
, v I L L , .  . I ,  

OAK RIDGE 
NATIONAL 
LABORATORY 

. r Y ,  < I .  

ORNL/TM-9780/V2 

Nuclear Power Options 
Viability Study 

Volume 11, 
Reactor Concepts, Descriptions, 

and Assessments 

D. B. Trauger 
J. D. White 
J. T. Bell 
R. S. Booth 
H. I. Bowers 
J. C. Cleveland 
J. G. Delene 

D. C. Hampson 
T. Jenkins 
D. L. Moses 
P. E. Pasqua 
D. L. Phung 
1. Spiewak 
R. E. Taylor 

- /. ,~ ,* Uri Gat 

OPERATED 3Y 
MARTIN MARIETTA ENERGY SYSTEMS, INC. 
FOR THE UNITED STATES 
DEPARTMENT OF ENERGY 

APPLIED TECHNOLOGY 

Any further distribution by any holder of this document or of the 
data therein to third parties representing foreign interests, foreign 
governments, foreign companies and subsidiaries, or foreign 
divisions of U.S. companies should be coordinated with the 
Deputy Assistant Secretary for Reactor Systems, Development, and 
Technology, U.S. Department of Energy. 

Released for annwncerr,ant 
in CfF. O&irrbulhXi h i ! C d  !O 

pr9g:’an. Olhers rewest  from 
p3r:;aigan:s the LMFSR 

BsgT* DOE. 



Printed in the United States of America. Available from 
the US.  Department of Energy 
Technical Information Center 

P.O. Box 62, Oak Ridge, Tennessee 37830 

This report was prepared as an account of work sponsored by an agency of the 
UnitedStatesGovernment Neither theUnitedStatesGovernment norany agency 
thereof nor any of their employees makes any warranty, express or implied. or 
assumes any legal liability or responsihility 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 StatesGovernment or 
any agency thereof The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United StatesGovernment or any agency 
thereof 



Department of Energy 
Ttichnicsl Information Center 
PO. Box 62 
Oak Kidge,Tennessee 37830 

TI87 025578 

To Addressees 

EXDLIX OF APPLIED TECH?;OLOG'i REPORTS 

The purpose of this memorandum is to reiterate the necessity to protect AFplied 
Technology (AT) reports in the UC-79  (Liquid Metal Fast Breeder Reactors), UC-83  
(Nuclear Converter Reactor Fuel Cycle Technology), and UC-86 (Consolidzted F u e l  
Reprocessing Program) categories from unauthorized release in order to preserve 
their trading value vis a vis international exchange agreenents. This memorandur, 
disseminated at the request of the Director of International Programs, Office of 
Support Prograz, Assistant Secretary for Nuclear Energy, provides farther guidance 
for the Field on this imjmrtant matter and serves as a reminder of the significance 
of the "Applied Techmlcgy" stat:;, shova below: 

APPLIED TECiGOLOGY 

Any Further Distribution by any Holder of this Document or of Other Datz 
Therein to Third Parties Representing Foreign Interests, Foreign Goverments, 
Foreign ComFanies and-Foreign Subsidiaries or Foreign Divisions of V. S .  
Companies Should Be Coordinated with the Director, "Appropriote KE Program 
Office", U. S. Department of Energy 

The U. S. Department of Energy has this stamp placed on selected progress and 
topical reports that concern information related to engineericg, development,.; 
design, construction, operation, or other activities pertzining to particular;- 
projects on which major fvnding emphasis has been placed. 
Technolagy (AT) are given controiled, monitored distribution in order to keep the 
information contained therein in domestic hands. 
on a quid pro quo basis with nations with whom the U. S. Department of Energy has 
a formal exchange agreement. 
at Oak Ridge, Tennessee, has been instructed to obtain the Department of Energy 
Beadquarters Program Office approval for release of UC-79 ,  U C - 8 3 ,  and UC-86 AT 
reports to any requestor, foreign or domestic, not on the official TIC AT Stand- 
ard Distribution Lists. Only the TIC has been provided the authority to honor 
such requests for AT reports based on Program Office approval. DOEJaboratories, 
contractors, and subcontractors nust relay external foreign and domestic requests 
for AT reports to the TIC for disposition. 
oratory or contractor facility should be controlled so as not to vitiate the intent 
of the above policy. 
nationals are visitizg, assigned, or employed at a facility, 

Reports 1abeled.Applied 

Such infornation is exchanged 

Towards this end, the Technical Information Center 

Access to AT reports within a lab- 

This is particularly important in those cases where foreign 

The TIC official AT Standard Distribution Lists that have been approved by 
Headquarters are considered to be the sole distribution for AT reports, with the 



-2- 

exception of internal recipients (not subcontractors or outside program 
participants); when an AT report is originated by an organization, internal 
distribution within that organization may be made directly. Where external 
distribution outside that organization is involved, either foreign or domestic, 
only the TIC lists may be used f o r  an AT reaort. 
uation will require written approval of the responsible Headquarters Program 
O f f  ice. 

Any exce?tions to this sit- 

You are also reminded that AT reports are not to be presented, referenced, 
or form the basis of presentations of infomation in technical society meetings 
or journals, meetings with foreign interests, or other means without Headquarters 
Program Office approval. 

William D. Matheny 
Chief, Control Branch 
Document Control and Evaluation Division 



r .  
’ .  

ORNLflM-9780/V2 
D i s t r i b u t i o n  Category UC-79T 

(Applied Technology) 

NUCLEAR POWER OPTIONS VIABILITY STUDY 

VOLUME 11, 
REACTOR CONCEPTS, DESCRIPTIONS, AND ASSESSMENTS 

D. B. Trauger,  Ed i to r  
J. D. White 
J. T. Bell 
R. S. Booth 
H. I. Bowers 
J. C. Cleveland 
J. G. Delene 
U. G a t  
D. C. Hampson 
T. Jenkins’  
D. L. Moses 
P. E. Pasqua2 
D. L. Phung3 
I. Spiewak4 
R. E. Taylor’ 

’Tennessee Val ley Au thor i ty  
2The Un ive r s i ty  of Tennessee 
3 ~ r o f e s s i o n a l  Analysis  , Inc.  
4 ~ o n s u l t  a n t  

Date Publ i shed  - September 1986 

Prepared f o r  t h e  
O f f i c e  of t h e  A s s i s t a n t  Sec re t a ry  f o r  Nuclear Energy 

U.S. Department of Energy 

Prepared by t h e  
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831 
opera ted  by 

f o r  t h e  
MARTIN MARIETTA ENERGY SYSTEMS, INC.  

U.S. DEPARTMENT OF ENERGY 





PREFACE 

The Nuclear Power Options V i a b i l i t y  Study (NPOVS) was i n i t i a t e d  a t  
the  beginning of ca lendar  year 1984. The o b j e c t i v e  of NPOVS w a s  t o  ex- 
p l o r e  t h e  v i a b i l i t i e s  of s e v e r a l  nuc lea r  op t ions  f o r  t h i s  country f o r  
e l e c t r i c  power gene ra t ion  a f t e r  t he  year 2000. The s tudy  emphasized 
t e c h n i c a l  i s s u e s  but a l s o  considered i n s t i t u t i o n a l  problems. Innovat ive  
r e a c t o r  concepts  were i d e n t i f i e d  which may be marketable  a t  the  t i m e  
when s t u d i e s  show t h a t  t h e  demand f o r  new electr ical  energy capac i ty  
w i l l  i n c r e a s e  s i g n i f i c a n t l y .  These concepts  were considered with em- 
phas i s  on c o s t ,  s a f e t y  f e a t u r e s ,  o p e r a b i l i t y ,  and r e g u l a t i o n  as w e l l  as 
r e sea rch  needs. The s tudy i s  r epor t ed  i n  fou r  volumes. Volume I is  an  
execu t ive  summary. This  r e p o r t ,  Volume 11, provides  d e s c r i p t i o n s  and 
assessments  wi th  respect t o  c r i t e r i a  e s t a b l i s h e d  i n  t h e  s tudy  of 
p o t e n t i a l  nuc lea r  power p l a n t s  which could be deployed e a r l y  i n  t h e  next  
century.  Volume 111, Nuclear D i s c i p l i n e  Topics ,  provides  suppor t ing  
ana lyses ;  and Volume I V  i s  a b ib l iography con ta in ing  approximately 550 
e n t r i e s .  A d e t a i l e d  o u t l i n e  covering a l l  four  volumes i s  given i n  
Appendix A. 

The s tudy was i n i t i a t e d  by Oak Ridge Nat iona l  Laboratory (ORNL), 
which, recogniz ing  the  need f o r  a broad base of knowledge and exper- 
i ence ,  engaged the  Tennessee Valley Author i ty  (TVA) and The Un ive r s i ty  
of Tennessee t o  p a r t i c i p a t e  as pa r tne r s .  TVA concent ra ted  i t s  e f f o r t s  
on e v a l u a t i o n  of t h e  concepts  and on l i cens ing .  The Un ive r s i ty  of 
Tennessee a s s i s t e d  i n  the  eva lua t ion  of c o n s t r u c t i o n  c o s t s  and p u b l i c  
op in ion  i s sues .  Both i n s t i t u t i o n s  con t r ibu ted  ex tens ive ly  t o  t h e  
eva lua t ion  of i s s u e s  and i n  review of r epor t s .  I n  conduct ing t h e  s tudy ,  
t h e  au tho r s  e x t e n s i v e l y  contac ted  segments of t h e  nuc lea r  i n d u s t r y  f o r  
cu r ren t  in format ion  concerning the  concepts  s tud ied  and f o r  o t h e r  valued 
a s s  i s t a n c e  . 

Many of t h e  problems encountered by t h e  nuc lea r  i n d u s t r y  are i n s t i -  
t u t i o n a l  i n  n a t u r e  and are r e l a t e d  t o  t h e  way t h e  u t i l i t y  companies, 
des igne r s ,  c o n s t r u c t o r s ,  and r e g u l a t o r s  are organized and funct ion.  
Although t h i s  s tudy  at tempted t o  i d e n t i f y  those  i n s t i t u t i o n a l  f a c t o r s ,  
i t  has  not  addressed them i n  a l l  aspec ts .  It w a s  observed t h a t  t h e  in-  
s t i t u t i o n a l  problems d e r i v e  i n  some measure from t e c h n i c a l  a s p e c t s ,  
which, i n  tu rn ,  o r i g i n a t e  a t  least  i n  p a r t  from t h e  l a r g e  s i z e ,  com- 
p l e x i t y ,  and exac t ing  requirements  f o r  e x i s t i n g  nuc lea r  p l an t s .  
Emphasis i n  the  s tudy  was placed on t e c h n i c a l  a s p e c t s  t h a t  have poten- 
t i a l  m e r i t  and on improved des ign  concepts  t h a t  may he lp  o r  have promise 
of he lp ing  t o  a l l e v i a t e  i n s t i t u t i o n a l  problems. I n s t i t u t i o n a l  f a c t o r s  
r e l a t e d  t o  market acceptance have a l s o  been surveyed and s tudied .  Con- 
s i d e r a t i o n  of a d d i t i o n a l  i n s t i t u t i o n a l  f a c t o r s  i s  thought  t o  be d e s i r -  
a b l e ,  perhaps necessary ,  but is beyond t h e  scope of t h i s  s tudy.  

The s tudy emphasized c r i t e r i a  by which nuc lea r  power r e a c t o r s  can 
be judged and which are thought t o  be a p p r o p r i a t e ,  a t  least  i n  p a r t ,  f o r  
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j udg ing  f u t u r e  commercial v i a b i l i t y .  Other  des ign  o r  o p e r a t i o n a l  needs 
t h a t  are important  but are more d i f f i c u l t  t o  q u a n t i f y  are p resen ted  as 
e i t h e r  e s s e n t i a l  o r  d e s i r a b l e  c h a r a c t e r i s t i c s .  S e v e r a l  i nnova t ive  
r e a c t o r  concepts  are desc r ibed  and eva lua ted  wi th  r e s p e c t  t o  t h e s e  
measures. Rela ted  and g e n e r i c  i n fo rma t ion  on c o n s t r u c t i o n ,  economics, 
r e g u l a t i o n ,  s a f e t y  and economic r i s k ,  waste t r a n s p o r t a t i o n  and d i s p o s a l ,  
and market acceptance  which supplements t h e  e v a l u a t i o n  i s  inc luded  i n  
Volume 111. 

This  s tudy  d i f f e r s  i n  s e v e r a l  r e s p e c t s  from o t h e r  s t u d i e s  concern- 
i ng  t h e  f u t u r e  of nuc lea r  power i n  t h e  United States. The f i r s t  is t h e  
t i m e  frame of i n t e r e s t .  The NF'OVS e f f o r t  w a s  focused on a t i m e  frame a 
l i t t l e  la te r  than most s t u d i e s ,  t h e  years  2000 through 2010. For t h e  
n e a r  term, e x i s t i n g  Light-Water Reactor  (LWR) des igns ,  o r  evo lu t iona ry  
mod i f i ca t ions  t o  them, would be t h e  most l i k e l y  n u c l e a r  choices  i f  t h e r e  
i s  a s u f f i c i e n t  demand f o r  i nc reased  e lec t r ica l  g e n e r a t i n g  capac i ty .  
P r o j e c t i o n s  by t h e  e lec t r ic  i n d u s t r y  i n d i c a t e  t h a t  new base load  capac- 
i t y  w i l l  be needed be fo re  t h e  yea r  2000. Therefore ,  it is probable  t h a t  
d e c i s i o n s  t o  o rde r  baseload c a p a c i t y  w i l l  be made by 2000-2010 and,  
fur thermore ,  t h a t  t h e  r e a c t o r  concepts  d i scussed  i n  t h i s  r e p o r t  have t h e  
p o t e n t i a l  f o r  competing with e x i s t i n g  LWR des igns  o r  coa l - f i r ed  p l a n t s  
a t  t h a t  t i m e .  For t h e  more d i s t a n t  f u t u r e ,  nuc lea r  p l a n t  concepts  
i n c o r p o r a t i n g  more innova t ive ,  i f  not  r e v o l u t i o n a r y ,  f e a t u r e s  could be  
t h e  b e s t  choices .  

A second a spec t  making t h i s  s tudy  d i f f e r e n t  i s  t h e  l e v e l  of tech-  
n i c a l  d e t a i l  i n  t h e  eva lua t ion  of t h e  s p e c i f i c  des igns .  S i g n i f i c a n t l y  
more des ign  informat ion  was genera ted  by a l l  t h e  n u c l e a r  d e s i g n e r s  in-  
volved wi th  innova t ive  concepts  i n  the  l as t  t h r e e  y e a r s ,  and much of 
t h i s  i n fo rma t ion  w a s  made a v a i l a b l e  t o  NF'OVS. Recogni t ion  has  been 
g iven  t o  the  s p e c i a l  f e a t u r e s  of each concept and thus  t o  t h e  r o l e  t h a t  
each may achieve i n  a mature n u c l e a r  economy. 

Sys temat ic  development of t h e  in fo rma t ion  p resen ted  i n  t h i s  r e p o r t  
was completed i n  September 1985. Delays i n  funding  and review have pre- 
vented t imely  p u b l i c a t i o n .  An a t tempt  has  been made t o  inc lude  new 
in fo rma t ion  where s u b s t a n t i a l  changes i n  programs o r  des igns  have 
occurred ,  but i t  has not been p o s s i b l e  t o  b r ing  t h e  r e p o r t  f u l l y  up t o  
da t e .  Subsequent developments and even t s ,  p a r t i c u l a r l y  t h e  Chernobyl 
a c c i d e n t ,  may a l t e r  some of t h e  f ind ings .  
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ABSTRACT 

The Nuclear Power Options V i a b i l i t y  Study (NPOVS) i s  r e p o r t i n g  h e r e  
on t h e  d e s c r i p t i o n  and assessment of s e v e r a l  s e l e c t e d  innova t ive  r e a c t o r  
des igns  i n  accordance with c r i t e r i a  e s t a b l i s h e d  i n  t h e  s tudy .  These 
c r i t e r i a  are as fol lows:  

1 .  

2. 

3. 

4 .  

5.  

6 .  

7. 

The c a l c u l a t e d  r i s k  t o  t h e  p u b l i c  due t o  a c c i d e n t s  is less than o r  
equal  t o  the  c a l c u l a t e d  r i s k  a s s o c i a t e d  with the  b e s t  modern Light-  
Water Reactors  (LWRS). 

The p r o b a b i l i t y  of events  l ead ing  t o  l o s s  of investment  i s  less than 
o r  equal  t o  l o W 4  per year (based on p l an t  c o s t ) .  

The economic performance of t h e  nuc lea r  p l a n t  i s  a t  least  equ iva len t  
t o  t h a t  f o r  coa l - f i r ed  p l an t s .  ( F i n a n c i a l  goa l s  f o r  t h e  u t i l i t y  are 
m e t ,  and busbar c o s t s  are accep tab le  t o  t h e  p u b l i c  u t i l i t y  
commissions.) 

The des ign  of each p l an t  is complete enough f o r  a n a l y s i s  t o  show 
t h a t  t h e  p r o b a b i l i t y  of s i g n i f i c a n t  cos t / s chedu le  overruns i s  
accep tab ly  low. 

O f f i c i a l  approval  of a p l a n t  des ign  must be g iven  by t h e  U.S. 
Nuclear Regulatory Commission (NRC) t o  a s s u r e  t h e  i n v e s t o r  and t h e  
p u b l i c  of a high p r o b a b i l i t y  t h a t  t h e  p l a n t  w i l l  be l i c e n s e d  on a 
t imely  b a s i s  i f  cons t ruc t ed  i n  accordance wi th  t h e  approved design.  

For a new concept t o  become a t t r a c t i v e  i n  t h e  marketplace,  demon- 
s t r a t i o n  of i ts  read iness  t o  be des igned ,  b u i l t ,  and l i c e n s e d  and 
begin o p e r a t i o n s  on t i m e  and a t  p r o j e c t e d  c o s t  i s  necessary .  

The des ign  should inc lude  only those  nuc lea r  technologies  f o r  which 
t h e  p rospec t ive  owner/operator  has demonstrated competence o r  can 
acqu i re  competent managers and ope ra to r s .  

The c r i t e r i a  are supplemented by e s s e n t i a l  c h a r a c t e r i s t i c s  t h a t  
both amplify the  cr i ter ia  and suggest  a d d i t i o n a l  q u a l i t i e s  t h a t  have a 
bea r ing  on v i a b i l i t y .  

I n  s e l e c t i n g  t h e  concepts  t o  be s t u d i e d ,  t h e  fo l lowing  t h r e e  ground 
r u l e s  were used : 

1 .  The nuc lea r  p l a n t  des ign  op t ion  should be developed s u f f i c i e n t l y  
t h a t  an o rde r  could be placed i n  t h e  t i m e  per iod  2000 through 2010. 

2. The des ign  op t ion  should be economically compet i t ive  wi th  environ- 
menta l ly  accep tab le  coa l - f i r ed  p l a n t s .  

3. The des ign  op t ion  should possess  a high degree of pas s ive  s a f e t y  t o  
p r o t e c t  t h e  pub l i c  h e a l t h  and p rope r ty  and t h e  owner's investment .  
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This  s tudy l ed  t o  the  choice  of t h e  fo l lowing  concepts :  

1. Light  Water Reactors  (LWRs) 

0 PIUS (Process  Inherent  Ultimate Sa fe ty )  - Promoted by ASEA-ATOM 

e Small BWR (Bo i l ing  Water Reactor) - Promoted by General Electric 
of Sweden 

(GE 1 

2. Liquid Metal Reactors  (LMRs) 

0 PRISM (Power Reactor  I n t r i n s i c a l l y  Safe  Nodule) - The advanced 
concept supported by DOE 

e SAFR (Sodium Advanced F a s t  Reactor)  - The Rockwell I n t e r n a t i o n a l  
( R I )  advanced concept suppor ted  by DOE 

0 LSPB (Large-Scale Pro to type  Breeder) - The Electric Power Re- 
s e a r c h  Ins t i t u t e -Conso l ida t ed  Management O f f i c e  (EPRI-CoMO) con- 
cept  supported by EPRI  and DOE 

3.  High Temperature Reactor  (HTR) 

0 Side-by-Side Modular - The core  and steam g e n e r a t o r  i n  s e p a r a t e  
s tee l  v e s s e l s  i n  a side-by-side conf igu ra t ion .  The concept is  
supported by DOE and promoted by Gas-Cooled Reactor Assoc ia t e s  
(GCRA) and i n d u s t r i a l  f irms. 

These concepts  are judged t o  be p o t e n t i a l l y  a v a i l a b l e  in t h e  chosen 
t i m e  per iod ,  are es t imated  by t h e i r  promoters t o  be economical ly  compe- 
t i t i v e  wi th  coa l - f i r ed  power p l a n t s ,  and have va ry ing  degrees  of pas s ive  
s a f e t y  a t t r i b u t e s .  In a l l  cases, the  des igns  are too  p re l imina ry  f o r  a 
complete and d e f i n i t i v e  assessment ,  but each i s  be l ieved  t o  have poten- 
t i a l  f o r  a s i g n i f i c a n t  f u t u r e  ro l e .  The Advanced Pressurized-Water Re-  
a c t o r  (APWR), t h e  Advanced Boiling-Water Reactor  (ABWR), and t h e  l a r g e  
HTR are recognized as v iab le  systems which could meet electric power 
g e n e r a t i n g  needs p r i o r  t o  o r  fo l lowing  t h e  year  2000. They are no t  in- 
cluded i n  t h i s  s tudy except  f o r  r e fe rence  because they do not  f u l l y  meet 
t h e  t h i r d  ground r u l e  and because they a l r eady  have been t h e  s u b j e c t  of 
ex tens ive  s tudy  by indus t ry .  
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SUMMARY OF FINDINGS 

The c r i t e r i a  and t h e  e s s e n t i a l  and d e s i r a b l e  c h a r a c t e r i s t i c s  
desc r ibed  i n  Chapter 2 are presented  as u s e f u l  gu ides  t o  t h e  s e l e c t i o n  
and e v a l u a t i o n  of cu r ren t  and f u t u r e  nuc lea r  r e a c t o r  concepts .  The 
c r i t e r i a  were developed e a r l y  i n  t h e  s tudy and have been sub jec t ed  t o  
ex tens ive  review and ref inement .  The cr i ter ia  se rve  as guides  f o r  t h e  
e v a l u a t i o n s  of concepts  presented  i n  t h i s  r epor t .  

Most advanced r e a c t o r  concepts  are smaller than  p resen t  LwRs; 
t h e r e f  o re ,  they s u f f e r  t h e  disadvantage,  whether real  o r  perceived,  
a s s o c i a t e d  with economy of scale. This d i sadvantage  is claimed t o  be 
o f f s e t  o r  compensated f o r  i n  vary ing  degrees  through an improved match 
wi th  load growth, r educ t ion  i n  c a p i t a l  r i s k ,  i nc reased  shop f a b r i c a t i o n ,  
s h o r t e r  c o n s t r u c t i o n  t i m e ,  i nc reased  s t a n d a r d i z a t i o n ,  des ign  s i m p l i f i c a -  
t i o n ,  and s impler  c o n s t r u c t i o n  management requirements .  L icens ing  a l s o  
may be s i m p l i f i e d .  A s u b s t a n t i a l  problem i n  achiev ing  t h e s e  compensa- 
t i o n s  d e r i v e s  from the  need f o r  a l a r g e  front-end investment f o r  c e r t a i n  
of t hese  f e a t u r e s .  Automated shop f a b r i c a t i o n ,  i n  p a r t i c u l a r ,  may re- 
q u i r e  a s u b s t a n t i a l  backlog of o rde r s  t o  be economically f e a s i b l e .  Nu- 
clear p l a n t  s t a n d a r d i z a t i o n  i s  widely viewed as an important  goa l  f o r  
v i a b i l i t y .  

To be concise  i n  t h i s  summary, we have assumed t h a t  t h e  reader  is 
f a m i l i a r  wi th  t h e  concepts.  I f  n o t ,  t he  concept d e s c r i p t i o n s  should be 
read f i r s t .  The claims, advantages,  d i sadvantages ,  and important  devel-  
opment needs w i l l  be summarized i n  the  o rde r  i n  which t h e  concepts  ap- 
pear i n  t h e  r epor t .  

It must be noted t h a t  each of t h e s e  concepts  i s  c u r r e n t l y  i n  des ign  
development. The d e s c r i p t i o n s  and assessments  of t h i s  s tudy  r e f l e c t  t h e  
s t a t u s  f o r  each as of September 1985 except  t h a t  some updat ing  has  been 
done where informat ion  was r e a d i l y  a v a i l a b l e .  The r eade r  must recognize  
t h a t  f u r t h e r  development is expected t o  change design f e a t u r e s  and thus  
t o  a f f e c t  t he  conclus ions  from f u t u r e  eva lua t ions .  

A l l  of t h e  concepts  f o r  t h e  s tudy appear  t o  be p o t e n t i a l l y  v i a b l e ,  
but t h e  a v a i l a b l e  informat ion  has  been i n s u f f i c i e n t  t o  assess f u l l y  
t h e i r  economic competi t iveness .  Findings f o r  t h e  concepts  are summar- 
ized  here .  

PIUS 

The b a s i c  des ign  premise of t h i s  concept i s  t o  achieve a very high 
degree of pas s ive  s a f e t y  with r e s p e c t  t o  equipment f a i l u r e ,  ope ra to r  er- 
r o r ,  and e x t e r n a l  t h r e a t s .  The l a r g e  pool of bora ted  water, which can 
e n t e r  the  core  without  mechanical,  e lec t r ica l ,  o r  o p e r a t o r  a c t i o n ,  i s  t o  
provide  both shutdown and seven days of pas s ive  coo l ing  f o r  decay hea t  
removal. These claims appear t o  be j u s t i f i e d ,  a l though ques t ions  remain 
concerning t h e  s a f e t y  of f u e l  and equipment handl ing  ope ra t ions  wi th in  
the  pool.  The a v a i l a b i l i t y  of water  f o r  i n t r o d u c t i o n  t o  t h e  pool a f t e r  
seven days i s  s i t e  dependent but p o t e n t i a l l y  v i ab le .  Overa l l ,  t h e  
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concept appears  t o  be l i c e n s a b l e  without  major r edes ign ,  assuming t h a t  
t he  NRC w i l l  accept  a r e a c t o r  with no c o n t r o l  rods. The f e a t u r e s  t h a t  
promote s a f e t y  a l s o  appear a p p l i c a b l e  t o  p r o t e c t i o n  of t h e  investment.  
ASEA-ATOM claims t h a t  t he  p l an t  can be economically compet i t ive  wi th  
coa l - f i r ed  p l an t s .  This may depend on f u r t h e r  e v a l u a t i o n  of t he  i d e n t i -  
f i e d  problems t h a t  follow. 

The steam gene ra to r  l oca t ed  i n s i d e  t h e  P r e s t r e s s e d  Concrete Pres- 
su re  Vessel (PCPV) is of a d i f f i c u l t  des ign  with r e s p e c t  t o  mainte- 
nance. This and t h e  problems of handl ing  f u e l  and equipment deep (30 m) 
i n  t h e  pool r e q u i r e  c a r e f u l  design and d e t a i l e d  assessment and are con- 
s i d e r e d  a disadvantage wi th  respect t o  p o t e n t i a l  a v a i l a b i l i t y  of t h e  
p l an t .  Management of r e f u e l i n g  appears  d i f f i c u l t  f o r  t h e  three-core  
des ign  i f  t h e  r e f u e l i n g  sequence becomes out  of phase. 

Development and t e s t i n g  needs inc lude  f u r t h e r  demonstrat ion of 
f l u i d  i n t e r f a c e  s t a b i l i t y ,  ex t ens ive  s tudy and t e s t i n g  of steam gener- 
a t o r  modules, thorough t e s t i n g  of underwater f u e l  and equipment handl ing  
systems, steam flow and p r e s s u r i z e r  s t a b i l i t y  f o r  t he  multimodular de- 
s i g n ,  thermal i n s u l a t i o n  development and t e s t i n g ,  and demonstrat ion of 
t h e  PCPV des ign ,  p a r t i c u l a r l y  f o r  t h e  top  c losure .  

Small Advanced BWR 

This  r e a c t o r  obviously d e r i v e s  advantage from i ts  many ope ra t ing  
similari t ies t o  e x i s t i n g  BWRs. The gravi ty- fed  Emergency Core Cooling 
System (ECCS) appears  w e l l  conceived and adequate  t o  provide  shutdown 
cool ing  f o r  up t o  t h r e e  days,  a l though i t s  r e l i a b i l i t y  i s  dependent on a 
r e l a t i v e l y  u n t r i e d  fai l -open valve.  A r e l i a b l e  s i te-dependent  supply of 
a d d i t i o n a l  cool ing  water would be r equ i r ed  beyond the  t h r e e  days. Oper- 
a t o r  t r a i n i n g  should be s t r a i g h t f o r w a r d  s i n c e  the  b a s i c  o p e r a t i o n  i s  
s i m i l a r  t o  t h a t  of e x i s t i n g  BWR p l an t s .  A f i r s t -of -a -k ind  s a f e t y  tes t  
and demonstrat ion whereby t h e  p l an t  would l a te r  be used f o r  power pro- 
duc t ion  may be p r a c t i c a l  and adequate  f o r  t h i s  concept.  

Cost compet i t iveness  i s  d i f f i c u l t  t o  assess a t  t h i s  e a r l y  s t a g e  of 
des ign  development. Licensing requirements ,  a l though not thought to be 
p a r t i c u l a r l y  d i f f i c u l t ,  have not  y e t  been addressed  completely.  Model 
t e s t i n g  f o r  t h e  g rav i ty -d ra in  ECCS, steam i n j e c t o r  t e s t i n g ,  and thermal  
h y d r a u l i c  and seismic ana lyses  must be thorough. The d e p r e s s u r i z a t i o n  
va lve  a l so  r e q u i r e s  des ign ,  development, and t e s t i n g .  

LMR Concepts 

The LSPB i s  an evo lu t ion  of previous Liquid Metal F a s t  Breeder 
Reactor (LMFBR) designs.  It inc ludes  s e v e r a l  i nnova t ions  t o  reduce cap- 
i t a l  c o s t s  and t o  enhance s a f e t y .  The l a t t e r  inc lude  d i v e r s e  and inde- 
pendent r e a c t o r  shutdown and dedica ted  decay hea t  removal systems. 
Although t h i s  des ign  o f f e r s  lower c o s t s ,  t h e s e  f e a t u r e s  are ye t  t o  be 
eva lua ted  f u l l y  wi th  r e s p e c t  t o  c o n s t r u c t i o n  methods and 
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l i c e n s a b i l i t y .  The LSPB appears  a t t r a c t i v e  i n  o f f e r i n g  economy of s c a l e  
and inc reased  pass ive  s a f e t y .  

S ince  t h e  PRISM and SAFR concepts  are under development i n  a DOE 
program and are a t  a p re l imina ry  s t a g e ,  they w e r e  a s ses sed  p r i m a r i l y  i n  
common. LMR concepts  b e n e f i t  from t h e  i n h e r e n t  LMR f e a t u r e s  of low 
system p r e s s u r e  and high thermal  c o n d u c t i v i t y  of t h e  l i q u i d  metal 
(sodium) coolan t .  These f e a t u r e s  permit  t h e  des ign  of primary conta in-  
ment pool concepts  with r e l i a b l e  pas s ive  n a t u r a l  convec t ion  decay h e a t  
removal t o  a tmospheric  a i r .  The smaller modular concepts  provide  t h e  
p o t e n t i a l  f o r  t e s t i n g  of t h e  co re  s t a b i l i t y  f o r  cond i t ions  t h a t  might 
r e s u l t  from r e a c t i v i t y  i n c r e a s e s  o r  from l o s s  of flow of primary 
sodium. I n  t h i s  r e s p e c t ,  smaller r e a c t o r s  g e n e r a l l y  have an  advantage 
over  t h e  l a r g e r  LMRs. Although t h e  h y p o t h e t i c a l  co re  d i s r u p t i v e  acci- 
dent  (HCDA) is  claimed t o  be i n c r e d i b l e  by t h e  proponents ,  t h e  case f o r  
d i s r e g a r d i n g  t h i s  acc iden t  is ye t  t o  be approved by t h e  NRC. I f  t h e  
Clinch River  Breeder Reactor (CRBR) can be taken  as a precedent ,  then  i t  
would be r easonab le  t o  expec t  t h a t  a HCDA would be a beyond des ign  b a s i s  
event  (BDBE). Acknowledging pass ive  accommodation of HCDAs could s i g -  
n i f i c a n t l y  reduce des ign  complexi ty ,  f a c i l i t a t e  l i c e n s i n g ,  and improve 
p u b l i c  acceptance .  Re l i ab le  c o n t r o l  rod shutdown systems,  feedback 
response  from tempera ture  i n c r e a s e s ,  and t h e  r e s u l t i n g  thermal  expansion 
are impor tan t  s a f e t y  f e a t u r e s .  Although containments  are provided ,  
c a r e f u l  des ign  and perhaps t e s t i n g  w i l l  be r equ i r ed  t o  ensu re  t h a t  a i r  
o x i d a t i o n  of t h e  sodium cannot occur.  Where primary boundaries  and con- 
ta inments  are i n  c l o s e  proximi ty ,  they must be w e l l  p r o t e c t e d  from ex- 
t e r n a l  t h r e a t s  t h a t  could breach both enc losu res .  

An impor tan t  advantage of t h e  LMR is t h e  ex tens ive  ope ra t ing  ex- 
pe r i ence  a v a i l a b l e  from t h e  Fas t  Flux T e s t  F a c i l i t y  (FFTF), t h e  Experi-  
mental  Breeder Reactor-I1 (EBR-11) and t h e  European and Japanese 
p l a n t s .  However, l i t t l e  of t h i s  exper ience  is i n  t h e  U.S. u t i l i t y  base ,  
and t h e  l o s s  of t h e  Clinch River Breeder Reactor  (CRBR) a l s o  slowed t h e  
pace of development of LMRS i n  t h i s  count ry .  Although it  appears  
p o s s i b l e  t o  des ign ,  c o n s t r u c t ,  and o p e r a t e  a demonst ra t ion  p l a n t  and t o  
r each  commerc ia l iza t ion  w i t h i n  t h e  2000-2010 t i m e  scale, it would 
r e q u i r e  an  e a r l y  d e d i c a t i o n  t o  the task.  

The a v a i l a b i l i t y  of r e l a t e d  exper ience ,  t h e  s i m p l i c i t y  of t h e  pro- 
posed d e s i g n s ,  and t h e  pas s ive  f e a t u r e s  mentioned above s t r o n g l y  sugges t  
t h a t  t h e  l i c e n s i n g  of LMRs should be achievable .  An obvious long-term 
advantage of t h e  LMR i s  i t s  p o t e n t i a l  f o r  breeding  and the reby  c r e a t i n g  
a n  e s s e n t i a l l y  unl imi ted  e x t e n s i o n  of uranium f u e l  resources .  Although 
t h i s  is not  an  immediate o b j e c t i v e  of t h e  c u r r e n t  program, it should n o t  
be overlooked. 

H i s t o r i c a l l y ,  M R  concepts  have had h ighe r  c a p i t a l  c o s t  f a c t o r s  
than LWRs. This  c o s t  exper ience  i s  mani fes ted  i n  European as w e l l  as 
U.S. des igns .  Although t h e  c u r r e n t  concepts  addres s  t h i s  i s s u e ,  i t  is 
as ye t  not adequate ly  r e so lved .  The long  l i f e  co re  des igns  r e p r e s e n t  
one approach t o  o v e r a l l  c o s t  reduct ion .  Another d i sadvantage  i s  t h e  
requirement  f o r  enr iched  uranium o r  plutonium as t h e  s t a r t i n g  f u e l .  The 
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former is e s s e n t i a l l y  a s su red  by p resen t  U. S. enr ichment  programs s i n c e  
t h e  r equ i r ed  product ion  c a p a c i t y  e x i s t s .  The l a t t e r  is  a t  an e a r l y  
s t a g e  of development f o r  accep tab le  f u e l  r ep rocess ing  p l a n t s  i n  t h i s  
count ry ,  a l though cons ide rab le  exper ience  e x i s t s  abroad and i n  m i l i t a r y  
f a c i l i t i e s .  Other  c o u n t r i e s  o f f e r  t h e  p rospec t  f o r  purchase of 
plutonium, but  t h i s  is u n l i k e l y  t o  be an accep tab le  con t inu ing  source .  
Once-through cyc le s  are not  adequate  f o r  long-term n u c l e a r  energy via-  
b i l i t y ;  t h e r e f o r e ,  r ep rocess ing  remains an important  o b j e c t i v e  f o r  
f u t u r e  TMR concepts .  The p o t e n t i a l  use of i n t e g r a l  f a s t  r e a c t o r s  which 
would be c o l l o c a t e d  wi th  t h e  suppor t ing  f u e l  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 y  f a c e s  s i g n i f i c a n t  i n s t i t u t i o n a l  problems f o r  ope ra t ion .  

Development needs inc lude  advanced co re  des ign  and approved neu t ron  
count ing  systems,  improved s h i e l d i n g ,  and s e l f - a c t u a t e d  shutdown sys- 
t e m s .  Tes t ing  of hea t  removal systems is  an obvious requirement .  De-  
pending upon t h e  choice  of i n i t i a l  f u e l ,  t h e  f u e l  c y c l e  requi rements  may 
be ex tens ive .  The use of metal f u e l s ,  which o f f e r  some s a f e t y  and oper- 
a t i o n a l  advantages , r e q u i r e s  an e x t e n s i v e  f u e l  development and t e s t i n g  
program. Concepts under c o n s i d e r a t i o n  should b e n e f i t  s u b s t a n t i a l l y  from 
demonst ra t ion  r e a c t o r  t e s t i n g ;  however, w cau t ion  a g a i n s t  ove r ly  o p t i -  
mi s t i c  e x p e c t a t i o n s  from t h i s  approach. Indeed,  va luab le  exper ience  can 
be ga ined ,  and a n a l y t i c a l  t echniques  can be t e s t e d .  However, many d i s -  
turbances (such as the effects of severe seismic events, external inter- 
f e r e n c e  wi th  a i r  coo l ing ,  and sabotage)  cannot be t e s t e d  and would 
r e q u i r e  a n a l y s i s  f o r  eva lua t ion .  Such a n a l y s i s  would i n c l u d e  probabi l -  
i s t i c  r i s k  assessments  and s imula t ions  us ing  models v e r i f i e d  a g a i n s t  
d a t a  from smaller scale experiments .  A more d e s i r a b l e  and convincing 
approach wi th  r e s p e c t  t o  u t i l i t y  acceptance  may be t o  c o n s t r u c t  and 
ope ra t e  a demonst ra t ion  o r  p ro to type  p l a n t  based on an  adequate  program 
of a n a l y s i s ,  component development, and t e s t i n g  and design.  

Modular HTR Side-bv-Side ConceDts 

A high degree  of p u b l i c  p r o t e c t i o n  is achieved through t h e  
avoidance of f u e l  damage by v i r t u e  of a c a p a b i l i t y  f o r  extended a f t e r -  
h e a t  removal through t h e  v e s s e l  w a l l  by convect ion,  conduct ion,  and 
thermal  r a d i a t i o n  without  o p e r a t o r ,  mechanical ,  o r  e lec t r ica l  in t e rven-  
t i o n .  This  advantage is made p o s s i b l e  by t h e  very high tempera ture  
c a p a b i l i t y  of t h e  f u e l ,  i nc lud ing  r e t e n t i o n  of f i s s i o n  products  and t h e  
slow thermal  response  of t h e  co re ,  which e l i m i n a t e s  t h e  need f o r  a f a s t -  
a c t i n g  shutdown system. The same p r o t e c t i o n  a p p l i e s  t o  t h e  p r o b a b i l i t y  
of even t s  l ead ing  t o  a l o s s  of investment .  The “low-enriched‘‘ f u e l  i s  
an advantage 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  but  r e q u i r e s  enrichment beyond 
t h a t  f o r  a convent iona l  WR. The p o t e n t i a l  f o r  producing high-temper- 
a t u r e  process  hea t  i s  a long-term advantage.  

Disadvantages inc lude  a p o t e n t i a l l y  high ove rn igh t  c a p i t a l  cos t .  
Most, i f  not  a l l ,  HTR des igns  have p r o j e c t e d  c a p i t a l  c o s t s  h ighe r  t han  
t h o s e  of l a r g e  LWR r e a c t o r s .  This must be overcome by high a v a i l a b i l i t y  
and high c a p a c i t y  f a c t o r s ,  shop f a b r i c a t i o n ,  reduced c o s t s  f o r  t h e  
ba lance  of p l a n t ,  and low f u e l  c y c l e  c o s t s .  
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A d i s i n c e n t i v e  f o r  t h e  a p p l i c a t i o n  of an HTR i n  t h e  United S t a t e s  
is the  poor performance t o  d a t e  of t h e  For t  S t .  Vrain r e a c t o r .  However, 
t h e  d i f f i c u l t i e s  w i th  t h i s  r e a c t o r  are unique t o  i t s  equipment and are 
not common wi th  t h e  new concept .  In  many ways, t h e  MHTR des ign  can 
b e n e f i t  from t h e  l e s s o n s  l ea rned  at  For t  S t .  Vrain. A l so ,  t h e  per- 
formance of t h e  Peach Bottom Unit 1 r e a c t o r  i n  t h e  United States and 
t h a t  of t h e  Arbe i t sgemeinschaf t  Versuchs-Reaktor (AVR) i n  Germany has  
been s a t i s f a c t o r y .  Since the  Thorium High Temperature Reactor (THTR- 
300)  i n  Germany i s  t h e  l a t e s t  HTR t o  s tar t  ope ra t ion ,  i t s  ope ra t ing  
performance is important  t o  watch. 

The small base of o p e r a t i n g  exper ience  i n  t h e  United S t a t e s  sug- 
g e s t s  an impor tan t  need f o r  a s u c c e s s f u l  MHTR demonst ra t ion  p l a n t .  
Because of t h e  ruggedness and r e s i l i e n c y  of t h e  f u e l  and t h e  i n h e r e n t l y  
slow t i m e  response f o r  thermal  excur s ions ,  i t  seems p o s s i b l e  t h a t  a 
demonst ra t ion  p l a n t  could be used e x t e n s i v e l y  f o r  exper imenta t ion  i n  
s a f e t y  and o p e r a b i l i t y  and could l a t e r  s e r v e  as a f i r s t -of -a -k ind  power 
p l a n t .  However, s i n c e  t h e  des ign  exper ience  i s  a l s o  l i m i t e d ,  i t  is 
q u i t e  p o s s i b l e  t h a t  a s t anda rd ized  p l a n t  des ign  might b e n e f i t  from t h e  
exper ience  of t h e  demonstrat ion.  

Development needs inc lude  t h e  de t e rmina t ion  of f i s s i o n  product  re- 
t e n t i o n  by t h e  f u e l  c o a t i n g s ,  g r a p h i t e ,  and metal s u r f a c e s  under hypo- 
t h e t i c a l  extreme a c c i d e n t  cond i t ions .  Although accep tab le  g r a p h i t e  i s  
a v a i l a b l e  f o r  f a b r i c a t i o n  of f u e l  e lements  and r e f l e c t o r  b locks ,  s ta t i s -  
t i c a l  d a t a  are needed t o  b e t t e r  understand i t s  widely v a r i a b l e  proper- 
t ies  as a b a s i s  f o r  improvement of t h e  b a s i c  s t r u c t u r e  and t o  o b t a i n  
longer  l i f e t i m e s .  S t r u c t u r a l  materials development needs re la te  t o  
ob ta in ing  p h y s i c a l  p rope r ty  d a t a  t o  s a t i s f y  code requi rements ,  i n c l u d i n g  
t h e  e f f e c t s  of neut ron  i r r a d i a t i o n  on phys ica l  p r o p e r t i e s .  Another 
important  area of development i s  t e s t i n g  of key components under a c t u a l  
cond i t ions .  This  t e s t i n g  i s  e s p e c i a l l y  impor tan t  i n  t h e  case of t h e  
c i r c u l a t o r  and r e f u e l i n g  system t o  a s s u r e  high a v a i l a b i l i t y .  Materials 
c o r r o s i o n  t e s t i n g  f o r  va r ious  p ro jec t ed  impur i ty  l e v e l s  i n  t h e  helium 
would a l s o  be d e s i r a b l e  but probably is not  a requirement .  
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1 INTRODUCTION 

1 . 1 BACKGROUND 

The Nuclear Power Options V i a b i l i t y  Study (NPOVS) w a s  begun a t  Oak 
Ridge Nat iona l  Laboratory (ORNL) i n  January 1984 t o  assess s e l e c t e d  nu- 
c l e a r  power op t ions  wi th  r e s p e c t  t o  v i a b i l i t y  and t o  i d e n t i f y  new d i r ec -  
t i o n s  f o r  i n d u s t r y ,  r e g u l a t i o n ,  and r e sea rch .  For t h e  f i r s t  f i v e  
months, t h e  s tudy was funded through t h e  ORNL D i r e c t o r ' s  d i s c r e t i o n a r y  
fund. Since June of 1984, t he  U.S. Department of Energy (DOE) has  
funded t h e  program d i r e c t l y .  The Tennessee Val ley Au thor i ty  (TVA) and 
The Un ive r s i ty  of Tennessee (UT) have been working with ORNL i n  t h i s  
s tudy ;  TVA has used its awn funds,  while  UT has been funded by ORNL 
through subcon t rac t s .  

The informat ion  on which t h i s  r e p o r t  i s  based has been ga thered  
from the  open l i t e r a t u r e ,  as w e l l  as from r e a c t o r  des ign  o r g a n i z a t i o n s ,  
vendors ,  r e s e a r c h  and development (R&D) i n s t i t u t i o n s ,  u t i l i t y  companies 
and the  DOE. P r o p r i e t a r y  informat ion  o r  o t h e r  in format ion  rece ived  wi th  
r e s t r i c t i o n s  has been considered i n  t h e  assessment but  i s  not  d i sp layed  
per se. 

I n  a r ecen t  s tudy by t h e  Atomic I n d u s t r i a l  Forum, Inc. (AIF),  t h e  
fo l lowing  s ta tement  i s  made i n  t h e  Execut ive Summary: "Nuclear power 
cannot a t  t h i s  t i m e  be considered a v i a b l e  op t ion  on which t o  base new 
e l e c t r i c  gene ra t ing  capac i ty  i n  t h e  U.S."l The s tudy po in t s  out  t h a t  
only half  as much nuclear  capac i ty  w i l l  be cons t ruc t ed  by 1986 as com- 
pared t o  t h a t  which was  p ro j ec t ed  only t e n  years  ago. Since 1972, 108 
p l a n t s  have been cance l l ed ;  no new o rde r s  have been p laced  s i n c e  1978. 
It is  s i g n i f i c a n t  t o  note  t h a t  t h e r e  were no new l a r g e  p l a n t s  of any 
type  ordered i n  1984. Others  have addressed p ro jec t ed  needs f o r  
e lec t r ic  energy and ind ica t ed  a req  i ed i n c r e a s e  i n  baseload c a p a c i t y  
by t h e  year  2000 o r  soon t h e r e a f t e r .  (See a l s o  Appendix B ) .  Y- E 

Severa l  r ecen t  s t u d i e s  have considered t h e  i s s u e  of nuc lea r  power 
v i a b i l i t y .  7-9 Most of these either (1) concern themselves w i t h  
e v a l u a t i o n s  of l a r g e  Light-Water Reactors  (LWRS) o r  ( 2 )  assume t h a t  
development of a new brand of p a s s i v e l y  s a f e  r e a c t o r  des igns  would l e a d  
t o  a second wave of nuc lea r  r e a c t o r  orders .  The arguments are centered  
around t h e  assumptions t h a t  e i t h e r  ( 1 )  LWR evo lu t ions  could provide by 
f a r  t h e  most c o s t - e f f e c t i v e  way of meeting t h e  n a t i o n ' s  needs o r  (2 )  in -  
h e r e n t l y  safe des igns  could l ead  t o  dec reases  i n  l i c e n s i n g  t i m e  and 
c o s t s ,  be made s impler  and cheaper than  e x i s t i n g  LWRs, and be more 
accep tab le  t o  t h e  pub l i c  and t h e  i n v e s t o r .  

This  s tudy  has emphasized t e c h n i c a l  d e t a i l  i n  t h e  e v a l u a t i o n  of t h e  
s p e c i f i c  des igns .  I n s t i t u t i o n a l  f a c t o r s  are recognized as very impor- 
t a n t ,  even t o  t h e  e x t e n t  of overshadowing t e c h n i c a l  i s s u e s ,  and are 
t h e r e f o r e  inc luded  i n  the  c r i te r ia  chosen f o r  e v a l u a t i n g  t h e  concepts .  
However, t h e  p r i n c i p a l  t h r u s t  of t h i s  series of r e p o r t s  i s  on t e c h n i c a l  
i s s u e s  t h a t  have merit i n  t h e i r  own r i g h t  and p a r t i c u l a r l y  on those t h a t  
may a l l e v i a t e  i n s t i t u t i o n a l  problems. For example, added pass ive  s a f e t y  
may s impl i fy  r e g u l a t i o n .  Severa l  i n s t i t u t i o n a l  f a c t o r s  are cons idered  
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g e n e r i c a l l y  f o r  t h e  r e a c t o r  concepts  i n  c h a p t e r s  of Volume 111. Sign i f -  
i c a n t  new des ign  concepts  have been genera ted  i n  r e c e n t  years  by n u c l e a r  
des igne r s  involved wi th  innovat ive  approaches.  This informat ion  c o n s t i -  
t u t e s  a s u b s t a n t i a l  po r t ion  of t h e  s u b j e c t s  cons idered  i n  t h i s  volume. 
A t t e n t i o n  i s  given i n  t h e  s tudy t o  s a f e t y  and r e l i a b i l i t y ,  c o s t ,  
l i c e n s i n g ,  and development needs as w e l l  as t o  t h e  s p e c i a l  f e a t u r e s  of 
each concept.  

The NPOVS program has proceeded i n  t h e  fo l lowing  s t e p s :  ( 1 )  a 
l i t e r a t u r e  sea rch  and development of a b ib l iography;  ( 2 )  development of 
c r i t e r i a  f o r  e v a l u a t i o n  of nuc lea r  p l a n t  des igns  and p l ans ;  ( 3 )  evalua-  
t i o n  of s e l e c t e d  design concepts  using t h e s e  cr i ter ia  as a guide;  and 
( 4 )  recommendations f o r  areas of R&D t o  reduce u n c e r t a i n t i e s  i n  t h e  
v i a b i l i t i e s  of op t ions .  The approach used i n  e v a l u a t i o n  w a s  t o  compile 
d e t a i l e d  informat ion  on t h e  va r ious  r e a c t o r  concepts  of i n t e r e s t ,  
syn thes i ze  t h a t  in format ion  i n  accordance with s p e c i f i c  t e c h n i c a l  areas, 
develop an unders tanding  of how des ign  f e a t u r e s  i n f l u e n c e  t h e  o v e r a l l  
c o s t  of gene ra t ing  power, and cons ider  how changes i n  t h e  des ign  might 
accomplish improved economic performance and acceptance  by r e g u l a t o r s  
and the  pub l i c .  In  a d d i t i o n  t o  t e c h n i c a l  e v a l u a t i o n ,  assessments  were 
a l s o  made of t h e  va r ious  nontechnica l  f a c t o r s  t h a t  i n f l u e n c e  commercial 
use:  f o r  example, r egu la to ry  requi rements ,  i n d u s t r y  p e r s p e c t i v e s  on 
f u t u r e  t echno log ie s ,  pub l i c  acceptance ,  e lec t r ic  power growth needs,  and 
economic cond i t ions .  

1 2 REPORT ORGANIZATION 

This  r e p o r t  i s  organized i n t o  fou r  volumes. Volume I i s  t h e  Execu- 
t i v e  Summary. lo Volume 11, Reactor Concepts,  Desc r ip t ions ,  and Assess- 
ments ( t h i s  volume) p r imar i ly  d e s c r i b e s  and e v a l u a t e s  t h e  va r ious  
concepts  i n  accordance with a chosen methodology. The advantages and 
d isadvantages  as w e l l  as needs f o r  f u r t h e r  R&D of each concept are 
descr ibed .  Volume 111, Nuclear D i s c i p l i n e  Topics ,  l 1  d e a l s  with g e n e r i c  
d i s c i p l i n a r y  i s s u e s  r e l e v a n t  t o  nuc lea r  v i a b i l i t y  and provides  a more 
d e t a i l e d  d i s c u s s i o n  of i s s u e s .  Cons t ruc t ion ,  economics, r e g u l a t i o n ,  
s a f e t y  and economic r i s k ,  nuc lea r  waste t r a n s p o r t a t i o n  and d i s p o s a l ,  and 
market acceptance are considered both i n d i v i d u a l l y  and as i n t e r -  
r e l a t e d .  Acceptance of nuc lea r  energy by u t i l i t i e s ,  r e g u l a t o r s  and t h e  
pub l i c  and i n s t i t u t i o n a l  needs t o  r e v i t a l i z e  the  nuc lea r  o p t i o n  are d i s -  
cussed. Volume N is  a comprehensive b ib l iography.  l 2  
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2. GROUND RULES AND C R I T E R I A  

2.1 GROUND RULES AND THEIR SIGNIFICANCE 

To f a c i l i t a t e  u se fu l  s tudy ,  NPOVS concent ra ted  on a c a r e f u l l y  se- 
l e c t e d ,  l i m i t e d  group of concepts  by developing and applying ground 
r u l e s .  The fo l lowing  t h r e e  ground r u l e s  were s e l e c t e d :  

1. The nuc lea r  p l an t  des ign  opt ion  should be developed s u f f i c i e n t l y  
t h a t  an o r d e r  could be placed i n  t h e  2000-2010 t i m e  per iod.  

2. The des ign  op t ion  should be economically compet i t ive  with environ-  
menta l ly  accep tab le  coa l - f i r ed  p l an t s .  

3. The des ign  op t ion  should possess  a high degree of pas s ive  s a f e t y  t o  
p r o t e c t  t he  p u b l i c  h e a l t h  and p rope r ty  and t h e  owner's investment.  

Ground Rule 1 determines t h e  t i m e  per iod of i n t e r e s t .  It is  as- 
sumed t h a t ,  i f  o r d e r s  of a d d i t i o n a l  nuc lea r  power are placed before  the  
year  2000, they w i l l  be f i l l e d  by c u r r e n t  o r  s l i g h t l y  modified des igns ,  
p r i m a r i l y  of LWKs. By t h e  t u r n  of t h e  millenium, t h e  a n t i c i p a t e d  demand 
f o r  power may permi t  cons ide ra t ion  of advanced r e a c t o r  concepts  and 
t h e i r  a s s o c i a t e d  advantages.  For the  p r e s e n t  t h e  concept must be sup- 
ported by an a c t i v e  and capable  i n d u s t r i a l  proponent with a c u r r e n t  pro- 
gram. It i s  cons idered  very d i f f i c u l t ,  perhaps even imposs ib le ,  f o r  a 
proponent t o  o b t a i n  funds,  complete a des ign ,  conduct R&D, bui ld  a 
demonst ra t ion  p l an t  o r  i t s  e q u i v a l e n t ,  and demonstrate  s a t i s f a c t o r y  
ope ra t ion  by 2010, un le s s  des ign  work is a l r eady  underway. The concept 
must have no major f e a s i b i l i t y  problems o r  major ques t ions  t h a t  must be 
reso lved  by long-term, high-r isk R&D p r i o r  t o  commercial acceptance.  

The v a l i d i t y  of t h i s  ground r u l e  wi th  r e spec t  t o  t h e  need f o r  new 
e l e c t r i c i t y  gene ra t ing  capac i ty  i n  the  time per iod  2000 through 2010 w a s  
cons idered  e a r l y  i n  t h e  study. Severa l  r e f e r e n ~ e s l ' ~  were reviewed and 
op in ions  w e r e  s o l i c i t e d  from t h e  government o f f i c e s ,  i n d u s t r i e s ,  u t i l -  
i t i e s ,  and u n i v e r s i t i e s  t h a t  were consul ted  i n  t h e  conduct of t h e  
s tudy.  Although p r o j e c t i o n s  ranged widely,  we concluded t h a t  need f o r  
increased  baseload capac i ty  was s u f f i c i e n t l y  probable t o  j u s t i f y  t h e  
chosen t i m e  period. More r e c e n t l y ,  a comprehensive s tudy of t h e  out look  
f o r  e l e c t r i c i t y  supply and demand w a s  made a t  ORNL which f u r t h e r  con- 
f i rms  t h e  choice.5 The summary of t h a t  r e p o r t  by G. Samuels i s  inc luded  
as Appendix B. 

Ground Rule 2 s ta tes  t h e  obvious: For a concept t o  be v i a b l e ,  it 
must be economical. The measure chosen is  t h e  most l i k e l y  and perhaps 
t h e  only major a l t e r n a t i v e ,  t h e  coa l - f i r ed  power p lan t .  S ince  t h e  c o s t  
of coal  and i t s  t r a n s p o r t a t i o n  vary widely with l o c a t i o n ,  t h i s  ground 
r u l e  is somewhat s i t e  dependent. The most f avorab le  s i t u a t i o n s  f o r  coa l  
might e l i m i n a t e  some or  a l l  of t he  nuc lea r  concepts .  However, o t h e r  
problems such as mining, a c i d  ra in ,  and carbon d iox ide  bui ldup could 
become dominant by t h e  time period considered i n  t h i s  s tudy .  
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Ground Rule 3: Although l i c e n s a b l e  p l a n t s  are cons idered  ade- 
qua te ly  s a f e  by NRC and the  nuc lea r  i n d u s t r y ,  pas s ive  s a f e t y  provides  
a d d i t i o n a l  p r o t e c t i o n  t h a t  is  independent  from engineered  dev ices  and 
from human i n t e r v e n t i o n  o r  management. The added p r o t e c t i o n  of t h e  
owner 's  inves tment  through pass ive ly  s a f e  des igns  may enhance t h e  
a c c e p t a b i l i t y  of advanced concepts  as v i a b l e  power op t ions .  Pass ive  
s a f e t y  should he lp  overcome i n t e r v e n o r ' s  o b j e c t i o n s ,  p u b l i c  apprehen- 
s i o n ,  and u t i l i t y  h e s i t a t i o n .  These f e a t u r e s  a l s o  may s i m p l i f y  p l a n t  
o p e r a t i o n  f o r  t h e  owner-operator. Thus, pas s ive  s a f e t y ,  enhanced beyond 
t h a t  of t h e  p re sen t  s a f e t y  phi losophy of p r i m a r i l y  d i v e r s e  and redundant  
engineered  ( a c t i v e )  systems,  may provide  an  i n g r e d i e n t  t o  he lp  
r e v i t a l i z e  t h e  nuc lea r  i ndus t ry .  

2.2 C R I T E R I A  

An e a r l y  e f f o r t  of t h e  s tudy  was t o  develop c r i t e r i a  t h a t  r e a c t o r  
des igns  would have t o  meet t o  become v i a b l e  i n  t h e  f u t u r e .  I n  t h e  reac- 
t o r  assessments ,  t h e  seven c r i t e r i a  t h a t  were developed were used a s  a 
guide t o  assess nuc lea r  concepts .  In  most c a s e s ,  l a c k  of adequate  and 
d e t a i l e d  d a t a  n e c e s s i t a t e d  t h e  use of eng inee r ing  judgment t o  de te rmine  
compliance wi th  c r i te r ia .  Often t h e  judgment had t o  be supplemented by 
t h e  fo rmula t ion  of f u r t h e r  R&D needs t o  f a c i l i t a t e  more r e l i a b l e  conclu- 
s ions .  These needs a r e  i d e n t i f i e d  f o r  each of t h e  concepts .  

The c r i t e r i a  are augmented by a l i s t  of c h a r a c t e r i s t i c s  t h a t  pro- 
v ide  f u r t h e r  guidance f o r  p r o p e r t i e s  judged t o  be of importance t o  
nuc lea r  power v i a b i l i t y .  The c h a r a c t e r i s t i c s  chosen are no t  r e a d i l y  
q u a n t i f i a b l e  but i nc lude  f e a t u r e s  t h a t  complement and amplify t h e  c r i -  
t e r i a .  

2.2.1 L i s t i n g  of Criteria, E s s e n t i a l  and Rela ted  D e s i r a b l e  
C h a r a c t e r i s t i c s ,  and Discuss ion  of Thei r  App l i ca t ions  

The c r i t e r i a  are l i s t e d  below. Comments fo l low each  c r i t e r i o n .  

1. The c a l c u l a t e d  r i s k  t o  the  p u b l i c  due t o  a c c i d e n t s  i s  less than  o r  
equa l  t o  t h e  c a l c u l a t e d  r i s k  a s s o c i a t e d  wi th  t h e  bes t  modern LWRs. 

This  i s  a fundamental  p u b l i c  s a f e t y  c r i t e r i o n .  To implement i t  
s t r i c t l y ,  a p r o b a b i l i s t i c  r i s k  assessment  (PRA) would be necessary  
f o r  each new concept and f o r  t h e  "bes t  modern LWRs." This is  a 
d e s i r e d  s i t u a t i o n ;  however, where PRAs are u n a v a i l a b l e  o r  inade- 
qua te ,  o t h e r  approaches based on judgment must be used. Compliance 
w i t h  t h i s  c r i t e r i o n  i s  e s s e n t i a l l y  a p r e r e q u i s i t e  f o r  l i c e n s i n g .  
The c r i t e r i o n  i n d i c a t e s  t h e  f u t u r e  importance of PRA. 
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2. The p r o b a b i l i t x  of e v e n t s  l ead ing  t o  l o s s  of investment  i s  less than  
o r  equal  t o  10 per  year .  4 

P r o t e c t i o n  of t h e  p l a n t  and i t s  components and hence t h e  in- 
vestment of t h e  u t i l i t y  i s  t h e  focus  of t h i s  c r i t e r i o n .  PRA methods 
must be a p p l i e d  aga in  as f o r  C r i t e r i o n  1 ,  t o  which t h i s  c r i t e r i o n  i s  
c l o s e l y  r e l a t e d .  The emphasis i s  on t h e  i n t e g r i t y  of t he  e n t i r e  
p l a c t ,  s t a r t i n g  wi th  t h e  r e a c t o r  core.  The s t a t e d  p r o b a b i l i t y  of 
10 per year  f o r  loss-of-investment events  i s  numer ica l ly  con- 
s i s t e n t  w i th  in su rance  practices. P u b l i c  r e a c t i o n  t o  nuc lea r  acci- 
den t s  may make a lower p r o b a b i l i t y  d e s i r a b l e ,  recogniz ing  the  con- 
sumer n a t u r e  of t h e  u t i l i t y  i n d u s t r y  sales. Although a p r o b a b i l i t y  
of loe5 ys been c i t e d  as a p p r o p r i a t e  by o t h e r  a u t h o r s , l  we b e l i e v e  
t h a t  10- i s  a conse rva t ive  f i g u r e  f o r  l o s s  of p l a n t  investment  
a lone.  A unique s i t u a t i o n  might a r i s e  i f  c o n s i d e r a t i o n  were g iven  
to  the  p o s s i b i l i t y  t h a t  a class of r e a c t o r s  could be shut  down i n  
response  t o  a s i n g l e  f a i l u r e  of one of t he  r e a c t o r s  i n  t h a t  class. 
For t h e  concept  assessments ,  i t  was assumed t h a t  each p l a n t  s t a n d s  
a l o n e  and i s  independent  of a l l  o the r s .  Thus, f a i l u r e  p r o b a b i l i t i e s  
a r e  not m u l t i p l i e d  by t h e  number of u n i t s  i n  a class. 

3. The economic performance of t h e  n u c l e a r  p l a n t  i s  a t  least  e q u i v a l e n t  
t o  t h a t  f o r  coa l - f i r ed  p l a n t s .  ( F i n a n c i a l  g o a l s  f o r  t h e  u t i l i t y  a r e  
met, and busbar c o s t s  are a c c e p t a b l e  t o  p u b l i c  u t i l i t y  commissions.) 

T h i s  c r i t e r i o n  s ta tes  t h e  bas i c  economic requirements  f o r  
accep tance  of a power p l an t  by a u t i l i t y  and a p u b l i c  u t i l i t y  com- 
mission. It assumes t h a t  t he  a v a i l a b l e  a l t e r n a t i v e s  a r e  p r i m a r i l y  
c o a l - f i r e d  o r  nuc lea r  power p l an t s .  The e v a l u a t i o n  i s  based on d a t a  
provided by t h e  proponent,  checked f o r  cons i s t ency ,  t ransformed t o  a 
common b a s i s ,  and compared with d a t a  f o r  c o a l - f i r e d  power p l an t s .  
Purposely t h i s  i s  not a r i g i d  c r i t e r i o n .  It is  recognized t h a t  
c o a l - f i r e d  p l a n t  c o s t s  vary wi th  l o c a t i o n ,  type  and q u a l i t y  of c o a l ,  
and s t a t e  and l o c a l  r egu la t ions .  Thus t h e  compet i t ive  p o s i t i o n  of a 
n u c l e a r  plant would depend on  l o c a t i o n  as w e l l  as its own costs and 
performance, but a n a l y s i s  a t  t h i s  l e v e l  of d e t a i l  i s  beyond t h e  
scope of t h i s  r epor t .  T h i s  c r i t e r i o n  a l s o  suggests t h e  need f o r  
b e t t e r  unders tanding  of c o s t  e s t i m a t i n g ,  p a r t i c u l a r l y  c o s t  s av ings  
a s s o c i a t e d  wi th  r e p l i c a s ,  shop f a b r i c a t i o n ,  economy of scale, and 
break-in of new technologies .  

4 .  The des ign  of each p l a n t  i s  complete enough f o r  a n a l y s i s  t o  show 
t h a t  t h e  p r o b a b i l i t y  of s i g n i f i c a n t  cos t / s chedu le  over runs  i s  
accep tab ly  low. 

T h i s  c r i t e r i o n  a l s o  addres ses  t h e  economic r i s k  t o  t h e  c a p i t a l  
investment  as a f f e c t e d  by unan t i c ipa t ed  requi rements  and schedu le  
d e l a y s  du r ing  t h e  c o n s t r u c t i o n  per iod  up t o  t h e  s tar t  of revenue- 
producing ope ra t ion .  S u f f i c i e n t l y  complete and d e t a i l e d  des igns ,  
s chedu les ,  and s p e c i f i c a t i o n s  must e x i s t  t o  permit  o r d e r l y  p lanning  
and t o  prevent  o r  minimize unan t i c ipa t ed  even t s  t h a t  l e a d  t o  c o s t  o r  
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schedule  overruns.  An a p p r o p r i a t e  review would i n c l u d e  t h e  com- 
p l e x i t y  of des ign ,  requirements  f o r  accuracy and t i g h t  t o l e r a n c e s ,  
compactness of arrangements ,  room f o r  expansion,  and s t r i c t n e s s  of 
sequencing requirements .  Review by NPOVS i s  l i m i t e d  s i n c e  des igns  
of t h e  concepts  cons idered  are not  complete enough f o r  thorough 
a n a l y s i s  . 

5. O f f i c i a l  approval  of t h e  p l a n t  des ign  must be g iven  by t h e  NRC t o  
a s s u r e  the  i n v e s t o r  and t h e  pub l i c  of a high p r o b a b i l i t y  t h a t  t h e  
p l a n t  w i l l  be l i c e n s e d  on a t imely  b a s i s ,  i f  cons t ruc t ed  i n  
accordance wi th  t h e  approved design.  

Th i s  c r i t e r i o n  addres ses  concern f o r  de l ays  and a s s o c i a t e d  r i s k  
f o r  f u l l y  designed o r  r e p l i c a  p l a n t s  and is  c l o s e l y  r e l a t e d  t o  C r i -  
t e r i o n  4. C r i t e r i o n  6 a l s o  addres ses  t h e  concerns of t h e  adequacy 
and s u f f i c i e n c y  of t h e  f i r s t  p lan t .  Although c u r r e n t  r e g u l a t i o n s  
provide  a mechanism f o r  t h e  preapproval  of s t anda rd ized  p l a n t  
des igns  (10 CFR 50, Appendices M, N, and 0; and 10 CFR 170.21) and 
e a r l y  s i t e - s u i t a b i l i t y  reviews (10 CFR 50, Appendix Q ) ,  t h e r e  is  
l i t t l e  exper ience  i n  apply ing  t h i s  mechaltism. Also, p a s t  exper ience  
shows t h a t  t h e  e x i s t e n c e  of a completed and l i c e n s e d  p l a n t  does not  
gua ran tee  t h a t  a replica will encounter  no o b s t a c l e s  i n  ob ta in ing  a 
l i c e n s e .  This  c r i t e r i o n ' s  prime concern i s  w i t h  t h e  l i c e n s i n g  pro- 
cess, inc lud ing  p o t e n t i a l  f u r t h e r  changes i n  requi rements  and regu- 
l a t i o n s .  Experience wi th  l i c e n s i n g  i s  e x t e n s i v e  and should be suf -  
f i c i e n t  t o  permit  t h e  induc t ion  of one-step l i c e n s i n g  a t  t h e  comple- 
t i o n  of design.  V e r i f i c a t i o n  of q u a l i t y  c o n t r o l  du r ing  construc-  
t i o n ,  of course ,  would be requi red .  This c r i t e r i o n  i s  a l s o  
addressed  i n  t h e  chap te r  on r e g u l a t i o n  i n  Volume 111. 

6 .  For a new concept t o  become a t t r a c t i v e  i n  t h e  marke tp lace ,  demon- 
s t r a t i o n  of i t s  r e a d i n e s s  t o  be des igned ,  b u i l t ,  l i c e n s e d ,  and begin 
o p e r a t i o n  on time and a t  p ro jec t ed  c o s t  is necessary .  (The demon- 
s t r a t i o n  may be accomplished by a r e a c t o r  d e d i c a t e d  t o  t h a t  purpose 
o r  by a f i rs t -of-a-kind p l a n t  o r  t h e  e q u i v a l e n t  i n  o t h e r  exper- 
ience.  For t h e  l a t t e r ,  it i s  necessary  t h a t  a l l  impor tan t  f e a t u r e s  
have been demonstrated and t h a t  t h e  sum of such f e a t u r e s  does not  
c o n s t i t u t e  a major d e p a r t u r e  from e x i s t i n g  l i c e n s i n g  exper ience .  ) 

For a concept t o  be s e r i o u s l y  cons idered  as a v i a b l e  o p t i o n  i n  
t h e  power i n d u s t r y ,  convincing ev idence  must be provided r e l a t i v e  t o  
major economic and performance claims. A demonst ra t ion  p l a n t  o f f e r s  
a n  e f f e c t i v e  way t o  acquire t h i s  competence. Presumably t h e  demon- 
s t r a t i o n  p l a n t  could be used f o r  e x t e n s i v e  v a l i d a t i o n  of computer 
codes r e l a t e d  t o  s a f e t y  and o p e r a b i l i t y .  It might d i r e c t l y  demon- 
s t r a t e  selected s a f e t y  f e a t u r e s  t o  t h e  r e g u l a t o r s ,  t h e  i n d u s t r y ,  and 
t h e  publ ic .  The c o n s t r u c t i o n  and s t a r t - u p  of t h e  demonst ra t ion  
p l a n t  would provide a base of exper ience  from which f u t u r e  s tandard-  
i z e d  p l a n t s  could be designed. It i s  p o s s i b l e  t h a t  fo l lowing  t h e  
test phase,  t h e  demonst ra t ion  p l a n t  could be ope ra t ed  f o r  an ex- 
tended l i f e  as a f i rs t -of-a-kind un i t .  Where e x t e n s i v e  r e l a t e d  
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p r i o r  exper ience  is a v a i l a b l e ,  t h e  p r o b a b i l i t y  f o r  demonst ra t ion  i n  
a f i r s t -of -a -k ind  p l a n t  may be high. 

The des ign  should inc lude  only those nuc lea r  t echno log ie s  f o r  which 
the  p rospec t ive  owner/operator  has demonstrated competence o r  can 
a c q u i r e  competent managers and opera tors .  

For t h e  ope ra t ion  of a new o r  s u b s t a n t i a l l y  d i f f e r e n t  concept 
t o  be s a t i s f a c t o r y ,  u t i l i t y  p l a n t  managers and o p e r a t o r s  must have 
acqui red  an adequate background and exper ience  with the  technology 
and equipment. This  c r i t e r i o n  r e l a t e s  c l o s e l y  t o  C r i t e r i o n  6 s i n c e  
the  demonstrat ion p l an t  can provide an excep t iona l ly  good t r a i n i n g  
f a c i l i t y .  Simulator  t r a i n i n g  has  proven e f f e c t i v e  f o r  c u r r e n t  power 
p l a n t s ,  and s imula to r s  would be necessary  t o o l s  f o r  new concepts.  
Where t h e  concept d e r i v e s  from a p r i o r  s y s t e m  such a s  t h e  small BWR, 
t h i s  c r i t e r i o n  should be r e l a t i v e l y  easy  t o  m e e t .  

The seven c r i t e r i a  have been s e l e c t e d  as a primary b a s i s  f o r  evalu- 
a t i n g  new o r  e x i s t i n g  r e a c t o r  concepts.  These c r i t e r i a  obviously are 
no t  independent s i n c e  c r i te r ia  1 and 2 dea l  wi th  t h e  p r o b a b i l i t i e s  f o r  
success fu l  ope ra t ion  o r  f a i l u r e ,  c r i t e r i a  3 t o  6 are p r imar i ly  economic, 
and c r i t e r i o n  7 relates t o  opera t ion .  However, we deem each t o  have 
s u f f i c i e n t  s tand-alone merits t o  j u s t i f y  s e p a r a t e  cons ide ra t ion .  The 
fou r  e s s e n t i a l  c h a r a c t e r i s t i c s  l i s t e d  below i n  l a r g e  measure ampl i fy  t h e  
c r i t e r i a .  The d e s i r a b l e  c h a r a c t e r i s t i c s  which fo l low are more per- 
i p h e r a l  and, i n  some i n s t a n c e s ,  are no t  a p p l i c a b l e  t o  a l l  concepts ;  how- 
eve r ,  they provide a use fu l  c h e c k l i s t  f o r  eva lua t ion  purposes.  

The e s s e n t i a l  c h a r a c t e r i s t i c s  f o r  f u t u r e  n u c l e a r  p l a n t s  are as fo l -  
lows : 

0 Acceptable  f ront-end c o s t s  and r i s k s  

- Cons t ruc t ion  economics 

Low and c o n t r o l l a b l e  c a p i t a l  c o s t s  ( u t i l i z i n g ,  f o r  example, 
shop f a b r i c a t i o n ,  a minimum of nuc lea r  grade  components, and 
s t a n d a r d i z a t i o n )  

e Designed f o r  long l i f e t i m e  

- Investment economics inc lud ing  r i s k  

0 Low c o s t s  a s s o c i a t e d  wi th  a c c i d e n t s  
0 Low c o s t s  a s s o c i a t e d  wi th  c o n s t r u c t i o n  de lays  
0 Low c o s t s  a s s o c i a t e d  wi th  delayed o r  u n a n t i c i p a t e d  a c t i o n s  by 

e Low c o s t s  a s s o c i a t e d  wi th  delayed o r  u n a n t i c i p a t e d  a c t i o n s  f o r  

Unit  s i z e s  t o  match load  growth 
e U n c e r t a i n t i e s  i n  technology and exper ience  not  l i k e l y  t o  

nega te  investment  economics 

r e g u l a t o r y  bodies  

environmental  p r o t e c t i o n  
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e Minimum cost for reliable and safe operation 

- High availability 
- Minimum requirements for operating and security staffs 
- Designed for ease of access to facilitate maintenance 
- Simple and effective modern control system 
- Low fuel cycle cost 
- Adequate seismic design 

e Practical ability to construct 

- Availability of financing 
- Availability of qualified vendors 
- Availability of needed technology 
- Adequately developed licensing regulations applicable to the con- 

- Ease of construction enhanced by design 
cept 

e Public acceptance 

- Operational safety of power plants 
- Safe transportation and disposal of nuclear waste and radioactive 

- 
- Adequate management controls on construction and operation 
- Utility and regulatory credibility 

effluent 
Low effect on rates from construction and operation 

Related desirable characteristics are as follows: 

1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8 .  
9. 

10. 
11. 
12. 
13. 
14. 
15. 

practical research, development, and demonstration requirements, 
ease of siting, 
load-f o l  lowing capability , 
resistance to sabotage, 
ease of waste handling and disposal, 
good fuel utilization, 
ease of fuel recycle, 
technology applicable to breeder reactors, 
high thermal efficiency , 
low radiation exposure to workers, 
high versatility relative to applications, 
resistance to nuclear fuel diversion and proliferation, 
on-line refueling, 
ease of decommissioning, and 
low visual profile. 

Several of these characteristics are not readily determined quanti- 
tatively and therefore are applied primarily by judgment. They indicate 
areas and issues of interest and importance. As a rule, an individual 
characteristic should not determine the fate or viability of a concept. 
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3. CONCEPT EVALUATIONS 

The NPOVS considered many concepts  and s e l e c t e d  f o r  assessment  
t hose  t h a t  were judged t o  f i t  w i th in  t h e  scope of t h e  study. The 
s e l e c t e d  concepts  are l i s t e d  below. Exclusion does not  n e c e s s a r i l y  
i n d i c a t e  t h a t  the  concept can not be u t i l i z e d  e f f e c t i v e l y  wi th in  o r  
before  t h e  t i m e  frame. The b a s i s  f o r  exc lus ion  has been e i t h e r  by t h e  
Ground Rules o r  because as f o r  t h e  ABWR and APWR, t h e  system i s  
s u f f i c i e n t l y  f a r  a long i n  commercial development t h a t  r e v i e w  here  w a s  
deemed unnecessary.  Concepts considered but not  chosen f o r  f u r t h e r  
eva lua t ion  are l i s t e d  and d iscussed  i n  Appendix C. 

3 .1  CONCEPT SELECTION AND CLASSIFICATION 

A l l  t he  concepts  s e l e c t e d  are considered advanced, a r e  p r e s e n t l y  i n  
development and have var ious  degrees  of innovat ion  as compared t o  
c u r r e n t  concepts .  For convenience,  t he  s e l e c t e d  concepts  were clas- 
s i f i e d  i n  t h e  t r a d i t i o n a l  way by t h e i r  coolan t  and r e s p e c t i v e  g e n e r i c  
name . 

The concepts  s e l e c t e d  a re :  

1. Light  Water Reactors  (LWR) 

a. PIUS - Process  Inhe ren t  U l t i m a t e  Sa fe ty  - promoted by 
ASEA-ATOM 

b. Small BWR - Boi l ing  Water Reactor - promoted by General 
Electric 

2. Liquid Metal Reactors  (LMR) 

c. PRISM - Power Reactor I n t r i n s i c a l l y  Safe Module - t h e  
General Electric advanced concept supported by 
DOE 

d. SAFR - Sodium Advanced F a s t  Reactor  - t h e  Rockwell 
I n t e r n a t i o n a l  advanced concept suppor ted  by DOE 

e. LSPB - Large-Scale Pro to type  Breeder - t h e  EPRI-CoMO 
concept supported by DOE and EPRI  

3. High Temperature Reactors  (HTR) 

Side-by-Side Modular - The co re  and steam g e n e r a t o r  i n  
s e p a r a t e  steel v e s s e l s  i n  a side-by-side conf igu ra t ion .  The 
concept i s  supported by DOE and promoted by GCRA and in- 
d u s t r i a l  f i rms.  

3-1 
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A l l  t h e  concepts  s e l e c t e d  are judged t o  f i t  w i t h i n  t h e  scope of t h e  
study. They are a l l  p o t e n t i a l l y  a v a i l a b l e  i n  t h e  time per iod  2000-2010. 
All a r e  es t imated  by t h e i r  promoters t o  be economically compet i t ive  wi th  
coal-fueled power p l a n t s ,  and a t t e n t i o n  has been g iven  t o  des igning  them 
t o  inc lude  f e a t u r e s  of pass ive  s a f e t y .  

3.2 CONCEPT EVALUATION METHODS AND LIMITATIONS 

The assessment of t h e  concepts  s e l e c t e d  was performed using the  
cr i ter ia  as a guide.  F i r s t ,  a v a i l a b l e  informat ion  has been ga thered  and 
i s  summarized i n  t h i s  r epor t .  C l a i m s ,  advantages,  and d isadvantages  
were then formulated f o r  each concept.  I n  many cases, the  a v a i l a b l e  
in fo rma t ion  is  not  s u f f i c i e n t  t o  reach a f i n a l  conclusion. Need f o r  
f u r t h e r  in format ion  is  then formulated i n  the  form of R&D requi rements  
i nc lud i n g  design. 

An oppor tun i ty  was g iven  t o  the  concept proponents  t o  comment on 
t h e  material r e l a t e d  t o  t h e i r  concept.  These comments were cons idered  
c a r e f u l l y ,  but not a l l  were accepted o r  inc luded  i n  t h e  t ex t .  The pro- 
ponents’ a s s i s t a n c e  has been h ighly  va luab le  and i s  apprec ia t ed .  

The d e s c r i p t i o n s  and e v a l u a t i o n s  are p r i m a r i l y  based on informat ion  
a v a i l a b l e  i n  September 1985. Since a l l  of t h e  concepts  have cont inued  
i n  development, des ign  changes may a f f e c t  t he  informat ion  presented  
here.  Although the  obse rva t ions  of t he  r e p o r t  are cons idered  v a l i d  a t  
t h e  t i m e  of w r i t i n g ,  t h e  reader  should use care i n  de te rmining  subse- 
quent des ign  changes and i n  assessing t h e i r  impact  before  drawing ser- 
i o u s  conclusions.  

3.3  LIGHT WATER REACTORS ( LWRs) 

The next two s e c t i o n s  d i s c u s s  the  l i g h t  water r e a c t o r  (LWR) con- 
c e p t s  i n v e s t i g a t e d  by NPOVS. The Process  Inhe ren t  Ultimate Sa fe ty  
(PIUS) and Small (Advanced) Boi l ing  Water Reactor  (BWR) concepts  are i n  
pre l iminary  s t a g e s  of development. Both concepts  bu i ld  on LWR exper i -  
ence. 

3 . 3 . 1  PIUS - 
3 . 3 . 1 . 1  Desc r ip t ion  

The Process  Inhe ren t  U l t i m a t e  Sa fe ty  (PIUS) ~ o n c e p t l ’ ~  i s  b a s i c a l l y  
a FWR-type NSSS wi th  co re  r e a c t i v i t y  c o n t r o l l e d  both by vary ing  t h e  
s o l u b l e  boron concen t r a t ion  i n  t h e  primary system coo lan t  c i r c u i t  and by 
t h e  n a t u r a l  feedback provided by t h e  f u e l  and moderator negative temper- 
a t u r e  c o e f f i c i e n t s  of r e a c t i v i t y .  The c u r r e n t  “modular“ p l an t  design4 
c o n s i s t s  of t h r e e  s e p a r a t e  c o r e s  l o c a t e d  wi th in  t h r e e  s e p a r a t e  primary 
c i r c u i t s  which are surrounded by a common pool of heav i ly  bora ted  water 
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maintained a t  low temperature.  The pool and t h e  t h r e e  reactor-steam- 
gene ra to r  modules are conta ined  wi th in  a p r e s t r e s s e d  conc re t e  p re s su re  
v e s s e l  (PCPV) and u t i l i z e  a common p res su r i ze r .  Steam is routed  from 
each steam gene ra to r  t o  a convent ional  balance of p l an t  c o n s i s t i n g  most 
l i k e l y  of a common steam header feeding  one o r  poss ib ly  two turb ine-  
gene ra to r  sets. 

The r e a c t o r  sys tem is  designed t o  provide n a t u r a l  thermal convec- 
t i o n  under r e a c t o r  shutdown cond i t ions  by p lac ing  each r e a c t o r  core  a t  
t h e  base of a hot  water column about 30 meters high. A l a r g e  opening is  
provided between t h e  primary system i n  each module and t h e  pool water a t  
both t h e  top and bottom of t h e  co re  riser column. Honeycomb a r r a y s  of 
tubes  a r e  provided i n  t h e s e  open reg ions  t o  i n h i b i t  convect ion c u r r e n t s  
dur ing  normal ope ra t ion  of t he  r e a c t o r ,  w i th  t h e  hydrau l i c  head of t h e  
f l u i d  i n  the  surrounding pool being balance by the  pump head i n  each 
primary c i r c u i t .  Upon l o s s  of forced  convect ion flow i n  one of t h e  p r i -  
mary c i r c u i t s ,  the  d i f f e r e n c e  i n  d e n s i t y  between the  hot  and cold water  
r eg ions  causes  t h e  bora ted  pool water t o  flow i n t o  t h e  co re  reg ion  of 
the  a f f e c t e d  module. 

F igure  3 .1  i l l u s t r a t e s  t h e  a x i a l  c o n f i g u r a t i o n  of a s i n g l e  r e a c t o r -  
steam-generator module showing t h e  flow pa ths  of t he  primary c i r c u i t .  
The PIUS Mk I1 module, i l l u s t r a t e d  i n  F igure  3 . 1 ,  u t i l i z e s  a s i n g l e  
chimney-type riser p i p e  t o  c a r r y  coolan t  from t h e  core  up t o  a hot  l e g  
r e c i r c u l a t i o n  pump from which primary c i r c u i t  flow proceeds down through 
a bayonet steam gene ra to r  i n  a s i n g l e  pas s  t o  t h e  core  i n l e t .  Densi ty  
locks  a r e  provided between t h e  primary c i r c u i t  and pool water both below 
the  core and around the  p r e s s u r i z e r  riser pipe from the  primary 
r e c i r c u l a t i o n  loop. F igure  3.1  shows t h e  connec t ion  between the  module 
and t h e  common p r e s s u r i z e r  f o r  the  t h r e e  modular u n i t s .  Figure 3 . 2  
provides  two p lan  views of t h e  i n t e r n a l s  of t h e  PCPV showing t h e  f u e l  
s to rage  l o c a t i o n s  and the  mobile r e f u e l i n g  t u r n t a b l e  below the  r e a c t o r -  
steam-generator modules on t h e  r i g h t  and t h e  upper p ip ing  connec t ions  on 
the  l e f t .  Figure 3 .3  i l l u s t r a t e s  t h e  PCPV with a central  c a v i t y  and a 
drawer-like closure slab and pressure seal.  

The system is  designed f o r  a cons t an t  water flow r a t e  through each  
primary c i r cu i t  and a cons t an t  r e a c t o r  o u t l e t  temperature  over t he  
normal range of power opera t ion .  In  t h e  event  of pump stoppage i n  any 
o r  a l l  modules, t h e  forced  convec t ion  coo lan t  flow through t h e  primary 
c i r c u i t  pump and steam gene ra to r  comes t o  a s t o p ,  but thermal convec t ion  
through t h e  co re  and i n t o  t h e  pool w i l l  i n i t i a t e  because of t h e  d i f f e r -  
e n t i a l  head a v a i l a b l e  f o r  n a t u r a l  thermal convection. This causes  t h e  
cool  borated pool water t o  e n t e r  t h e  core ,  quenching the  nuc lea r  reac- 
t i o n  and cool ing  the  f u e l  elements.  Shutdown i n i t i a t e d  f o r  a s i n g l e  
module should not  a f f e c t  o p e r a t i o n  of t h e  remaining modules. The volume 
capac i ty  of t h e  PCPV should be s u f f i c i e n t  t o  provide cool ing  water  f o r  
about a week t o  accommodate decay h e a t i n g  from a l l  t h r e e  r e a c t o r s  
without  a d d i t i o n  of water from an e x t e r n a l  source.  

The concen t r a t ion  of boron wi th in  each co re  reg ion  is c o n t r o l l e d  by 
i n j e c t i n g  debora ted  coolan t  obtained from one of two s e p a r a t e  
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d i s t i l l a t i o n  u n i t s .  Both d i s t i l l a t i o n  u n i t s  may be used a f t e r  a scram 
t o  r e e s t a b l i s h  p l a n t  readiness .  The s i z e  of t h e  c o l l e c t i o n  tanks  and of 
t h e  borated and c l ean  water tanks  i s  such t h a t  two consecut ive  scrams 
can be accommodated wi th  only one evapora tor  opera t ing .  Each r e a c t o r  
w i l l  o p e r a t e  without  c o n t r o l  rods ,  and t h e  boron concen t r a t ion  c o n t r o l  
w i l l  provide t h e  necessary  r e a c t i v i t y  c o n t r o l  above t h a t  provided by in-  
he ren t  r e a c t i v i t y  feedback and burnable  poisons.  

The PIUS r e a c t o r  concept is proposed a s  a very s a f e  r e a c t o r  u t i -  
l i z i n g  LWR technology. Fu r the r ,  i t  is proposed as a sys t em which has  a 
compet i t ive  c a p i t a l  cos t  because of i t s  s a f e t y  and c o n t r o l  c h a r a c t e r -  
istics. The p r a c t i c a l i t y  of t he  concept rests on t h e  s t a b i l i t y  and con- 
t r o l  of t he  f l u i d  i n t e r f a c e s  between t h e  pool water and each hot primary 
c i r c u i t ,  i nc lud ing  s t a b i l i t y  under t r a n s i e n t  condi t ions .  Other impor- 
t a n t  f a c t o r s  are the  p r a c t i c a l i t y  of t h e  PCPV des ign ,  of r e f u e l i n g  by 
use of a r o t a t i n g  t u r n t a b l e  wi th in  a deep pool,  of i n s u l a t i o n  requi re -  
ments, of replacement of equipment, t he  non-safety grade balance of 
p l a n t  and the  p r a c t i c a l i t y  of ope ra t ing  t h r e e  r e a c t o r s  without  any 
con t ro l  rods and without  i n t e r f e r e n c e  due t o  thermal and p r e s s u r e  
t r a n s i e n t s .  All  of t h e  above areas are being eva lua ted .  

A fundamental des ign  goal of PIUS i s  the  p r e s e r v a t i o n  of f u e l  
i n t e g r i t y  under a l l  c r e d i b l e  condi t ions .  The approach is  claimed t o  
achieve complete p r o t e c t i o n  a g a i n s t  core  mel t ing  o r  overhea t ing  due t o  
t h e  fo l lowing:  

- any c r e d i b l e  equipment f a i l u r e ,  

- n a t u r a l  events  such as ear thquakes  and f l o o d s ,  

- reasonably c r e d i b l e  ope ra to r  mis takes ,  

- combinations of the above 

as w e l l  as 

- i n s i d e  sabotage  by p l a n t  personnel ,  

- t e r r o r i s t  attacks i n  c o l l a b o r a t i o n  wi th  i n s i d e r s ,  

- m i l i t a r y  a t t a c k  (e.g., by a i r c r a f t  w i th  'o f f - the-she l f '  non- 

- abandonment of t h e  p l a n t  by o p e r a t i n g  personnel.  

nuc lear  weapons), 

The des igne r s  state t h a t  every a t tempt  i s  made t o  achieve t h e s e  
g o a l s  v i a  pass ive  means (i.e., without  r e l i a n c e  on s a f e t y  equipment 
which could f a i l  t o  func t ion ) .  This pas s ive  p r o t e c t i o n  should l a s t  f o r  
a minimum of one week fo l lowing  any i n i t i a t i n g  event.  Thus PIUS should 
meet w e l l  t h e  Third Ground Rule. The des igne r ' s  p o s i t i o n  is  t h a t  a l l  of 
t h e s e  goa l s  can be a t t a i n e d  v i a  f u l f i l l m e n t  of two b a s i c  s a f e t y  func- 
t i o n s :  

1. t h e  des ign  prec ludes  any c r e d i b l e  c i rcumstance  which can resu l t  
i n  uncovering of t he  core ,  and 
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2. t h e  des ign  p reven t s  co re  hea t  g e n e r a t i o n  ra tes  which would ex- 
ceed t h e  convec t ive  hea t  removal c a p a b i l i t y  of t he  submerging 
water under a l l  conce ivable  cond i t ions .  

3.3.1.2 C l a i m s ,  Advantages, and Disadvantages Evalua ted  Against  
Cri ter ia ,  E s s e n t i a l  and Des i r ab le  C h a r a c t e r i s t i c s  

The proponents  claims and p o t e n t i a l  concept  advantages are  d i s -  
cussed b r i e f l y  as fo l lows  f i r s t  i n  t h e  o rde r  of t h e  p re l imina ry  c r i t e r i a  
and then with regard  t o  both e s s e n t i a l  and d e s i r a b l e  c h a r a c t e r i s t i c s :  

1. Publ ic  Risk: PIUS appears  t o  be r e s i s t a n t  t o  f u e l  damage 
under a l l  a n t i c i p a t e d  t r a n s i e n t s  and f o r  long per iods  (-7-10 
days)  without  human i n t e r v e n t i o n  o r  a c t i v e  engineered s a f e t y  
f e a t u r e s  a f t e r  worst  case acc iden t s .  ASEA-ATOM claims t h a t  
normal ope ra t ing  releases are expected t o  be less than f o r  
c u r r e n t  LWRs. The lower power d e n s i t y  and expec ted  good 
chemistry behavior should l i m i t  t h e  occurrence  of minor f u e l  
leaks .  ASEA-ATOM argues  t h a t  p r e s s u r e  c y c l e s  i n  t h e  l a r g e  
pool where dep le t ed  f u e l  i s  s t o r e d  w i l l  no t  exceed c l a d  
strength limits so  that pool contamination will be minimal. 
Steam gene ra to r  tube  l e a k s  w i l l  be conta ined  by steam-line 
i s o l a t i o n  va lves  and a secondary p r e s s u r e  boundary r a t e d  a t  
primary system p res su re  (9 MPa o r  1300 p s i a )  up t o  t h e  
i s o l a t i o n  va lve  l o c a t i o n  j u s t  o u t s i d e  t h e  w a l l  of t h e  PCPV. 
PIUS i s  a l s o  designed t o  be h igh ly  r e s i s t a n t  t o  e x t e r n a l  
t h r e a t s  such as a i r c r a f t  c r a s h e s ,  t e r r o r i s m ,  and sabotage.  

2. Investment Risk: Since co re  damage i s  precluded dur ing  normal 
t r a n s i e n t s  and de layed  f o r  a t  l eas t  a week wi thout  human 
i n t e r v e n t i o n  dur ing  worst  case a c c i d e n t s ,  t he  p r o b a b i l i t y  of 
l o s s  of investment  a r i s i n g  from core  melt appea r s  t o  be much 
less than 10-4/plant  year  (no PRA ye t  t o  suppor t  t h i s  con- 
c l u s i o n ) .  

3 .  Economic Competi t iveness:  ASEA-ATOM claims economic competi- 
t i v e n e s s  with coal-f  i r e d  p l a n t s  under Swedish market condi- 
t i o n s  and assuming a non-safety grade  ba lance  of p l a n t  
(BOP). Their  unpublished s t u d i e s  show t h a t  a PIUS 500 MW(e) 
nonmodular p l a n t  has twice t h e  c a p i t a l  c o s t  of a Swedish 600 
MW(e) coa l - f i r ed  p l a n t  but an energy c o s t  t h a t  i s  less than  
t h e  coa l - f i r ed  p l a n t  by between 15% ( f o r  coa l  a t  $50 per  
metric ton)  and 25% ( f o r  coa l  a t  $60 per  metric t o n ) ,  where 
t h e  c o s t  of coa l  c o n t r i b u t e s  approximately 60-702 of t h e  
l e v e l i z e d  energy cost. S i m i l a r l y ,  r e c e n t  ASEA-ATOM estimates 
r e p o r t e d  f o r  t h e  600 MW(e) modular p l a n t  show t h e  same rela- 
t i o n  t o  coa l - f i r ed  c a p i t a l  c o s t s  and between a 20% and 30% ad- 
vantage i n  energy c o s t s  f o r  t h e  coa l  p r i c e s  noted above. 
ASEA-ATOM has not provided suppor t ing  documentation of t h e  
a n a l y s i s  nor i s  t h e r e  s u f f i c i e n t  i n fo rma t ion  a v a i l a b l e  cur- 
r e n t l y  t o  perform an independent a n a l y s i s .  However, i f  t h e  
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PIUS can be b u i l t  a t  twice the  c a p i t a l  cos t  of a coa l - f i r ed  
p l a n t ,  it would be compet i t ive  i n  t h e  United States i n  r eg ions  
where Western low-sulfur coa l  is s e l l i n g  a t  $35 per  metric ton  
and where Eas t e rn  h igh-su l fur  coal  is s e l l i n g  a t  $45 p e r  
metric ton  assuming t h a t  t h e  p r i c e  of coa l  i n  t h e  f u t u r e  
escalates a t  1.5% o r  more above i n f l a t i o n .  

4. P r o b a b i l i t y  of Cost/Schedule Overruns: ASEA-ATOM recognizes  
t h e  need t o  develop a complete des ign  before  i n i t i a t i n g  con- 
s t r u c t i o n  and i s  working toward t h a t  goal .  

5 .  L i c e n s a b i l i t y :  ASEA-ATOM has a d r a f t  l i c e n s i n g  plan,  i s  
a c t i v e l y  engaged i n  d ia logue  wi th  NRC-NRR and has  p lans  t o  
proceed with secu r ing  NRC f i n a l  des ign  approval  (FDA) by 
January 1992. 

6. Demonstration of Readiness:  ASEA-ATOM be l i eves  t h a t  a non- 
nuc lea r  demonstrat ion p l a n t  ( i nc lud ing  a f u l l - s c a l e  steam 
g e n e r a t o r  module) b u i l t  i n  a tank t o  demonstrate  t he  
fundamental thermal-hydraul ic  s a f e t y  p r i n c i p l e s  of PIUS can 
demonstrate  t he  r e s i s t a n c e  of t h e  p l an t  t o  unwarranted 
shutdowns from minor t r a n s i e n t s .  They f u r t h e r  be l i eve  t h a t  
such a demonstrat ion w i l l  s i m p l i f y  l i c e n s i n g  and q u e l l  the  
arguments of d e t r a c t o r s  with regard  t o  the  p o t e n t i a l  of high 
u n a v a i l a b i l i t i e s  r e s u l t i n g  from minor upse ts .  ASEA-ATOM a l s o  
b e l i e v e s  t h a t  a non-nuclear demonstrat ion p r e s e n t s  t h e  
p o s s i b i l i t y  of going d i r e c t l y  t o  a f i n a n c i a l l y  s e l f s u p p o r t i n g  
power p l an t  without  burdening t h e  development program wi th  t h e  
l a r g e  expendi ture  and t i m e  de lay  of a nuc lea r  demonstration. 
ASEA-ATOM be l i eves  t h a t  t h e  f u l l - s c a l e  non-nuclear test would 
r e s o l v e  most c o n s t r u c t i b i l i t y  problems except  f o r  t h e  PCPV; 
however, they cons ider  t h e  c o n s t r u c t a b i l i t y  of the  PCPV t o  be 
based on an e s t a b l i s h e d  technology and t o  be easier t o  con- 
s t r u c t  than t h e i r  c u r r e n t  BWR pres su re  suppress ion  containment 
bui ld ings .  Such a demonstrat ion would not  f u l l y  address  a l l  
i s s u e s  of c o n s t r u c t a b i l i t y  and maintenance, p a r t i c u l a r l y  long- 
term requirements  f o r  s t e a m  gene ra to r  c leaning.  

7. Owner Competence: Any previous o p e r a t o r  of an LWR should be 
a b l e  t o  bu i ld  and ope ra t e  PIUS assuming t h a t  t h e  p l a n t  
o p e r a t e s  as p ro jec t ed  by ASEA-ATOM. The o p e r a t i o n a l  complica- 
t i o n s  are poss ib ly  t h e  use of t h r e e  reactor-s team gene ra to r  
modules t o  feed a s i n g l e  steam header ,  steam gene ra to r  t ube  
c l e a n i n g ,  p re s su re  c o n t r o l  of t h e  primary system and r e f u e l t n g  
t h r e e  co res  i n  a deep pool. ASEA-ATOM claims t h a t  t hese  fea-  
t u r e s  a c t u a l l y  s i m p l i f y  o p e r a t i o n  and t h a t  t h e i r  ana lyses  sup- 
po r t  t h i s  claim. ASEA-ATOM p o i n t s  t o  t h e  use of t h e  l a r g e  
(-200 m3) p r e s s u r i z e r  as a buf fe r  dur ing  t r a n s i e n t  events .  
Actual  o p e r a t i n g  exper ience  is  needed t o  co r robora t e  these  
claims. Other technologies  appear t o  be ex tens ions  o r  modifi-  
c a t i o n s  t o  e x i s t i n g  LWR technology. 
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8. Essential Characteristics: PIUS has great promise according 
to its proponents of achieving safe, reliable and cost com- 
petitive operation; however, as noted under the evaluation 
against criteria, most of these claims require further anal- 
ytical or experiential substantiation, particularly in the 
area of construction costs and availability. The sizing of 
PIUS at about 600 MW(e) appears to meet the need for smaller 
increments in base load capacity additions consistent with 
current load growth projections, and modularization of the 
reactor-steam generator configuration is an attempt to 
simplify plant construction. Resistance to accidents and 
external events such as sabotage is inherent in the design as 
conceptualized by the proponents. Such resistance implies low 
costs associated with accidents, possibly smaller security 
staffs and the reliance on passive safety features under worst 
case scenarios to delay required mitigative actions and 
perhaps to avoid having to provide for area evacuation. 

9.  Desirable Characteristics: Aside from the lack of planning 
for fuel recycle, the low thermal efficiency, lack of on-line 
refueling, and the questionable versatility relative to appli- 
cation (except for district heating) because of the low grade 
of steam compared to other higher temperature concepts, PIUS 
possesses most of the desirable characteristics listed in 
Chapter 2. Some areas of potential weakness such as waste 
handling and disposal, decommissioning and diversion and 
proliferation are generic problems shared in common with vir- 
tually all reactor concepts because the proposed solutions to 
these type of concerns are often subject to a variety of 
interpretation by national and international regulatory, 
governmental and public interest bodies. Replacement of the 
nuclear steam supply equipment for extended life may be easier 
for PIUS than for other LWR concepts assuming that the vessel 
remains qualified. Because of passive safety characteristics, 
PIUS does appear to be potentially much more flexible to 
siting requirements and more m c h  resistant to sabotage and 
diversion than current generation LWRs. 

The potential disadvantages are discussed as follows: 

1. Public Risk: The potential for refueling accidents must be 
addressed more fully with attention to the control and moni- 
toring of heavy loads above the spent fuel storage locations 
within the PCPV. ASEA-ATOM claims that major maintenance such 
as pump replacement could be performed with the freshly 
exposed fuel in the operating positions under the steam gener- 
ators. The possibility of damage to fuel stored from previous 
operating cycles, claimed to pose little radiological hazard, 
may need extensive study. 
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2. Investment  Risk: 

a. PIUS a v a i l a b i l i t y  has not  been f i r m l y  e s t a b l i s h e d  by 
a n a l y s i s  and t e s t i n g  t o  da t e .  

b. Deep pool maintenance may be a problem wi th  t h e  onus of 
long shutdowns. ASEA-ATOM ci tes  t h e i r  replacement of BWR 
i n t e r n a l  r e c i r c u l a t i o n  pumps as an adequate  exper ience  
base f o r  deep pool maintenance on d i f f i c u l t  conf igura-  
t ions .  

3. Economic Competi t iveness:  

a. PIUS compet i t iveness  wi th  c o a l  and o t h e r  n u c l e a r  op t ions  
has  not  been e s t a b l i s h e d  independent ly .  PIUS c a p i t a l  
c o s t s  have not  been confirmed f o r  U.S. s i t i n g .  

b. On-line r e f u e l i n g  i s  not  p o s s i b l e  f o r  PIUS s o  r e f u e l i n g  
shutdowns mst be scheduled as i n  c u r r e n t  LWRs. The 
t h r e e  co res  must be shu t  down f o r  one t o  be s e r v i c e d .  

c. PIUS load  fo l lowing  may have been enhanced by a t h r e e  
r e a c t o r  system, but o p e r a t i o n  of one o r  more modules a t  
reduced power may be d i f f i c u l t  depending upon t h e  d i f f i -  
c u l t i e s  encountered i n  c o n t r o l l i n g  steam g e n e r a t o r  feed-  
water i n j e c t i o n  rate t o  match co re  power l e v e l s .  The 
e f f e c t s  of f u e l  cyc le  c o s t  p e n a l t i e s  have not  been ade- 
q u a t e l y  addressed f o r  t h e  case i n  which t h e  t h r e e  c o r e s  
become out  of phase i n  burnup. ASEA-ATOM s ta tes  t h a t  
less f u e l  w i l l  be added i n  r e f u e l i n g  t h e  a f f e c t e d  module; 
t h i s  s o l u t i o n  t o  g e t  back i n  phase i n c u r s  a f i n a n c i a l  
p e n a l t y  which i s  acknowledged but  no t  f u l l y  addressed.  
Another a l t e r n a t i v e  i s  t o  in t e rchange  f u e l s  between 
modules. 

d. PIUS i s  not  amenable t o  e f f i c i e n t  f u e l  r e c y c l e  because of 
t h e  emphasis on o n s i t e  30-year s t o r a g e  of spen t  f u e l .  

e. PIUS has  a r e l a t i v e l y  low thermal  e f f i c i e n c y .  

4 .  P r o b a b i l i t y  of Cost /Schedule  Overruns: N o  s p e c i f i c  disadvan- 
tage i d e n t i f i e d  provided component and system t e s t i n g  have 
been completed s u c c e s s f u l l y  p r i o r  t o  des ign  completion. 

5. L i c e n s a b i l i t y :  

a. As w i th  a l l  advanced r e a c t o r s ,  PIUS has  not  ye t  been 
forced  t o  addres s  post-TMI l i c e n s i n g  proceedings.  The 
p o s s i b i l i t y  exists f o r  t h e  need t o  addres s  t h e  probabi l -  
i s t i c  r i s k  of t h e  consequences of beyond des ign  b a s i s  
a c c i d e n t s  coupled t o  t h e  cos t -bene f i t  of adding equipment 
t o  a v e r t  t h e  r i s k  a s s o c i a t e d  from very  low p r o b a b i l i t y  
a c c i d e n t s .  The r e g u l a t o r y  a u t h o r i t i e s  may r e q u i r e  t h e  
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use  of a s e p a r a t e  containment,  a ded ica t ed  30-day water 
supply ,  c o n t r o l  rods ,  a safe ty-grade  c o n t r o l  room, 
ded ica t ed  emergency e lec t r ica l  power and/or  o t h e r  s a f e t y  
grade  systems on the  balance of p l a n t .  I f  so ,  t h e  e f f e c t  
w i l l  be increased  p l a n t  c o s t  t o  meet such requirements .  
There appea r s  t o  be a p o t e n t i a l  need f o r  some l e v e l  of 
secondary containment dur ing  shutdown ope ra t ions  wi th  t h e  
v e s s e l  seal broken. 

b. Requirements f o r  area evacuat ion  a r e  a l s o  not  f i rmly  
e s t a b l i s h e d  f o r  PIUS. ASEA-ATOM argues  convinc ingly  t h a t  
s i g n i f i c a n t  releases could only occur a f t e r  an extended 
t i m e  de lay  (7-10 days)  fo l lowing  an a c c i d e n t .  Such a 
de lay  i n  t ak ing  a c t i o n  t o  add water, assuming adequate  
p r i o r  p rov i s ion  had been made, would imply a c h a o t i c  
s o c i a l  s i t u a t i o n  e x t e r n a l  t o  t h e  p l an t .  However, t h e  
PIUS pool could become s e v e r e l y  contaminated from unan- 
t i c i p a t e d  f u e l  f a i l u r e s ,  f o r  example, due t o  manufactur- 
i ng  problems. The r e s u l t  would be e i t h e r  a long shutdown 
t o  al low decay of r a d i o a c t i v e  n u c l i d e s  wi th  r e l a t i v e l y  
slow water cleanup rates o r  an a c c e l e r a t e d  cleanup r a t e  
i n  which out -of - reac tor  i n c i d e n t s  would be poss ib l e .  
ASEA-ATOM argues t h a t  e l i m i n a t i n g  t h e  need f o r  immediate 
evacuat ion  i s  being addressed and t h a t  t h e i r  water clean-  
up systems should be comparable i n  speed and s a f e t y  t o  
c u r r e n t  LWRs and t h i s  appears  t o  be achievable .  

6 .  Demonstration of Readiness:  Steam gene ra to r  c l ean ing  r equ i r e -  
ments may not be confirmed u n t i l  a f t e r  t h e  f i r s t  p l a n t  has  
been i n  ope ra t ion  f o r  some t i m e .  ASEA-ATOM argues  t h a t  c lean-  
i n g  requirements  can be s t u d i e d  i n  r e l a t i v e l y  small scale 
(non-nuclear) tests, but such i d e a l i z e d  t e s t i n g  a l though im-  
p o r t a n t  may be inadequate  t o  r e p r e s e n t  a c t u a l  p l a n t  opera- 
t i o n .  Improvements i n  des ign  f o r  c l ean ing  have been r epor t ed  
by ASEA-ATOM, but d e t a i l s  a r e  not  ye t  a v a i l a b l e .  Fuel  
handl ing ,  in-pool maintenance, bo ra t ion  c o n t r o l ,  w e t  i n s u l a -  
t i o n ,  submerged pumps, core  c a r r i e r  manipula t ion ,  and t h e  PCPV 
c l o s u r e  involve  new des igns  and technology. Although t h e s e  
f e a t u r e s  can be t e s t e d  i n  mockup f a c i l i t i e s ,  they w i l l  r e q u i r e  
a c t u a l  demonstrat ion with r e a c t o r  o p e r a t i o n .  However, s i n c e  
t h e  concept draws heav i ly  on PWR exper ience ,  t h e  demonstrat ion 
r e a c t o r  may be determined as commercially v i a b l e  fo l lowing  a 
s u c c e s s f u l  tes t  per iod.  

7.  Owner Competence: No s p e c i f i c  d i sadvantage  i d e n t i f i e d .  

8. E s s e n t i a l  C h a r a c t e r i s t i c s :  Most of t h e  s i g n i f i c a n t  p o t e n t i a l  
d i sadvantages  a s s o c i a t e d  with the  e s s e n t i a l  c h a r a c t e r i s t i c s  
have been addressed above under the  cr i ter ia  f o r  Investment 
Risk,  Economic Competi t iveness  and L i c e n s a b i l i t y .  As men- 
t ioned  under the  d i s c u s s i o n  of advantages,  estimates of c o s t  
and a v a i l a b i l i t y  need t o  be s u b s t a n t i a t e d .  
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9. Des i r ab le  C h a r a c t e r i s t i c s :  Most of t hose  not  m e t  by PIUS were 
l i s t e d  above f o r  comparison purposes i n  the  e v a l u a t i o n  of t h e  
advantages.  Load fo l lowing  is one area which t h e  PIUS propo- 
nents  claim has been solved by modular iza t ion  but  t h e  c o n t r o l  
system, as noted under t h e  economic compet i t iveness ,  may be 
more complicated and harder  t o  ope ra t e  e f f e c t i v e l y  than cur- 
r e n t l y  envis ioned by t h e  proponents.  However, exper ience  wi th  
c o n t r o l  i n  experimental  f a c i l i t i e s  i s  r epor t ed  t o  be favor-  
a b l e .  With r e s p e c t  t o  r a d i a t i o n  exposure t o  workers,  corro-  
s i o n  product a c t i v a t i o n  and t r a n s p o r t  i s  an unresolved 
c o n s i d e r a t i o n  s i n c e  t h e  behavior  may be d i f f e r e n t  from t h a t  of 
t h e  s tandard  PWR. 

3 . 3 . 1 . 3  R&D Needs and open Quest ions Evaluated 

1 .  Development, t e s t i n g  and demonstrat ion of an optimum geometry 
f o r  t h e  ho t / co ld  water i n t e r f a c e  mechanism t o  ensure  co re  
shutdown/quench when r equ i r ed  and t o  prec lude  unwarranted 
shutdown i n  response t o  minor t r a n s i e n t s  and upse t s  are 
needed. ASEA-ATOM has conducted pre l iminary  tests which pro- 
duced f avorab le  r e s u l t s ,  but more comprehensive t e s t i n g  and 
a n a l y s i s  are requ i r ed  and are planned. 

2. ASEA-ATOM is  a t tempt ing  t o  demonstrate  by a n a l y s i s  and t e s t i n g  
t h a t  p l an t  a v a i l a b i l i t y  w i l l  be s u f f i c i e n t l y  high t o  a v e r t  t h e  
p o s s i b i l i t y  t h a t  t he  des ign  is  too  complicated t o  ope ra t e  
economically.  This  important  e v a l u a t i o n  would j u s t i f y  
independent s tudy.  

3 .  Safe ty  r e l i e f  va lves ,  steam suppress ion  and f i l t e r i n g  sys tems 
may r e q u i r e  ex tens ive  t e s t i n g  s i n c e  they are e s s e n t i a l  compo- 
n e n t s  of t h e  decay hea t  removal system. 

4.  Components wi th in  the  PCPV, t he  unusual ly  long tendons,  t h e  
v e s s e l  l i n e r ,  and i t s  c l o s u r e s  must be c a r e f u l l y  s t u d i e d  and 
designed t o  ensure  t h a t  i n - se rv ice  i n s p e c t i o n  i s  p r a c t i c a l  
where requi red .  

5. Technical ,  economic and l i c e n s i n g  e v a l u a t i o n  and assessment i s  
necessary  f o r  the  PCPV inc lud ing  t h e  s l i d i n g  upper cover and 
lock ing  devices .  

6 .  Submerged steam gene ra to r  development i s  r equ i r ed  inc lud ing  
s i n g l e  tube ,  mu l t i t ube  and f u l l s c a l e  development t e s t i n g  of 
f low s t a b i l i t y  and t r a n s i e n t  response ;  disassembly,  c l ean ing  
and plugging procedures .  

7. Wet thermal  i n s u l a t i o n  f o r  t h e  primary coo lan t  system and PCPV 
r e q u i r e s  f u r t h e r  development and demonstrat ion t e s t i n g .  

8. Development and t e s t i n g  of t h e  r e f u e l i n g  t u r n t a b l e  component 
handl ing t o o l s ,  and o t h e r  f e a t u r e s  of underwater maintenance, 
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9. 

10. 

11. 

12. 

are needed. A l s o ,  corrosion product transport and activation 
are likely to differ from the standard PWR and may complicate 
maintenance. 

Economic evaluation must be performed comparing against coal 
and conventional LWRs. This evaluation must include a capital 
investment cost estimate for U.S. siting. Planned and real- 
istically estimated forced outage rates must be evaluated 
against refueling and maintenance requirements and the spectra 
of potential plant unavailabilities. Extended testing of com- 
ponents is recommended in borated coolant conditions. 

Planned outage rates and realistically estimated forced outage 
rates must be evaluated against refueling and maintenance 
requirements and other potential plant unavailabilities. 
Extended testing of components is recommended under borated 
coolant conditions. 

Development and demonstration testing are needed for the 
multi-service pressurizer and the integrated control system 
for three reactor-steam generator modules feeding one or more 
turbine-generator sets. 

Confirmatory tests and analysis will be required to assure 
adequate negative reactivity feedback and the effective 
operation of the soluble boron control system. 

3.3.2 The Small Advanced BWR 

3.3.2.1 Description 

A small Boiling Water Reactor (BWR) design concept5 has been devel- 
oped by the General Electric Company (GE). This concept attempts to 
maximize the use of BWR design, technology, and operating experience. 
Significant innovations are included to simplify and improve the per- 
formance of safety functions. These, as well as other system simplifi- 
cations and a reduced power rating, are claimed to reduce total costs 
and speed construction. The major emphasis by GE has been on a 
600 MW(e) concept which is judged to be adequately competitive with coal 
to interest the U. S. market. Lower power ratings are possible. A 
1000 MW(e) concept is feasible but would require a larger volume sup- 
pression pool to maintain an equivalent time for operator response as in 
the 600 W(e) concept. 

The small BWR concept (Fig. 3.4)  uses an isolation condenser to 
improve transient response. Control rods, which can be driven either 
electrically or with accumulator pressure, and gravity-driven borated 
water injection from an elevated low pressure pool are used to simplify 
and provide diversity to the shutdown function. Core cooling and decay 
heat removal are provided by depressurizing the reactor to the elevated 
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s u p p r e s s i o n  pool. The drywell  and pool gas spaces  are i n e r t .  In  addi-  
t i o n ,  a steam i n j e c t o r  i s  used t o  improve feedwater  a v a i l a b i l i t y  by pro- 
v i d i n g  a cont inuous minimum flow from a condensate  s t o r a g e  tank even i f  
t he  main feedwater  pumps are l o s t .  

Steam i s  produced i n  t h e  r e a c t o r  v e s s e l  i n  a manner similar t o  t h a t  
of c u r r e n t  BWRs. I n t e r n a l  r e c i r c u l a t i o n  pumps similar t o  those used i n  
ABWR are used t o  c i r c u l a t e  water through t h e  core. (At lower power 
l e v e l s ,  n a t u r a l  c i r c u l a t i o n  becomes a b e t t e r  choice.)  The steam-water 
mix tu re  e x i t i n g  t h e  co re  i s  d i r e c t e d  t o  s e p a r a t o r s  and d rye r s .  
Bottom-mounted c o n t r o l  rod d r i v e s ,  s imi la r  t o  those  used on t h e  ABWR, 
are used t o  provide power shaping and emergency shutdown. 

Reactor  p r e s s u r e  i s  normally c o n t r o l l e d  with t u r b i n e  t h r o t t l e  and 
bypass valves.  When t h e  r e a c t o r  v e s s e l  i s  i s o l a t e d  from t h e  t u r b i n e  
condenser,  an i s o l a t i o n  condenser c o n t r o l s  p r e s s u r e .  This dev ice  w a s  
s e l e c t e d  because of i t s  s i m p l i c i t y  and because i t  p rov ides  high p r e s s u r e  
r e a c t o r  water inven to ry  c o n t r o l .  F a i l u r e  of t h e  i s o l a t i o n  condenser 
f u n c t i o n  ( t o  c o n t r o l  r e a c t o r  p r e s s u r e )  i s  no t  expected d u r i n g  t h e  p l a n t  
l i f e .  The a v a i l a b i l i t y  of t h e  p r e s s u r e  c o n t r o l  f u n c t i o n  i s  t o  be 
achieved by s e l e c t i n g  an a p p r o p r i a t e  redundancy i n  t h e  i s o l a t i o n  con- 
dense r  u n i t s  and by using the  s a f e t y  va lves / s t eam i n j e c t o r  as the d i -  
v e r s e  backup p res su re / inven to ry  c o n t r o l  system. However, i f  such a 
f a i l u r e  occur s ,  s a f e t y  and d e p r e s s u r i z a t i o n  v a l v e s  provide a backup de- 
p r e s s u r i z a t i o n  t o  t h e  suppres s ion  pool  which i s  p o s i t i o n e d  above t h e  re- 
a c t o r  v e s s e l .  When the  r e a c t o r  p r e s s u r e  i s  s u f f i c i e n t l y  low, check 
v a l v e s  open i n  t h e  suppres s ion  pool-to-vessel f i l l  l i n e s  and water f lows 
by g r a v i t y  i n t o  the  r e a c t o r  v e s s e l  t o  keep t h e  co re  covered. The re- 
sponses  t o  a loss-of-coolant acc iden t  and a t r a n s i e n t  w i th  f a i l u r e  t o  
scram are similar.  

The suppres s ion  pool c o n t a i n s  bo ra t ed  water t o  p rov ide  a d i v e r s e  
backup t o  t h e  c o n t r o l  rods.  Core coo l ing  and decay h e a t  removal i s  as- 
s u r e d  with water r e t u r n e d  t o  t h e  r e a c t o r  v e s s e l  and steam produced by 
decay heat  i s  vented t o  the  suppres s ion  pool. I n  t h e  600 MW(e) concep t ,  
t h e r e  is a three-day supply of water a v a i l a b l e  t o  a c c e p t  decay hea t .  No 
o p e r a t o r  a c t i o n  i s  r equ i r ed  du r ing  t h i s  t i m e .  For l onge r  pe r iods  t h e  
s u p p r e s s i o n  pool must be r e f i l l e d  from an a s s u r e d  source  w i t h  h igh ly  re- 
l i a b l e  equipment. Emergency d i e s e l  g e n e r a t o r s  and co re  coo l ing  pumps 
are  not  r equ i r ed .  

With the  above-mentioned s a f e t y  f e a t u r e s ,  a s e v e r e  a c c i d e n t  i s  ex- 
tremely u n l i k e l y .  The a b i l i t y  t o  r e t a i n  f i s s i o n  products  i n  t h e  sup- 
p r e s s i o n  pool is an important  BWR f e a t u r e  which has  been r e t a i n e d  t o  
provide m i t i g a t i o n  of s eve re  a c c i d e n t s .  Use of simple s a f e t y  d e v i c e s ,  
a c t i v a t e d  by s t o r e d  energy and use  of i n h e r e n t  p rocesses  such as n a t u r a l  
c i r c u l a t i o n  and g rav i ty - f ed  water d e l i v e r y  t o  t h e  c o r e ,  reduce c o s t s  
through modu la r i za t ion  and system e l i m i n a t i o n .  The l i c e n s i n g  p rocess  
may be s i m p l i f i e d .  
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The fo l lowing  o b j e c t i v e s  were e s t a b l i s h e d  by GE f o r  t h e  Small BWR 
concept t o  a s s u r e  t h a t  i t  would be p r a c t i c a l  and t h a t  enhanced per for -  
mance, economy, and s a f e t y  would be achieved. 

1 .  The major power-producing elements of t h e  concept are based on 
proven technology o r  minor ex tens ions  of c u r r e n t  technology. 

2. The key s a f e t y  func t ions  are maintained a t  a l l  times dur ing  
t r a n s i e n t  and acc iden t  cond i t ions :  

a. There i s  no need f o r  short- term ope ra to r  a c t i o n .  Short-  
t e r m  i s  def ined  as t h r e e  days. A f t e r  t h i s  pe r iod ,  opera- 
t o r  a c t i o n s  which are r equ i r ed  should be judged easy t o  
accomplish. With such ope ra to r  a c t i o n ,  t h e  s a f e t y  func- 
t i o n s  w i l l  be maintained f o r  an i n d e f i n i t e  per iod .  

b. Sa fe ty  devices  o r  f e a t u r e s  are e i t h e r  i nhe ren t  t o  t h e  
concept o r  r e l y  on the  use of s to red  energy f o r  motive 
power. 

C. Extensive t e s t i n g  is not requi red .  This  is def ined  as 
t ak ing  less than t h r e e  years  t o  prove t h e  concept by 
t e s t i n g  i t s  new f e a t u r e s .  The f i r s t  commercial app l i ca -  
t i o n  i s  t o  se rve  as a demonstrat ion u n i t ,  and a unique 
demonstrat ion i s  not  t o  be requi red .  

3. The des ign  is  capable  of modular iza t ion  t o  a l low f a c t o r y  fab- 
r i c a t i o n  and t e s t i n g  of most major components. 

4 .  The des ign  p e r m i t s  a p l an t  c o n s t r u c t i o n  per iod  of four  years .  

5. C a p i t a l  c o s t s  are minimized so  e l e c t r i c i t y  g e n e r a t i o n  c o s t s  
are compet i t ive  with those  of coa l - f i r ed  p l a n t s  of similar 
power r a t i n g s  . 

These concept o b j e c t i v e s  were e s t a b l i s h e d  by GE wi th  t h e  g o a l  of achiev- 
ing  high confidence t h a t  t h e  f i n a l  des ign  w i l l  produce the  r equ i r ed  
power i n  a manner which enhances s a f e t y  i n  a r e a d i l y  demonstrable  way so 
t h a t  t he  l i c e n s i n g  e f f o r t  can be s i m p l i f i e d .  

3.3.2.2. C l a i m s ,  Advantages, and Disadvantages Evaluated Against  
Criteria.  E s s e n t i a l  and Des i r ab le  C h a r a c t e r i s t i c s  

The proponent ' s  claims and concept advantages are d i scussed  b r i e f l y  
as fo l lows  f i r s t  i n  t h e  o rde r  of t he  c r i t e r i a  and then the  cha rac t e r -  
i s  t i c s  : 

1. P u b l i c  Risk: The Small BWR appears  t o  be r e s i s t a n t  t o  f u e l  
damage under a l l  a n t i c i p a t e d  t r a n s i e n t s  and f o r  long pe r iods  
( 3  days) wi thout  human i n t e r v e n t i o n  o r  active engineered 
s a f e t y  f e a t u r e s  a f t e r  worst case  acc iden t s .  
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2. Investment Risk: The small BWR appears  t o  have a high degree 
of core  damage r e s i s t a n c e .  The p r o b a b i l i t y  f o r  l o s s  of in -  
vestment due t o  core  melt would appear  t o  be less than 
p l a n t  year  (GE claims t o  have a p re l imina ry  PRA t o  suppor t  
less than 10-6/plant yea r ) .  The p r o b a b i l i t y  of high a v a i l -  
a b i l i t y  through r e s i s t a n c e  t o  long shutdowns from upse t s  o r  
major maintenance appea r s  t o  be f avorab le  f o r  t he  small BWR. 
This  confidence d e r i v e s  i n  p a r t  from t h e  s i m i l a r i t y  t o  c u r r e n t  
BWRs and t h e i r  ex tens ive  base of ope ra t ing  exper ience .  The 
s m a l l  BWR has no e x t e r n a l  r e c i r c u l a t i o n  p ip ing  t o  be s u b j e c t  
t o  stress co r ros ion  c racking ,  but a bo ra t ion  t r a n s i e n t  w i l l  
r e q u i r e  debora t ing  t h e  primary system t o  accep tab le  l e v e l s .  
GE i n t ends  t o  ensure  t h a t  t h i s  t r a n s i e n t  w i l l  be a very  low 
p r o b a b i l i t y  event  ( l e s s  than  once i n  p l a n t  l i f e ) .  

3 .  Economic Competi t iveness:  Based on GE s t u d i e s  t o  d a t e ,  t h e  
Small BWR is  es t imated  t o  be nea r ly  compet i t ive  wi th  coa l  a t  
600 MW(e); however, GE b e l i e v e s  t h a t  t h e r e  are as yet  un- 
explored  op t ions  t o  improve economic compet i t iveness .  How- 
ever, t he  des ign  is  too  p re l imina ry  f o r  d e f i n i t i v e  e v a l u a t i o n  
of c o n s t r u c t i o n  cos t s .  Fuel cyc le  c o s t s  should d e r i v e  e a s i l y  
from pas t  BWR experience as should plant availability. 

4. P r o b a b i l i t y  of Cost/Schedule Overruns: No s p e c i f i c  advantage 
i d e n t i f i e d .  

5. L i c e n s a b i l i t y :  The l i c e n s a b i l i t y  of t h i s  concept i s  enhanced 
by i ts  s i m i l a r i t y  t o  c u r r e n t  BWRs and by GE’s  p lans  t o  t ake  no 
excep t ions  t o  t h e  General Design Criteria. For example, t h e  
concept i nc ludes  t h e  use of containment and c o n t r o l  rods.  
This  approach i s  expected t o  minimize p o t e n t i a l  l i c e n s i n g  d i f -  
f i c u l t i e s .  

6 .  Demonstration of Readiness: GE b e l i e v e s  t h a t  t h e  pas s ive ly  
s a f e  BWR r e p r e s e n t s  only a small evo lu t iona ry  ex tens ion  of 
e x i s t i n g  technology needing only about two years  f o r  R&D 
demonstrat ion t e s t i n g  and another  two years  t o  complete t h e  
design.  R&D c o s t s  a r e  e s t ima ted  by GE a t  about $3M but  t h i s  
f i g u r e  may be low. Their  t o t a l  des ign  development c o s t  i s  
roughly between $100M and $300M. The f i r s t  p l a n t  may be ac- 
c e p t a b l e  f o r  commercial o p e r a t i o n  a f t e r  s e rv ing  as the  demon- 
s t r a t i o n .  GE b e l i e v e s  t h a t  because t h e  concept  re l ies  heav i ly  
on e x i s t i n g  technology and a l r e a d y  developed d e s i g n s ,  t h e r e  i s  
no need f o r  long term, ex tens ive  t e s t i n g .  Therefore ,  a p l a n t  
of t h i s  type could be a v a i l a b l e  ear l ie r  than  the  2000-2010 
t i m e  frame. 

7. Owner Competence: The small BWR should be amenable t o  ready 
ease of ope ra t ion  by experienced BWR owner/operators .  

8. E s s e n t i a l  C h a r a c t e r i s t i c s :  As i n  t h e  case of PIUS, t h e  small 
BWR has a good d e a l  of promise t o  provide s a f e ,  r e l i a b l e  and 
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economic e lectr ical  power. Unlike PIUS, t h e  s m a l l  BWR can be 
compared more d i r e c t l y  t o  i t s  evo lu t iona ry  an teceden t s  i n  t h e  
l a r g e  BWR. From t h e  s t andpo in t  of c h a r a c t e r i s t i c s  a f f e c t i n g  
c o n s t r u c t i b i l i t y ,  c o s t  and o p e r a b i l i t y ,  t h e  comparison breaks  
down because of i n s t i t u t i o n a l  reasons ,  f o r  example, t h e  h i s -  
t o r y  of problems i n  t h e  U.S. BWR exper ience  compared t o  suc- 
cesses i n  t h e  Japanese BWR indus t ry .  GE r ecogn izes  t h i s  d i f -  
f e r e n c e  i n  h i s t o r i c a l  p e r s p e c t i v e s  but o f f e r s  no s p e c i f i c  a r -  
guments t h a t  t h e  sought a f t e r  c h a r a c t e r i s t i c s  l i s t e d  i n  
Chapter 2 w i l l  be r e a l i z e d  f o r  t h e  small BWR i n  t h e  U.S. I n  
p r i n c i p l e ,  a t  t h i s  e a r l y  s t a g e  of development, most of t h e  
e s s e n t i a l  c h a r a c t e r i s t i c s  can be a sc r ibed  t o  t h e  small BWR 
concept  because of i t s  enhanced r e l i a n c e  on p a s s i v e  s a f e t y  and 
des ign  s i m p l i f i c a t i o n ;  however, t he  e l e v a t e d  pool may impose 
s t r e n u o u s  seismic requi rements  and more complicated cons t ruc-  
t i o n  which can i n c r e a s e  c o s t .  

9. D e s i r a b l e  C h a r a c t e r i s t i c s :  Because of t h e  evo lu t iona ry  n a t u r e  
of t he  des ign ,  t h e  few and p r a c t i c a l  RD&D requirements  are t h e  
most s a l i e n t  c h a r a c t e r i s t i c .  

The p o t e n t i a l  d i sadvantages  are d i scussed  as fo l lows :  

1 .  P u b l i c  Risk: No s p e c i f i c  d i sadvantage  i d e n t i f i e d .  

2 .  Investment Risk: No s p e c i f i c  d i sadvantage  i d e n t i f i e d .  

3 .  Economic Competi t iveness:  

a. The c o s t  compet i t iveness  of t h e  small 600 MW(e) BWR is  
not  ye t  demonstrated because t h e  GE a n a l y s i s ,  which i s  
s t a t e d  t o  be very p re l imina ry ,  f i n d s  t h e  lower r a t i n g  of 
t h e  small BWR somewhat s h o r t  of breakeven wi th  e q u i v a l e n t  
c o a l - f i r e d  u n i t s .  When o t h e r  p o t e n t i a l  c o s t  sav ings  are 
anlyzed ,  GE expec ts  the des ign  t o  be competet ive w i t h  
coa l .  GE ag rees  t h a t  more d e t a i l e d  c a l c u l a t i o n s  are i n  
o rde r  and t h a t  independent  e v a l u a t i o n s  are d e s i r a b l e .  

b. On-line r e f u e l i n g  i s  no t  p o s s i b l e  f o r  t h e  small BWR, and 
so r e f u e l i n g  shutdowns must be scheduled as i n  c u r r e n t  
LWRS 

4 .  P r o b a b i l i t y  of Cost/Schedule Overruns: No s p e c i f i c  disadvan- 
t age  i d e n t i f i e d ;  however, t he  des ign  i s  i n  a very  p r e l i m i n a r y  
state.  I d e n t i f i a b l e  important  needs which r e q u i r e  a t t e n t i o n  
are a s u i t a b l e  water l e v e l  i n d i c a t o r  and a r e l i a b l e  depres-  
s u r i z a t i o n  system. 

5. L i c e n s a b i l i t y :  

a. As wi th  a l l  advanced r e a c t o r s ,  t h e  small BWR has  not  ye t  
been forced  t o  addres s  post-TMI l i c e n s i n g  proceedings.  
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However, GE i s  aware of post-TMI requi rements  and p l ans  
t o  r e f l e c t  them i n  t h e  f i n a l  des ign .  The p o s s i b i l i t y  
e x i s t s  f o r  t h e  need t o  addres s  t h e  p r o b a b i l i s t i c  r i s k s  of 
t h e  consequences of beyond des ign  b a s i s  a c c i d e n t s  coupled 
t o  t h e  cos t -bene f i t  of adding equipment t o  a v e r t  t h e  r i s k  
a s s o c i a t e d  with such very  low p r o b a b i l i t y  a c c i d e n t s .  GE 
f e e l s  t h a t  r e t e n t i o n  of t h e  suppres s ion  pool and i t s  
a b i l i t y  t o  r e t a i n  f i s s i o n  products  a f t e r  a seve re  acci- 
d e n t  w i l l  be of b e n e f i t  i n  a n a l y s i s  of such acc iden t s .  
The r e g u l a t o r y  a u t h o r i t i e s  may impose t h e  use of second- 
a r y  p l a n t  man-rated s h i e l d i n g  f o r  power ope ra t ion ,  a 
ded ica t ed  30-day water supply f o r  t h e  suppres s ion  pool ,  
enhanced safe ty-grade  c o n t r o l  room beyond t h a t  planned by 
GE, and/or  ded ica t ed  emergency ac e lectr ical  power. GE 
i n t e n d s  t o  r e l y  s o l e l y  on emergency d c  sou rces  wi th  t h e  
g r a v i t y  d r a i n  ECCS and argues  t h a t  diesel-powered pumps 
on a f i r e  engine  t ruck  could provide  water t o  t h e  sup- 
p re s s ion  pool a f te r  3 days.  Although GE acknowledges 
t h a t  t h e r e  are some l i c e n s i n g  r i s k s  wi th  p o t e n t i a l  f o r  
c o s t  i n c r e a s e s ,  GE a l s o  contends t h a t  t h i s  p o t e n t i a l  ap- 
p e a r s  r e l a t i v e l y  small. 

b. Need f o r  area evacuat ion  a l s o  i s  not  f i rmly  e s t a b l i s h e d  
f o r  t h e  s m a l l  BWR, but  GE f e e l s  t h a t  they  can make a good 
case f o r  avoid ing  area evacua t ion  based on expected per- 
formance a t  lower power d e n s i t y  and wi th  expected f i s s i o n  
product  r e t e n t i o n  i n  t h e  suppres s ion  pool. 

6. Demonstration P l a n t :  No s p e c i f i c  d i sadvantage  i d e n t i f i e d .  

7. Owner Competence: No s p e c i f i c  d i sadvantage  i d e n t i f i e d .  

8. E s s e n t i a l  C h a r a c t e r i s t i c s :  Although adequate ly  s a f e  by cur- 
r e n t  des ign  s t anda rds  and r e g u l a t i o n s ,  BWRs have been s i g n i f -  
i c a n t  c o n t r i b u t e r s  t o  r a d i o a c t i v e  e f f l u e n t  releases. Better 
fue l - c l ad  performance and improved water chemistry have sub- 
s t a n t i a l l y  decreased t h e  r e l e a s e s .  The use of b a r r i e r  f u e l  
and lower power d e n s i t i e s  as proposed should f u r t h e r  reduce 
the  r a d i o a c t i v e  e f f l u e n t s .  Cons t ruc t ion  of t h e  e l e v a t e d  pool  
and t h e  a t t e n d a n t  concern about seismic response  must be ad- 
d re s sed  f u l l y  as planned i n  t h e  proposed R&D. 

9. Des i r ab le  C h a r a c t e r i s t i c s :  The s m a l l  BWR o f f e r s  no new fea-  
t u r e s  with regard  t o  on-l ine r e f u e l i n g ,  p r o l i f e r a t i o n  re- 
s i s t a n c e ,  decommissioning o r  waste handl ing  and d i sposa l .  The 
concerns and problems are comparable t o  c u r r e n t  g e n e r a t i o n  
LWRs and i n  many i n s t a n c e s  sha red  wi th  o t h e r  advanced o r  inno- 
v a t i v e  des igns .  Although the  o b j e c t i v e  i s  t o  have a remote ly  
c o n t r o l l e d  secondary p l a n t  with no on - s t a t ion  o p e r a t o r s  near  
p o t e n t i a l l y  contaminatab le  steam l i n e s ,  t h e  small BWR s h a r e s  
t h e  same c h a r a c t e r i s t i c s  of t h e  l a r g e  BWRs i n  having radio-  
a c t i v i t y  i n  t h e  steam l i n e s  which can l ead  t o  the  p o t e n t i a l  
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f o r  h ighe r  occupa t iona l  exposures  compared t o  o t h e r  re- 
a c t o r s .  The improvements desc r ibed  i n  Sec t ion  8 above a l s o  
apply  here.  

3 . 3 . 2 . 3  R&D Needs and Open Quest ions Evaluated 

1. A f u l l  he igh t  demonst ra t ion  tes t  i s  needed of t h e  g rav i ty -  
d r a i n  Emergency Core Cooling System (ECCS) from t h e  e l e v a t e d  
low p res su re  pool ( thought  t o  be an i t e m  of concern t o  NRC 
l i c e n s i n g ) .  

2. High flow steam i n j e c t o r  demonst ra t ion  t e s t i n g  i s  necessary ;  
t h e  des ign  is  based on low flow tests performed over  10 yea r s  
ago. Also,  t h e  r e l i a b i l i t y  and a v a i l a b i l i t y  of t h e  i n j e c t o r  
c o n t r o l  system must be demonstrated.  A key component of t h e  
i n j e c t o r  c o n t r o l  system is  a s u f f i c i e n t l y  a c c u r a t e  v e s s e l  
water l e v e l  i n d i c a t i o n .  GE contends t h a t  i n j e c t o r  c o n t r o l  
does not  r e q u i r e  f i n e  i n d i c a t i o n  of v e s s e l  water l e v e l ,  which 
may w e l l  be the  case, but demonst ra t ion  t e s t i n g  i s  f e l t  t o  be 
r e q u i r e d  t o  a s s u r e  t h a t  t h e  i n j e c t o r  i s  a l e g i t i m a t e  b e n e f i t  
t o  p l a n t  s a f e t y  and enhanced a v a i l a b i l i t y .  A p o t e n t i a l  buyer 
may r e q u i r e  assurance  be fo re  being s o l d  a product  t h a t  could 
cause de l ay ,  rework o r  even removal i f  i t  were t o  f a i l  du r ing  
h o t  f u n c t i o n a l  tests on t h e  completed p l an t .  GE n o t e s  however 
t h a t  " i n  the  worst  case", t h e  steam i n j e c t o r  could be d e l e t e d  
from t h e  des ign ,  and a nea r ly  e q u i v a l e n t  l e v e l  of p r o t e c t i o n  
could be added by i n c r e a s i n g  the  redundancy of t h e  i s o l a t i o n  
condenser ,  o r  by r e v e r t i n g  t o  t h e  use  of t h e  steam dr iven  
Reactor  Core I s o l a t i o n  Cooling (RCIC) system now i n  use a t  
o p e r a t i n g  BWRs. 

3 .  Confirmation of t h e  a n a l y t i c a l  load  d e f i n i t i o n  f o r  h o r i z o n t a l  
vent  d i scha rges  t o  a covered suppres s ion  pool i s  needed. The 
covered pool r e s u l t s  i n  t h e  need f o r  load  d e f i n i t i o n s  up t o  a 
d i f f e r e n t i a l  p ressure  of about 0.35 MPa (40-50 p s i )  compared 
t o  t h e  c u r r e n t l y  a v a i l a b l e  test d a t a  up t o  0.1 MPa (15 p s i ) .  
However, such t e s t i n g  is a l r e a d y  planned f o r  t h e  advanced BWR 
i n  1986, and t h e  r e s u l t s  of t h a t  program can be u t i l i z e d  f o r  
t h e  600 MW(e) p l a n t .  GE c o n s i d e r s  t h i s  work t o  be 
conf i rmatory  r a t h e r  than  R&D and s o  does no t  f a c t o r  t h i s  i n t o  
t h e i r  R&D c o s t  estimates. 

4 .  Depressu r i za t ion  va lve  demonst ra t ion  i s  needed; t h e  des ign  is  
based on a concept of a va lve  which i s  deenerg ized  t o  open and 
t h e n  l a t c h e s  open. Although t h e  des ign  is s imple  i n  concept ,  
i t  appa ren t ly  has never ( o r  not widely)  been a p p l i e d  i n  prac- 
t ice .  Most LWRs use e lec t r ic  o r  a i r  ope ra t ed  va lves  which are 
t y p i c a l l y  designed t o  f a i l  s h u t ;  i n  t h e  s m a l l  BWR, r e a c t o r  
p r e s s u r e  opens t h e  va lves  a g a i n s t  a magnet ic  f o r c e  which is 
l o s t  when t h e  dc c i r c u i t s  are deenerg ized .  GE cons ide r s  a i r  
ope ra t ed  va lves  t o  be t h e  b e s t  backup a l t e r n a t i v e  t o  t h e  mag- 
n e t i c  va lve ,  but  t h i s  op t ion  appears  t o  reduce t h e  p a s s i v i t y  
of t h e  s a f e t y  f e a t u r e .  
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5. Independent,  d e t a i l e d  e v a l u a t i o n  of p l a n t  economics and c o s t s  
is needed. 

6. Thorough seismic a n a l y s i s  i s  needed t o  a s s u r e  t h e  i n t e g r i t y  of 
t h e  e l eva ted  pools  and a s s o c i a t e d  p ip ing ,  v a l v e s ,  and 
containment s t r u c t u r e s .  

3 .4  L I Q U I D  METAL COOLED REACTORS (LMRs) 

3.4.1 I n t r o d u c t i o n  

The t h r e e  IMR concepts  eva lua ted  by NPOVS are t h e  Large Sca le  
Pro to type  Breeder (LSPB) , t he  Sodium Advanced Fas t  Reactor ( S U R ) ,  and 
t h e  Power Reactor Inhe ren t ly  Safe  Module (PRISM). To place t h e  d iscus-  
s i o n  of t hese  des igns  i n  p e r s p e c t i v e ,  t h i s  s e c t i o n  begins  wi th  a summary 
of major design op t ions ,  design cha l l enges ,  and des ign  t r a d e o f f s  envi- 
s ioned f o r  commercial LMRs. This i s  followed by a d e s c r i p t i o n  of each 
concept and a d i scuss ion  of t h e i r  advantages and d isadvantages  with 
regard  t o  the  NPOVS cr i te r ia .  To complete t h e  s e c t i o n ,  t h e  r e s e a r c h  and 
development needs f o r  t h e  concepts  are presented.  

3.4.2 Design ODtions. Chal lenges.  and Tradeoffs  

Recent ly ,  emphasis of t h e  U.S. breeder  program has s h i f t e d  towards 
enhanced pass ive  s a f e t y ,  lower c a p i t a l  and ope ra t ing  c o s t s ,  s h o r t e r  con- 
s t r u c t i o n  times, and enhanced l i c e n s a b i l i t y . 6  This  l e d  t o  a reexamina- 
t i o n  of t he  many des ign  op t ions ,  cha l l enges ,  and t r a d e o f f s  which are 
a v a i l a b l e  f o r  pursuing t h e  LMR concepts.  Those mentioned below are t h e  
more important  ones with regard  t o  the  NPOVS study.  

The u n i v e r s a l  choice  of sodium as t h e  coolan t  f o r  commercial LMRs 
r e s u l t s  i n  s e v e r a l  des ign  op t ions  and des ign  cha l l enges ,  a l l  of which 
re la te  t o  t h e  phys ica l  and chemical p r o p e r t i e s  of s odium.^ Design 
op t ions  made poss ib l e  by sodium which enhance pass ive  s a f e t y  i n c l u d e :  
(1) a low-pressure primary system, (2)  an o p e r a t i n g  primary coolan t  
temperature  w e l l  below b o i l i n g ,  ( 3 )  a l a r g e  hea t  capac i ty  i n  t h e  coo lan t  
volume, (4) r e l a t i v e l y  low coolant  v e l o c i t i e s  and pumping powers, (5) a 
coolan t  which i s  compatible with p r e f e r r e d  c ladding  materials, and 
( 6 )  n a t u r a l  c i r c u l a t i o n  hea t  t r a n s f e r  loops f o r  decay hea t  removal. 
Design cha l l enges  a s s o c i a t e d  with the  use of sodium as t h e  r e a c t o r  
coo lan t  include:  (1 )  p r o t e c t i o n  a g a i n s t  sodium f i r e s  and sodium-water 
r e a c t i o n s ,  ( 2 )  c o n s i d e r a t i o n s  of r e a c t i v i t y  e f f e c t s  a s s o c i a t e d  wi th  
loss -of -coolan t  a c c i d e n t s ,  (3) minimizat ion of primary coolan t  a c t i v a -  
t i o n  by neut ron  abso rp t ion ,  ( 4 )  mainta in ing  the  coo lan t  i n  the  l i q u i d  
s t a t e  dur ing  acc iden t  c o n d i t i o n s ,  (5) requi rements  f o r  n o n v i s i b l e  re- 
f u e l i n g ,  and ( 6 )  sodium p u r i t y  monitor ing and cleanup.  Through the  many 
yea r s  of ex tens ive  r e sea rch ,  development, and exper ience  wi th  sodium 
systems, des ign  t r a d e o f f s  have been developed and demonstrated.  To a 
g r e a t  e x t e n t  LMRs are a t t r a c t i v e  because they use sodium as a c o o l a n t ;  
many des ign  d e c i s i o n s  are dominated by c o n s i d e r a t i o n s  of sodium 
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p r o p e r t i e s .  However, t h e  U.S. u t i l i t y  i n d u s t r y  l a c k s  f a m i l i a r i t y  wi th  
the  use of sodium cool ing  technology, and t h i s  f a c t  must be reckoned 
wi th  i n  secu r ing  u t i l i t y  competence. 

Another s i g n i f i c a n t  op t ion  f o r  ZMR des igns  is t h e  r equ i r ed  power 
output  and t h e r e f o r e  the  s i z e  of the  r e a c t o r  core .  P r e s e n t l y ,  a l a r g e  
co re  producing about 3500 MW(t) o f f e r s  p l a n t  economy of scale and 
r e l a t i v e  s i m p l i c i t y  of r e a c t o r  c o n t r o l  compared t o  m u l t i p l e  modules. 
C l a i m s  a s s o c i a t e d  with producing t h e  same power wi th  s e v e r a l  smaller 
c o r e s  inc ludes  c o n s t r u c t i o n  advantages a s s o c i a t e d  wi th  f a c t o r y  
f a b r i c a t i o n ,  enhanced pass ive  s a f e t y  a g a i n s t  co re  d i s r u p t i v e  a c c i d e n t s ,  
and g r e a t e r  f l e x i b i l i t y  i n  t h e  des ign  of pas s ive  decay hea t  removal sys-  
tems. In  a d d i t i o n ,  s a f e t y  c h a r a c t e r i s t i c s  of t h e s e  smaller co res  can be 
demonstrated i n  f u l l - s c a l e  p r o t o t y p i c  tests,  thereby  s t r e n g t h e n i n g  
l i c e n s i n g  pos i t i ons .  Other claims made f o r  smaller, m u l t i p l e  co res  f o r  
each power s t a t i o n  inc lude  lower investment r i s k ,  a b e t t e r  match of com- 
p l e t i o n  schedules  wi th  load demands, and high a v a i l a b i l i t y .  

The NPOVS assessment i nc ludes  cons ide ra t ion  of t h e  e n t i r e  f u e l  cy- 
cle. A once-through cyc le  does not  t a k e  advantage of t h e  p o t e n t i a l  f o r  
LMRs t o  breed and thus  provide g r e a t l y  extended f u e l  r e se rves .  Fuel re- 
cyc le  i s  a n t i c i p a t e d  when i t  becomes c o s t  e f f e c t i v e  and w i l l  be r equ i r ed  
f o r  a long-term nuc lea r  c a p a b i l i t y .  Design op t ions  which most i n f l u e n c e  
f u e l  r e c y c l e  inc lude  long l i f e  co res  and t h e  f u e l  type. Oxide f u e l  has  
been the  r e f e r e n c e  f o r  a l l  f o r e i g n  and domestic programs, bu t ,  r e c e n t l y ,  
metal f u e l  has  been reexamined a t  t h e  Argonne Nat iona l  Laboratory.  See 
Appendix E f o r  d i scuss ion  of f u e l  cyc les  f o r  oxide and metal f u e l s .  
However, o t h e r  concerns such as safeguards ,  t h e  a v a i l a b i l i t y  of f u e l  
from enrichment o r  reprocess ing  f a c i l i t i e s ,  t he  c o s t  and l i c e n s a b i l i t y  
of t h e s e  f a c i l i t i e s ,  and pub l i c  and u t i l i t y  acceptance must be consid- 
e red .  Thus, a major bus iness  d e c i s i o n  f o r  bu i ld ing  an LMR may be ve ry  
dependent on having an accep tab le  and a v a i l a b l e  fuel-supply system. 

Two des ign  op t ions  have t r a d i t i o n a l l y  e x i s t e d  f o r  t h e  c o n f i g u r a t i o n  
of t h e  primary loop i n  a commercial ZMR. The f i r s t  i s  a pool des ign  f o r  
which the co re ,  i n t e rmed ia t e  hea t  exchanger,  and remainder of t he  p r i -  
mary system are a l l  conta ined  wi th in  a s i n g l e  ves se l .  The second i s  a 
loop des ign  where only t h e  r e a c t o r  core  is placed i n  t h e  sodium-f i l led  
r e a c t o r  v e s s e l ;  t h e  primary pump and i n t e r m e d i a t e  h e a t  exchanger are 
o u t s i d e  t h i s  v e s s e l ,  being inco rpora t ed  i n t o  a hea t  t r a n s f e r  loop. The 
choice  of a loop o r  pool op t ion  is s i g n i f i c a n t  s i n c e  it has a major 
i n f luence  on the  remainder of t h e  p l an t  des ign .  A r ecen t  worldwide 
emphasis t o  dec rease  t h e  c a p i t a l  c o s t s  p r o j e c t e d  f o r  commercial LMRs has  
focused a t t e n t i o n  on the  pool des ign ,  which g e n e r a l l y  o f f e r s  an advan- 
t a g e  i n  compactness.8 

3 . 4 . 3  Design Desc r ip t ions  

This  b r i e f  d i s c u s s i o n  of t h e  LSPB, SAFR, and PRISM des igns  inc ludes  
p l a n t  c h a r a c t e r i s t i c s  which support  claims concerning economics, s a f e t y ,  
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l i c e n s a b i l i t y ,  c o n s t r u c t i b i l i t y ,  and p u b l i c  acceptance.  Table 3.1 pro- 
v ides  a summary l i s t  of t h e  more important  f e a t u r e s  of each des ign  as 
p resen ted  i n  t h e  r e f e r e n c e s  t o  t h i s  r e p o r t  and updated by t h e  des igne r s .  

3.4.3.1 The Large Sca le  Pro to type  Breeder (LSPB) 

* 
This  des ign  e f f o r t  i s  a s s i s t e d  by s e v e r a l  c o n t r a c t o r s  sponsored by 

t h e  U.S. Department of Energy and, s i n c e  1982, by t h e  Electr ic  Power 
Research I n s t i t ~ t e . ~ - l ~  It is  in tended  t o  provide  t h e  p ro to type  of a 
commercially deployable  p l a n t  which could produce power be fo re  t h e  year  
2000. Pre l iminary  des ign  of a four- loop c o n f i g u r a t i o n  i s  completed and 
provides  t h e  b a s i s  f o r  our eva lua t ion .  P re l imina ry  des ign  of a pool- 
type concept has been i n i t i a t e d .  

Of t h e  LMR concepts  cons idered  he re ,  t h e  1319-MW(e) LSPB is most 
e a s i l y  a s s o c i a t e d  with h i s t o r i c  des ign  evo lu t ions .  It i n c o r p o r a t e s  many 
f e a t u r e s  from previous LMFBR des igns ,  both i n  t h e  United S t a t e s  and 
abroad. I n  a d d i t i o n ,  t he  LSPB inc ludes  des ign  innova t ions  t o  reduce 
c a p i t a l  and o p e r a t i n g  c o s t s  and enhance pass ive  s a f e t y .  Thus, t h i s  
concept ,  as presented  by t h e  LSPB p r o j e c t ,  s a t i s f i e d  t h e  NPOVS ground 
r u l e s .  

A s  i n d i c a t e d  i n  Table 3.1, each of t h e  f o u r  loops  of t h e  LSPB con- 
sists of a primary hea t  t r a n s f e r  loop ,  an i n t e r m e d i a t e  hea t  t r a n s p o r t  
loop ,  and a steam g e n e r a t o r  system. The fou r  steam g e n e r a t o r s  feed  a 
s i n g l e  t u r b i n e  manifold.  The r e a c t o r  co re  i s  heterogeneous us ing  bo th  
PuO2 and U02 as f u e l .  

A major des ign  goa l  of t h e  LSPB has been c o s t  compet i t iveness .1°  
The t h i r d  p l a n t  cons t ruc t ed  is in tended  t o  be economical ly  compe t i t i ve  
w i t h  both coa l - f i r ed  and LWR p l a n t s  under t h e  assumption of no govern- 
ment suppor t .  S p e c i f i c  f e a t u r e s  inco rpora t ed  t o  enhance c o n s t r u c t i b i l -  
i t y  and reduce c a p i t a l  and o p e r a t i n g  c o s t s  i nc lude :  (1 )  t h e  c a p a b i l i t y  
t o  o p e r a t e  a t  reduced power us ing  t h r e e  loops while  t h e  remaining loop  
undergoes maintenance, ( 2 )  sha l low excava t ion ,  (3 )  c lose-coupl ing of 
major s y s t e m s  f o r  reduced l e n g t h s  of la rge-d iameter  sodium p i p i n g ,  
( 4 )  reduced s i z e s  of major bu i ld ings  t o  reduce c a p i t a l  c o s t s  of commod- 
i t i e s  such as conc re t e  and r e b a r ,  ( 5 )  use of cab le  mul t ip l ex ing  t o  re- 
duce cab le  requirements  and e l i m i n a t e  cab le  sp read ing  rooms, ( 6 )  pre- 
assembly of subsystems on-s i te  p r i o r  t o  i n s t a l l a t i o n  i n  t h e  p l a n t ,  ( 7 )  
s e p a r a t i o n  of t h e  balance-of-plant  from t h e  n u c l e a r  i s l a n d ,  and (8) in-  
l i n e  arrangement of major bu i ld ings  t o  enhance c o n s t r u c t i b i l i t y .  
Another s i g n i f i c a n t  innovat ion  of t h e  LSPB system is t h e  containment 

* The des ign  e f f o r t s  by General  Electric,  Rockwell I n t e r n a t i o n a l ,  
Combustion Engineer ing,  Westinghouse, Burns & Roe, Bechte l  and Stone & 
Webster are t e c h n i c a l l y  i n t e g r a t e d  by t h e  The Electr ic  Power Research 
I n s t i t u t e  Consol idated Management O f f i c e  f o r  t h e  LMFBR. 



Table 3.1. Design and c o n s t r u c t i o n  c h a r a c t e r i s t i c s  of t h e  LMR des igns  
s e l e c t e d  f o r  i n i t i a l  i n v e s t i g a t i o n s  

Design and c o n s t r u c t i o n  
c h a r a c t e r i s t i c s  SAFR PRISM * 

LSPB Loop 

Power l e v e l  [MW(e)l 

Reac tor  Ex i t  Tempera- 
t u r e  ( " c )  

Steam Cycle and Steam 
Condi t ions  ("C, MPa) 

P l a n t  Conf igu ra t ion  

Number of Pumps i n  
Primary Loop(s) 

N.umber of In t e rmed ia t e  
Heat Exchangers (IHXs) 
per  Power Unit  

Number of In t e rmed ia t e  
Loops per  Power Unit  

1319 [3500 MW(th) and a S ing le  Power Pak, 350; S ing le  r e a c t o r ,  138; t h e  
ne t  plant  e f f i c i e n c y  of Mul t ip l e  Power Paks,  smallest power block u n i t  
37.6XJ 700, 1050, 1400, e tc .  has  t h r e e  r e a c t o r s  and one 

t u r b i n e ,  f o r  415. S t a t i o n  
power wi th  m l t i p l e  segments 
of 415, 830, o r  1245 

510 510 ( 9  Cr-1 Mo used f o r  
e n t i r e  i n t e rmed ia t e  
system) 

Benson cyc le  (454, 15.7), Benson cyc le  (457, 18.3),  
convent iona l  convent iona l  

Four loops (pool  des ign  Pool (each Power Pak has  
is  being developed)  one r e a c t o r  and one 

t u r b i n e )  

Four (one per  loop)  

Four (one per  loop)  

Four 

Two, i n  primary v e s s e l  of 
each Power Pak 

Four,  i n  primary v e s s e l  
of each Power Pak, P r i -  
mary flow i s  g r a v i t y  
d r iven  on t h e  tube  s i d e .  

Two, each with i t s  own 
Steam Generator ,  f o r  
each Power Pak 

Steam enters t h e  t u r b i n e  
from a steam drum fed by 
t h r e e  steam gene ra to r s .  
Steam is  a t  s a t u r a t i o n  
cond i t ions  (282, 6.6) 

Pool ( t h r e e  pool modules, 
each wi th  one r e a c t o r ,  f o r  
each t u r b i n e )  

Four per  module 

Four per module 

One pe r  r e a c t o r  module 
wi th  one steam genera tor  
per  r e a c t o r  

w 
I 
N 
lJl 



Table 3.1. Design and construction characteristics of the LMR designs 
selected for initial investigations (continued) 

Design and construction 
characteristics LSPB Loop* SAF R PRISM 

Fue 1 U-Pu oxide 

Reactor Shutdown System Diverse, redundant system 
for active shutdown 

Shutdown Heat Removal 

Passive rod release from 
Curie-point or other 
temperature effect as a 
design option 

Normal: BOP using 
natural or forced 
circulation 
Dedicated: ' b o ,  inde- 
pendent, diverse, and 
redundant safety grade 
systems that remove heat 
directly from the reactor 
vessel to the atmosphere. 
One system uses natural 
circulation 
Backup: Cross-connection 
to the natural ciryula- 
tion heat removal system 
of the exvessel, fuel 
storage tanks 

U-Pu oxide, or U-Zr 
metal, or U-Pu-Zr 
metal 

Diverse, redundant system 
for active shutdown 

Self-activated, passive, 
temperature-induced 
release of these rods 
from Curie-point effect 

Normal: BOP with natural 
circulation. 

Investment Protection: 
Direct reactor auxiliary 
cooling (DRAC). Sodium- 
to-air heat transfer us- 
ing natural circulation. 
Safety: Reactor air 
cooling system (RACS). 
Reactor guard vessel 
is cooled by natural 
circulation of air 

U-Pu oxide or U-Pu-Zr metal 

Diverse, redundant system 
for active system 

Passive shutdown from 
negative reactivity feed- 
back due to temperature 
increases and self actua- 
ted release 3f shutdown 
rods from over-temperature 

Normal: Heat transport 
system to turbine-generator 
condenser 
Investment Protection: Air 
cooling of steam generator 
shell. 

Safety: Radiant Vessel 
Auxiliary Cooling System 
(RVACS). A passive, radiant 
heat transfer, natural 
circulation s ys tem that 
operates efficiently at 
high temperatures 

w 
I 
N 
o\ 



Table 3.1. Design and c o n s t r u c t i o n  c h a r a c t e r i s t i c s  of t h e  LMR des igns  
se l ec t ed  f o r  i n i t i a l  i n v e s t i g a t i o n s  ( con t inued)  

Design and c o n s t r u c t i o n  
c h a r a c t e r i s t i c s  LSPB Loop* SAFR PRISM 

IHTS and BOP Configurat ion Modularization i s  
s t r e s s e d .  A r e c t a n g u l a r  
r eac to r  containment 
bui lding w i l l  be used. 
Systems o u t s i d e  contain-  
ment a r e  of convent ional  
design 

IHTS loops and components 
made of 9 Cr-1 Mo s t e e l .  
Conventional and non- 
s a f e t y  grade,  seismic I1 
design. 

High commercial grade t o  
reduce cost .  The r e a c t o r  
module and r e f u e l i n g  equip- 
ment a r e  of nuclear  s a f e t y  
grade.  

Fuel  Cycle F a c i l i t i e s  
and S t r a t egy  

Under-the-head reac 
refuel ing.  Assumes 
s i te  f u e l  r ep rocess  

Construct ion Character-  
i s t ics  of Major Compo- 
nen t s  and S t r u c t u r e s  

Containmentfconfinement 
Bu i ld ing  C h a r a c t e r i s t i c s  

o r  
o f f -  
ng * 

Modular c o n s t r u c t i o n  
w i l l  be emphasized. 
Access plugs are pro- 
vided i n  the  top of t h e  
containment bu i ld ing  
f o r  removal of l a r g e  
components. 

Reactor, PHTS, and 
a u x i l i a r y  equipment i n  
a concrete  containment 
bu i ld ing  enclosed by 
a s t e e l  confinement 
s t r u c t u r e .  

N e t  Thermal Ef f i c i ency  ( X )  37.6 

A v a i l a b i l i t y  ( X )  80 (design)  

On-site r ep rocess ing  and 
r e f a b r i c a t i o n  included i n  
des ign  layout  but l i t t l e  
d e t a i l  design as yet.  
Spent f u e l  i s  s t o r e d  f o r  
a year i n  t h e  primary 
vesse l .  

Reactor assembly with 
v e s s e l s ,  i n t e r n a l s  and 
deck is f a c t o r y  b u i l t  
and barge shippable .  Ac- 
cess plugs provided i n  
t h e  top of t h e  contain-  
ment bui lding f o r  removal 
of l a r g e  components. 

One containment bu i ld ing  
f o r  each Power Pak. 

36.7 

>84 f o r  a s i n g l e  Power 
Pak. 

Refuel ing using a mobile 
r e f u e l i n g  machine which 
moves from one module t o  
the  next.  Reprocessing 

p l ace  e i t h e r  on- or o f f -  
site. 4 

and r e f a b r i c a t i o n  may t a k e  w 
I 
10 

Reactor modules a r e  shop 
f a b r i c a t e d  and assembled and 
a r e  r a i l  shippable .  I n  ad- 
d i t i o n ,  t h e  in t e rmed ia t e  
sodium loop, t h e  steam 
gene ra to r ,  and o t h e r  BOP 
systems w i l l  be modularized 
and f a c t o r y  produced. 

Each module has i t s  own 
con t a i nme n t . 

32.5 

88 es t ima ted ;  80 used i n  
economi c a s s  e s s m e  n t s . 



Table 3.1. Design and c o n s t r u c t i o n  c h a r a c t e r i s t i c s  of t h e  LMR des igns  
s e l e c t e d  f o r  i n i t i a l  i n v e s t i g a t i o n s  ( con t inued)  

Design and c o n s t r u c t i o n  
c h a r a c t e r i s t i c s  LSPB Loop* SAFR PRISM 

P l a n t  Lifet ime ( y r s )  

Core Design C h a r a c t e r i s t i c s  
a )  Type 
b) Height (meters)  
c) D i a m e t e r  (meters) 
d)  Resident  t i m e  i n  

e) Refuel ing I n t e r v a l s  

f )  Cover gas  

c o r e  ( y r s )  

( y r s  1 

Reactor Vessel 
a) I D  (meters) 
b) Height (meters) 

Breeding C a p a b i l i t y  

40 60 

He t erogeneou s Heterogeneous 
4.83 3.25 
5.71 4.04 
3 (4 f o r  advanced co re )  4 

40 (bu t  r e a c t o r  modules 
can be replaced a t  
r e l a t i v e  low c o s t )  

1 1 1 

Homogeneous 
1.76 
1.93 
4 

Ar H e  He 

14.6 
19 

11.9 
14.5 

5.8 (containment) 
19.5 

109 158 107 

Doubling time of 25 yea r s  System w i l l  need only a Breeding r a t i o  of 1.04 
f o r  breeder  c o r e  re load.  f eed  of U-238 s i n c e  f o r  oxide f u e l  and 1.22 
Breeding is  not r equ i r ed  Pu-239 needs w i l l  be f o r  metal f u e l .  
f o r  t h e  i n i t i a l  core. supp l i ed  by conversion. 

w 
I 
N 
03 

* 
The LSPB pool concept has  s imi la r  c h a r a c t e r i s t i c s  but o f f e r s  a h ighe r  power l e v e l  and p l a n t  e f f i c i e n c y  

11350 MW(e) and 38.5%] and improved shutdown hea t  removal. It a l s o  w i l l  r e q u i r e  a l a r g e r  v e s s e l  (19 m I D ,  21 m H). 
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des ign  which is a r e c t a n g u l a r ,  s t e e l - l i n e d ,  conc re t e  b u i l d i n g  wi th  roof 
ha tches  f o r  c o n s t r u c t i o n  and maintenance. Adjacent nuc lea r  i s l a n d  
b u i l d i n g s  are i n t e g r a l  with t h e  containment thereby provid ing  cos t -  
e f f e c t i v e  containment and confinement c a p a b i l i t i e s .  The e x t e n t  t o  which 
t h e  LSPB des ign  has  achieved lower c a p i t a l  c o s t s  i s  sugges ted  by 
comparison t o  t h e  CRBRP des ign .  The LSPB p l a n t ,  while  producing f o u r  
times t h e  ne t  e lec t r ica l  power of t h e  CRBRP des ign ,  occupies  a nuc lea r  
i s l a n d  which i s  p h y s i c a l l y  smaller than t h a t  of CRBRP. F i n a l l y  an  
o p t i o n  has  been maintained t o  use  a f u e l  designed f o r  c o s t  performance 
by reducing  t h e  breeding  s p e c i f i c a t i o n .  These des ign  s t u d i e s  i n d i c a t e d  
t h a t  f u e l  c y c l e  c o s t s  could be reduced by about  3 mills/kWh. 

Design mod i f i ca t ions  under c o n s i d e r a t i o n  could enhance i n h e r e n t  
p r o t e c t i o n  f o r  fa i lure- to-scram even t s  through temperature-induced ex- 
pansion of c o n t r o l  rod d r i v e - l i n e s  o r  temperature-induced c o n t r o l  rod 
releases o r  o t h e r  Self  Actuated Safe  Shutdown (SASS) type  devices .  
C a l c u l a t i o n s  are being conducted t o  i d e n t i f y  the  des ign  measures needed 
t o  a s s u r e  no b o i l i n g  f o r  a l o s s  of flow wi th  t r i p  f a i l u r e .  I n  a d d i t i o n ,  
t he  LSPB decay hea t  removal c a p a b i l i t y  i s  enhanced by i n c o r p o r a t i n g  t h e  
c a p a b i l i t y  f o r  n a t u r a l  c i r c u l a t i o n  i n  t h e  normal hea t  t r a n s p o r t  sys- 
t e m s .  These des ign  f e a t u r e s  should i n c r e a s e  t h e  l i c e n s a b i l i t y  and ac- 
ceptance  of t h e  p l a n t  by t h e  p u b l i c  and t h e  u t i l i t i e s .  

Add i t iona l  des ign  f e a t u r e s  a s s o c i a t e d  wi th  s a f e t y  and l i c e n s a b i l i t y  
i n c l u d e  t h e  use  of two independent and d i v e r s e  r e a c t o r  shutdown systems 
and t h e  use of two independent and d i v e r s e ,  sa fe ty-grade ,  decay h e a t  
removal systems. One of t h e s e  decay hea t  removal systems c o n s i s t s  of 
two, f o r c e d - c i r c u l a t i o n  loops and the  o t h e r  i s  a p a s s i v e ,  n a t u r a l  c i rc-  
u l a t i o n  loop. Both decay hea t  removal systems use t h e  o u t s i d e  a i r  as 
t h e i r  u l t i m a t e  hea t  s i n k  and sodium i n  t h e  r e a c t o r  v e s s e l  as t h e  h e a t  
source.  The LSPB a l s o  u t i l i z e s  a heterogeneous co re  design.  Because of 
t hese  enhanced s a f e t y  f e a t u r e s ,  t he  LSPB balance of p l an t  (BOP) d e s i g n  
has  been downgraded from s a f e t y  grade  t o  commercial codes t o  o b t a i n  c o s t  
r educ t ions  and enhance c o n s t r u c t i b i l i t y .  

3.4.3.2 Sodium Advanced Fas t  Reactor  (SAFR) 

This  p l a n t ,  being des igned  by t h e  team of Rockwell I n t e r n a t i o n a l ,  
Bechte l ,  and Combustion Engineer ing,  f o r  t h e  U.S. Department of Energy, 
c o n s i s t s  of one o r  more independent power g e n e r a t i n g  u n i t s  c a l l e d  Power 
Paks, as i l l u s t r a t e d  i n  F igure  3.5.13-16 The u t i l i z a t i o n  of m u l t i p l e  
u n i t s  a t  one s i t e  permi ts  c o s t  sav ings  through s h a r i n g  c e r t a i n  f a c i l i -  
t i es  and s e r v i c e s .  These shared  f a c i l i t i e s  i nc lude  t h e  c o n t r o l  bu i ld-  
i ng ,  t h e  p l a n t  s e r v i c e  bu i ld ing ,  t h e  n u c l e a r  i s l a n d  maintenance bui ld-  
i ng ,  and t h e  f u e l  cyc le  f a c i l i t y  i f  co loca ted  with t h e  power p l a n t .  A 
major  g o a l  f o r  t h e  i n i t i a l  SAFR des ign  e f f o r t  w a s  t o  de te rmine  t h e  Power 
Pak power l e v e l ,  and t h e r e f o r e  s i z e ,  which is t h e  optimum trade-off  of 
c o s t ,  pas s ive  s a f e t y ,  u t i l i t y  acceptance ,  l i c e n s a b i l i t y ,  and c o n s t r u c t i -  
b i l i t y .  Fac to r s  which in f luenced  t h e  s e l e c t i o n  of t h e  350-MW(e) s i z e  
inc luded  s h o r t  c o n s t r u c t i o n  times, low investment  r i s k ,  economy of 
scale, and moderate energy c o s t s .  For t h e  b a s i c  des ign  c o n f i g u r a t i o n  of 
each  Power Pak, Rockwell made e f f e c t i v e  use  of t h e i r  p rev ious  LMR des ign  
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Fig.  3.5. Power pak e l e v a t i o n  f o r  SAFR. Source: Rockwell I n t e r -  
n a t i o n a l ,  Rocketdyne Div i s ion ,  “SAFR Discuss ions  a t  ORNL, January  11, 
1 985. “ 
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exper ience ,  p a r t i c u l a r l y  t h a t  a s s o c i a t e d  wi th  t h e  Large Pool P l a n t  
(LPP). l7 Advanced LMR technology and enhanced pass ive  s a f e t y  f e a t u r e s  
in t roduced  i n t o  t h e  des ign  are l i s t e d  as fo l lows:  (1) metal f u e l  and 
i t s  a s s o c i a t e d  r ep rocess ing  innova t ions  have been r e t a i n e d  as an o p t i o n ,  
( 2 )  redundant  and pass ive  decay h e a t  removal. systems have been employed, 
(3 )  a r e l a t i v e l y  h igh  primary system tempera ture  was  s e l e c t e d  wi th  t h e  
use  of an advanced material, 9 Cr-1 Mo, f o r  t h e  e n t i r e  i n t e r m e d i a t e  
loop,  ( 4 )  a backup, s e l f - ac tua t ed  shutdown system has  been inc luded ,  and 
(5)  heterogeneous co re  des igns  wi th  s e l f - r e g u l a t i n g  c h a r a c t e r i s t i c s  have 
been inco rpora t ed  with t h e  o b j e c t i v e s  of l i m i t i n g  t h e  p o t e n t i a l  e f f e c t  
of h y p o t h e t i c a l  acc iden t s .  

A s  i n d i c a t e d  i n  Table  3.1, each 350-MW(e) Power Pak c o n s i s t s  of a 
r e a c t o r  v e s s e l ,  primary and i n t e r m e d i a t e  hea t  t r a n s p o r t  systems,  a steam 
g e n e r a t o r  system, and a t u r b i n e  genera tor .  Saf e t y - r e l a t e d  systems and 
components are minimized and l o c a l i z e d  i n  t h e  des ign  such t h a t  n u c l e a r  
s a f e t y  is decoupled from t h e  BOP and In t e rmed ia t e  Heat T r a n s f e r  System 
(IHTS).  The r e a c t o r  assembly i s  f a c t o r y  b u i l t  and barge sh ippab le .  It 
c o n t a i n s  t h e  primary system and a spen t - fue l  s t o r a g e  rack. Fue l  t r a n s -  
f e r  i s  by a h o i s t  mechanism and r o t a t i n g  plug which is  p a r t  of t h e  ves- 
se l  head c losu re .  Inc luded  i n  t h e  primary system are t h e  r e a c t o r ,  two 
inducer- type primary pumps, and fou r  in t e rmed ia t e  h e a t  exchangers  
( IHXs) . In  each of t he  two independent ,  i n t e r m e d i a t e  loops,  non-radio- 
a c t i v e  sodium is  c i r c u l a t e d  through t h e  IHXs and a boos te r - tube ,  hockey- 
s t i c k  steam g e n e r a t o r  o p e r a t i n g  i n  t h e  once-through mode. The super- 
hea ted  steam from t h e  two steam g e n e r a t o r s  (one f o r  each loop)  i s  
d i r e c t e d  t o  t h e  t u r b i n e  genera tor .  The r e a c t o r  containment b u i l d i n g  f o r  
each Power Pak enc loses  the  r e a c t o r  v e s s e l  and t h e  in-containment , 
conven t iona l  (A-frame) f u e l  handl ing  system. Th i s  b u i l d i n g  is  a rec- 
t a n g u l a r ,  r e i n f o r c e d  conc re t e  s t r u c t u r e  with a f l a t  roof .  Hatches are 
provided i n  t h e  roof t o  f a c i l i t a t e  handl ing  of components, i f  necessa ry ,  
thus  l i m i t i n g  the  bu i ld ing  s i z e  and hence the  c o n s t r u c t i o n  commodities 
requi red .  The r e a c t o r  guard v e s s e l  c o n s t i t u t e s  p a r t  of t h e  containment 
envelope. The non-safety-grade, steam g e n e r a t o r  bu i ld ing  f o r  each Power 
Pak is a conventional building mounted  on the base mat .  

The normal mode of decay h e a t  reinoval uses  n a t u r a l  c i r c u l a t i o n  of 
sodium through t h e  h e a t  t r a n s p o r t  systems of t h e  Power Pak. I n  addi-  
t i o n ,  two independent ,  n a t u r a l  c i r c u l a t i o n ,  backup systems are pro- 
vided. The f i r s t  i s  a d i r e c t  r e a c t o r  a u x i l i a r y  c o o l i n g  system (DRACS) 
which t r a n s f e r s  h e a t  from t h e  primary pool t o  t h e  o u t s i d e  a i r  us ing  a 
sodium-to-air hea t  exchanger. The second is  a pass ive ,  s a f e t y - r e l a t e d ,  
r e a c t o r  a i r  coo l ing  system (RACS) which o p e r a t e s  w i th  n a t u r a l  c i r c u l a -  
t i o n  t o  provide  t h e  u l t i m a t e  decay h e a t  removal c a p a b i l i t y  through cool- 
i ng  of t h e  r e a c t o r  guard v e s s e l .  The RACS a l s o  provides  p a s s i v e  coo l ing  
of t h e  r e a c t o r  c a v i t y .  The d i v e r s e  and redundant shutdown system con- 
sists of both primary and secondary c o n t r o l  rods as w e l l  as a s e l f -  
a c t u a t e d  i n h e r e n t  shutdown system which responds t o  sodium overtempera- 
t u r e s .  

The s i t e  c o n s t r u c t i o n  time f o r  a Power Pak u n i t ,  from ground 
breaking t o  i n i t i a l  power o p e r a t i o n ,  is e s t ima ted  t o  be t h i r t y - t h r e e  
months. The l i c e n s i n g  p l an  f o r  SAFR stresses s t a n d a r d i z a t i o n  and a 
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p r e l i c e n s e d  Power Pak s o  t h a t  only s i t e - r e l a t e d  l i c e n s i n g  c o n s i d e r a t i o n s  
are r e q u i r e d  a f t e r  o b t a i n i n g  a F i n a l  Design Approval. 

3.4.3.3 Power Reactor-Inherent ly  Safe  Module (PRISM) 

The PRISM concept of General E lec t r ic  i s  being designed under con- 
t rac t  f o r  t he  U.S. Department of Energy.18-21 A s i m p l i f i e d  drawing of 
t h e  concept i s  shown i n  Figure 3.6. A major des ign  emphasis of t h e  
PRISM concept i s  i n c o r p o r a t i o n  of p a s s i v e  s a f e t y  through use o f :  (1) a 
r e l a t i v e l y  low power r e a c t o r  c o r e  of 133 MW(e), (2)  a pool  des ign  wi th  
r e l a t i v e l y  low primary sodium t empera tu res ,  ( 3 )  a safety-grade p a s s i v e  
decay h e a t  removal system, and ( 4 )  large n e g a t i v e  temperature  r e a c t i v i t y  
feedback i n  t h e  co re  des ign  with t h e  i n t e n t  of l i m i t i n g  p o t e n t i a l  c o r e  
d i s r u p t i v e  a c c i d e n t s  t o  t h e  i n i t i a t i n g  s t age .  Another major emphasis of 
the  PRISM concept i s  l i c e n s i n g  by demonstrat ion of p l a n t  s a f e t y  through 
tests conducted wi th  a t  least  t h e  primary system of a p r o t o t y p e  r e a c t o r  
module a t  a test f a c i l i t y .  

This  sa f  ety-grade r e a c t o r  module i s  t h e  b a s i c  power-producing u n i t  
i n  t he  PRISM design.  The low-pressure,  primary system of each module i s  
a pool-type des ign  with t h e  r e a c t o r  co re ,  f o u r  ca r t r idge - type ,  e l e c t r o -  
magnetic primary pumps, and fou r  c a r t r i d g e - t y p e  i n t e r m e d i a t e  h e a t  ex- 
changers  a l l  contained w i t h i n  t h e  r e a c t o r  v e s s e l .  The i n t e r m e d i a t e  sys-  
t e m  a s s o c i a t e d  with each module c o n s i s t s  of a s i n g l e  loop  which t r a n s -  
f e r s  h e a t  energy from a common header ,  f ed  by t h e  f o u r  i n t e r m e d i a t e  h e a t  
exchangers,  t o  a s i n g l e  steam g e n e r a t o r .  Thus, t he  primary loops and 
t h e  s i n g l e ,  i n t e r m e d i a t e  loop a s s o c i a t e d  wi th  each r e a c t o r  module are 
independent of t hose  of o t h e r  modules. 

The common t i e  between t h e  r e a c t o r  modules occur s  on t h e  t u r b i n e  
s i d e  of t h e  steam drums. Steam from three steam g e n e r a t o r s  d r i v e s  a 
s i n g l e  tu rb ine .  The re fo re ,  t h e  PRISM des ign ,  l i k e  t h e  HTR concept 
considered by NPOVS, has m u l t i p l e  r e a c t o r s  and t h e i r  a s s o c i a t e d  h e a t  
t r a n s p o r t  s y s t e m  supplying steam t o  a s i n g l e  t u r b i n e .  

This power u n i t ,  o r  segment, c o n t a i n i n g  t h r e e  r e a c t o r s ,  t h r e e  steam 
g e n e r a t o r s  and one t u r b i n e  produces about 415-MW(e) of power. A power 
s t a t i o n ,  i n  t u r n ,  would c o n s i s t  of one o r  more of t h e s e  segments. The 
r e f e r e n c e  PRISM des ign  produces 1245-MW(e) and has  t h r e e  segments f o r  a 
t o t a l  of t h r e e  t u r b i n e s  and n i n e  r e a c t o r s .  Each segment i s  f u n c t i o n a l l y  
independent of t h e  o t h e r s .  

The homogeneous r e a c t o r  co re  i s  f u e l e d  wi th  U-Pu oxide.  Through- 
the-head r e f u e l i n g  w i l l  occur once each year using a mobile r e f u e l i n g  
machine. The re s idence  t i m e  of t h e  f u e l  i s  4 years .  The r a d i a l  blank- 
e t s  c o n t a i n i n g  U02 c o n t r i b u t e  t o  a breeding r a t i o  of about 1.03, de- 
s igned  t o  compensate f o r  l o s s e s  du r ing  r ecyc le .  The d i v e r s e  and redun- 
dant  c o n t r o l  and shutdown system c o n t a i n s  s i x  primary c o n t r o l  rods and 
two secondary c o n t r o l  rods. 
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Fig. 3 . 6 .  The below grade modular concept f o r  PRISM, October 1984. 
Source: General  Electric Company. 
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The containment v e s s e l  i s  5.79 meters i n  d iameter  and 19.5 meters 
high.  The v e s s e l  i s  shop f a b r i c a t e d  and assembled and r a i l  sh ippab le .  
It is i n s t a l l e d  below grade  t o  f a c i l i t a t e  ground-level  r e f u e l i n g ,  t o  re- 
duce bu i ld ing  c o s t s ,  and t o  provide a n a t u r a l  b a r r i e r  t o  missiles. A 
sodium containment v e s s e l  surrounds t h e  r e a c t o r  v e s s e l  and is  s i z e d  so  
t h a t  t h e  r e a c t o r  co re  w i l l  always remain covered by sodium even i f  t h e  
r e a c t o r  v e s s e l  should develop a leak .  Details of t h e  containment/con- 
finement des ign  are s t i l l  under c o n s i d e r a t i o n .  The primary pumps and 
i n t e r m e d i a t e  h e a t  exchangers can be removed e a s i l y  through t h e  top  head 
f o r  maintenance. 

The r e a c t o r  v e s s e l  and containment vessel are impor tan t  components 
of t h e  s a f e t y  grade ,  shutdown hea t  removal system. Normally t h i s  r e s i d -  
u a l  hea t  would be removed by t h e  non-safety grade,  secondary h e a t  t r a n s -  
po r t  loop a s s o c i a t e d  with each r e a c t o r  module. I f  t h i s  normal h e a t  p a t h  
i s  not  a v a i l a b l e ,  t h e  s a f e t y  grade  Reactor  Vessel Aux i l i a ry  Cooling Sys- 
t e m  (RVACS) would provide t h i s  s a f e t y  func t ion .  The RVACS is  a p a s s i v e ,  
n a t u r a l  c i r c u l a t i o n  system t h a t  is always i n  ope ra t ion .  Rad ia t ive  h e a t  
i s  t r a n s f e r r e d  from t h e  r e a c t o r  v e s s e l  t o  t h e  containment v e s s e l .  This  
h e a t  i s  removed t o  t h e  atmosphere by n a t u r a l  c i r c u l a t i o n  of o u t s i d e  a i r  
p a s t  t he  o u t s i d e  s u r f a c e  of t h e  containment v e s s e l .  Ca lcu la t ions  by GE 
i n d i c a t e  t h a t  t h i s  system can accommodate decay h e a t  removal require- 
ments a f t e r  l o s s  of normal hea t  removal c a p a b i l i t y  concurren t  with a 
r e a c t o r  scram. For t h i s  case, t h e  peak i n  t h e  primary sodium tempera- 
t u r e  would be about 600°C and would occur  s e v e r a l  hours  a f t e r  t h e  s t a r t  
of t h e  event .  An impor tan t  a spec t  of t h e  RVACS system i s  t h a t  i t s  h e a t  
removal c a p a b i l i t y  i n c r e a s e s  s u b s t a n t i a l l y  with i n c r e a s i n g  pr imary 
sodium temperature .  

The pass ive  s a f e t y  f e a t u r e s  of PRISM are f u r t h e r  i n d i c a t e d  by i t s  
response t o  t h e  very  seve re  and u n l i k e l y  a c c i d e n t  where t h e  l o s s  of 
primary coo lan t  pumping power, t h e  l o s s  of normal h e a t  s i n k ,  and a f a i l -  
u re  t o  scram a l l  occur  at t h e  same t i m e .  The GE a n a l y s i s  of t h i s  hypo- 
t h e t i c a l  event  w i th  no o p e r a t o r  i n t e r v e n t i o n  p r e d i c t e d  t h a t ,  a f t e r  some 
i n i t i a l  o s c i l l a t i o n s  i n  co re  r e a c t i v i t y  and tempera ture ,  an  e q u i l i b r i u m  
s i t u a t i o n  would be reached w i t h i n  about t e n  hours  wi thout  exceeding 
a l lowable  tempera tures .  A t  t h i s  equ i l ib r ium s ta te ,  t h e  hea t  g e n e r a t i o n  
ra te  of t h e  c r i t i c a l  c o r e  would be matched by t h e  h e a t  r e j e c t i o n  ra te  of 
t h e  RVACS system wi th  a system tempera ture  of about 630°C. 

Fac tory  f a b r i c a t i o n  and assembly, s t a n d a r d i z a t i o n ,  and a r e d u c t i o n  
i n  systems r equ i r ed  t o  be s a f e t y  grade  have been s t r e s s e d  i n  t h e  PRISM 
des ign  as a m a n s  of o f f s e t t i n g  a perce ived  diseconomy of scale f o r  
small u n i t s .  Advantages p r o j e c t e d  f o r  t h i s  c o n s t r u c t i o n  t echn ique  
inc lude  more e f f i c i e n t  use  of s i t e  l a b o r ,  a much s h o r t e r  c o n s t r u c t i o n  
t i m e  of t h r e e  yea r s  from s tar t  of c o n s t r u c t i o n  t o  f u l l  power o p e r a t i o n ,  
" l e a r n i n g  curve" b e n e f i t s  due t o  r e p l i c a t i o n ,  and a c l o s e r  p o t e n t i a l  
match of a u t i l i t y ' s  power product ion  c a p a b i l i t i e s  t o  i t s  load .  S ince  
t h e  r e a c t o r  module i s  t h e  only nuc lea r  q u a l i f i e d  component, t h e  ba lance  
of p l a n t  can be cons t ruc t ed  economical ly  t o  high q u a l i t y  i n d u s t r i a l  
s t anda rds .  
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The PRISM l i c e n s i n g  p lan  c a l l s  f o r  p r e l i c e n s i n g  of a p r o t o t y p i c  
r e a c t o r  module so  t h a t  on ly  s i te  s p e c i f i c  i s s u e s  need be addressed  f o r  
l i c e n s i n g  a p l an t .  This  p r e l i c e n s i n g  would be accomplished through a 
des ign  and s a f e t y  t e s t  program dur ing  which t h e  b a s i c  s a f e t y  and 
economic claims f o r  t h e  concept would be demonstrated by p ro to typ ic ,  
f u l l  scale tests.  

3.4.4 Advantages and Disadvantages of t h e  LMR Concepts 
w i t h  Regard t o  t h e  NPOVS Cri ter ia  and E s s e n t i a l  
C h a r a c t e r i s t i c s  

3.4.4.1 General  Overviews 

Commercial izat ion and market ing of an  LMR i n  t h e  a n t i c i p a t e d  market 
between now and around t h e  year  2010 may be d i f f i c u l t  t o  accomplish.  
Not only do LMRs have t h e  same nega t ive  market f a c t o r s  as o t h e r  con- 
c e p t s ,  i nc lud ing  an u n c e r t a i n t y  i n  t h e  need f o r  power, l i c e n s i n g  cha l -  
l enges ,  and f i n a n c i a l  u n c e r t a i n t i e s ,  but  LMRs must a l s o  overcome addi- 
t i o n a l  concerns such as h igher  c a p i t a l  c o s t s  a s s o c i a t e d  with t r a d i t i o n a l  
des igns ,  t h e i r  perce ived  r o l e  only as b reede r s ,  a lack  of u t i l i t y  
exper ience  with LMRs, and 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  an adequate  and 
c o s t  compet i t ive  f u e l  cycle .  I n  f a c t ,  one could a rgue  t h a t  LMRs w i l l  
p e n e t r a t e  t h i s  market on ly  i f  they  have a unique and very impor tan t  
advantage over  o t h e r  power g e n e r a t i n g  concepts .  

Such an advantage inay ar ise  from t h e  innova t ive  LMR des igns  evalu-  
a t e d  here.  The i r  s t r o n g  emphasis on c o s t  r educ t ion ,  pass ive  s a f e t y ,  
r ap id  c o n s t r u c t i o n ,  l i c e n s a b i l i t y ,  and low economic r i s k  are c e r t a i n l y  
a p p r o p r i a t e  t o  meet t h e  cha l l enges  of f u t u r e  markets.  In  t h e  d i s c u s s i o n  
which fo l lows ,  t h e  advantages and d i sadvan tages ,  o r  c h a l l e n g e s ,  o u t l i n e d  
above w i l l  be d i scussed  i n  t h e  same orde r  as t h e  NPOVS cr i te r ia ,  essen- 
t i a l  c h a r a c t e r i s t i c s ,  and d e s i r a b l e  c h a r a c t e r i s t i c s  presented  i n  Sec t ion  
2.2.1. Many of t h e s e  comments apply t o  a l l  of t h e  LMR concepts  and they  
w i l l  be presented  f i r s t .  These w i l l  be f o l l o w e d  by c o m m e n t s  s p e c i f i c  t o  
a p a r t i c u l a r  concept.  

3.4.4.2 Advantages of t h e  LMR Concepts 

1 . P u b l i c  Risk: A s i g n i f i c a n t  f e a t u r e  of LMRs i s  t h e  pas s ive  
s a f e t y  which may be inco rpora t ed  i n t o  t h e i r  des igns .7  Among 
t h e  pas s ive  f e a t u r e s  is t h e  tendency f o r  sodium t o  provide  
n a t u r a l  convec t ion  coo l ing ,  t h e  h igh  thermal  c o n d u c t i v i t y  of 
sodium, t h e  l a r g e  hea t  c a p a c i t y  of t h e  r e a c t o r  system (which 
a f f o r d s  long g race  pe r iods  f o r  problem d i a g n o s i s  and co r rec -  
t i v e  a c t i o n ) ,  low-pressure des ign ,  and o p e r a t i n g  tempera tures  
f a r  below t h e  b o i l i n g  po in t  of sodium. The u s e f u l n e s s  and e f -  
f e c t i v e n e s s  of t h e s e  f e a t u r e s  were s u c c e s s f u l l y  demonstrated 
i n  tests a t  s e v e r a l  p l a n t s  i n c l u d i n g  t h e  Pro to type  Fas t  Reac- 
t o r  (PFR), Phenix, and t h e  FFTF. They are u t i l i z e d  i n  a l l  
t h r e e  of t h e  des igns  cons idered  here .  Because of p a s s i v e  
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s a f e t y  f e a t u r e s ,  t h e s e  des igns  r e q u i r e  fewer engineered 
( a c t i v e )  s a f e t y  systems and less emergency power than conven- 
t i o n a l  LWRs. One c a u t i o n  i s  t h a t ,  s i n c e  t h e s e  des igns  r e l y  on 
o u t s i d e  a i r  as the  f i n a l  hea t  t r a n s f e r  mediumlsink f o r  decay 
h e a t  removal, they might be s u s c e p t i b l e  t o  common cause  
e x t e r n a l  deg rada t ion  e v e n t s ,  such as f i r e s  o r  dus t  s torms.22 

The t h r e e  des igns  cons idered  h e r e  i n c o r p o r a t e  a r e a c t o r  
shutdown system similar t o  t h e  CRBRP concept .  They may en- 
hance t h e  pas s ive  s a f e t y  of t h e i r  system wi th  r e s p e c t  t o  Hypo- 
t h e t i c a l  Core Di s rup t ive  Accidents  (HCDAS) through a p a s s i v e  
cont ro l - rod  release mechanism which w i l l  be a c t i v a t e d  by high 
sodium temperature .  This  f e a t u r e  may t e rmina te  any over-heat-  
i n g  event  be fo re  sodium b o i l i n g  occurs .  The des igns  a l s o  l i m i t  
t h e  t o t a l  amount and rate of r e a c t i v i t y  i n s e r t i o n  p o s s i b l e  i n  
t h e  event  of a cont ro l - rod  withdrawal  acc iden t .  In  a d d i t i o n ,  
t h e  assurance  of decay hea t  removal c a p a b i l i t i e s  i s  provided 
by both  a c t i v e  and pass ive  systems which i n c o r p o r a t e  s i g n i f -  
i c a n t  redundancy and d i v e r s i t y .  F i n a l l y ,  f o r  t h e  PRISM and 
SAFR des igns  i n  p a r t i c u l a r ,  t h e  co re  and c o n t r o l  d r i v e  l i n e s  
are being designed so t h a t  many HCDA i n i t i a t i n g  even t s  w i l l  be 
terminated by feedback responses  from temperature i n c r e a s e s  
and r e s u l t i n g  thermal  expansion b e f o r e  co re  d e g r a d a t i o n  
i n i t i a t e s .  

I n  our judgment, ZMR des igns  can meet and probably s ig-  
n i f i c a n t l y  exceed t h e  g o a l s  of NPOVS C r i t e r i o n  1. For exam- 
p l e ,  t h e  PRA s tudy  completed f o r  t h e  CRBRP c a l c u l a t e d  a co re  
damage frequency f o r  an HCDA t o  be 3.6 x 10-5/year,  wi th  
seismic even t s  be ing  t h e  major i n i t i a t o r . 2 3  The frequency f o r  
i n t e r n a l  i n i t i a t o r s  w a s  about a f a c t o r  of t e n  less. Another 
independent  s tudy  f o r  t h e  SNR-300 p l a n t  i n  Germany concluded 
t h a t ,  "both t h e  f requency  of major a c c i d e n t s  and t h e  e x t e n t  of 
damage a s s o c i a t e d  wi th  such a c c i d e n t s  are smaller than  those  
e s t ima ted  i n  t h e  German Risk Study f o r  t h e  PWR-1300."24 These 
des igns  achieve  low HCDA p r o b a b i l i t i e s  t o  a g r e a t  e x t e n t  
because of t h e  r e l i a b i l i t y  of a c t i v e  s a f e t y  systems,  p a r t i c -  
u l a r l y  t h e  d i v e r s e  and redundant r e a c t o r  shutdown systems. 
Cred i t  f o r  i n h e r e n t  o r  p a s s i v e  responses  of t h e  co re  which 
could r e s u l t  i n  e a r l y  t e rmina t ion  of t h e  event  are incor -  
pora ted  i n t o  t h e  c a l c u l a t i o n s  i n  a c o n s e r v a t i v e  manner. 

2. Investment  Risk: I n  our  judgment, t h e  LMR des igns  can meet 
and probably s i g n i f i c a n t l y  exceed the  g o a l  of NPOVS c r i t e r i o n  
2. The emphasis on s i m p l i c i t y  of des ign ,  t h e  use  of fewer 
complex s a f e t y  systems,  and t h e  i n c o r p o r a t i o n  of p a s s i v e  
d e s i g n  f e a t u r e s ,  d i scussed  under c r i t e r i o n  1, would a l l  
c o n t r i b u t e  t o  low investment  r i s k .  In  a d d i t i o n ,  e x t e n s i v e  
r e l i a b i l i t y  s t u d i e s  and PRA e v o l u t i o n s  are planned f o r  each 
des ign .  
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3. Economic Competi t iveness:  The c a p a b i l i t y  of breeding  s i g n i f i -  
c a n t l y  more f u e l  than  i s  consumed i n  producing power i s  a 
major  long-term advantage of LMRs. This breeding  c a p a b i l i t y ,  
coupled with a complete f u e l  cyc le ,  would enable  LMRs t o  ex- 
t rac t  between 60 and 80 t i m e s  t h e  energy from a g iven  q u a n t i t y  
of n a t u r a l  uranium than can be done us ing  n ~ n - b r e e d e r s . ~  I n  
a d d i t i o n ,  LMR o p e r a t i n g  c o s t s  need no t  be as s e n s i t i v e  t o  f u e l  
c o s t s  as non-breeders.  The LMR des igns  can o f f e r  breeding  as 
a des ign  o p t i o n  t o  be implemented by a r e l a t i v e l y  easy  and in-  
expensive co re  mod i f i ca t ion  when i t  becomes economical ly  
a t t r a c t i v e  t o  do so. Comparative e v a l u a t i o n s  r epor t ed  i n  
Chapter 3 ,  Volume 111, of t h i s  r e p o r t  i n d i c a t e  a p o t e n t i a l  
compe t i t i veness  wi th  both t h e  bes t  LWR exper ience  and with 
coal-f  i r e d  p l a n t s .  

The LSPB concept has  perce ived  economy-of -scale advan- 
t a g e s  and has inco rpora t ed  s i g n i f i c a n t  c o s t  r educ t ion  f e a t u r e s  
and a s h o r t  c o n s t r u c t i o n  schedule  i n t o  t h e  design.  The a b i l -  
i t y  t o  add p l a n t s  i n  smaller power increments ,  thereby  b e t t e r  
matching u t i l i t y  needs,  is a p o t e n t i a l  advantage of t h e  PRISM 
and SAFR des igns .  Thei r  lower c a p i t a l  r i s k  achieved by 
modular c o n s t r u c t i o n  and very s h o r t  c o n s t r u c t i o n  t i m e s  i s  a l s o  
a t t r a c t i v e .  However, i t  is not  clear how c o s t s  f o r  t h e  f ac -  
t o r i e s  t o  b u i l d  t h e s e  modules w i l l  be a s ses sed  and c o s t s  f o r  
t he  f u e l  cyc le  w i l l  be inco rpora t ed .  This may i n c r e a s e  t h e  
c o s t  of t h e  f i r s t  s e v e r a l  p l a n t s ,  and it  may be d i f f i c u l t  t o  
j u s t i f y  t h e  high i n i t i a l  c o s t s  f o r  f a c t o r y  automation which 
would improve manufactur ing e f f i c i e n c y .  SAFR p lans  are t o  use  
e x i s t i n g  f a c i l i t i e s  with inc reased  automation f o r  v e s s e l  
assembly product ion  up t o  a few u n i t s  pe r  year.  

4 .  P r o b a b i l i t y  of Cost/  Schedule Overruns: A l l  t h r e e  concepts  
have s t r e s s e d  c o n s t r u c t i b i l i t y  and s i m p l i c i t y ,  and a complete 
des ign  before  c o n s t r u c t i o n .  They u t i l i z e d  modular cons t ruc-  
t i o n  of major components i n  a f a c t o r y  and shipment t o  t h e  
s i t e ,  and non-safety grade c o n s t r u c t i o n  a t  t h e  s i t e  f o r  t h e  
BOP. These approaches should minimize de l ays  and c o s t  over- 
runs a t t r i b u t a b l e  t o  q u a l i t y  a s su rance  problems and l a r g e  con- 
s t r u c t i o n  crews. There i s  a l ack  of U.S. i n d u s t r y  exper ience  
i n  LMR c o n s t r u c t i o n .  However, r ecen t  documentation of con- 
s t r u c t i o n  exper ience  i n d i c a t e s  t h a t  c o n s t r u c t i o n  problems are 
more a f u n c t i o n  of t h e  management and c o n s t r u c t i o n  team and 
t h e i r  i n t e r a c t i o n  wi th  t h e  NRC than  t h e  r e a c t o r  type.25 The 
concept of l e a r n i n g  by exper ience  should apply  t o  SAFR and 
PRISM i f  a d d i t i o n a l  modules and Power Paks can be b u i l t  by t h e  
same team without  de l ay  a f t e r  complet ion of t h e  f i r s t  p l a n t  
segment. This  can be done whi le  t h e  f i r s t  segment i s  pro- 
ducing power, but care must be taken  t o  avoid jeopardy  t o  t h e  
o p e r a t i n g  u n i t  by t h e  c o n s t r u c t i o n  a c t i v i t i e s  where c l o s e  
proximi ty  is r equ i r ed  such as i n  the c o n t r o l  bu i ld ing .  
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5. L i c e n s a b i l i t y .  Assurance of l i c e n s a b i l i t y  before  c o n s t r u c t i o n  
i s  emphasized by these  LMR commercial izat ion plans.  Each 
stresses e a r l y  approval  by NRC of a s t anda rd  p l a n t  design. 
Thus, only s i t e - s p e c i f i c  NRC concerns would need t o  be 
addressed  f o r  l i c e n s i n g  of subsequent p l an t s .  The l i c e n s -  
a b i l i t y  of t he  LSPB should be r e l a t i v e l y  high because t h e  
des ign  b a s i s  acc iden t  a n a l y s i s  and many key s a f e t y  des ign  
f e a t u r e s  are based on t h e  CRBRP l i c e n s i n g  experience.  

The f i r s t  choice  f o r  PRISM l i c e n s i n g ,  and an a l t e r n a t i v e  
f o r  SAFR, cal ls  f o r  demonstrat ion of t h e  p l a n t ' s  pas s ive  pro- 
t e c t i o n  a g a i n s t  t r a d i t i o n a l  HCDA i n i t i a t o r s  through tests of a 
p r o t o t y p i c  r e a c t o r  module. This concept of l i c e n s i n g  by test 
has  a t t r a c t i v e  f e a t u r e s .  Chief among t h e s e  are a p o s s i b l e  re- 
duc t ion  of ana lyses ,  v a l i d a t i o n  of computer codes,  and demon- 
s t r a t i o n  of s a f e t y  claims t o  t h e  pub l i c ,  p o t e n t i a l  i n v e s t o r s ,  
and t h e  NRC. 

Some precedence has been e s t a b l i s h e d  f o r  such tests 
through the  ex tens ive  program a t  t h e  Southwest Experimental  
F a s t  Oxide Reactor (SEFOR) which demonstrated t h e  e f f e c t  of 
the Doppler c o e f f i c i e n t  on power excur s ion , lg  and the  r e c e n t  
tests a t  Raposdiel6 and EBR-I1 where loss-of-flow HCDAs were 
i n i t i a t e d  and subsequent ly  terminated by pass ive  feedback of 
t h e  core. 

The SAFR d e s i g n e r s  i n d i c a t e  t h a t  a p o s s i b l y  more c o s t  e f -  
f e c t i v e  approach involves  r e so lv ing  t h e  main l i c e n s i n g  i s s u e s  
by e x t r a p o l a t i o n  of tes t  r e s u l t s  from FFTF and EBR-11. Then a 
p lan t  i n s t a l l e d  on a u t i l i t y  g r i d  would be t h e  v e h i c l e  f o r  ob- 
t a i n i n g  a s t anda rd  p l a n t  FDA wi th  rulemaking t o  apply t o  sub- 
sequent  p l a n t s  of t he  same design. 

6. Demonstration of Readiness: Europe and Japan,  which have less 
abundant n a t u r a l  s u p p l i e s  of f i s s i l e  material, pe rce ive  a need 
f o r  breeders  sooner than t h e  United S ta t e s .  For t h i s  reason  
t h e s e  c o u n t r i e s  a r e  pursuing a vigorous program of demonstra- 
t i o n  and commerc ia l iza t ion  of t h e  e n t i r e  LMFBR f u e l  cycle .  One 
can estimate from p r o j e c t s  now i n  p lace  t h a t  50 p lan t -years  of 
o p e r a t i o n  could be compiled by LMR demonst ra t ion  p l a n t s  by t h e  
year  2000.* From pas t  exper ience ,  accep tab le  performance i s  
expected from these  p l an t s .  For example, s i n c e  1973 t h e  
French, 250-MW(e) Phenix pro to type  p l an t  has  opera ted  with an  
o v e r a l l  capac i ty  f a c t o r  of 60%.* This  exper ience  base will be 
r e l e v a n t  t o  t h e  requirement f o r  a s u c c e s s f u l  demonst ra t ion  
p l an t .  

A s t r i c t  i n t e r p r e t a t i o n  of C r i t e r i o n  6 r e q u i r e s  t h a t  
demonstrat ion p l a n t s  f o r  t h e  s p e c i f i c  LMR p l an t  concepts  be 
b u i l t  and opera ted  i n  t h e  United S t a t e s  before  a u t i l i t y  
d e c i s i o n  t o  buy is made. To accomplish t h i s  t a s k  wi th in  t h e  
NPOVS t i m e  frame i s  a s i g n i f i c a n t  chal lenge.  Never the less ,  



3-39 

7. 

8. 

9. 

3.4.4.3 

1 .  

2. 

our  judgment from e v a l u a t i o n s  of t h e  market ing and commercial- 
i z a t i o n  p lans  f o r  LSPB, SAFR, and PRISM is  t h a t  implementation 
of any of t h e s e  p l ans  wi th  a dedica ted  e f f o r t  could r e s u l t  i n  
s a t i s f y i n g  t h i s  c r i t e r i o n .  
Owner Competence: There are many s imi la r i t i es  i n  t h e  oper- 
a t i o n  of LMRs and LWRs, p a r t i c u l a r l y  with regard t o  r e a c t o r  
c o n t r o l  and BOP func t ioning .  Thus a s i g n i f i c a n t  f r a c t i o n  of 
LWR o p e r a t o r  t r a i n i n g  and exper ience  would be r e l e v a n t  t o  
LMRs. I n  a d d i t i o n ,  worldwide exper ience  i n d i c a t e s  t h a t  LMRs 
are r e l a t i v e l y  easy t o  ope ra t e  and maintain.  Personnel  spe- 
c i f i c a l l y  t r a i n e d  i n  t h e  ope ra t ion  of sodium systems wi th in  
t h e  United S t a t e s  are a t  n a t i o n a l  l a b o r a t o r i e s ,  i n d u s t r i a l  
t e s t  f a c i l i t i e s ,  and a t  t h e  U.S. ope ra t ing  LMRs, EBR-I1 and 
FFTF e 

E s s e n t i a l  C h a r a c t e r i s t i c s :  The IMR concept des igne r s  have 
s t r e s s e d  shop f a b r i c a t i o n ,  minimizing nuc lear  grade compo- 
n e n t s ,  s t a n d a r d i z a t i o n ,  long p l a n t  l i f e t i m e ,  ease of construc-  
t i o n ,  and pass ive  s a f e t y  f e a t u r e s .  The PRISM and SAFR des igns  
o f f e r  a v a r i e t y  of p l an t  s i z e s  t o  match load  growth and, as 
expla ined  i n  Chapter 3 of Volume I11 d e a l i n g  with economics, 
some a v a i l a b i l i t y  advantages may r e s u l t  from smaller, m u l t i p l e  
r e a c t o r  co res .  

Des i r ab le  C h a r a c t e r i s t i c s :  R e l a t i v e l y  high thermal  e f f i c i e n -  
cies ( - 4 0 % )  have been achieved with LMR des igns  and very low 
r a d i a t i o n  exposures  t o  workers (on t h e  o rde r  of a few man-rems 
per  year )  have been experienced i n  demonstrat ion p l a n t s .  En- 
hanced d i v e r s i o n  and 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  p o s s i b l e  wi th  
on-s i te  f u e l  r ecyc le  and with the  metal f u e l  op t ion .  Fuel  
e lements  can be r e t a i n e d  i n  t h e  co re  f o r  s e v e r a l  yea r s ,  t he re -  
by y i e l d i n g  burnup va lues  >lo0 MWd/kg. 

Disadvantages of t h e  LMR Concepts 

P u b l i c  Risk: Unlike LWRs which are designed t o  maximize k e f f ,  
an LMR under normal o p e r a t i n g  cond i t ions  i s  not  i n  i t s  most 
r e a c t i v e  conf igu ra t ion .  Thus, l o s s  of sodium coo lan t  from t h e  
co re  o r  co re  compaction could r e s u l t  i n  a r e a c t i v i t y  i n c r e a s e .  
The des igns  cons idered  h e r e  provide  p r o t e c t i o n  a g a i n s t  l o s s  of 
sodium inven to ry  due t o  l e a k s  and have s u b s t a n t i a l  m i t i g a t i n g  
f e a t u r e s  - which are amenable t o  demonst ra t ion  - f o r  accommo- 
d a t i n g  h y p o t h e t i c a l  a c c i d e n t s  even beyond t h e  des ign  b a s i s .  
Never the less ,  t h e  way i n  which t r a d i t i o n a l  l i c e n s i n g  concerns 
a s s o c i a t e d  with h y p o t h e t i c a l  a c c i d e n t s  are addressed w i l l  need 
t o  be f u l l y  developed. 

Investment Risk: I n  a d d i t i o n  t o  t h e  comments made under 
pub l i c  r i s k ,  some concern s t i l l  e x i s t s  about t h e  performance 
and r e l i a b i l i t y  of LMR steam gene ra to r s .  Data which could 
v e r i f y  t h e  performance of cu r ren t  des igns  should be a v a i l a b l e  
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w i t h i n  t h e  NPOVS t i m e  pe r iod  from component t e s t i n g  programs 
and f o r e i g n  p l a n t  exper ience .  

3.  Economic Competi t iveness  : Eva lua t ions  of p ro to type  LMR 
des igns  and f o r e i g n  c o n s t r u c t i o n  expe r i ence  i n d i c a t e s  t h a t  t h e  
c a p i t a l  c o s t s  f o r  LMR commercial p l a n t s ,  based on t r a d i t i o n a l  
des igns  of t h e  1980s, could be s u b s t a n t i a l l y  h ighe r  t han  
p r e s e n t  LWRs. This  h ighe r  c a p i t a l  c o s t ,  r e s u l t i n g  i n  p a r t  
from t h e  need f o r  an  in t e rmed ia t e  loop ,  could be compensated 
by lower f u e l  c o s t s  and h ighe r  e f f i c i e n c i e s  f o r  LMRs. Higher 
e f f i c i e n c i e s  f o r  LMRs have indeed been r e a l i z e d ;  t h e  Phenix 
p l a n t ,  f o r  example, has  a g r o s s  e f f i c i e n c y  of 44%.18  But, as 
i n d i c a t e d  below, i t  is  not  clear t h a t  t h e  p o t e n t i a l  fue l - cyc le  
c o s t  advantage f o r  LMRs w i l l  be r e a l i z e d  w i t h i n  t h e  NPOVS t i m e  
c o n s t r a i n t s .  Longer co re  l i f e t i m e s  are be ing  s t u d i e d  i n  
f u t u r e  plans.  I n  summary, c o s t  compe t i t i veness  can not  be 
claimed f o r  ope ra t ing  LMR demonstrat ion p l a n t s  and, assuming 
no dramat ic  changes i n  f u e l  c o s t s  w i t h i n  t h e  NPOVS t i m e  frame, 
compet i t iveness  of commercial LMR p l a n t s  can b e s t  be achieved  
by s i g n i f i c a n t  r educ t ions  i n  c a p i t a l  cos t s .  

4 .  P r o b a b i l i t y  of Cost /Schedule  Overruns: No s p e c i f i c  disadvan-  
t a g e  i d e n t i f i e d  except  t h a t  t h e s e  are new des ign  concepts  w i th  
no d i r e c t  base of exper ience .  

5 .  L i c e n s a b i l i t y :  The writs of l i c e n s i n g  by p r o t o t y p i c  tests 
have been d i scussed  previous ly .  There are,  however, some l i m -  
i t a t i o n s  of t h i s  approach. Not a l l  s a f e t y  claims o r  hypothet-  
i c a l  a c c i d e n t  sequences can be demonstrated,  and a n a l y s i s  of 
a c c i d e n t  sequences may s t i l l  be requi red .  I n  a d d i t i o n ,  t h i s  
could be an expensive tes t  program even i f  t he  module can  
subsequent ly  be used commercially s i n c e  t h e  tes t  program could 
l as t  s e v e r a l  years  and ana lyses  of pre- and p o s t - t e s t  r e s u l t s  
could  be a s i g n i f i c a n t  e f f o r t .  On t h e  o t h e r  hand, t h e  PRISM 
des igne r s  b e l i e v e  t h i s  demonst ra t ion  t o  be r e l a t i v e l y  l e s s  
expensive f o r  a small r e a c t o r  when compared t o  t h e  p o t e n t i a l  
c o s t s  and r i s k s  a s s o c i a t e d  wi th  l i c e n s i n g  a l a r g e  r e a c t o r .  

An a l t e r n a t i v e  would be t o  use t h e  demonst ra t ion  f a c i l i t y  
not on ly  as a tes t  of t he  PRISM and/or  SAFR des igns  but a l s o  
a s  an advanced r e s e a r c h  and development f a c i l i t y  f o r  g e n e r a l  
LMR p a s s i v e  s a f e t y  f e a t u r e s  tests.  It could demonstrate  reac- 
t i v i t y  feedback e f f e c t s  as w e l l  as provide  d a t a  f o r  code 
v e r i f i c a t i o n .  Perhaps a l t e r n a t e  c o r e s ,  metal and/or  c a r b i d e ,  
could be designed f o r  t h e  same f a c i l i t y .  Pas s ive  shutdown 
systems and decay hea t  removal systems could be demonstrated 
as w e l l .  However, i t s  u t i l i t y  f o r  some of t h e s e  purposes  
should be eva lua ted  wi th  r e s p e c t  t o  t h e  FFTF and EBR-I1  
c a p a b i l i t i e s .  

I n  a d d i t i o n  t o  l i c e n s i n g  by t e s t ,  o t h e r  LMR l i c e n s i n g  
i s s u e s  would s t i l l  need t o  be cons idered  f o r  t h e  s t a n d a r d  
p l a n t  designs.  Prominent among t h e s e  i s s u e s  w i l l  be t h e  
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s i t e - s u i t a b i l i t y  source  t e r m ,  s a f e t y  f u n c t i o n s  and des ign  
d e c i s i o n s  a s s o c i a t e d  with containment ,  pas s ive  f e a t u r e s  which 
accommodate HCDA concerns,  and t h e  need f o r  redundancy and/or 
d i v e r s i t y  wi th in  and i n  a d d i t i o n  t o  s a f e t y  systems which a r e  
pass ive .  

Although u s e f u l  exper ience  w a s  gained through FFTF and 
CRBRP i n t e r a c t i o n s  and l i c e n s i n g  a c t i v i t i e s  with t h e  NRC, 
l i c e n s i n g  r u l e s ,  g u i d e l i n e s ,  and procedures  are not  as w e l l  
e s t a b l i s h e d  f o r  LMRs as f o r  LWRs. However, p re l imina ry  
d i s c u s s i o n s  have been i n i t i a t e d  wi th  NRC f o r  t h e  ZMR concepts .  

6 .  Demonstration of Readiness:  Provid ing  funding f o r  an LMR 
demonst ra t ion  p l a n t  w i l l  be a s i g n i f i c a n t  cha l lenge .  

7. Owner Competence: Even though a l a r g e  number of u t i l i t i e s  
p a r t i c i p a t e d  t o  vary ing  degrees  i n  t h e  CRBRP, exper ience  i n  
LMR o p e r a t i o n  does not  c u r r e n t l y  e x i s t  w i th in  t h e  U.S. u t i l i t y  
o r g a n i z a t i o n s ,  and t h e  FFTF and EBR I1 a f f o r d  only  p a r t  of t h e  
requirement .  

Perhaps a more p e r t i n e n t  ques t ion  i s  whether t h e  owner/ 
o p e r a t o r  could be convinced t o  purchase a new r e a c t o r  concept  
f o r  which u t i l i t y  exper ience  i s  l imi t ed .  This l a t t e r  need is  
perhaps most c l e a r l y  ev iden t  when one c o n s i d e r s  a s p e c t s  of t h e  
LMR f u e l  cycle .  In s h o r t ,  each f u e l  cyc le  o p t i o n  appears  t o  
have some s i g n i f i c a n t  d i f f i c u l t i e s .  To provide unique LMR 
advantages  a s s o c i a t e d  wi th  breeding,  such as r e l a t i v e  freedom 
from concerns about a r e l i a b l e  f u e l  supply ,  a complete f u e l  
c y c l e  should be u t i l i z e d .  This  means t h a t  proven and r e l i a b l e  
on - s i t e  o r  o f f - s i t e  r ep rocess ing ,  r e f a b r i c a t i o n ,  and waste 
hand l ing  of s u i t a b l e  scale must be a v a i l a b l e  t o  t h e  m e r /  
o p e r a t o r  a t  a reasonable  c o s t .  The b a s i c  technology r e q u i r e d  
f o r  LMR f u e l  cyc le s  has  been developed i n  t h e  United S t a t e s  
and demonstrated ove r seas ,  and t h e  f i r s t  few LMRs could b e  
suppor ted  by small-scale development f a c i l i t i e s .  However, i f  
one assumes t h a t  t h i s  c a p a b i l i t y  w i l l  be provided o n - s i t e ,  
t h e n  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  a v a i l a b l e  t r a i n e d  person- 
n e l ,  c o s t ,  s a fegua rds ,  r e l i a b i l i t y ,  l i c e n s a b i l i t y ,  and p u b l i c  
and u t i l i t y  acceptance  are envis ioned.  (See a l s o  Appendix E).  

It i s  not  d i f f i c u l t  t o  conclude,  f o r  example, t h a t  c o s t s  
s av ings  o r  o t h e r  i n c e n t i v e s  must be s i g n i f i c a n t  and proven by 
exper ience  be fo re  a u t i l i t y  would choose t o  purchase and 
o p e r a t e  a r ep rocess ing  p l an t .  Technica l  and o r g a n i z a t i o n a l  
o p t i o n s  making t h i s  concept more a t t r a c t i v e  inc lude  a less 
complex f u e l  cyc le ,  t h e  IFR concept  f o r  example,26 o r  t h e  
op t ion  t h a t  some o t h e r  i n s t i t u t i o n  (no t  t h e  u t i l i t y )  o p e r a t e  
a l l  f a c i l i t i e s  except  (o r  i nc lud ing)  t h e  power s t a t i o n .  
These, and perhaps o t h e r  o p t i o n s ,  could improve the v i a b i l i t y ,  
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but  acceptance of t h i s  concept by a u t i l i t y  and i t s  implemen- 
t a t i o n  and demonstrat ion i n  t h e  NPOVS t i m e  frame seems 
u n l i k e l y .  

I f ,  on t h e  o t h e r  hand, one assumes t h a t  o f f - s i t e ,  cen- 
t ra l ,  r ep rocess ing  f a c i l i t i e s  would be used t o  complete t h e  
f u e l  cyc le ,  i t  is  d i f f i c u l t  t o  e n v i s i o n  t h e  economic need f o r  
commercial f a c i l i t i e s  of t h i s  type much before  the  middle of 
t h e  2 1 s t  century.  Thus, o f f - s i t e  r ep rocess ing  may not  be 
a v a i l a b l e  i n  t h e  United States wi th in  t h e  NPOVS t i m e  frame. 

S t i l l  another  op t ion  f o r  c l o s i n g  t h e  f u e l  cyc le  i s  t o  
r e l y  on o t h e r  c o u n t r i e s  t o  provide t h i s  s e r v i c e .  D i f f i c u l t i e s  
a s s o c i a t e d  with t h i s  op t ion  inc lude  problems a s s o c i a t e d  wi th  
Pu shipments between c o u n t r i e s ,  adverse balance of payments, 
and t h e  assumption t h a t  such a commercial i n d u s t r y  w i l l  i n  
f a c t  be a v a i l a b l e  t o  the  United S t a t e s .  

I f  count ing on a commercial f u e l  r ep rocess ing  i n d u s t r y  i s  
imprudent,  another  op t ion  i s  t o  cons ide r  a once-through c y c l e ,  
i n c l u d i n g  t h e  p o s s i b i l i t y  of spent  f u e l  s t o r a g e  u n t i l  commer- 
cial reprocessing/refabrication facilities are available. 
D i f f i c u l t i e s  a s s o c i a t e d  wi th  t h i s  choice  are economic ( t r a d i -  
t i o n a l  LMRs with once-through f u e l  cyc le s  would have f u e l  
c o s t s  about twice those  wi th  Plutonium r e c y c l e 2 7 )  and i n s t i t u -  
t i o n a l .  Once-through cyc les  may need t o  u s e  235U enr iched  t o  
20 t o  30% which are l e v e l s  beyond p resen t  product ion  f o r  com- 
mercial use. The once-through op t ion  could l i k e l y  be enhanced 
by t h e  i n c o r p o r a t i o n  of low-power d e n s i t y ,  heterogeneous,  
long-l ived (10 years  o r  more) co re  des igns .  

8. E s s e n t i a l  C h a r a c t e r i s t i c s :  Maintenance requi rements  and oper- 
a t i n g  s t a f f s  f o r  PRISM, and t o  a lesser e x t e n t  SAFR, may ex- 
ceed those  f o r  p l a n t s  wi th  a s i n g l e  r e a c t o r .  S e c u r i t y  s t a f f  
requirements  f o r  PRISM can be small because of underground lo-  
c a t i o n  and i n a c c e s s i b i l i t y  of key s a f e t y  f e a t u r e s  du r ing  oper- 
a t i o n .  On the  otherhand,  r e g u l a r l y  scheduled r e f u e l l i n g  and 
maintenance reduces t h e  need f o r  e x t r a  manpower peaks a t  an- 
nua l  r e f u e l l i n g  i n  a monol i th ic  p l a n t .  In  a d d i t i o n ,  des ign  of 
t h e  c o n t r o l  system f o r  PRISM must accommodate m u l t i p l e  r e a c t o r  
co res  provid ing  t h e  main source of energy t o  a s i n g l e  t u r -  
bine.  L icens ing  requi rements ,  p a r t i c u l a r l y  those  a s s o c i a t e d  
wi th  t h e  opt ion  of r ep rocess ing  and r e f a b r i c a t i o n  of f u e l  on- 
s i te ,  are not  completely def ined .  I f  t h e  o v e r a l l  nuc lea r  in-  
d u s t r y ,  i nc lud ing  government suppor t ,  cont inues  t o  d e c l i n e ,  
t h e  a v a i l a b i l i t y  of q u a l i f i e d  vendors may be i n  ques t ion .  

9. Des i r ab le  C h a r a c t e r i s t i c s :  On-line r e f u e l i n g ,  though consid-  
e r e d ,  has not  been inco rpora t ed  i n t o  any designs.  The PRISM 
p l a n t ,  however, does have t h e  c a p a b i l i t y  t o  g e n e r a t e  e l e c t r i c  
power cont inuously while  a s i n g l e  module is being r e fue led .  
Completion of t he  f u e l  cyc le ,  important  f o r  freedom from f u e l  
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supply concerns and accomplished i n  f o r e i g n  programs, has not  
been accepted  i n  the  United States  because of economic and in -  
s t i t u t i o n a l  cons ide ra t ions .  

3.4.5 Research and Development Needs f o r  t h e  LMR Concepts 

3.4.5.1 I n t r o d u c t i o n  

Two d i f f e r e n t  pe r spec t ives  are presented  i n  connec t ion  wi th  LMR re- 
sea rch  and development (R&D) needs. F i r s t ,  t he  viewpoint of t h e  p l a n t  
des igne r  i s  r e f l e c t e d  through a c o l l a t i o n  of design-specif  i c  R&D re- 
quirements  f o r  t h e  t h r e e  LMR concepts  considered i n  t h i s  r e p o r t .  Then 
c o n s i d e r a t i o n  is given t o  gene ra l  goa ls  f o r  t h e  U.S. LMR R&D program 
which could c o n t r i b u t e  t o  a h e a l t h y  and compet i t ive  i n d u s t r y  cons ide r ing  
t h e  worldwide marketplace.  

3.4.5.2 Design-Specif ic  R&D Requirements 

Each des igne r  of t h e  t h r e e  LMR concepts  cons idered  by NPOVS recent -  
l y  corn l e t e d  an assessment of s p e c i f i c  R&D needs and r epor t ed  conclu- 
s ions .  '8-30 Appendix D p r e s e n t s  summaries of t h e s e  needs,  where i n  sev- 
era1 i n s t a n c e s ,  similar needs have been combined. These des ign - spec i f i c  
needs can be c l a s s i f i e d  as fo l lows:  ( 1 )  advanced core des ign  t a s k s  
which inc lude  developing improved neut ron  count ing  channels ,  e v a l u a t i n g  
s h i e l d i n g  des igns ,  t e s t i n g  s e l f - a c t u a t e d  shutdown systems,  performing 
PRA assessments ,  and e v a l u a t i n g  responses  t o  a c c i d e n t s ;  (2)  shutdown 
hea t  removal experiments  and ana lyses  t o  e v a l u a t e  des ign  e f f e c t i v e n e s s ,  
des ign  margins,  and immunity t o  e x t e r n a l  even t s ;  ( 3 )  f u e l  r e l a t e d  a c t i v -  
i t i e s  such as e v a l u a t i o n s  of metal f u e l  cyc le s ,  high burnup tests of 
oxide f u e l s ,  and performance of t h e s e  two f u e l s  dur ing  u p s e t s  o r  when 
breached; and ( 4 )  system- and component-related s t u d i e s  emphasizing 
o p e r a t i n g  p l a n t  exper ience ,  scale model flow and tempera ture  tests, in-  
co rpora t ion  of advanced in s t rumen ta t ion  and c o n t r o l  t echno log ie s ,  and 
improving steam gene ra to r  performance. 

A l a r g e  base of tes t  exper ience  e x i s t s  f o r  t h e  oxide f u e l  but  t h a t  
f o r  metal f u e l  i s  l i m i t e d .  It is  a n t i c i p a t e d  t h a t  an ex tens ive  f u e l  
t e s t i n g  program would be r equ i r ed  f o r  metal f u e l  before  proceeding t o  
commercial use.  I n  t h e  French q u a l i f i c a t i o n  of oxide f u e l s  f o r  LMFBR 
use ,  t h e  t e s t i n g  program inc luded  an extended o p e r a t i o n  wi th  r e f a b r i -  
ca ted  f u e l  from the  r ep rocess ing  demonstrat ion.  A similar e f f o r t  f o r  
metal f u e l  may be prudent.  Reprocessing and r e f a b r i c a t i o n  are d i scussed  
more e x t e n s i v e l y  i n  Appendix E. 

3.4.5.3 General R&D Goals f o r  t h e  U.S. Na t iona l  LMR Program 

A necessary  but perhaps not s u f f i c i e n t  l i s t  of goa ls  f o r  LMR R&D 
inc ludes  t h e  fo l lowing:  

1. Develop an LMR design which has a c l e a r ,  unique, and s i g n i f i c a n t  
advantage i n  the  marketplace over o the r  concepts .  The cu r ren t  de- 
s i g n  s t u d i e s  are judged t o  be c o n s i s t e n t  with t h i s  goal.  However, 
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a small o r  deba tab le  advantage f o r  LMRs may no t  be adequate  f o r  
p e n e t r a t i o n  of a market dominated by LWR des igns .  P resen t  programs 
are  a p p r o p r i a t e l y  d i r e c t e d  toward t h e  innova t ive  des ign  of a c o s t  
compe t i t i ve ,  modern ( i . e . ,  i n c o r p o r a t i n g  new t e c h n o l o g i e s ) ,  and in -  
h e r e n t l y  s a f e  LMR. L i c e n s a b i l i t y  advantages as w e l l  as p u b l i c  and 
u t i l i t y  acceptance  a l s o  are important  reasons  f o r  t h i s  goa l  t o  be 
achieved. 

2. Maintain t h e  op t ion  f o r  r a p i d  i n c o r p o r a t i o n  of b reede r s  and of a 
complete f u e l  cyc le  i n t o  t h e  f u t u r e  marke tp lace .  The p o t e n t i a l  
long-term market f o r  b reede r s  is as su red  u n l e s s  nuc lea r  f i s s i o n  
energy is t o  have only  a t r a n s i t o r y  r o l e .  Also,  t h e r e  e x i s t s  a 
p o s s i b i l i t y  f o r  s u b s t a n t i a l l y  inc reased  s h o r t e r  t e r m  demand i f ,  f o r  
example, i nc reased  burning of c o a l  should be found unacceptab le .  

3. Complement t h e  LMR R&D being performed by Europe and Japan so t h a t  
t h e  United States w i l l  be i n  a s t r o n g  n e g o t i a t i n g  p o s i t i o n  t o  ex- 
change our  accomplishments f o r  expe r i ence  from t h e i r  more acceler- 
a t e d  programs of demonst ra t ion  and commerc ia l iza t ion .  Programs 
which t y p i f y  c o n t r i b u t i o n s  t o  t h i s  g o a l  i n c l u d e  advanced computer 
code development, materials r e s e a r c h ,  l i c e n s i n g  reform,  advanced 
d e s i g n s ,  m e t a l  f u e l  research, advanced i n s t r u m e n t a t i o n ,  c o n t r o l  and 
s imula t ion ,  and development of double-wall  steam g e n e r a t o r s .  

4 .  Cont r ibu te  t o  a r e d u c t i o n  i n  l i c e n s i n g  concerns ,  c o s t l y  des ign  mar- 
g i n s ,  and s p e c i a l  systems r e s u l t i n g  from t h e  p o t e n t i a l  f o r  core-  
d i s r u p t i v e  acc iden t s .  Each of t h e  LMR des igns  cons idered  by NPOVS 
have a l r e a d y  c o n t r i b u t e d  t o  t h i s  goa l .  Advances i n  t h e  f u t u r e  
should stress demonst ra t ion  of pas s ive  s a f e t y  f e a t u r e s ,  computer 
code v a l i d a t i o n ,  and exper imenta l  v e r i f i c a t i o n  of s p e c i f i c  reac- 
t i v i t y  feedback e f f e c t s  i nco rpora t ed  i n t o  des igns .  

5. Demonstrate,  t e s t ,  and u t i l i z e  t o  t h e  f u l l e s t  e x t e n t  p o s s i b l e  ad- 
vanced t echno log ie s ,  components, and des ign  concepts .  Implementa- 
t i o n  of R&D t o  s a t i s f y  t h i s  goa l  would i n c r e a s e  t h e  a v a i l a b l e  de- 
s i g n  o p t i o n s ,  3 1  thereby  i n c r e a s i n g  t h e  l i k e l i h o o d  of op t imiz ing  t h e  
des ign  t o  accomplish a l a r g e r  number of d e s i r a b l e  o b j e c t i v e s  and 
s p e c i f i c a t i o n s .  These advanced t echno log ie s  could i n c l u d e  automa- 
t i o n ,  r e s e a r c h  r e s u l t i n g  i n  h ighe r  p l a n t  o p e r a t i n g  tempera tures  and 
e f f i c i e n c i e s ,  use of a r t i f i c i a l  i n t e l l i g e n c e ,  and inc reased  use  of 
computers f o r  c o n t r o l  and s imula t ion ,  s u r v e i l l a n c e  and d i a g n o s t i c s ,  
d a t a  d i s p l a y  and v e r i f i c a t i o n ,  and maintenance func t ions .  Automa- 
t i o n  may be very important  t o  t h e  l i c e n s i n g  and economic o p e r a t i o n  
of m u l t i p l e  modules which f eed  a common steam system. 

6. Study and develop containment concepts  which both  s i m p l i f y  t h e  
o v e r a l l  n u c l e a r  system and ensu re  p r o t e c t i o n  a g a i n s t  bo th  i n t e r n a l  
and e x t e r n a l  even t s ,  which may be judged c r e d i b l e .  This  work must 
be coupled c l o s e l y  wi th  sou rce  term eva lua t ions .  
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7 .  I n v e s t i g a t e  LMR core  des igns  which might be compet i t ive  us ing  a 
once-through f u e l  cyc le .  These s t u d i e s  should inc lude  t h e  poten- 
t i a l  use  of Pu ob ta ined  from f o r e i g n  sources .  This  t a s k  w i l l  prob- 
ab ly  r e q u i r e  de te rmining  an optimum core  geometry,  power d e n s i t y ,  
c o r e  l i f e t i m e ,  and neut ron  energy. It could c o n t r i b u t e  s i g n i f -  
i c a n t l y  t o  compet i t ive  LMRs f o r  a s c e n a r i o  of low energy-growth- 
rates. One such concept is an ul t ra  l o n g - l i f e  co re  which would 
r e q u i r e  r e f u e l i n g  only  a t  major i n s p e c t i o n  i n t e r v a l s  of approxi-  
mately every t e n  years .  

8. Develop and demonstrate  t e c h n i c a l  s o l u t i o n s  t o  t h e  cha l l enges  asso- 
c i a t e d  wi th  t h e  LMR f u e l  cyc le  which were i d e n t i f i e d  i n  t h e  
p rev ious  s e c t i o n  of t h i s  r epor t .  

3.5. HIGH TEMPERATURE REACTORS ( HTRs) 

The focus  of NPOVS HTR e v a l u a t i o n  i s  on t h e  modular HTR wi th  t h e  
steam g e n e r a t o r  and co re  i n  s e p a r a t e  s teel  v e s s e l s  connected by con- 
c e n t r i c  c r o s s d u c t s  i n  a side-by-side conf igu ra t ion .  An e x t e n s i v e  amount 
of i n fo rma t ion  has been de r ived  from the  DOE HTR P r ~ g r a m . ~ ~ " ~ ~  To p lace  
t h e  s a f e t y  and economic f e a t u r e s  of t h e  modular HTR i n  p e r s p e c t i v e ,  t h e  
l a r g e  HTGR [ 2240 MM(t) , 860 MW(e)] , which was t h e  focus  of t h e  DOE Pro- 
gram f o r  s e v e r a l  yea r s ,  i s  c a r r i e d  by NPOVS as a po in t  of re ference .  A 
summary of i t s  advantages ,  d i sadvan tages ,  and R&D needs can be found in 
Refs. 39 and 40 r e s p e c t i v e l y .  Appendix F p r e s e n t s  t h e  g e n e r a l  des ign  
f e a t u r e s  of a l a r g e  HTGR as a r e f e r e n c e  f o r  HTR Technology t h a t  w a s  
o r i g i n a l l y  o r i e n t e d  t o  t h a t  design.  

3.5.1. Design Desc r ip t ions  

Modular s t e e l - v e s s e l  HTR development began i n  The Federa l  Republ ic  
of Germany (FRG) i n  t h e  l a t e  1970s. Concepts have been developed by In- 
t e r a tom,  a s u b s i d i a r y  of Kraftwerk Union (KWU) and by Hochtemperatur 
Reaktorbau (HRB) .4 1-42 Kernforschungsanlage (KFA) , t h e  Nuclear Research 
Center  a t  J i i l ich,  has  a l s o  been very a c t i v e  i n  t h e  FRG program. They 
have taken  advantage of f avorab le  HTR c h a r a c t e r i s t i c s  (e.g. high hea t  
c a p a c i t y  of t h e  co re  and r e f l e c t o r ,  high tempera ture  c a p a b i l i t y  of t h e  
f u e l ,  l a r g e  nega t ive  tempera ture  c o e f f i c i e n t  of r e a c t i v i t y )  t o  develop a 
s impler  p l a n t  t o  ease r e g u l a t o r y ,  c o n s t r u c t i o n  and f i n a n c i n g  d i f f i c u l -  
t i e s ,  as w e l l  as minimize development requirements .  Both t h e  In te ra tom 
and t h e  HRB modular HTR concepts  i nvo lve  s m a l l  modules of 200 t o  
250 MM(t) each. The thermal  output  of s e v e r a l  modules can be combined 
t o  o b t a i n  a l a r g e r  t o t a l  p l a n t  capac i ty .  This  approach obvious ly  re- 
duces t h e  f i s s i o n  product  i nven to ry  i n  any s i n g l e  r e a c t o r  and reduces  
t h e  amount of hea t  which must be removed from a r e a c t o r  co re  i n  t h e  
even t  of an a c c i d e n t ,  thereby  c o n t r i b u t i n g  t o  a high degree  of s a f e t y .  
Both concepts  u t i l i z e  pebble f u e l  as do t h e  two e x i s t i n g  German HTRs 
[ t h e  Arbe i t sgemeinschaf t  Versuchs Reaktor (AVR) and t h e  Thorium Hoch 
Temperatur Reaktor (THTR)]. The In te ra tom concept p l aces  t h e  co re  and 
steam g e n e r a t o r  i n  s e p a r a t e  s t ee l  v e s s e l s  i n  a side-by-side conf igura-  
t i o n ,  whi le  i n  t h e  HRB concept t he  steam g e n e r a t o r  i s  l o c a t e d  above t h e  
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co re  i n  t h e  same vesse l .  For both concepts ,  t h e  r e a c t o r  v e s s e l  i s  
housed i n  a r e in fo rced  concre te  c a v i t y  f o r  both confinement and bio- 
l o g i c a l  s h i e l d i n g .  A v e s s e l  cool ing  system, mounted on t h e  i n s i d e  sur -  
f ace  of the  c a v i t y  w a l l ,  i s  normally i n  ope ra t ion  cool ing  t h e  conc re t e  
and is  capable  of provid ing  decay hea t  removal by hea t  r a d i a t i o n  from 
the  un insu la t ed  r e a c t o r  v e s s e l .  Design parameters  (such as core s i z e  
and power d e n s i t y )  f o r  t hese  modules were j u d i c i o u s l y  combined wi th  
gene r i c  HTR f e a t u r e s  so t h a t  i n  extreme a c c i d e n t s  p u b l i c  s a f e t y  i s  pro- 
vided without  t h e  ope ra t ion  of a c t i v e  hea t  removal equipment. Engi- 
neered systems are employed, but t h e i r  r o l e  i s  p r imar i ly  f o r  investment  
p ro tec t ion .  KWU/ In te ra tom is  a c t i v e l y  proposing t h e i r  p l a n t  des ign  f o r  
near-term commercial gene ra t ion  of e l e c t r i c i t y  and f o r  cogenera t ion  of 
e l e c t r i c i t y  and process  heat .  HRB proposes t h e i r  concept f o r  small 
e l e c t r i c i t y  use r s  and f o r  process  steam a p p l i c a t i o n .  For t h e  longe r  
t e r m ,  I n t e ra tom and HRB are developing t h e i r  concepts  f o r  advanced pro- 
cess hea t  purposes such as the  product ion of syngas through steam re- 
forming of methane o r  by steam g a s i f i c a t i o n  of coal .  For l a r g e r  p l a n t s  
HRB o f f e r s  t h e  HTR 500 [500 MW(e)] . 

An informal  but  broad survey of US u t i l i t i e s  by Gas Cooled Reactor 
Assoc ia tes  i d e n t i f i e d  a p re fe rence  f o r  p l an t  s i z e s  i n  t h e  200-700 MW(e) 
range f o r  capac i ty  a d d i t i o n s  beginning i n  the  mid- t o  la te  1 9 9 0 ~ . ~ ~  
Other more g e n e r a l  s t u d i e s  a l s o  have i n d i c a t e d  i n t e r e s t  i n  smaller 
p l an t s .  I n  response t o  t h e s e  f a c t o r s ,  t h e  U.S. HTR Program w a s  re- 
a l igned  i n  May 1984 to  e v a l u a t e  t h e  p o t e n t i a l  f o r  small r e a c t o r  concepts  
w i th  emphases on p l a n t  investment  p r o t e c t i o n  and s a f e t y .  In  p a r t i c u l a r ,  
the  p l an t  des ign  should be such t h a t  t h e r e  would be no need f o r  emer- 
gency s h e l t e r i n g  o r  evacuat ion  of t h e  p u b l i c  as a consequence of l i c e n s -  
ing-basis  even t s .  

Four concepts  which r e s u l t e d  from a p re l imina ry  sc reen ing  process  
were : 

1170-MW(t) HTGR C y l i n d r i c a l  P r i s m a t i c  Core Concept; 
(Ref. 44) 

1260-MW(t) HTGR Annular Core P r i s m a t i c  Concept; 
(Ref. 45) 

250-MW(t) Pebble Bed Reactor Vert ical-In-Line Steel  
Vessel Concept ( 4  u n i t s  of 250 MW(t) e a c h ) ;  
(Ref. 46) 

250-MW( t ) Pebble Bed Reactor  Side-by-Side Vessel 
Concept (4  u n i t s  of 250 MW(t) each) .  
( R e f .  35) 

A Concept Evalua t ion  Plan34 s p e c i f i e d  c r i t e r i a  ( g e n e r a l l y  cons is -  
t e n t  with NPOVS c r i t e r i a )  a g a i n s t  which t h e s e  p l a n t  concepts  were evalu-  
a ted .  As a r e s u l t ,  t h e  modular HTR i n  a side-by-side c o n f i g u r a t i o n  w a s  
s e l e c t e d  i n  e a r l y  1985 as a p r e f e r r e d  concept .  I n i t i a l l y ,  emphasis w a s  
p laced  on t h e  pebble  bed co re  concept ;  however, a subsequent  e v a l u a t i o n  
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between pebble  and prism f u e l s  l e d  t o  t h e  s e l e c t i o n  of a p r i s m a t i c  core  
i n  September 1985. The p r i s m a t i c  core  o b t a i n s  h ighe r  capac i ty  wi th  
power l e v e l s  up t o  350 MW(t) by employing an annu la r  co re  design. The 
h ighe r  power l e v e l  reduces the  p l an t  c a p i t a l  cos t  per  kW(e) f o r  t h e  
p r i s m a t i c  f u e l e d  core  r e l a t i v e  t o  t h a t  f o r  t h e  250 MW(t) c y l i n d r i c a l -  
core  pebble bed r e a c t o r .  In  a d d i t i o n ,  t h e  problem of compensating f o r  
r e a c t i v i t y  i n s e r t i o n s  due t o  water i n g r e s s  i s  reduced i n  t h e  annular  
core  design.  The c u r r e n t  r e fe rence  modular HTR p l a n t  c o n s i s t s  of 
4 x 350 MW(t) r e a c t o r  u n i t s  f o r  a t o t a l  capac i ty  of approximately 560 
W e )  

g o a l s ,  

1. 

2. 

3.  

4. 

5. 

6. 

7. 

Through an i n t e g r a t e d  approach, t h e  modular HTR concept i s  being 
designed t o  meet the  goa l s  of s a f e ,  economical p0wer .4~  To meet t h e s e  

t h e  des ign  must s a t i s f y  t h e  fo l lowing  requirements:  3 5  

Equivalent  a v a i l a b i l i t y  f a c t o r  of 80% wi th  planned downtime of 
less than  o r  equa l  t o  10% per  year.  

50 yr  l i f e  measured from i s suance  of c o n s t r u c t i o n  permit .  

Have a t  least  10% economic advantage over  t h e  b e s t  coa l - fue led  
a l t e r n a t i v e  source of e l e c t r i c i t y .  

Capable of s t a r t  of o p e r a t i o n  i n  mid 1990s. 

Separa te  the  nuc lea r  and non-nuclear p o r t i o n s  of p l an t  t o  mini- 
mize t h e  number of components and systems which mst be pro- 
cured,  i n s t a l l e d ,  opera ted ,  and in spec ted  t o  nuc lea r  s t anda rds .  

S a t i s f y  investment  p r o t e c t i o n  goa ls :  

a )  less than 10% unscheduled u n a v a i l a b i l i t y  

b) provide  p r o t e c t i o n  a g a i n s t  long outages  

c )  l i m i t  t h e  cos t  of decontaminat ion and decommissioning 

d )  f r e  uency of even t s  l ead ing  t o  p l a n t  l o s s  t o  be less than  
10-2 per  p l a n t  y e a r  

S a t i s f y  HTGR s a f e t y  goa ls :  

a) doses  not  t o  exceed EPA P r o t e c t i v e  Act ion Guide l ines  f o r  
p u b l i c  evacuat ion  down t o  an acc iden t  f requency of 
5 x 10-7 p e r  p l a n t  yea r  

meet NRC in t e r im  s a f e t y  goa l s  b) 

The r e f e r e n c e  modular HTR is  shown i n  F igure  3.7. A p lan t  would 
c o n s i s t  of fou r  350 MW(t) r e a c t o r  modules gene ra t ing  steam f o r  two 
nominal 300 MW(e) t u r b i n e  gene ra to r s  t o  produce a ne t  p l an t  ou tput  of 
558 MW(e) ( o t h e r  design a l t e r n a t i v e s  us ing  1 x 560 kW(e) and 4 x 140 
MW(e) t u r b i n e s  are also being examined i n  t h e  DOE program t o  determine 
t h e  bes t  approach) 48 
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OANL-DWG 86-7363 

CONTROL ROD 
DRIVE ASSEMBLY 

REACTOR VESSEL 
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PRISMATIC CORE 

MAIN CIRCULATOR 

MAIN STEAM 

STEAM GENERATOR 

SHUTDOWN COOLIN 
HEAT EXCHANGER 

STEAM GENERATOR 

SHUTDOWN COOLING 
CIRCUIATOR/MOTOR 

FEEDWATER INLET 

Fig.  3.7. 350 MW(t) annu la r  p r i s m a t i c  HTGR: Primary coo lan t  f l o w  
p a t h  du r ing  normal ope ra t ion .  
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Each r e a c t o r  module is housed i n  a r e i n f o r c e d  c o n c r e t e  enc losu re  
( s i l o )  which i s  f u l l y  embedded i n  t h e  e a r t h .  The nuc lea r  i s l a n d  con- 
sists of fou r  enc losu res  and a d j a c e n t  s t r u c t u r e s  which house f u e l  
handl ing ,  helium p u r i f i c a t i o n ,  s t o r a g e ,  and t r a n s f e r  systems,  t h e  rad- 
waste system, n u c l e a r  i s l a n d  coo l ing  water systems,  and o t h e r  e s s e n t i a l  
r e a c t o r  s e r v i c e  systems. A common c o n t r o l  room i s  used t o  o p e r a t e  a l l  
f o u r  r e a c t o r s  and t h e  t u r b i n e  p l an t .  

Each 350 MW(t) u n i t  c o n s i s t s  of s e p a r a t e  r e a c t o r  and steam gener- 
a t o r  vessels connected by a h o r i z o n t a l  c o a x i a l  c ros sduc t .  The c o r e ,  
g r a p h i t e  r e f l e c t o r ,  co re  suppor t  s t r u c t u r e ,  and r e s t r a i n i n g  dev ices  are 
i n s t a l l e d  i n  t h e  r e a c t o r  v e s s e l .  The c u r r e n t  co re  concept  u ses  p r i s -  
matic f u e l  e lements  most of which w i l l  be geomet r i ca l ly  i d e n t i c a l  t o  t h e  
For t  S t .  Vrain s t anda rd  (non-control)  e lements .  The elements  c o n t a i n  
v e r t i c a l  through-holes  f o r  coo lan t  f low and b l i n d  h o l e s  f o r  f u e l  rods.  
The co re  c o n s i s t s  of f u e l  e lements  i n  an annulus  between an i n n e r  and 
o u t e r  r eg ion  of hexagonal r e f l e c t o r  elements.  A number of t h e  elements  
t o  be placed a d j a c e n t  t o  t h e  i n n e r  r e f l e c t o r  c o n t a i n  an o f f - cen te r  h o l e  
t o  accommodate t h e  i n s e r t i o n  of r e se rve  shutdown materials. Although 
the  i n t e r n a l  c o n f i g u r a t i o n  of t h e s e  elements  d i f f e r  from those  used a t  
F o r t  S t .  Vrain,  t h e  e x t e r n a l  geometry i s  t h e  same. A number of t h e  
i n t e r n a l  and e x t e r n a l  r e f l e c t o r  e lements  which bound t h e  co re  c o n t a i n  
o f f - c e n t e r  ho le s  f o r  c o n t r o l  rod i n s e r t i o n .  The hexagonal f u e l  and 
r e f l e c t o r  e lements  are designed f o r  p e r i o d i c  replacement v i a  t h e  c o n t r o l  
rod p e n e t r a t i o n s  i n  t h e  v e s s e l  t op  head. The outermost  r a d i a l  r e f l e c t o r  
e lements  are i r r e g u l a r  i n  shape so as t o  i n t e r f a c e  wi th  t h e  hexagonal ly  
s tepped  o u t e r  boundary of r e p l a c e a b l e  r e f l e c t o r  e lements  and t h e  l a t e ra l  
co re  suppor t  s t r u c t u r e .  Grav i ty -a s s i s t ed  c o n t r o l  rod d r i v e  mechanisms 
are  p o s i t i o n e d  above t h e  r a d i a l  r e f l e c t o r  t o  o p e r a t e  c o n t r o l  rods i n  t h e  
channels  i n  t h e  i n n e r  and o u t e r  r e f l e c t o r .  

The a c t i v e  co re  c o n s i s t s  of 66 10-block high columns of f u e l e d  ele- 
ments. This  makes the  annular  core  c o n f i g u r a t i o n  t h r e e  elements  wide 
and g i v e s  an average co re  power d e n s i t y  of 5.91 W/cm3. The f u e l  ele- 
ments c o n t a i n  1.27 cm (0.50 in . )  d iameter  by 6.35 c m  (2.50 in . )  long  
f u e l  rods c o n s i s t i n g  of coa ted  UCO and THO2 p a r t i c l e s  of low enr iched  
uranium (LEU) f u e l  (U-235 < 20%) bonded i n  a g r a p h i t e  matrix. Refue l ing  
i s  accomplished wi th  t h e  r e a c t o r  s h u t  down and t h e  v e s s e l  depressur -  
i zed .  The r e f u e l i n g  o p e r a t i o n s  are p red ica t ed  on a three-year  f u e l  
r e s i d e n c e  t i m e  whereby ha l f  t h e  f u e l  e lements  are r ep laced  a t  t h e  in- 
t e r v a l s  of 18 months. The new f u e l  i s  placed i n t o  a l t e r n a t e  columns 
a d j a c e n t  t o  t h e  half-burned fue l .  During r e f u e l i n g ,  a l l  t h e  f u e l  
e lements  i n  t h e  co re  are moved wi th in  t h e  v e s s e l  i n  60 deg s e c t o r s  a t  
a t i m e ;  f r e s h  and spen t  f u e l  pass  through t h e  top  head r e f u e l i n g  
p e n e t r a t i o n s  which are l o c a t e d  over  t h e  inne r - r e f l ec to r - to -co re  i n t e r -  
face .  Each s e c t o r  i s  r e b u i l t  wi th  ha l f  new and half-burned f u e l .  A t  
d i s c h a r g e ,  t h e  s p e n t  f u e l  burnup of t h e  e q u i l i b r i u m  c y c l e  i s  
82 ,460  MbJD/tonne. During each r e f u e l i n g ,  one-s ix th  of t h e  r e f l e c t o r  
e lements  ad jacen t  t o  t h e  a c t i v e  co re  is rep laced  which corresponds t o  a 
n i n e  year  r e s idence  t i m e .  An a l ternate  cyc le  has  a l s o  been eva lua ted  
whereby t h e  e n t i r e  co re  i s  f u e l e d  as a ba tch ,  with a l i f e t i m e  of about  
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2.7 yr. This  cyc le  i s  s t a t e d  t o  have nea r ly  as f avorab le  c o s t s  and t o  
r e q u i r e  less f r equen t  shutdown f o r  r e f u e l i n g .  

Replacement of f u e l  and r e f l e c t o r  e lements  i s  performed with t h e  
f u e l  handl ing machine (FHM) which is placed over t he  i n n e r  p e n e t r a t i o n  
corresponding t o  t h e  s e c t o r  t o  be removed. The FHM e l e v a t e s  t h e  spen t  
elements i n t o  a f u e l  t r a n s f e r  cask.  The f u e l  t r a n s f e r  cask ,  loaded t o  
i t s  maximum wi th  f i v e  elements ,  i s  used t o  p l ace  t h e  elements  i n  a f u e l  
s to rage  w e l l .  Here the  elements a r e  dry-cooled before  shipment o f f -  
s i t e .  The r e a c t o r  p l an t  cool ing  water  system is  used t o  remove hea t  
from the  wel l .  

Helium flows downward through t h e  co re  coo lan t  channels  t o  an out- 
l e t  plenum and then through the  c e n t r a l  duct of t h e  c r o s s  duct  t o  t h e  
top  of t h e  steam genera tor .  It then flows downward a c r o s s  t h e  once 
through h e l i c a l  c o i l  steam gene ra to r  with u p h i l l  b o i l i n g  i n  the  steam 
g e n e r a t o r  tubes.  Cool helium is  drawn from t h e  bottom of t h e  steam gen- 
e r a t o r  and flows through an annulus surrounding t h e  steam g e n e r a t o r  
o u t e r  shroud t o  t h e  c i r c u l a t o r  l o c a t e d  on top  of t h e  v e s s e l .  The c i r cu -  
l a t o r  d i scha rges  helium t o  a plenum from which helium flows through t h e  
o u t e r  annulus of t h e  c r o s s  duct  t o  t h e  r e a c t o r  ves se l .  It then  flows 
upward through channels  i n  the ou te r  g r a p h i t e  r e f l e c t o r  t o  a plenum 
above t h e  top  of t h e  core.  

The r e a c t o r  i n t e r n a l  s t r u c t u r e s  c o n s i s t  of g r a p h i t e  and metall ic 
components. The major g r a p h i t e  components are t h e  o u t e r  permanent re- 
f l e c t o r ,  bottom r e f l e c t o r ,  core  suppor t  p o s t s ,  and top  r e f l e c t o r .  The 
major m e t a l l i c  components are the  core  suppor t  p l a t e ,  co re  b a r r e l  
l a t e r a l  suppor t  s t r u c t u r e ,  and t h e  hot  duct  p o r t i o n  of t h e  c o n c e n t r i c  
c ros s  duc t .  The r e a c t o r  i n t e r n a l s  are designed f o r  t h e  f u l l  o p e r a t i n g  
l i f e ,  but are a l s o  designed t o  be i n s p e c t a b l e ,  removable, and replace- 
a b l e ,  i f  necessary .  

The main c i r c u l a t o r ,  a v a r i a b l e  speed, motor-driven s i n g l e  s t a g e  
c e n t r i f u g a l  compressor us ing  gas/magnet ic  bea r ings ,  i s  mounted v e r t i -  
c a l l y  on top of t h e  s t e a m  gene ra to r  ves se l .  

Design parameters  are summarized i n  Table 3 .2 .  The b a s i c  approach 
has  been t o  j u d i c i o u s l y  select  des ign  parameters and engineered  systems 
so  t h a t  they combine with inhe ren t  HTR f e a t u r e s  t o  y i e l d  a high degree  
of pas s ive  s a f e t y ,  and t o  provide  investment  p r o t e c t i o n  as d i scussed  i n  
the  fo l lowing  paragraphs.  

Two independent ,  d i v e r s e  r e a c t i v i t y  c o n t r o l / r e a c t o r  shutdown sys-  
tems are provided. The primary system u t i l i z e s  c o n t r o l  rods l o c a t e d  i n  
t h e  i n n e r  and ou te r  r ep laceab le  r e f l e c t o r .  The second system, t h e  re- 
se rve  shutdown system (RSS), c o n s i s t s  of boronated g r a p h i t e  p e l l e t s  i n  
s t o r a g e  hoppers which can be d ischarged  i n t o  channels  i n  t h e  innermost 
row of f u e l  columns. R e a c t i v i t y  c o n t r o l  requirements  f o r  b a s i c  opera-  
t i o n s ,  i nc lud ing  cold shutdown, are adequate ly  covered by t h e  r e f l e c t o r  
rod systems a lone ,  with at-power ope ra t ions  p o s s i b l e  without  i n s e r t i o n  



3-51 

T a b l e  3.2. Summary of major d e s i g n  f e a t u r e s  of modular  HTR 
( s ide -by- s ide  c o n f i g u r a t i o n )  

Power p e r  module,  MW(t) 

Core  power d e n s i t y ,  kW/1 

Core i n l e t  t e m p e r a t u r e ,  "C 

Core o u t l e t  t e m p e r a t u r e ,  O C  

H e l i u m  f l o w  ra te ,  k g / s e c  

H e l i u m  f l o w  d i r e c t i o n  

Helium p r e s s u r e ,  MPa ( p s i a )  

A c t i v e  c o r e  d i a m e t e r ,  m 

A c t i v e  c o r e  h e i g h t ,  m 

F u e l  e l e m e n t  

F u e l  

Equi  li brium r e l o a d ,  kg :U/Th 

Average  d i s c h a r g e  h r n u p ,  MWd/kg 

R a d i a l  r e f l e c t o r  t h i c k n e s s ,  m 

R e a c t o r  v e s s e l  material 

R e a c t o r  v e s s e l ,  OD, m 

R e a c t o r  vessel t h i c k n e s s ,  cm 

Reactor v e s s e l  h e i g h t ,  m 

Steam c o n d i t i o n ,  

p r e s s u r e  ma ( p s i a )  
t e m p e r a t u r e ,  O C  

Net t h e r m a l  e f f i c i e n c y ,  % 

3 50 

5.91 

2 58 

687 

156.6 

downward 

6.38 ( 9 2 5 )  

1.65 i n n e r ,  3.5 o u t e r  

7.8 

p r i s m a t i c  hex-b lock ,  20.78 c m  s i d e s  
x 79.3 c m  h e i g h t  

LEU/Th 

965/881 

82.5 

1.0 

Low a l l o y  steel-Mn-Mo, Sa 533 G r B  
Class 1 

7.44 

13.3 

21.95 

17.3 ( 2 5 1 5 )  
541 

39.6 
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of t h e  i n n e r - r e f l e c t o r  rods.  Cold shutdown wi th  maximum p o s i t i v e  reac- 
t i v i t y  due t o  water i n g r e s s  r e q u i r e s  t h e  combined i n s e r t i o n  of t h e  
r e f l e c t o r  rods and t h e  RSS. During a conduct ion  cooldown event ,  t h e  
inne r  c o n t r o l  rods could be damaged because of h igh  tempera tures .  To 
avoid  damage, a l though i t  does no t  a f f e c t  s a f e t y ,  a c o n t r o l  rod opera- 
t i o n a l  s t r a t e g y  has been adopted where t h e  i n n e r  rods are normally used 
f o r  s t a r t u p  t o  25% power and f o r  normal co ld  shutdown. 

Steam g e n e r a t o r  tube l e a k s  are d e t e c t e d  by a mois ture  moni tor  
l o c a t e d  a t  t h e  c i r c u l a t o r  o u t l e t .  I f  excess ive  mois ture  i s  d e t e c t e d ,  
t h e  steam g e n e r a t o r  is i s o l a t e d  and dumped and t h e  main c i r c u l a t o r  i s  
stopped. 

A shutdown coo l ing  system (SCS) i s  provided t o  ach ieve  and ma in ta in  
t h e  r e a c t o r  thermal  c o n d i t i o n s  r equ i r ed  f o r  maintainence i n  t h e  event  of 
f a i l u r e  of t h e  main hea t  t r a n s p o r t  system (HTS) and t o  he lp  meet t h e  
o v e r a l l  p l a n t  a v a i l a b i l i t y  goa l .  The SCS is  l o c a t e d  i n  t h e  bottom of 
t h e  r e a c t o r  v e s s e l  and c o n s i s t s  of a hea t  exchanger and a c i r c u l a t o r  
wi th  a submerged motor. 

The r e a c t o r  c a v i t y  i s  provided wi th  a n a t u r a l  d r a f t  a i r  cool ing  
system (KCCS) ,  Fig.  3 . 8 .  It c o n s i s t s  of coo l ing  pane l s  mounted on t h e  
c a v i t y  w a l l  through which a i r  c i r c u l a t e s  by n a t u r a l  convect ion.  The de- 
s i g n  has no va lves  o r  a c t i v e  components. The s u r f a c e  of t he  pane l s  
s e r v e s  as a b a r r i e r  s e p a r a t i n g  t h e  o u t s i d e  atmosphere from t h e  r e a c t o r  
c a v i t y  atmosphere.  The system uses  fou r  s e p a r a t e  i n l e t / o u t l e t  s t r u c -  
t u r e s  t o  minimize t h e  p o s s i b i l i t y  of f low blockage. I n  a d d i t i o n ,  t h e  
four  loops are in t e rconnec ted  by i n l e t / o u t l e t  plenums i n  t h e  coo l ing  
panels .  This provides  a h e a t  s i n k  s u f f i c i e n t  f o r  decay h e a t  removal i n  
t h e  event  t h e  main hea t  t r a n s p o r t  system (s team g e n e r a t o r  and main 
hel ium c i r c u l a t o r )  and t h e  shutdown coo l ing  system are not  a v a i l a b l e .  
Heat t r a n s p o r t  from the  r e a c t o r  co re  is by n a t u r a l  p rocesses  of conduc- 
t i o n  and r a d i a t i o n  (and convec t ion  i f  t h e  primary system is  p r e s s u r i z e d )  
through the  co re  t o  the  v e s s e l  w a l l  and by r a d i a t i o n  and convec t ion  t o  
t h e  coo l ing  panels .  

The r e a c t o r  u t i l i z e s  a confinement equipped wi th  dampers which open 
on excess ive  p re s su re  loads  r e s u l t i n g  from feedwater ,  main steam, o r  re- 
a c t o r  coolan t  l i n e  rup tu res .  Program s t u d i e s  i n d i c a t e  t h a t  t h e  f i s s i o n  
product releases from t h e  co re  are small enough t h a t  r e l i a n c e  need n o t  
be placed on convent iona l  p r e s s u r e - t i g h t  containment  o r  a confinement 
with a f i l t e r  system t o  meet t h e  de f ined  s a f e t y  c r i te r ia .  

For decay hea t  removal, under p r e s s u r i z e d  o r  dep res su r i zed  condi- 
t i o n s ,  t h e  main coo l ing  loop ( c o n s i s t i n g  of t h e  main c i r c u l a t o r  and t h e  
steam g e n e r a t o r )  i s  t h e  f i r s t  op t ion .  If e i t h e r  t h e  main c i r c u l a t o r  o r  
t h e  steam g e n e r a t o r  is not o p e r a t i o n a l ,  then  fo rced  c i r c u l a t i o n  u s i n g  
t h e  shutdown coo l ing  system is  t h e  next  o p t i o n  f o r  e i t h e r  p r e s s u r i z e d  o r  
dep res su r i zed  cond i t ions .  The next  op t ion  i s  t o  remove decay h e a t  
through t h e  v e s s e l  w a l l  by r a d i a t i o n  t o  t h e  RCCS. This  system is  
designed t o  l i m i t  t h e  f u e l  tempera tures  t o  1200°C under p r e s s u r i z e d  
c o n d i t i o n s  (when t h e r e  can be a s i g n i f i c a n t  r e d i s t r i b u t i o n  of hea t  
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w i t h i n  t h e  core  by n a t u r a l  convect ion)  and t o  1600°C under dep res su r i zed  
cond i t ions .  

3.5.2 C l a i m s ,  Advantages, and Disadvantages Evaluated Against  Criteria,  
E s s e n t i a l  and Des i rab le  C h a r a c t e r i s t i c s  

The claims and r epor t ed  advantages of t h e  modular HTR are d i scussed  
b r i e f l y  as fo l lows  i n  t h e  o rde r  of t h e  c r i t e r i a  f i r s t  and e s s e n t i a l  and 
d e s i r a b l e  c h a r a c t e r i s t i c s  second. A more d e t a i l e d  e v a l u a t i o n  of modular 
HTR claims has been inc luded  i n  Appendix G. 

1. P u b l i c  Risk: While t h e  c a l c u l a t e d  r i s k  t o  t h e  p u b l i c  has  not  
been q u a n t i f i e d  f o r  t he  modular HTR, t h e r e  are important  fea-  
t u r e s  which provide t h e  des ign  wi th  a high degree of pas s ive  
s a f e t y ,  and thereby  a l s o  provide conf idence  t h a t  t h e  c a l c u l a t e d  
r i s k  t o  t h e  pub l i c  due t o  a c c i d e n t s  w i l l  be equa l  t o  o r  less 
than t h e  c a l c u l a t e d  r i s k  a s s o c i a t e d  with t h e  b e s t  modern 
LWRs. These f e a t u r e s  are: 

0 The c a p a b i l i t y  f o r  a f t e r h e a t  removal through t h e  v e s s e l  
w a l l  by n a t u r a l  hea t  t r a n s p o r t  mechanisms (convec t ion ,  
conduct ion,  and r a d i a t i o n ) .  This  c a p a b i l i t y  has been 
demonstrated p a r t i a l l y  on t h e  smaller exper imenta l  AVR 
which s h a r e s  f e a t u r e s  of t h e  modular HTR. Future  
conf i rmatory  exper imenta t ion  f o r  more g e n e r a l l y  a p p l i c a b l e  
d a t a  i s  being considered and may be p o s s i b l e  a t  t h e  AVR 
s u b j e c t  t o  t h e  approval  of t h e  German a u t h o r i t i e s .  

0 Very good r e t e n t i o n  of f i s s i o n  products  w i th in  t h e  f u e l  t o  
h igh  temperatures .  This f e a t u r e  has  been demonstrated by 
U.S. and German coated p a r t i c l e  f u e l  systems exper ience  
and i n  f u e l  tes t  programs. 

0 No need f o r  a f a s t  a c t i n g  shutdown system f o r  co re  hea tup  
e v e n t s ,  which aga in  has  been demonstrated on o t h e r  HTRs. 

Other p o t e n t i a l l y  severe  a c c i d e n t s ,  such as major water 
and/or  a i r  i n g r e s s  even t s ,  have been argued t o  be of such low 
consequence o r  low p r o b a b i l i t y  by v i r t u e  of system des ign  t h a t  
t h e s e  types  of a c c i d e n t s  pose no s i g n i f i c a n t  p u b l i c  r i s k .  
However, t h e  NRC may r e q u i r e  t h a t  t h e s e  a c c i d e n t s  be f a c t o r e d  
i n t o  t h e  c o s t  b e n e f i t  a n a l y s i s  of t h e  use  of confinement ve r sus  
containment.  

2. Investment Risk: The p r o b a b i l i t y  of l o s s  of investment  f o r  t h e  
modular HTR is claimed t o  be less than  p e r  year .  This  
claim r e q u i r e s  independent review, but  many of t h e  f e a t u r e s  
which prec lude  o r  reduce t h e  e f f e c t  of i n c i d e n t s  on p u b l i c  
s a f e t y  can be argued as being f avorab le  t o  investment  protec-  
t i o n .  
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3.  Economic Competit iveness:  U n t i l  t he  p l a n t  design i s  complete 
and commodity requirements  determined,  a f i rm  estimate of c o s t  
cannot be made. With regard  t o  meeting t h e  f i n a n c i a l  goa ls  of 
t he  u t i l i t y ,  t he  a b i l i t y  t o  add capac i ty  i n  small increments  as 
w e l l  as t h e  p o t e n t i a l  f o r  ach iev ing  s h o r t  c o n s t r u c t i o n  t i m e  
through f a c t o r y  f a b r i c a t i o n  should reduce t h e  u t i l i t i e s '  cap i -  
t a l  investment  exposure and investment  r i s k ,  thereby  he lp ing  t o  
m e e t  t h e i r  f i n a n c i a l  goa ls .  With regard t o  accep tab le  busbar 
c o s t s ,  f a c t o r y  f a b r i c a t i o n  of modules coupled wi th  t h e  rela- 
t i v e l y  high burnup ach ievab le  wi th  HTR f u e l  cyc les  may com- 
pensa te  f o r  h igher  f u e l  f a b r i c a t i o n  c o s t s  t y p i c a l  of HTRs and 
p o t e n t i a l l y  h igher  d i s t r i b u t e d  c a p i t a l  cos t  u s u a l l y  a s s o c i a t e d  
w i t h  smaller s i z e d  p l an t s .  The use of n u l t i p l e  modules may 
a l s o  i n c r e a s e  o v e r a l l  a v a i l a b i l i t y ,  a l though a t  lower power 
l e v e l s ,  thereby providing f l e x i b i l i t y  i n  schedul ing  outages.  
Assumptions about a v a i l a b i l i t y  f o r  t he  modular p l a n t s  play a n  
impor tan t  r o l e  i n  e s t i m a t i n g  o v e r a l l  compet i t iveness  wi th  both 
t h e  coa l  f i r e d  and the  b e t t e r  c u r r e n t  gene ra t ion  LWR p lan t s .  

4. P r o b a b i l i t y  of Cost/Schedule Overruns: The DOE and t h e  in- 
d u s t r i a l  proponents recognize  t h e  need f o r  complete des ign  
b e f o r e  i n i t i a t i n g  cons t ruc t ion .  De ta i l ed  des ign  and a s s o c i a t e d  
s t u d i e s  of c o n s t r u c t i o n  needs,  op t ions  and c o s t s  s t i l l  remain 
t o  be completed, so t h a t  c o s t  and schedule  f a c t o r s  cannot be 
q u a n t i f i e d .  However, t h e  DOE funded program has produced 
indep th  s t u d i e s  of c o n s t r u c t i o n  needs,  op t ions ,  and c o s t s  f o r  
t h e  modular HTR so t h a t  u n c e r t a i n t i e s  should be w e l l  de f ined .  

5. L i c e n s a b i l i t y :  The modular HTR has a d r a f t  l i c e n s i n g  plan. 
The DOE and i n d u s t r i a l  proponents are a c t i v e l y  engaged i n  
d i a logue  wi th  NRC-NRR. Ear ly  concurrence on l i c e n s i n g  may be 
e s s e n t i a l  t o  meeting t h e  2000-2010 t i m e  frame f o r  commercial- 
i z a t i o n .  DOE and t h e  i n d u s t r i a l  proponents p l an  t o  secu re  an 
NRC f i n a l  des ign  approval  (FDA) by 1996. A p re l imina ry  s a f e t y  
in fo rma t ion  document (PSID) w i l l  be submi t ted  i n  CY 1986. 
There is a l s o  a u t i l i t y  e f f o r t  l e d  by t h e  Tennessee Val ley  
Au thor i ty  (TVA) which proposes  j o i n t  funding of a s i n g l e  p l a n t  
t o  demonstrate  l i c e n s a b i l i t y  by tes t ;  however, such t e s t i n g  
probably could not addres s  a l l  s a f e t y  ques t ions  p a r t i c u l a r l y  
those  beyond des ign  b a s i s  a c c i d e n t s  such as a major a i r  
i n g r e s s ,  acts of sabotage and seismic events .  

6 .  Demonstration of Readiness:  Many f e a t u r e s  of t he  modular HTR 
are o r  w i l l  have been demonstrated i n  t h e  German AVR p l a n t  
before  t h e  modular HTR is o f f e r e d  commercially. A s u c c e s s f u l  
demonst ra t ion  of high powered, gas/magnet ic  bea r ing  c i r c u l a t o r s  
would r ep resen t  a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  demonst ra t ion  
of r ead iness  s i n c e  most of t h e  o t h e r  major component tech- 
nologies  e i t h e r  are borrowed o r  have evolved from AVR, THTR, 
and For t  St.  Vrain experience.  More f u e l  t e s t i n g  i s  a l r eady  
planned t o  suppor t  l i c e n s i n g  a s  w e l l  as normal o p e r a t i o n  
requirements .  
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7 .  m e r  Competence: The o p e r a t i o n  of multi-module p l a n t s  may 
pose new concerns about in te rdependence  and common mode i n t e r -  
a c t i o n s  of systems. Such concerns may i n f l u e n c e  NRC mandates 
on accep tab le  c o n t r o l  c o n f i g u r a t i o n s  which may i n  t u r n  be more 
c o s t l y  o r  manpower i n t e n s i v e  than  c u r r e n t l y  envis ioned;  how- 
eve r ,  t h e  o v e r a l l  technology of t h e  modular HTR appears  t o  be 
as r e a d i l y  a s s i m i l a b l e  as LWR technology. The l e s s o n s  from t h e  
For t  S t .  Vrain HTGR a l s o  appear  t o  be clear t o  a p o t e n t i a l  
owner/operator  of an HTR. Some of t h e s e  l e s s o n s  are: (1) keep 
mois ture  out  of t h e  primary system and any o t h e r  p a r t  of t h e  
p l a n t  where i t  can cause c o r r o s i o n  [which should be helped i n  
the  modular des ign  by i n c o r p o r a t i n g  hardware f e a t u r e s  based on 
l e s s o n s  l ea rned  t o  d a t e ] ,  ( 2 )  ma in ta in  e x c e l l e n t  secondary 
coolan t  chemis t ry ,  ( 3 )  mainta in  an i n t e n s i v e  and e x t e n s i v e  
s u r v e i l l a n c e  program of ( 1 )  and ( 2 )  above, ( 4 )  ensu re  q u a l i t y  
and conf i rmatory  t e s t i n g  of bo th  o r i g i n a l  and replacement  
materials and equipment, and (5) ma in ta in  a c l ean  phys ica l  
p l a n t .  The l a r g e  thermal  margins i n h e r e n t  i n  t h e  HTR f u e l  sys-  
tems and t h e  low g r a p h i t e  c o r r o s i o n  rates i n  t h e  presence  of 
numerous mois ture  i n g r e s s  events  a t  For t  S t .  Vrain could l u l l  
p l a n t  des igne r s  and o p e r a t o r s  i n t o  a f a i l u r e  t o  recognize  t h e  
s i g n i f i c a n c e  of o p e r a t i n g  problems. Some of the observed oper- 
a t i o n a l  problems a t  For t  S t .  Vrain have inc luded  t h e  e f f e c t  of 
mois ture  on l each ing  and d i s t r i b u t i o n  of o t h e r  c o r r o s i v e  mate- 
r i a l s  (e.g. ,  c h l o r i d e s ) ,  t h e  apparent  i n a b i l i t y  t o  d e t e c t  ab- 
normal c o n t r o l  c o n f i g u r a t i o n s  and r e a c t i v i t y  anomalies  q u i c k l y  
(e.g.  , confirming s u b c r i t i c a l i t y  by excore  d e t e c t o r s  and 
d e t e c t i n g  dropped c o n t r o l  m a t e r i a l )  and t h e  p o s s i b l e  i n t e r -  
dependence of redundant emergency ac power systems. These 
types  of s i t u a t i o n s  should not be repea ted  with t h e  modular 
HTR. 

8. E s s e n t i a l  C h a r a c t e r i s t i c s :  Many of t h e  e s s e n t i a l  cha rac t e r -  
i s t i c s  are i n t e g r a l  requirements  f o r  meeting one o r  more of t h e  
c r i t e r i a  and as such are d i scussed  more f u l l y  above. However, 
i n  g e n e r a l ,  the  modular HTR has  promise of achiev ing  many of  
t h e s e  c h a r a c t e r i s t i c s  as o u t l i n e d ,  i n  some cases r e p e t i t i v e l y ,  
below: 

a. 

b. 

C. 

d. 

e. 

High a v a i l a b i l i t y  due t o  use  of smal l - s ized  t u r b i n e s  and 
modular i ty  which a l lows  h igher  a v a i l a b i l i t y  a t  reduced 
power. 

Maximum use of shop f a b r i c a t i o n  of r e a c t o r  systems 

A high degree of pas s ive  s a f e t y  

P o t e n t i a l l y  no need f o r  deve loping  o r  demonst ra t ing  a p l an  
f o r  evacuat ion  of t h e  pub l i c  beyond t h e  s i te  boundary 

P o t e n t i a l  f o r  demonst ra t ing  f e a t u r e s  impor tan t  f o r  pas s ive  
s a f e t y  
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f .  Low thermal  d i scha rge  (due t o  high thermal  e f f i c i e n c y )  

g. Low r a d i o a c t i v e  e f f l u e n t  as demonstrated by Peach Bottom 
1, Dragon, Fo r t  S t .  Vrain and AVR exper ience  

h. Low investment  r i s k  t o  t h e  u t i l i t y  r e s u l t i n g  from adding  
c a p a c i t y  i n  small increments  and from what i s  in tended  t o  
be a s impler  approach t o  meeting s a f e t y  requi rements  and 
l i c e n s i n g .  

9. D e s i r a b l e  C h a r a c t e r i s t i c s :  Seve ra l  of t h e s e  c h a r a c t e r i s t i c s  
are addressed  i n  regard  t o  c r i te r ia .  The advantageous ones are 
l i s t e d  aga in  as fol lows.  The modular HTR appears  t o  have 
modest RD&D requi rements ,  r e l a t i v e  ease  i n  s i t i n g  based on pro- 
j e c t e d  low source  t e r m s  f o r  bo th  normal o p e r a t i o n  (worker expo- 
s u r e  and e f f l u e n t s )  and a c c i d e n t  c o n d i t i o n s ,  good f u e l  
u t i l i z a t i o n  (h igh  burnup) ,  high thermal  e f f i c i e n c y ,  high ver- 
s a t i l i t y  i n  a p p l i c a t i o n  because of t h e  product ion  of h igh  
c o o l a n t  tempera tures ,  and a low v i s u a l  p r o f i l e  through f u l l  
embedment. F u l l  embedment and p a s s i v e  s a f e t y  should a l s o  con- 
t r i b u t e  t o  a high degree  of sabotage r e s i s t a n c e .  The claim is 
made t h a t  t h e  use of low enr iched  uranium i n c r e a s e s  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  and d i v e r s i o n  and t h a t  appears  t o  be t h e  case 
f o r  t h e  f r e s h  f u e l  supply.  Also,  t h e  HTR s p e n t  f u e l  appears  t o  
have a high r e s i s t a n c e  t o  d i v e r s i o n  and p r o l i f e r a t i o n  tech-  
no log ie s .  

The p o t e n t i a l  d i sadvantages  are d i scussed  as fol lows:  

1. 

2. 

3 .  

4.  

5 .  

P u b l i c  Risk: As a l l uded  t o  under t h e  d i s c u s s i o n  of advantages ,  
t h e  r e s o l u t i o n  of concerns f o r  s eve re  a c c i d e n t s  w i l l  p r e f e r a b l y  
be handled by p r o b a b i l i s t i c  r i s k  ana lyses  t o  demonstrate  a low 
c o n t r i b u t i o n  t o  t h e  o v e r a l l  r i s k  t o  t h e  publ ic .  I f  r equ i r e -  
ments such as t h e  use of i n e r t e d  containment are imposed, over- 
a l l  c o s t s  w i l l  i nc rease .  

Investment  Risk: Independent assessments  are needed. 

Economic Competi t iveness:  The p o s s i b i l i t y  of h ighe r  c o s t s  f o r  
f u e l  f a b r i c a t i o n  and p l a n t  c a p i t a l  investment  are a concern;  as 
is t h e  a v a i l a b i l i t y  which w i l l  be achieved.  Independent evalu-  
a t i o n s  appear  prudent  t o  perform. 

P r o b a b i l i t y  of Cost /Schedule  Overruns: Since t h i s  i s  a new 
concept ,  i t  is p a r t i c u l a r l y  impor tan t  t h a t  t h e  des ign  is com- 
p l e t e d  before  c o n s t r u c t i o n  begins .  The c u r r e n t  approach i s  
based on d e f i n i n g  “top-down“ requi rements  from which des ign  
d a t a  needs and RD&D w i l l  proceed us ing  f u n c t i o n a l  a n a l y s i s .  
Cons t ruc t ion  p l ans  and schedules  must be coord ina ted  c a r e f u l l y  
with t h e  a v a i l a b i l i t y  of des ign  and s a f e t y  r e l a t e d  d a t a .  

L i c e n s a b i l i t y :  A s  mentioned above, t h e  a n a l y s i s  requirements  
and expected des ign  needs i n  response t o  “beyond des ign  b a s i s  
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6 .  

7. 

8- 

9. 

acc iden t s "  must be s e t t l e d ,  p r e f e r a b l y ,  as e a r l y  as p o s s i b l e  i n  
the  des ign  process .  In  the  post-TMI l i c e n s i n g  environment,  t h e  
modular HTR could s t i l l  f a c e  defense-in-depth requirements  such 
as containment ,  emergency ac power sources  and s a f e t y  g rade  
components i n  t h e  balance of p lan t .  These can have a seve re  
e f f e c t  on i n c r e a s i n g  p l an t  c o s t s  i f  imposed. Seismic cons ider -  
a t i o n s  wi th  regard t o  t h e  r e a c t o r  co re  and t h e  side-by-side 
connect ing pipe must a l s o  be addressed f o r  l i c e n s i n g .  

Demonstration of Readiness: Other than answering ques t ions  
about needing high a v a i l a b i l i t y  f o r  o v e r a l l  compet i t ive  eco- 
nomics, t h e  modular HTR would appear  t o  have a lesser r equ i r e -  
ment f o r  a demonstrat ion p l an t  because of AVR and THTR exper i -  
ence and t h e  a b i l i t y  t o  i n c o r p o r a t e  l e s s o n s  l e a r n e d  a t  For t  St.  
Vrain.  
Owner Competence: No s p e c i f i c  d i sadvantage  i d e n t i f i e d ,  how- 
eve r ,  as i n d i c a t e d  under advantages ,  a p o t e n t i a l  owner/operator  
should be thoroughly f a m i l i a r  w i th  d e t a i l s  of t h e  engineer ing  
and l i c e n s i n g  exper ience  a t  S t .  Vrain.  The l e s s o n s  l ea rned  are 
p o s i t i v e  wi th  r e s p e c t  t o  avoid ing  p o t e n t i a l  p i t f a l l s .  
E s s e n t i a l  C h a r a c t e r i s t i c s :  The r e l a t i v e l y  low power per module 
[-350 MW(t)] does a f f e c t  t h e  c a p i t a l  c o s t  as a disadvantage.  
The side-by-side HTR module has a l s o  been ques t ioned  because of 
p o t e n t i a l l y  adverse seismic response a t  t h e  connec t ing  p ipe  be- 
tween t h e  r e a c t o r  and steam gene ra to r  ves se l s .  Both of t h e s e  
f e a t u r e s  may be improved through des ign  enhancement and innova- 
t i o n .  The power of t h e  module may be inc reased  i f  h ighe r  f u e l  
temperatures  (>16OO0C) become accep tab le  by f u r t h e r  f u e l s  test- 
i n g  and v e r i f i c a t i o n .  The connec t ing  p i p e  w i l l  r e q u i r e  
thorough and ex tens ive  a n a l y s i s  t o  show t h a t  i t  can wi ths tand  
t h e  p o t e n t i a l  consequences from seismic events .  

Des i r ab le  C h a r a c t e r i s t i c s :  The use of LEU/Th f u e l  l eads  t o  
lower f u e l  conversion r a t i o s  r e l a t i v e  t o  t h e  use  of h ighly  en- 
r i ched  f u e l s .  

3.5.3 Modular HTR Research and Development Needs Evaluated 

Within t h e  DOE HTR Program, development of a modular HTR Technology 
Development P lan  us ing  the  I n t e g r a t e d  Approach is under way, but r e s u l t s  
are not  s u f f i c i e n t l y  complete f o r  i n c o r p o r a t i o n  i n t o  NPOVS. However, 
ORNL has prepared a document40 which was presented  t o  t h e  Subcommittee 
on Energy Research and Product ion of t h e  U.S. House of Represen ta t ives  
and which d i scussed  t h e  key r e s e a r c h  and development areas r equ i r ed  f o r  
modular HTRs. This  s e c t i o n  p r e s e n t s  R&D needs as excerp ted  from t h i s  
document with mod i f i ca t ions  r e f l e c t i n g  a d d i t i o n a l  in format ion  obta ined  
s i n c e  t h a t  t i m e .  The key r e sea rch  and development (R&D) areas are con- 
s ide red  i n  t h e  fol lowing c a t e g o r i e s :  
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A. Base Technology 
B. Applied Technology; and 
C. Design and Economic S tudies .  

I t e m  A g e n e r a l l y  r e f e r s  t o  b a s i c  in format ion  needed t o  e s t a b l i s h  
the  f e a s i b i l i t y  of the  r e a c t o r  concept and t o  materials d a t a  needed f o r  
t h e  d e t a i l e d  des ign;  i t e m  B r e f e r s  t o  R&D needed t o  a s s u r e  t h e  p r a c t i -  
c a l i t y  of components and systems; and i t e m  C r e f e r s  t o  t h e  e f f o r t  re- 
q u i r e d  t o  s p e c i f y  t h e  e n t i r e  r e a c t o r  p l a n t  i n  s u f f i c i e n t  d e t a i l  t o  
permit r e l i a b l e  economic estimates of p l an t  performance. 

The key R&D areas which need t o  be addressed f o r  t h e  modular HTR 
a r e  shown below: 

3.5.3-1 

1. 

2. 

3. 

4 .  

5. 

6 .  

7 .  

80 

3.5.3.2 

1. 

Base Technology 

Determinat ion of f i s s i o n  product r e t e n t i o n  of t h e  f u e l  coat-  
i ngs ,  g r a p h i t e  and metal s u r f a c e s  of t he  primary system and 
confinement dur ing  and subsequent t o  extreme acc iden t  condi- 
t i o n s .  

Process  development f o r  f u e l  f a b r i c a t i o n  and i r r a d i a t i o n  t e s t -  
ing  t o  ob ta in  understanding of t h e  importance of s p e c i f i c  pro- 
c e s s i n g  parameters  on f u e l  performance. 

I r r a d i a t i o n  t e s t i n g  and examination of f u e l s  produced i n  com- 
merc i a l - sca l e  product ion  equipment. 

F i s s i o n  product behavior  during normal r e a c t o r  ope ra t ion  as 
r e l a t e d  t o  l i f t - o f f  and t h e  source  terms under d e p r e s s u r i z a t i o n  
acc iden t s .  

Development of d e t a i l e d  materials p r o p e r t i e s  under cond i t ions  
of c r eep ,  f a t i g u e ,  co r ros ion ,  and r a d i a t i o n  necessary  f o r  
des ign ing  and opera t ing  components. 

Obtaining s t a t i s t i c a l  d a t a  on g r a p h i t e  p r o p e r t i e s  as a b a s i s  
f o r  e s t i m a t i n g  f u e l  element stresses. 

Cr i t i ca l  experiment t e s t i n g  of LEU/Th c o r e s ,  i nc lud ing  water 
i n g r e s s  r e a c t i v i t y  e f f e c t s  and tempera ture  c o e f f i c i e n t s  f o r  low 
enr iched  uranium f u e l  wi th  plutonium concen t r a t ions  r ep resen ta -  
t i v e  of equ i l ib r ium burnup. 

Obta in ing  exper imenta l  d a t a  t o  v a l i d a t e  codes a p p l i c a b l e  t o  t h e  
pas s ive  hea t  removal system. 

Applied Technology 

Development, v e r i f i c a t i o n ,  and a p p l i c a t i o n  of a n a l y t i c a l  t o o l s  
f o r  r e a c t o r  des ign ,  s a f e t y ,  and r i s k  ana lyses ,  i nc lud ing  d a t a  
bases .  
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2. 

3. 

4 .  

5. 

6 .  

3.5.3.3 

p l a n t  s a f e t y  and r i s k  ana lyses .  This  r i s k  a s s o c i a t e d  wi th  
normal o p e r a t i o n  and des ign  b a s i s  a c c i d e n t s  needs t o  be inves-  
t i g a t e d .  Also,  r i s k  a s s o c i a t e d  wi th  p o s t u l a t e d  even t s  beyond 
des ign  b a s i s  may need t o  be i n v e s t i g a t e d  t o  confirm t h a t  t h e  
t o t a l  r i s k  from such a c c i d e n t s  is small r e l a t i v e  t o  t h e  r i s k  
from normal p l a n t  ope ra t ion .  

De ta i l ed  r e a c t o r  phys ics  a n a l y s i s  i n c l u d i n g  computation of 
c r o s s  s e c t i o n s ,  power d i s t r i b u t i o n s ,  t empera ture  c o e f f i c i e n t s ,  
and c o n t r o l  rod worth under normal c o n d i t i o n s  and wi th  water 
i n g r e s s .  Also s h i e l d i n g  a n a l y s i s  t o  de te rmine  f luence  f o r  t h e  
des ign  of r e a c t o r  i n t e r n a l  components a t  v a r i o u s  l o c a t i o n s .  

Design and t e s t i n g  of r e f u e l i n g  equipment t o  demonstrate  t h a t  
t h e  r e f e r e n c e  r e a c t o r  concept  can be r e f u e l e d  on t h e  assumed 
schedule .  

Design and t e s t i n g  of p r o t o t y p i c  components and systems such as 
t h e  helium c i r c u l a t o r ,  co re  suppor t  s t r u c t u r e ,  and shutdown 
coo l ing  h e a t  exchanger. 

Development of multi-module c o n t r o l  system, s e r v i c e  sysLems, 
and h e a t  exchange systems. 

Design and Economic S t u d i e s  

The des ign  of t h e  modular HTR p l a n t  must be completed i n  s u f f i c i e n t  
d e t a i l  t o  permit  a f i r m  estimate of p l a n t  c o s t s ,  based on f e a t u r e s  which 
l i m i t  f u e l  t empera tures  under a c c i d e n t  c o n d i t i o n s ,  f a c i l i t a t e  shop 
f a b r i c a t i o n ,  and reduce balance-of-plant (BOP) c o s t s .  A l so ,  a d e t a i l e d  
de t e rmina t ion  of o p e r a t i n g  and maintenance and f u e l  c y c l e  c o s t s  are re- 
qu i r ed .  
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APPENDIX B 

THE OUTLOOK FOR ELECTRICITY SUPPLY AND DEMAND* 

The p r i n c i p a l  de te rminants  of f u t u r e  e l e c t r i c i t y  demand w i l l  prob- 
ab ly  be t h e  u t i l i t i e s  and t h e i r  r e g u l a t o r s .  During t h e  pas t  t e n  y e a r s ,  
u t i l i t i e s  have been evo lv ing  from a supply i n d u s t r y  concerned only  wi th  
meeting e l e c t r i c i t y  requirements  t o  a se rv ice -o r i en ted  i n d u s t r y  con- 
cerned not  only wi th  the  supply of e l e c t r i c i t y  but a l so  with c o n t r o l l i n g  
and shaping i t s  use through conse rva t ion  and load  management. Fu tu re  
e l e c t r i c i t y  use  w i l l  depend on how f a r  t h i s  e v o l u t i o n  proceeds.  

The approach taken t o  estimate f u t u r e  energy use invo lves  an  ana l -  
y s i s  and/or  estimate of t h e  t rend  of f a c t o r s  t h a t  de te rmine  energy use, 
such as popu la t ion ,  persons per household,  g ros s  n a t i o n a l  product  ( G N P ) ,  
s h i f t s  i n  t h e  i n d u s t r i a l  product  mix, conse rva t ion ,  etc. The projec-  
t i o n s  made here  do not r e p r e s e n t  anyth ing  even approaching t h e  tech-  
nology l i m i t s  of energy conse rva t ion  nor  do they come c l o s e  t o  t h e  eco- 
nomic l i m i t  of conse rva t ion  as p r o j e c t e d  by "least c o s t  energy  
s t r a t e g i e s .  " They do depend on cont inued  e f f i c i e n c y  improvements and, 
t o  some e x t e n t ,  on a c o n t i n u a t i o n  of u t i l i t i e s '  ave r s ion  t o  inves tment  
i n  new c a p a c i t y ,  which has  r e s u l t e d  i n  conse rva t ion  and load  management 
programs t o  l i m i t  demand growth. They probably r e p r e s e n t  a narrow band 
i n  t h e  upper p a r t  of a r a t h e r  wide range t h a t  could be expected. 

Table 8.1 summarizes the  e s t i m a t e s  of t h i s  s tudy  f o r  growth r a t e s  
of  e l e c t r i c i t y  and n o n e l e c t r i c a l  energy requirements  t o  t h e  year  2000 
f o r  t h e  r e s i d e n t i a l ,  commercial and i n d u s t r i a l  s e c t o r s .  The t o t a l  
growth rate f o r  e l e c t r i c i t y  i s  e s t ima ted  t o  range between 1.8 and 2.3%/ 
year and f o r  n o n e l e c t r i c a l  energy between 0.1 and 0.5%/year. These 
rates r e s u l t  i n  a growth of primary energy requi rements  of 0.9 t o  1.4%/ 
year ,  which i s  equ iva len t  t o  us ing  between 67.3 and 73.9 quads (exclud-  
i n g  t r a n s p o r t a t i o n )  i n  t h e  year  2000. The t r a n s p o r t a t i o n  s e c t o r  i s  not  
analyzed i n  t h i s  s tudy  s i n c e  t h i s  s e c t o r  does not  use a s i g n i f i c a n t  
amount of e l e c t r i c i t y  and, b a r r i n g  a breakthrough i n  b a t t e r y  technology 
i s  expected t o  use very l i t t l e  e l e c t r i c i t y  f o r  t h e  remainder of t h e  cen- 
tu ry .  

The r e s i d e n t i a l  s e c t o r  p r o j e c t i o n s  are based on t h e  fo l lowing  
assumptions: ( 1 )  a popula t ion  growth r a t e  ( a s  p ro jec t ed  by t h e  Bureau 
of t h e  Census) of 0.85%/year between 1980 and 2000); (2)  a household 
growth rate of 1.4%/year,  which would cont inue  t h e  t r end  of households  
growing a t  a ra te  about  60% g r e a t e r  t han  t h e  popu la t ion ;  (3) a cont inu-  
a t i o n ,  a t  a modest ra te ,  o€ t h e  t r end  t o  less energy use  per household; 
and (4 )  a c o n t i n u a t i o n  of t h e  t r e n d  t o  e lec t r ic  space  hea t ing .  

*Taken from G. Samuels, The Outlook f o r  E l e c t r i c i t y  Supply and 
Demand, ORNL/TM-9469, Oak Ridge Nat iona l  b b o r a t o r y ,  Oak Ridge, 
Tennessee,  Apr i l  1985. 
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Table B.l .  Projected energy use for the 
residential, commercial, and industrial 

sectors in the year 2000 

1980-2000 End use Prima r y 

(%/year) ( lOI5  Btu/year) ( 1015 Btu/year) 
Sector annual growth energy energy use 

Residential 

Electricity 1.50 to 2.00 3.30 to 3.64 11.29 to 12.45 
Nonelectricity -1.50 to -1.00 5.09 to 5.63 5.09 to 5.63 

Total primary 16.38 to 18.08 

Commercial 

Electricity 2.00 to 2.50 2.83 to 3.12 9.70 to 10.69 
Nonelectricity 0 4.09 4.09 

Total primary 13.79 to 14.78 

Industrial 

Electricity 2.00 to 2.50 4.13 to 4.56 14.15 to 15.60 
Nonelectricity 0.50 to 1.00 22.99 to 25.39 22.99 to 25.39 

Total primary 37.14 to 40.99 

U. S .  total 

Electricity 1.83 to 2.33 10.26 to 11.32 35.14 to 38.74 
Nonelectricity 0.06 to 0.50 32.17 to 35.11 32.17 t o  35.11 

Total primary 0.90 to 1.37 67.31 to 73.85 
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The commercial s e c t o r  p r o j e c t i o n s  are p red ica t ed  on a s u b s t a n t i a l  
d e c l i n e  i n  t h e  growth rate of both s e c t o r a l  employment and f l o o r  
space - to  an annual rate of 1.5%. E l e c t r i c i t y  use  p e r  employee o r  per  
u n i t  of f l o o r  space was assumed t o  i n c r e a s e  a t  a rate 0.5 t o  1.0% 
g r e a t e r  than  employment o r  f l o o r  space. 

The i n d u s t r i a l  s e c t o r  p r o j e c t i o n s  are based on a d e t a i l e d  a n a l y s i s  
of t h e  manufacturing i n d u s t r i e s  between 1975 and 1980, which examined 
changes i n  t h e  energy i n t e n s i t y  and output  of t h e s e  i n d u s t r i e s  a t  t h e  
fou r -d ig i t  Standard I n d u s t r i a l  C l a s s i f i c a t i o n  l e v e l .  E l e c t r i c i t y  use 
f o r  t h e s e  i n d u s t r i e s  i s  p r o j e c t e d  t o  grow a t  a ra te  equal  t o  about 80% 
of the  g ross  n a t i o n a l  product growth rate,  which is expected t o  be i n  
t h e  range of 2.5 t o  3.0% f o r  t h e  remainder of t h e  century.  

Although t h e s e  estimates are small compared t o  most p r o j e c t i o n s  of 
s e v e r a l  y e a r s  ago, they  are i n  t h e  range of r ecen t  p r o j e c t i o n s  and c l o s e  
t o  c u r r e n t  "convent ional  wisdom." An examination of pas t  energy use  
s u g g e s t s  t h a t  t h e  r ap id  growth between 1950 and 1970 w a s  s e l f  l i m i t i n g  
and t h a t  t h e  o i l  price shocks of t he  1970s w e r e  a c a t a l y s t  t h a t  ended 
t h i s  r a p i d  growth. The t echno log ie s  t h a t  l e d  t o  t h i s  growth were a v a i l -  
a b l e  by 1930. However, t he  Depression and World War I1 delayed t h e i r  
growth, which r e s u l t e d  i n  t h e i r  impact being compressed i n t o  a s h o r t e r  
time span and t h e  r a p i d  growth of t he  1950's and 1960's. 

The u t i l i t i e s '  p r o j e c t i o n s  of f u t u r e  demand and t h e i r  p l ans  f o r  
f u t u r e  gene ra t ing  capac i ty  have dec l ined  s t e a d i l y  over t h e  pas t  t e n  
years .  P r o j e c t i o n s  f o r  peak demand and e lec t r ica l  energy requirements  
i n  1992 r ep resen t  a 2.25 and 2.61%/year growth from a c t u a l  1980 
values .  Thei r  p r o j e c t i o n s  i n d i c a t e  t h a t  average r e s e r v e  margins f o r  t h e  
cont iguous United States should be adequate  through 1992. Reserve mar- 
g i n s  are p r o j e c t e d  t o  d e c l i n e  slowly from 41% i n  1982 t o  30% i n  1992. 
Furthermore,  based on u t i l i t y  p r o j e c t i o n s ,  each of t h e  n ine  r eg iona l  re- 
l i a b i l i t y  counc i l s  w i l l  have r e se rve  margins of a t  least  20% i n  1992. 
However, t h e  adequacy of both r eg iona l  and U. S. e l e c t r i c i t y  supply 
depends p r imar i ly  on t h e  v a l i d i t y  of t h e  d r a s t i c a l l y  reduced p r o j e c t i o n s  
of f u t u r e  demand growth and t o  a lesser e x t e n t  on t h e  u t i l i t i e s '  a b i l i t y  
t o  provide  t h e  planned g e n e r a t i n g  capac i ty .  For example, i f  u t i l i t i e s  
were t o  complete only those u n i t s  now under c o n s t r u c t i o n  and i f  demand 
grows a s  p ro jec t ed ,  1992 r e s e r v e  margins would be 22 t o  23%. However, 
i f  demand were t o  reach  t h a t  p ro j ec t ed  i n  1980 (a 4% annual growth 
ra te) ,  complet ion of a l l  c u r r e n t l y  planned c a p a c i t y  by 1992 would pro- 
v ide  only a 6% marg in - fa r  too  small t o  ma in ta in  s e r v i c e  dur ing  peak 
demand per iods .  

The s e n s i t i v i t y  of r e s e r v e  margins t o  t h e  demand growth rate,  com- 
bined wi th  a long l ead  t i m e  r equ i r ed  t o  add economical c a p a b i l i t y ,  has  
l e d  t o  concerns about t h e  adequacy of f u t u r e  e l e c t r i c i t y  supply.  A t  t h e  
same time consumer r e s i s t a n c e  t o  higher  e l e c t r i c i t y  p r i c e s  and t h e  re- 
s u l t i n g  p res su re  on Pub l i c  U t i l i t y  Commissions has  s e r i o u s l y  a f f e c t e d  
the  u t i l i t i e s '  a b i l i t y  t o  f inance  the  capac i ty  now being b u i l t .  Adding 
more c a p a c i t y  as insurance  f o r  an unexpected i n c r e a s e  i n  demand would be 
d i f f i c u l t  t o  sell  t o  e i t h e r  consumers o r  u t i l i t i e s  a t  t h i s  t i m e .  
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R e l a t i v e l y  low-cost approaches exis t  f o r  l e s s e n i n g  t h e  p r o b a b i l i t y  
of f u t u r e  e l ec t r i c i ty  shor tages .  One approach would be t o  a l low advance 
s i t i n g  and pe rmi t t i ng  and then "banking" of s i tes  so  t h a t  t h e  l e a d  t i m e  
would be reduced t o  that r e q u i r e d  f o r  cons t ruc t ion-about  ha l f  of t h e  
cu r ren t  8- t o  12-year lead  t i m e .  The time f o r  which t h e  c o n s t r u c t i o n  
p e r m i t  remains v a l i d  would have t o  be increased .  

A second approach would fo l low a pa th  now being adopted by a few 
u t i l i t i e s .  This  approach would t reat  conse rva t ion  and load management 
a s  supply opt ions .  U t i l i t i e s  would, with the  approval  of r e g u l a t o r s ,  
channel c a p i t a l  i n t o  the  most economical op t ion  t o  meet f u t u r e  s e r v i c e  
requirements  whether t h i s  op t ion  be inc reased  capac i ty  or  reduced de- 
mand. T rea t ing  demand-reducing op t ions  as a supply would permit 
"capac i ty"  a d d i t i o n  t o  more c l o s e l y  match i n c r e a s e s  i n  demand. Fur ther -  
more, t h i s  op t ion  would provide r e s u l t s  i n  less t i m e  than t h a t  r equ i r ed  
f o r  adding l a r g e  c e n t r a l  s t a t i o n s .  This s h o r t e r  l ead  time would a l s o  
a l l e v i a t e  t he  deba te  over  i nc lud ing  c o n s t r u c t i o n  work i n  progress  i n  t h e  
rate base. 
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APPENDIX C 

DISCUSSION OF CONCEPTS NOT INCLUDED FOR ASSESSMENT 

Many r e a c t o r  concepts  were proposed and cons idered  f o r  assessment 
i n  NPOVS. A l i s t  of those concepts  t h a t  were not s e l e c t e d  f o r  d e t a i l e d  
assessment fol lows.  The exc lus ion  of concepts  w a s  based p r imar i ly  on 
t h e  ground r u l e s  a1 though o t h e r  c o n s i d e r a t i o n s  con t r ibu ted  t o  t h e  selec- 
t i o n  process.  Explana t ions  are inc luded  wi th  each concept.  

LWR - 
APWR - The Advanced PWR by Westinghouse i s  considered s u f f i c -  

i e n t l y  developed t o  be a v a i l a b l e  now; hence,  t h e r e  i s  no 
m e r i t  i n  NPOVS assessment of t he  concept as a f u t u r e  
v i a b l e  opt ion.  Furthermore,  s a f e t y  relies s u b s t a n t i a l l y  
on convent iona l  and engineered  systems. 

ABWR - The Advanced BWR by General E l e c t r i c  i s  cons idered  s u f f i -  
c i e n t l y  developed t o  be a v a i l a b l e  now; hence, t h e r e  i s  no 
merit i n  NPOVS assessment of t he  concept as a f u t u r e  
v i a b l e  opt ion.  Some of t h e  Advanced BWR f e a t u r e s  are re- 
f l e c t e d  i n  the  small BWR and, thus ,  a r e  being cons idered  
i n  NPOVS. Sa fe ty  re l ies  s u b s t a n t i a l l y  on convent ional  
engineered s y s  t e m s  . 

CNSS - The conso l ida t ed  Nuclear Steam Supply System concept by 
B&W i s  based on a v a i l a b l e  technology and inc luded  l i t t l e  
emphasis on pass ive  s a f e t y .  

Steam-Cooled LWR - This  "Schultz-Edlund" concept has  no c u r r e n t  ac- 
t i v e  vendor promoting it. As a r e s u l t ,  i t  i s  judged t h a t  
t h e  concept w i l l  no t  be a v a i l a b l e  as a demonstrated o p t i o n  
by 2010. 

W-NUPACK 600 - The small [600 MW(e)] barge-mounted p l an t  o f f e r s  
numerous cos t  advantages based on t h e  maximum use of fac-  
t o r y  q u a l i t y  f a b r i c a t i o n ,  s t a n d a r d i z a t i o n ,  and modulariza- 
t i o n .  Westinghouse proposes marketing t h e  p l an t  with a n  
NRC f i n a l  design approval  so t h a t  u t i l i t i e s  would f ace  
p r i m a r i l y  only t h e  si te s u i t a b i l i t y  issues i n  l i c e n s i n g .  
NUPACK w i l l  probably i n c o r p o r a t e  o t h e r  des ign  s i m p l i f i c a -  
t i o n  and advanced f u e l  cyc le  f e a t u r e s  of t he  APWR. A l -  
though NUPACK relies s i g n i f i c a n t l y  on pass ive  s a f e t y  it i s  
more t r a d i t i o n a l  i n  i t s  approach, p r i m a r i l y  employing en- 
g inee red  s a f e t y  f e a t u r e s .  

CE-Realistic A l t e r n a t i v e  Reactor - This  concept c a l l s  f o r  a self-  
p r e s s u r i z i n g ,  s i n g l e  v e s s e l ,  reactor-s team g e n e r a t o r  mod- 
ule .  It i s  s imilar  i n  many ways t o  t h e  CNSS, but uses  
n a t u r a l  c i r c u l a t i o n  f o r  powered ope ra t ion  and does no t  
r e l y  on t h e  use of c o n t r o l  rods o r  s o l u b l e  poison f o r  con- 
t r o l  during burnup. P res su re  feedback is t h e  c o n t r o l  me- 
chanism under powered opera t ion .  Design s i m p l i f i c a t i o n  
has been employed t o  l i m i t  t he  e f f e c t s  of many a n t i c i p a t e d  
t ransients  and t r a d i t i o n a l  des ign  b a s i s  events  f o r  conven- 
t i o n a l  LWRs, but t h e  u l t i m a t e  s a f e t y  response would s t i l l  
r e l y  on t h e  i n t e r v e n t i o n  of engineered  s a f e t y  f e a t u r e s .  

C-l 
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HWR - 
CANDU - The Canadian heavy water r e a c t o r s  have se rved  t h e i r  domes- 

t i c  needs w e l l  and have been deployed i n  s e v e r a l  o t h e r  
c o u n t r i e s .  Thus it i s  a v i a b l e  op t ion ,  but t h e r e  i s  no 
U.S. sponsor and t h e  concept depends on engineered s a f e t y  
f e a t u r e s  f o r  decay h e a t  removal. A p r i n c i p a l  r a t i o n a l  
c o s t  advantage d e r i v e s  from i ts  use of n a t u r a l  uranium. 
However, t h i s  advantage i s  l o s t  when enrichment exists,  as 
i n  t h e  United S t a t e s .  A smaller r e a c t o r ,  CANDU 300 has  
been announced r e c e n t l y  which i s  t o  have improved f e a t u r e s  
f o r  s a f e t y  and r e l i a b i l i t y ,  but i t  relies on eng inee red  
s a f e t y  systems and does not meet a pass ive  s a f e t y  cr i -  
ter ia .  

LMR - 
Large Pool - This  c o l l e c t i v e  term a p p l i e s  t o  s e v e r a l  concepts  t h a t  

are being demonstrated i n  o t h e r  c o u n t r i e s  and some con- 
c e p t s  s t u d i e d  i n  t h e  United S t a t e s .  The concepts  reviewed 
have no a c t i v e  U.S. vendors promoting them and, hence, are 
n o t  cons ide red  a v a i l a b l e  by 2010. However, t h e  EPKI-COMO 
program r e c e n t l y  turned a t t e n t i o n  t o  a l a r g e  pool design.  

Large Loop - The l a r g e  loop LMR concepts  ( o t h e r  than t h e  LSPB) have 

w-Pool - 

Hybrid - 

Thermal 

IFR - 

no a c t i v e  proponent t h a t  would accomplish a demonstrat ion 
of t h e  concept by 2010. These concep t s  are designed wi th  
a c t i v e ,  d i v e r s e ,  and redundant s a f e t y  and do not emphasize 
p a s s i v e  s a f e t y .  The economic approach t o  t h e  l a r g e  loop 
LMR i s  based on t h e  need f o r  t h e  b reede r  and thus  do not  
meet the  economic ground r u l e  wi th  p r e s e n t  and near-term 
f u e l  p r i c e s .  
The Westinghouse pool LMR concept w a s  one of t h e  con- 
t ende r s  f o r  t he  DOE suppor t  of advanced concepts .  Orig- 
i n a l l y  r e l y i n g  on an i n t e g r a t e d  f u e l  c y c l e  wi th  on - s i t e  
r ep rocess ing  and r e f a b r i c a t i o n ,  i t  w a s  la ter  changed no t  
t o  r e q u i r e  the  i n t e g r a l  f u e l  cycle.  Not enough informa- 
t i o n  and d e t a i l  have been a v a i l a b l e  t o  NPOVS t o  i n c l u d e  
t h i s  concept i n  t h e  d e t a i l e d  assessment.  
The Stone & Webster concept i s  based on two v e s s e l s ,  one 
f o r  t h e  co re  and one f o r  components, connected by pipes.  
Not enough in fo rma t ion  is a v a i l a b l e  t o  NPOVS t o  i n c l u d e  
t h i s  concept i n  t h e  d e t a i l e d  assessment.  
LMR - The moderated co re ,  cooled by l i q u i d  metal, has  no 
c u r r e n t  sponsor. It i s  judged as no t  a v a i l a b l e  by t h e  
year  2010, and not enough in fo rma t ion  i s  a v a i l a b l e  f o r  i t  
t o  be cons ide red  i n  an assessment.  There i s  l i t t l e  i n f o r -  
mation about i t s  p resen t  economic p o t e n t i a l  or i t s  p a s s i v e  
s a f e t y  f e a t u r e s .  
The I n t e g r a l  F a s t  Reactor,  based on metall ic f u e l ,  i n t e -  
g r a t e d  py rometa l lu rg ica l  r ep rocess ing  and on-si te f a b r i -  
c a t i o n ,  w i t h  t h e  emphasis on metall ic f u e l ,  i s  promoted by 
ANL. The r e a c t o r  p o r t i o n  of t h e  concept was not  developed 
i n  s u f f i c i e n t  d e t a i l  f o r  assessment. The l a c k  of an 
a c t i v e  vendor c o n t r i b u t e d  t o  t h e  concept not being judged 
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a v a i l a b l e  f o r  deployment by 2010. However, f e a t u r e s  of 
t h i s  concept  have been inco rpora t ed  i n  t h e  SAFR and PRISM 
concepts  t h a t  a r e  inc luded  i n  t h i s  r epor t .  Also,  an 
a n a l y s i s  of t h e  f u e l  cyc le  i s  presented  i n  Appendix E. 

- This  c o l l e c t i v e  name a p p l i e s  t o  va r ious  v e r s i o n s  of t h e  
High-Temperature Gas-Cooled Reactors .  Of t h e s e ,  t h e  
" Side-by-Side" p r i s m a t i c  f u e l  concept  was chosen f o r  
assessment .  Other concepts  were not  examined i n  d e t a i l  
because t h e  side-by-side modular concept  had been s e l e c t e d  
f o r  d e t a i l e d  s tudy  wi th in  t h e  U.S. HTR Program. However, 
expe r i ence  from t h e  pebble  bed concept  now o p e r a t i n g  i n  
two German demonst ra t ion  u n i t s  w a s  u t i l i z e d  i n  t h e  
s tudy .  The 860-MWe l a r g e  HTR has  been inc luded  as an 
appended r e f e r e n c e  s i n c e  much of t h e  HTR technology devel -  
opment has been r e l a t e d  t o  t h i s  concept  and because i t  has 
s i g n i f i c a n t  pas s ive  f e a t u r e s ,  see Appendix F. 

- The Gas-Cooled Fas t  Reactor  has  no c u r r e n t  active propo- 
nent and hence i s  judged not  t o  be a v a i l a b l e  by t h e  year  
2010. Also,  t h e  a v a i l a b l e  des igns  f o r  a GCFR do not  in-  
c o r p o r a t e  s i g n i f i c a n t  pas s ive  s a f e t y  f e a t u r e s .  

- This B r i t i s h  des igned  and ope ra t ed  GCR has  reached a po in t  
of v i r t u a l  s t a n d a r d i z a t i o n  i n  t h e  Heysham I1 and Torness  
s i n g l e - c a v i t y  PCRV des igns .  These p l a n t s  s h a r e  t h e  l a r g e  
c a p i t a l  investment  requirements  of t he  l a r g e  HTR but a t  a 
lower power r a t i n g  due t o  lower gas  tempera tures  f o r  t h e  
carbon d iox ide  coo lan t .  Therefore ,  compet i t ive  c a p i t a l  
c o s t s  i n  a U.S. market would be very doubt fu l .  Recent 
tests a t  Hinkley Poin t  B have shown adequate  pas s ive  cool -  
i n g  of t h e  p r e s s u r i z e d  co re  t o  t h e  PCRV conc re t e  without  
damaging f u e l  o r  l i n e r ;  however, t h e  dep res su r i zed  c o r e  
c o o l i n g  does r e q u i r e  fo rced  convect ion.  As at  For t  St. 
Vra in ,  l i n e r  coo l ing  of t h e  PCRV must be maintained t o  re- 
t a i n  any r e l e a s e d  f i s s i o n  products  r e s u l t i n g  from a de- 
p r e s s u r i z e d  l o s s  of normal hea t  s ink .  

All Molten S a l t  Reactor  v e r s i o n s  are excluded from de- 
t a i l e d  assessment  s i n c e  having no c u r r e n t  a c t i v e  pro- 
ponent ,  they cannot  become a v a i l a b l e  by 2010. Designs f o r  
molten salt  concepts  d a t e  back many years .  Pass ive  s a f e t y  
i s  not  a d v e r t i s e d ,  a l though many pass ive  f e a t u r e s  are ev i -  
dent  and some can be cons idered  " inhe ren t "  t o  l i q u i d  f u e l  
systems. Economic estimates t h a t  were made are a l l  obso- 
l e t e  and cannot be used f o r  e v a l u a t i n g  economic v i a b i l i t y .  

Other  - A few o t h e r  concepts  ( "exo t i ca" )  such as t h e  f l u i d i z e d  bed 
r e a c t o r  were b r i e f l y  cons idered  and r e j e c t e d  f o r  l a c k  of 
d e s i g n  informat ion ,  lack  of a sponsor ,  and i n s u f f i c i e n t  
o t h e r  in format ion .  





APPENDIX D 

R&D GOALS AND SPECIFIC REQUIREMENTS FOR 
L I Q U I D  METAL REACTOR (LMR) CONCEPTS 

Table D . l  i s  a d e t a i l e d  p r e s e n t a t i o n  of R&D needs judged by t h e  LMK 
d e s i g n e r s  as e s s e n t i a l  o r  important  t o  the  success  of t h e i r  s p e c i f i c  
power p l an t  designs.1-3 S imi la r  needs have been combined. The t a b l e  
a l s o  i n d i c a t e s  which R&D needs might apply t o  o t h e r  r e a c t o r  concepts  and 
provides  j u s t i f i c a t i o n  f o r  i n c l u s i o n  of each need. It should be 
emphasized t h a t  Table D. 1 inc ludes  only those  R&D t a s k s  requi red  t o  
complete a des ign  t o  meet requirements  and s p e c i f i c a t i o n s .  

Seve ra l  cha l l enges  were i d e n t i f i e d  f o r  t h e  LMR i n d u s t r y  i n  t h e  sec- 
t i o n  dea l ing  with advantages and d isadvantages  of t h e  concepts.  Consid- 
e r a t i o n  i s  g iven  here  t o  gene ra l  R&D goa l s  which could he lp  meet these  
cha l lenges .  However, t o  put  t h i s  d i scuss ion  i n  p e r s p e c t i v e ,  two 
a s s e r t i o n s  are made and p o t e n t i a l  goa l s  formulated.  F i r s t ,  t h e  LMR has  
a long-term p o t e n t i a l  f o r  breeding t o  extend f u e l  resources .  Therefore ,  
one goa l  should be t o  main ta in  t h e  c a p a b i l i t y  t o  meet t h i s  chal lenge.  
We a l s o  assert t h a t  the  worldwide nuc lea r  program w i l l  be s u s t a i n e d  
through t h e  NPOVS t i m e  frame, t h a t  a s i g n i f i c a n t  market f o r  LYR 
conve r t e r s  and/or  breeders  even tua l ly  w i l l  develop, and t h a t  U.S. 
i n d u s t r y  w i l l  seek a s h a r e  of t h i s  market. Thus, a second goal  should 
be t o  s u s t a i n  a compet i t ive  LMti i n d u s t r i a l  p o t e n t i a l  i n  t h e  United 
States f o r  a s i g n i f i c a n t  range i n  growth r a t e s  of domestic and f o r e i g n  
power needs. A compet i t ive  i n d u s t r y  would have an adequate  number of 
p rope r ly  t r a i n e d  t e c h n o l o g i s t s ,  up-to-date and a p p r o p r i a t e  f a c i l i t i e s ,  
and a compet i t ive  des ign  t o  sell. These gene ra l  R&D needs have been 
organized  i n  t h e  form of a h i e ra rchy  i n  Table D.2 where t h e s e  goa l s  and 
programs have been ca t egor i zed  wi th in  t h r e e  major headings.  This t a b l e ,  
though pre l iminary ,  provides  a framework f o r  e v a l u a t i n g  t h e  importance 
of va r ious  R&D a c t i v i t i e s .  For example, one could determine t h e  rela- 
t i v e  importance of t h e  l i s t e d  and augmented K&D t a s k s  under t h e  scena r io  
of low, modest, and high growth rates f o r  t he  u t i l i t y  indus t ry .  Pre-  
l imina ry  assessments  i n d i c a t e  t h a t  the l i s t  of R&D t a s k s  i s  not  sens i -  
t i v e  t o  the  schedule;  only t h e  r e l a t i v e  importance of t h e  R&D t a s k s  was 
s c e n a r i o  dependent. 
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T a b l e  D . l .  S p e c i f i c  r e s e a r c h  and development  needs i d e n t i f i e d  f o r  t h e  LMR concept  

Research  and Development ( R & D )  
needs  i d e n t i f i e d  by t h e  d e s i g n e r  

a s  e s s e n t i a l  o r  i m p o r t a n t  

LMR c o n c e p t s  
f o r  which t h e  
K & D  needs  was Other  c o n c e p t s  
i d e n t i f i e d  (*) f o r  which t h e  R&D 
o r  a p p l i c a b l e  ( X )  may b e  a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  R&D need 

Demonst ra tes  S u p p o r t s  I n c r e a s e s  I n v e s t o r  o r  
LSPB SAFK PRISM I,hX HTR low c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  

SAFETY-RELATED REQUIREMENTS 

Advanced Core Design 

E v a l u a t e  c o r e  f e a t u r e s  which can a s s u r e  
a benign c o r e  r e s p o n s e  t o  c o r e  d i s r u p -  
t i v e  a c c i d e n t  i n i t i a t o r s .  

Demonst ra te  a low-cost  and r e l i a b l e  
approach  f o r  a s e l f - a c t u a t e d  s h u t -  
down sys tem.  P r o v i d e  exper imentaL 
v e r i f i c a t i o n s  of t h i s  concept  needed 
f o r  l i c e n s i n g  d i s c u s s i o n s .  

Develop h igh  t e m p e r a t u r e ,  wide r a n g e ,  
f i s s i o n  c h a n n e l s  and ion chambers f o r  
power m o n i t o r i n g  a t  i n - v e s s e l  l o c a t i o n s ,  
and h i g h  s e n s i t i v i t y  source- range  f i s s i o n  
c h a n n e l s  f o r  s t a r t u p  m o n i t o r i n g .  

P e r f o r m  e x p e r i m e n t s  t o  d e m o n s t r a t e  t h e  
e f f e c t i v e n e s s  of B4C as an i n - v e s s e l  
s h i e l d  and v e r i f y  s h i e l d  des ign .  
Per form d e t a i l e d  s h i e l d i n g  and f l u x  
c a l c u l a t i o n s  needed f o r  t h e  d e s i g n .  

Per form c o r e  c r i t i c a l  e x p e r i m e n t s  a t  
ZPPR t o  p r o v i d e  n u c l e a r  p a r a m e t e r s  and 
d e t e c t o r  r e q u i r e m e n t s ,  and test  l o a d i n g  
sequences  f o r  a l l  c o r e s  c o n s i d e r e d .  

P r o v i d e  a n a l y t i c a l  v e r i f i c a t i o n  of 
benign r e s p o n s e  of t h e  c o r e  t o  a l l  
d e s i g n  b a s i s  a c c i d e n t s .  
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T a b l e  D . l .  S p e c i f i c  r e s e a r c h  and development  needs i d e n t i f i e d  f o r  t h e  LMR c o n c e p t  ( c o n t i n u e d )  

LMR c o n c e p t s  
f o r  which t h e  
R&D needs was O t h e r  c o n c e p t s  
i d e n t i f i e d  (*) f o r  which t h e  R&D 
o r  a p p l i c a b l e  ( X )  may be a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  R&D need 

R e s e a r c h  and Development (R&D) 
needs  i d e n t i f i e d  by t h e  d e s i g n e r  Demonst ra tes  S u p p o r t s  I n c r e a s e s  I n v e s t o r  or 

as e s s e n t i a l  o r  i m p o r t a n t  LSPB SAFR PRISM LWR HTR low c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  

* P e r f o r m  s e i s m i c  a n a l y s i s  and tests t o  * X  X X X 
p r e d i c t  t h e  r e s p o n s e  of t h e  c o r e  and 
r e a c t o r  assembly t o  a s e i s m i c  e v e n t .  
V a l i d a t e  t h e  code used through 
e x p e r i m e n t a l  t e s t s .  

* Collect and a p p l y  d a t a  on j o i n t  f a i l u r e  x *  
p r o b a b i l i t i e s  o f .  key components f o r  u s e  
i n  r e l i a b i l i t y  and r i s k  a s s e s s m e n t  
c a l c u l a t i o n s .  

Develop w t h o d o l o g i e s  f o r  a s s i g n i n g  x x *  
p r o b a b i l i t i e s  f o r  a c c i d e n t  s e q u e n c e s  
a s s o c i a t e d  w i t h  core d i s r u p t i v e  
a c c i d e n t s .  These p r o b a b i l i t i e s  a r e  
t o  be used  i n  Event  Trees and PRA 
s t u d i e s  f o r  c o r e  r e s p o n s e s  and 
s t r u c t u r a l  r e s p o n s e s .  

E v a l u a t e  t h e  r e a c t o r  sys tem and o t h e r  
s y s t e m  r e s p o n s e s  t o  e a r t h q u a k e s  t o  
d e t e r m i n e  seismic e v e n t  c a t e g o r i e s ,  
e v a l u a t e  s a f e t y  s y s t e m  r e l i a b i l i t i e s ,  
a n d  p r o v i d e  i n p u t s  t o  PRA s t u d i e s .  

X X * 

Develop n e c e s s a r y  i n p u t  and per form X x *  
a n a l y s e s  needed t o  q u a n t i f y  c o n t a i n m e n t  
r e s p o n s e  e v e n t  trees f o r  a c c i d e n t  
sequences .  

X X 

X 

X 

X 

X 



T a b l e  D . l .  S p e c i f i c  r e s e a r c h  and development  needs  i d e n t i f i e d  f o r  t h e  lMR c o n c e p t  ( c o n t i n u e d )  

Research  and Development (R&D) 
needs  i d e n t i f i e d  by t h e  d e s i g n e r  

a s  e s s e n t i a l  OK i m p o r t a n t  

LMR c o n c e p t s  
f o r  which t h e  
RbD needs was O t h e r  c o n c e p t s  
i d e n t i f i e d  (*) f o r  which t h e  R 6 D  
o r  a p p l i c a b l e  (X) may be a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  RdD need 

Demonst ra tes  S u p p o r t s  I n c r e a s e s  I n v e s t o r  o r  
LSPB SAFR PRISM LWR HTR low c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  

Develop and v e r i f y  a 3-D coupled  thermo- * X * 
h y d r a u l i c ,  mechanica l ,  n e u t r o n i c ,  t r a n -  
s i e n t  code used t o  s u p p o r t  t h e  d e s i g n  
of i n h e r e n t l y  s a f e  r e a c t o r  c o r e s .  
Develop a t h e r m a l - h y d r a u l i c s  c o r e  t o  
c h a r a c t e r i z e  t e m p e r a t u r e  and f low f i e l d s  
i n  l a r g e  c o r e s .  

P r o v i d e  f r i c t i o n  and wear c o r r e l a t i o n s  
t o  s u p p o r t  i n n o v a t i v e  c o r e  holddown 
d e s i g n s .  

Per form t e s t i n g  and a n a l y s i s  t o  q u a n t i f y  
c o r r o s i o n  and f i s s i o n  product  m i g r a t i o n  
and p l a t e o u t  i n  a s e a l e d  v e s s e l  w i t h o u t  
c l e a n u p  sys tems.  

Develop and v a l i d a t e  a n  a n a l y s i s  code 
t h a t  can c a l c u l a t e  d e f o r m a t i o n s  of 
v a r i o u s  c o r e  components due t o  c r e e p  and 
s w e l l i n g  and c a l c u l a t e  mechanica l  l o a d s  
t h e r e b y  produced.  

Shutdown Heat Removal 

* 

* 

* x x  

Perform e x p e r i m e n t a l  s i m u l a t i o n s  of DRACS, * * * 
RVACS, and RACS sys tems t o  e v a l u a t e  t h e i r  
p a s s i v e  d e s i g n  f e a t u r e s ,  d e m o n s t r a t e  t h e i r  
o p e r a t i n g  p r i n c i p l e s ,  and o p t i m i z e  t h e i r  
per formance .  Review 1984 tests of t h e  
CRBRP NDHX sys tem and u n d e r s t a n d  u n c e r t a i n -  
t i es  i n  t h e  per formance  of t h i s  s y s t e m  a t  
low a i r  f low c o n d i t i o n s .  Per form 3-D 
t h e r m a l - h y d r a u l i c  a n a l y s i s  of t h e  KVACs 
performance.  P e r f o m  tests of a s s o c i a t e d  
f l o w  c o n t r o l  d e v i c e s .  

X 

X 

X 

X X 

X 

X 

X 

X 

X 



T a b l e  D.l. S p e c i f i c  r e s e a r c h  and development  needs i d e n t i f i e d  f o r  t h e  &R c o n c e p t  ( c o n t i n u e d )  

Research  and Development (R&D) 
needs i d e n t i f i e d  by t h e  d e s i g n e r  

as e s s e n t i a l  o r  i m p o r t a n t  

LMR c o n c e p t s  
f o r  which t h e  
R & D  needs  was O t h e r  c o n c e p t s  
i d e n t i f i e d  (*) f o r  which t h e  R&D 
or  a p p l i c a b l e  ( X )  may be a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  R&D need 

Demonst ra tes  S u p p o r t s ,  I n c r e a s e s  I n v e s t o r  o r  
LSPB SAFR PRISM LWR HTR l o w  c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  

Determine and i n c r e a s e ,  i f  n e c e s s a r y ,  x *  X 
t h e  immunity of t h e  decay h e a t  removal  
f u n c t i o n  t o  sodium fires.  

Per form tests t o  v e r i f y  d e s i g n  margins  * x x  
f o r  c r e e p  of be l lows  i n  p i p i n g  sys tems 
a t  e l e v a t e d  tempera ture .  

FUEL- RELATED REQU I KEMENTS 

I n t e g r a l  F a s t  R e a c t o r  

Design and e v a l u a t e  t h e  per formance  of x *  * 
a metal (U-Pu-Zr) c o r e .  T e s t  f u e l  
a s s e m b l i e s  i n  t o  d e m o n s t r a t e  per -  
formance f o r  normal  and off-normal  
c o n d i t i o n s .  

E v a l u a t e  and d e m o n s t r a t e  t h e  repro-  
c e s s i n g  and r e f a b r i c a t i o n  of m e t a l  
f u e l .  

V a l i d a t e  s a f e t y  c l a i m s  a s s o c i a t e d  
w i t h  m e t a l  f u e l .  

x *  * 

x *  

L o n g - l i f e  c o r e  

Per form e x t e n d e d  burnup tests a t  
FFTF of c o r e  materials, and b l a n k e t ,  
and  c o n t r o l  a s s e m b l i e s .  Demonst ra te  
RBCB per formance  a t  EBR-11. 

* * * 

X X 

X X 

X X 

X X 

X X 

X 

X 

X 



T a b l e  D . l .  S p e c i f i c  r e s e a r c h  and development  needs i d e n t i f i e d  f o r  t h e  J A R  c o n c e p t  ( c o n t i n u e d )  

LMR c o n c e p t s  
f o r  which t h e  
R&D needs was O t h e r  c o n c e p t s  
i d e n t i f i e d  (*) f o r  which t h e  R&D 
O K  a p p l i c a b l e  ( X )  may be a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  R&D need 

Research  and Development (RLD) 
needs  i d e n t i f i e d  by t h e  d e s i g n e r  

as e s s e n t i a l  OK i m p o r t a n t  
DelnOnStKateS S u p p o r t s  I n c r e a s e s  I n v e s t o r  o r  

LSPB SAFR PKISM LWR HTR l ow c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  
~ ~~ ~~~~ 

Perform c h a r a c t e r i z a t i o n  test of x *  * 
c l a d d i n g  and d u c t  materials a t  
FFTF to  d e t e r m i n e  i r r a d i a t i o n  e f i e c t s  
a t  p r o t o t y p i c  t e m p e r a t u r e s .  

Per form t r a n s i e n t  t e s t s  of high-  
burnup f u e l  p i n s  t o  d e m o n s t r a t e  
r e l i a b l e  per formance  u n d e r  u p s e t  
c o n d i t i o n s .  

Automated F u e l  F a b r i c a t i o n  

E v a l u a t e  a p p r o a c h e s  and p r o v i d e  
c o n c e p t u a l  d e s i g n  of f a b r i c a t i o n  
p r o c e s s e s  and equipment  sys tem 
r e q u i r e  men t s . 

SYSTEM-AND COMPONENT-KELATED 
REQUIREMENTS 

P l a n t  Exper ience  

U t i l i z e  o p e r a t i n g  r e a c t o r  e x p e r i e n c e  
and d a t a  t o  e v a l u a t e  s h i e l d i n g  pre-  
d i c t i o n s ,  c o r e  per formance  p r e d i c t i o n s ,  
and f l u x  moni tor  r e s p o n s e s ,  and v e r i f y  
under-sodium-viewing d e v i c e  performance.  

* 

x *  

* * 

E s t a b l i s h  and test  methods t o  d e t e c t ,  * * 
l o c a t e ,  and f i x  steam g e n e r a t o r  l e a k s .  
F a b r i c a t e  a p r o t o t y p i c  d e t e c t i o n  and 
l o c a t i o n  system. 

X X 

X 

X 

X X 

P m 

X 

X 



T a b l e  D. 1. S p e c i f i c  r e s e a r c h  and  development  needs i d e n t i f i e d  f o r  t h e  LMR c o n c e p t  ( c o n t i n u e d )  

~~~ 

LMR c o n c e p t s  
f o r  which t h e  
R6D needs  was O t h e r  c o n c e p t s  
i d e n t i f i e d  (*) f o r  which t h e  R6D 
o r  a p p l i c a b l e  (X) may be a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  R&D need 

Research  and Development (R&D) 
n e e d s  i d e n t i f i e d  by t h e  d e s i g n e r  Demonst ra tes  S u p p o r t s  I n c r e a s e s  I n v e s t o r  o r  

as e s s e n t i a l  or i m p o r t a n t  LSPB SAFR PRISM LWR HTR low c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  

Improve t h e  d e s i g n  of c o n v e n t i o n a l  c o l d  
t r a p s  o r  d e v e l o p  new d e s i g n s  which a r e  
more r e l i a b l e ,  t h e r e b y  improving p l a n t  
a v a i l a b i l i t y .  

P e r f o r m  a n a l y s e s  and t e s t i n g  a s s o c i a t e d  
w i t h  t h e  PHTS s i p h o n  b r e a k e r  t o  d e t e r m i n e  
i t s  p o s i t i o n ,  s i z e ,  e r o s i o n l c o r r o s i o n  
r e s i s t a n c e  and r e l i a b i l i t y .  

Advanced P l a n t  Technology 

Per form h y d r a u l i c  tests, u s i n g  a s c a l e  
model, of t h e  t e m p e r a t u r e  and f l u i d  f l o w  
of t h e  plenum, IHX, v e s s e l  w a l l ,  and 
r e a c t o r  v e s s e l  under  normal power and 
n a t u r a l  c i r c u l a t i o n  c o n d i t i o n s .  

E v a l u a t e  v a r i o u s  c a n d i d a t e  m te r i a l s  a s  
i n - v e s s e l  i n s u l a t i o n  between t h e  c l o s u r e  
head  and sodium s u r f a c e ,  w i t h  p a r t i c u l a r  
a t t e n t i o n  g i v e n  t o  French d e s i g n s .  

S tudy  t h e  e f f e c t i v e n e s s  of redan  
as a thermal  b a r r i e r  and p r e s s u r e  s e a l .  

Develop a n  approach  f o r  a u t o m a t i n g  main- 
t e n a n c e  f u n c t i o n s  f o r  a mult i -module 
r e a c t o r  s i t e .  

I n v e s t i g a t e  methods f o r  v a l i d a t i o n  and 
v e r i f i c a t i o n  of s o f t w a r e  used i n  r e a c t o r  
c o n t r o l  and  p r o t e c t i o n  sys tems.  

* x  X 

* 

* * * X 

* 

* 
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X 
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X 

X 

X 
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T a b l e  D . l .  S p e c i f i c  r e s e a r c h  and  development  needs  i d e n t i f i e d  f o r  t h e  LMR c o n c e p t  ( c o n t i n u e d )  

Research  and Development (RbD) 
needs  i d e n t i f i e d  by t h e  d e s i g n e r  

a s  e s s e n t i a l  o r  i m p o r t a n t  

LMR c o n c e p t s  
f o r  which t h e  
R & D  needs  w a s  O t h e r  c o n c e p t s  
i d e n t i f i e d  (*) for  which t h e  R&D 
o r  a p p l i c a b l e  (X) may be a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  K&D need 

Demonst ra tes  S u p p o r t s  I n c r e a s e s  I n v e s t o r  o r  
LSPB SAFR PKISM LWR HTK low c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  

* * I n v e s t i g a t e  advanced i n s t r u m e n t a t i o n  and * X X 
c o n t r o l  s t r e s s  a u t o m a t i o n ,  d i s t r i b u t e d  
c o n t r o l  m u l t i p l e x i n g ,  improve measurement 
s e n s o r s  and s y s t e m s ,  s i m p l i f i e d  main tenance ,  
use  of a r t i f i c i a l  i n t e l l i g e n c e ,  o p e r a t o r  
a i d s ,  and human e n g i n e e r i n g .  

Steam G e n e r a t o r  Per formance  

Conduct steam g e n e r a t o r  endurance  t e s t s  X * * 
t o  d e m o n s t r a t e  long-term i n t e g r i t y .  
I n v e s t i g a t e  o t h e r  o p t i o n s  t o  s i m p l i f y  
t h e  o v e r a l l  sys tem.  I n v e s t i g a t e  t h e  
per formance  of b o o s t e r  t u b e s  i n  s team 
g e n e r a t o r s .  Recommend o r  r e f e r e n c e  
sys tem and i d e n t i f y  n e c e s s a r y  key 
f e a t u r e s  tests.  

V e r i f y  t h a t  e x i s t i n g  i n s p e c t i o n  t e c h -  * x x  
n i q u e s  f o r  SGs meet code r e q u i r e m e n t s  
and  d e v e l o p  new t e c h n i q u e s  which might  
be used a t  e l e v a t e d  t e m p e r a t u r e s  and 
i n  t h e  p r e s e n c e  of sodium. 

Improve computer  code p r e d i c t i o n s  of 
SG performance under  low sodium f l o w  
c o n d i t i o n s .  

Improved Mat e r ia ls  

O b t a i n  code a p p r o v a l  f o r  advanced 
m a t e r i a l s  and s i m p l i f y  o r  improve 
code tules t o r  c o n v e n t i o n i a l  m a t e r i a l s .  

* x  

* * 

X 

* X 

X X X 

X 

X 

X 

X 

X 

X 

X 

X 



Table D.1. Specific research and development needs identified for the ZMR concept (continued) 

Research and Development (R&D) 
needs identified by the designer 

as essential or important 

LMR concepts 
for which the 
R&D needs was Other concepts 
identified (*) for which the R&D 
or applicable (X) may be applicable Justification for the R6D need 

Demonstrates Supports Increases Investor or 
LSPB SAFR PRISM LWR HTR low cost licensing public confidence 

Perform thermal striping tests for 
various candidate materials for 
upper internal designs. 

Evaluate materials which could 
enhance radiative heat transfer 
associated with decay heat 
removal systems. 

Evaluate purification methods for 
primary sodium and cover gas in a 
sealed, vessel during normal operation, 
and during refueling. 

Verify the capability of an under 
sodium viewing system to satisfy 
in-service inspection requirements 
and refueling inspection require- 
ments. 

* * 

X 

* 

Perfom component testing and obtain * 
information from the British and 
French concerning location of 
failed fuel using a sodium sipper. 

Develop a high sensitivity, fission 
channel with remote signal trans- 
mission capabilities for use as a 
monitor of initial core loadings. 

* 

* 

* 

x x  

X X X 

X X 

X 

X X 

X 

X 

X 

X 



T a b l e  D . l .  S p e c i f i c  r e s e a r c h  and development  needs i d e n t i f i e d  f o r  t h e  LMR c o n c e p t  ( c o n t i n u e d )  

Kesearch  and Development ( W D )  
n e e d s  i d e n t i f i e d  by the d e s i g n e r  

as e s s e n t i a l  o r  i m p o r t a n t  

LMR c o n c e p t s  
f o r  which t h e  
R6D needs  was O t h e r  c o n c e p t s  
i d e n t i f i e d  (*) f o r  which t h e  K6D 
O K  a p p l i c a b l e  (X) may be a p p l i c a b l e  J u s t i f i c a t i o n  f o r  t h e  R&D need 

Demonst ra tes  S u p p o r t s  I n c r e a s e s  I n v e s t o r  OK 

LSPB SAFR PRISM LWR HTR low c o s t  l i c e n s i n g  p u b l i c  c o n f i d e n c e  

Advanced Sodium Component F e a t u r e  T e s t s  

Develop advanced pool-pumps such  as X "  * 
a compact, s e l f - c o o l e d  e l e c t r o -  
m a g n e t i c  pump and a shrouded  i n d u c e r  
pump. 

T e s t  c o n t r o l  rod  d r i v e - l i n e  d e s i g n s  
which p r o v i d e  i n h e r e n t  n e g a t i v e  
r e a c t i v i t y  i n  r e s p o n s e  t o  core 
e x c u r s i o n s .  

I n c r e a s e  c o n f i d e n c e  i n  t h e  u s e  of 
f l e x i b l e  j o i n t s  i n  p i p i n g  s y s t e m  
t h r o u g h  t h e i r  t e s t i n g  a t  EBR-11. 

Determine f low d i s t r i b u t i o n s  and 
i n v e s t i g a t e  v i b r a t i o n s  f o r  IHXs 
through tests of p h y s i c a l  models. 

Develop a c o n c e p t u a l  d e s i g n  of an 
i n n o v a t i v e  r e f u e l i n g  and main- 
t e n a n c e  s y s t e m ,  and d e m o n s t r a t e  
key f e a t u r e s  by t e s t i n g .  

Demonst ra te  t h e  f u n c t i o n i n g  of 
t h e  c o r e  s u p p o r t  sys tems t h r o u g h  
tests u s i n g  a n  e n g i n e e r i n g  s c a l e  
model. 

Develop methods f o r  under-sodium, 
i n - s e r v i c e  i n s p e c t i o n  of h e a t  
exchanges .  

x x  * 

x * x  X 

x *  X 

* 

* 

* 

X 

X 

X X 

X 

X 

ti 
t- 
0 



Table D.l. Specific research and development needs identified for the LMR concept (continued) 

Research and Development (R&D) 
needs identified by the designer 

as essential or important 

LMR concepts 
for which the 
R&D needs was Other concepts 
identified (*) for which the R&D 
or applicable (X) may be applicable Justification for the R6D need 

Demonstrates Supports Increases Investor or 
LSPB SAFR PRISM LWR HTR low cost licensing public confidence 

Perform tests of the reliability 
of the bearings and seals for the 
rotating plug of the closure head. 

Perform test to demonstrate the 
performance under design and 
abnormal conditions of cent ri- 
fuga1 pumps, inducer pumps, and 
electromagnetic pumps. 

Perform tests to verify that 
primary and secondary control 
rod systems satisfy design 
requirements. 

* x x  

* x *  

* x x  

X 

U 
I 
w r 

*One or more of the needs of the associated list was specifically identified for this design. 
'One or more of the needs of the associated list would be applicable for this design. 



Table D.2. A hierarchy of R&D tasks to keep the LMR/Breeder option as healthy and competitive 
as possible considering a realistic range in future nuclear energy usage 

Maintain an adequate work force of Continue to improve LMR designs 
technologists and appropriate so that the concepts available 
up-to-date facilities will be competitive 

~ ~~ 

Continue to solve institutional problems 
and improve the marketability of LMR 
concepts 

~~ ~ ~~ ~ 

Support R&D that increases the design Complete and demonstrate technical 
options available for new LMR concepts solutions to long-established 
and significantly improves the design challenges 
technology 

Materials research for higher 
operating temperatures and 
improved efficiencies 

Steam generator designs to 
eliminate sodium-water reactions 
(double-wall concepts) or provide 
instrumentation for more accurate 
and reliable detection 

Improved instrumentation and 
control to incorporate advances 
in automation, artificial 
intelligence, digital control 
etc. 

Demonstrate passive safety against 
core-di srupt ive accidents 

Establish the plant size and con- 
figurations which have the potential 
for lowest power costs 

Demonstrate cost competitive off- 
site and/or on-site reprocessing 
and refabrication 

Support standardization of design 
for improved licensability 

Demonstrate simpler, passive, decay 
heat removal concepts 

Advanced oxide fuel designs for Strive for a significantly better 
higher burnup, and metal fuels reactor design with convincing 
for safety and reprocessing advantages in cost, public acceptance, 
advantages licensability, etc. 

Improved core designs for a 
once-through cycle so that 
reprocessing is not necessary 
for cost competitiveness 

Support university research to maintain 
a continuous supply of technologists 

Produce, test, and qualify whole plant 
designs andfor components such as 
steam generators, pumps, etc., which 
can be sold to non-U.S. markets 

~ -~ ~ ~ 

provide monetary incentives for 
utilities and industry to build LMR 
demonstration plants and facilities 
(for example, license them as R&D 
facilities 

Encourage and support R&D that increases 
consumption of electrical energy within 
the guidelines of national policy (for 
example, support storage battery research 
to make electric cars attractive) 

Decrease the complexity and shorten the 
time required for licensing (for example, 
one step licensing process) 

Increase utility involvement in LMR 
technology through personnel exchanges, 
joint research, etc. 

Complement non-U.S. R6D and commerciali- 
zation activities so information exchange 
with other countires will be mutually 
beneficial 

If required, obtain support for LMR tech- 
nologists and R&D facilities from closely 
related areas such as defense, space 
research, etc., so that their skills will 
be maintained 

tl 
I 
P 
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APP,ENDIX E 

L I Q U I D  METAL REACTOR (LMR) FUEL REPROCESSING- 
REFABRICATION EVALUATION 

J. T. B e l l  and D. C. Hampson 

This  evaluation ms developed t o  compare IMR f u e l  recycle systems 
for  oxide and metal f u e l s .  An adequate data base wa8 not then avail-  
able,  particularly for the  metal fueZ of the Integral Fast Reactor 
( I F R ) .  An extensive p r o g m  of study is now i n  progress a t  Argonne 
National Laboratory t o  develop a metal f u e l  system for  the  LMR and thus 
f i l l  t h i s  void. Although the following evaluat im i s  preliminary, it 
i l l u s t r a t e s  the questions that  must be resolved t o  arrive a t  a f i n a l  
comparison of the f u e l  systems. The conclusions should be viewed quali- 
t a t i v e l y  since the quantitative resu l t s  are subject t o  revision as new 
data are developed by the  Argonne study. However, our principal con- 
cerns f o r  Argonne's e s t i m t e s  of the  amount of research and development 
required and for the project costs ,  both of which are lower than our 
analysis indicates ,  have not been al leviated by work published t o  
date. On the other hand, the s c i e n t i f i c  quality of the process research 
reported appears t o  be excellent.  

This  e v a l u a t i o n  c l a s s i f i e s  f a s t  r e a c t o r  f u e l s  as e i t h e r  oxide o r  
m e t a l .  Reprocessing of oxide f u e l s  i s  considered only with t h e  Purex 
p rocess ,  and t h e  r e s u l t s  are based p r imar i ly  on ORNL exper ience  over 
t h r e e  decades.  Metal f u e l s  r ep rocess ing  i s  considered f o r  an Argonne 
Na t iona l  Laboratory (ANL)-developed pyroprocess  t h a t  i nc ludes  molten 
s a l t  and e l ec t rochemica l  techniques .  The d i s c u s s i o n  of Purex p rocess ing  
w i l l  re la te  d i r e c t l y  t o  any f a s t  r e a c t o r  concept w i th  mixed-oxide (MOX) 
f u e l ,  while  t he  d i s c u s s i o n  of metal f u e l  reprocess ing  r e l a t e s  d i r e c t l y  
t o  t h e  Argonne I n t e g r a l  F a s t  Reactor  (IFR). The t o t a l  r e a c t o r  ou tput  
f o r  each concept i s  assumed t o  be 1300 MW(e). Most s t u d i e s  and programs 
f o r  oxide f u e l  r ep rocess ing  have been f o r  s u b s t a n t i a l l y  l a r g e r  p l an t s .  
The small s i z e  he re  is chosen t o  match the  IFR concept.  These two f u e l  
r ep rocess ing  schemes w i l l  be compared, and t h e  r e s u l t i n g  a n a l y s i s  should 
be g e n e r i c a l l y  a p p l i c a b l e  t o  o t h e r  r e a c t o r  concepts  when m e t a l  and oxide  
f u e l s  are considered.  

The metal f u e l  could be processed by t h e  Purex r o u t e  wi th  minor mo- 
d i f i c a t i o n s .  However, t h i s  would d i s c a r d  one of t he  prime b e n e f i t s  of 
t h e  pyroprocess ,  which i s  t h a t  t h e  f u e l  remains e s s e n t i a l l y  i n  a metal 
s ta te  which i s  amenable t o  r e f a b r i c a t i o n  s t e p s  developed f o r  the  metal 
f u e l s .  The metal f u e l  r e f a b r i c a t i o n  process  is somewhat less compli- 
ca ted  than t h e  p e l l e t  p re s s ing  process  envis ioned  f o r  t h e  MOX f u e l s .  

A cos t  e s t i m a t e  f o r  t h e  Purex r ep rocess ing  of oxide f u e l s  w i l l  be 
more a c c u r a t e  than t h a t  f o r  metal f u e l s  because t h e  Purex process ,  i n -  
c lud ing  management of i t s  wastes, has  a l r eady  been developed t o  t h e  con- 
cep tua l  des ign  s t a g e s  f o r  t h e  Hot Engineer ing F a c i l i t y  (HEF) i n  1978 and 
t h e  Breeder Reprocessing Engineer ing Test (BRET) i n  1984. The fused- 
s a l t  e l e c t r o - r e f  i n i n g  process  (FSER) proposed f o r  r ep rocess ing  metal 
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f u e l s  is i n  t h e  development and 
FSER process  i s  less developed, 
cess f o r  metal f u e l s  i s  v a l i d ,  
ment f o r  a Hot Experiment P lan t  

p roof -o f -p r inc ip l e  s t a g e s .  Although t h e  
our  a n a l y s i s  w i l l  assume t h a t  t h i s  pro- 
i n  p r i n c i p l e ,  and that  des ign  of equip- 
(HEP) could begin i n  1986 f o r  t he  ox ide  - 

f u e l  and i n  1989 f o r  t h e  metal f u e l .  It is  assumed t h a t  an HEP f o r  
e i t h e r  process  i s  r e q u i r e d  t o  provide des ign  d a t a  f o r  a commercial 
demonstrat ion r e p r o c e s s i n g  p l an t .  

This  e v a l u a t i o n  a p p l i e s  t o  t h e  1985-2005 t i m e  frame and is  based on 
a commercial demonstrat ion r e a c t o r  i n  2005. The schedule  would r e q u i r e  
a f u e l  r ep rocess ing  demonstrat ion p l a n t  about 3 y e a r s  l a te r .  To meet 
t h e  2005 g o a l ,  we have assumed t h a t  c e r t a i n  major f a c i l i t i e s  are a v a i l -  
a b l e  now. The Fas t  Flux T e s t  F a c i l i t y  (FFTF) a t  Hanford would be used 
f o r  i r r a d i a t i n g  oxide f u e l s ,  and t h e  Fuels and Materials Examination 
F a c i l i t y  (FMEF), a l s o  a t  Hanford, would be used f o r  an  oxide f u e l  HEP. 
The Experimental  Breeder Reactor No. 2 (EBR 11) and a s s o c i a t e d  Fuel  
Cycle F a c i l i t y  (FCF) at  Idaho F a l l s  would be used f o r  i r r a d i a t i n g  metal 
f u e l s  and f o r  a molten s a l t - e l e c t r o c h e m i c a l  HEP, r e s p e c t i v e l y .  

I n  both cases, i t  is  assumed t h a t  the e x i s t i n g  f a c i l i t i e s  (FMEF and 
FCF) can be modified and equipped t o  provide t h e  f u n c t i o n s  of t h e  HEP. 
Each HEP would be used t o  develop and demonstrate  t h e  p roof -o f -p r inc ip l e  
of the  r e s p e c t i v e  process  and would r e c e i v e  i r r a d i a t e d  f u e l s  s u p p l i e d  by 
t h e  a s s o c i a t e d  r e a c t o r  (FFTF f o r  MOX, and EBR 11 f o r  metal f u e l s ) .  It 
should be noted t h a t  t h e  FFTF does not have b l anke t  e l emen t s ,  which 
would be p r e s e n t  i n  a demonstrat ion f a s t  b reede r  r e a c t o r  (FBR). The 
proof-of-pr inciple  demonstrat ions would provide the t e c h n i c a l  informa- 
t i o n  necessary f o r  t h e  des ign  of a demons t r a t ion  f a c i l i t y .  It is 
assumed t h a t  t h e s e  HEPs would c o n t r i b u t e  s u f f i c i e n t l y  t o  d e s i g n  i n f o r -  
mat ion t o  j u s t i f y  a second demonstrat ion p l a n t .  However, t h e  l a t t e r  may 
be a f i rs t -of-a-kind commercial p l a n t .  Without t h e s e  f a c i l i t i e s ,  i t  i s  
u n l i k e l y  t h a t  e i t h e r  process  could be commercially demonstrated i n  t h e  
NPOVS t i m e  frame. 

E.  1 Schedules f o r  Development of Commercial Demonstration 

The 2OOG-2010 pe r iod  has  been s e l e c t e d  as a f e a s i b l e  o b j e c t i v e  f o r  
demonstrat ion of a s e l e c t e d  new power r e a c t o r  and t h e  a s s o c i a t e d  f u e l  
cycle .  Although t h e  necessary t i m e  f o r  r e p r o c e s s i n g  would be 3 t o  
5 yea r s  a f t e r  t h e  demonstrat ion r e a c t o r  goes on l i n e ,  a f u l l y  developed 
f u e l  c y c l e  would be e s s e n t i a l  t o  adop t ion  of t h e  IFR concept.  

To e s t a b l i s h  schedu les  f o r  developing the  r e p r o c e s s i n g / r e f a b r i c a -  
t i o n  systems f o r  oxide and metal f u e l s ,  i t  w a s  presumed t h a t  an  e x i s t i n g  
f a c i l i t y  could be modified f o r  s p e c i f i c  needs of each process .  Th i s  
f u r t h e r  imp l i e s  t h a t  t h e  use of t h e  FCF f o r  metal f u e l s  o r  t h e  FMEF f o r  
oxide f u e l s  would be adequate  t o  provide p roof -o f -p r inc ip l e  in fo rma t ion  
f o r  e i t h e r  f u e l  cycle .  However, use of t h e s e  e x i s t i n g  f a c i l i t i e s  would 
not provide t h e  hard-schedule f i n a n c i a l  d a t a  f o r  c o n s t r u c t i o n  t h a t  are  
r e q u i r e d  f o r  t h e  commercial phase; such d a t a  would be a product of t h e  
demonstrat ion phase. 
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The major d i f f e r e n c e  between t h e  two schedules  is t h a t  t h e  metal 
f u e l  r ep rocess ing  must be i n i t i a t e d  with a process /was te  development 
phase,  while  t h i s  work is not  needed f o r  t h e  oxide  f u e l  r ep rocess ing  
program. Adequate development work has been done on t h e  oxide  program 
t o  permit  immediate i n i t i a t i o n  of t h e  des ign  a c t i v i t i e s .  The metal f u e l  
r ecyc le  program would be d iv ided  i n t o  t h r e e  components: 

p rocess /was te  development 

proof-of -pr inc ip le  runs  i n  t h e  FCF, and 

0 d e s i g n  and c o n s t r u c t i o n  of a demonst ra t ion  f u e l  cyc le  p l a n t  a t  a 
l o c a t i o n  t o  be determined. 

The oxide  f u e l  r e c y c l e  program would be d iv ided  i n t o  two major compo- 
nent  s : 

0 proof-of -pr inc ip le  runs i n  t h e  FMEF, and 

8 des ign  and c o n s t r u c t i o n  of a demonst ra t ion  f u e l  c y c l e  p l a n t  a t  a 
l o c a t i o n  t o  be determined. 

Three c o n s t r a i n t s  have been inco rpora t ed  i n t o  t h e  schedule  f o r  
metal  f u e l  p rocess ing :  

1. The p rocess  must be proven on a l a b o r a t o r y  scale p r i o r  t o  des ign  of 
t h e  mod i f i ca t ions  f o r  t h e  FCF. 

2. Cold- tes t ing  of t h e  process  must be s u c c e s s f u l l y  completed i n  t h e  
FCF p r i o r  t o  s tar t  of des ign  f o r  t h e  demonst ra t ion  p l a n t .  

3. Hot - tes t ing  of both t h e  s e p a r a t i o n  process  and t h e  waste process  
should be completed p r i o r  t o  s t a r t  of c o n s t r u c t i o n  of t h e  demon- 
s t r a t i o n  p l a n t .  

The one c o n s t r a i n t  t h a t  was deemed necessary  f o r  ox ide  f u e l  p rocess ing  
was  t h a t  t h e  i n t e g r a t e d  h o t - t e s t i n g  should be completed p r i o r  t o  s t a r t  
of c o n s t r u c t i o n  of t h e  demonst ra t ion  p l an t .  R e f a b r i c a t i o n  of both f u e l s  
must be inc luded  i n  t h e  r e s p e c t i v e  HEP, and p rqof - t e s t ing  should be com- 
p l e t e d  b e f o r e  i n i t i a l  c o n s t r u c t i o n  of t h e  demonst ra t ion  f a c i l i t y .  

The two schedules  are based on a commitment t o  conduct t h e  v a r i o u s  
a c t i v i t i e s  w i t h i n  t h e  t i m e  frames shown. This  is c r i t i ca l ,  and de lays  
i n  any phases of t h e  program would be r e f l e c t e d  i n  cor responding  d e l a y s  
i n  subsequent  phases. As can be seen i n  t h e  t a b l e  a t  t h e  end of t h i s  
s e c t i o n ,  t h e r e  i s  l i t t l e  room f o r  s l i p p a g e  i n  e i t h e r  f u e l  c y c l e  
schedule .  These are t h e  most o p t i m i s t i c  f e a s i b l e  schedules  and are 
g iven  on ly  t o  show t h a t  a 2005 o b j e c t i v e  could be achieved.  These 
schedu les  can be accomplished only  i f  t h e  fo l lowing  are done: 
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1. The meta l - fue l  schedule  i s  s t a r t e d  immediately.  

2 .  Experimental  r e a c t o r  space f o r  f u e l  t e s t i n g  i s  ded ica t ed  t o  t h i s  
e f f o r t .  

3. E x i s t i n g  f a c i l i t i e s  are a v a i l a b l e  and ded ica t ed  t o  t h e  HEPs. 
(There i s  no t i m e  f o r  c o n s t r u c t i o n  of new HEPs.) 

4 .  Waste management i s  developed p a r a l l e l  t o  t h e  chemical pro- 
ces s ing .  (This  w i l l  r e q u i r e  an a d d i t i o n a l  e f f o r t  i n  t he  metal 
f u e l s  program s i n c e  l i t t l e  work has been done f o r  t h i s  waste t o  
d a t e .  The necessary  development may extend p a s t  t h e  1997 d a t e . )  

5. Fuel  f a b r i c a t i o n  must be developed s imul taneous ly  wi th  t h e  chemical  
reprocess ing .  

6 .  Plutonium must be a v a i l a b l e  f o r  f u e l  t e s t i n g  and f o r  i r r a d i a t i o n  i n  
o rde r  t o  have adequate  spent  f u e l  a v a i l a b l e  f o r  e i t h e r  HEP i n  t h e  
1991 t i m e  frame. 

Summary Schedule f o r  Development 

Laboratory exper imenta t ion  s t a r t e d  
Complete l a b o r a t o r y  exper imenta t ion  
S t a r t  equipment des ign  f o r  FCF o r  FMEF 
S t a r t  mod i f i ca t ions  t o  FCF o r  FMEF 
I n s t a l l  equipment i n  FCF o r  FMEF 
Complete bas e experiment a1 program 
S t a r t  des ign  demonst ra t ion  p l a n t  
S t a r t  c o n s t r u c t i o n  of demonst ra t ion  p l a n t  
S t a r t  des ign  of demonst ra t ion  equipment 
I n s t a l l  demonst ra t ion  equipment 
Complete c o n s t r u c t i o n  
S t a r t  o p e r a t i n g  t h e  demonst ra t ion  p l a n t  

Metal 

1985 
1987 
1988 
1989 
1990 
1997 
1994 
1998 
1996 
2000 
2002 
2004 

Oxide 

NR* 
NR* 

1988 
1989 
1991 
1993 
1989 
1993 
199 1 
1996 
1997 
1999 

*NR i n d i c a t e s  s t e p s  not  requi red .  Thus, t h e  oxide  schedule  could 
be advanced one year .  

E.2 The Two Processes  

The f lowsheet  f o r  pyrochemical p rocess ing  of metal f u e l 1  and a n  
e q u i v a l e n t  Purex f lowshee t  f o r  ox ide  f u e l s 2  were eva lua ted .  The block- 
diagram f lowsheets  desc r ibed  below are based on t h e  conceptua l  d e s i g n  
e f f o r t s  f o r  commercial-scale f u e l  cyc le  f a c i l i t i e s  t o  se rve  1200 t o  
1400 MW(e) e l e c t r i c i t y  gene ra t ing  c a p a c i t y  (n ine  PRISM modules o r  f o u r  
SAFR power paks) .  R e f a b r i c a t i o n  f lowshee t s  fo l low Argonne in fo rma t ion  
f o r  metal f u e l s  and t h e  mechanical-blending p e l l e t  forming process  f o r  
ox ide  f u e l s .  
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E.2.1 The Pyrochemical Process  f o r  Metal Fuels  

The p resen t  IFR concept (1985) i nc ludes  a r eac to r -gene ra to r  system 
o p e r a t i n g  i n  a f u e l  break-even conve r t e r  mode but cons t ruc t ed  wi th  t h e  
p o t e n t i a l  of o p e r a t i n g  i n  a f u e l  breeder  mode. For t h i s  a n a l y s i s ,  mul- 
t i p l e  r e a c t o r s  are cons idered  i n  a 1300-MW(e) u n i t  w i th  a s s o c i a t e d  f u e l  
cyc le  f a c i l i t i e s .  A f u e l  burnup of 11% i s  proposed without  an a x i a l  
b lanket .  The break-even o p e r a t i o n  r e q u i r e s  a r ep rocess ing  system wi th  a 
throughput  of 7.5 tonnes /year  ( t / a )  ( 3 0  kg/d)  of co re  f u e l  and 8 t / a  
( 3 3  kg/d) of combined i n t e r n a l  and r a d i a l  b lanket  f u e l . 3  However, i f  
t he  r e a c t o r  has  p o t e n t i a l  f o r  f u t u r e  f u e l  breeding ,  t h e  r ep rocess ing  
f a c i l i t y  must be i n i t i a l l y  cons t ruc t ed  t o  accommodate t h e  breeder  sys-  
tem. The p rev ious ly  proposed IFR breeder  r e q u i r e d  r ep rocess ing  
c a p a c i t i e s  of 7.5 and 18 t / a  (30 and 72 kg/d) of co re  and b l anke t  f u e l ,  
r e s p e c t i v e l y .  This a n a l y s i s  w i l l  cons ide r  on ly  t h e  h igher -capac i ty  
requi rements  f o r  t h e  breeder  mode. Again, no a x i a l  b l anke t  i s  assumed. 

A block-diagram f lowsheet  f o r  r ep rocess ing  metal f u e l  i s  shown i n  
Fig.  E.l. A s p e c i a l  committee appoin ted  by t h e  Un ive r s i ty  of Chicago 
has reviewed t h e  chemistry proposed f o r  t h e  r ep rocess ing  of metal f u e l  ; 
f u r t h e r  d i s c u s s i o n  i s  not  p re sen ted  here.  The co re  and t h e  b lanket  f u e l  
i n i t i a l l y  must be processed s e p a r a t e l y ,  and t h e  plutonium from t h e  
b l anke t  f u e l  is added t o  t h e  core  f u e l .  The b l anke t  f u e l  i s  d i s -  
assembled, chopped, and d i s so lved  from t h e  c l add ing  by an e l e c t r o d i s -  
s o l u t i o n  process .  The f u e l  d i s so lved  i n  cadmium is  contac ted  wi th  a 
s a l t  mix ture  t o  o x i d i z e  t h e  plutonium t o  PuC13, which t r a n s f e r s  i n t o  t h e  
s a l t  s o l u t i o n .  Some of t h e  uranium and most of t h e  f i s s i o n  products  
w i l l  a l s o  be oxid ized  and d i s so lved  i n t o  t h e  salt .  Noble metal f i s s i o n  
products  w i l l  remain predominantly wi th  t h e  unoxidized uranium. A f t e r  
t h i s  h a l i d e  s l agg ing ,  t h e  s a l t  s o l u t i o n  is t r a n s f e r r e d  t o  t h e  p rocess  
l i n e  f o r  t h e  co re  f u e l  and i s  coprocessed through t h e  e l e c t r o l y s i s  
scheme. Some problems with t h e  h a l i d e  s l agg ing  process  inc lude  waste 
handl ing  and c o n t r o l  of t h e  metal ox ida t ion .  The plutonium is oxid ized  
by adding uc l3  t o  t h e  s a l t  s o l u t i o n .  The amount r equ i r ed  w i l l  depend on 
t h e  amount of f i s s i o n  products  t h a t  ox id i ze  be fo re  t h e  plutonium 
ox id izes .  The added uranium a l s o  r e p l a c e s  t h a t  consumed i n  t h e  b l anke t .  

A s  shown i n  block form i n  Fig. E.l, t h e  f u e l  bundles  are d i s -  
assembled and t h e  i n d i v i d u a l  co re  f u e l  p ins  are punctured t o  release 
gaseous f i s s i o n  products  and then  chopped i n t o  s h o r t  segments. I f  an 
ax ia l  b l anke t  had been inc luded ,  t h a t  material would be mechanical ly  
s e p a r a t e d  and t r a n s f e r r e d  t o  t h e  dec ladding  and t h e  h a l i d e  s l a g g i n g  pro- 
cess f o r  b lanket  f u e l .  The chopped co re  f u e l  is d i s s o l v e d  i n t o  cadmium; 
t h e  c l add ing  does not  d i s so lve .  The s a l t  s o l u t i o n  from t h e  h a l i d e  
s l agg ing  of t h e  b l anke t  f u e l  i s  added t o  t h e  cadmium. This  r e s u l t s  i n  a 
two-phase l i q u i d  system - a molten salt  phase i n  c o n t a c t  w i th  a molten 
metal phase. Also,  t h e  c ladding  and t h e  undisso lved  f u e l  make up a 
s o l i d  phase i n  t h e  cadmium l i q u i d  metal. I n  e l e c t r o r e f i n i n g ,  t h e  m e t a l  
phase i s  used as t h e  anode, and a cathode i s  placed i n  t h e  sa l t  phase.  
The PuC13 i s  e lec t ro- reduced  t o  plutonium from t h e  s a l t  phase onto  t h e  
cathode.  Plutonium is t r a n s f e r r e d  from the  metal  t o  t h e  s a l t  phase by 
o x i d a t i o n  a t  t h e  anode t o  PuC13. The same e l e c t r o l y s i s  mechanism 
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ORNL DWG 85-492 

4 9 3 

SODIUM 
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Figure E.l. The block diagram flowsheet for pyro-electro-chemical 
reprocessing fast reactor metal fuel. Numbered blocks indicate space 
requirements in the containment, and multiple numbers per block indicate 
duplicate equipment. The decladding step, block 3 ,  has not been defined 
but is thought to be feasible by an electrochemical process. Any such 
process will likely require at least three additional space require- 
ments. The letters a, b, c, d indicate a sequence of steps following 
the electro-refining. During startup of the reactor with enriched 
uranium, the core uranium cannot be isotopically diluted with blanket 
uranium, and the blanket fuel may need to pass two times (or more) 
through the halide slagging step to reduce to uranium content. 
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a p p l i e s  t o  t h e  r educ t ion  of u C l 3  t o  uranium and of Z r C l s  t o  zirconium, 
and t h e  product  i s  a mixture  o r  an a l l o y  of t h e  t h r e e  metals. Cont ro l  
of t h e  reducing  p o t e n t i a l  can p a r t i a l l y  s e g r e g a t e  t h e  metals on t h e  
cathode.  

E.2.2 The Purex Process  f o r  Oxide Fuels  

The assumed LMR des ign ,  as f o r  t he  metal f u e l e d  system, i s  a 
1300-MW(e) f a c i l i t y .  The co re  and b l anke t  f u e l s  can be processed i n  t h e  
same equipment. A r ep rocess ing  f a c i l i t y  on t h e  s i te  f o r  t h i s  1300-MW(e) 
complex would r e q u i r e  a c a p a c i t y  of 35 t / a  (8 t / a  of co re  and 27 t / a  of 
b lanket  f u e l )  o r  about 140 kg/d a t  250  d/a .  

The Purex process  f o r  r ep rocess ing  oxide  f u e l s  i s  diagrammed i n  
Fig.  E.2 and has  been p rev ious ly  desc r ibed .2  Both the  co re  and t h e  
b l anke t  f u e l s  are processed through t h e  same equipment. The head-end 
o p e r a t i o n  invo lves  disassembly of t h e  f u e l  bundles and chopping of f u e l  
i n t o  1-in. segments. D i s s o l u t i o n  i n c l u d e s  t r a n s f e r  of f u e l  from t h e  
c ladding  i n t o  n i t r i c  ac id  and removal of c ladding  h u l l s  from t h e  pro- 
cess. I n  t h e  feed  p r e p a r a t i o n  s t e p ,  t h e  chemistry of t h e  d i s s o l v e d  f u e l  
i s  a d j u s t e d  f o r  s o l v e n t  e x t r a c t i o n .  

The d e t a i l s  of s o l v e n t  e x t r a c t i o n  s t r o n g l y  depend on t h e  cha rac t e r -  
i s t ics  requ i r ed  f o r  t h e  plutonium and uranium products .  Our e v a l u a t i o n  
w i l l  be based on a convent iona l  Purex s o l v e n t  e x t r a c t i o n ,  i n  which t h e  
so lven t  e x t r a c t i o n  s t e p  y i e l d s  pure uranium and plutonium products .  The 
product-conversion s t e p  conve r t s  aqueous n i t r a t e  s o l u t i o n s  of plutonium 
and uranium i n t o  t h e  r e s p e c t i v e  oxides .  The r e f e r e n c e  des ign  i n c l u d e s  
o x a l a t e  p r e c i p i t a t i o n  fol lowed by thermal  decomposition. 

E.2.3 F a b r i c a t i o n  of Metal Fuels  f o r  IFR 

F a b r i c a t i o n  of t h e  metal co re  and b l anke t  f u e l s  w i l l  involve  
s e p a r a t e  o p e r a t i o n s  i n  the  i n i t i a l  s t e p s .  However, t h e  same equipment 
can be used du r ing  and a f t e r  t h e  fuel-rod assembly s tage .  All f a b r i c a -  
t i o n  s t e p s  must be conducted remotely w i t h i n  t h i c k  containment s h i e l d i n g  
because bo th  t h e  r e c y c l e  uranium from t h e  h a l i d e  s l a g g i n g  and t h e  repro-  
cessed plutonium/uranium/zirconium w i l l  r e t a i n  a p p r e c i a b l e  q u a n t i t i e s  of 
f i s s i o n  products .  F igu re  E.3 shows a block diagram f o r  netal  f u e l  
f a b r i c a t i o n ,  which i s  i n  accord wi th  t h e  f a b r i c a t i o n  of EBR I1 f u e l .  A s  
i n  t h e  r ep rocess ing ,  t h e  c a p a c i t y  f o r  f u e l  f a b r i c a t i o n  must be capable  
of q u a n t i t i e s  f o r  t h e  breeding  des ign  b a s i s ,  so t h a t  t h e  IFR w i l l  have 
breeding  as a f u t u r e  opt ion .  

Batch s i z e s  may be l i m i t e d  by c r i t i c a l i t y  cons ide ra t ions .  The 
c r i t i c a l i t y  s a f e t y  a n a l y s i s  f o r  t h e s e  process  s t e p s  has not been com- 
p l e t e d ,  and t h e r e f o r e  t h e  e f f e c t  of c r i t i c a l i t y  on ba tch  s i z e s  cannot be 
f i r m l y  eva lua ted .  IFR breeder  systems wi th  a t o t a l  ou tput  of 1300 MW(e) 
w i l l  r e q u i r e  a t o t a l  p rocess ing - re fab r i ca t ion  c a p a c i t y  of 25 .5  t / a  
(30 kg/d and 7 2  kg/d f o r  t h e  co re  and b lanket  f u e l s ,  r e s p e c t i v e l y ,  f o r  
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250 d / a ) .  Thus, as a r e s u l t  of c r i t i c a l i t y  c o n s i d e r a t i o n s ,  t h e  c o r e  and 
the  b lanket  process  may each r e q u i r e  more than  one i n j e c t i o n  c a s t i n g  
u n i t .  The cast f u e l  w i l l  be cooled and t h e  mold removed. The spen t  
mold becomes TRU waste but  could,  perhaps,  be cleaned t o  low-level  
s t a t u s .  The f u e l  w i l l  t hen  be in spec ted  and a chemical  a n a l y s i s  com- 
p l e t ed .  The f u e l  t h a t  passes  i n s p e c t i o n  w i l l  be loaded ,  a long  wi th  some 
sodium, i n t o  new cladding.  The c ladding  w i l l  be subsequent ly  welded and 
l eak - t e s t ed .  Approved f u e l  rods w i l l  be bonded i n t o  bundles ,  and t h i s  
bonding w i l l  be inspec ted .  The p o s i t i o n i n g  spade on t h e  bottom of t h e  
f u e l  rods w i l l  be s t r a i g h t e n e d ,  and t h e  rods w i l l  be loaded i n t o  a n  
assembly. F i n a l l y ,  each assembly w i l l  be equipped wi th  t h e  hexagonal 
can i n s e r t  and welded. T e n s i l e  t e s t i n g  w i l l  be performed, and t h e  
approved assembl ies  w i l l  be examined t o  a s s u r e  meeting t h e  requirements  
f o r  i n s e r t i o n  i n t o  t h e  r e a c t o r .  

E . 2 . 4  F a b r i c a t i o n  of Oxide Fuels  

Feed material f o r  f a b r i c a t i o n  of ox ide  f u e l s  w i l l  have r e l a t i v e l y  
low gamma a c t i v i t y  because t h e  Purex process  removes e s s e n t i a l l y  a l l  of 
t h e  f i s s ion -p roduc t  e lements  from t h e  plutonium/uranium products .  
Therefore ,  t h i s  f a b r i c a t i o n  can be housed i n  a low-level containment  
f a c i l i t y .  However, automated remote o p e r a t i o n s  and maintenance w i l l  be 
r equ i r ed  because of t h e  long-term i n c r e a s e  i n  t h e  even-numbered pluton-  
ium i so topes .  The 130041W(e) r e a c t o r  system w i l l  r e q u i r e  8, 9 ,  and 
18 t / a  of co re ,  a x i a l ,  and r a d i a l  b lanket  f u e l s ,  r e s p e c t i v e l y .  While 
t h e  Purex r ep rocess ing  must handle  a l l  35 t / a  of spen t  f u e l ,  t h e  f a b r i -  
c a t i o n  f a c i l i t y  w i l l  p repare  only the  core  f u e l  (8 t / a ) ;  t h e  b l anke t  
f u e l  ( 2 7  t / a )  w i l l  be purchased from an  independent  vendor. The vendor 
could be any of those  t h a t  c u r r e n t l y  supply  LWR f u e l .  

A block-type schematic  f o r  f a b r i c a t i o n  of ox ide  breeder  f u e l  is 
shown i n  Fig. E . 4 .  This  f lowsheet  i s  i n  accord with t h e  f a b r i c a t i o n  
flow-sheet f o r  t h e  Secure Automated F a b r i c a t i o n  l i n e .  The recyc led  
Pu02 and t h e  U02 are f i r s t  blended i n  t h e  proper  ba t ch  q u a n t i t i e s .  The 
mixed oxide  i s  mi l l ed  t o  achieve  un i fo rmi ty ,  and a b inde r  material i s  
added. The f i n e  material is  then compacted i n t o  g r a n u l e s ,  and a l u b r i -  
can t  is added. This  mixture  i s  pressed  i n t o  p e l l e t s  and loaded i n t o  
boa t s  f o r  high-temperature  t r ea tmen t ,  which s e r v e s  t o  remove t h e  b inding  
m a t e r i a l  and s i n t e r  t h e  p e l l e t s .  The s i n t e r e d  p e l l e t s  undergo s e v e r a l  
g r i n d i n g ,  gauging,  c l e a n i n g ,  and i n s p e c t i o n  s t e p s  be fo re  they a r e  loaded  
i n t o  t h e  c ladding  j a c k e t s .  The loaded j a c k e t s  are f i l l e d  wi th  helium 
and welded c losed .  HeLium l e a k - t e s t i n g  and u l t r a s o n i c  t e s t i n g  are car- 
r i e d  out  success ive ly .  The f u e l  rods proceed through f i s s i l e  a s say  and 
phys ica l  i n s p e c t i o n ,  and rods t h a t  pass  a l l  i n s p e c t i o n s  are wrapped wi th  
space r  w i r e  and assembled i n t o  bundles.  A f i n a l  i n s p e c t i o n  of t h e  
assembled bundles completes t h e  f a b r i c a t i o n  process .  
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E.3 COSTS OF DEMONSTRATION PLANTS FOR REPROCESSING 
AND REFABRICATING METAL AND OXIDE FUELS 

Costs  have been es t imated  f o r  t h e  f u e l  cyc le  p l a n t s  f o r  fas t  reac- 
t o r  f a c i l i t i e s  with 1300-MW(e) ou tpu t s .  In  Table E . l ,  through-puts f o r  
such r ep rocess ing  f a c i l i t i e s  are given as tonnes p e r  year  ( t / a )  f o r  
metal f u e l  from an IFR conceptual  r e a c t o r  o p e r a t i n g  as a breeder  and f o r  
oxide f u e l  from a PRISM conceptual  breeder  r eac to r .  Reprocessing of 
e i t h e r  type of f u e l  i s  conducted i n  remotely ope ra t ed ,  sh i e lded  f a c i l -  
i t i e s .  Refab r i ca t ion  of both the  co re  and b lanket  of t h e  metal f u e l  is 
conducted i n  remotely opera ted ,  sh i e lded  f a c i l i t i e s .  However f o r  ox ide  
f u e l s ,  only t h e  core  i s  r e f a b r i c a t e d  remotely,  t h e  b lanket  f u e l  i s  pur- 
chased from a commercial vendor. 

Table  E . l .  Fuel  throughputs  ( t / a )  f o r  r ep rocess ing  and 
r e f a b r i c a t i n g  metal and oxide f u e l s  from 

1300-MW(e) f a s t  r e a c t o r s  

T o t a l  f o r  

Core Axial  Radial  Reprocess c a t i o n  Purchase o p e r a t i o n s  
Ref a b r i -  remote 

Metal f u e l  7.5 0 18 25 e5 25.5 0 51 
Oxide f u e l  8 9 18 35 8 27 43  

The c o s t s  of reprocess 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  are h ighly  
dependent on t h e  s i z e s  of t he  containment b u i l d i n g s ,  because of t h e  
s h i e l d i n g  and v e n t i l a t i o n  requirements .  Therefore ,  t h e  r e l a t i v e  c o s t s  
of f u e l  cyc le s  f o r  oxide o r  metal  FBR f u e l s  can be based on t h e  r e l a t i v e  
s i z e s  of t h e  r equ i r ed  f a c i l i t i e s .  As a f i r s t  approximation f o r  compar- 
i ng  c o s t s ,  we have assumed t h a t  c a p i t a l  c o s t s  are p r o p o r t i o n a l  t o  t h e  
number of process  s t e p s  t h a t  r e q u i r e  space i n  t h e  s h i e l d e d ,  remotely 
opera ted  f a c i l i t y .  We have numbered such s t e p s  i n  Figs.  E.l-E.4.  

Severa l  s t u d i e s  have c a l c u l a t e d  and examined t h e  e f f e c t s  of va r ious  
parameters on r ep rocess ing  c o s t s  f o r  oxide f u e l s .  Those are summarized 
i n  Ref. 5. Those c o s t s  and t h e  c o s t s  h e r e i n  are expressed  as cu r ren t -  
d o l l a r  l e v e l i z e d  c o s t s  (1984 d o l l a r s ) .  I f  t h e  annual  l e v e l i z e d  f i x e d  
charge rate had been based upon cons t an t  d o l l a r s ,  t h e  apparent  c o s t  
would have been lower. Using t h e  same s c a l i n g  f a c t o r s  (0.5) t h a t  are 
used i n  those  s t u d i e s  and assuming, as d i d  Delene e t  a1.,5 t h a t  a f a c i l -  
i t y  f o r  r ep rocess ing  150 t / a  would c o s t  $1.02 b i l l i o n ,  we estimate t h a t  
t he  c a p i t a l  c o s t  of an oxide f u e l  r ep rocess ing  f a c i l i t y  f o r  a 1300-MW(e) 
LMR would be $492 mi l l i on .  The v a l i d i t y  of t h i s  c o s t  f i g u r e  i s  sup- 
por ted  by t h e  r e c e n t l y  publ ished c o s t s  f o r  t h e  newest LWR rep rocess ing  
p l a n t  i n  t h e  Federa l  Republic of Germany.6 I n  t h a t  document, $1.6 b i l -  
l i o n  is the  c o s t  r epor t ed  f o r  a 500-t/a LWR rep rocess ing  p l an t  (exclud- 
i n g  c o s t s  of t h e  r e f a b r i c a t i o n  f a c i l i t y ) .  When s c a l e d  downward t o  t h e  
35-t/a p l a n t ,  t h i s  y i e l d s  $423 mi l l i on .  Since t h e  c o s t s  of r e p r o c e s s i n g  
LMR f u e l s  are g e n e r a l l y  h igher  (up t o  50%) than  those  f o r  LWR f u e l s ,  t h e  
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two der ived  c o s t s  are comparable, and confidence i n  t h e i r  v a l i d i t y  i s  
inc reased .  However, p re l imina ry  r e s u l t s  of an ORNJL s tudy  c u r r e n t l y  i n  
p rogres s  f o r  a small o n s i t e  f a c i l i t y  sugges t  a c o s t  of $270 m i l l i o n  com- 
pared t o  t h e  above der ived  $492 m i l l i o n  f o r  r ep rocess ing  of ox ide  f u e l s  
i n  a 35 t /a  f a ~ i l i t y . ~  We have used t h e s e  t w o  c o s t  f i g u r e s  t o  c a l c u l a t e  
lower and upper boundary c o s t s  f o r  r ep rocess ing  and r e f a b r i c a t i o n .  The 
oxide  f u e l  r ep rocess ing  c o s t s  were de r ived  from t h e s e  v a l u e s ,  whi le  t h e  
c o s t s  f o r  r e f a b r i c a t i n g  t h e  oxide f u e l  and b lanket  were based on t h e  
h igh  end of t h e  va lues  g iven  i n  Table 2.12 of Ref. 5. The high-end 
va lues  were used t o  r e f l e c t  t h e  c o s t  d i sadvantage  f o r  a small-throughput 
p l a n t .  

The cor responding  c o s t  estimates f o r  a metal f u e l  r ep rocess ing  and 
r e f a b r i c a t i n g  p l a n t  have not been prepared i n  the  same d e t a i l  as t h o s e  
f o r  t h e  oxide  f u e l  p l a n t s .  Because of t h i s ,  t h e  va lues  de r ived  f o r  t h e  
metal f u e l  cyc le  do not  have t h e  same v a l i d i t y  as those  f o r  t h e  oxide  
f u e l  cyc le .  However, we t h i n k  t h e  r e s u l t s  are g e n e r a l l y  c o r r e c t  and 
accep tab le  as a b a s i s  f o r  comparison. A more d e t a i l e d  des ign  s t u d y  
would be r equ i r ed  t o  provide  c o s t  estimates of equa l  v a l i d i t y  t o  those  
f o r  t h e  oxide f u e l  p lan ts .*  

S ince  t h e  number of major s t e p s  r equ i r ed  f o r  p rocess ing  of metal 
f u e l s  i s  comparable t o  t h a t  r equ i r ed  f o r  ox ide  f u e l s  ( s e e  Figs .  E . l  and 
E.2),  t h e  c o s t  of t h e  oxide r ep rocess ing  p l a n t  w a s  used as a c o s t  b a s i s  
f o r  t h e  metal r ep rocess ing  p l a n t .  However, metal f u e l  r ep rocess ing  
equipment may not  r e q u i r e  t h e  head he igh t  t h a t  i s  needed f o r  ox ide  
r ep rocess ing  equipment. Therefore ,  t h e  i n i t i a l  base c o s t  f o r  t h e  metal 
f u e l  w a s  reduced by 20% before  s c a l i n g  f o r  c a p a c i t i e s  w a s  done. The 20% 
r educ t ion  i s  based on t h e  r e s u l t i n g  reduced need f o r  conc re t e  and r e i n -  
forcement ,  r e l a t i v e  t o  t h e  t o t a l  r e i n f o r c e d  conc re t e  requirements  f o r  
t h e  t o t a l  ce l l .  This  reduced base c o s t  was then  a d j u s t e d  f o r  s i z e  based 
on c a p a c i t y ,  u s ing  a 0.5 s c a l i n g  f a c t o r .  

The f a c i l i t y  requirements  f o r  r ep rocess ing  o r  r e f a b r i c a t i n g  me ta l  
f u e l s  are similar. Therefore ,  t h e  c o s t s  f o r  r e f a b r i c a t i o n  of t h e  metal 
f u e l s  were based on t h e  re la t ive  number of s t e p s  r e q u i r e d  f o r  r e f a b r i c a -  
t i o n  (i.e., 20) as compared wi th  t h e  number of s t e p s  r equ i r ed  f o r  
r ep rocess ing  of t h e  metal f u e l  (i.e., 2 5 )  t o  t h e  0.5 power. Thus, t h e  
r e f a b r i c a t i o n  c a p i t a l  c o s t s  are: (2O/25)Oo5 = 0.894 t i m e s  t h e  metal 
r e p r o c e s s i n g  c a p i t a l  cos t s .  

The t o t a l  waste c o s t s  were based on t h e  rate of 1 mill/kWh and 
hence were $9.1 m i l l i o n  annual ly .  The c o s t  of new b lanke t  ox ide  f u e l  
w a s  based on t h e  high range i n  Table 2.12 of Ref. 5. The high range,  
$500/kg, was  used because of t he  r e l a t i v e l y  low q u a n t i t y  t o  be pur- 
chased. Hardware c o s t s ,  e s t ima ted  a t  $50,000 per  f u e l  assembly, w e r e  

*Costs were not  a v a i l a b l e  from ANL on t h e  IFR f u e l  c y c l e  f a c i l i t i e s  
dur ing  t h e  per iod  i n  which t h i s  r e p o r t  was being prepared.  However, 
s i n c e  t h a t  t i m e  ANL has developed a concept and c o s t  estimates. ANL 
should be con tac t ed  f o r  needed d e t a i l s  of t h i s  in format ion .  
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based on exper ience  a t  t h e  FFTF and t h e  EBR 11.. The ope ra t ing  c o s t s  
were sca l ed  us ing  a s i z i n g  exponent of 0.7. 

The c o s t  summary is  g iven  i n  Table E.2. This  in format ion  sugges t s  
t h a t  t h e r e  i s  no s i g n i f i c a n t  economic advantage i n  a metal-fuel  o r  an  
oxide-fuel  FBR based on t h e  c o s t s  of r ep rocess ing  and r e f a b r i c a t i n g  t h e  
f u e l .  

C a l c u l a t i o n s  were made t o  provide comparable va lues  f o r  process ing  
oxide f u e l  i n  a l a r g e  f u e l  cyc le  f a c i l i t y  (1500 t / a ) ,  assuming t h a t  i t  
e x i s t e d  and t h a t  t h e  f u e l  was both reprocessed  and f a b r i c a t e d  there .  
The c o s t  b a s i s  w a s  taken from Table 2 . 1 3  of Ref. 5. The r e s u l t s  showed 
c o s t s  of 4.7 t o  6.3 mills/kWh f o r  80% r e a c t o r  c a p a c i t y  f a c t o r s .  

It is  obvious t h a t  t he  c o s t s  der ived  here  f o r  a 35-t/a f a c i l i t y  are 
high when converted t o  t h e  u n i t  c o s t  ($ /kg)  b a s i s  o r  t o  mills/kWh, and 
when compared t o  c o s t s  i n  a l a r g e  f a c i l i t y .  This  i s  a func t ion  of t h e  
low capac i ty  requirements  f o r  e i t h e r  of t h e  processes .  The 25-35 t / a  
p l a n t s  a r e  a f a c t o r  of 50 smaller, and t h e  c o s t  va lues  r e f l e c t  t h i s ;  
however, t h e  c o s t  comparisons should be more v a l i d  than  t h e  a b s o l u t e  
va lues ,  s i n c e  both the  metal and the  oxide processes  were cos ted  on 
approximately t h e  same bas i s .  Options o t h e r  than  i n t e g r a l  r ep rocess ing  
have 

1. 

2. 

3 .  

4 .  

5.  

been sugges ted ,  as fo l lows  : * 
Sto re  t h e  spent  f u e l  u n t i l  s u f f i c i e n t  q u a n t i t i e s  are accumulated 
f o r  l a rge - sca l e  commercial r ep rocess ing .  

Ship t h e  spent  f u e l  t o  a l a r g e  i n t e r n a t i o n a l  r ep rocess ing  f a c i l i t y  
s e t  up as a coopera t ive  venture .  

Reprocess f u e l  i n  a s m a l l  ded ica t ed  exper imenta l  f a c i l i t y  such as 
BRET, subs id ized  by r e sea rch  and development funds ( f o r  e a r l y  power 
p l a n t s ) .  

Reprocess LMFBR f u e l  i n  a j o i n t  f a c i l i t y  wi th  LWR f u e l  ( t h e  
"hybrid" concept) .  

Reprocess IMFBR f u e l  i n  e x i s t i n g  U.S. r ep rocess ing  f a c i l i t i e s ,  
u t i l i z i n g  p a r t  of t h e i r  capac i ty  f o r  c i v i l i a n  purposes ,  a f t e r  
a p p r o p r i a t e  mod i f i ca t ions  are made. 

E.4 I S S U E S  THAT NEED ATTENTION 

The c o l o c a t i o n  of f u e l  r ep rocess ing  f a c i l i t i e s  w i t h  f a s t  r e a c t o r s  
can r e q u i r e  t h a t  a l l  r egu la to ry  concerns f o r  both the  r e a c t o r  and i t s  
a s s o c i a t e d  r ep rocess ing  f a c i l i t y  be addressed be fo re  approval  of t h e  re-  
a c t o r  is obta ined .  We have def ined  s e v e r a l  i s s u e s  i n  each of s i x  areas 
of t h e  r eac to r - r ep rocess ing - re fab r i ca t ion  combination and have added a 
comment on each i s s u e .  
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Table  E.2. Cost summary f o r  reprocess ing  
and r e f a b r i c a t i n g  metal and oxide FBR fue l a  

Fuel t y p e  Reprocessing c o s t s  ( $ l o 6 )  

Annual Annual 
c a p i t a l  ope ra t ing  To ta l  annual Capi t a1  

Metal f u e l  (20-year) 1 8 4-3 3 6 42-76 13  55-89 
25.5 t / a  (30-year) 184-33 6 3 1-56 13 44-49 

Oxide f u e l  (20-year) 2 7 0 4 9 2  61-1 11 16 71-127 
35 t / a  (30-year) 2 7 0 4 9 2  45- 82 16 61- 98 

Refab r i ca t ion  annual c o s t s  ( $ lo6)  

Cap i t a l  and 
ope ra t ing  Hardware Pur chases  To ta l  

Metal f u e l  (20-year) 48-80 10 - 58-90  
25.5 t / a  (30-year) 39 -61  10 - 49-7 1 

Oxide f u e l  (20- o r  25.6 - 13.5 39 
8 t / a  30-year) 

Combined annual c o s t s  ( $ l o 6 )  

Repro. Ref ab. Waste To ta l  

Metal f u e l  (20-year) 55-89 58-90 9.1 122-1 8 8 
(30-year) 44-69  49-7 1 9.1 102-149 

Oxide f u e l  (20-year) 77-127 39 9.1 1 2 6 1 7 6  
(30-year) 61- 98 39 9.1 110-147 

Busbar c o s t s  a t  80% r e a c t o r  c a p a c i t y  
( m i  11 s/ kWh) 

Metal f u e l  (20-year) 
(25.5 t / a )  (30-year) 

Oxide f u e l  (20-year) 
(35 t / a )  (30-year) 

13.4-20.6 
11.6-16.3 

13.8-19.3 
12.1-16.1 

Oxide f u e l  (20-Year) 6.3 
1500 t / a  (30-year) 4.7 

aA cons tan t  waste c o s t  of 1 mill/kWh, o r  $9.1 m i l l i o n  p e r  year ,  
is  assumed. 



1. 

2. 

3. 

Waste - One of 
t h e  metal f u e l  
waste. Before 
mental  work i s  

E-16 

t h e  major ques t ions  
process ing  concept 

t h i s  ques t ion  can be 
requi red  t o  d e f i n e  

i s o t o p e s  w i l l  r e s i d e  as a r e s u l t  

t h a t  needs t o  be reso lved  f o r  
i s  the means of handl ing  t h e  
answered, cons ide rab le  exper i -  
where each of t h e  major waste 
of t h e s e  processes .  Once t h e  

l o c a t i o n s  and t h e  q u a n t i t i e s  of t h e  wastes are de f ined ,  s p e c i f i c  
d i s p o s a l  methods can be determined. 

In  the  area of waste d i s p o s a l ,  t h e r e  are many ques t ions  r e l a t i v e  t o  
t h e  s p e c i f i c  c r i te r ia  f o r  t h e  wastes and waste c o n t a i n e r s  f o r  
e i t h e r  metal o r  oxide f u e l s .  Such ques t ions  would r e q u i r e  c l a r -  
i f i c a t i o n  before  f i n a l  des ign  could be completed. For t h e  metal 
f u e l ,  cons ide rab le  development work would be necessary  t o  v e r i f y  
proposed p rocesses ,  p a r t i c u l a r l y  i n  t h e  area of imperviousness of 
t h e  d i s p o s a l  product .  

Environment - The environmental  requi rements  f o r  t h e  t o t a l  f u e l  
cyc le  need t o  be c l a r i f i e d  before  t h e  exper imenta l  work i s  com- 
p l e t e d ,  p a r t i c u l a r l y  f o r  metal f u e l ,  s i n c e  l i t t l e  exper ience  and no 
source terms a r e  a v a i l a b l e .  This would r e q u i r e  an e a r l y  d e d i c a t i o n  
t o ,  and funding for, such a p r o j e c t .  

Again, c l a r i f i c a t i o n  i s  needed as t o  what s p e c i f i c  c r i t e r i a  o r  
r e g u l a t i o n s  would apply t o  t h e  releases from an FBR f u e l  cycle .  
The c u r r e n t  r e g u l a t i o n s  (40CFR190) apply s p e c i f i c a l l y  t o  t h e  
"uranium f u e l  cycle"  f o r  l i gh t -wa te r  r e a c t o r s .  It is not  c l e a r  
whether 40CFR61 was  intended t o  cover f u e l  r ep rocess ing  from non- 
uranium f u e l  cyc le s  (Par.  I V  B).  This needs c l a r i f i c a t i o n .  

Sa fe ty  and Licensing - A t  p r e s e n t ,  t h e r e  are no approved des ign  
c r i t e r i a  f o r  LMRs o r  f o r  t h e  f u e l  cyc le  f a c i l i t i e s .  Can t h e s e  be 
approved i n  t i m e  t o  be inc luded  i n  t h e  des ign  process?  

A t  p re sen t  t h e r e  are a l s o  no r e g u l a t i o n s  (NRC) which d e f i n e  t h e  
c r i t e r i a  f o r  f u e l  cyc le  f a c i l i t i e s .  Appendix P t o  lOCFR!jO, which 
has been proposed (but  not approved) , c o n t a i n s  s a f e t y  c r i t e r i a  
based on aqueous processing.  It could be modif ied t o  cover pyro- 
process ing;  however, t h i s  would have t o  be done w e l l  i n  advance of 
t h e  f i n a l  des ign  of a demonstrat ion f a c i l i t y ,  i n  o r d e r  f o r  t h e  re- 
quirements  t o  be included i n  t h e  f i n a l  des ign .  

It i s  not  clear t h a t  t h e  safeguards  requirements  f o r  t h e  metal f u e l  
r ep rocess ing  and f a b r i c a t i o n  would be t h e  same as those  f o r  similar 
o p e r a t i o n s  on t h e  oxide f u e l .  However, t h e  metal f u e l  would always 
be h ighly  r a d i o a c t i v e  and thus less a t t r a c t i v e  f o r  d i v e r s i o n .  For 
e i t h e r  t h e  oxide o r  meta l  f u e l  cyc le ,  t r a n s p o r t a t i o n  i s  reduced by 
us ing  t h e  i n t e g r a l  f u e l  cyc le .  

Would any s a f e t y  o r  l i c e n s i n g  waivers  be r equ i r ed  f o r  e i t h e r  FMEF 
o r  FCF i n  o rde r  f o r  them t o  meet DOE requi rements ,  and could t h e s e  
waivers  be obta ined?  
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4 .  P u b l i c  Acceptance - Pub l i c  acceptance has been a major problem f o r  
less complex p r o j e c t s  than t h e s e  t h a t  are proposed. Could t h i s  be- 
come a major problem? 

Although t h e  p u b l i c  may accept  a r e a c t o r  o r  s e v e r a l  r e a c t o r s  a t  a 
s i t e ,  t h e  a d d i t i o n  of a f u e l  cyc le  f a c i l i t y  t o  t h i s  "nuc lear  
park ,"  may r e q u i r e  a g r e a t  d e a l  more educa t ion  than  before .  This 
could be p a r t i c u l a r l y  important  f o r  t he  management and d i s p o s a l  of 
was tes  . 

5. I n d u s t r y  Acceptance - A major c o n s i d e r a t i o n  w i l l  be t h e  wi l l ing-  
ness  of i n d u s t r y  t o  become involved i n  a complex, total-power pro- 
gram such as t h a t  proposed f o r  t h e  IFR. How would i n d u s t r y  propose 
t o  handle  t h i s ?  

A. In  t h e  course  of t h i s  s tudy ,  we have observed t h a t  u t i l i t i e s  
would not  f e e l  comfortable  wi th  s t a f f i n g  and managing t h e  
d i v e r s e  f a c i l i t i e s  r equ i r ed  f o r  a t o t a l  f u e l  cycle .  Thei r  back- 
ground and t r a i n i n g  are r e l a t e d  t o  power gene ra t ion  and do not  
i n c l u d e  t h e  complexi t ies ,  c o s t s ,  and r i s k s  of t h e s e  o t h e r  
e lements .  It may be more p r a c t i c a l  t o  have a s e p a r a t e  o p e r a t i n g  
o r g a n i z a t i o n  wi th  t h e  a p p r o p r i a t e  t e c h n i c a l  e x p e r t i s e .  

B. A r e  t h e  economics of one c e n t r a l  f u e l  cyc le  compatible with a 
l imi t ed -  (one-) r e a c t o r  complex du r ing  e a r l y  yea r s  when only one 
o r  two r e a c t o r s  are i n  ope ra t ion?  

A f u e l  cyc le  f a c i l i t y  must be o r i g i n a l l y  designed and b u i l t  t o  
handle  t h e  t o t a l  ou tput  from a l l  t he  r e a c t o r s  a t  t h e  s i t e .  
Therefore ,  t h e  major c o s t s  - t hose  of c o n s t r u c t i o n  - would be 
incu r red  a t  some t i m e  before  the  t o t a l  capac i ty  of t h e  f a c i l i t y  
was needed. The i n t r o d u c t i o n  of t h e  f u e l  cyc le  might be delayed 
somewhat by s t o r i n g  t h e  f u e l  a f t e r  d i scharge .  This would pro- 
v i d e  an inventory  f o r  t h e  f u t u r e  r e a c t o r s .  An economic ba lance  
would have t o  be made i n  o rde r  t o  d e f i n e  t h e  optimum s t o r a g e  pe- 
r iod .  The normal p l a n t  l i f e  f o r  r ep rocess ing  is  assumed t o  be 
20 t o  30 yea r s ,  as opposed t o  an assumed r e a c t o r  l i f e  of 30 t o  
40 yea r s ,  however, t h e  optimum l i f e t i m e s  f o r  both r e a c t o r s  and 
r ep rocess ing  p l a n t s  r e q u i r e  f u r t h e r  s tudy and may prove t o  be 
much longer .  

C. How l a r g e  an a n a l y t i c a l  complex w i l l  be r equ i r ed?  

Reac tors ,  per se, do not r e q u i r e  an ex tens ive  a n a l y t i c a l  capa- 
b i l i t y .  The o v e r a l l  complex would r e q u i r e  ex tens ive  remotely 
opera ted  f a c i l i t i e s  f o r  de te rmining  chemical ,  m e t a l l u r g i c a l ,  
p h y s i c a l  p r o p e r t i e s ,  and f o r  a n a l y t i c a l  chemistry measurements. 

D. Does the  ope ra to r  have s u f f i c i e n t  backup t e c h n i c a l  c a p a b i l i t i e s  
a v a i l a b l e  ( a n a l y t i c a l  l a b o r a t o r i e s ,  m e t a l l u r g i c a l  caves, e t c . )  
t o  he lp  r e s o l v e  day-to-day problems? 
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The support  f a c i l i t i e s  r e q u i r e d  t o  s e r v i c e  a r e a c t o r  f u e l  c y c l e  
complex would be much more e x t e n s i v e  than those r equ i r ed  f o r  a 
r e a c t o r  a lone.  

E. Can r e a c t o r ( s )  be dependent on only one f u e l  s o u r c e  and one d i s -  
posal  method? How do r e a c t o r s  o p e r a t e  i n  case of a 1- t o  2-year 
shutdown of f u e l  cyc le?  

A l l  of t h e  f a c i l i t i e s  involved i n  t h e  r e a c t o r  c y c l e  - f u e l  
sou rce ,  f u e l  s t o r a g e  and d i s p o s a l ,  and waste d i s p o s a l  - are 
remotely ope ra t ed  and maintained.  They would be d i f f i c u l t  t o  
d u p l i c a t e  on s h o r t  s chedu le  i n  case a major problem developed i n  
any p a r t  of t h e  system. Thus, the metal f u e l  r e a c t o r s  would n o t  
have a f a l l -back  op t ion ,  u n l e s s  and u n t i l  s e v e r a l  s imilar  f a c i l -  
i t i e s  were a v a i l a b l e .  The l a t t e r  circumstance would r e q u i r e  
shipment of spen t  and r e f a b r i c a t e d  f u e l .  

F. What is t h e  des ign  l i f e  of t h e  f u e l  c y c l e  complex? Can it  be 
r e f u r b i s h e d  - and how of ten?  

The des ign  l i f e  of f u e l  c y c l e  f a c i l i t i e s  is normally 20- 
30 yea r s .  The Savannah River P l a n t  i s  30 yea r s  o l d  and s t i l l  
o p e r a t i n g  w e l l .  There are no o t h e r  p l a n t s  that  have ope ra t ed  
longer .  It would appear f e a s i b l e  t o  r e p l a c e  equipment and ser- 
v i c e s  w i t h i n  a p l a n t  t o  extend l o n g e v i t y ,  p rov id ing  remote 
handl ing c a p a b i l i t i e s  were adequate .  

G. How much plutonium i s  needed f o r  t h e  r e a c t o r  program, a t  what 
rate would i t  be s u p p l i e d ,  and from what source? 

Two q u e s t i o n s  are concerned wi th  t h e  a v a i l a b i l i t y  of f u e l  (and 
plutonium) f o r  i n i t i a l  s t a r t u p .  F i r s t ,  is plutonium a v a i l a b l e  
t o  p rov ide  enough metal f u e l  (e.g. ,  one f u e l  assembly pe r  week) 
t o  support  t h e  p i l o t - p l a n t  program f o r  t h e  2 t o  3 yea r s  t h a t  i s  
necessa ry  t o  develop t h e  p rocess  and waste-process system? And 
second, what is t h e  sou rce  of t h e  plutonium and t h e  manufactur- 
i n g  c a p a b i l i t y  t o  produce t h e  i n i t i a l  two t o  t h r e e  c o r e s  t h a t  
would be r e q u i r e d  f o r  e i t h e r  t h e  metal- o r  oxide-fuel  demonstra- 
t i o n  r e a c t o r  p r i o r  t o  r e c y c l i n g  f u e l  from t h e  f u e l  c y c l e  f a c i l i -  
t i e s ?  W i l l  t h e r e  be any problem i n  f i n d i n g  a vendor who w i l l  
gear up f o r  such a l i m i t e d  program? 

6 .  Reactor I n t e r f a c e s  

A. Can a r e a c t o r  o p e r a t e  wi th  t h e  h ighe r  plutonium c o n c e n t r a t i o n s  
t h a t  may be necessa ry  t o  compensate f o r  t h e  l e s s - f i s s i l e  plu- 
tonium due t o  r e c y c l e ,  o r  does t h e  a d d i t i o n  of t h e  b l anke t  f u e l  
compensate f o r  t h i s ?  (Would t h i s  a f f e c t  t h e  me l t ing  po in t  of 
t h e  f u e l ? )  



E-19 

B. 

C. 

D. 

With each r e c y c l e  of f u e l ,  t h e  n o n f i s s i l e  i s o t o p e s  of plutonium 
i n c r e a s e ;  t hus ,  h ighe r -qua l i ty  plutonium may be r equ i r ed  t o  pro- 
v i d e  t h e  r e q u i s i t e  f i s s i l e  loading.  A h ighe r  plutonium concen- 
t r a t i o n ,  without  o t h e r  ad jus tments ,  could r e s u l t  i n  a lower 
me l t ing  po in t  f o r  t h e  fue l .  This  would have t o  be eva lua ted  
from t h e  r e a c t o r  s a f e t y  viewpoint .  These changes may be magni- 
f i e d  du r ing  t h e  i n i t i a l  phases ,  when t h e  f i s s i l e  material is 
changing from 235U t o  plutonium. 

How l a r g e  a va r i ance  i n  s p e c i f i c a t i o n s  of f u e l  w i l l  t h e  system 
accep t?  

V a r i a t i o n s  i n  metal f u e l  a l l o y  composi t ion and f i s s i l e  composi- 
t i o n  can a f f e c t  r e a c t o r  performance. They can a l s o  a f f e c t  t h e  
p r e c i s i o n  of t h e  burnup c a l c u l a t i o n s ,  which may be t h e  inpu t  
va lues  f o r  t h e  f u e l  cyc le  SNM balance.  Previous  r e a c t o r  c o r e s  
( a l b e i t  exper imenta l  i n  n a t u r e )  have had high accuracy and pre- 
c i s i o n  requi rements  f o r  f u e l  composition. In t h i s  case, bo th  
t h e  a n a l y t i c a l  de t e rmina t ions  and t h e  f i n a l  adjustment  w i l l  be 
accomplished by remote means, which may not  produce t h e  designed 
un i fo rmi ty .  

Is t h e  f u e l  t o  be s p e c i f i e d  by percentage  of plutonium, percen- 
t age  of f i s s i l e  plutonium o r  t o t a l  r e a c t i v i t y ?  How i s  t h i s  t o  
be determined? 

If r e a c t i v i t y  measurements are r equ i r ed ,  t hen  s p e c i a l  instrumen- 
t a t i o n  w i l l  have t o  be developed. 

How are uranium/plutonium c o n c e n t r a t i o n s  c o n t r o l l e d  t o  meet re- 
quirements  of ( B )  and ( C )  above? 

A s e p a r a t e  s t e p  may be needed between r ep rocess ing  and r e f a b r i -  
c a t i o n  which would permit composition adjustment .  

E.5 Conclusions 

The f lowshee ts  desc r ibed  he re  appear  t o  provide  a v i a b l e  p rocess  
f o r  e i t h e r  t h e  oxide- o r  t h e  meta l - fue l  cycle .  It is  recognized t h a t  
a d d i t i o n a l  development work is  necessary  f o r  t h e  metal f u e l  cyc le ,  bu t  
t h i s  does not  appear  t o  p re sen t  a major problem. Although some areas 
w i t h i n  the  metal f u e l  reprocessing-waste  handl ing  f lowshee ts  may change 
as more development work is  done, t h e r e  i s  no reason  t o  expec t  t h e s e  
mod i f i ca t ions  t o  a f f e c t  our o v e r a l l  conc lus ions .  

It must be emphasized t h a t  t h e  c o s t  v a l u e s  p re sen ted  h e r e  are gen- 
e r i c  i n  n a t u r e  and may be more a c c u r a t e  i n  a comparat ive sense  than  i n  
an a b s o l u t e  sense. It must a l s o  be po in ted  ou t  t h a t  t h e  p r i n c i p a l  c o s t  
advantage of t h e  metal-fuel  cyc le  ( i . e . ,  t he  r e l a t i v e l y  small number of 
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s t e p s  r equ i r ed  f o r  r e f a b r i c a t i o n ) ,  i s  l a r g e l y  o f f s e t  by b l anke t  f a b r i c a -  
t i o n  c o s t s .  The b lanket  f o r  t h e  metal f u e l  must be r e f a b r i c a t e d  
remote ly ,  whi le  t h e  oxide  b lanket  can be f a b r i c a t e d  by an e x i s t i n g  LWR 
f u e l  f a b r i c a t i o n  us ing  con tac t  means, which i s  cons ide rab ly  less expen- 
s ive .  Because of t h e s e  c o n s i d e r a t i o n s ,  no a p p r e c i a b l e  d i f f e r e n c e  was 
found between t h e  o v e r a l l  c o s t s  f o r  t h e  meta l - fue l  cyc le  and those  f o r  
t h e  oxide-fuel  cycle .  Although t h e  c a l c u l a t e d  u n i t  o r  bus bar  c o s t s  f o r  
a s m a l l  (35 t / a )  i n t e g r a t e d  f u e l  cyc le  do not  appear  t o  be a t t r a c t i v e ,  
t h e  corresponding f u e l  cyc le  c o s t s  f o r  a p r o j e c t e d  l a r g e  (1500 t / a )  
f a c i l i t y  appear  t o  be compet i t ive .  A much more d e t a i l e d  c o s t  s tudy  
would be r equ i r ed  t o  r e f i n e  t h e  va lues  p re sen ted  here.  Cons ide ra t ion  
must a l s o  be given t o  t h e  i d e n t i f i e d  p o t e n t i a l  r e g u l a t o r y ,  s o c i a l ,  and 
i n d u s t r i a l  acceptance  i s s u e s .  

A s  d i scussed ,  t h e  schedules  p re sen ted  h e r e  i n d i c a t e  t h a t  e i t h e r  t h e  
meta l - fue l  o r  t h e  oxide-fuel  cyc le  could be c losed  w i t h i n  t h e  a l l o t t e d  
t i m e  frame (2000-2010). Although t h e  schedules  c o n t a i n  leeway t o  pro- 
v ide  f o r  small de l ays  i n  o b t a i n i n g  funding o r  i n  c l a r i f y i n g  development 
u n c e r t a i n t i e s ,  t h e r e  are s e v e r a l  t e c h n i c a l  and i n s t i t u t i o n a l  problems 
which must be r e so lved  e a r l y  f o r  any i n t e g r a l  r e a c t o r  and f u e l  c y c l e  
f a c i l i t y  t o  meet t h e  p r o j e c t e d  t i m e  frame. 
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APPENDIX F 

860 MM(e) LARGE HIGH TEMPERATURE 

GAS-COOLED REACTOR (HTGR) 

The 2240 MW(t) r e a c t o r  co re  i s  conta ined  wi th in  a p r e s t r e s s e d  con- 
crete r e a c t o r  v e s s e l  (PCRV), w i th  t h e  co re  i n  t h e  c e n t e r  c a v i t y  and t h e  
steam g e n e r a t o r s  and a u x i l i a r y  hea t  exchangers i n  pods i n  t h e  PCRV sur -  
rounding t h e  c0re.l The co re  i s  cooled wi th  p r e s s u r i z e d  hel ium, moder- 
a t e d  and r e f l e c t e d  with g r a p h i t e ,  and f u e l e d  with a mixture  of uranium 
and thorium. It is cons t ruc t ed  of p r i s m a t i c  hexagonal g r a p h i t e  blocks 
with v e r t i c a l  ho le s  f o r  coolan t  channels ,  f u e l  rods ,  and c o n t r o l  rods .  
Helium coo lan t  f lows from four  e lec t r ic -motor -dr iven  c i r c u l a t o r s  down- 
ward through t h e  co re ,  through fou r  steam g e n e r a t o r s ,  and back t o  t h e  
c i r c u l a t o r s .  Superheated steam produced i n  once-through steam genera- 
t o r s  is expanded through a tandem compound t u r b i n e  g e n e r a t o r .  

In a d d i t i o n  t o  t h e  fou r  primary coo lan t  loops ,  t h r e e  c o r e  a u x i l i a r y  
heat  removal system loops  are a l s o  provided.  Each loop  c o n s i s t s  of a 
gas lwa te r  h e a t  exchanger wi th  an  e lec t r ic -motor -dr iven  c i r c u l a t o r  
l oca t ed  i n  a c a v i t y  i n  the  PCRV w a l l .  Should the  main loops  not be 
a v a i l a b l e ,  coolan t  i s  c i r c u l a t e d  from t h e  r e a c t o r  co re  through t h e  aux- 
i l i a r y  hea t  exchangers where hea t  i s  t r a n s f e r r e d  t o  t h e  co re  a u x i l i a r y  
coo l ing  water system f o r  even tua l  r e j e c t i o n  from coo l ing  towers  t o  t h e  
atmosphere. 

The average co re  power d e n s i t y  is about 6 kW/1 and t h e  ope ra t ing  
p res su re  i s  about 7 MPa. The coo lan t  gas  e x i t s  t h e  co re  a t  about  
690°C. Steam cond i t ions  a t  t h e  t u r b i n e  i n l e t  are 17.3 MPa and 541°C 
provid ing  a thermal  e f f i c i e n c y  of 38%. The PCRV and a n c i l l a r y  systems 
a r e  housed i n s i d e  a r e a c t o r  containment bu i ld ing ,  which i s  a 
convent iona l  s t e e l - l i n e d  r e i n f o r c e d  containment s t r u c t u r e .  T y p i c a l l y ,  
balance-of-plant  systems are housed i n  s e p a r a t e  bu i ld ings  depending on 
f u n c t i o n  and s e r v i c e .  

The advantageous s a f e t y  c h a r a c t e r i s t i c s  of t h e  l a r g e  HTGR are based 
on t h e  high hea t  c a p a c i t y  of t h e  g r a p h i t e  co re  and r e f l e c t o r ,  t h e  h igh  
tempera ture  c a p a b i l i t y  of t h e  f u e l  and moderator ,  t h e  use  of a coo lan t  
which does not change phase and has  no r e a c t i v i t y  e f f e c t  a s s o c i a t e d  wi th  
d e n s i t y  changes,  t h e  i n h e r e n t  shutdown mechanisms a s s o c i a t e d  wi th  a neg- 
a t i v e  tempera ture  c o e f f i c i e n t ,  and t h e  use  of a PCRV which is  a 
redundant  s t r u c t u r e  t h a t  p rec ludes  c a t a s t r o p h i c  f a i l u r e .  The low co re  
power d e n s i t y  i n  combination w i t h  t h e  g r a p h i t e  moderator l e a d s  t o  rela- 
t i v e l y  slow f u e l  tempera ture  rises fo l lowing  loss-of-cool ing a c c i d e n t s ;  
t h e  g r a p h i t e  moderator and t h e  ceramic f u e l  are s t a b l e  t o  very  h igh  tem- 
p e r a t u r e s ,  p rovid ing  a high degree  of f i s s i o n  product  r e t e n t i o n  wi th in  
t h e  f u e l  c o a t i n g s  up t o  about  1600-1800°C, and with only  l i m i t e d  release 
up t o  about 2000°C. The helium coo lan t  does no t  undergo chemical  reac- 
t i o n s  w i t h i n  t h e  r e a c t o r  c i r c u i t ,  and t h e  use of a gas  coo lan t  provides  
unambiguous coo lan t  cond i t ions .  Fu r the r ,  t h e  l a r g e  nega t ive  tempera ture  
c o e f f i c i e n t  of r e a c t i v i t y  f o r  t h e  f u e l  makes f a s t - a c t i n g  shutdown 
systems unnecessary.  

F- 1 



F- 2 

Nonetheless ,  i f  t h e r e  i s  a complete l o s s  of forced  convec t ion  under 
dep res su r i zed  c o n d i t i o n s ,  t he  a f t e r h e a t  genera ted  i n  t h e  core  would 
e v e n t u a l l y  cause p l an t  damage and s i g n i f i c a n t  f u e l  p a r t i c l e  coa t ing  
f a i l u r e s ,  s i n c e  f u e l  temperatures  would rise t o  va lues  g r e a t e r  than  
2000°C. As a r e s u l t ,  engineered s a f e t y  systems are used t o  supplement 
t he  inhe ren t  c h a r a c t e r i s t i c s  of t he  r e a c t o r  and inc lude  t h e  independent 
a u x i l i a r y  cool ing  systems, independent and emergency r e a c t i v i t y  shutdown 
systems, and t h e  r e a c t o r  containment bu i ld ing .  
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APPENDIX G 

EVALUATION OF CLAIMS FOR THE MODULAR 
HIGH TEMPERATURE REACTOR (HTR) 

This  appendix summarizes s a f e t y  and economic claims which have been 
examined by NPOVS f o r  t h e  modular HTR. 

1. Modular HTR Sa fe ty  C l a i m s  

The b a s i c  s a f e t y  claims of t h e  modular HTR are: 

0 doses t o  the  pub l i c  w i l l  not exceed va lues  which would r e q u i r e  
p u b l i c  evacuat ion  [accord ing  t o  EPA's  P r o t e c t i v e  Act ion Guide- 
l i n e s  (PAG)] t o  a f requency of g r e a t e r  than  5 x per p l a n t  
year.  

0 Meet t h e  NRC i n t e r i m  s a f e t y  goals .  

Fu r the r ,  t o  achieve  these  goa l s ,  a f i l t e r e d  confinement,  r a t h e r  than a 
convent ional  containment is s u f f i c i e n t .  

A s  s p e c i f i e d  under R&D needs, Sec t ion  3.5.3.1, a d d i t i o n a l  source 
term da ta  w i l l  be needed t o  assess t h i s  claim. 

Re la t ive  t o  investment p r o t e c t i o n ,  t he  claim is  t h a t  t h e  cumulative 
frequency of even t s  l ead ing  t o  p l a n t  loss  is  less than 10-5/plant  
year.  This  is  below t h e  NPOVS c r i t e r i o n  No. 2. 

2. Modular HTR Claims f o r  Core Heatup Accidents  (wi th  Scram) 

a. C i r c u l a t i n g  a c t i v i t y  and f i s s i o n  product p l a t e o u t  are s u f f i c i e n t l y  
low and f u e l  performance dur ing  normal ope ra t ion  is s u f f i c i e n t l y  
good t h a t  doses  can be maintained below EPA's g u i d e l i n e s  f o r  p u b l i c  
evacuat ion  i n  core  heatup a c c i d e n t s  so long as t h e  f u e l  i s  main- 
t a ined  below 1600 ' C . 

To v e r i f y  t h i s  claim r e q u i r e s  a d d i t i o n a l  d a t a  r e l a t i v e  t o  t h e  
source term as is s p e c i f i e d  i n  the  R&D needs, Sec t ion  3.5.3.1 of  
t h i s  r epor t .  

b. With loss  of t h e  main c i r c u l a t o r  o r  loss  of coo l ing  water flow t o  
the  steam g e n e r a t o r ,  and with loss  of t he  a u x i l i a r y  hea t  removal 
system, hea t  t r a n s p o r t  t o  t h e  v e s s e l  coo l ing  system l i m i t s  t he  f u e l  
temperatures  t o  1200'C. I f  t he  primary system i s  depres su r i zed ,  
h e a t  t r a n s p o r t  t o  t he  v e s s e l  cool ing  system l i m i t s  f u e l  tempera- 
t u r e s  t o  1600'C. Fur the r ,  under n e i t h e r  c i rcumstance w i l l  t h e r e  be 
component damage. 
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This  c la im is e s s e n t i a l l y  supported by s e v e r a l  ana lyses  i n  the  
United S t a t e s  and West Germany. Fur the r  s e n s i t i v i t y  s t u d i e s  are 
needed t o  examine the  impact of u n c e r t a i n t i e s  i n  va r ious  parameters 
on temperatures  of f u e l  and vesse l  i n t e r n a l s .  

C. With a l o s s  of a l l  a c t i v e  and pass ive  engineered  cool ing  systems, 
hea t  t r a n s f e r  t o  the  e a r t h  l i m i t s  t he  f u e l  t o  1600°C. There would 
be component damage ( r e a c t o r  v e s s e l  and i n t e r n a l s ) .  

This is  dependent on s o i l  p r o p e r t i e s  and would r e q u i r e  con- 
f i rma to ry  a n a l y s i s  f o r  each site. 

3. Modular HTR Sa fe ty  C l a i m s  f o r  T r a n s i e n t s  without  Scram 

Although t h e  co re  is provided with h ighly  r e l i a b l e  pr imary  and 
reserve shutdown systems, r ap id  i n s e r t i o n  of c o n t r o l  material i s  no t  
r equ i r ed  f o r  co re  heatup t r a n s i e n t s  i nvo lv ing  t h e  fol lowing:  

loss  of cool ing  water flow t o  the  steam g e n e r a t o r ,  

o l o s s  of forced  c i r c u l a t i o n  of helium, 

e depres su r i za t ion .  

For these  even t s  which l ead  t o  core  heatup,  t h e  i n c r e a s e  i n  f u e l  t em-  
p e r a t u r e s ,  combined with the  nega t ive  temperature  c o e f f i c i e n t  of reac- 
t i v i t y  d r i v e s  the  r e a c t o r  s u b c r i t i c a l .  Peak tempera tures  dur ing  the  
core  heatup are not s i g n i f i c a n t l y  g r e a t e r  than wi th  scram. Af t e r  
s e v e r a l  hours,  depending on t h e  s p e c i f i c  thermal t r a n s i e n t  cons idered ,  
t he  f u e l  w i l l  have cooled s u f f i c i e n t l y  and the  xenon w i l l  have decayed 
s u f f i c i e n t l y  t o  cause r e c r i t i c a l i t y .  

Evidence t h a t  t h i s  claim can be met f o r  c o n d i t i o n s  invo lv ing  l o s s  
of forced  helium c i r c u l a t i o n  i s  provided by tes ts  which have been 
performed a t  the  AVR.l  

4. Modular HTR Safe ty / Inves tment  P r o t e c t i o n  C l a i m s  f o r  Water 
I n g r e s s  

Modular HTR proponents claim t h a t  water i n g r e s s  i s  not  a pub l i c  
s a f e t y  concern f o r  t he  fo l lowing  reasons:  

e t h e  r e a c t i v i t y  i n s e r t e d  can be compensated by t h e  c o n t r o l  and 
shutdown sys tems 

t h e  chemical r e a c t i o n  between water and g r a p h i t e  i s  a s e l f -  
l i m i t i n g ,  endothermic r e a c t i o n  
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0 no flammable o r  cornbustible gas  mixture  w i l l  be produced i n  
t h e  confinement s i n c e  t h e  primary system s a f e t y  r e l i e f  va lve  
w i l l  l i f t  and d i scha rge  such gas  through p a r t i c u l a t e  f i l t e r s  
and up a s t a c k  i n t o  t h e  atmosphere 

F u r t h e r ,  t h e  claim is  made t h a t  a long outage would be prevented e i t h e r  
by a c t i v e  engineered  systems (moi s tu re  monitor ing,  steam g e n e r a t o r  i so-  
l a t i o n  and dump), o r  by a combination of t h e s e  systems and o p e r a t o r  
a c t i o n s .  

To examine t h e  s a f e t y  a s p e c t s  of t h i s  claim w i l l  r e q u i r e  computa- 
t i o n  of tempera ture  c o e f f i c i e n t s  and c o n t r o l  rod worth under c o n d i t i o n s  
of water i n g r e s s ,  computation of t h e  r e a c t i v i t y  i n s e r t i o n  and i n s e r t i o n  
ra te  due t o  water i n g r e s s ,  and a n a l y s i s  of t h e  r e s u l t i n g  thermal  
t r a n s i e n t .  An a n a l y s i s  of t h e  chemical r e a c t i o n  and i t s  consequences 
should a l s o  be performed f o r  t h e  s p e c i f i c  materials, geometry and 
assumed sequences of events .  

5. Modular HTR Sa fe ty  C l a i m s  f o r  A i r  I n g r e s s  

A s e r i o u s  a i r  i n g r e s s  a c c i d e n t  i s  cons idered  by proponents  t o  be an 
extremely u n l i k e l y  event  (<5 x per  r e a c t o r  yea r )  and thus  i s  no t  
t r e a t e d  as a des ign  b a s i s  event .  The claim is t h a t  excess ive  o x i d a t i o n  
of g r a p h i t e  and r e s u l t a n t  f i s s i o n  product release can occur  only  i f  
t h e r e  are r m l t i p l e  r u p t u r e s  i n  t h e  primary system, t h e r e  i s  no fo rced  
coo l ing ,  and much more than one enc losu re  volume of a i r  reacts with t h e  
g r a p h i t e .  I f  t h e r e  i s  fo rced  coo l ing  c a p a b i l i t y ,  even wi th  a mixture  of 
helium and a i r  a t  a tmospheric  p r e s s u r e ,  co re  tempera tures  can be reduced 
t o  400°C i n  a few hours.  The rate of o x i d a t i o n  a t  400°C and below is  
very  low and no longer  a s a f e t y  concern.  F i n a l l y ,  with a l a r g e  a i r  
i n g r e s s ,  t h e  hea t  gene ra t ion  by o x i d a t i o n  i s  very small r e l a t i v e  t o  
decay hea t  g e n e r a t i o n ,  so co re  tempera tures  are not  expected t o  be s i g -  
n i f i c a n t l y  g r e a t e r  t han  f o r  a dep res su r i zed  c o r e  hea tup  acc iden t .  

To examine t h e  l i c e n s i n g  a s p e c t s  of an a i r  i n g r e s s  even t ,  i t  may be 
necessary  t o  de te rmine  the  r i s k  a s s o c i a t e d  wi th  a i r  i n g r e s s  and t o  com- 
pare  t h a t  r i s k  with t h e  t o t a l  r i s k  from normal o p e r a t i o n  of the p l a n t .  
To examine t h e  consequences of a i r  i n g r e s s  r e q u i r e s  a n a l y t i c a l  model 
development ( c u r r e n t l y  i n  p rogres s )  f o r  a c c i d e n t  s i m u l a t i o n ,  an under- 
s t a n d i n g  of t h e  gas  exchange between t h e  primary system and t h e  confine-  
ment and a thorough unders tanding  of t h e  o x i d a t i o n  process .  Fu r the r  
p r o v i s i o n s  i n  t h e  confinement t o  l i m i t  a i r  a c c e s s i b i l i t y  should be 
examined f o r  p r a c t i c a l i t y .  

6. Economics and C o n s t r u c t i b i l i t y  C l a i m s  

C l a i m .  T o t a l  power gene ra t ion  c o s t s  are compe t i t i ve  wi th  c o a l  a*  - 
p l a n t s  of equa l  capac i ty .*  
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Evalua t ion .  Because of t h e  pre l iminary  conceptua l  n a t u r e  of t h e  
des ign ,  t h e r e  are l a r g e  u n c e r t a i n t i e s ,  e s p e c i a l l y  i n  c a p i t a l  inves tment  
c o s t s .  C e r t a i n l y ,  i t  can be claimed t h a t  t h i s  concept  ho lds  s i g n i f i c a n t  
promise t o  be compet i t ive .  Design and c o s t  s t u d i e s  should cont inue  t o  
b e t t e r  d e f i n e  t h e  economic compet i t iveness  wi th  coal .  

It is recommended t h a t  s t u d i e s  be c a r r i e d  out  t o  provide  improved 
c a p i  t a1 c o s t  es t i m a  t es by : 

(1) Continued development of t h e  des ign  t o  t h e  p o i n t  t h a t  q u a n t i t i e s  of 
commodities and l a b o r  can be e s t ima ted  and compared with c u r r e n t  
LWR and coa l - f i r ed  p l a n t  experience.  

( 2 )  Development of estimates of i n d i r e c t  c o s t s  (e.g., manhours of  
d e s i g n  eng inee r ing  and p r o j e c t  management, i n s t e a d  of r e l y i n g  on 
percentages) .  

( 3 )  S t a r t i n g  wi th  a " f i r s t -of -a -k ind"  p l a n t ,  development of t h e  
s t r a t e g y  f o r  a r r i v i n g  a t  t h e  c o s t  of an "Nth-of-a-kind p l a n t .  

b. C l a i m .  S i g n i f i c a n t  c a p i t a l  investment  c o s t  sav ings  are 
achieved through use of a confinement ,  r a t h e r  than containment .  

Evalua t ion .  Bechte l  made a s tudy  i n  FY 1982 (Ref. 4 )  i n  which t h e  
added d i r e c t  c o s t  f o r  containment f o r  a modular HTR p l a n t  wi th  8 reac-  
t o r s  w a s  e s t ima ted  t o  be $70 x lo6 .  E s c a l a t i o n  t o  1985 and a d d i t i o n  of 
i n d i r e c t  c o s t s  i n c r e a s e s  t h i s  amount t o  about  $120 x l o 6  o r  $150/ kW(e), 
which i s  a s i g n i f i c a n t  cos t .  

c. C l a i m .  Systems o u t s i d e  t h e  n u c l e a r  i s l a n d  can be procured and 
i n s t a l l e d  t o  non-nuclear s t anda rds  r e s u l t i n g  i n  an o v e r a l l  sav ings  i n  
c a p i t a l  investment  c o s t  of approximately 10% (Ref. 5) .  

Evalua t ion .  It has been documented6y7 t h a t  t h e  c o s t  of non-nuclear 
p o r t i o n s  of LWR p l a n t s  is much h igher  than f o r  c o a l - f i r e d  p l an t s .  The 
reasons c i t e d  a r e  as fo l lows:  

0 Nuclear  q u a l i t y  s t anda rds  a f f e c t  t h e  a t t i t u d e s  of a l l  persons 
working on t h e  e n t i r e  p r o j e c t  - management, eng inee r ing ,  and 
c r a f t s .  

0 Bulk materials f o r  t h e  e n t i r e  p r o j e c t ,  such as r e b a r ,  anchor 
b o l t s ,  embedments, small bore p ip ing ,  and conc re t e ,  are pro- 
cured and handled as r equ i r ed  by a nuc lea r  q u a l i t y  a s su rance  
program t o  e l i m i n a t e  danger of degrading  t h e  q u a l i t y  of 
s a f e t y - r e l a t e d  s t r u c t u r e s  and systems by i n a d v e r t e n t  sub- 
s t i t u t i o n .  

e Non-safety s t r u c t u r e s  a d j o i n i n g  s a f e t y - r e l a t e d  s t r u c t u r e s  are 
des igned  t o  prevent  c o l l a p s e  i n  t h e  event  of a des ign  b a s i s  
ear thquake  o r  tornado.  
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e Management and supe rv i s ion  are preoccupied wi th  problems asso- 
c i a t e d  wi th  s a f e t y - r e l a t e d  f a c i l i t i e s  and o f t e n  n e g l e c t  
planning f o r  non-sa f e t y  f aci  1 i t  i es . 

Bechtel  addres ses  t h e s e  problems by proposing t o  provide  phys ica l  sepa- 
r a t i o n  between t h e  nuc lea r  and non-nuclear f a c i l i t i e s  and between t h e  
c o n s t r u c t i o n  f o r c e s  so t h a t  t he  low p r o d u c t i v i t y  exper ienced  i n  nuc lea r  
c o n s t r u c t i o n  i s  not  t r a n s f e r r e d  t o  t h e  non-nuclear a reas .  Our a n a l y s i s  
a s  a p p l i e d  t o  c u r r e n t  T,WRs confirms t h e  10% l e v e l  of sav ings  i n  inves t -  
ment cos t .8  However, t h e r e  a r e  a l s o  reasons  why t h e s e  sav ings  may no t  
be f u l l y  r e a l i z e d :  

e Dispe r s ion  of p l a n t  f a c i l i t i e s  w i th  longer  runs  f o r  p ip ing  and 
wi r ing  and cables .  

e Dupl i ca t ion  of c o n s t r u c t i o n  management and c o n s t r u c t i o n  
f a c i l i t i e s .  

The en t i re  ques t ion  of s e p a r a t i o n  of f ac i l i t i e s  t o  achieve  inc reased  
l abor  p r o d u c t i v i t y  i s  a l s o  a management i s sue .  For example, a few U.S. 
u t i l i t i e s  have been a b l e  t o  bu i ld  LWK p l a n t s  w i th  about one-half t h e  
l a b o r  con ten t  of t he  average L'VR p lan t .7  R&D should be d i r e c t e d  toward 
de termining  how bes t  t o  manage and organize  nuc lea r  c o n s t r u c t i o n  pro- 
jects t o  a s s u r e  h igher  l abor  p roduc t iv i ty .  Sepa ra t ion  of c o n s t r u c t i o n  
i s  one o r g a n i z a t i o n a l  approach t o  promoting b e t t e r  management. 

d. C l a i m .  A v a i l a b i l i t y  can exceed 80% with f u t h e r  des ign  improve- 
ments. Use of two o r  fou r  t u r b i n e  g e n e r a t o r  sets could i n c r e a s e  a v a i l -  
a b i l i t y .  

Evalua t ion .  HTK Program a v a i l a b i l i t y  s t u d i e s  are con t inu ing  i n  t h e  
DOE program. Achievement of such va lues  depends upon the  unscheduled 
outages  which w i l l  occur ,  as w e l l  as on r e f u e l i n g  and scheduled outage  
times. Es t imates  of unscheduled outages  and r e f u e l i n g  times are 
u n c e r t a i n  in our e v a l u a t i o n ;  whi le  >80% a v a i l a b i l i t y  appears t o  be 
ach ievab le  ( s e e  below), it cannot be a s su red  a t  t h i s  t i m e .  

The North American Electr ic  R e l i a b i l i t y  Council  (NEKC) Equipment 
A v a i l a b i l i t y  Report  f o r  t h e  10-year pe r iod  1 9 7 4 4 9 8 3  suppor t s  t h e  claim 
of smaller t u r b i n e  g e n e r a t o r s  c o n t r i b u t i n g  t o  h igher  o v e r a l l  p l a n t  
a v a i l a b i l i t y .  As shown i n  Table  3 . 4  of Volume 111, f o s s i l  p l a n t  
tu rb ine-genera tor  sets i n  400 MW(e) and below s i z e s  have d i s t i n c t l y  
lower forced  and scheduled outage rates and h ighe r  a v a i l a b i l i t i e s  than 
turb ine-genera tor  se t s  i n  t h e  l a r g e r  s i z e s .  The advantage i s  even more 
s i g n i  f i c a n t  € o r  nuc lea r  p l a n t  t u r  bine-genera t o r  sets be l  ow 80O-Mw( e )  
s i z e ,  compared wi th  those  above 800 MW(e). It a l s o  is observed t h a t  
nuc lea r  p l a n t  tu rb ine-genera tor  sets have a d i s t i n c t  performance 
advantage over f o s s i l  sets i n  a l l  s i z e  ranges.  It is specu la t ed  t h a t  
t h i s  may be due t o  the  lower steam tempera tures  and p r e s s u r e s  and 
r o t a t i o n a l  speeds of nuc lea r  tu rb ine-genera tor  sets, which r e s u l t  i n  a 
less s e v e r e  o p e r a t i n g  environment. 
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A s  shown i n  Table 3.5 of Volume 111 t h e  area having the  g r e a t e s t  
p o t e n t i a l  f o r  LWR p lan t  a v a i l a b i l i t y  improvement i s  with t h e  r e a c t o r  
and a s soc ia t ed  systems. It is  obvious t h a t  p l a n t  a v a i l a b i l i t y  improve- 
ment R&D must concen t r a t e  on t h e  r e a c t o r  and i t s  r e l a t e d  sys tems.  For 
example, a 50% r educ t ion  i n  r e a c t o r  scheduled outage f a c t o r  p lus  a 50% 
r educ t ion  i n  r e a c t o r  forced outage rate would r e s u l t  i n  80% o v e r a l l  
p l a n t  equ iva len t  a v a i l a b i l i t y .  The above LWR d a t a  provides  s t r o n g  
support  t h a t  t h e  modular HTR goal  can be achieved. 

C l a i m .  A four-module p l a n t  can be cons t ruc t ed  i n  36 months e* - 
from s ta r t  of s i te work t o  commercial ope ra t ion  of t h e  second turb ine .2  

Evaluat ion.  This  is an o p t i m i s t i c  schedule  when judged by U.S. 
exper ience ,  but appea r s  poss ib le .  The modular HTR schedule  i s  based on 
a n  e v a l u a t i o n  of t h e  conceptual  des ign  by Fkchtel .  It should be re- 
examined a f t e r  t he  design has been c a r r i e d  t o  poin t  of e s t i m a t i n g  quan- 
t i t i e s  of c o n s t r u c t i o n  m a t e r i a l s  ( s t r u c t u r a l  s teel ,  conc re t e ,  p ip ing ,  
and wir ing , )  and l abor  manhours. This w i l l  provide a firmer b a s i s  f o r  
e s t i m a t i n g  e lapsed  t i m e  f o r  p l ac ing  equipment and materials. The 
c o n s t r u c t i o n  schedule  should be reeva lua ted  as t h e  des ign  progresses .  

f .  C l a i m .  The p lan t  can be opera ted  and maintained by a s t a f f  of 
306 (Ref. 2). 

Evaluat ion.  This  estimate is based on a pre l iminary  a n a l y s i s  of 
s t a f f i n g  requirements .  In comparison, t y p i c a l  s t a f f i n g  f o r  c u r r e n t  
l a r g e  UJR p l a n t s  i s  -400. The modular HTR s t a f f i n g  estimate i s  based on 
the  fo l lowing  assumptions: 

a Regulatory procedures  have been s t a b i l i z e d  ( i .e .  no back- 
f i t t i n g  by maintenance f o r c e s ) .  

e P l a n t  c o n t r o l  is h ighly  automated, pe rmi t t i ng  o p e r a t i o n  of 
four  r e a c t o r s  by one c o n t r o l  o p e r a t o r  s t a t i o n .  

o Plan t  is designed f o r  maintenance with one module o f f l i n e  re- 
s u l t i n g  i n  minimum requirements  f o r  peak maintenance forces .  

o Plan t  s e c u r i t y  is  h ighly  automated, r e q u i r i n g  minimum s e c u r i t y  
forces .  

These assumptions,  a long with t h e  smaller turb ine-genera tor  s i z e  r equ i r -  
ing  less maintenance personnel ,  are the  p r i n c i p a l  reasons  f o r  t he  re- 
duced s t a f f i n g .  Fu r the r  s t u d i e s  of o p e r a t i o n  and maintenance s t a f f i n g  
should be performed, using a t a sk -ana lys i s  approach, e s p e c i a l l y  i n  t h e  
area of c o n t r o l  o p e r a t i o n  of m u l t i p l e  r e a c t o r s  by a s i n g l e  c o n t r o l  oper- 
a t i o n  and i ts  r e l a t i o n  t o  sa fe ty .  

C l a i m .  Adding c a p a c i t y  i n  small increments  i s / w i l l  be a g-  - 
s i g n i f i c a n t  Einancia l  goal of u t i l i t i e s  and r e s u l t s  i n  less f i n a n c i a l  
r i s k .  
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Evaluat ion.  I n  a t i m e  per iod of low load growth, high f i n a n c i n g  
and c o n s t r u c t i o n  c o s t s ,  and r e l u c t a n c e  of p u b l i c  u t i l i t y  commissions t o  
g r a n t  rate ad jus tmen t s ,  t h i s  claim appears  i n t u i t i v e l y  obvious. Two 
r ecen t  d r a f t  s t u d i e s  by Los Alamos Nat ional  Laboratory (LANL) and 
Applied Decis ion Analysis8,  suppor t  t h i s  claim. Both s t u d i e s  a t t empted  
t o  q u a n t i f y  t h e  a d d i t i o n a l  cap i t a l  investment c o s t  t h a t  u t i l i t i e s  could 
a f f o r d  t o  pay f o r  smaller, s h o r t e r  lead time p l a n t s  i n  comparison wi th  
larger ,  longer  l e a d  t i m e  p l a n t s ,  wh i l e  con t inu ing  t o  meet t h e i r  
f i n a n c i a l  goa l s .  LANL found t h a t  a r educ t ion  from long t o  medium l e a d  
tiines pe rmi t s  t he  u t i l i t y  company t o  pay 40-50% more i n  ove rn igh t  
c o n s t r u c t i o n  c o s t s ,  and a r educ t ion  from long t o  s h o r t  l ead  times 
pe rmi t s  a fou r - fo ld  i n c r e a s e  i n  t h e  ove rn igh t  c o n s t r u c t i o n  cos t .  From a 
r a t e p a y e r  viewpoint ,  Boyd e t  found t h a t  u t i l i t i e s  could pay approx- 
ima te ly  $200/kW(e) c a p i t a l  investment c o s t  premium f o r  smaller u n i t  
s i z e s  and s h o r t e r  lead times f o r  u t i l i t y  system s i z e s  3000 MW(e) and 
l a r g e r .  From t h e  sha reho lde r  viewpoint,  t h e  a f f o r d a b l e  c a p i t a l  i n v e s t -  
ment c o s t  premium was found t o  be two t o  t h r e e  times higher  than from 
t h e  r a t e p a y e r  viewpoint. The f i n d i n g s  are g e n e r a l  i n  t h a t  they app ly  t o  
any type of power p l a n t ,  they are a l s o  s e n s i t i v e  t o  a number of 
parameters  (e.g., system s i z e ,  e x i s t i n g  g e n e r a t i o n  m i x ,  load growth 
rate,  and f inanc ing ) .  However, s e n s i t i v i t y  a n a l y s e s  i n  both s t u d i e s  
suppor t  t h e  claim. We recommend, however, t h a t  t h e  s t u d i e s  i n  t h i s  area 
be cont inued and r e f i n e d  t o  develop a complete understanding of t h e  
economics of small n u c l e a r  p l an t s .  
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