than  t h a t  f o r  nonradioact ive material, 
however. 

I n  s i t u a t i o n s  i n  which a l l  fue l - cyc le  f a c i l i t i e s  were deployed i n  a country,  
t h e  r a d i a t i o n - b a r r i e r  concept would s u f f e r ,  a l though perhaps t o  a lesser 
degree,  from t h e  same weakness as would coprocessing--namely, t h a t  c l ean ,  
s e p a r a t e d  plutonium compounds could r e a d i l y  b e  ob ta ined  by changing p rocess  
v a r i a b l e s  o r  by b a t c h  recycle .  These changes would e l h i n a t e  o r  s u b s t a n t i a l l y  
reduce t h e  requirements  f o r  out-of-system f a c i l i t i e s .  Thus, the r a d i a t i o n  
b a r r i e r  would p rov ide  only marginal improvements t o  t h e  system, p a r t i c u l a r l y  
i n  t h e  event  of a n  o v e r t  n a t i o n a l  p r o l i f e r a t i o n  attempt. Moreover, a l though 
r a d i a t i o n  might f a c i l i t a t e  containment and s u r v e i l l a n c e ,  i t  would be highly 
d e t r i m e n t a l  t o  material account ing as a p r o t e c t i o n  a g a i n s t  cove r t  divers ion.  
In f a c t ,  most of t h e  methods and procedures  which have been o r  are being 
developed through y e a r s  of i n t e n s i v e  r e sea rch ,  development, and demonstration 
would be rendered i n e f f e c t i v e .  The r a d i a t i o n  b a r r i e r  would, on t h e  o t h e r  
hand, r e p r e s e n t  a s u b s t a n t i a l  impediment t o  a s u b n a t i o n a l  t h r e a t ,  a l though 
i ts  a p p r o p r i a t e n e s s  i n  t h i s  con tex t  would depend on environmental ,  economic, 
and sa fegua rds  disadvantages.  

It  is conceivable  t h a t  r ep rocess ing  and f a b r i c a t i o n  p l a n t s  could be com- 
b ined  i n t o  an i n t e g r a l  f a c i l i t y  and designed w i t h  eng inee r ing  f e a t u r e s  t h a t  
would make access t o  plutonium and p rocess  mod i f i ca t ion  very d i f f i c u l t ,  o r  
perhaps h igh ly  v i s i b l e  t o  sa fegua rds  i n s p e c t o r s .  The p o t e n t i a l  e f f e c t i v e -  
n e s s  of such f e a t u r e s  would be h igh ly  dependent upon s p e c i f i c  p l a n t  design 
d e t a i l s ,  however, and cannot b e  eva lua ted  a t  a conceptual  l e v e l .  An i n t e g r a l  
reprocessing/fabrication f a c i l i t y  would e l i m i n a t e  a t r a n s p o r t a t i o n  l i n k  and 
p o s s i b l y  improve p r o s p e c t s  f o r  e f f e c t i v e  sa fegua rds  a g a i n s t  c o v e r t  d i v e r s i o n  
( o r  ove r t  d i v e r s i o n  i n  t h e  case of s u b n a t i o n a l  t h r e a t s ) .  The r e s i s t a n c e  
eng inee r ing  concepts might f i n d  t h e i r  b e s t  means of implementation as they 
complemented o t h e r  measures and t h e  safeguards and i n s p e c t i o n  processes.  I 

~ 
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A r a d i c a l l y  d i f f e r e n t ,  b u t  poss ib ly  supplemental ,  approach t o  improving t h e  
p r o l i f e r a t i o n  r e s i s t a n c e  of plutonium-based systems would be based on t h e  
c o n c e p t  of " u s e - d e n i a l "  by means of a c t i v e  o p e r a t i o n a l  c o n t r o l  f e a t u r e s  
inco rpora t ed  i n t o  fue l - cyc le  f a c i l i t i e s  and t r a n s p o r t  v e h i c l e s .  Th i s  concept 
would have obvious advantages i n  p r o t e c t i n g  a g a i n s t  s e i z u r e  by s u b n a t i o n a l  
groups. It would have equa l ly  obvious problems from t h e  viewpoint of accepta- 
b i l i t y  t o  f a c i l i t y  o p e r a t o r s  and would of f e r  l i t t l e  p r o t e c t i o n  a g a i n s t  o v e r t  
takeover  by t h e  o p e r a t o r s  themselves. 

I n  summary, none of t h e  above t e c h n i c a l  i n i t i a t i v e s  appear t o  m i t i g a t e  t h e  
concern t h a t  a n a t i o n a l  o p e r a t o r  might t a k e  over  t h e  f a c i l i t y  and, w i t h i n  
a very s h o r t  t i m e ,  have weapons-usable material a v a i l a b l e .  On t h e  o t h e r  hand, 
some would be inexpensive t o  implement (e.g., coprocessing)  and would o f f e r  
some b e n e f i t s  i n  a n a t i o n a l  context .  S t i l l  o t h e r s  (e.g., s p i k i n g )  would have 
s i g n i f i c a n t  advantages w i t h  regard t o  s u b n a t i o n a l  t h r e a t s .  

'i 

--. 2.2.5 I m p l i c a t i o n s  f o r  Research and Development 

The c u r r e n t  s t a t u s  of nuc lea r  power i n  t h i s  c un t ry  and b r  d i s  charac- 
t e r i z e d  by a g r e a t  d e a l  of unce r t a in ty .  U t i l i t i e s  are unsure about f u t u r e  

, , ,electricity demand, manufacturers are faced w i t h  d e f e r r a l s  and c a n c e l l a t i o n  
of o r d e r s ,  and f i n a n c i a l  i n s t i t u t i o n s  see higher  r i s k s  i n  nuc lea r - r e l a t ed  
investments  t han  previously estimated. I n  a d d i t i o n ,  t h e r e  are doubts asso- 
c i a t e d  w i t h  t h e  F e d e r a l  and S t a t e  laws and r egu la to ry  d e c i s i o n s  t h a t  govern 
u t i l i t y  rates, h e a l t h  and s a f e t y  requirements ,  and environmental  impacts. 
Waste d i s p o s a l  remains an unresolved i s s u e ,  and t h e  recent a c c i d e n t  a t  t h e  
Three M i l e  I s l a n d  P l a n t  has  inc reased  concern ove r  t h e  p u b l i c  acceptance of 
nuc lea r  power and t h e  e x t e n t  of p o s s i b l e  s a f e t y  and l i c e n s i n g  changes f o r  
both e x i s t i n g  and new p l a n t s .  

I n  t h i s  e n v i r o n m e n t ,  t h e  p r i v a t e  s e c t o r  is u n l i k e l y  t o  b e  a n  i m p o r t a n t  
i n v e s t o r  i n  new n u c l e a r  technology when i t s  o v e r r i d i n g  concern is t o  a s s u r e  
t h a t  t h e  e x i s t i n g  l i g h t - w a t e r  r e a c t o r  technology remain v i ab le .  The F e d e r a l  
Government w i l l  h a v e  t o  p r o v i d e  t h e  f i n a n c i a l  r e s o u r c e s  f o r  any n u c l e a r  
r e sea rch ,  development, and demonstrat ion programs on new systems; bu t  Govern- 
ment r e s o u r c e s  a r e  n o t  l i m i t l e s s . .  Z t  i s ,  t h e r e f o r e ,  i m p e r a t i v e  t h a t  i n  
s t r u c t u r i n g  t h e  nuc lea r  r e sea rch ,  development, and demonstration program, t h e  
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Government set s t r ic t  p r i o r i t i e s  and be i n  a p o s i t i o n  t o  make changes i n  t h e  
program as needed. 

Based on t h e  e lectr ical  growth p r o j e c t i o n s  used i n  NASAP, t h e r e  appears  t o  b e  
adequate  t i m e  t o  conduct t h e  necessary r e sea rch ,  development, and demonstra- 
t i o n  on any new nuc lea r  technology. A t  least 20 t o  30 yea r s  would be  r equ i r ed  
t o  conduct t h e  necessary s t e p s  and deploy a new system. Th i s  t i m e  could be  
shortened f o r  l i g h t - w a t e r  r e a c t o r  improvements, f o r  example, o r  could be  
longer  i f  more conse rva t ive  planning assumptions were u t i l i z e d .  

H i g h e s t  p r i o r i t y  s h o u l d  b e  g i v e n  t o  programs which  would improve  t h e  
r e source  u t i l i z a t i o n  of t h e  p re sen t  nuc lear  system. Of prime importance 
a r e  improvements  i n  t h e  f u e l  u t i l i z a t i o n  of  l i g h t - w a t e r  r e a c t o r s  on t h e  

implementation, a t  least by 1990. Other  p o s s i b l e  improvements i n  l igh t -water  - 

once-through cycle .  The near-term op t ions  of h igh  f u e l  burnup and changes i n  
f u e l  management are being pursued j o i n t l y  by i n d u s t r y ,  u t i l i t i e s  and t h e  
Government and should cont inue  t o  r e c e i v e  a l l  necessary Government support .  
T h e s e  p r o j e c t s  s h o u l d  b e  t a r g e t e d  f o r  t h e  e a r l i e s t  p o s s i b l e  commerc ia l  

r e a c t o r s ,  t h o s e  long-term improvements involv ing  des ign  changes, should  be 
i n v e s t i g a t e d  t o  determine t h e i r , t e c h n i c a l  and economic f e a s i b i l i t y .  S ince  
t h e s e  would be  longer-term, h igher - r i sk  p r o j e c t s ,  t h e  Fede ra l  Government 
w i l l  have t o  t a k e  t h e  l e a d  i n  eva lua t ing  proposed concepts  and, a long  w i t h  
i n d u s t r y ,  w i l l  i d e n t i f y  t h e  research ,  development, and demonstrat ion needs. 2: 

I 
Also of high p r i o r i t y  is t h e  con t inua t ion  of programs t o  develop less h ighly  
enr iched  uranium f u e l  f o r  t h e  l a r g e  number of r e sea rch  r e a c t o r s  deployed 
worldwide. The u l t i m a t e  o b j e c t i v e  should be t h e  r educ t ion  of  U-235 enrichment 
t o  less t h a n  20 percent .  

While r educ t ions  i n  enrichment p l a n t  t a i l s  assay  might occur over  a pe r iod  of 
t i m e  i f  uranium c o s t s  were t o  i n c r e a s e  f a s t e r  than  enrichment c o s t s ,  t h e s e  
r educ t ions  would l i k e l y  be  modest, because of economic c o n s t r a i n t s  on c u r r e n t  
enrichment technology On t h e  o t h e r  hand, t h e  advanced i s o t o p e  s e p a r a t i o n  
p rocesses  may o f f e r  t h e  p o t e n t i a l  of economically e x t r a c t i n g  U-235 from ta i l s  
down t o  very low assays  on t h e  o rde r  of 0.05 percent .  Three  processes  are 
c u r r e n t l y  under development Two, t h e  molecular process  and t h e  atomic-vapor 
p r o c e s s ,  h a v e  b e e n  b a s e d  on t h e  u s e  of l a se r s ;  t h e  t h i r d ,  t h e  plasma- 
sepa ra t ion ,  would use ion  cyc lo t ron  resonance. The Fede ra l  Government is 
suppor t ing  r e sea rch  i n t o  t h e s e  t h r e e  processes ,  and a p r i v a t e  company i s  
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developing a p r o p r i e t a r y  process.  These Government programs should cont inue 
and shou ld  r e c e i v e  t h e  l e v e l  of f i n a n c i a l  support  necessary t o  have demon- 
s t r a t e d  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of t h e  p rocesses  by t h e  e a r l y  
1990's. 

S u p p o r t  s h o u l d  a l s o  b e  p r o v i d e d  t o  expanded u r a n i u m  e x p l o r a t i o n  and t o  
deve lopmen t  of improved  min ing  a n d  m i l l i n g  t e c h n i q u e s ,  w i t h  e m p h a s i s  on 
low-grade o r e s  and by-product recovery 

The l iquid-metal-cooled f a s t  b reede r  r e a c t o r  is t h e  major, new nuclear-power 
system under development i n  t h e  i n d u s t r i a l i z e d  n a t i o n s  because it is seen  as 
an  o p t i o n  t h a t  can a l lev ia te  doubts about r e source  a v a i l a b i l i t y  and s e c u r i t y  
of supply.  The United S t a t e s  is endowed w i t h  an  abundance of r e sources ,  
i n c l u d i n g  uranium and coa l ,  b u t  t h e r e  are many r e s t r i c t i o n s  on t h e i r  produc- 
t i o n  and use. J u d i c i o u s  use  of both t h e s e  r e sources  may prove adequate  t o  
meet t h i s  n a t i o n ' s  e l e c t r i c a l  e n e r g y  demands a n d  t o  s u p p o r t  t h e  r o l e  of 
n u c l e a r  power i n  t h e  U.S.  energy mix f o r  some decades wi thou t  u s e  of t h e  
breeder .  However, t h e  u n c e r t a i n t i e s  i n  f u t u r e  energy supply and demand are 
so many and s o  l a r g e  t h a t  i t  would be extremely d i f f i c u l t  t o  determine when 
a s h i f t  t o  new t e c h n o l o g y  m i g h t  b e  d e s i r a b l e .  F o r  example,  t h i s  s t u d y  
s u g g e s t s  t h a t  t h e  b reede r  r e a c t o r  may b e  commercially v i a b l e  as e a r l y  as 
about 2010, depending on nuc lea r  growth and c o n d i t i o n s  of uranium supply 
and p r i c e  i n  t h e  U.S. . 
High n u c l e a r  growth and high-priced s u p p l i e s  of uranium would f avor  earlier 
commercialization, w h i l e  low n u c l e a r  growth and p l e n t i f u l  and inexpensive 
uranium would f a v o r  later market en t ry .  However, t h e  assessment a l s o  sugges t s  
tha t  i t  would t a k e  u n t i l  2010 o r  later,  even wi th  a vigorous r e sea rch ,  devel-  
opment, and demonstrat ion program, f o r  widespread commercial i n s t a l l a t i o n  of 
t h e  b reede r  i n  U.S .  u t i l i t y  systems t o  begin.  Any r e s e a r c h ,  development, and 
demonstration program aimed a t  minimizing f i n a n c i a l  r i s k  would t a k e  u n t i l  t h a t  
t i m e  t o  complete. Breeder i n t r o d u c t i o n  d a t e s  beyond 2010 are p l a u s i b l e  a l s o .  
Postponing d e c i s i o n s  t o  c o n s t r u c t  major f a c i l i t i e s  could r e s u l t  i n  b reede r  
i n t r o d u c t i o n  i n  2020 o r  beyond. 

Foreign commitment t o  more a g g r e s s i v e  demonstrat ion of t h e  commercial-sized 
l i q u i d - m e t a l  f a s t  b r e e d e r  r e a c t o r s  , i n d i c a t e s  e a r l i e r  dep loymen t  i n t e r -  
n a t i o n a l l y .  The French b reede r  program, f o r  example, has  a planned mid-1980's 
power o p e r a t i o n  d a t e  f o r  t h e  l a r g e  Super Phenix b reede r  p l a n t .  
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Thus, t h e  NASAP recommendation i s  t o  cont inue  l iqu id-meta l  fas t -breeder  devel-  
opment. Th i s  would serve two ob jec t ives :  t o  pu t  t h e  U . S .  i n  a p o s i t i o n  t o  
i n f l u e n c e  t h e  development of more p r o l i f e r a t i o n - r e s i s t a n t  breeder  technology 
i n  o t h e r  c o u n t r i e s ,  and t o  make breeder  technology a v a i l a b l e  domest ica l ly  when 
i t  i s  needed. Th i s  should not  be construed as an i r r evocab le  d e c i s i o n  t o  
deploy t h e  breeder  commercially; obviously,  t h e  program should be  reviewed 
as more and b e t t e r  in format ion  becomes a v a i l a b l e  about f u t u r e  energy demands, 
uranium resources ,  and fas t -breeder  economics. Such reviews should i n  f a c t  
be  timed t o  provide t h e  b a s i s  f o r  making t h e  major investment dec i s ions  t o  
implement  t h e  many r e s e a r c h ,  deve lopment  and d e m o n s t r a t i o n  s t e p s .  The 
gas-cooled f a s t  r e a c t o r ,  proposed as a back-up breeder ,  would no t  be  a v a i l a b l e  
u n t i l  a f t e r  t h e  l iquid-metal-cooled f a s t  b reeder  r e a c t o r ;  i n  view of i t s  
u n c e r t a i n  commercial p rospec ts ,  and t h e  f i n i t e  amount of Federa l  r e sea rch  
and development funds a v a i l a b l e ,  t h e  development p r i o r i t y  f o r  t h e  gas-cooled 
f a s t  r e a c t o r  must b e  secondary t o  t h e  l iqu id-meta l  fas t -breeder .  

More important ,  p lanning  f o r  b reede r s  must t ake  i n t o - a c c o u n t  t h a t  a l though 
commercial deployment of t h e  f a s t  b reeder  r e a c t o r  is s e v e r a l  decades away, 
bo th  h e r e  and abroad, p r o l i f e r a t i o n  r i s k s  a s s o c i a t e d  wi th  f a s t  b reede r s  are 
not.  Research, development, and demonstrat ion programs r e q u i r e  t h e  use  of 
sensi t ive f ac i l t i es  and materials which, a l though not  of t h e  same magnitude 
as those  of a commercial-breeder economy, r e p r e s e n t  s i g n i f i c a n t  p r o l i f e r a t i o n  
v u l n e r a b i l i t i e s .  Thus, t h e  s e v e r a l  n a t i o n a l  fas t -breeder  programs must be  
made as p r o l i f e r a t i o n - r e s i s t a n t  as poss ib l e .  

I n  o r d e r  t o  i n f l u e n c e  t h e  l iqu id-meta l  f a s t  b reeder  r e a c t o r  programs of o t h e r  
c o u n t r i e s ,  no t  only must t h e  U.S .  b e  a member of t h e  fas t -breeder  development 
community, b u t  it a l s o  needs t o  e x e r c i s e  l eade r sh ip  i n  developing t h e  tech- 
n i c a l  measures which would reduce t h e  p r o l i f e r a t i o n  r i s k  of f a s t  b reeder  
r e a c t o r s .  I n  p a r t i c u l a r ,  how t o  des ign  r ep rocess ing  and r ecyc le  p l a n t s  t o  
f a c i l i t a t e  i n t e r n a t i o n a l  sa feguards  and improve p r o l i f e r a t i o n  r e s i s t a n c e ,  
and more p r o l i f e r a t i o n - r e s i s t a n t  p rocesses ,  such as coprocessing,  should con- 
t i n u e  t o  be  i n v e s t i g a t e d  t o  understand t h e i r  p r o l i f e r a t i o n - r e s i s t a n c e  e f f e c t s  
b e t t e r ,  as w e l l  as t o  e s t a b l i s h  t h e i r  t e c h n i c a l  and economic t rade-offs .  
Research and development e f f o r t s  d i r e c t e d  a t  t h e  safeguards  and p h y s i c a l  
s e c u r i t y  systems f o r  f a c i l i t i e s  handl ing plutonium-bearing bulk material 
s h o u l d  c o n t i n u e .  T h e s e  e f f o r t s  s h o u l d  b e  d i r e c t e d  a t  s u r v e i l l a n c e  and  
containment,  as w e l l  as material accountancy. The safeguard ing  of enrichment 
p l a n t s  a l s o  deserves  major a t t e n t i o n .  
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The l igh t -water  breeder  r e a c t o r  does no t  appear t o  o f f e r  any s i g n i f i c a n t  
advantages of p r o l i f e r a t i o n  res -s tance ,  economics, o r  r e source  u t i l i z a t i o n  
over  t h e  l iqu id-meta l  f a s t  b reeder  r e a c t o r ;  i t  is, however, based on t h e  
l igh t -water - reac tor  technology i n  use  today. Because i t  would evolve from 
c u r r e n t  t e c h n o l o g y ,  and  some of i t s  f u e l  t e c h n o l o g y  c o u l d  b e  a p p l i e d  t o  
e x i s t i n g  l igh t -water  r e a c t o r s ,  t h e  b e n e f i t s  i n  resource  sav ings  from t h i s  
t e c h n o l o g i c a l  a d v a n c e  c o u l d  b e  l a r g e .  The p r e s e n t  Depar tmen t  of Energy 
research  and development program h a s  t h e  o b j e c t i v e  of confirming t h a t  breeding 
can be achieved i n  e x i s t i n g  and f u t u r e  l igh t -water  r e a c t o r  systems us ing  t h e  
thorium/U-233 f u e l  system, and of developing and d isseminat ing  t e c h n i c a l  
in format ion  t o  assist i n  eva lua t ing  t h e  l igh t -water  breeder  r e a c t o r  concept 
f o r  commercial-scale app l i ca t ion .  These o b j e c t i v e s  are being achieved by 
ope ra t ing  a l igh t -water  breeder  c o r e  i n  t h e  Shippingport  Atomic Power S t a t i o n  
over  a per iod  of s e v e r a l  yea r s ,  a f t e r  which a d e t a i l e d  f u e l  examination and 
de termina t ion  of breeding  performance w i l l  be made. I n  add i t ion ,  technology 
development--including a d d i t i o n a l  i r r a d i a t i o n  t e s t ing - - i s  cont inuing.  This  
program s h o u l d  c o n t i n u e  i n  o r d e r  t o  meet t h i s  o b j e c t i v e ,  a n d  i t s  f u t u r e  
course  should be decided a f t e r  cons ider ing  t h e s e  r e s u l t s ,  a long  wi th  indus t ry  
i n t e r e s t  i n  f u t u r e  development of t h e  l i g h t - w a t e r  breeder  concept. 

The advanced conve r t e r  r e a c t o r s ,  t h a t  is, t h e  heavy-water r e a c t o r  and t h e  
high-temperature gas-cooled r e a c t o r  on a once-through cyc le ,  do no t  of f e r  
s i g n i f i c a n t  economic improvements over improved l i g h t - w a t e r  r e a c t o r s  on a 
once-through cycle .  The p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  high-temperature 
gas-cooled r e a c t o r  would be similar t o  t h a t  of t h e  l ight-water  r e a c t o r  wh i l e  
t h e  heavy-water r e a c t o r  would be less p r o l i f e r a t i o n  r e s i s t a n t .  While more 
e f f i c i e n t  uranium u t i l i z a t i o n  can be achieved i n  t h e s e  r e a c t o r s  when f u e l  is  
recyc led ,  similar e f f i c i e n c y  can be a t t a i n e d  by l i g h t - w a t e r  r e a c t o r s ,  f o r  
example, through e x t e n s i v e  f u e l  improvements and o the r  modi f ica t ions ,  o r  by 
us ing  l igh t -water  breeder  f u e l  technology t o  achieve a h igh  conversion r a t i o .  
There i s  no commercial i n t e r e s t  i n  t h e  heavy-water r e a c t o r  i n  t h e  U . S . ,  and 
i t  does not  a p p e a r  t h a t  any Government-supported work on t h i s  system would 
be j u s t i f i e d .  The re  is some commercial i n t e r e s t  i n  the  high-temperature 
gas-cooled r eac to r .  This  r e a c t o r  . technology might have a p p l i c a t i o n  i n  t h e  
i n d u s t r i a l  p r o c e s s - h e a t  marke t  and ,  w i t h  d r y  c o o l i n g ,  c o u l d  have  marke t  
a p p l i c a t i o n  i n  water-poor regions.  Other countries--namely, t h e  Federa l  
Republ ic  of Germany and Japan--have research  and development programs on 
t h i s  technology f o r  process-heat a p p l i c a t i o n s  The r e sea rch  and development 
program on the  high-temperature gas-cooled r e a c t o r  should cont inue.  

f 

Of t h e  advanced concepts ,  t h e  f a s t  mixed-spectrum r e a c t o r  can b e n e f i t  t o  some 
e x t e n t  from t h e  ongoing f a s t  b reeder  r e a c t o r  program due t o  t h e i r  t e c h n i c a l  
similarities. Fur the r ,  t h e  i n s t i t u t i o n a l  c o n t r o l s  needed t o  minimize pro- 
l i f e r a t i o n  r i s k  wi th  t h e  f a s t  mixed-spectrum r e a c t o r  are s imilar  t o  those  
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required for the once-through light-water reactor system and, hence, these 
c o n t r o l s  would b e  i n  p l a c e .  For t h e s e  reasons ,  t h e  f a s t  mixed-spectrum 
reactor merits l i m i t e d  research and development support. 

Recommendations for research and development are summarized i n  the following 
table .  
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TABLE 15. RESEARCH AND DEVELOPMENT PROGRAM RECOMMENDATIONS 

Program 

Light-Water Reac tor  F u e l - U t i l i z a t i o n  
Imp r ovemen t s : 

o High burnup, o p e r a t i o n a l ,  
and f u e l  management changes 

o Add i t iona l  high burnup and 
o t h e r  f u e l  des ign  changes 

o Longer-term nonretrof  i t t a b l e  
improvements 

Reduced Enrichment of Research 
Reactor  F u e l  

Liquid-Metal Fas t  Breeder Reac tor  

Advanced I s o t o p e  Separa t ion  

Light-Water Breeder  Reactor  

P r o l i f  erat  ion-Resis tance Engineer ing 
of Reprocessing 

High-Temperature Gas-Cooled Reactor  

Fast Mixed-Spectrum Reactor  
1 .  

I. . 
Nat iona l  Uranium Resource Evalua t ion  

. .  

Target 

Commercial implementation by 1990. 

Commercial implementation by 2000. 

I d e n t i f y  i n i t i a l  a t t r a c t i v e  
cand ida te s  by mid-1980; commercial 
c a p a b i l i t y  a f t e r  2000. 

Demonstrate 20-45% enr i ched  f u e l  
by 1982; demonstrate  (20% enr i ched  
f u e l  by 1984. 

Continue development so  t h a t  i t  
could be  commercially a v a i l a b l e  
i f  and when needed (poss ib ly  
2010-2020). 

Demonstrate t e c h n i c a l  and economic 
performance of a process  by 1990-1995. 

Continue development and complete 
proof of breeding demonstrat ion i n  
Shippingport  Atomic Power S t a t i o n  by 
1985 o r  19.86. 

Demonstrate i n  breeder  program 
p i l o t  fue l -cyc le  f a c i l i t i e s .  

Assess unique markets,  such as f o r  
process  h e a t  and u s a b i l i t y  a t  
w a t  er-poor sites. 
I n v e s t i g a t e  high-burnup f u e l  
technology 

Complete program by 1985. Con- 
t i n u e  r e sea rch  and development i n  
discovery and e x t r a c t i o n  methods. 

Technology Support  f o r  IAEA Safeguards on: 
o Enrichment p l a n t s  Continued improvement i n  
o I n t e r i m  spen t - fue l  s t o r a g e  s u r v e i l l a n c e ,  containment,  
o Spent-f u e l  disp 'osal  r epos i to ry  . and material accountancy. 
o Reprocessing p l a n t s  
o Plutonium s t o r a g e  
o Mixed-oxide f a b r i c a t i o n  p l a n t s  
o Transpor t a t ion  
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PROJECTED DOMESTIC NUCLEAR GENERATING CAPACITY 

BACKGROUND 

The Nonpro l i f e ra t ion  A l t e r n a t i v e  Systems Assessment Program (NASAP) ana lyses  
were based p r i m a r i l y  on t h e  nuc lear  growth f o r e c a s t s  provided i n  t h e  1977 
Annual Report  of t h e  Energy Information Adminis t ra t ion  of t h e  Department of 
Energy, w i t h  p r o j e c t i o n s  through 2025 provided by t h e  O f f i c e  of Po l i cy  and 
Evaluat ion.  However, du r ing  t h e  f i n a l  p repa ra t ion  of t h e  NASAP r e p o r t  i n  
t h e  summer of 1979, t h e  Energy Informat ion  Adminis t ra t ion  (EIA) publ i shed  
i t s  "Annual R e p o r t  t o  C o n g r e s s  - 1978,"  which  i n c l u d e d  new p r o j e c t i o n s  
of nuc lear  gene ra t ing  capac i ty .  I n  October 1979 and January 1980, t h e  Energy 
Informat ion  Adminis t ra t ion  r e l eased  a r ev i sed  set of p r o j e c t i o n s ;  new pro jec-  
t i o n s  from t h e  O f f i c e  of Po l i cy  and Evalua t ion  were publ i shed  i n  January 
1980,  i n  t h e  S e c r e t a r y  of  Ene rgy ' s  R e p o r t  t o  Congres s .  The p r o j e c t i o n s  
r epor t ed  d i f f e r  from those  r epor t ed  previous ly ,  w i t h  the  cu r ren t  E I A  r e p o r t  
showing lower t o t a l  primary energy consumption, increased  r e l i a n c e  on coa l ,  
and less r e l i a n c e  on nuc lear  power. 

The 1979 High f o r e c a s t s  approximate t h e  a r i t h m e t i c  rean  of t h e  1978 High and 
Low f o r e c a s t s ,  w h i l e  the 1979 Low f o r e c a s t  is s l i g h t l y  lower than  the 1978 Low 
f o r e c a s t .  The 1980 f o r e c a s t s  l i e  below t h e  1978 Low f o r e c a s t ,  bu t  do not  go 
beyond t h e  y e a r  2000. The NASAP assessments  w e r e  based p r imar i ly  on t h e  
a r i t h m e t i c  mean of t h e  1978 f o r e c a s t ,  w i th  s e n s i t i v i t y  s t u d i e s  covering t h e  
wider  range. The 1978 f o r e c a s t  range w a s  used because i t  extends t o  t h e  y e a r  
2025 and r e p r e s e n t s  both l i m i t e d  nuc lea r  growth as suggested by r e c e n t  t r e n d s  
and f a s t e r  growth which could  occur  i f  u t i l i t i e s  were t o  resume o r d e r i n g  
nuc lea r  p l a n t s  i n  t h e  1980's. 

I m p l i c i t  i n  t h e s e  p r o j e c t i o n s  are the underlying assumptions of t e c h n i c a l ,  
p o l i t i c a l  and s o c i e t a l  c o n t i n u i t y .  T h a t  i s ,  t h e r e  a r e  no major  changes  
i n  p re sen t  governmental p o l i c i e s ,  no ,un fo reseen  t echno log ica l  breakthroughs,  
and no major s o c i a l  traumas such as w a r  o r  environmental  ca tas t rophe .  Changes 
i n  methods of energy product ion  and conserva t ion  are l i m i t e d  t o  those  now 
envis ioned.  Also, no new regu la to ry  c o n s t r a i n t s  w i l l  be  enacted t h a t  would 
restrict  t h e  use  of an energy source,  and t h e  p u b l i c  concerns wi th  nuc lea r  
power are r e so lved  so t h a t  i t  remains a v i a b l e  long-term opt ion.  

I n  t h e  f o l l o w i n g  s e c t i o n s  more d e t a i l e d  d e s c r i p t i o n s  of t h e  f o r e c a s t i n g  
methods are presented .  These f o r e c a s t s  are then  compared w i t h  o t h e r  r e c e n t  
f o r e c a s t s .  
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1978 F o r e c a s t s  

P r o j e c t e d  domestic nuc lea r  gene ra t ing  c a p a c i t i e s  i n  t h e  United S t a t e s  f o r  t h e  
y e a r s  between 1980 and 2025 are shown i n  Tab le  A-1. These p r o j e c t i o n s  are 
b a s e d  on t h e  P r o j e c t  I n d e p e n d e n c e  E v a l u a t i o n  Sys t ems  (PIES) f o r e c a s t i n g  
methods, which cover t h e  pe r iod  1977 t o  2000, and another  method f o r  t h e  
p e r i o d  2000 to 2025 which depends on p r o j e c t i o n s  of U.S. populat ion,  l a b o r  
f o r c e ,  and t o t a l  electrical power generat ion.  

TABLE A-1. 1978 ESTIMATES OF INSTALLED DOMESTIC NUCLEAR POWER 
GENERATING CAPACITY 

Nuclear Generat ing Capaci ty  (GW) 
Low - Year High - 

1980 
1985 
1990 
1995 
2 000 
2005 
2010 
2015 
2020 
2025 

66 
122 
192 
275 
3 95 
4 80 
590 
690 
800 
910 

62 
100 
157 
200 
255 
275 
295 
305 
315 
3 20 

Source: Department of Energy (Energy InformationKdmin- 
i s t r a t i o n ,  Off ice of Po l i cy  and Evaluat ion,  
May 1978) 

P r o j e c t i o n s  f o r  1980 t o  2000 -- Energy supply/demand p r o j e c t i o n s  f o r  t h e  y e a r s  
1980 t o  2000 w e r e  developed by . E I A ,  w i t h  t h e  a i d  of t h e  PIES, which is  a n  
i t e r a t i n g  macroeconomic model t h a t  assesses t h e  energy supply-demand ba lance  
f o r  each of t h e  t e n  F e d e r a l  r e g i o n s  of t h e  United S t a t e s .  It uses  a l i n e a r  
programming a lgo r i thm t o  determine t h e  minimum c o s t  combination of energy 
s u p p l i e s  r e q u i r e d  t o  m e e t  p r o j e c t e d  l e v e l s  of r e g i o n a l  e n e r g y  demand. 
Depending  on t h e  s c e n a r i o  c o n s i d e r e d ,  ' p o s s i b l e  s u p p l y  c o n s t r a i n t s  and 
assumptions i n  t h e  model may include:  d e c l i n i n g  product ion rates f o r  o i l  and 

'"Projections of Energy Supply and Demand and T h e i r  Impacts," Energy 
I n f o r m a t i o n  A d m i n i s t r a t i o n ,  Annual  R e p o r t  t o  C o n g r e s s ,  Volume 11-1977, 
DOE/EIA 0036/2 (1978) 
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gas;  t r a n s p o r t a t i o n  l i m i t a t i o n s  f o r  c o a l  s u p p l i e s ;  and rea l i s t ic  cons t ruc t ion  
l e a d  t i m e s ,  r e t i r emen t  rates, and f u e l  a v a i l a b i l i t y  f o r  e l e c t r i c ' g e n e r a t i n g  
capac i ty .  

For nuc lea r  power, l i m i t s  on t h e  rate of c o n s t r u c t i o n  i n  t h e  near  term (before  
1990) a r e  determined through a n  assessment of t h e  c o n s t r u c t i o n  "p ipe l ine ,  " 
i nc lud ing  u n i t s  under cons t ruc t ion ,  and i n  many reg ions ,  u n i t s  c u r r e n t l y  on 
order .  Typ ica l ly ,  c o r r e c t i o n s  are made t o  schedules  f o r  u n i t s  w i t h  unrea l -  
i s t i c a l l y  s h o r t  c o n s t r u c t i o n  l ead  t i m e  estimates, o r  f o r  u n i t s  f o r  which t h e  
u t i l i t y  is  known t o  have problems wi th  i t s  c a p i t a l  format ion/expendi ture  
schedule  . 

The p r o j e c t i o n s  f o r  1980, 1985, and 1990 are  i n  reasonable  agreement wi th  
publ i shed  i n d u s t r y  . l ists  of nuc lea r  power p l a n t s  c u r r e n t l y  i n  ope ra t ion ,  under 
cons t ruc t ion ,  and on order .  The p r o j e c t i o n s  through t h e  y e a r  1990 w i l l  t h u s  
r e f l e c t  t h e  commonly recognized 10  t o  12  year  l ead  time between t h e  u t i l i t y  
o r d e r  and  commerc ia l  o p e r a t i o n .  Beyond 1990 t h e  High g rowth  p r o j e c t i o n  
assumes t h a t  trouble-f ree completion of p r e s e n t  commitments can b e  achieved, 
w h i l e  t h e  Low growth p r o j e c t i o n  assumes s u b s t a n t i a l l y  longer  c o n s t r u c t i o n  l e a d  
t i m e s  and a de lay  of schedules  f o r  u n i t s  on order ,  c o n s i s t e n t  wi th  u t i l i t y  
r e a c t i o n s  t o  reduced demand growth. 

For  t h e  High p r o j e c t i o n  through 1990, EIA r epor t ed  an average annual  growth 
rate i n  n a t i o n a l  e l e c t r i c i t y  consumption of 4.5 percent .  Under t h i s  pro jec-  
t i o n ,  nuc lea r  power r e p r e s e n t s  about  19 pe rcen t  of a l l  gene ra t ing  capac i ty  and 
provides  nea r ly  29 pe rcen t  of t h e  na t ion ' s  e lec t r ica l  energy. I n  t h e  Low 
case, t h e  average  annual  growth rate i n  e lectr ic  consumption is 3.9 pe rcen t ,  
and nuc lea r  power r e p r e s e n t s  about  18 pe rcen t  of a l l  gene ra t ing  capac i ty  wh i l e  
provid ing  2 6  percen t  of t h e  na t ion ' s  e l e c t r i c a l  energy. I n  a l l  p r o j e c t i o n s ,  
an average capac i ty  f a c t o r  of 65 pe rcen t  is assumed f o r  t h e  nuc lea r  gene ra t ing  
system. This  r e p r e s e n t s  t h e  r a t i o  of power produced t o  t h a t  p o s s i b l e  w i t h  
f u l l  u t i l i z a t i o n  of i n s t a l l e d  capac i ty .  A 5 percent  i nc rease  i n  capac i ty  
f a c t o r  would lead t o  i n s t a l l a t i o n  of 5 percen t  less capac i ty .  

On. the  b a s i s  of t h e  d e t a i l e d  PIES project- ions through t h e  y e a r  1990, t h e  U . S .  
energy and e l e c t r i c i t y  f o r e c a s t s  are -extended through t h e  y e a r  2000. Essen- 
t i a l l y ,  t o t a l  energy demand is e x t r a p o l a t e d  on t h e  b a s i s  of t h e  average growth 
rates p ro jec t ed  i n  t h e  High and Low cases between t h e  yea r s  1985 and 1990. 
E l e c t r i c i t y  growth rates,  e x t r a p o l a t e d  on t h e  b a s i s  of t h e  d e c l i n i n g  growth 
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rates experienced b e f o r e  t h e  yea r  1990, are 3.7 pe rcen t  pe r  year  i n  the  High 
p r o j e c t i o n  a f t e r  1990 and 2.0 p e r c e n t  pe r  year  i n  the  Low p r o j e c t i o n .  

h 

To f o r e c a s t  nuc lea r  power beyond 1990, EIA employed d i f f e r e n t  techniques 
t h a n  t h o s e  used  b e f o r e  t h a t  y e a r - - t h e  " p i p e l i n e "  a n a l y s i s  i s  n o  l o n g e r .  
v a l i d  because t h e  t i m e  frame involved i s  beyond t h e  u t i l i t y  planning horizon. 
While t h e  f o r e c a s t s  become more s p e c u l a t i v e  i n  n a t u r e ,  i t  is p o s s i b l e  t h a t  
n u c l e a r  power w i l l  become more r e spons ive  t o  the  demand f o r  base-load power. 
The EIA p r o j e c t i o n s  t o  t h e  yea r  2000, 395 GW i n  t h e  High case and 255 GW i n  
t h e  Low, r e f l e c t  t h e  broad range of u n c e r t a i n t y  t h a t  c h a r a c t e r i z e s  t h e  long 
term. I n  t h e  High p r o j e c t i o n ,  nuc lea r  power r e p r e s e n t s  about 28 pe rcen t  of 
a l l  g e n e r a t i n g  c a p a c i t y  and provides  41 p e r c e n t  of t h e  n a t i o n ' s  e lectr ical  
energy, wh i l e  i n  t h e  Low p r o j e c t i o n  i t  r e p r e s e n t s  about 25 p e r c e n t  of al,l 
g e n e r a t i n g  c a p a c i t y  and provides  34 p e r c e n t  of t h e  na t ion ' s  e lectr ical  energy. 

P r o j e c t i o n s  f o r  2000 t o  2025 -- P r o j e c t i o n s  f o r  t h e  y e a r s  2000 t o  2025 were 
developed by t h e  Department of Energy O f f i c e  of P o l i c y  and' Evaluat ion wi th  
a s s i s t a n c e  from t h e  EIA. Since p r o j e c t i o n s  more than 20 y e a r s  i n t o  t h e  f u t u r e  
are h igh ly  s p e c u l a t i v e ,  a less  d e t a i l e d  model w a s  adopted f o r  p r o j e c t i o n s  
beyond t h e  yea r  2000 as compared t o  t h e  1977 t o  2000 model. Th i s  model took 
t h e  PIES p r o j e c t i o n  f o r  t h e  yea r  2000 as a base and then  t i e d  subsequent 
p r o j e c t i o n s  of nuc lea r  power gene ra t ing  c a p a c i t i e s  t o  t o t a l  e lectr ical  power 
g e n e r a t i o n  p r o j e c t i o n s .  The g e n e r a l  con tex t  of t h e  energy p r o j e c t i o n s  w a s  
d e f i n e d  by a s s u m p t i o n s  o f  g r o w t h  o f  t h e  U . S .  p o p u l a t i o n  and l a b o r  f o r c e  
c o n s i s t e n t  w i t h  U.S. Census Bureau' S e r i e s  I1 f i g u r e s .  Decl ining rates of 
growth of t h e  l a b o r  f o r c e  l e a d  t o  p r o j e c t i o n s  of economic growth f o r  d i f f e r e n t  
s c e n a r i o s  wh$ch are i n  t h e  g e n e r a l l y  accepted range of 3.5 p e r c e n t  t o  0.1 
percent. ,  These, i n  t u r n ,  l e a d  t o  dec reas ing  growth rates f o r  primary energy 
requirements  and e l e c t r i c a l  energy demand. 

For t h e  High t r end  c a s e ,  t h e  growth rate of t h e  demand f o r  e lectr ical  power 
w a s  assumed t o '  b e  3.7 pe rcen t  f o r  t h e  yea r  2000 dec reas ing  t o  1.5 pe rcen t  by 
2025. Nuclear power w a s  assumed t o  b e  r e s p o n s i b l e  f o r  4 1  p e r c e n t  of t h e  
e l e c t r i c a l  energy generated i n  2000, and i t s  c o n t r i b u t i o n  inc reased  l i n e a r l y  
t o  50 p e r c e n t  by 2025. For t h e  Low t r e n d  case, t h e  growth rate of t h e  demand 
f o r  e lec t r ica l  power w a s  assumed t o  b e  2 pe rcen t  i n  2000 dec reas ing  t o  zero by 
2025. The percentage of e l e c t r i c a l  energy generated by nuc lea r  power w a s  
assumed to remain cons t an t  a t  34 p e r c e n t  throughout.  

_- 
2111?rojections of t h e  Populat ion of t h e  United S t a t e s ,  1977 t o  2050," J u l y  1977. 
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c .. -@ -++' 1979 Forecas t s  

The newer E I A  nuc lear  growth f o r e c a s t s  f o r  t h e  mid-term (1985, 1990, and 
1995) were based on t h e  Midrange Energy Marketing Model System, t h e  successor  
computer model t o  PIES. This  model s imula t e s  t h e  complex i n t e r a c t i o n s  of 
energy producers ,  energy conve r t e r s ,  and energy consumers, i nc lud ing  important  
r e g i o n a l  d e t a i l ,  through 1995. P r o j e c t i o n s  beyond 1995 were based on t h e  
Long-Term Energy  A n a l y s i s  Program (LEAP) p r e p a r e d  by t h e  E I A .  The 1979 
Est imates  of  U.S. N u c l e a r  G e n e r a t i n g  C a p a c i t y  a r e  shown i n  T a b l e  A-2. 

c 

TABLE A-2. 1979 ESTIMATES OF U.S. NUCLEAR GENERATING CAPACITY (GW)3 

Year . 

1985 
1990 
1995 
2000 
2010 
2020 

- Mid-Range 

118 114 
171 152 
225 208 
300 260 
450 - 
675 - 

Low 

102 
142 
186 
235 

- 

- 
- 

D e t a i l e d  p r o j e c t i o n s  were made through 1995, w i t h  ex tens ions  of t h e  High and 
Low growth s c e n a r i o s  t o  2000. S t a r t i n g  from t h e  mid-range estimate in 2000, 
t h e  p r o j e c t i o n s  were e x t e n d e d  t o  2020, b a s e d  on a n  a p p r o x i m a t e  d o u b l i n g  
of t h e  a n n u a l  n u c l e a r  deployment  r a t e -  T h i s  pos t -2000  p r o j e c t i o n  would 
be  r e p r e s e n t a t i v e  of a High nuc lea r  growth trend. 

I n  t h i s  f o r e c a s t ,  compared wi th  an annual  rate of 6 . 4  percent  increase i n  
e l e c t r i c i t y  demand from 1962 t o  1977, a reduced growth of 3.9 percen t  per  
yea r  from 1977 t o  2000 and 2.-3 percen t  p e r  year  a f t e r  2000 is seen. The 
primary assumptions f o r  t h e s e  p r o j e c t i o n s  were an annual  economic growth rate 
of 3.2 percent  between 1980 and 1995, dropping t o  2.4 percen t  t h e r e a f t e r ,  and 
a popula t ion  growth rate decreas ing  to10.5 percent  by 2020. 

Energy Informat ion  Adminis t ra t ion ,  Annual Report  t o  Congress, 
Volume 111 - 1978, DOE/EIA 0173/3 (1979). 

3 
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1980 Forecas t s  

Although t h e  1979 f o r e c a s t s  were publ ished i n  mid-1979, most of t h e  a n a l y s i s  
behind t h e s e  f o r e c a s t s  was completed by February of t h a t  year .  A s  a r e s u l t  of 
t h e  Three Mile I s l a n d  acc iden t  and o the r  r egu la to ry  and market f a c t o r s ,  t h e  
E I A  updated t h e i r  p r o j e c t i o n s  i n  October of 1979 through t h e  yea r  1995. These 
p r o j e c t i o n s  were publ i shed  i n  January of 1980. Ref lec t ing  t h e  most r ecen t  
t r e n d s ,  t h e s e  new f o r e c a s t s  reduced t h e  1979 f o r e c a s t s  f o r  t h e  year 1995 by 
about 30 GW. 

The E I A  f o r e c a s t s  r ep resen t  a very d e t a i l e d  a n a l y s i s  of U.S. u t i l i t y  p l ans  f o r  
new nuc lea r  gene ra t ing  capac i ty .  The Low estimate inc ludes  a l l  t he  r e a c t o r s  
ope ra t ing ,  a c t i v e l y  under cons t ruc t ion ,  and au thor ized  f o r  cons t ruc t ion .  The 
Mid case inc ludes ,  i n  add i t ion ,  p l a n t s  t h a t  are i n  c o n s t r u c t i o n  permit review, 
p l a n t s  t h a t  have ,been ordered,  and a few p l a n t s  t h a t  have not  been ordered. 
The High case assumes  a more a c t i v e  r e s u m p t i o n  of o r d e r s  i n  t h e  1980's. 

I n  t h e  Sec re t a ry ' s  Annual Report  t o  Congress i n  January 1980, i t  w a s  p r o j e c t e d  
t h a t  U.S. gene ra t ing  capac i ty  would rise t o  150 t o  200 GW by 2000. A s  wi th  
t h e  E I A  Low and Mid cases ,  t h i s  a l l o w s  f o r  few o r  no new p l a n t  o r d e r s .  
However, t h a t  r e p o r t  a l s o  shows a p r o j e c t i o n  of about  260 t o  380 r e a c t o r s  by 
t h e  year  2000. Implied i n  t h a t  p r o j e c t i o n  i s  a resumption of new p l a n t  o rde r s  
w i t h i n  t h e  next  few yea r s .  The 1980 f o r e c a s t s  are presented  i n  Table  A-3. 

It should be  noted t h a t  f o r  n e i t h e r  of t h e s e  more r ecen t  p r o j e c t i o n s  were 
estimates made f o r  t h e  pe r iod  beyond 2000, r e f l e c t i n g  t h e  unce r t a in ty  f o r  t h a t  
per iod.  However, soon a f t e r  t h i s  r e p o r t  has  been publ ished,  new E I A  projec-  
t i o n s  w i l l  have become a v a i l a b l e .  Scheduled f o r  p u b l i c a t i o n  i n  Ju ly  1980, t h e  
E I A  Annual  R e p o r t  t o  C o n g r e s s  -- 1979, w i l l  c o n f i r m  t h e  f o r e c a s t  i n  t h e  
Secre ta ry ' s  Report ,  about 160 t o  200 GW of nuc lea r  genera t ing  capac i ty  i n  t h e  
year  2000. I n  a more comprehensive eva lua t ion  of t h e  long  term, t h e  E I A  
r e p o r t  w i l l  a l s o  f o r e c a s t  be tween  290 and  460 GW of  n u c l e a r  g e n e r a t i n g  
capac i ty  by t h e  yea r  2020. 
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TABLE A-3. 1980 ESTIMATES OF U.S. NUCLEAR GENERATING CAPACITY (GW) 

Low - Mid - Year High - 
1985a 113 106 95 

1990a 155 140 129 

Commercial Nuclear and Uranium Market Fo recas t s  f o r  t h e  United S t a t e s  and 
t h e  World Ou t s ide  of Communist Areas, DOE/EIA-0184/24, January 1980. 

a 

U.S. Department of Energy, Sec re t a ry ' s  Annual Report  t o  Congress, 
DUE/S-0010(80), January 1980. 

b 

Comparison w i t h  Other F o r e c a s t s  

The fo rego ing  p r o j e c t i o n s  of domestic nuc lea r  gene ra t ing  capac i ty  (Tables 
A-1, A-2, and A-3) are  b e s t  eva lua ted  i n  t h e  context  of t h e  estimates of 
p r i m a r y  energy u s e  and electrical  energy consumption upon which they are 
based. F igu re  A-1 i l l u s t r a t e s  t h e  c o n s i s t e n t  set of energy p r o j e c t i o n s  used 
f o r  NASAP: T o t a l  Primary Energy Use, T o t a l  Energy Use f p r  Product ion of 
E l e c t r i c i t y ,  E l e c t r i c a l  Energy G e n e r a t e d ,  a n d  Nuc lea r  E l e c t r i c a l  E n e r g y  
Generated. High and Low p r o j e c t i o n s  are s h m n  f o r  each, and t h e  comparable 
i n s t a l l e d  nuc lea r  gene ra t ing  c a p a c i t y - i s  a l s o  shown. A s  shown i n  Table A-4, 
t h e  f o r e c a s t s  are i n  t h e  g e n e r a l  range of o t h e r  r e c e n t  estimates. Depending 
on t h e  purpose of t h e  estimates and t h e  scenar'ios considered,  some indus t ry  
p r o j e c t i o n s  show g r e a t e r  growth, w h i l e  conservat ion-oriented s t u d i e s  show 
lower growth. The p r o j e c t i o n s  used f o r  NASAP l i e  between t h e s e  extremes. 
More d e t a i l e d  d i s c u s s i o n s  of some of t h e s e  long-term f o r e c a s t s  are p resen ted  
i n  Chapter 2 of t h e  1978 f o r e c a s t  and Chapter 5 of t h e  1979 f o r e c a s t .  

P 
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F o r e c a s t  

TABLE A-4. COMPARISONS OF RECENT PROJECTIONS OF TOTAL ENERGY AND ELECTRICITY 
CONSUMPTION AND OF INSTALLED NUCLEAR ELECTRICAL GENERATING CAPACITY 

I n s t a l l e d  Nuclear  Electrical  
'To ta l  Energy B tu /yea r )  E l e c t r i c i t y  Consumption (lo1 B t u / y e a r  ) Genera t ing  Capac i ty  (GW) 

1985 1990 2000 1985 1990 2000 F o r e c a s t  1985 1990 2000 

I n s t a l l e d  Nuclear  Electrical  
'To ta l  Energy B tu /yea r )  E l e c t r i c i t y  Consumption (lo1 B t u / y e a r  ) Genera t ing  Capac i ty  (GW) 

1985 1990 2000 1985 1990 2000 1985 1990 2000 

157-192 Department of Energy (1978) 91.0-93.9 100-5-106.2 122.3-135.6 10.1-10.5 11.8-12.9 14.4-18.5 100-122 
255-395 

-9.41- 10.7-12.3 -15.8- 102-118 142-171 235-300 

350-675 

Department of Energy (1979) 86.2-93.7 94.4-110.2 117-129 

19 7-280 94.9 108.4 117-138.6-158 10.6 12.3-1 4.7 I 7.7-23.9 - (1)  EPRI Overview 1978 
-18.4 -31.1 

WAES -77(2)  

Simpson (3) 

E P R I ( 4 )  

Westinghouse ( 5 )  

CONAES (7  

14.2 7-1 7.69 127-1 66(6 -- 380-620 92 2-94.4 - 115.1-132.1 8. \6-11.8 -- 

88-102 94-125 ,~'108-&0 9.9-12.9 11.3-18.5 13.8-28.0 -- 
- -- -- 158-190-204 230-320-420 - _  . -  \-- -7 -- -- ! 

.. 1 + 
" a  

I <  

-- -- 
115.2 9.2 11.2 15.2 111 173 91.7 101.2 323 

( " E l e c t r i c  Power Research I n s t i t u t e ,  Research and Development Program Plan,  Report  PS-830-SR. J u l y  1978. 

("Energy Supply-Demand I n t e g r a t i o n  t o  t h e  Year-2000 - Globa l  and N a t i o n a l  S t u d i e s ,  Th i rd  Techn ica l  Report  of t h e  Workshop on A l t e r n a t i v e  

(3)Simpson, J. W., "Dismal Outlook f o r  U.S. Reactor  Supp l i e r s , "  Nuclear Engineer ing I n t e r n a t i o n a l ,  December 1978, p. 39. 

( 4 ) E l e c t r i c  Power Research I n s t i t u t e ,  F u e l  and  Energy- P r i c e  F o r e c a s t s ,  R e p q t  EPRI EA-433, Menlo Park,  C a l i f o r n i a :  1977. 
(5)0verview on Trends i n  t h e  E l e c t r i c  U t i l i t y  Indus;r%Fst i .nghousei  E l e c t r i c  Corpora t ion ,  Report  MRA 79-01, Vol. 1, January 1979. 

(6') Report  of t h e  korkshop on A l t e r n a t i v e  Energy S t r a t e g i e s  (WAES), New York, New York: M c G r a w - H i l l ,  

(7)''U.S. Energy Demand: Some Low Energy Futures ,"  Sc ience ,  A p r i l  14, 1978: The Report  of t h e  Demand and Conse rva t ion  P a n e l  of CONAES, 
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