
Fuel Utilization Improvements 
in a Once-Through 

PWR Fuel Cycle 

Final Report on Task 6 

Westlnghouse Nuclear Energy Systems 

,A 
IIl8TRIBUTION OF THl8 DOCUMENT III UNUMtfEI) 



DISCLAIMER 

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



DISCLAIMER 

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



Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

NTlS price codes-Printed Copy: A03; Microfiche A01 

This report was prepared as an account of work sponsored by an agency of the 
UnitedStatesGovernment. Neither theunited StatesGovernment nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
uskifulntruu ul rrrly Inlormatlon, appararus, 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 UnitedStatesGovernment 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. 



WESTINGHOUSE CLASS 3 
0~N~/SUB-7494/3 

June, 1979 

FUEL UTILIZATION IMPROVEMENTS IN A ONCE-THROUGH 

PWR FUEL CYCLE 

FINAL REPORT ON TASK 6 

D .  Dabby 

June 1979 

- 
DISCLAIMER 1 

Thi lmok wapremred usan sm~unt of  -k wnmred by so memy ol  the United S s t e  Gwernmn!. 
Neilher lhc Uniled Slmcr Gwernmnl mr env o ~ m c v  therepf, mr snv o l  <heir employ-, makesany 
wrrontv. express or imglied. or a u u m  any 1cgal liability or rBIXlnribility lor the accuracy. 

,I.! .,,.-a .I. .ii!.ld;li 1 8  a?:,' i.'?.-:!i?., ?rr(.:us., p.mdls~8, n. p r n m  .lirnlnr..l nr 

reprerents I ha  its uu, w u l d  mt inlringe primlelv owned rights Relercm herein to any -ilic 
mmmercial product. PIOC~SS. or m i c e  Dv trodode name. trsdemark. manulaclura. or Othemiu,. d o e  

!mt n e ~ w r i l v  mmtiluto or imply its endonerent. remmmedalion. or fworirg Dv the United 
8 S t a t e  Gowrnmnr or any - thereol. The rim and opinlons of aulhorl ernrema herein do m t  
;necerwilv rlaieor refleet tnowrof the United Slaia Govonmnt or any mmy rh-I. 

.- - - -. - , 

Prepared for Union Carbide Corporation -- Nuclear Division 
under Subcontract No. 7494 of DOE Prime Contract W-7405-eng-26 

WESTINGHOUSE ELECTRIC CORPORATION 
Nuclear Energy Sys terns, 

Post Office Box 355 
Pittsburgh, Pennsylvania 15230 

DISTRIBUTION OF THIS OOCUMENT 19 UEILfMfTLB Qfl 



This r e p o r t  was prepared a s  an account of work sponsored by an agency of 

t h e  United S t a t e s  Government. Nei'ther the  United S t a t e s  Government nor 

any agency the reof ,  nor any of t h e i r  employees, makes any warranty, ex- 

p ress  o r  implied,  nor assumes any l e g a l  l i a b i l i t y  o r  r e s p o n s i b i l i t y  f o r  

any t h i r d  p a r t y ' s  use o r  the  r e s u l t  of such use of any information, 

appara tus ,  product o r  process d isc losed i n  t h i s  r e p o r t ,  nor r ep resen t s  

t h a t  i t s  use by such t h i r d  pa r ty  would not  i n f r i n g e  p r i v a t e l y  owned 

r i g h t s .  



  iii           iv



Section 

TABLE OF CONTENTS 

Title 

Abstract 

Acknowledgement 

List of Tables 

Summary 

INTRODUCTION AND SUMMARY OF RESULTS 

Purpose and Scope 

Bases and ~ssum~tions 

Summary of Results 

CONCEPTS SELECTED FOR DETAILED EVALUATION 

Reference Case 

High Burnup 

Optimized Fuel Assembly 

Improved Fuel Management 

End of Cycle Coastdown 

Law Leakage Fuel Management 

Reinsertion of Discharged Assemblies 

Lower Power Dcnoity Core 

OTHER CONCEPTS EVALUATED 

General 

Better Reflector 

Variable Lattice Design - Loose Lattice 
Radial and Axial Blankets 

Rapid Refueling 

Page 

iii 

iv 

vi 

vi i 

CONCLUSIONS AND RECOMMENDATIONS 



Table 

LIST OF TABLES 

Title Page 

Reactor Design Data 

Economics Data Base 

Improvement Concepts Selected for Detailed Study 

Summary of Results - Once-Through PWR Improvement 

Concepts 

Reference Case U 0 and SWU Requirements, 
3 8 

~issile/~ertile Material ~oading/Discharge, and 

Fuel Cycle Costs 

High Burnup Concept - U 0 and SWU Requirements 
3 0 

and Fuel Cycle Costs 

High Burnup Demonstration Program 

Estimated Implementation Rate of High Burnup 

Fuel Regions in Operating Reactors 

Westinghouse Optimized Fuel Assembly Design 

Information 

Westinghouse Optimized Fuel Assembly Concept - 
U 0 and SWU Requirements and Fuel Cycle Costs 
3 8 

Optimized Fuel Assembly Develnpm~nt Costs and 

Scl~adu les 

Improved Fuel Management Concepts - '3'8 
and SWU Requirements and Fuel Cycle Costs 

Lower Power Density Core Design Details 

Lowet Power Density Cure Cullcept = U 0 and 
3 8 

SWU Requirements and Fuel Cycle Costs 

Lower Power Density Core Development Costs and 

Schedules 

Summary of Results - Concepts Evaluated During 
Preliminary Phase Only 



SUMMARY 

Uranium savings associated with various improvement concepts applicable 

to a once-through fuel cycle were calculated for a standard four-loop 

Westinghouse PWR. The purpose of this work was to provide input to an 

overall program to evaluate the commercial feasibility of selected 

nuclear'energy systems to support the Department of Energy's Nonpro- 

liferation Alternative Systems Assessment Program (NASAP). 

The work reported here consisted of two phases. First, a preliminary 

assessment of alternate improvement concepts was performed to identify 

those that offered the best potential for near-term uranium savings with 

minimal plant and fuel modifications, and research, development, and 

demonstration (RDD) requirements. Then, for each of the selected con- 

cepts, a more detailed study was performed to quantify the potential 

uranium savings and fuel cycle costs, as well as the needed plantlfuel 
., 

modifications and the RDD requirements, including costs and implementa- 

. 1 tion schedules. 

The reference case for this study was a 3411 MWt four-loop PWR, using 

the standard 12-foot 17 x 17 fuel assembly, with out/in fuel management 

and an annual refueling interval with a discharge burnup of 33,000 

m/m. 

The principal results and conclusions of this study are as follows: 

- Increasing discharge burnups (from a reference value of 33,000 

MWD/MTM to 45,000 MWD/MTM) with an optimized fuel assembly 

design offers the best potential for near-term (within the next 

20 years) uranium savings. About 12-percent U308 savings 

may be attainable here. However, the realities of the market- 

place will most probably lead to a very gradual vendor/ utility 

acceptance and implementation of higher burnups. 



Therefore, approximately 10 to 15 years may elapse before these 

concepts are fully implemented in practically all operating PWR 

reactors, and the full' 12-percent potential U 0 annual 3 8 
savings may not be realized before the 1990s. 

- Improved fuel management schemes, such as end of cycle coast- 

' down while maintaining 100% thermal power, low leakage cores, 

and reinsertion of irradiated fuel assemblies offer combined 

U 0 savings of about 3 to 4 percent if fully implemented 3 8 
in all PWR reactors. (Although nn eval~i . intion of the ecsnom- 

ically optimum coastdown period was made, with coastdown to 60% 

power, the combined total U 0 savings would be about 6%). 3 8 

- Other concepts evaluated by scoping analyses during the pre- 

liminary phase of the study, such as radial and axial blankets, 

a Zircaloy baffle, and a variable lattice design, were judged' 

to offer little likelihood of significantly contributing to the 
..., 
U 0 savings on a near-term basis (within the next 3 8 
20 years). 

It is recommended that DOE continue to encourage the participation of 

all concerned parties in programs that will lead to the speedy implemen- 

tation of the cost-effective uranium savin~s cnnceptq, 

viii 



SECTION 1 

INTRODUCTION AND SUMMARY OF RESULTS 

1.1 PURPOSE AND SCOPE 

This report contains the results and conclusions of an overall evalua- 

tion of various concepts which might be applied to the once-through PWR 

fuel cycle to improve uranium utilization. This work (identified as 

NASAP Task 61, will serve as input to an overall program to evaluate the 

commercial feasibility of selected nuclear energy systems to support the 

Department of Energy's Nonproliferation Alternative Systems Assessment 

Program (NASAP). The main objectives of this work were as follows: 

- To identify and describe the various uranium saving concepts 

applicable to the once-through PWR fuel cycle 

- To estimate the uranium savings, plant/fuel modifications, and 

the costs/schedules of implementation associated with each 

concept 

- To select the most promising concepts for detailed evaluation, 

including uranium and SWU requirements and fuel cycle costs for 

the first cycle, the equilibrium cycle, and over a 30-year 

period 

- To provide an estimate of the commercialization date for each 

selected concept,. based on a detailed breakdown of the develop- 

ment program needs 

1.2 BASES ANXI ASSUMPTIONS 

The reference case for this study was a four-loop PWR (1125 MWe) using 

the standard Westinghouse 17 x 17 fuel assemblies. Table 1-1 gives the 

pertinent design details for this reactor. 



The following assumptions and design bases were used for each evaluated 

concept: 

- A Cycle 1 length of 435 days. Subsequent cycle lengths were 

based on either annual or 18-month refueling intervals. In 

either case, the refueling shutdown length was 45 days. 

- An operating capacity factor of 74 percent. This corresponds 

to an effective capacity factor (including shutdown for refuel- 

ing) of 65 and 68 percent for the annrial. and 18-mnnth cycles, 

respectively. 

- Eoonomice data (U 0 and SWU costs, fabrication and 3 8 
shipping costs, and the like) as given in Table 1-2. These 

data were drawn from the November 30, 1978, NASAP data base. 

The unit fabrication cost was varied per ORNL suggestions where 

the reference case is $llO/kg U, the high burnup cases are 

assumed to be $130/Kg U (average of $120-140/kg U in NASAP data 

base) and the optimized fuel assembly is.assumed to have the 

same cost per assembly as the standard assembly (resulting in 

$120/kg U and $140/kg U for the OFA at standard and high burn- 

ups,  respeccivelp. 

Table 1-3 lists the concepts that were selected for detailed study, as 

discussed in section 2. 

1.3 SUMMARY O F  RESULTS 

Table 1-4 summarizes the principal results obtained in this study. The 

U 0 and SWU requirements for each concept are shown f o r  a 30-year 
3 8 

period. The figures for the reference case were normalized to 100 for 

each entry, so that direct comparisons among the alternate concepts can 

be made. The bottom line potential U308 savings of 16 percent in- 

clude approximately 4 percent savings due to improved fuel management 

including end of cycle coastdown with power reduction to 60 percent of 



full rated power. The figures in parentheses are for 18-month cycles. 

It is clear that the longer cycles are detrimental from the standpoint 
(1) of uranium utilization; however, if sufficiently improved plant 

availability can be achieved, the longer cycles would lead to lower 

system power gene.ration costs. An additional motivation for longer 

cycles is the potential for lowering personnel exposure to radiation. 

1. The uranium utilization penalty associated with the longer cycles 
could be reduced significantly by going to much higher discharge 
burnups (greater than 55 G W D / ~ ) ,  and hence more zones in a core. 
The burnable poison penalty associated with longer cycles, however, 
will continue to be a major factor in the comparison. 



TABLE 1-1 

REACTOR DESIGN DATA 

THERMAL AND HYDRAULIC DESIGN PARAMETERS 

,Reactor core heat output (MW~) 

System pressure, nominal (psia) 

Total thermal flow rate (lo6 lbmlhr) 

Coolant temperature (OF) 

- Nominal inlec 

- Average in core 

CORE MECHANICAL DESIGN PARAMETERS 

Fuel ae~omblioo 

. -  Number of fuel assemblies 

- UO rods per assembly 2 
Rod pitch (in.) 

- Overall dimensions (in.) 

Fuel rods 

- Number 

- Outside diameter (in.) 
- Diametral gap (in. ) 

- Clad thickness (in.) 

- Clad material 

Fuel pellets 

- Density (percent of theoretical) 

- Diameter (in.) 

- Length ( in. ) 

Structure characteristics 

- Core diameter (equivalent) (in.) 

- Core height (active fuel) (in.) 

50,952 

01 774 

0.0065 

0.0225 

Zircaloy 4 



TABLE 1-1 (cont) 

.REACTOR DESIGN DATA 

CORE MECHANICAL DESIGN PARAMETERS (con t ) 

Reflector thickness and composition 

- Top - water plus s t e e l  ( i n . )  

- Bottom - water plus s t e e l  ( i n . )  
- Side - water plus s t e e l  ( i n . )  

- H O / U  molecular rat io  core, l a t t i c e  (cold) 
2 

Feed enrichment ( f i r s t  core). (w/o) 

- Region 1 

- Region 2 

- Region 3 



TABLE 1-2 

ECONOMICS DATA BASE 

Cost of U308 ($/lb) 

Cost of U 0 to UF conversion ($/kg U) 
3 8 6 

Cost of separative work ($/swu) 

Tails assay of diffusion plant at time 

of enrichment (w/o) 

Batch unit fabrication cost ($/kg U) (a )  

Spent fuel shipping cost ($/kg m) 

Preoperation carrying charge rate (Xlyr) 

Carrying charge rate before and after 

camcrcial  oPer a ~ i u u  (%/yr) 

Disposal cost ($/kg m) 

Electrical efficiency -ratio (MWe/MWt) 

Discount rate for calculating 

levelized costs 

(a) Varied per ORNL Suggestion - References 110, High Burnup 130, OFA 
120 and OFA at High Burnup 140. 

( b )  Assuming wet cooling towers 



Concept No. 

TABLE 1-3 

IMPROVEMENT CONCEPTS SELECTED FOR DETAILED STUDY 

Re fueling 
Interval (monthi) Description 

Reference case 

High burnup (45 GWDIMTM) 

Optimized fuel assembly (OFA), 
36 GWDIMTM 

OFA, high burnup (45 GWDIMTM) 

Combination of 4.1, 4.2, .and 4.3 

Reference core, end of cycle 
c oas tdown 

Reference core, low leakage 
fuel management 

Reinsertion of lea; t 'burned 
assemblies(a) 

Lower power density core (241 
assemblies, 3800 MWt, 14-foot 
fuel, 36 GWDIMTM) 

~ombi'nation of 3.1 and 4.0 

a. Regions 1 and 2 fuel only 



TABLE 1-4 

Concept 

2.0 High burnup 
(45 GWD/MTM) 

SUMMARY OF RESULTS - ONCE-THROUI;H PWR IME'ROVEMENT CONCEPTS 

Requirements 
Lzvelized Fuel RDD RDD ~ime(~) 

"3O8 SWU Cycle Costs ( $  x lo6) (years 

3.0 OFA, 36 GWDIMlM 9 4 94 95 15 6-8 

3.1 OFA, high burtrup 88 94 9 3 
(45 GWD~MTM) (99) (111) (105) 

4.0 Improved fuel 9 4 9 1 9 5 
management(e) ( EOC 
coas tdown, low leak- 
age fuel management, 
reinsertion of Region 
1, 2, assemblies) 

5.0 Lower ower density (£Y 97 9 8 100 
core ( 108) (114) (112) 

6.0 Combination of 84 8 9 9 1 
3.1 and 4.0 

a. These costs are for a single demonstration program. 
b. The time refers to date of commercial offering, act reactor operation. 
c. All figures for the reference case have been normlized to 100, €or a 30-year period. 
d. Figures in parentheses refer to 18-mmth cycle. 
e .  Based on EOC-coastdown to 60% power 
f. Figures have been normalized to the same energy octput over a 30-year period as in reference 

case. 



SECTION 2 

CONCEPTS SELECTED FOR DETAILED EVALUATION 

2.1 REFERENCE CASE 

The reference case for this study was a four-loop PWR (3411 M W ~ )  using 

the standard Westinghouse 17 x 17 fuel assemblies, with a target dis- 

charge burnup of 33 GWD/MTM. Table 1-1 gives the pertinent design 

details. 

Two sets of calculations, for 12- and la-month refueling intervals, were 

performed for this core (concepts 1.0 and 1.1 in Table 1-31. Two prin- 

cipal computer codes were used in this study; a modified version of 

LEOPARD and an instant fuel cycling code. The modified LEOPARD is a 

point model cell homogenization, neutron spectrum, isotopic depletidn 

program and is the basis for all reactivity calculations, depletion 

rates and reactivity feedback models. Microscopic cross section data is 

based on the ENDFIB library with minor modifications. The instant 

cycling program is used for long range planning and for preliminary 

cycle lifetime calculations. Using eigenvalues as a function of burnup 

from the cell depletion, the code calculates cycle lifetimes. In addi- 

tion it can perform an economic evaluation of the cycling pattern. 

Table 2-1 gives the U308 and SWU requirements for the first and 

equilibrium cycles, plus the 30-year totals for both the 12- and 

18-month refueling cases. Note that the 30-year totals do not take 

credit for the lower discharge burnup of the last two feed regions. In 

NASAP terminology, these totals are "gross" requirements. Also shown in 

Table 2-1 are (1) the charge and discharge masses of fissile and fertile 

materials f0.r the first core and the equilibrium region, and (2) the 

levelized fuel cycle costs for the 30-year period. 

Table 2-1 shows that the l8lnonth cycle requires significantly more 

U 0 and SWUs (15 and 22 percent, respectively) than the 12-month 
3 8 
cycle, over the 30-year period. In addition, it shows a 16-percent 



i n c r e a s e  i n  t h e  l e v e l i z e d  f u e l  c y c l e  cos t s .  (Note t h a t  no a t tempt  was 

made t o  perform any op t imiza t ion  f o r  t h e  18-month c y c l e  ca ses ;  however, 

t h e  e f f e c t  of t he  burnable  poison pena l ty  a s s o c i a t e d  wi th  longer  cyc l e s  

tends  t o  become t h e  major f a c t o r  i n  t he  h ighe r  va lves  obta ined . )  

Desp i t e  t h e  above r e s u l t s ,  t h e r e  i s  an i n c r e a s i n g  tendency among u t i l i -  

t i e s  t o  c o n s i d e r a t i o n  of longer cyc l e s .  P o t e n t i a l  b e n e f i t s  of longer  

c y c l e s  i nc lude  lower system power gene ra t ion  c o s t  and lower personnel  

expoiure  t o  r a d i a t i o n .  

2.2  HIGH BURNUP 

Higher d i scha rge  burnups improve f u e l  u t i l i z a t i o n  i n  two ways. The 

b i g g e s t  improvement r e s u l t s  from being a b l e  t o  i n c r e a s e  the  number of 

f u e l  r eg ions  i n  a  core.  The second b e n e f i t  i s  due t o  t h e  non l inea r  

dec rease  i n  f u e l  r e a c t i v i t y  wi th  increased  burnup because of the  bui ldup  

of f i s s i l e  plutonium. 

The f u e l  r eg ion  d i scha rge  burnup (Xd) i s  r e l a t e d  t o  t h e  c o r e  everage 

burnup (XI a t  end of c y c l e  by t h e  r e l a t i o n  

where'n i s  t he  number of f u e l  r eg ions  i n  a  core.  This  r e l a t i o n s h i p  

shows t h a t  i n c r e a s i n g  t h e  number of f u e l  regions '  a l s o  inc reases  t he  

r a t i o  XdIX; t h e  r a t i o  approaches i t s  t h e o r e t i c a l  l i m i t  of 2 a s  n  

approaches i n f i n i t y .  For example, f o r  a  f i x e d  feed enrichment i n  a n  

e q u i l i b r i u m  c y c l e ,  t h e  d i scha rge  burnup can  be increased  by approxi- 

mately 7 percent  by going from t h r e e  t o  fou r  f u e l  reg ions .  I n  t h i s  

c a s e ,  however, t h e  r e f u e l i n g  i n t e r v a l  i s  shortened s i g n i f i c a n t l y .  To 

main ta in  an annual  o r  a n  18-month r e f u e l i n g  i n t e r v a l ,  t h e  d ischarge  

burnup must be inc reased  i n  i n t e g r a l  u n i t s  of t h e  cyc l e  burnup, o r  e l s e  

mu l t iba t ch  feed r eg ions  must be used. Thus, f o r  a  c y c l e  length  of 

10,000 MWDIMTM, t h e  d i scha rge  burnup must be increased  from 30,000 t o  

40,000 MWDIMTM i n  going from t h r e e  t o  four  f u e l  reg ions .  



Two sets of calculations were performed to determine the U 0 and 
3 8 

SWU requirements and the fuel cycle cost associated with the high dis- 

charge burnup fuel. The first was for an annual refueling interval, the 

second for an 18-month refueling interval. In both cases a basic out-in 

loading pattern was used with appropriate burnable poison penalties 

incorporated. Table 2-2 summarizes the U 0 and SWU requirements 
3 8 

and 'the relative fuel cycle costs for the two cases. High burnup with 

annual refueling shows a 9-percent savings in U 0 and 2-percent 3 8 
savings in SWU requirements over a 30-year period, compared to the 

reference.case. The corresponding fuel cycle cost savings, levelized 

over a 30-year period, are about 5 percent. For the 18-month refueling 

case at high discharge burnup, an additional 1 percent in U 0 and 
3 8 

13 percent in SWUs are required over the 30-year period. There is a 

7-percent fuel cycle cost penalty as well. 

A determination of the U 0 savings attainable by employing high 
3 8 

burnup fuel with a low leakage loading pattern was beyond the scope of 

this study. This type of fuel management requires a significant number 

of burnable poison rods each cycle and determination of U 0 and SWU 
3 8 

requirements requires multidimensional depletion calculations over 

several cycles. It is expected that loading patterns other than the 

basic out-in might lead to additional U308 utilization benefits for 

high brarniip cyclerr heynnd t.hn.se reported herein. 

No significant fuel design and plant modifications are anticipated in 

going to higher burnups. Small changes in plenum lengths, and possi'bly 

in the backfill pressures, may be the only fuel design changes needed to 

acconnnodate high burnup operation. Some changes in the spent fuel 

storage racks may be needed to allow for the higher enrichments (3.8 to. 

4.2 weight percent) associated with high burnup operation, since current 

licensing requirements are based on criticality of unirradiated fuel, 

regardless of the burnup level of the stored fuel. Other changes 

include those to the upper limit of enrichments in the conversion lines 

of fabrication plants. The costs associated with such changes will be 

plant dependent, and are not included here. 



To demonstrate  t h e  f e a s i b i l i t y  of h igh  d i scha rge  burnups, wel l-  

c h a r a c t e r i z e d  PWR f u e l  assembl ies  w i l l  have t o  be i r r a d i a t e d  t o  h igh  

burnups t o  q u a n t i f y  t h e  e f f e c t s  of h igh  burnup ope ra t ion  on t h e  f u e l  

assembly mechanical i n t e g r i t y .  Furthermore, gene r i c  nuc lea r ,  thermal/ 

h y d r a u l i c ,  and safe . ty  ana lyses  would have t o  be performed t o  i d e n t i f y  

p o t e n t i a l  des ign  o r  s a f e t y  problems a t  an e a r l y  s t age .  Table 2-3 g ives  

t h e  schedule and c o s t s  of a  s i n g l e  h igh  burnup demonstrat ion program ' in 

an ope ra t ing  PWR. Such a  program would. involve t h e  i r r a d i a t i o n  of two 

t o  fou r  t e s t  assembl ies  f o r  a  f o u r t h  and a  f i f t h  cyc l e  of ope ra t ion ,  and 

t h e  a s s o c i a t e d  o n s i t e  and pos t  i r r a d i a t i o n  f u e l  examinations. It should 

be  noted t h a t  e i g h t  t e s t  assembl ies  should be a v a i l a b l e  t o  ensure  t h a t  

two t o  four  f u e l  assembl ies  would ope ra t e  t o  t he  high d ischarge  burnup, 

a l lowing  the o p t i o n  t o  d e s t r u c t i v e l y  examine some assemblies  a f t e r  

c y c l e s  3 and 4. 

C u r r e n t l y ,  t h e  f i r s t  t h r e e  i tems i n  Table 2-3 have been completed i n  two 

s e p a r a t e  programs t o  demonstrate  h igh  d ischarge  burnups i n  Westinghouse 

PWRs. Thus, under c u r r e n t  schedules ,  h ighe r  burnup f u e l  ( g r e a t e r  than  

33,000 MWD/MTM) may be o f f e r e d  i n  t h e  e a r l y  1980s. However, f u e l  

in tended  f o r  d i scha rge  burnups of app rox imteby  45,000 MWD/MTM may nn t  

be o f f e r e d  be fo re  t h e  l a t e  1980s, and it w i l l  be a few years  l a t e r  

be fo re  e n t i r e  f u e l  r e g i o n s  a r e  opera ted  t o  t h e s e  h igh  burnups. It i s  

expected t h a t  u t i l i t y  acceptance  of high burnup f u e l  w i l l  be very  

g radua l ,  and t h a t  h i g h  burnup f u e l  management schemes on a r o u t i n e  b a s i s  

w i l l  n o t  occur be fo re  t h e  e a r l y  1990s. Table 2-4 shows an e s t i m a t e  of 

t h e  adoption r a t e  of h igh  burnup f u e l  ve r sus  time. 

2.3 OPTIMIZED FUEL ASSEMBLY 

The Westinghouse 17 x 17 opt imized f u e l  assembly (OFA) d i f f e r s  mechanic- 

a l l y  from the  s t anda rd  17 x 17 assembly i n  two b a s i c  ways: i t  has  a  

h ighe r  w a t e r l f u e l  r a t i o ,  and i t  uses  Zi rca loy  i n s t e a d  of Inconel  g r i d s  

(except  f o r  t h e  top  and bottom g r i d s ) .  Table 2-5 gives t h e  pettincnt 

des ign  informat ion  f o r  t h i s  assembly. (1 )  



Because of the smaller fuel rod diameter, and thus less uranium loaded 

per assembly, a higher discharge burnup (36,000 MWD/MTM) is required in 

the OFA to match the total energy output of a standard fuel assembly 

discharge at 33,000 MWDIMTM. However, the improved neutron economy in 

the OFA results in net U 0 and SWU savings over the standard 
3 8 

assembly, for equivalent energy output. 

Table 2-6 summarizes the calculated U 0 and SWU requirements and 
3 8 

the levelized fuel cycle costs (relative) for the three OFA cases con- 

sidered (concepts 3.0, 3.1 and 3.2 in Table 1-31. The 12-month cycle 

with 36,000 MWD/MTM discharge burnup shows approximately 6-percent 

savings in both U 0 and SWU requirements over the reference case. 
3 8 

The corresponding fuel cycle costs are 5 percent lower. The largest 

savings, however, are obtained at the high burnups. Here, for a 

12-month cycle, the OFA provides 12, 6, and 7 percent savings in 

U308, SWUs, and fuel cycle costs, respectively. Because of the 

higher enrichments required at these high burnups, the SWU savings are 

lower by a factor of two than the U 0 savings. 
3 8 

The fuel assembly modifications in the Westinghouse OFA include a 

smaller-diameter fuel rod, and the use of Zircaloy, indtead of Inconel, 

grids. No plant modifications are anticipated in retrofitting the OFA 

into existing plants. 

The RDD efforts needed to demonstrate the adequacy of the Westinghouse 

OFA design include first-time engineering costs and an in-core demon- 

stration program. In particular, the compatibility of the OFA with the 

standard 17 x 17 fuel assembly would have to be demonstrated for plants 

that would use the OFA after initial operation with the standard 

assemblies. Table 2-7 gives the schedule and cost of developing an 

OFA. An RDD program similar to that shown in Table 2-7 would be needed 

for 'each type of optimized fuel assembly ( e . g . ,  14 x 14 and 15 x 15). 

1. For more detai1,'see WCAP-9500, "Reference Core Report, 17 x 17 
Optimized Fuel Assembly." 



Current Westinghouse plans call for a demonstration program involving 

the OFA by the end of 1979 or early 1980 (item 5 in Table 2-7 for the 

17 x 17 OFA). The first Westinghouse PWR to employ the 17 x 17 OFA is 

scheduled for operation by 1982. It is expected that most Westinghouse 

PWRs will employ optimized fuel assemblies of one type or another by the 

early 1990s. The transition to an OFA with 45,000 MWDIMTM discharge 

burnup will not occur before the early 1990s for most plants. 

2.4 IMPROVED FUEL MANAGEMENT 

Improved fuel management concepts, described in the following para- 
'"" 

graphs, involve mainly analytical efforts. Fuellplant modifications 

would not be required. 

2.4.1 End of Cycle Coastdown 

A n  end of cycle (EOC) coastdown has been routinely practiced by many 

utilities. Schedular considerations seem to be the ma.i.n factors in its 

use. Coastdown operation .can be effected in two ways: by reducing the 

average coolant temperature while operating at 100 percent of rated 

thermal power, o r  by reducing both coolant temperature and reactor 

power. The first cycle in which coastdown operation is used can gen- 

erate up to 10 percent additional energy. However, this reduces the 

energy output capabilities of subsequent cycles. The calculations per- 

formed here were based on full-power operation until the last 70 days of 

operation, when the core thermal power is gradually reduced to 60 per- 

cent of full rated value, at the end of cycle. (No assessment was done 

to determine the economically optimum coastdown period.) The net effect 

is an operating capacity factor of 72 percent, instead of the 74 percent 

used in the reference case. This coastdown is performed during every 

cycle, and is thus preplanned. Table 2-8 gives the results for this 

calculation. The indicated U308, SWU, and fuel cycle costs savings 

of 7, 10, and 4 percent, respectively, are somewhat misleading because 

they do not reflect the total effect on overall system power genera- 

tion cost. The optimum coastdown period for minimizing total 



power generation cost is a function of U 0 and SWU price and 3 8 
replacement power cost. Most utilities have not normally scheduled 

coastdown operation on a routine basis. 

For the case of end of cycle operation at 100-percent thermal power, but 
0 0 

with reduced coolant temperature (5 F to 10 F reduction), the asso- 

ciated U 0 savings would be 0.5 to 1.0 percent relative to the 3 8 
reference case. 

2.4.2 Low Leakage Fuel Management 

In a three-region, out/in fuel management, the feed region is loaded at 

or near the core periphery, where the probability of neutron leakage is 

highest. The neutron leakage can be significantly reduced by placing 

relatively less-reactive burned fuel at the core periphery. The degree 

to which this can be accomplished depends on other design constraints, 

mainly on peaking factors and the burnable poison requirements. The 

benefit of low leakage fuel management is naturally greatest for cores 

that have inherently large radial leakage, that is, two-loop plants. 

For these plants, 3- to 4-percent uranium savings are attainable in an 

equilibrium cycle by this fuel management technique. However, for 

four-loop plants the potential savings are somewhat smaller. 

The calculations performed show that over a 30-year period, 1-percent 

savings in U 0 and 2-percent in SWUs may be attainable using low 3 8 
leakage fuel managements. The corresponding fuel cycle cost saving, 

however, is only 1 percent. Table 2-8 summarizes the calculated results. 

2.4.3 Reinsertion of Discharged Assemblies 

Because of the nonuniform burnup of the Region 1 and 2 assemblies, those 

with the luwesC Lucaup can be reinserted and driven for an additional 

cycle of operation. Uranium savings result from the increased burnup of 

a portion of the discharged region. 



The c a l c u l a t i o n s  performed he re  show t h a t  over a  30-year per iod ,  

1-percent  U308 and SWU savings  may be r e a l i z e d  us ing  t h i s  scheme. 

About 1-percent s av ings  i n  f u e l  c y c l e  c o s t s  might be r e a l i z e d .  

Table 2-8 summarizes t h e  c a l c u l a t e d  r e s u l t s .  

2.5 LOWER POWER DENSITY CORE 

A lower power d e n s i t y  c o r e ,  us ing  241 14-foot 17 x  17 f u e l  assembl ies  

and r a t e d  a t  3800 M W t ,  would ope ra t e  w i th  s i g n i f i c a n t l y  increased  

margins t o  s a f e t y  l i m i t s .  This  concept ,  which would r e q u i r e  major 

r e a c t o r  changes, is  no t  r e t r o f i t  t ab l e .  Table 2-9 g ives  t he  p e r t i n e n t  

des ign  d e t a i l s  f o r  t h i s  concept.  The c a l c u l a t i o n s  performed cover  both 

12-month and 18-month cyc le s .  Table 2-10 shows t h e  1l3O8 and SWU 

requirements  p l u s  t h e  r e l a t i v e  f u e l  c y c l e  c o s t s  a s soc i a t ed  wi th  the  two 

r e f u e l i n g  i n t e r v a l s .  For t he  12-month cyc le ,  t h i s  concept shows 

3-percent U 0  sav ings  and about 2-percent SWU savings over a  
3  8 

30-year per iod .  However, f o r  t he  p a r t i c u l a r  s e t  of economic cond i t i ons  

and des ign  parameters  used f o r  t h i s  a n a l y s i s ,  t h e  l e v e l i z e d  f u e l  c y c l e  

c o s t ' q r e l a t i v e )  i s  approximately t h e  same a s  t h a t  of t he  r e f e r e n c e  

case .  ( I t  should be noted t h a t  t he  energy output  of t h i s  p l a n t  i s  

cons ide rab ly  l a r g e r  than  t h a t  of the  r e fe rence  case ;  t he  fuel c o s t  

comparison on an equal  energy output  b a s i s  would show lower c o s t s  f o r  

t h e  lower power d e n s i t y  core . )  

The lower power d e n s i t y  c o r e  would r e q u i r e  changes i n  p l a n t  design,  such 

a s  l a r g e r  p re s su re  v e s s e l  and containment s t r u c t u r e ,  modified p l a n t  

i n t e r n a l s ,  and changes i n  t h e  new and spen t  f u e l  s t o r a g e  racks  and 

perhaps i n  the  f u e l  handl ing  equipment. Table 2-11 g ives  t he  RDD 

program c o s t s  and schedules  f o r  t h i s  concept.  The c o s t s  a r e  r e a l l y  

f i r s t - t i m e  engineer ing  c o s t a ;  t h e r e  a r e  r e l a t i v e l y  few f e a s i b i l i t y  

q u e s t i o n s  t o  be answered, i f  any. These c o s t s ,  approximately $6 m i l l i o n  

(19791, a r e  incrementa l  c o s t s  r e l a t i v e  t o  t he  r e f e rence  case.  

The p o t e n t i a l  f o r  market acceptance depends on t h e  impact of p l a n t  

c a p i t a l  c o s t s  due t o  t h e  des ign  changes a s s o c i a t e d  wi th  the  low power 



density core concept. The significant improvements in margins to safety 

limits and the fact that no new technology is involved are expected to 

improve the potential for market acceptance. 



TABLE 2-1 

REFERENCE CASE u308 AND swu REQUIREMENTS, FISSILE/FERTILE 
MATERIAL LOADING/DISCHARGE, AND FUEL CYCLE COSTS 

Equilibrium Region 

First Core 12-Month Cycle 18-Month Cycle Parameter 

Feed enrichment (w/o) 

Number of assemblies 

Discharge burnup 

Cycle length (MWDIkITM) 

Effective capacity factor 

( % I  
Loading (MTU) 

Fissile discharge U, Pu 

Fertile discharge U, Pu 

(MT) 

U308 (sT/GWD~) 

30-year total U 0 (b) 
3 8 

(ST) 

SWUs (x ~o'/GwD~) 

30-year total SWUs ( b )  

(X lo3) 

Levelized fuel cycle costs. 

(C/MD~U) 

a. ST = short tons 

b. 1125MWE 



TABLE 2-2 

HIGH BURNUP CONCEPT - U308 AND SWU REQUIREMENTS 

AND FUEL CYCLE COSTS 

Parameter 

Fee&enrichment (w/o) 
. - 

~umb~& of assemblies 

Discharge burnup (GWD/MTM) 

Loading (MTU) 

E f fec t ive  Capacity Factor  (%) 

U308 (ST) 
( a )  

U308 ( ST/GWDe) 

30-year t o t a l  u30ka) (ST) 
3 ( a )  SWUs ( x  10 

SWUs ( x  10'/~WDe) 
3 

30-year t o t a l  S W U S ( ~ )  ( x  10 

Levelized f u e l  cyc le  c o s t s  ( r e l a t i v e  

t o  reference  case)  

12-Mon th  ~ ~ - M O U  th  
Cycle Cycle 

a. 1125 MWE 



TABLE 2-3 

HIGH BURNUP DEMONSTRATION PROGRAM 

Item 

Fabricate and characterize eight 
demonstration assemblies. 

Irradiate demonstration fuel assemblies 
for three cycles of reactor operation. 

Perform nuclear and safety analyses 
for the fourth cycle of irtadi.ation; 
resolve all licensing concerns 
including possible technical 
specification changes. 

Examine fuel after three cycles of 
operation (channel closure, 
dimensional changes, clad integrity, 
etc. 1. 

Same as item 3 ,  but for fifth cycle of 
irradiation 

Same as item 4 ,  but at end of Oycle 4 

6a. Commercial offering of higher 
burnups (36K to 38K) 

Irradiate demonstration assemblies 
for fiftlr cycle of operation. 

Perform onsite and offsite fuel 
examinations on selected fuel rods 
and pellets. 

Recommend fuel/assembly design 
changes, if any, to allow for high 
burnup operation. 

Generic licensing of high burnup fuel 

Commercial offering of high burnup 
fuel regions (45 GWD/MTM) 

Fabricate first full region for higher 
discharge burnup (45 GWDIMTM). 

Time (yr) Cost ( $  x lo6) 

0 to 1 0.5 

TOTAL 10 to 15 



TABLE 2-4 

Year 

ESTIMATED IMPLEMENTATION RATE OF HIGH BURNUP 

FUEL REGIONS IN OPERATING REACTORS 

X of Reactors Using High Burnup Fuel (a> 

a. Discharge burnup of 45 GWD/MTM 

TABLE 2-5 

WESTINGHOUSE OPTIMIZED FUEL ASSEMBLY DESIGN INFORMATION 

Parameter 

Standard 17 x 17 Optimized 17 x 17 

As a i ~ b  ly AS ~ ~ m h  Zy 

Relative moderating ratio 1 .O 1.2 

Fuel rod diameter (in.) 0.374 0.360 

Clad thickness ( i l l .  0.022 0.022 

Fuel pellet diameter (in.) 0.322 0.309 

Grids per fuel assembly 8 8 

Grid marerial Inconel-718 6 Zircaloy-4 

2 Inconel 718 

(top and bottom) 



TABLE 2-6 

WESTINGHOUSE OPTIMIZED FUEL ASSEMBLY CONCEPT - U308 AND SWU 

REQUIREMENTS AND FUEL CYCLE COSTS 

Parameter 12-Month Cycle 18-Month Cycle 

Discharge burnup (GWD/MTM) 

Feed enrichment (w/o) 

Number of assemblies 

Loading (MTU) 

Effective Capacity Factor (%) 

U308 (ST) ( a >  

U308 (ST/GWDe) 

30-year total u o ( ~ )  (ST) 
3 (a) 

3 8 
Swus (x 10 1 

3 
SWUs (x 10 /GWDe) 

30-year total SWUS(~) (x lo3) 

Levelized t u e l  cycle r n s t s  (relative 

to reference case) 

a .  1125 MWE 



TABLE 2-7 

OPTIMIZED FUEL ASSEMBLY DEVELOPMENT COSTS AND SCHEDULES 

Item Activity Time(yr) Cost ($x106) 

1. Develop fuel assembly 
design concept; 
investigate potential 
materials. 

2. Develop material fabrication FTE 
techniques; construct 
development prototypes of 
competing designs; initiate 
preliminary safety analysis. 

3. Test (mechanical/hydraulic) FTE 
prototypes of competing 
designs; order manufacturing 
equipment for design 
prototype; continue 
preliminary safety analysis. 

4. Fabricate design prototype; Testing 
perform flow and mechanical 
tests; initiate FSAR-level 
safety analysis. 

5 .  Fabricate prototype 
demonstration assemblies; 
insert in core; continue 
FSAR-lav~l s a f e t y  anal ysi  q . 

Testing 

6. Inspect first cycle of Demons t r a- 
demonstration fuel assembly tion and 
operation; order production production 
dies and fabrication tooling; 
complete safety analysis; 
submit licensing documents. 

7. Inspect second cycle of Demonstra- 
demonstration fuel assembly tion and 
operation; install and production 
check out fabrication 
tooling. 

a. FTE = first-time engineering 



TABLE 2-7 (cont) 

OPTIMIZED FUEL ASSEMBLY DEVELOPMENT COSTS AND SCHEDULES 

Item Activity Time (yr) Cost ( $  x lo6) 

8. Inspect third cycle of Demonstra- 7 
demonstration fuel assembly tion and 
operation; fabricate full- prbduc t ion 
region fuel assemblies. 

9. Ship fuel region( s) . 8 

TOTAL 

a. FTE = first-time engineering 



TABLE 2-8 

IMPROVED FUEL MANAGEMENT CONCEPTS - U308 AND SWU 
REQUIREMENTS AND FUEL CYCLE COSTS 

1 

E°C (a) Low Leakage Fuel Reinsertion of 
Parameter Coas tdown Management Assemblies 

Feed enrichment (w/o) 

Number of assemblies 

Refueling interval 

(months) 

Operating capacity 

factor ( X I  

Effective Capacity 

Factor ( X )  

Discharge burnup 

Loading (MTU) 

U308 (ST) (b) 

30-year total 

SWUa ( x  1o3/~WDe) 

30-year total SWUs (b) 

(X lo3) 

Levelized fuel cycle 

costs (relative to 

reference case) 

a. Coastdown to 60% of full rated c'ore thermal power for each cycle 

b. 1125 MWE 



TABLE 2-9 

LOWER POWER DENSITY CORE DESIGN DETAILS 

Parameter 

Reactor core heat output (MWt) 

System pressure, nominal (psia) 

Number of fuel assemblies (17 x 17) 

Core height, active fuel (ft) 

Reactor vessel ID (in.) 

.Containment volume (relative) 

specific power (MWT/MTU) 

First core enrichments 

Region 1 

Region 2 

Region 3 

Low Power 

Density Core Reference Case 



TABLE 2-10 

LOWER POWER DENSITY CORE CONCEPT - U308 AND SWU 

REQUIREMENTS AND FUEL CYCLE COSTS 

12-Month Cycle 18-Month Cycle 

Feed enrichment (w/o) 3.18 3.56 

Number of assemblies 47 7 3 

Discharge burnup (GWDIMTM) 36 3 6 

Loading (MTU) 

U308 (ST) (b) 

U308 (ST/GWDe) 

30-year total ~ ~ 0 : ~ )  (ST) 

3 (b) swus (x 10 

S W s  (X 103/~WDe) 0.404 0.472 

30-year total SWUS(~) (r  lo3) 3,584 (b) 4,153'~) 

(3,217)") (3,728)(a) 

Levelized fuel cycle costs (relative 100 112 

to reference case) 

(a) Normalized to 3411 MWt 

(t> 1254 MWE 



TABLE 2-1 1 

LOWER POWER DENSITY CORE DEVELOPMENT COSTS AND SCHEDULES 

Item 

Reactor internals design and 

analysis 

Scale-model internals tests 

Reactor vessel design and 

analysis 

Nuclear and thermal/hydraulic 

analyses 

Generic PSAR preparation 

Commercial offering . 

Authority to proceed ( from 

utility) 

Construction period 

Cornmereial operation 

6 Time ( ~ r )  ( $  x 10 ) 

TOTAL 15 6.0 

(a)  Figures shown are incremental costs over and above those associated 

with the .reference core. 



SECTION 3 

OTHER CONCEPTS EVALUATED 

3.1 GENERAL 

Concepts which were evaluated only during the preliminary phase of this 

study are discussed in this section. These concepts were not selected 

for further study because of one or more of the following reasons: 

- Low potential U 0 savings 3 8 
- High associated economic penalties 

- Long lead times to implementation 

Table 3-1 summarizes the preliminary.evaluation results for these 

concepts. 

3.2 BETTEX REFLECTOR 

Current design PWRs use a stainless steel baffle (or shroud) around the 

core periphery. Analyses show that improved neutron economy,' in the 

form of lower radial leakage, could be obtained if Zircaloy were to 

replace the stainless steel in the baffle. Uranium savings of 1 to 

2 percent might be realized, depending on the plant design.(two-loop 

versus four-loop) and on the fuel management employed (low leakage 

versus standard out/in). 

Minimum fuel modifications would be required to accommodate a Zircaloy 

baffle in new model plants. However, retrofitting the Zircaloy baffle 

to existing plants would entail significant difficulties. The cost of 

such retrofitting is difficrllt to estimate. On a one-time basis, it 

could run into the tens and perhaps hundreds of millions of dollars, 

when replacement power costs are factored in. Even for new plants, a 

considerable RDD effort, in the area of $5 to $10 million, would be 



needed t o  determine the  f e a s i b i l i t y  'and p o t e n t i a l  problems associa ted  

with the  behavior of a Zircaloy b a f f l e  under high long-term neutron 

i r r a d i a t i o n .  

For new p lan t s ,  a  Zi rca loy b a f f l e  could be employed wi th in  10 t o  

15 years  of RDD i n i t i a t i o n .  The l ike l ihood of resolv ing the  ma te r i a l  

concerns i s  f a i r l y  good, s i n c e  high burnup experience with Zircaloy c lad  

f u e l  i s  a l ready a v a i l a b l e ;  tha t  could serve  as  a  useful  base f o r  f u r t h e r  

d a t a  acquis i t ion .  

3.3 VARIABLE LATTICE DESIGN - LOOSE LATTICE 

In  a  r ecyc le  f u e l  economy, the  buildup of f i - s s i l e  plutonium iootopes i s  

an important cons ide ra t ion  i n  choosing the  appropr ia te  l a t t i c e  water/ 

f u e l  r a t i o .  The optimum l a t t i c e  f o r  a recycle  mode of opera t ion ,  there- 

f o r e ,  has  a  r e l a t i v e l y  low wate r l fue l  r a t i o  t o  maximize the  conversion 

of U-238 t o  Pu-239 wi th in  economic and opera t ing  c o n s t r a i n t s .  In  a  

once-through f u e l  cyc le ,  a wet ter  l a t t i c e  would improve f u e l  u t i l i z a -  

t i o n .  Thus, f o r  f u e l  having a very dry l a t t i c e ,  improved f u e l  u t i l i z a -  

t i o n  is poss ib le  by going t o  a  wet ter  l a t t i c e .  One way i n  which t h i s  

can be accomplished i s  by removing a  s e l e c t  number of burned f u e l  rods 

from each assembly i n  a  given f u e l  region,  thereby inc reas ing  the  

i n s t a l l e d  r e a c t i v i t y  of the  fue l .  The r e s u l t a n t  assembly has a  higher 

e f f e c t i v e  l a t t i c e  p i t c h ,  hence the  term loose l a t t i c e .  The f u e l  rod 

removal might be done during the  r e f u e l i n g  period. The exact  number and 

loca t ion  of the  rods t o  be removed i s  a  funct ion  of the  degree t o  which 

t h e  assembly i s  undermoderated, the  a v a i l a b l e  margins t o  the  core  design 

and opera t ing  l i m i t s  (kw/f t ,  peaking f a c t o r s ,  DNBR, and the  l i k e ) ,  and 

t h e  assembly design. 

It i s  est imated t h a t  f o r  cu r ren t  design PWRs, 3- t o  5-percent improve- 

ment i n  f u e l  u t i l i z a t i o n  might be achieved by the  loose l a t t i c e  concept 

(and reuse  of a l l  the  rods removed from assemhtics) .  However, opera t ing  

c o n s t r a i n t s  may severe ly  l i m i t  the  p r a c t i c a l i t y  of t h i s  concept. The 

removal of f u e l  rods from an assembly which was not  s p e c i f i c a l l y  

designed t o  allow f o r  t h i s  p o s s i b i l i t y  would c r e a t e  severe p r a c t i c a l  

problems, e s p e c i a l l y  under t i g h t  r e fue l ing  schedules. 



Considerable plant modifications, mainly in the refueling equipment, 

would be required to implement this concept. The assembly design would 

need to be changed, preferrably to a removable rod type. 

The RDD effort associated with this concept is estimated at $10 to 

$20 million. This effort would include a demonstration program to prove 

the 'feasibility of reconstituting fuel assemblies during a refueling 

shutdown. 

The concept could be implemented in 7 to 10 years from the time an RDD 

program is initiated. The probability of technical success is moder- 

ate. A similar operation was performed for Saxton Core 111, (I) an 

experimental mixed oxide reactor with a fuel that was 3 feet long, 

versus the 12-foot fuel used in current PWRs. 

3.4 RADIAL AND AXIAL BLANKETS 

Scoping studies have shown that the use of radial blankets in PWRs can 

result in combined uranium savings of 1 to 2 percent, depending on the 

manner in which this concept is implemented. The benefit results from 

replacing enriched fuel with natural or depleted uranium in core 

locatione of l o w  neutron impnrtance, such as the core periphery and core 

top and bottom segments. The main drawback of this concept is that a 

smaller portion of the core must now produce a larger portion,of the 

core power. This effectively raises the core specific power, which may 

violate design and/or operating limits. Furthermore, similar results 

can be achieved by different means. For example, radial blankets are 

ueed to lower the neutron leakage. T.ow leakage fuel management can 

achieve the same objective, using fuel that has a higher power 

capability than does a natural uranium assembly. 

1. Roll, J., "Saxton Plutonium Program, Semiannual Progress Report for 
the Period Ending December 1968,'' WCAP-3385-18, May 1969, and 
Smalley, W. R., "Saxton Plutonium Program, Semiannual Progress 
Report for the Period Ending'June 1969," WCAP-3385-20, October 1969. 



The estimated RDD requirements for these concepts can vary from $1 

million to $10 million. The upper value would include the case of 

changes in core size and internals to accommodate both radial and axial 

blankets. The lower estimate is for the case of loading natural uranium 

at the top and bottom 6 inches of the fuel rods without changing the 

overall fuel stack height, and absorbing the resultant penalty on axial 

peaking factors. The time needed to implement these concepts would be 

between 2 and 6 years. 

3.5 RAPID REFUELING 

Two concepts of rapid refueling were evaluated. The first (standard) 

involves a cold shutdown and would take from 12 KO 14 days. Although no 

conceptual design study was undertaken, it is believed that the second 

(advanced), to be performed in a hot shutdown condition by means of a 

redesigned vessel, internals, and the like, wo111d t s k c  from 5 to 

7 days. The standard rapid refueling corresponds to 6-month cycles, the 

advanced to 3-month cycles. The uranium savings for these concepts 

would be 8 to 11 percent and 15 to 18 percent, respectiv~ly. 

Both concepts would require significant plant modifications. These 

changes in the reactor pressure vessels, the containment, and 

the reactor internals. The RDD costs associated with each concept are 

given in Table 3-1. Neither concept can be backfitted into existing 

plants. 



TABLE 3-1 

SUMMARY OF RESULTS - CONCEPTS EVALUATED DURING 

PRELIMINARY PHASE ONLY 

RDD 

Concept 

Uranium 
Savings Cost ~ i r n e ( ~ )  

( X  1 ( $  x lo6)  (years) 

Better re f l ec tor  ( ~ i r c a l o y  b a f f l e )  1 t o  2 5 t o  10 10 t o  15 

Variable l a t t i c e  design - loose 3 to  5 10 to  20 7 t o  10 

l a t t i c e  

Radiallaxial blankets 1 t o  2 1 to  10 

Rapid refueling 

o Standard 

o Advanced 

(a)  Time to  commercial offering 



SECTION 4 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the results reported here, the following conclusions may be 

drawn: 

High burnup with an optimized fuel assembly and improved fuel 

management schemes offers the best near-term improvement in 

uranium utilization, with potential savings of about 

16 percent. (High burnup with an optimized fuel assembly 

offers aabout 10 percent.) However, implementation of high 

burnup fuel regions in operating reactors is expected to be a 

cautious process. For this reason, the full uranium savings 

are not expected to have significant impact until the 1990s. 

- Further work on the low power density core would be justified 

if the capital cost penalty associated with a plant employing 

this concept is sufficiently small such that the U 0 and 3 8 
SWU savings result in lower power generations costs. The 

increased margins to safety limits provide additional benefits 

which make this concept very attractive in the current 

regulatory and licensing climate. 

- Other concepts evaluated do not appear to justify further work 

at this time because of either very long lead time to implemen- 

tation or the need for expensive RDD programs that would entail 

essentially new reactor models. 

It is recommended that DOE continue to encourage the participation of 

all cnncerned parties in programs that will lead to the speedy 

implementation of the cost-effective uranium savings concepts. 




